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Summary

A vitrification plant is planned to process the high-level waste (HLW) solids from Hanford
Site tanks into canistered glass logs for disposal in a national repository. Programs have been
~ established within the Pacific Northwest Laboratory Vitrification Technology Development (PVTD)
Project to test and model simulated waste to support design, feed processibility, operations,
‘permitting, safety, and waste-form qualification. Parallel testing with actual radioactive waste is
being performed on a laboratory-scale to confirm the valldxty of using simulants and. glass property
. models developed from simulants.

Laboratory-scale testing has been completed on three radioactive core samples from tanks
101-AZ and 102-AZ containing neutralized current acid waste (NCAW), which is one of the first
waste types to be processed in the high-level waste vitrification plant under a privatization scenario.
Properties of the radioactive waste measured during process and product testing were compared to
simulant properties and model prédictions to confirm the validity of simulant and glass property
models work. This report includes results from the three NCAW core samples, comparable results
from slurry and glass simulants, and comparisons to glass property model predictions.

Experimental Approach

The three NCAW samples were retrieved from the tanks in cylindrical segments 1 inch.in
diameter and 19 inches long. Several segments representing a complete vertical sample of the settled
solids in the tank were combined and blended to make up a core sample. Solids from each core
sample were pretreated using a water wash/settle/decant process, including a ferric-nitrate flocculent
- additive, settle/decant, and two water washes (3 volumes deionized water to 1 volume solids). The

- washed solids were then characterized chemically, radiochemically, physically, and rheologically
(101-AZ Core 1 only). After adjusting the samples to 125 g waste oxide/L, the waste was treated
with formic acid to adjust the feed rheology and to reduce the redox-sensitive species for introduction
into the melter. Off-gas analysis during formic acid addition was performed on 102-AZ Core 2 and

" is described in a separate report.®? The formated slurry samples were characterized chemically,
physically, and rheologically. Frit was added to each of the formated slurries and samples were
characterized chemically, radiochemically, physically, and theologically. The frit/slurry mixtures
were dried and melted at 1150°C in crucibles; resulting glass was characterized with respect to
chemical and radiochemical composition, durability (Product Consistency Test [PCT] and Materials
Characterization Center [MCC-1]), crystallinity, redox, and density.

Two types of simulants were prepared and tested for comparison with the actual waste glass.
Process-based slurry simulants were used to develop and test hot-cell procedures and to provide a
direct comparison with the core sample feed chemistry and rheology. Major and minor insoluble
components were co-precipitated with NaOH from nitrate solutions and washed to remove the sodium

(@ Langowski, M.H., E.V. Morrey, J.M. Tingey, and M.R. Beckette. 1993. Offgas

' Characterization from the Radioactive NCAW Core Sample (102-AZ-C1) and Simulant
During HWVP Feed Preparation Testing. Letter Report for U.S. Department of
Energy. Pacific Northwest Laboratory. Richland, Washington.
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and nitrate. Soluble minor components were added separately, following washing. Glass simulants,
similar to those used to develop glass property models, were prepared to provide a direct comparison
with the actual waste-glass product quality. Three simulant glasses were prepared to match the
chemical composition of the three actual waste glasses by batching and melting appropriate amounts

of dry chemicals. The simulants were characterized the same as the actual waste samples, excluding
radiochemical, to provide a direct comparison of simulant and actual waste.

Process and product behaviors of the actual waste were compared to simulant behavior, glass
property models, slurry property correlations, and simulant behavior from other studies and larger
scale tests. Statistical comparisons of simulant waste-glass durabilities and model predictions to actual
waste-glass durabilities were made based on 95% confidence t-tests. Other comparisons are primarily
_ nonstatistical.

Results and Conclusions

Slurry Chemical Characterization. The chemical composition of the three NCAW core
samples and simulants were similar. The major components in all three samples are Fe, Al, and Na
as OH", CO%, NO;, and NO;. The pH of the washed solids were approximately 12.7 for the core
samples from tank 101-AZ, 10.2 for tank 102-AZ, and 10.4 for the simulants. High washing
efficiencies of the major cations as measured by the percentage of the analyte remaining in the washed
solids slurries compared to the prewashed solids were only observed for Na (30%) and Cr (60%), but
significant quantities of Al, Cr, K, Na, F, CI', NO;, NO;, and SO} were removed from the sludge in
the washing steps. Phosphate is the only measured anion in which a significant percentage remained
in the sample. Comparison of the concentration of Na in the washed solids, the sludge prior to
washing, and the reference nominal value for the previously planned HWVP indicates that acceptable
washing efficiencies are being achieved on the laboratory-scale processes. A comparison of chemical
composition of simulant 102-AZ Core 1 and the corresponding core sample indicates that accurate
chemical simulants can be prepared.

During the formating process CO}, NO;, and NO; react to produce gas, and the
concentrations of these anions in the sample decrease. Slurry chemistry and offgas generation
reactions are similar between the core sample and simulants. Observed offgas differences between
simulant and core sample could be explained by differences in testing conditions and slurry chemical
composition.

Formated slurry was combined with frit to achieve melter feeds with waste oxide loadings of
25 to 28 percent; therefore, the major constituents in the melter feeds are the frit components. These
major components include Si, Na, B, and Li. The frit components were added as the oxides;
therefore, the majority of the elements in the melter feeds are as oxides. Other anions which are
- present in significant quantities are NO;, NO;, CI, F, and SO?. The supernatant from the melter
feeds contained only three cations in significant quantities (Na, K, and Li). The major anions

 associated with the supernatant are similar to those observed in the slurries with the exception of the
oxides which are not soluble. ~

Slurry Radiochemical Characterization. Handling and disposal of chemical simulants is
much more cost effective than radiochemical simulants; therefore, no radiochemical simulants were
prepared in these studies. The major radionuclides present in the core samples are '*'Cs, %Sr, “Ce,
and '%Ru. All of the slurry samples are transuranic (contain > 100 nCi/g transuranic isotopes). The
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majority of the transuranic activity is due to americium and plutonium. None of the supernatant or
wash solutions were transuranic, and "*Cs is the primary radionuclide in the supernatant. The only
radionuclides affected by the washing steps were 13Cs and 'Sb. The only radionuclide which may
have been affected by the formating steps was 19]  The data is not definitive, but it appears that some
of the iodine may have been lost during the formating process. Measured radionuclide activities were
within the previous HWVP specifications with the exception of %1, *Sr, and “Co.

Slurry Physical Characterization. The density of the washed solids from the core samples
and simulants ranged from 1.04 to 1.14 g/ml. The density of the formated slurries was similar to that
of the washed solids. As expected the density of the samples increased with increasing solids
concentrations. A correlation between the density of the formated slurries and the solids
concentration is observed, and simulants are representative of actual waste with respect to this
correlation. The density of the melter feeds (1.28 to 1.47 g/ml) increases significantly from the
formated slurry and washed solids density. This trend is also observed for the centrifuged solids
density. The simulants have a significantly lower centrifuged solids density than is observed in the
core samples. The density of the centrifuged liquid (1.02 + 0.03) was similar for all of the slurries
and is comparable to the density of water.

The majority of the settling of the washed-solids and formated slurries occurs in the initial 10
hours of settling. The rate of settling increases with each ensuing wash. The settling behavior of the
simulants did not match the behavior of the core samples. This is also observed in the volume
percent settled solids. The core samples settled much faster and achieved a significantly higher settled
solids packing than was observed in the simulants. The settling behavior of the melter feed from
NCAW simulant and the 101-AZ core samples are comparable, but the settling behavior of the 102-
AZ Core 1 melter feed and the corresponding simulant did not match. The 102-AZ Core 1 simulant
did not settle. Previous studies indicate that the frit blended with this simulant tends to gel. This is
consistent with the behavior observed for this simulant. The 102-AZ Core 1 melter feed settled much
quicker than was observed in the other core samples and simulants. The washed solids from this core
dried prior to processing the sample. Previous results indicate that when some tank waste samples are
allowed evaporate to dryness, the settling and rheological behavior of the sample are irreversibly
altered.

The mean particle diameters of the washed solids, formated slurries, and melter feeds based
on volume distribution and population distribution are similar for the three core samples. The particle
size of the solids in the core samples did not change significantly as the samples were processed. The
majority of the particles were less than 5 microns in diameter with a significant number of the
particles less than 1 micron in diameter. The analysis of 101-AZ Core 1 was performed with water
as a diluent, and a large portion of the solids may have gone into solution; therefore, the most
representative sample for actual particle size in tank 101-AZ is Core 2.

Slurry Rheological Characterization. Actual formated waste slurries exhibited lower yield
stresses and apparent viscosities than simulant-formated waste slurries, which was attributed to
differences in microstructure. Rheological behavior of the radioactive and simulant-formatted slurries
was best represented as yield pseudoplastic with slight shear-thinning and hysteresis. Yield stresses of
the radioactive formated slurry ranged from 0.085 Pa to 0.23 Pa, compared to simulant-formated
slurry yield stresses of 1.2 Pa. Apparent viscosities of the actual waste samples at 50s ranged from
3.8 cP to 7.2 cP compared to simulant viscosities of 32 cP. The rheology of both the formated waste
samples and simulants were well below the design limit for the prior-planned Hanford Waste

v




and nitrate. Soluble minor components were added separately, following washing. Glass simulants,

Vitrification Plant (HWVP). After accounting for differences in concentration, the simulated
formated waste exhibited yield stresses and apparent viscosities roughly two times greater than those
for actual formated waste. Actual formated waste samples.exhibited greater initial settling rates,
greater degrees of settling, and denser centrifuged solids than simulant formated samples, indicating a
difference in microstructure. A comparison with rheological data from full-scale formated simulant
tests showed essentially identical results with laboratory-scale formated simulant data from this study.
A comparison with historical NCAW formated simulant data dating back to 1985 showed actual
formated waste results to be equal to or lower than the weakest (i.e., lowest shear stress and apparent
viscosity for given concentrations) simulants reported.

For melter feed samples, actual waste exhibited lower yield stresses and apparent viscosities
than simulated waste, which again is attributed to differences in microstructure. Rheological behavior
at the radioactive and simulant melter feed slurries was best represented as thixotropic, yield
pseudoplastic with varying degrees of hysteresis. Yield stresses of the radioactive melter feed ranged
from 1.4 Pa to 10.3 Pa compared to simulant melter feed yield stresses of 2.2 Pa and 12.4 Pa.
Apparent viscosities*of the actual waste samples at 50s" ranged from 38 cP to 260 cP compared to
simulant viscosities of 58 cP and 365 cP.

Glass Characterization. Initial chemical characterizations of the glass were inadequate,
using the standard KOH/Na,O, preparation methods for inductively coupled argon plasma/atomic
emission spectrometry (ICP/AES) analysis.” Analysis'of the first two radioactive glasses accounted for
only 91%-93% of the mass of the glass. Additional analysis using an HF preparation and comparable
standard glasses were required to arrive at a reasonable glass composition. Subsequent procedural
improvements to the KOH/Na,0, preparation methods resulted in satisfactory results for the third
core-sample glass. For all three radioactive glasses, the measured major analytes were generally
within 10% of calculated values, which were determined from washed solids composition, frit
compositions, and assumed waste loadings. Achieved waste loadings were slightly greater than
targeted (i.e., 2% to 5%), because of accuracy limitations on slurry sampling or total oxides analysis.

Glass redox for the actual waste glasses as measured by Fe*?/Fe* ratio ranged between 0.026
to 0.085 compared to a simulant redox of 0.005. Each of the glasses measured was within the design
limit for the prior planned HWVP plant. Glass redox of the actual waste compared well with
historical simulant data correlating glass redox to formic acid added and initial nitrite and nitrate
compositions.

Radioactive glass samples were analyzed by X-ray diffraction to determine the extent and
composition of crystalline phases. As predicted by models and simulant experience, no substantial
crystallinity was found (i.e., likely under 1%).

Density of the three radioactive glasses was measured to be 2.56 g/cc for 101-AZ Core 1,
2.67 g/cc for 101-AZ Core 2, and 2.54 g/cc for 102-AZ Core 1 at room temperature, values typical
of simulant glass densities. ' .

Glass Durability. Each of the three radioactive and simulant glass formulations produced
highly durable glasses in all cases at least 20 times more durable than the Savannah River
Environmental Assessment (EA) glass as measured by the PCT. Seven-day PCT boron releases for

" the radioactive glasses ranged from 0.13 to 0.21 g/m? compared to simulant boron releases of 0.20 to
0.34 g/m®. The magnitude of the increase from radioactive to simulant releases ranged from 28 to
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67%. In each case the differences in boron release were found to be statistically significant to a 95%
confidence. Model predictions for each of the three glass formulations were greater than both actual
and simulant waste glass releases. Over the limited amount of tests performed, the actual and

. simulant waste glass releases fell within the 95% prediction interval for the model 56% and 89% of
the time, respectively. Twenty—elght-day MCC-1 results for actual and simulant glasses showed
similar results, however the differences were greater. An indeterminate portion of the difference was

- attributed to differences in leach containers used for these tests.

Radiation dose has been shown to have a significant effect on glass corrosion in aqueous leach
tests; however, the prediction and explanation of the radiolytic effects are complex. The durability
differences between actual and simulated waste glasses reported in this study were equal to or lower
than differences observed by others, which was consistent with removing part of the radiolytic effect
(i.e., tests performed in Ar atmosphere), To the extent Ar backfilling of the leach containers was
effecnve, the effect of radiolytic generatlon of nitric acid was eliminated. Based on the type of test
performed and the relative durability of the glasses in this study, the dominant corrosion mechanism
is expected to be network hydrolysis, which is favored under higher pHs. Had-the leach containers
contained air, one would have predicted the radiolytic effect to be decreased pH and glass corrosion.
With the absence of.ajr in the system, it was not clear whether radiolytic affects shou?d increase or
decrease corrosion.

Seven-day PCT and 28-day MCC-1 radionuclide releases were measured, calculated, and
compared to results from prior studies. As with prior studies, Am had normalized releases
significantly lower than B, ranging from 0.1% to 6% of B. Also consistent with prior studies, Tc, U,
Np, and Cs were generally more soluble than Am (i.e., = 10% of B-normalized release). Not
consistent with prior studies, Pu exhibited significant normahzed releases near B. Strontium was
relatively soluble in MCC-1 tests and insoluble in PCT.

- =T
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1.-0' Introduction .

A High-Level Waste (HLW) Vitrification Plant is being planned to process Hanford high-level
and transuranic (TRU) tank waste into canistered glass logs for disposal in a national repository. The
" Pacific Northwest Laboratory (PNL)™ Vitrification Technology Development (PVTD) testing
programs have been established to develop and verify process technology using simulated waste. A
parallel testing program’ with radioactive waste is being performed to confirm the validity of using
simulants and glass property models for waste form qualification and process testing.

The type of HLW used in this study is pretreated neutralized current acid waste (NCAW).
The NCAW is a neutralized HLW stream generated from the reprocessing of irradiated nuclear fuel
in the Plutonium and Uranium Extraction (PUREX) Plant at Hanford.. As part of the fuel
reprocessing, the hlgh-level waste generated in PUREX was denitrated with sugar to form current
acid waste (CAW). " Sodium hydroxxde and sodium nitrite were added to the CAW to minimize
corrosion in the tanks, thus yielding neutralized CAW. The NCAW contains small amounts of
plutonium, fission products from the irradiated fuel, stainless steel corrosion products, and iron and
sulfate from the ferrous sulfamate reductant used in the PUREX process. -

The total inventory of NCAW is contained in two one-million-gallon double-shell tanks
(DSTs). Three core samples from the two tanks have been characterized, pretreated, vitrified, and
leach-tested. Properties of the radioactive waste measured during laboratory process and product
testing have been compared to simulant properties and mode] predictions to confirm the validity of
simulants and glass property models.

1.1 Objectives

The radioactive process/product laboratory testing provides confirmation of the adequacy of
nonradioactive feed simulants used in laboratory and pilot scale testing to support feed processability
assessments, vitrification process development, and glass property model development. Small-scale
process/product testing is being conducted in the hot cell using limited quantities (100-200ml at 125 g
of equivalent oxides/L) of actual tank waste materials derived from core samples and compare results
to those obtained from similar testing using simulants.

1.2 Background

Radioactive waste samples and waste simulants are being tested to support the design,
operation, and permitting of the HLW Vitrification Plant. The relationships between these test
programs and the plant design efforts are described in this section.

The laboratory-scale radioactive testing directly supports two of PNL’s simulant-based,
laboratory-scale testing programs. These programs, in turn, support the bench- and pilot-scale PNL
test programs by determining appropriate simulant compositions and test conditions. The testing

(@)  Pacific Northwest Laboratory is operated for the U.S. Department of Energy by
Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.
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programs combine to support various aspects of the HLW Vitrification Plant design and, to some
extent, the permitting requirements. :

The flow of information between the various activities of the HLW vitrification project is
shown schematically in Figure 1.1. The nonradioactive laboratory-scale through pilot-scale testing
relies on waste simulants. The data from these tests are used in conjunction with waste -
characterization iriformation to develop the plant design and information flowsheet. Thus, it is
essential that the simulant’s chemical and physical behavior be representative of the actual radioactive
waste. .

) The simulant development efforts form the foundation of the HLW vitrification
design/verification testing. Simulant development is, in turn, supported directly by a combination of
process knowledge, characterization, estimates of feed compositions, and core sample testing. Testing
radioactive core samples provides the most defensible and direct link between the tank waste and the

waste simulants used for testing. Without radioactive sample testing, the use of simulants are not
sufficiently defensible for process/equipment/product testing. ‘ :

The simulant-based, laboratory-scale testing focuses on two different aspects of the HLW
Vitrification Plant flowsheet. One focus area is the chemical and rheological characteristics of the
plant feed as it is processed through the feed treatment portion of the flowsheet. This includes feed
concentration and the addition of reductant and glass formers. The second focus area is the
processability and product quality of the vitrification portion of the flowsheet. The chemical and
physical properties of the molten waste glass as well as the cooled glass product are of primary
interest. Both focus areas are supported through radioactive sample testing.

The first of the two laboratory-scale test programs supported by radioactive core sample
testing is the feed chemistry/rheology evaluation. This work determines the effects of changes in feed
composition and treatment on the physical, chemical, and rheological properties of the feed, using
nonradioactive chemical simulants. These chemical simulants are developed based on the processes
used to generate the waste originally and on the currently planned waste pretreatment processes (.g.,
water wash, caustic leach, filtration, etc.). These process-based simulants contain the bulk of the
chemical species expected to be present in the actual waste with the exception of trace-quantity species
and radioactive components.

The process-based simulants used by the Feed Chemistry/Rheology Evaluation task are
subjected to laboratory-scale tests designed to simulate various operating scenarios in the HLW
Vitrification Plant feed treatment process. Variations in chemical additions, temperatures, and other
operating parameters are applied to the simulants to determine the resulting off-gas generation,
condensate composition, slurry chemistry, slurry physical properties, cold cap reactions, glass redox,
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and potentially uncontrollable exothermic reactions. These data are coupled with data from larger-

~ scale tests to support the HLW Vitrification Plant design efforts. For example, the off-gas generation
data are used to size off-gas components and determine what gas treatment methods will be needed to
maintain plant gas effluent within regulatory limits. The rheological characteristics of the slurry are
used to assess agitation and transfer requirements and to determine if there is the potential for gel
formation, which could severely impact plant operation.

The second laboratory-scale task that uses simulants is glass formulation development. This
task determines the effect of glass composition on the physical properties of the molten glass and the
properties that measure the suitability of the glass product for storage in a repository. Glass melt
__ properties like viscosity, electrical conductivity, and component solubilities all have a direct bearing
~ on the design and operation of the HLW Vitrification Plant melter. Cooled glass product properties

like durability and crystallinity directly impact the acceptability of the glass for disposal in a

repository.

The U.S. Department of Energy Waste Acceptance Preliminary Specifications (WAPS)
governs the characterization, control, and documentation of high-level nuclear waste glass produced
by a vitrification plant. These specifications are generally accepted as representative of the
requirements that will be established formally for all waste glass producers, including the Hanford
HLW Vitrification Plant. WAPS Specification 1.3 requires that glass be at least as durable as the
Defense Waste Processing Facility (DWPF) Environmental Assessment (EA) glass as determined by
_ the 7-Day Product Consistency Test (PCT). "WAPS Specification 1.3 allows that the test result may
be predicted rather than measured from actual production glass if an acceptable means for this is
provided and defended. The WAPS specification is subject to change.

_ As part of glass formulation development, an empirical relationship is being determined
between the composition and durability of simulated high-level nuclear waste glasses. The
relationship has been determined as part of the "Composition Variability Study” (CVS) (Hrma 1994).
Glasses of various compositions have been and are being prepared for this statistically designed study,
and their properties measured. The CVS study includes two static leach tests for each of the glasses
in the test matrix: the Materials Characterization Center (MCC-1) 28-day test and the 7-Day PCT.
The leach test results were used to fit empirical models. ‘

The empirical models will be validated as part of the CVS, using results from simulated
glasses. To validate the model for application to radioactive glass, radioactive waste data and
comparisons are necessary. Although the radioactive durability data generated in this study may add
to the understanding of radioactive glass reactions in aqueous solutions and eventual performance in a
repository, the key objective is to validate glass property models used to ensure conformance to
Tepository waste acceptance criteria. Results from the short-term, static leach test defining waste
acceptability (i.e., PCT) cannot currently be related to long-term performance in the repository.

Unlike the feed chemistry/rheology evaluation simulants, the simulants used by the Glass
Formulation Development task are not process-based. Instead, the postulated key chemical
components are mixed together in the required quantities, usually as dried powders. It is implicitly
assumed that the giass properties are relatively insensitive to the initial simulant composition and
. particle morphology, provided that the simulant contains the proper elemental composition with the

" elements in their expected valence states. In other words, regardless of the chemical species fed to
the melter, the elements will be converted quickly to their respective oxides by the high melt

1.4



temperature. Process-based simulants are not used for this task because of the large number of
different simulants required and the fact that the current, less-expensive approach is thought to be
acceptable.

The laboratory-scale testing of radioactive samples supports both the glass formulation
development and the feed chemistry/rheology evaluation. The radioactive testing provides a means
for checking the results of simulant tests against the behavior of actual waste. Without this
verification, there is no assurance that the process and product, using actual waste, will behave the
‘'same. With this verification, the simulant-based approach allows for the most cost-effective plant
design to be developed with a relatively low risk of failure. It is important to realize that for each
estimated feed composition, two types of simulants need to be verified.. Both the proc&ss-based
simulants and the dry powder simulants must be compared to actual waste.

1.3 Report Contents

This report includes process/product testing results from the first and second radioactive core
samples from Tank 241-AZ-101 and the first radioactive core sample from Tank 241-AZ-102. Data
are provided for all steps of the process starting with washed solids characterization through
characterization of the resulting glass.

Off-gas data were collected during formating, dlgéstlon, and recycle addition of the first core
sample from Tank 214-AZ-102 and sunulants This data is not contained in this report but is fully
documented.®

(@  Langowski, M.H., E.V. Morrey, J.M. Tingey, and M.R. Beckette. 1993. Offgas
Characterization from the Radioactive NCAW Core Sample (102-AZ-C1) and Simulant
During HWVP Feed Preparation Testing. Letter Report for U.S. Department of
Energy. Pacific Northwest Laboratory. Richland, Washington.
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2.0 Conclusions and Recommendations

2.1 Conclusions

2.1.1 Process-Related

Analysis of the pretreated waste showed that chemical and radiochemical compositions are
well within the design range established for the previously planned HWVP. A comparison of
chemical composition of simulant 102-AZ Core 1 and the corresponding core sample mdlcates that
accurate themical simulants can be prepared.

Comparison of the concentration of Na in the washed solids, the sludge prior to washing, and
the reference nominal value for the previously planned HWVP indicates that acceptable washing
efficiencies are being achieved on the laboratory-scale processes. During the formating process CO?%,
NO;, and NO; react to produce gas, and the concentrations of these anions in the sample decrease.
Shirry chemistry and offgas generation reactions are similar between the core sample and simulants.
Observed offgas differences between simulant and core sample with the exception of H, could be
explained by differences in testing conditions and slurry chemical composition. Peak and total H,
generation in 102-AZ Core 1 was approximately one-third that generated by its simulant.

Specific activities indicate that the processed solids will be transuranic, and all of the liquid
streams Wwill be non-transuranic. The liquid streams will contain significant quantities of '’Cs unless
. advanced processing of these liquid waste streams is incorporated. An offgas system for the
formating process will be needed to trap the ‘I which may be lost during the formating process.
Offgas systems will also be needed during the melter process to trap volatilized ®Tc and *¥’Cs. These
radionuclides exhibited volatility in the laboratory-scale tests, but tests at this scale are not expected to
be representative of full-scale systems.

The physical properties of the wash'ed-solids slurries vary significantly, but these differences
are based upon variances in the solids concentrations. With few exceptions, when the slurry
concentrations fell within the previous HWVP design range, the other physical and rheological
_ properties were also within that same design range. A correlation between the density of the
formated slurries and the solids concentration exists, and simulants are representative of actual waste
with respect to this correlation. - The core samples settled much faster and achieved a significantly
higher settled solids packing than was observed in the simulants. Decreased solids packing in the
simulants compared to the core samples is also observed in the centrifuged solids data.

. Rheologic properties of the actual and simulant formated slurries were well below the design
limit for the prior-planned HWVP plant, and were measureably different from each other. After
accounting for differences in concentration, the simulant formated waste exhibited yield stresses and
apparent viscosities roughly two times greater than those for actual formated waste. Actual formated
waste samples exhibited greater initial settling rates, greater degrm of settling, and denser
centrifuged solids than simulant samples, indicating a difference in microstructure. A comparison
with rheological data from full-scale simulant tests showed essentially identical results with
laboratory-scale simulant data from this study.” A comparison with historical NCAW formated
simulant data dating back to 1985 showed actual formated waste results to be equal to or lower than
the weakest (i.e., lowest yield stresses and apparent viscosities) simulants reported.
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Rheologic properties of the actual and simulant melter feed were below the design limit for
the prior planned HWVP plant, but were measureably different from each other. After accounting for
differences in concentration, the simulated waste melter feed exhibited yield stresses and apparent
- viscosities roughly 1.5 to 2 times greater than those for actual waste. Actual melter feed exhibited
greater initial settling rates, equal or greater degrees of settling, and denser centrifuged solids than
simulant melter feed, indicating a difference in microstructure. A comparison with historical melter
feed simulant data showed the actual melter feed rheology to be be within the range measured for

- simulant melter feed.

. Glass redox measurements (Fe**Fe*?) on the actﬁal waste glasses were within the design
Timit for the prior planned HWVP plant and compared well with historical simulant data.

2.1.2 Product-Related

Three NCAW core samples were characterized, prepared as melter feed, and vitrified into a
glass product with acceptable properties relative to waste disposal. Durabilities of actual waste
glasses as measured by PCT were between 20 and 100 times greater than the durability of
environmental assessment (EA) glass. Crystallinity in each of the three actual waste glasses were
determined to be less than 1%. _ :

Actual waste loadings in the radioactive glass were between 2% and 5% greater than targeted
values because of inaccuracies in total oxide measurements. Actual waste loadings were estimated to
be between 27% and 30%. :

- Radionuclide releases from the actual waste glasses were generally consistent with results
from other actual waste glass studies. As with prior studies, Am-normalized releases were
significantly lower than B (0.1% to 6% of B); Tc, U, Np, and Cs were generally more soluble than
Am (= 10% of B normalized release). Not consistent with prior studies, Pu exhibited normalized
releases near B. )

The durability of actual glass as measured by 7-day PCT and 28-day MCC-1 was found to be
slightly greater thin simulant glasses of the same composition and model predictions. The magnitude
of the increase from radioactive to simulant PCT boron releases ranged from 28 to 67% of the lesser
value and was statistically significant. Actual and simulant waste glass releases were less than model
predictions, and fell within the 95% prediction interval for the model 56% and 89% of the time,
respectively. .

Biases in MCC-1 leach tests in the hot cell were attributed to temperature variations,
temperature inaccuracies, and differences in leach containers. Small temperature variations in the
MCC-1 test appear to affect dissolution rate of the glass significantly. A comparison between fused-
silica and Teflon™ containers in a MCC-1 28-day test showed significant differences. The amount of
silica released from the fused-silica liner is significant when compared to Si released from the glass.
Comparisons of results betiveen PCT 7-day leach tests conducted in fused-silica, Teflon, and stainless-
steel containers showed little or no differences between containers. The amount of silica released
from the fused-silica liner during a PCT test was insignificant when compared to Si released from the
glass. .
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2.2' Recommendations

o Additional testing of actual waste representing different waste types should be performed to
expand the envelope of vahdated simulant compositions and to broaden the properties being
validated. Additional measurements should be made on the glass product to validate simulant
behavior with respect to critical process properties (i.e., off-gas speciation during melting,
glass liquidus temperature, glass viscosity, radxmsotope volatility, and fissile material
distribution) and product properties (i.e., enhanced crystallinity measurement with scanning
electron microscope [SEM], gel layer ar_ld secondary phase characterization of radioactive and
simulant leached glasses by transmission electron microscope [TEM] to verify similarity of
reactions).

o Measure particle morphology in future slurry samples by TEM to increase understanding of
physical and rheological differences between actual and simulated waste.

* Perform simple irradiation tests on NCAW simulant to determine radiation effects on
rheology.

° Perform irradiated leach tests on archived simulant glasses from this study to determine if
radiation effects are the cause of the increased durability of radioactive glasses.

. Develop subsampling systems to obtain répresentative samples from the melter feeds.

. Perform detailed study of the radionuclide versus surrogate volatility during formating and
melting processes. The radionuclides of greatest interest are I, *’Cs, and *Tc.
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3.0 Experimental Method

3.1 Test Objectives

The overall objective of the tests was to confirm that nonradioactive feed simulants and
resulting glasses are adequate representations of actual radioactive feeds and glasses to support feed
processibility assessments and glass property model development. Specific objectives of the tests
were as follows:

®  Prepare and process test nonradioactive simulant slurries for compafison of chemical,
theological, physical, and off-gas behavior. Simulant slurries were also used for development
and verification of test procedures.

®  Perform feed concentration, formic acid addition, and recycle addition on the radioactive core
samples and simulants and complete characterization of the formated slurries. Compare
properties of the radioactive and simulant samples to each other and to results from other
studies.

®  Formulate, prepare, and add frit to the radioactive core samples and simulants and complete
melter feed characterization.® Compare properties of the radioactive and simulant melter
feed samples to each other and to results from other studies.

®  Perform vitrification of the radioactive and simulant melter feeds and complete”™
characterization of the glass. Glass composition data is needed for preliminary supporting
information for the Waste Form Qualification Report (WQR), possible input to the Feed
Processabllxty Assessment and CVS models and normahzed release calculations.

®  Perform MCC-l and PCT leach tests on radioactive and simulant glass for validation of the
CVS models.

®  Theorize observed. differences between the simulants, models, and radioactive data.

®  Provide a qualitative assessment of the adequacy of analytical techniques for process and glass
characterization.

(a) This laboratory-scale test uses cmc1bles instead of a melter system for vitrification. The
formated slurry/frit mixture is referred to as "melter feed" throughout this report to be
consistent with larger-scale terminology.
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3.2 Method/Approach

Test plans were developed that detail the processing of the small-volume NCAW samples
through retrieval, pretreatment, and vitrification process steps.®*® Physical, rheological, chemical,
" and radiochemical properties were measured throughout the process steps. Appropriate pretreatment
and vitrification process steps were developed based on a wide range of nonradioactive simulant tests.
The processing and characterization of NCAW simulants and actual tank samples are used to evaluate
the operation of these processes. Figure 3.1 shows the flowsheet for the sampling, processing, and
testing performed on the 101-AZ Core 1 NCAW sample. Characterization flowsheets for the
subsequent two core samples are essentially the same, with minor modifications. The HLW
vitrification flowsheet has not been finalized and has changed since these tests were performed.
Current flowsheet plans include options for additional pretreatment steps, alternate reductant acid, and
increased waste loading.

3.2.1 Simulant Preparation

Process-based waste simulants were used in the laboratory-scale radioactive testing to develop
and test hot cell procedures and to provide a direct comparison with the core sample feed chemistry
and rheology. The slurry simulants were prepared using PNL procedure WTC-006-36, "Procedure
for Preparation of Simulated HWVP Feed for Laboratory-Scale Redox/Rheology and Radioactive
Process/Product Tests,” which simulates the waste-processing history. Major components, including
Al, Fe, Mn, Ni, and Zr, were precipitated with NaOH from nitrate solutions and washed to'remove
the sodium and nitrate. The insoluble minor components (Ag, Cd, Ce, Cr, La, Li, Mg, Nd, Pb, Pd,
Rh, Ru, Si, Te, Ti, and Zn) were co-precipitated, washed, and blended with the major components.
Soluble and slightly soluble minor components (B, Ba, Ca, Cs, Cu, Na, and Sr) were added directly
as oxides, hydroxides, fluorides or sulfates. Sodium was added in multiple forms to match the
carbonate and anion (F, Cl, NO,, NO,, PO,, OH and SO,) concentrations. The simulants were tested
on the same apparatus and in the same manner as were the radioactive samples.

Glass simulants were prepared using PNL procedure PSL-417-GBM, "Procedure for Glass

" Batching and Melting, Rev. 0," to provide a direct comparison with the radioactive glass product
quality and characteristics. Simulant glasses were prepared to match the chemical composition of
each core sample glass by batching and melting appropriate amounts of dry chemicals (e.g., Fe;0;,
Na,CO,, Zr0,, Al,0,, Si0,, CaCO,, MgO, H;BO;, Li,CO,, KCI). Each of the glasses were melted
at 1150°C for 1 hour in a platinum crucible, cooled, crushed in a tungsten carbide disc mill, remelted
for two hours at 1150°C for better homogenelty, poured into bar forms, and annealed for 2 hours at
500°C. .

(a) Larson, D.E., May 1989. Laboratory Vitrification of Radioactive Pretreated Neutralized
Current Acid Waste Test Plan, Report Né. HWVP-89-1VJ0030402B, Rev. 0.

(b) Test Plan Laboratory-Scale Testing of the First Core Sample from Tank 102-AZ, Report No.
PHTD-C92-05.05A, March 1992.
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CHARACTERIZATION OF THE FIRST CORE SAMPLE FROM DST 101-AZ
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3.2.2 Sampling and Pretreatment .

NCAW samples were retrieved from the double-shell tanks 241-AZ-101 (two core samples)
and 241-AZ-102 (one core sample), pretreated, and processed according to the flowsheet shown in
Figure 3.1. A specially designed and equipped core-sampling truck was used to retrieve samples of
" NCAW from the Hanford underground storage tanks. Cylindrical segments of the waste, 1 in. in

- diameter and 19 in. in length, were collected in stainless steel core samplers. The samplers were
designed to maintain the waste stratification present in the tanks.

Sludge depth measurements were taken before the tanks were sampled; the average sludge
depth for tanks 101-AZ and 102-AZ before sa.mp]mg were 17 and 33 in., respectively. The total
waste depth in these tanks were 357 and 347 in. for tanks 101-AZ and 102-AZ respectively;
therefore, approximately 26 ft. of supernatant lies above the samples taken from these tanks. In the
sampling process, waste from 38 in. to 19 in. above the tank bottom (segment 1) and 0 in. to 19 in.

"above the tank bottom (segment 2) were expected to be obtained; thus, both solids and supernatant
would be obtained from these samples. It was expected that sufficient supernatant would be obtained
from these samples to characterize the entire supernatant layer in the tanks and perform the process
testing needed for the vitrification processes; therefore, the entire depth of waste in the tanks was not

sampled.

Each of the three core samples consisted of two 19-in.-long segments (245 ml) of waste. The
samplers were transferred into the shielded facility (hot cell) where the samples were removed from
the core samplers. Visual observations of the samples were recorded, and the samples were
subsampled for chemical, radiochemical, and physical characterization. Core segments were
homogenized and then composited to form a representative sample for use in process testing. The
results of the characterization of these core samples and the detailed flow process of these samples are
reported in the tank waste characterization reports for these cores (Peterson 1989).@®

The NCAW pretreatment process consisted of adding ferric nitrate to the sample
(1.0 M ferric nitrate was added to achieve 0.025 moles of ferric nitrate per liter of sample), stirring
. the sample for 30 minutes, and allowing the sample to settle for 62 hours. Based on the prior
reference flowsheet, the waste entering the pretreatment facility was to contain 20 vol% settled solids,
which formed the basis for establishing the laboratory pretreatment processing steps. The-base
pretreatment process included decanting the supernatant to achieve a target composition of 50 vol%
settled solids. Only a limited amount of supernatant was obtained from the three NCAW core
samples; therefore, only enough supernatant necessary to characterize the sample was decanted from
the.settled sample. The remaining slurry was then washed with 3 volumes of dejonized water per

(a) Gray, W.J., M.E. Peterson, R.D. Scheele, J.M. Tingey. 1991. "Characterization of the
Second Core Sample of Neutralized Current Acid Waste from Double-Shell Tank 101-AZ."
Letter report for U.S. Department of Energy. Pacific Northwest Laboratory. Richland,
Washington. ,

-(b) Gray, W.J., M.E. Peterson, R.D. Scheele, and J.M. ngey 1990. "Characterization of the
First Core Sample of Neutralized Acid Waste from Double-Shell Tank 102-AZ." Letter
report for U.S. Department of Energy. Pacific Northwest Laboratory. Richland,
Washington.
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Table 3.1. Differences in Process Steps and Parameters

Process
SteglParame_ter

Cesium Recycle

Washed Solids @ 80°C
Concentration condensate to cell

Sample sizes
@ 125g TO/L

Formic Acid (90 wt%)
Addition Rate

Formic Acid Addition 3 * (moles
(moles) -

Formating Temp.
i)igestion Temp.
Digestion Period

* Recycle Digestion
Off-Gas Analysis
Formated Slurry
Concentration

Target Waste Loading

101-AZ-C1 (1st Core )
101:AZ-C2 (2nd Core )
NCAW Simulant

Not Added

@ 101°C,"" condensate
collected and analyzed

0.164 L (101-AZ-C1)
0.304 L (101-AZ-C2)

19.5 10 36.1 gal/min
(plant scale equivalemt®)

5.7 * moles NO,® (core)
NO, + 2 * (moles NO))

95°C £ 3°C
95°C % 3°C
2 hours
0 hours, not added
None
125 g total oxide/L
(125 g waste oxide/L)

25%

(1) Core sample was inadventently dried during concentration.
(2) Plant scale equivalent on volume basis.
(3) Includes nitrate in washed solids and recycle:

102-AZ-C1 (3rd Core )
102-AZ-C1 (Simulant)

Added

0.115 L (102-AZ:CI)
in 0.058 L batches

2.0 gal/min
(plant scale equivalemt™)
7.7 * moles NO,® (sim)
95° £ 1°C
101°C % 1°C
4 hours
2 hours

Formating, digestion,
recycle addition

157 g total oxide/L
(140 g waste oxide/L)

28%

volume of slurry. The diluted slurry was agitated for 1 hour and then allowed to settle for
6.5 hours. The wash solution (supernatant following the washing process) was decanted, and
the washing and dec_:apting process was repeated one additional time.

The washed solids (solids remaining after the second wash step) from the pretreatment of the
NCAW sample became the feed shirry for the HLW vitrification process. The HLW vitrification
process steps were concentration, formic acid addition, and frit addition. Due to the evolution of the
testing, the first two core samples were processed under slightly different conditions than the third
core sample. Differénces between the process steps and parameters of these core samples and related
" simulants are shown in Table 3.1. Chemical additions of NaNO, and NaNO, were not required for
the two core samples from 101-AZ, but were required for 102-AZ Core 1. Chemical additions of

1.711 g NaNO,, 0.966 g NaNO,, and 0.1105 g CsNO, were made to the as-received 102-AZ Core 1
washed solids sample containing 13.3 g of equivalent waste non-volatile oxides.
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3.2.3 Formic Acid Addition

Formic acid was added to the samples to adjust the feed rheology and to reduce the redox-
sensitive species in the melter feed. These species must be sufficiently reduced to avoid foaming in
the melting process, but must not be reduced to the extent that the metal oxides in the waste-
precipitate and form an electrically conductive sludge, which could lead to premature failure of the
ceramic melter. The amount of formic acid added to the washed solids to achieve the appropriate
" properties was determined empirically. . This empirical relationship was based upon the redox state of
the glass as measured by the ferrous-to-ferric ratio in the vitrified product.

For the two core samples from Tank 101-AZ and the simulant for these core samples, 3
moles of formic acid per mole of nitrate plus 2 moles of formic acid per mole of nitrite in the washed
solids were added to the waste to achieve an acceptable redox state in the glass. For the core sample
from Tank 102-AZ and its simulant, excess formic acid was added to the sample (moles formic = 5.5
x moles NO,) to ensure hydrogen generation. The sample was heated to 95°C +3°C and maintained
at this temperature while the formic acid (90 wt% solution) was added at a rate of 1 mL/min for the
101-AZ cores and 0.019 ml/min for the 102-AZ core. The equivalent formic acid addition rates on
the plant scale are listed in Table 3.1. A range of addition rates is given for the 101-AZ sample
because the addition rate (1 mL/min) was held constant, but the sample size was varied. Following
the addition of formic acid, the formated sample was digested at 95° or 101°C for a specified period
of time (2 to 4 hours). A’simulated recycle stream was added to the 102-AZ core after the initial
digestion period, and digestion was continued for another 2 hours. The composition of the simulated
recycle stream is given in Appendix A, Table A.24. Offgases generated during the formic acid
addition, digestion, and recycle addition wére collected and analyzed from the Tank 102-AZ sample.
The results of this analysis were reported previously.®

3.2.4 Frit Addition

Following digestion, the samples were adjusted to concentrations of 125 to 157 g total non-
volatile oxides/L, characterized, and combined with glass frit (glass formers) to achieve a waste oxide
loading of 25 to 28 percent. Readily available baseline frits (HW39-4 and FY91 New Frit) and one
specially designed frit were used to yield glasses with acceptable processing and durability properties.
The specific frit added to each core sample was as follows: HW39-4 frit to 101-AZ Core 1, specially
designed frit to 101-AZ Core 2, and FY91 New Frit to 102-AZ Core 1. Compositions of the three
frits are included in Table 4.7. Before melting each core sample, CVS model predictions of
viscosity,-electrical conductivity, MCC-1 and PCT durability, and liquidus temperature were
evaluated for acceptability. A glass simulant of 101-AZ Core 1 (based on washed solids composition,
targeted waste loading, and frit composition) was prepared and analyzed for crystallinity before
melting the radioactive glass. To validate glass property models better, different frits were used with
each core sample to produce glasses of significantly different compositions. Water was removed by
concentration from this frit/slurry mixture to achieve a total non-volatile oxide content of 500 grams
per liter.

(@  Langowski, M.H., E.V. Morrey, J.M. Tingey, and M.R. Beckette. 1993. Offgas
Characterization from the Radioactive NCAW Core Sample (102-AZ-C1) and Simulant During
HWVP Feed Preparation Testing. Letter Report for U.S. Department of Energy. Pacific
Northwest Laboratory. Richland, Washington. .
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3.2.5 Calcining and Vitrification

Calcining and vitrification were performed to transform the melter feed into a homogeneous
glass under conditions similar to those in a ceramic melter. The melter feed was calcined to drive off
volatiles such as carbon dioxide, nitrogen oxides, and water while converting elements into their
oxide form, similaf to the chemical. decompositions that occur in the ceramic melter cold cap. The
calcine was then vitrified to'fuse the frit and waste into a homogeneous glass.

Dried melter feed was transferred to a Denver Fire Clay (DFC) crucible and calcined for two
hours at 600°C in a Lindberg muffle furnace. A low heating rate was used for calcining to avoid
solids loss from sudden volatilization. The solids were placed in a cold furnace, and the temperature
of the furnace was increased to 200°C over a 20-minute period. The solids were maintained at this
temperature for 1 hour and then increaséd to 400°C over a 15-minute period, held for 1 hour, and
then increased to 600°C over a 20-minute period. The solids were then held for 2 hours at 600°C,

" after which the furnace was turned off and allowed to cool with the door open. After cooling, the
calcined feed was weighed and weight loss was calculated. Weight loss ranged from 7.6 to 23
percent. The calcine was ground to -40 mesh for improved homogeneity and was split.into thirds for
melting.

The feed was melted in a DFC crucible at 1150°C for two hours in a Lmdberg muffle
furnace. The first third of calcine was transferred to a DFC crucible and placed in the furnace at
1150°C for 30 minutes. The crucible was removed from the firnace and the second third of the
calcine was added. This sequence Wwas repeated until all of the calcine was melted. After the last
calcine addition the glass was held for 2 hours at 1150°C. Based on past experience with crucible
melts, a two-hour soak was deemed sufficient to achieve glass homogeneity.

The molten glass was removed from the furnace and poured into a stainless steel bar mold

_that had been preheated to 300°C on a hot plate (see Figure 3.3). The bar mold was preheated to
avoid shocking the glass and causing it to fracture. When the glass had solidified, the sides of the bar
mold were removed (see Figure 3.4) and the glass bar was placed in an annealing furnace at 500°C.
The bar was annealed for 2 hours, after which the power to the furnace was shut off and the glass
was allowed to cool slowly overnight. Approximately 35% glass weight loss was incurred because
the glass stuck to the sides of the crucible. This weight loss is a disadvantage of making small
quantities of glass in a radiochemical hot cell. The glass-pouring efficiency is low because of the
time required to remove a sample from the furnace and pour the glass using a 10-foot hot cell
manipulator. A photograph of glass from 101-AZ Core 1 is shown in Figure 3.5.

3.2.6 Glass Sample Preparation

In preparation for PCT leach and glass analytical testing, a section of each glass bar was
crushed to <100 mesh. The crushed glass particles were sieved to obtain samples of -100/+200
mesh for use in the PCT test. Portions of the -200 mesh glass were submitted for chemical and
radiochemical analysis. In preparation for MCC-1-type leach testing, glass was cut into cubes using a
low speed wafering saw with a diamond blade. Cubes were cut with surface areas between 220 and
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Figure'3.4. Separation of Glass Bar from Mold Before Annealing
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240 mm?. The final cube dimensions were measured by micrometer and were between S and 7 mm
on each side (see Figure 3.6). Edges of the glass bars were trimmed so that none of the sides of the
cubes originated from the glass-to-metal (i.e., bar mold) mterface PR

‘(

3.2.7 ﬁﬁrabxhty Testing

Five hot cell and 12 laboratory dutability tests involving 10 different glasses were conducted
to compare simulant and predicted results to those of radioactive glasses. Three of the glasses were
fully radioactive glasses prepared from the three core samples, three were direct simulants of the
radioactive glasses and the rernammg four were reference glasses. A summary of the tests performed
- and the purpose of each sample is given in Table 3.2. . TR

In hot-cell test #1, the radioactive glasses from the first two core samples were leach-tested
using a durability test procedure similar to MCC-1 (Materials Characterization Center, 1984). The
procedure was altered to allow leaching in a radioactive environment. Because of the highly
radioactive environment, fused-silica-lined stainless-steel containers were used instead of Teflon®
containers. The fused-silica-lined containers were used to prevent radionuclide plate-out on the
stainless steel. The plenum space in the containers was backfilled with argon to prevent uranium
complexation with CO, and nitric acid generation from the radiolytic production of NO,. The tests
were conducted for 28 days at 90°C using de-aerated deionized water as a leachant. The glass
surface area-to-leachant volume ratio was 0.01 mm™ (220 mm? glass surface area in 22 mL of water).
The blocks of glass were suspended from the bottom of the leach container using a fused silica
pedestal. The leach test was performed using three samples of each of the radioactive glasses, two
~ samples of ATM-10 glass as a reference, two samples of NCAW simulant, and two blanks (i.e.,
containers of leachant without glass samples). The NCAW simulant glass was leached in the -
radioactive environment to permit a comparison between leaching this glass both.in and out of a
radiochemical hot cell.

Results from hot cell test #1 indicated an apparent bias and excessive intra-sample variability
" that was later attributed to differences in fused-silica lined and Teflon® containers and to slightly
reduced temperature control in the leach oven. A discussion of the efforts to resolve these issues is
contained in Section 3.4 of this report. Laboratory tests #1 and #3 were conducted as part of the
investigation to determine the cause of the discrepancies. Laboratory tests #2, #4, #5, and #10 and
hot-cell test #2 were performed to select an appropriate container type for continued hot cell PCT
durability tests and to establish a basis for continuance of hot-cell testing. Because of the
unavoidable, potential differences between tests conducted in the hot cell and the laboratory (e.g.,
container type) and to minimize the long-term variability associated with the simulant to actual waste
glass comparison, simulants of the core samples were tested in the laboratory and in the hot cell
adjacent to radioactive samples. This allows a direct comparison between the simulant and the actual
waste glass and a direct comparison between the laboratory-tested simulant and the model predictions.
Provided hot cell and laboratory durability tests are comparable, a direct comparison of actual waste
glass to model
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Test Number, Type
and Container

Hot Cell Test #1
(MCC-1 in fused-silica)

Hot Cell Test #2
(PCT in stainless steel)

Hot Cell Test #3
(PCT in stainless steel)

Hot Cell Test #4
(PCT in stainless steel)

Hot Cell Test #5
(PCT in stainless steel)

Laboratory Test #1 (MCC-1 in
Teflon)

Laboratory Test #2 (PCT in
Teflon)

Laboratory Test #3 (MCC-1 in
fused-silica)

Laboratory Test #4 (PCT in
fused-silica)

Laboratory Test #5 (PCT in
stainless steel)

Laboratory Test #6 (PCT in -
Teflon)

Laboratory Test #7 (PCT in
Teflon)

Laboratory Test #8 (PCT in
Teflon)

Laboratory Test # (MCC-1 in
Teflon)

Laboratory Test #10 (PCT in
stainless steel)

Laboratory Test #11 (PCT in
Teflon)

Laboratory Test #12 (MCC-1 in
Teflon)

Table 3.2. Summary of Durability Testing

Glass Type

101-AZ Core 1
101-AZ Core 2
NCAW Simulant
ATM-10

Blanks

NCAW Simulant

101-AZ Core 2
101-AZ-C2 Simulant
CVS-IS-HW39-4
Blanks

101-AZ Core 1
101-AZ-C1 Simulant
CVS-1S-HW39-4
Blanks

102-AZ Core 1
102-AZ-C1 Simulant
CVS-1S-HW39-4
Blanks

NCAW Simulant
NCAW Simulant

NCAW Simulant
Blank

NCAW Simulant
Blank

NCAW Simulant
Blanks

101-AZ-C1 Simulant
101-AZ-C1 Simulant
101-AZ-C2 Simulant
101-AZ-C2 Simulant

101-AZ-C2 Simulant
CVS-I1S-HW39-4

EA Glass

Blank

102-AZ-C1 Simulant

102-AZ-C1 Simulant

Samples

N O RNWHEL NWAWL NDWWLWW W NN WW

- -

N DWW

N =N

3.12

Purpose

Measure MCC-1 durability of 101-AZ Core 1,
Core 2 and hot cell processed simulant

Demonstrate hot cell PCT in stainless steel

Obtain direct PCT comparison between 101-AZ
Core 2 and simulant

Obtain direct PCT comparison between 101-AZ
Core 1 and simulant

Obtain direct PCT comparison between 102-AZ
Core 1 and simulant

" Obtain comparable laboratory MCC-1 results

Obtain comparable laboratory PCT results

Investigate MCC-1 biases from fused-silica
containers

Comparison of candidate PCT leach container
Comparison of candidate PCT leach container

Obtain laboratory PCT results for direct model
comparison

Obtain laboratory MCC-1 results for direct model
comparison

Obtain laboratory PCT results for direct model
comparison

Obtain laboratory MCC-1 results for direct model
comparison

Comparison of laboratory PCT in stainless steél to

hot cell PCT in stainless and laboratory PCT in
teflon

Obtain laboratory PCT results for direct model
comparison

Obtain laboratory MCC-1 results for direct model
comparison



predictions is also appropriate. -Hot cell tests #3, #4, and #5 and laboratory tests #6, #7, #8, #9, #11,
and #12 were conducted to make these comparison for each of the three core samples.

3.2.8 Description of Analytical Methods

Extensive physical, rheological, chemical, and radiochemical characterizations were
performed. Physical characterizations included:

density

settling rate

vol% settled solids

vol% and wt% centrifuged solids

wt% total solids

wt% dissolved solids

wt% total oxides

particle size

shear stress versus shear rate (apparent viscosity).

"Chemical analyses included:

° pH -

elemental analyses by inductively coupled argon plasma atomic emission spectroscopy
(ICP/AES)

anions by ion chromatography (Ic

total carbon (TC), total organic carbon (T OC), otal inorganic carbon (TIC)

total uranium by fluorescence

X-ray diffraction.

Radiochemical analyses included:

gamma energy analysis (GEA)
Cm-242, 243 & 244
Am-241

Np-237

1-129

Tc-99

Sr-90

Se-79

C-14

H-3

Pu-238, 239 & 240
Total «

Total 8.

The methods used for these characterizations and analyses are described in Appendix G.

3.2.9 Analyses Performed

Analyses completed on the core samples and simulants are summarized in Table 3.3.
Chemical, radiochemical, physical, and rheological analyses were generally performed on each of the
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washed solids, formated slurry, and melter feed for each core sample. Similar analyses minus the
radiochemical were performed on the simulant slurries. Radioactive glasses were characterized with
respect to density, chemical, and radiochemical composition, redox (Fe*/total Fe), crystallinity by X-
ray diffraction, and durability. Nonradioactive glasses were characterized with respect to redox
(Fe*¥/total Fe [NCAW simulant only]), viscosity, electrical conductivity, and durability. Glass
durabilities were measured using PCT and MCC-1-type leach tests.

Not shown in Table 3.3 are the number of replicate analyses. In most cases, physical and
rheological analyses were performed in duphcate and chemical and radiochemical analyses were
performed in single. A notable exception is with ICP analysis, which requires two preparations for
each solids sample, and leachate analyses, which were performed in duplicate or triplicate. In the .
process of adjusting the washed solids, formated slurries, and melter feed samples to the proper
concentration, additional sets of density, wt% solids, and wt% oxides data were obtained. Additional
analyses related specifically to the offgas generation study (e.g., NH,, acid/base neutralization
capacity) were performed on 102-AZ core 1 and Simulant but are not included in this report (see
footnote on page 3.8).
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3.3 Test Equipment

The equipment used for formic acid addition of the samples from cores 1 and 2 from Tank
101-AZ is shown in Figure 3.7, The sample is placed in the 500-ml reaction vessel; the temperature
and pH of the sample are monitored with a Type K thermocouple connected to a digital thermometer
" and a combination pH electrode connected to a pH meter. The sample is stirred with a mechanical
stirrer. A heating mantle surrounding the reaction vessel obtains the temperatures required for the
digestion and formic acid addition steps. The temperature of the heating mantle is controlled by a
temperature controller in line with a variac. The heating mantle temperature is monitored and
controlled by a Type K thermocouple placed between the heating mantle and the reaction vessel.
Formic acid is pumped from the reservoir to 1 in. below the surface of the sample with a peristaltic
pump. The flow rate of the pump was calibrated before the addition of formic acid. The vapor and
offgases produced passes through a water-jacketed double condenser and the condensate runs back
into the reaction vessel. The temperature of the cooling water was =25°C.

A schematic of the equipment used for formic acid addition of the sample-from Tank 102-AZ
and related simulants is given in Figure 3.8. This system is significantly different than the previous
system because off-gas measurement capabilities were added to the system. The volume of the
reaction vessel is =120 mL. The temperature and pH of the sample in the reaction vessel is
monitored with a thermistor and combination electrode connected to a pH meter, which records both
temperature and pH. The pH is corrected for temperature effects. The formic acid is added through
a line below the surface of the sample. The formic acid is pumped from a reservoir to the reaction
vessel with a peristaltic purhp. All gases produced during the digestion, formic acid addition, and
recycle addition pass through a double condenser system where the condensate is trapped after each
condenser. The temperature of the sample is maintained with a heat tape ‘wrapped around the reaction
vessel. " The temperature of the sample is controlled by a temperature controller and Type K
thermocouple placed between the heat tape and the reaction vessel. This system is shown in Figure
3.9. ‘

Radioactive calcining and vitrification were performed in a 1200°C capacity Lindberg muffle
furnace with Type S thermocouple temperature measurement. The DFC crucibles measured about 2.5
in. in diameter. Crucibles were removed from the furnace with tongs and glass was poured onto a
preheated stainless steel bar mold (see Figures 3.10 and 3.11). The glass bars were annealed in a
1200°C capacity Thermolyne muffle furnace with Type K thermocouple temperature measurement.

Glass sample crushing and sieving was performed with a Plattner style, stainless-steel mortar
and pestle and 3-in.-diameter stainless-steel sieves. Glass was cut with a Struers Miniton cutoff
machine with diamond blades. The saw was equipped with a micrometer on the chuck to allow cuts
to be made at precise locations.

Durability testing was performed in a Blue M forced-air convection oven with a customized
rack for holding up to 12 leach vessels. Leach vessels used were Parr Instrument Co. 45 ml screw
cap bombs fabricated from 304L stainless steel and Teflon gasket. Fused-silica liners and pedestals
were used in some hot cell and laboratory leach tests.
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3.4 Test Anomalies

Three anomalies in the processing and characterization of the core samples should be
considered when interpreting selected data. A pH probe broke into 101-AZ Core 2 formated slurry
. and resulted in additions of K and Cl to the waste, but should not affect results or conclusions from
" that core sample. Inadvertent drying of the washed solids from 102-AZ Core 1 probably resulted in
" altered physical and rheological properties, including higher than normal settling rates and lower than
normal yield stress and apparent viscosity. The use of fused-silica-lined leach containers and less than
optimal temperature control in the MCC-1 testing of 101-AZ Core 1 and 2 probably resulted in
decreased releases for all samples.present in Hot Cell Test #1.

- 3.4.1 pH Probe Broken into 101-AZ Core 2 Formated Slurry

During formating of the 101-AZ Core 2 washed solids, a pH electrode was broken in the
reaction vessel, resulting in a 10 + 1 ml addition of 3.0M KCl to the waste slurry (309.3 m! of
washed solids at 123 g total oxide (TO)/L). Impacts of the KCI addition on processability, final glass
composition, and glass acceptability were assessed and judged to be acceptable before proceeding.
The frit composition designed for this core sample was adjusted downward in Na to account for the
addition of K. Sodium and K are both considered as Na for the purpose of CVS modelling.
Estimated impacts to washed solids composition and projected glass composition resulting from the
KCl addition are as follows:

Before KCI After KCl
Composition Addition Addition
<DL 3450 mg/kg ws
K in washed solids ) .
- Cl in washed solids ™ - 40 mg/kg ws 3170 mg/kg ws
K,O in glass at 30% waste Joading 0.0 wt% 1.08 wt%
Cl in glass at 30% waste loading 0.01 wt% 0.82 wt%

Notes: kg ws = kilograms-of washed solids at 0.112 g waste oxide/g slurry
<DL = less than detection limit

3.4.2 Drying of 102-AZ Core 1 Washed Solids

The 102-AZ Core 1 slurry was inadvertently allowed to dry out twice while in the washed

_solids state. Radiolytic degradation of the storage container lid allowed the slurry to dry at room
temperature over a period of months. The problem was discovered when the washed solids were
retrieved for processing. Deionized water was added to the dried solids to bring the slurry to

31g TO/L before a boil-off and condensate-collection step. The sample was concentrated at boiling
_* (approximately 101 °C) to achieve a target concentration of 125g TO/L. Because of evaporative
losses in the system and the inability to observe the slurry level in the reaction vessel visually, the
-sample was allowed to dry out again. Deionized water was added to the dried solids to achieve the
desired concentration and the sample was processed as planned.

Experience in the hot cell with several tank-waste samples that have been dried and rewetted

showed alteration to the physical and rheological properties but no change to the chemical properties.
For those samples that have been dried and rewetted, settling rates increased substantially and
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rheological streng'ths decreased significantly. These observations can also be seen with the 102-AZ
Core 1 when compared to the other two core samples in this report.

One plausible explanation is that the small colloidal sized particles become close enough to
other colloidal or larger sized pamcles to bond together. The ratio of bond strength to particle mass
involved with these small particles is high enough to prevent breakage when diluting or mixing.

- Irreversible agglomeration of these small particles would tend to increase the settling rate and
decrease the yield stress and apparent viscosity.

3.4.3 In-Cell MCC-1 Testing Discrepancies ‘

An apparent bias and excessive replicate sample variability were experienced for all glasses in
the MCC-1 test completed in the hot cell. Comparative in-cell and out-of-cell data on non-radioactive
glasses included in the test are provided in Figures 3.10 and 3.11. The in-cell releases for NCAW
simulant were an average of 43% lower than those for the out-of-cell test. The differences for the
ATM-10 glass were not as significant. The boron, lithium, and sodium releases were about 13%
lower for the in-cell tests, while the silicon release was 24% higher. Variation between rephcate
samples of all glasses tested is illustrated in Figures 3.12 through 3.15. The 101-AZ Core 1 glass
exhibited the greatest replicate sample variability with sample #3 being an average of 43% lower than
sample #1,

A number of hypotheses were developed to explain the discrepancies between in-cell and out-
of-cell results and replicate samples. Possible contributions to one or both of the discrepancies
" include difference in container type, inaccurate temperature measurement, temperature gradients
within the oven, inconsistency in leachability of silica liners, poor sample preparation, radiolysis of
air within the leach container plenum, and analytical errors. Analytical errors were ruled out by
examining standards run before and after test samples. Poor sample preparation was ruled out
because the releases were low, not high. A poor washing would cause fines to be placed in the
leachant, which would increase releases because of increased surface areas. Radiolysis from
background sources is a possible contribution, but was not specifically investigated. The questions of
container type, temperature variation within the oven, and inaccurate temperature measurement are
discussed below.

3.4.3.1 Investigation of Type of Container

The most likely explanation for the difference between in-cell and out-of-cell results is the fact
that two sets of tests were conducted in differént leach containers. The in-cell tests were conducted in
fused-silica-lined stainless-steel containers that were backfilled with argon; the out-of-cell tests were
conducted in Teflon® containers with no backfilling. The blanks from the in-cell test had a significant
background of Si (4.2 to 6.5ug/ml), between 16% and 42% of the total concentration of Si found in
the radioactive samples. Dissolved silica is well known to decrease the rate of dissolution of nuclear
waste glasses. The Si source in the blanks is the fused-silica liners and pedestals. The leachants were
checked for Si contamination before the test and were found to be clean. To investigate the effect of
the liners, the out-of-cell test was repeated using fused-sxhca-lmed stainless-steel containers with argon
backfilling to simulate the in-cell test. Results from this and prior MCC-1 tests on NCAW glass are
shown in Table 3.4 and Figure 3.16. The laboratory test in fused-silica produced B, Li, and Na
releases 20% lower than laboratory tests in Teflon. This bias is not of the same magnitude as the
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Table 3.4. MCC-1 Leach Test Results for NCAW Simulant Glass

Lower

Bound Nommalized
(85% Cl) (95% ClI)

In(a/m2)

2479
2.782
2.624

—|n Transformed-——
Mean Mean Ln Upper
Normalized Nomalized Bound
Release Release
(a/m2) %RSD In(a/m2) . In{a/m2)
(Lab Test #1 in Teflon - based on sample size of 2)
B 14.327 2.04 2.662 2.845
Li 16.149 0.00 2.782 2.782
Na 15.624 1.39 .2.749 2.873
Si 12.949 7.90 2.561 3.271

1.851

(Hot Cell Test #1 in fused-silica - based on sample size of 2)

B 7.533 13.39 2.015 3.218
Li 8.403 10.57 2.126 3.075
Na 8.463 16.57 2.135 3.623
Si 8.799 26.82 2.159 4.569
(Lab Test #3 in fused-silica - based on sample size of 2)
B 11.816  10.70 2.467 3.428
Li 12.261  10.35 2.504 3433
Na 12.867  10.10 2.552 3.460
10.19 2.849 3.765

Si 17.202

C! = Confidence Interval
MCC-1 = Materials Characterization Center (MCC-1)
Exp Transformed = retransformed data from In form to original form

3.25

0.812
1.176
0.646
-0.250

1.505
1.574
1.645
1.833

—Exp Transformed--——

Mean Ln Upper Lower
Bound Bound

Release (85% Cl)  (85% Cl)
{a/m2) (a/m2) {a/m2)
14326 - 17.207 11.928
16.149 16.149 16.149
15.624 17.696 13.794
12.948 26.326 6.368
7.499 24.966 2.253
8.380 21.659 3.242
8.456 37.463 1.909
8.665 96.415 0.779
11.783 30.820 4.505
12.228 30.984 4.826
12.834 31.807 5.179
17.273 43.163 6.912




O NCAW Simulant in Teflon (fab test #1) B NCAW Simutant in Fused-Silica (lab test #3)
450 +  ENCAW Simulant in Fused-Silica (hot cell test #1)

Normalized Release (gim2)
0
o

15.0 4+

100 +

S0+

0.0

Na

Figure 3.16. Comparison of Alternate Leach Vessels considered for MCC-1
(Error Bars = Estimated 95% Confidence Interval)

43 % bias experienced in the hot cell, but does indicate a probable contributing cause. Note
also the rather large percent RSDs and confidence intervals for tests in fused-silica liners. A -
possible cause of this is variability in the release of Si from the liners. The liners used in
testing were fabricated in an onsite glass shop and certainly experienced non-umform
temperature histories.

3.4.3.2 Investigation of Temperature Effects . ‘

A complete temperature map of the leach oven in the hot cell was performed after the fact to
correlate the variation in oven temperature with the differences in releases from replicate samples. A
temperature gradient of 2.6°C was measured from highest to lowest temperature sample location.
These temperature measurements were done without vessels present, however. Subsequent testing in
the hot cell indicated that the temperature gradient increased by approximately 1°C when the oven
was fully loaded with 12 vessels, which suggests the 2.6°C temperature gradient is understated by
1°C. This additional gradient is due to the sample tray design, which inhibits convection from top to
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bottom when all sample locations are filled. Boron releases for replicate samples were plotted as a
function of relative temperature to show any apparent variation due to temperature gradient (see
Figure 3.17). The data indicate a possible variation in replicate samples due to oven temperature
gradients. | '

Temperature dependence of glass corrosion reaction rates are typically expressed through the
Arrhenius equation:

-E o
k=A e.xp _ﬁ] - (3.1)

where k is the reaction rate constant, A is a constant, E,,, is the activation energy, T is absolute
temperature, and R is the gas constant. Several parameters, including glass composition, solution
composition, and controlling reaction mechanisms, will impact the activation energy. Activation
energies have been reported for nuclear waste glass from 22 to 150 kJ/mol (Cunnane 1994).

Model simulations were performed on the radioactive glasses to estimate effeéts of
temperature change on MCC-1 results. The concentration of Si in solution was so low that it had
little effect on dissolution rate. The dissolution rate is essentially the forward rate and is nearly
constant throughout the 28-day test. Temperature effects were close to that defined by the Arrhenius
Law. Based on this and an assumed activation energy o6f 80 kJ/mole, the estimated temperature
dependencies are as follows:

LON

90°C - 89°C = 7% reduction in reaction rate
90°C - 88°C = 14% reduction in reaction rate
90°C - 87°C = 20% reduction in reaction rate
90°C - 86°C = 26% reduction in reaction rate
90°C - 85°C = 31% reduction in reaction rate

Due to the temperature gradient in the oven, thermocouple placement, and minor
thermocouple inaccuracy, actual sample temperatures for the in-cell MCC-1 test were estimated to
range between 86.5°C and 89.1°C. This is an average of 87.8°C or 2.2°C below the set point for
the test. This easily could have resulted in an average of 15% reduction in reaction rafe.

Based on the above investigations, the discrepancies observed in the MCC-1 hot cell test were
attributed to container type, temperature gradients within the oven, and minor temperature
measurement inaccuracies. To alleviate the discrepancies in future tests, stainless steel vessels were
used instead of fused-silica, thermistors were used for temperature measurement instead of
thermocouples to increase temperature accuracy, and a new hot cell oven was procured to minimize
thermal gradients. Subsequent PCT tests were conducted in the hot cell with good agreement with
out-of-cell results (see Section 4.5.1.5). No further MCC-1 hot cell tests were conducted.

3.27 ' -
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was removed in the washing process. Comparison of the concentration of sodium in the washed
solids, the sludge before washing, and the reference nominal value for the previously planned HWVP
indicates that acceptable washing efficiencies are being achieved on the laboratory-scale processes.
*The concentrations of the major components and those components of special interest for all three
washed-solids slurries are within the limits of the previously planned HWVP reference.

In Figure 4.1, the concentrations of the analyzed elements for each of the washed solids
slurries are compared. A comparison of chemical composition of simulant 102-AZ Core 1 and the
corresponding core sample indicates that accurate chemical simulants can be prepared using the
method described in Section 3.2.1. Significant differences in the concentration of the major analytes
were observed between the three core samples and the NCAW simulant. It should be noted that the
weight fraction of solids for each of the samples varied significantly. If the data are presented based
on dried or calcined weight, the concentrations of the major analytes in the three actual waste samples
correspond more closely than are observed on a wet-weight basis. The NCAW simulant does not
match any of the actual waste samples because it was prepared to the previously planned HWVP
reference nominal values, with the exception of the nitrate and nitrite composition. The nitrate and
nitrite concentrations were based on the concentrations of these analytes in the actual waste sample
from 101-AZ Core 1.

4.1.2 Radiochemical Characterization

The radionuclide compositions of the washed-solids slurries from the three core samples are
reported in Appendix B, Tables B.1 through B.3. The major radionuclides present in these samples
are *'Cs, %Sr, '“Ce, and '“Ru. All three samples are transuranic (they contain > 100 nCi/g
transuranic isotopes). The majority of the transuranic activity is due to americium and plutonium. A
comparison of the specific activity of the measured radionuclides in these three samples is given in
Figure 4.2. The only radionuclides affected by the washing steps were *'Cs and '®Sb. The activity
of the wash solutions is due primarily to ?Cs. None of the supernatants or wash solutions were
transuranic. Measured radionuclide activities were within the previous HWVP specifications, with the
exception of ', ¥Sr, and “Co.

The simulants were prepared as chemical simulants only and did not contain any
radionuclides. The absence of radionuclides in the simulants eliminated many of the regulations and
shielding necessary to handle radioactive samples, and allowed the simulant studies to be performed in
a more timely and cost-efficient manner.

4.1.3 Physical Characterization

Physical properties for the three actual waste samples and the two simulants are reported in
Appendix C. Tables C.1 through C.5 present a summary of the physical properties measured in these
samples. The particle-size distribution for the washed solids and the settling behavior were reported
. previously in the tank characterization reports (Peterson et al. 1989; see footnotes a and-b on page
- 4,1). Particle-size distribution of the simulant-washed solids slurries was not measured. A
comparison of the physical properties of the core sample and simulant washed-solids slurries is given
in Table 4.2.

4.3
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Table 4.2. Washed-Solids Slurries Physical Properties

102-AZ
101-AZ 101-AZ 102-AZ NCAW Core 1
Core 1 Core 2 Core 1 Simulant Simulant
Density (g/ml): T
Slurry _ 1.04 1.14 . 1.11 1.11 1.14
Centrifuged Solids 1.40 1.53 ' 1.52
Centrifiged ~ 0.98 0.98 0.99 L

converted to other concentration units. The composition based on dry weight can be calculated from
the weight-fraction solids reported in Appendix C, Tables C.1 through Cs.

During the formating process, carbonate, nitrate, and nitrite may react to produce gas and the
concentrations of these anions in the sample will decrease. The data from these samples indicate that
reductions in the carbonate, nitrate, and nitrite concentrations are observed. In Table 4.3, the
concentrations of the anions in the washed-solids slurries, melter feed, and formated slurries of the
three NCAW core samples and the NCAW simulant are compared. Note that elevated values of CI,
and F were measured in the formated slurry and melter feed of 101-AZ Cores 1 and 2.
Interferences, possibly from formic acid, were reported by the analyst.

During the formating of the washed solids from 102-AZ Core 1, the off-gases generated during this
process were monitored and compared with similar studies using simulants. These results were
reported previously (Langowski et al. 1993). A few simplified reaction mechanisms to account for a
majority of the measured off-gases have been hypothesized®. These hypothesized reactions are as
follows:

COZ + 2H* —-> CO, + H,0(4.1)

2NaNO, + 4HCOOH --> N;0 + 2CO, + 2NaCOOH + 3H,0(4.2)
3HNO, —-> H* + NO, + 2NO + H,0(4.3)

HCOOH > H, + CO, (Rh catalyzed)(4.4)

NaNO, + SHCOOH ~> NH, + 4CO, + NaCOOH + 3H,0(4.5)
2NaNO, + SHCOOH —~> 2NO + 3CO, + 2NaCOOH + 4H,0(4.6)

The carbonate-destruction reaction (equation 4.1) is the first phase of the reactions, and is
represented by the first large CO; peak observed at the beginning of the formating procedure. The
generation of CO, is followed by the production of N,O and NO,, as was postulated in equations 4.2
and 4.3. Hydrogen generation was observed during the digestion and recycle steps after the N,O and
NO, concentrations had declined significantly. The ratio of N,O/NO, and the limited amount of H,
observed for this sample is indicative of a feed with limited amounts of noble metals, or reduced
effectiveness of the noble metals as catalysts for these reactions in this feed (Langowski, 1993).

The results indicate that slurry chemistry and off-gas generation reactions are similar between
the core sample and simulants.
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Table 4.4. Formated Slurries Physical Properties

102-AZ
101-AZ 101-AZ 102-AZ NCAW Core 1
: Core 1 Core 2 Core 1 Simulant Simulant
Density (g/ml):
Slurry 1.10 1.19 1.12 1.11 1.14
Centrifuged Solids 1.44 1.50 1.65 1.27 1.34
Centrifuged 1.04 1.01 . 104 1.01 1.04
Liquid -
Weight Fraction: :
Solids 0.159 0.122 0.186 0.192 0.222
Oxides 0.108 0.092 0.131 0.145 0.129
g Total Oxide/L 118 101 147 161 147
Settled Solids
(vol%) 57 .37 -+ 38 87 .84
Centrifuged
Solids: : )
(vol%) 21 19 18 40 42

(Wt%) 28 25 26 46 48

4.2.2 Physical Characterization

Physical properties for the three actual waste samples and the two simulants are reported in
Appendix C. Tables C.1 through C.5 present a summary of the physical properties measured in these
samples. A comparison of the physical properties of the core sample and simulant washed-solids
slurries is given in Table 4.4. =

The density of the formated siurries from the core samples and simulants ranged from 1.10 to
1.19 g/ml. In Figure 4.4, the density of the NCAW simulant and actual waste-formated slurries are
plotted as a function of solids concentration. The curve fit on this data indicates that there is a
correlation between the density of the formated slurries and solids concentration, and that simulants
are representative of actual waste with respect to this correlation. The weight-fraction total solids of
the formated slurries reported in Table 4.4 varied from 0.122 to 0.222. The density of the
centrifuged liquid (1.03 % 0.02) was similar for all of the formated slurries and was comparable to
the density of water, but the centrifuged solids density was significantly lower in the simulants than in
the core samples. The average centrifuge solids density for the three core samples was 1.53 +' 0.11,
and the simulants had an average centrifuged solids density of 1.31 with a reproducibility of 5%.
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Figure 4.4. Density of NCAW Simulants and Core Samples as a Function of wt% Solids

The oxide concentration in the formated slurries of the three core samples ranged from 101 to
147 grams of total oxide/L. The oxide concentration of the NCAW simulant (161 grams of total
oxide/L) was significantly higher than the core samples, but the oxide concentration of the 102-AZ
Core 1 simulant was less than 2% lower than the 102-AZ Core 1 sample. The density, weight-
fraction solids, and oxide concentration of all of the samples were within the range for the previously
planned HWVP, except for the oxide concentration of the NCAW simulant and the density of the
101-AZ Core 2 sample.

The settling behavior of the formated slurries is shown in Figure 4.5. The settling behavior
of the simulants did riot match the behavior of the core samples. This is also observed in the vol%
settled solids reported in Table 4.4. The core samples settled much faster and achieved a significantly
higher settled-solids packmg than was observed in the simulants. The majority of the settling of the
core samples occurs in the initial 10 hours of settling. The settling behavior of 101-AZ Core 1 was
slower than was observed in 101-AZ Core 2 and 102-AZ Core 1; the final vol% settled solids for
101-AZ Core 1 was:higher than was observed for the other two core samples. The initial settling
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rates (average settling rate from O to 1 h) and the curve fits for the settling rate curves are shown in
Table 4.5.

Figure 4.5. Formated Slurries Settling Rate Behavior

Amount Settled (Curve Fit) Average Settling Rate
. from T=0to T=1
' {cm/h)
101-AZ Core 1 y = 3.07 %% + 3.89 - 2.54t & - LT
101-AZ Core 2 y=44 e +2.63 + 0.35t % . 24
102-AZ Core 1 y =4.37e* + 2.66 14
NCAW Simulant y = 0.89 %% + 6.05 0.05

102-AZ Core 1 y=118¢"™ +59 - 0.06
Simulant .

The particle-size distribution of the formated slurries, based on volume distribution and
population distribution, are reported in Appendix C. The majority of the particles were less than 5
pm in diameter; a significant number of the particles were less than 2 pm in diameter. There were a
significant number of particles larger than 5 pum, which tends to skew the volume distribution toward
higher particle diameters. This was most apparent in 102-AZ Core 1 and the NCAW simulant. The
largest particle diameter observed in the core samples was between 100 and 110 um.

With few exceptions, when the slurry concentrations fell within the previously planned
HWVP design range, the other physical and rheological properties were also within that same design
-range. The properties of the actual waste samples are compared to those of simulants and simulant
correlations to confirm the validity of using simulants to support design.
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4.2.3 Rheological Characterization

Rheological properties for the three actual waste samples and the two simulants are reported
in Appendix D, Tables D.1 through D.5 present a summary of the rheological properties measured i in
these samples. All of the samples exhibited yield pseudoplastic behavior.

These results and comparable simulant results from full-scale testing are summarized in Table
4.6 and Figure 4.7 below. Unless otherwise noted, references to simulants in the following
discussion refer to laboratory-scale simulants tested in this study and not the full-scale simulants
reported in Table 4.6. The flow behavior of the radioactive and simulant samples was best
represented as yield pseudoplastic; as evidenced by the R? values. Both radioactive and simulant
samples were slightly shear-thinning (i.e., viscosities decreased with increasing shear rate). A small
degree of hysteresis occurred in each of the three core samples and the NCAW simulant (see
Appendix D, Figures D.1, D.11, D.21, D.31, and D.41), indicating some degree of agglomeration.
Yield stresses for the radioactive samples ranged from 0.085 Pa to 0.23 Pa compared to simulant
yield stresses of 1.2 Pa. Yield stresses of the radioactive samples are low enough that they could be
an artifact of the equipment; that is, the shear stresses at the low shear rates. were at or below
detection for the sensors. Apparent viscosities of the core samples at 50s™ ranged from 3.8 cP to 7.2
cP compared to the simulant viscosities of 32 cP. The rheology of both the processed waste samples
and the simulants were well below the design limits for the prior-planned HWVP plant (see Figure
4.6). Note that rheological data from 102-AZ Core 1 is suspect, because the washed solids from this
core samples were inadvertently dried (see Section 3.4.2 for details). .
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Figure 4.6. Rheology of Actual and Simulated Formated Shurry®

A comparison of laboratory-scale to full-scale simulant results for formated slurry rheology
yields essentially identical results (see Table 4.6). Rheology of the full-scale simulants was tested
with a Haake MVII sensor that had a larger gap size than the Haake MVI sensor used for laboratory-
scale simulants. The concentrations and pH of the full-scale simulants (154 and 158g WO/L; pH of
6.0 and 6.1) were bracketed by laboratory-scale simulant conéentrations and pH (147 and 161g
WO/L; 6.9 and 5.3), enabling a direct comparison of rheological results. Full-scale simulants
produced yield stresses of 1.1 Pa and 1.2 Pa, compared to 1.2 Pa for the laboratory-scale simulants.
Viscosities at 50s™ for the full-scale simulants were between 30 cP and 31 cP, compared to
laboratory-scale simulant viscosities of 32 cP.

Two minor differences were observed between the two sets of simulants, as follows: (1) an
increased settling rate of 0.29 cm/hr was observed for full-scale simulants versus 0.05 to 0.06 cm/hr
for laboratory-scale simulants; and (2) a Newtonian flow behavior for the full-scale simulants was
observed in the shear-rate range > 190s” versus a yield-pseudoplastic flow behavior throughout the
. entire shear-rate range for the laboratory-scale simulants. Differences in the test methods between the
two simulant sets may have contributed to these differences. The height of the settling container for

(a) Prior HWVP maximum values obtained from WHC-SD-HWV-DP-001, Hanford Waste
Vitrification Plant Technical Data Package, Section 13, Rev. 6.
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the full-scale simulant was 19 cm versus 12 cm for the laboratory-scale simulants (differences in
settling tube diameters are unknown).

Differences in concentration made it difficult to compare the simulant and radioactive

- theology data directly. Data from Thornton® shows yield stress and apparent viscosity of formated

. slurries to be exponetially correlated to concentration in g WO/L. Using this correlation, one would
expect a 2.8-fold increase in yield stress with an increase in concentration from 101g WO/L to 160g
WO/L. Smnlarly, one would expect a 2.3-fold increase in apparent viscosity at 183s” with a similar
increase in concentration. Actual increases in yield stress and apparent viscosity between 101-AZ
Core 2 at 101g WO/L and NCAW simulant at 161g WO/L were 5.2-fold and 3.8-fold, respectively.

- Using the Thornton correlation, the effect of concentration alone does not account for the differences
in concentration observed between actual waste and simulants.

A comparison of yield stress and apparent viscosity data from the core samples and simulants
to historical data is shown in Figures 4.7 and 4.8. Radioative and simulant data from this study are
superimposed on figures reported by Lanning.® The NCAW simulant and 102-AZ Core 1 simulant
fit well within the historical data and are located near the midpoint of the data range. Rheological
strength of the radioactive samples was equal to or less than the entire database of simulants reported.
Although the historical data may be generally compared to the radioactive samples, the best
comparison was between the simulants tested in this study and the core samples. The NCAW
simulant was formulated to have the same nitrite and nitrate composition as 101-AZ Core 1 and was

- processed in the same manner as the core sample (e.g., amount of formic acid added, digestion time).
Similarly, 102-AZ Core 1 and its simulant had like compositions and were processed in the same
manner.

Physical property data in Table 4.6 provides some. insight into possible causes of the observed
differences between radioactive and simulant rheology. Vol% settled solids and intial settling rates
indicated differences in the microstructure of the radioactive and simulant samples. The radioactive
‘samples settled to a greater extent and at a greater initial rate than did the simulant samples. The
density of centrifuged solids was greater in the core samples, indicating potentially denser aggregates
with less interstitial fluid.

The particle-size distribution data provided little insight into the differences between actual
and simulated formated slurries. The number-density mean-particle size of the radioactive samples
(1.14 pm to 1.42 pm) are similar to that of the NCAW simulant (1.30 ym). The volume-density
mean-particle sizes indicated a broader distribution in the NCAW simulant and 102-AZ Core 1 than
the cores from Tank 101-AZ. The large volume-density mean-particle size for 102-AZ Core 1
(47.4 pm) was consistent with anticipated agglomeration affects of drying out a slurry (see Section
3.4.2). The large volume-density mean-particle size for NCAW simulant (25.6 um) would make

{a) Thornton, G. T., Evaluation and Comparison of HWVP-Referénce Feed Compc;sition and
Updated Neutralized Current Acid Waste Composition Simulants. Letter Report HWVP-87-
V110203C, Pacific Northwest Laboratory, 1987.

®) Lanning, D.D., P.A. Smith, G. Terrones, D.E. Larson, Summary of Rheological Studies
Related to HWVP Slurries, Letter Report PHTD-C93-03.02M, Pacific Northwest Laboratory,
November 1993.
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sense if the larger particles or agglomerates were less dense than the simulant particles. This
information, as well as particle morphology, is not known and is needed to understand differences in
behavior. Additionally, the method of particle-size analysis used, which included dilution and
shearmg of the sample, may have broken weaker agglomerates prior to measurement. The particle
sizes being measured may have been agglomerates, primary pamcles or a combination of both not
representative of the original samples: Transmission electron mlcroscopy (TEM) is recommended for

future studies to increase understandmg in this area.

The effects of radiation dose on the NCAW simulant is also recommended.to understand the
observed rheological difference with actual waste. An analogous, although quite different, situation
experienced at Savannah River Site is worth noting. The measured rheological properties of the
actual potassium tetraphenylborate (KTPB) slurries yielded much lower values than those predicted by
nonradioactive systems, prompting irradiation studies on the simulant.® After gamma irradiation of
5 x 107 rad, the yield stress went to essentially zero, and the consistency decreased by a factor of six
or more. The irradiation also increased settling rates and final maximum wt% solids upon settling.
Microscopic examination indicated that de-agglomeration of the sludge resulted from irradiation. As

Figure 4.7. Comparison of Formated Slurry Yield Stress with Historical Data®
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(a) Ebra, M. A. 1985. Technical Report: The Effects of Gamma Irradiation on the Rheology of
KTPB Slurrigs, DPST-85-926, Dupont Savannah River Laboratory.

®) Lanning, D.D., P.A. Smith, G. Terrones, D.E. Larson, Summary of Rheological Studies
Related to HWVP Slurries, Letter Report PHTD-C93-03.02M, Pacific Northwest Laboratory,

Novembe; 1993,
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Figure 4.8. Comparison of Formated Slurry Viscosity at 183s” with Historical Data®

( - .
a result of the study, requirements for the slurry transfer pumps were reduced. Although the
mechanism for de-agglomeration was not determined, it could very possibly be related to the organic
nature of the precipitate, a condition not relevant to NCAW. However, transformations at the
interfaces of NCAW particles caused by radiation dose could feasibly affect agglomeration. Simple
irradiation tests on NCAW simulants may reveal an underlying cause of dlfferences between actual
and simulant waste rheology.

Another inherent difference in the actual and simulated waste is the duration of aging. The
waste has been aged in a radxoacnve environment for many years. The NCAW simulant preparation
has been designed to mimic the process by which the NCAW waste was generated but does not
account for aging effects. A closer study of the particle morphology and chemical composition of
actual waste particles using TEM should be pursued to identify differences resulting from aging or
other historical differences.

-4.3 Melter Feed

Glass frit was blended with the formated slurries to produce the melter feed. The glass frit
was designed to yield a glass with acceptable processing and durability properties, as defined by
‘'linear correlations of properties with glass composition. These correlations, which are based on
" extensive vitrification testing of nonradioactive simulants, predict viscosity, electrical conductlvxty,
and release rate of glasses as a function of composition (Hrma, 1994).

4.20



" Three different frit compositions were used for these five samples. The same frit was used
for both the NCAW simulant and 101-AZ Core 1. The frit blended with 101-AZ Core 2 was
designed specifically for the core-sample, including a modification to compensate for the potassium
added to the sample when the pH.probe broke during the addition of formic acid. The third frit was
blended with both the core sample from tank 102-AZ and its corresponding simulant. The
compositions of the glass frits blended with the three core samples and two simulants are reported in
Table 4.7.

Table 4.7. Frit Compositions

Frit Compositions (wt% oxides)

HW39-4 Frit * Custom Frit FY91 New Frit
101-AZ Core 1 and 102-AZ Core 1 and -
NCAW Simulant 101-AZ Core 2 102-AZ Core 1 Simulant
B,0, ’ 14.0 10.6 ) 20.45
CaO 1.0 ' 0.0 0.0
Li,O 5.0 : 8.6 7.29
MgO 1.0 0.0 0.0
Na,0 9.0 - 5.2 0.0
Sio, 70.0 75.6 72.26

The chemical and radiochemical composition and physical and rheological properties of the
melter feeds from the three NCAW core samples (101-AZ Core 1, 101-AZ Core 2, and 102-AZ Core
1) and two simulants (NCAW and 102-AZ Core 1 simulants) were determined and compared.

4.3.1 Chemical Composition

The chemical composition of the melter feeds from 101-AZ Core 1, 101-AZ Core 2, and the
NCAW simulant is reported in Appendix A, Tables A.1, A.2, and A.4. The chemical composition of
the supernatant from all three core samples and the NCAW simulant is also reported in Appendix A
(Tables A.1 through A.4). The compositions of the melter feeds from 102-AZ Core 1 and 102-AZ
Core 1 simulant were riot measured because, based on prior samples, the solids settled so quickly that
it was difficult to obtain representative subsamples. The composition of these two samples can be
determined from the glass composition or the formated slurry/frit compositions; calculated values are
reported in Section 4.6.

i

A comparison of the elemental composition of 101-AZ Core 1, 101-AZ Core 2, and the
NCAW simulant is shown in Figure 4.9. Formated slurry was combined with frit to achieve melter
feeds with targeted waste oxide-loadings of 25 to 28 percent; therefore, the major constituents in the
melter feeds are the frit components. These major components include Si, Na, B, and Li. Other
major constituents which came from the waste include Fe, K, Al, U, and Zr.

The frit components were added as the oxides; therefore, the majority of the elements in the

melter feeds are as oxides. Other anions which are present in significant quantities are nitrate, nitrite,
chlonde, fluoride, and sulfate (see Table 4.3). The concentrations of carbonate (as measured by total
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inorganic carbon) and phosphate are significantly lower than the other measured anions. The majority
of the carbon present in the samples is organic carbon, with the exception of the NCAW simulant. In
"this simulant, the concentration of carbonate is much higher than the carbonate observed in the core-
samples; therefore, the ratio of total organic carbon to inorganic carbon in this simulant does not

“ represent that which is observed in the core samples.

The supernatant from the melter feeds contained only three cations in significant quantities

(Na, K, and Li). The major anions associated with the supernatant are similiar to those observed in
the slurries with the exception of the oxides, which are not soluble.

The data are reported based on wet weight (wt%) and on the oxide weight (grams/100 grams
- oxide). The density and oxide-loading are also reported, so that the analyte concentrations can be
~ converted to other concentration units. The composition based on dry weight can be calculated from
the weight fraction solids reported in Appendix C, Tables C.1 through C.5.
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4.3.2 Radiochemical Characterization .

The radionuclide compositions of the melter feeds from the two core samples from tank 101-
AZ are reported in Appendix B, Tables B.1 and B.2. The major radionuclides present in these
samples are **’Cs, ¥Sr, “Ce, '®Ru, '*Eu, "Eu, '#Sb, and *!Am. Both core samples are
transuranic (they contain > 100 nCi/g transuranic isotopes) as is indicated by the activity of
americium in the melter feeds. Only limited radiochemical analysis was performed on the melter
feeds, and no data are available on the activity of Pu in these samples. A comparison of the specific
activity of the measured radionuclides in these two samples is given in Figure 4.10.

The only radionuclide which may have been affected by the formating steps was '®I. The
data are not definitive, but it appears that some of the iodine may have been lost during the formating
process.

The activity of the melter feed supernatant is due primarily to '*?Cs. None.of the supernatants
appear to be transuranic, since »*'Am was not observed in the gamma energy analysis (GEA).

The simulants were prepared as chemical simulants only and did not contain any

. radionuclides. The absence of radlonuchdes in the simulants eliminated many of the regulations and
shielding that are necessary to handle radioactive samples, and allowed the simulant studies to be
performed in a more timely and cost-efficient manner. The radionuclide activities in the melter feed
from 102-AZ Core 1 were not analyzed because, based on prior samples, the solids settled so quickly
that it was difficult to obtain representative subsamples.

4.3.3 Physical Characterization

Physical properties for the three actual waste samples and the two simulants are reported in
Appendix C. Tables C.1 through C.5 present a summary of the physical properties measured in these -
samples. A companson of the physical properties of the core sample and simulant washed-solids
slurries is given in Table 4.8.

The density of the centrifuged liquid (1.04 + 0.03) is similar for all of the melter feeds and
formated slurries, and is comparable to the density of water. The centrifuged solids density in the
melter feeds from the core samples are also similiar, but the density of the centrifuged solids and
slurry from the NCAW simulant was significantly lower than measured in the core samples. The
behavior of the centrifuged 102-AZ Core 1 simulant was not measured because of difficulties in
obtaining a representative sample. The average centrifuge solids density for the three core samples is
1.69 + 0.05 g/ml; the NCAW simulant has a centrifuged solids density of 1.50 g/ml.

The oxide concentration in the melter feeds of the three core samples ranged from 438 to 600
* grams of total oxide/L. The weight fraction ratio of oxides to solids in the melter feeds is much
higher than that which was observed in the previous samples, because of the introduction of the frit to
- the sample. The density, weight-fraction solids, and oxide concentration of all of the samples were
within the range for the previously planned HWVP, except for the slurry density of the 101-AZ Core

1 sample
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Table 4.8. Melter Feed Physical Properties

101-AZ 101-AZ 102-AZ NCAW  102-AZ Core

_ Core 1 Core 2 Core 1 Simulant ~ 1 Simulant

Density (g/ml) ’ _
Slurry 1.47 1.36 1.34 1.28 1.42
Centrifuged Solids 1.74 - - 1.64 1.69 1.50 Not Analyzed
Centrifuged 1.09 1.04 - 1.03 1.01 __ Not Analyzed
Liquid
Weight Fraction : : : .
Solids 0.47 0.43 0.44 0.37 0.48
Oxides 0.41 0.40 0.38 0.34. 0.40
Dissolved Solids 0.068 0.020 Not 0.014 Not Analyzed

: Analyzed
g Total Oxide/L 600 479 515 438 573
Settled Solids
(vol %) 84 87 64 87 100
Centrifuged '
Solids
(vol%) 64 55 48 58 Not Analyzed
(wt%) 74 67 . 60 67 Not Analyzed

The density of the melter feeds from the core samples and simulants ranged from 1.28 to 1.47
g/ml. This is a significant increase from the densities observed in the formated slurries. This
‘increase is due to increased solids-loading caused by the addition of the frit. The weight-fraction total
solids of the melter feeds reported in Table 4.8 varied from 0.37 to 0.48. Only a small portion of the
total solids are water soluble, as is observed in the low dissolved-solids fraction (< 15% [7%7?] of -
the total solids). The density and oxide concentrations also increase with increased solids-loading.

The settling behavmr of the melter feeds is shown in Figure 4.11. The settling behavxor of
the melter feed from NCAW simulant and the 101-AZ core sample is comparable, but the settling
behavior of the 102-AZ Core 1 melter feed and the corresponding simulant did not match. The initial
settling rates (average settling rate from time O to 1 h) and the curve fits for the settling rate curves
are given in Table 4.9.

The 102-AZ Core 1 simulant did not settle, as is shown in Figure 4.11 and Table 4.8. The
settling behavior for this sample was measured approximately three weeks after the frit was blended

- . with the sample. Previous studies indicated that the frit used, when blended with this simulant, tends

to gel after about 2 to 3 weeks time.® This is consistent with the behavior observed for this
simulant.

(@) Beckette, M.R. and L.K. Jagoda NCAW Waste Simulant Properties (SIPT 2/LFCM 8
Campaign Letter Report PHTD-K1017 Rev. 0, Pacific Northwest Laboratories, May 1994.
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The 102-AZ Core 1 melter feed settled much quicker than that which was observed in the
other core samples and simulants. .The washed solids from this core dried prior to processing the
sample. Previous results indicate that when some tank-waste samples are allowed evaporate to
dryness, the settling and rheological behavior of the sample are irreversibly altered. In most cases,
. when the sample is dried and water is added to the sample to obtain the original water content, the

~ sample settles much more quickly, the volume percent of settled solids decreases, and the weight
percent of dissolved solids decreases significantly when compared to the sample before drying. The
same frit was used in this sample as was blended with the 102-AZ Core 1 simulant, but significant
gelling of this sample was not observed. - The settling behavior and rheological properties of thxs
sample were measured after two weeks of blending the frit.

- The particle-size distribution of the melter feeds, based on volume distribution and population
distribution, are reported in Appendix C. Based on number density, the majority of the particles are
‘less than 10 um in diameter. There are a significant number of particles larger than 10 um, which
tends to skew the volume distribution toward ‘higher particle diameters. This was most apparent in
101-AZ Core 2. The largest particle diameter observed in the melter feeds was between 60 and 70

um.
Table 4.9. Melter Feed Settling Rate Behavior

Amount Settled (Curve Fit) Average Settling Rate
- from T=0to T=1
(cm/h)
101-AZ Core 1 y = 1.18 ¢%2 + 6.02 - 01
101-AZ Core 2 y =0.89 ¢ + 6.11 0.4
102-AZ Core 1 . y = 2.51e% 4457 0.9
NCAW Simulant y = 0.89 e%" + 6.05 0.06

102-AZ Core 1 y=171 0
Simulant :
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4.3.4 Rheological Characterization

Rheograms, curve fits, and corresponding physical data for the melter feeds of the three core
. samples and two simulants are provided in detail in Appendix D. The results are summarized in
Table 4.10 and Figure 4.12 below. The radioactive and simulant samples exhibited thixotropic, yield
pseudoplastic behavior. The up-curve rheograms fit well to the yield pseudoplastic model as
evidenced by the R? values. Both radioactive and simulant samples were shear-thinning (i.e.,
viscosities decreased with increasing shear rate) and exhibited varying degrees of hysteresis (see
Appendix D, Figures D.6, D.16, D.26, D.36, and D.46). -

Yield stresses for the radioactive melter feeds ranged from 1.4 Pa to 10.3 Pa compared to
simulant melter feed yield stresses of 2.2 Pa to 12.4. Viscosities of the radioactive melter feeds at
50s! ranged from 38 cP to 260 cP compared to the simulant viscosities of 58 cP and 365 cP. The
rheology of both the radioactive and simulants melter feeds were well below the design limits for the
prior-planned HWVP (see Figure 4.12). Note that rheological data from 102-AZ Core 1 was suspect

because the washed solids from this core samples were inadvertently dried (see Section 3.4.2 for
details).

1

Figure 4.12. Rheology of Actual and Simulated Melter Feed®
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Table 4.10. Rheological and Physical Properties of Melter Feed Slurry

. . 102-AZ

101-AZ 101-AZ 102-AZ - NCAW Core 1
Property Core 1 Core 2 Core 1 Simulant Simulant
Equation (Yield . T=2.86E%+ 7=3.28E1° r=.0635+  7=1.208+ 7=.1469+
Pseudoplastic)® 5.23y%¢ +1.237y% 795515 .1089%% 10.391/‘-"18
R? 9141 .9285 9716 .9287 .9890
Apparent Yield Stress, Pa 10.3 1.8 ~ 14 . 2.2 = 124
(Bingham Plastic) .
R? . .7589 .5564 .7996 9144 _ .6170
Viscosity cP
50 s? 261 46 38 58 365
100 s 154 26 22 . 39 201
250 s 76 12 11 25 92
450 s 49 7 7 20 55
Physical Properties
Total Solids, wt% 47.0 42.9 43.6 37.0 47.8
Total Oxides, wt% 41.0 39.9 38.4 34.1 40.4
Total Oxides, gWO/L 600 479 515 438 573
Slurry Density, g/ml 1.47 1.20 1.34 1.28 1.42
pH 5.8 9.4 8.8 8.6 -
Mean Particle Size pm 4.3 15.3 - - -
(volume density)
Mean Particle Size pm 1.22 1.41 - - -
(number density) ' ‘
Vol% Settled Solids 84.0 87.0 62.5 87.0 100.0
Centrifuged Solids 1.74 1.64 1.69 1.50 : -
Density, g/mL
Initial Settling Rate, 0.1 0.4 0.9 0.06 0.0
cm/h®

(a) See Appendix F.1 for definition.
(b) Initial settling rates are average settling rates from time O to 1 h.

As with the formated slurry samples, differences in concentration made it difficult to compare the
simulant radioactive data directly. Comparing both the simulant and radioactive with historical simulant data
provnded an indication of the expected increase in rheological strength with increasing concentration, and a
comparison with a wider database of melter-feed data. Yield stress and apparent viscosity data from the core
samples, simulants, and historical data are provided in Figures 4.13 and 4.14.- The simulant and radioactive -
data (with the exception of 102-AZ Core 1) fit within the rather broad spread of historical data. A comparison
of the simulant and radioactive data from this study indicated that the simulants have greater yield stresses and
apparent viscosities than the actual waste melter feeds. '
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Physical property data included in Table 4.10 provides some insight into possible causes of
observed differences between radioactive and simulant rheology. Centrifuged solids density and
initial settling-rate data indicate differences in the microstructure of the radioactive and simulant

_ samples. The radioactive samples settled to an equal or greater extent and at a greater rate than did
the simulant samples. The density of centrifuged solids was-greater in the core samples, indicating
potentially denser aggregates with less interstitial fluid.

Full-scale simulant rheological data are available but are not presented here due to differences
in processing history that could be expected to make the rheological results quite different. -Large-
. scale experience in melter feed testing has shown that frit type, temperature history, and aging can
* have a dramatic effect on rheology.® Because the full-scale melter feed was boiled following frit
‘addition, whereas the laboratory-scale samples were maintained at room temperature, the data was not

"~ comparable.

(@)  Beckette, M. R., L. K. Jagoda. 1994. Detailed Design Data Package NCAW Waste Simulant
Properties (SIPT 2/LFCM 8 Campaign). PHTD-K1017, Rev. 0. Pacific Northwest
Laboratory, Richland, Washington.
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" Figure 4.13. Comparison of Melter Feed Yield Stress with Historical Data®
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Figure 4.14. Comparison of Melter Feed Viscosity at 183s™ with Historical Data®®
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(a) Lanning, D.D., P.A. Smith, G. Terrones, D.E. Larson, Summary of Rheological Studies
Related to HWVP Slurries, Letter Report PHTD-C93-03.02M, Pacific Northwest Laboratory,
November 1993 (data at 4 and 6 pH from Farnsworth et al. 1986, Appendix B).
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4.4 Glass Analysis

4.4.1 Chemical Characterization

Chemical compositions of the three radioactive glasses and the NCAW simulant are provided
in Table 4.11. Initial analyses of 101-AZ Core 1 and 2 glasses were less than adequate, only
accounting for 92% to 93% of glass (see Appendix A, Tables A.6 and A.7). Consequently, further
analysis of the glasses was pursued including re-analysis usirig standard preparations (N2,0, and KOH
fusions), analysis.using HF digestion preparation, and similar preparatlons/analyses on National
Bureau of Standards (NBS) and internal standards (results are in Appendix A, Tables A.6 through
- A.9). Using this suite of data, more reasonable "adjusted" compositions were calculated for each
glass to allow simulant glass preparation. A’ a result of the difficulties in these and other glass
analyses, the sample preparation procedures were refined, resulting in a greatly improved analysis of
102-AZ Core 1 glass (accounted for 99.6% of the glass). The three core sample simulant glasses
were batched to equal the composition of the respective core samples, but were not analyzed.

Table 4.12 compares the measured glass compositions to compositions calculated from washed
solids or formated slurry measured compositions, frit compositions, and estimated waste oxide
loadings in the glass. The estimated waste loadmgs were generated by minimizing differences
between the measured and calculated compositions (major components only). After applying the
estimated waste loadings, the measured and calculated compositions compared fairly well. In each
case the estimated or calculated waste oxide loading was greater than targeted. The targeted waste
loadings for 101-AZ Core s 1 and 2 were 25% and for 102-AZ Core 1 was 28%. The estimated
loadings were 2%, 5%, and 2% greater than targeted values, respectively.



Table 4.11. Chemical Compostions of Actual and Simulant Glasses

101-AZ Core #1 101-AZ Core #2
Adjusted Adjusted . 102-AZ Core #1 NCAW Simulant
(W%oxide) | (wmoxide) | (W% oxide) | (W% oxide)
Ag:0 0.10" 0.03* (0.016) a NA
Al 522 2.85" 62 23
Asy0; NA NA
B30, 9.68° 7.38° 13 11
BaO . 0.08* 0.07 0.037 0.085
BeO 0.002" 0.003 NA NA
CaO 0.97 035" 0.48 ? 1.0
cdo 0.30" _0.80° 1 0.49
Ce0, 0.14° 0.08 0.17
Coy04 0.10° NA 0.07
Cry0; 0.20" 0.06" 012 0.15
CuO 0.02" 0.03* (0.019) o009
Dy.0s 0.06° © NA NA
Fe;03 10.18° ) 1225 n 62
K0 212 1.65° NA 0.7
" Lay0s 0.14* 0.46" S 027 0.265
Li0 356 . 594 46 36
MgO 0.7’ 012 o1 .09
MnO, 0.48° 021° 03 : 0.36
MoO; 0.01° NA 0.24
Ns,0 9.79* 6.24° 75 8.8
Nd;0; 0.16% 0.42" ©17D 0.62
Nio 0.29* 0.69" 0.69 0.51
P05 0.55° 0.38° 0.55) NA
PbO 0.20* o.11* o1 NA
ReO, 001 NA
Rhy0; NA NA
Ru0; 0.09° 0.03 0.2
Sby0s NA NA
$e0, NA NA
Sio, 5197 §3.09° s1 $32
S10 0.04' 0.05" 0022 0.1
TeO, 0.05" 0.05 NA
ThO; | ' NA NA
Tio, 0.12* 0.08* 0.059 0.1
T1,0, o . NA NA
Us0y 0.41¢ et 035 NA
Va0, 0.01 NA
Y 0.08
Zn0 0.05* 002 0.02 0.15
210, 1.99° 442" . . 19 35
S0, 0.40° 032°
Totall 100.07 10031 9.4 948
Notes: & Analysis by ICP-ES (Ns;0; and KOH fusion/dissolution) ptqudwu mcthods.

"b. Annlynsby]CPES(HFd:Mon)prwuoumdhod. .

"o. Value calculated from washed solids analysis (same method as "a™). Bdawdetedamlmhmgiu.
d. Analysis by fluoresence (typically fluoresence would be msed for U; however, the number sppended
would be a flier when compared to Jesched uranium in Core 1 and Core 2 and ICP-ES analyses

in glass and washed solids.

¢. Adjusted value by dividing ICP-ES (Na,0,, KOH) result by % yicld of constitucnt determined
by ATM-10 and NBS 688 analyzis.

{ NA means "Not Available”
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Results of glass redox as measured by Fe**/Fe*? are in Table 4.13. All three radioactive
samples were well within the prior-planned HWVP acceptable range; the NCAW simulant was at the
lower limit. Glass redox resulting from vitrification of NCAW simulant waste 'has been shown to be
somewhat correlated to the amount of formic acid added, initial nitrite, and initial nitrate
concentrations.® A plot from Merz showing this relationship is provided in Figure 4.15 and includes-
historical simulant data combined with radioactive data from this study. The radioactive results
compared well with simulant data and fall well within the range of simulant results.

~

4.4.2 Radiochemical Characterization

Radiochemical compositions of the actual waste glasses are provided in Table 4.14 with
comparisons to the prior-planned HWVP maximum. Core sample compositions are decay-corrected
to 1/1/90, whereas the design limit maximum for the HWVP assumed a plant start-up date of 1999
AD. All radionuclide concentrations were below the maximum, with the exception Co-60, Sr-90, Pu-
2394240 and Cm-242. With an additional 9 years of decay, the Sr-90 concentration would decay
below the maximum; but the Co-60, Pu-239+4240 and Cm-242 would remain above the maximum.

4.4.3 Crystallinity

Samples of each radioactive glass were examined using X-ray diffraction (XRD) to determine
the degree of crystallinity and to identify the crystalline phases, if any were present. The degree of
crystallinity was low, likely under 1%. No crystalline phases were detected in the glass produced
from 101-AZ Core 1. Low concentrations (< 1%) of crystalline phases were found in the glass
made from 101-AZ Core 2. The presence of ruthenium oxide was tentatively identified, at least one
unidentified phase was present. One unidentified peak of low intensity was present in glass made
from 102-AZ Core 2.- Based on comparative counts of the mount material (Al), a rough estimate of
the crystalline concentration was calculated to be between 0.2% and 2%. The low concentrations of
crystalline phases were attributed to the fact that each of the glasses was air-quenched before
annealing to pass through the devitrification temperature zone (~900°C). Each of the radioactive
glasses was formulated to have liquidus temperatures below 900°C. .

Table 4.13. .Summary of Glass Redox Results

101-AZ 101-AZ 102-AZ NCAW 102-AZ-C1 " Prior HWVP
Core 1 Core 2 Core 1 Simulant Simulant Acceptable Range

Fe*?/Fe*? 0.026 0.085 0.047 0.005 Not Meas. 0.005 to 0.30

J

(a) Merz, M. D. 1994, A Summary Report on Feed Preparation Offgas and Glass Redox Data for
Hanford Waste V’trzﬁcatzon Plant. Letter Report PHTD-C93-03.02L. Pacific Northwest Laboratory,
Richland, Washington.
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Nuclide
Co-60
Sr-90
Tc-99
Ru-106
Sb-125
1-129
Cs-134
Cs-137
Ce-144
Eu-154
Eu-155
Np-237°
Pu-238

Pu-239+240

Am-241
Cm-242

Cm-243+244

Notes:

Table 4.14. Radiochemical Composition of Actual Waste Glass

101-AZ 101-AZ 102-AZ Prior HWVP
Core #1° Core #2 . Core #1 Maximum
wciig)® | @Cife)® | (uCi/g)® Ci/g)®
7.51E+00 "1.96E+01 1.03E+01 2.57E+00
2.03E+04 2.99E+04 1.41E+04 2.50E+04
3.15E-03 2.05E-02 6.73E-03 5.60E+00
7.89E+02 1.80E+03 2.06E+03 2.99E+03
1.45E+02 3.71E+02 2.61E+02 1.05E+03
< 5.00E-04 <437E-04 . 9.75E-06
7.35E+00 7.21E+02
6.21E+02 2.81E+02 2.21E+02 3.05E+04
1.33E+03 3.98E+03 1.79E+04
5.71E+01 1.39E+02 5.17E+01 2.01E+02
1.31E+02 3.44E+02 1.89E+02 2.46E+02
4.50E-02 5.68E-01 1.19E-01
4.54E-02 8.11E-02 2.00E-01 4.60E-01
2.40E-01 432E-01 1.73E+00 1.16E+00
5.25E+01 1.05E+02 5.56E+01 3.46E+02
6.58E-01 2.14E+00 2.99E-01
4.61E-01 -

(a) Decay corrected to 1/1/90.
() Decay corrected to 1/1/2000

1.18E+00
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4.4.4 Physical Characterization . -

. Density of the radioactive glasses was measured with a simple water-displacement test. The
density of the cooled glass from 101-AZ Core 1 was 2.56 g/cc; from 101-AZ Core 2, 2.67 g/cc; and
from 102-AZ Core 1, 2.54 glcc.

4.5 Durability

Averaged normalized releases for the major elements and measurable radionuclides with
- estimated standard deviations and confidence intervals for tests in Table 3.2 are presented here. The
~methods for calculating normalized releases and the associated statistics are described in Appendix
F.2. A review of this appendix section is essential to understanding the limitations of the statistics
provided in this section.” Model predictions for durability and model statistics are provided in
Appendix A, Tables A.20 through A.23. Test leachate analytical data, less radiochemistry, are
provided in Appendix A, Tables A. 10 through A.19. Leachate radiochemical data for the hot-cell
tests only are provided in Appendlx B, Tables B.4 through B.6.

The statistics provided throughout this section, excluding model statistics, include only short-
term uncertainty estimates. In effect, they represent the degree to which a given laboratory can be
expected to reproduce results when using replicate specimiens of a given glass under a specific set of
conditions. The uncertainties accounted for include short-term analytical uncertainty in the glass,
leachates, and blanks; short-term uncertainty introduced from test preparation (e.g., surface area-to-
volume ratio); and short-term uncertainty introduced during testing (e.g., temperature gradient within
oven, leachate-evaporative losses, test duration). The statistics account neither long-term nor inter-
laboratory analytical and test uncertainties nor potential analytical biases in the glass or leachate. By
design, the core samples and core-sample simulants were durability tested and analyzed at the same
time and under the same conditions to allow companson without consideration of long-term
uncertamnes

Prior to generating statistics for the leach tests, the data were natural log transformed to

. improve the normality -of the distribution and allow comparison with model results which were
generated in the same transformed basis.

4.5.1 Product Consistency Tést Elemental Releases

The PCT is a-standard test that compares chemical durabilities of various HLW glasses and
tests product consistency to assess acceptability of production glass. As discussed in Section 1.2, the
WAPS currently specifies the acceptable glass durability criteria for the HLW repository in terms of
" the PCT (i.e., glass must be at least as durable as EA glass as measured by PCT). Because this
preliminary requirement continues to be the primary benchmark for glass acceptability, the PCT
remains a critical test for all U.S. producers of HLW glass.

The PCT is a high surface area-to-volume ratio, static dissolution test that results in
significant concentrations of glass components in solution. Over a seven day period, the reaction rate
changes significantly as the concentration of silicic acid in solution builds up. The initial dissolution
rate (or forward rate) is rapid compared to the final rate experienced in the test. Depending on the
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glass and duration of the test, the fully saturated dissolution rate may be achieved. This rate would
be expected to continue indefinitely unless conditions were achieved where silicic acid concentration is
depleted by secondary phase formation. Results from PCT cannot be directly used to predict long-
term performance in repository conditions. X

4.5.1.1 101-AZ Core 1 and Simulant

Results from PCT of 101-AZ Core 1 are provided in Table 4.15. The durability of the glass
as measured by boron release is 0.130 g/m?, which is approximately 50 to 100 times more durable
than the EA glass limit. The Na release is comparable to B, while Li is ~70% greater and Si is ~40%
less than boron. The reduced level of Si release is typical in PCT results and is due to low solubility
. of Si in solution. The percent relative standard deviations (RSDs) range from 2.38% for Li and
10.2% for B, which is reasonable considering the difficulties of hot-cell operations. The standard
deviations are based on quadruplicate glass, triplicate leachate, and a single leachate blank analyses.
Confidence intervals are based on a sample size of three leachates. The natural log-transformed
normalized releases and 95% confidence intervals are used in statistical comparisons between simulant
and radioactive samples and with model predictions. Exponential or retransformed data are provided
to indicate approximate maximum error estimates in untransformed units. Note that the differences
between the mean normalized releases and retransformed mean In normalized releases are
insignificant.

Results from PCT of 101-AZ Core 1 simulant are provided in Table 4.16. Separate results
are reported for two simulant samples washed, prepared, and durability-tested in the hot cell with the
radioactive samples; two simulant samples washed and prepared in the laboratory and tested in the hot
cell with the radioactive samples; pooled results from the above four simulant samples; and two
simulant samples tested in the laboratory. Note that elemental analysis was not performed on the
simulant glass and normalized releases are calculated from the "as-batched” composition. As
- discussed in Appendix F.2, a conservative estimate of glass analytical variance equivalent to 5% RSD
was incorporated into overall RSD and confidence interval calculations. Note also that confidence
intervals are strongly influenced by the number of replicate samples. For a given standard deviation,
the confidence interval for duplicate samples is three times greater than for triplicate samples and four
times greater than for quadruplicate samples. Given the assumed glass analytical uncertainty and
limited replicate samples, the confidence intervals for these simulant results are conservative.

The mean normalized releases for the hot-cell simulant samples tested in stainless-steel
containers were essentially identical to the laboratory-tested samples in Teflon containers, with the
exception of B, which was 0.200 g/m? in hot cell tests and 0.233 g/m? in laboratory tests. With the
exception of B, releases of samples washed and prepared in the laboratory and tested in the hot cell
were slightly higher than those tested in the laboratory, releases of samples prepared and tested in the’
hot cell were shghtly lower than those tested in the laboratory. Hot-cell simulant samples were
prepared both in the hot cell and in the laboratory to allow for a comparison of results of the two
preparation locations. Preparation in this case includes weighing and transferring the glass and
leachant into the leach containers, sparging the container head space with argon, sealing the
containers, swirling to dislodge bubbles, and removing Ttesidual glass from the sides of the containers.
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Table 4.15. PCT Leach Test Results for 101-AZ Core #1 (Hot Cell Test #4)

CI = Confidence Interval

PCT = Product Consistency Test
Exp Transformed = retransformed data from In form to original form

7

=—--Ln Transformed----—- ~—--Exp Transformed-~=ee-
Mean Mean Ln Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized Upper Bound Lower
Release Release (95%CI) (95%CI)  Release (95%CI) Bound (95%
(g/m2) %RSD In(g/m2 In(g/m2) In(g/m2 _ (g/m2) (g/m?2) CI) (g/m2)
B 0.130 10.20 -2.046 -1.792 -2.299 0.129 0.167 -0.100
Li 0.226 2.38 -1.488 -1.429 -1.547 0.226 0.240 0.213
Na 0.144 *5.70 -1.939 -1.797 -2.080 0.144 0.166 0.125
S 0.077 3.42 -2.566 -2.481 -2.651 . 0.077 0.084 0.071
ClI = Confidence Interval; Confidence interval is based on a sample size of 3 (1 €:, Y3.1,00572) = 4.303).
PCT = Product Consistency Test
Exp Transformed = retransformed data from In form to original form
Table 4.16. PCT Leach Test Results for 101-AZ Core #1 Simulant
——Ln Transformed-——- ~—-Exp Transformed-eem-
Mean MeanLn .  Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized UpperBound Lower
‘Release Release (95%CI) (95%CI) Release (95%CI) Bound (95%
(g/m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) CI) (g/m2)
(Laboratory Test #6 in Teflon - based on sample size of 2)
0.233 5.00 -1.457 -1.008 -1.907 0.233 0365 0.149
Li 0.246 5.07 -1.401 -0.945 -1.856 0.246 0.389 0.156
Na, 0.200 5.00 -1.611 -1.162 -2.060 0.200 0.313 0.127
Si 0.132 5.00 -2.027 -1.578 -2.476 0.132 0.206 0.084
(Hot Cell Test #4 in stainless steel - based on sample size of 2 washed in laboratory)
B 0.216 5.00 -1.532 . -1.082 -1.981 0.216 0.339 0.138
Li 0.263 5.26 -1.335 -0.863 -1.808 0.263 0.422 0.164
Na 0216 548 -1.532 -1.039 -2.024 0.216 - 0.354 0.132
Si 0.140 5.00 -1.966 -1.517 <2416 0.140 0.219 0.089
(Hot Cell Test #4 in stainless steel - sample size of 2 washed in hot cell)
B 0.183 13.79 -1.703 -0.463 -2.942 0.182 0.629 0.053
Li 0.227 9.05 -1.485 <0.672 -2.298 0.226 0.511 0.100
Na 0.182 9.46 -1.707 <0.856 -2.557 0.181 0.425 0.078
Si 0.118 12.14 -2.137 -1.046 -3.228 0.118 - 0.351 0.040
(Hot Cell Test #4 in stainless steel - combined in-cell results based on sample size of 4) '
B 0.200 12.80 -1.617 -1.439 -1.795 0.198 ., 0237 0.166
Li 0.245 10.74 -1.410 -1.261 -1.559 0.244 0.283 0.210
Na 0.199 12.03 - -1.619 -1.452 -1.786 0.198 0.234 0.168
Si 0.129 "12.35 «2.052 -1.880 -2.223 0.129 0.153 0.108



Figure 4.16 is a comparison of elemental releases for 101-AZ Core 1 glass, simulant, and
model prediction. General observations of the data are as follows: (1) the core sample and simulant
releases for B, Li, and Na were significantly lower than model predictions; (2) the core sample
release for B, Na, and Si were lower than corresponding simulant releases; (3) the core sample
release for Li was consistent with simulant release; and (4) simulant results in-cell and in-laboratory
were within the experimental error. The data with large confidence intervals were those tests with
duplicate samples only.

Table 4.17 provides a direct comparison of mean releases between 101-AZ Core 1 and its in-
cell tested simulant. Elemental releases from the simulant were 54% greater for B, 8% greater for
Li, 38% greater for Na, and 68% greater for Si than corresponding releases in the actual waste glass.
Statistical differences were found for B, Na, and Si to a 95% confidence interval between the
simulant and core sample. No statistical difference was found for Li, which yielded an alpha error of
0.49. In other words, the confidence interval would have to be reduced to 50% before a statistical
difference could be concluded for Li. A beta error, which would estimate the probability of not
detecting a difference in the means when one exists, is not calculated for the test.

4.5.1.2 101-AZ Core 2 and Simulant

Results from PCT of 101-AZ Core 2 are provided in Table 4.18. The durability of the glass
as measured by boron release was 0.203 g/m?, which is approximately 20 to 30 times more durable
than the EA glass limit. As was observed with the first core, the Li release was greater than the B
release (~45%), and Si release was less than the B release (~40%). The percent RSDs ranged from 5%
to 7%, except for Li, which has an RSD of 20.7%. The standard deviations are based on
quadruplicate glass, triplicate leachate, and a duplicate leachate blank analyses. Confidence intervals
were based on a sample size of three leachates.

Results from PCT testing of 101-AZ Core 2 simulant are provided in Table 4.19. Separate
results are reported for three simulant samples washed and prepared in the laboratory and tested with
the radioactive samples in the hot cell (stainless-steel containers); two simulant samples tested in the
laboratory in stainless-steel containers; and two simulant samples tested in the laboratory in Teflon
containers. As with 101-AZ Core 1 simulant, élemental analysis was not performed on the simulant
glass and normalized releases are calculated from the "as-batched” composition. Assumed glass
analytical uncertainty and limited replicate samples resulted in conservative percent RSDs and
confidence intervals.
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Figure 4.16. PCT Results and Model Predictions fdr 101-AZ Core #1 and Simu]ant'(ermr
" bars = estimated 95% confidence interval)
Table 4.17. PCT Durability Companson of 101-AZ Core 1 Simulant to
i 101-AZ Core 1 Radioactive Glass )
Mean Normalized Release (g/m?)
Statistical Degrees of
Ratio Simulant/ Difference at Freedom
Simulant Radioactive Radioactive 95% CI Alpha (n1+n2-2)

B 0.200 0.130 1.54 Yes 0.005 5
Li 0.245 0.226 1.08 No - 0.49 5
Na 0.199 0.144 1.38 Yes 0.009 5
Si 0.129 0.077 1.68 Yes 0.0016 5

Notes: PCT = Product Consistency Test
CI = Confidence Interval

Mean releases become significantly different at a confidence interval of 1-alpha.
n = number of replicate leachate samples.
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Releases from hot-cell simulant samples tested in stainless-steel containers were
slightly greater than those observed in laboratory-tested samples in Teflon containers, but in
all cases differences were less than 10% greater. The differences between releases in hot-cell
samples and laboratory samples tested in stainless-steel containers showed no consistent trend,
and in all cases the differences were less than 10%. For this simulant, hot-cell samples were
prepared in the laboratory, which included weighing and transferring of the glass and leachant
into the leach containers, sparging the container head space with argon, sealing the containers,
swirling to dislodge bubbles, and removing residual glass from sides of containers.

Figure 4.17 compares elemental releases for 101-AZ Core 2 glass, simulant, and model
prediction. General observations of the data are as follows: (1) the simulant releases for B,
Li, and Na were slightly lower than model predictions; (2) the core sample releases were
lower than corresponding simulant releases; and (3) simulant results in-cell and in-laboratory
were within experimental error. The data with large confidence intervals are those tests with
duplicate samples. »

Table 4.20 compares mean releases between 101-AZ Core 2 and its in-cell tested
simulant. Elemental releases from the simulant were 67% greater for B, 26% greater for Li,
136% greater for Na, and 30% greater for Si than were corresponding releases in the actual

“waste glass. Statistical differences were found for B, Na, and Si to a 95% confidence interval
between the simulant and core sample. No statistical difference was found for Li, which
yielded an error of 0.082. The confidence interval would have to have been reduced to 92%
before a statistical difference could be concluded for Li. A beta error, which would estimate
the probability of not detecting a difference in the means being compared-when one does
exist, is not calculated for the test.
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Table 4.18. PCT Leach Test Results for 101-AZ Core #2 (Hot Cell Test #3)

~—-Ln Transformed-— ~——-Exp Transformed--—-
Mean MeanLn Upper Lower Mean Ln
Normalized Normalized Bound  Bound Normalized Upper Bound Lower
Release Release (95%CI) (95%CI) Release (95% CI) Bound (95%
(g/m2) -%RSD  In(g/m2 In(g/m2) In(g/m2) (g/m2) (g/m2)  CD (g/m2)
B 0.203 5.98 -1.596 -1.448 -1.745 0.203 0.235 - 0.175
Li 0.293 20.67 -1.241 -0.727 -1.754 0.289 0.483 . 0.173
Na 0.105 6.89 -2.249 -2.078 -2.421 0.105 0.125 0.089
Si 0.141 4.87 -1.961 -1.841 -2.082 0.141 0.159 0.125

CI = Confidence Interval ;
Confidence interval is based on a sample size of 3 (i.e., t3.1,0.0572) = 4.303).

PCT = Product Consistency Test
Exp Transformed = retransformed data from In form to original form

Table 4.19. PCT Leach Test Results for 101-AZ Core #2 Simulant

~==—Ln Transformed--e—- ~——Exp Transformed—-—-
Mean . MeanLn Upper Lower MeanLn .
Normalized Normalized Bound Bound Normalized Upper Bound Lower
Release Release (95%CH (95%CI)  Release (95% CI) Bound (95%

(g/m2) %RSD . In(g/m2) In(g/m2) In(g/m2) {g/m2) (g/m2) CD (g/m2)

(Lab Test #8 in Teflon - based on sample size of 2)

B 0.327 5.00 -1.117 <0.668 -1.566 - 0.327 "0.513 0.209
Li 0.344 5.00 -1.066 0.617 -1.515 0.344 0.540 0.220
Na - 0.227 5.00 -1.484 -1.034 -1.933 0.227 0.355 0.145
Si 0.171 5.00 -1.765 -1.315 -2.214 0.171 0.268  0.109
(Lab Test #10 in stainless steel - based on sample size of 2)

B 0.371 9.71 -0.994 <0.122 -1.866 0.370 0.885 0.155
Li - 0.385 5.27 -0.954 -0.481 -1.428 0.385 0.618 0.240
Na 0.265 10.00 -1331 = 0433 -2.230 0.264 0.649 0.108
Si 0.185 5.87 -1.686 -1.158 -2.213 0.185 0314 0.109
(Hot Cell Test #3 in stainless steel - based on sample size of 3)

B 0.338 6.38 -1.084 0.925 -1.242 0.338 "0.396 0.289
Li 0.369 5.75 -0.998 -0.856 -1.141 0.368 0.425 . 0.319
Na 0.248 6.63 <1.393 -1.229 -1.558 0.248 0.293 0.211
Si - 0.184 541 -1.695 -1.560 -1.829 0.184 0.210 0.161

CI = Confidence Interval
PCT = Product Consistency Test
Exp Transformed = retransformed data from 1n form to original form
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Figure 4.17. PCT Results and Model Predictions for 101-AZ Core #2 and Simulant (error
bars = estimated 95% confidence interval)

Table 4.20. PCT Durability Comparison of 101-AZ Core 2 Simulant to 101-AZ Core 2

Li
Na
Si

Notes:

Radioactive Glass

Mean Normalized Release (g/m?)

Simulant

0.338
0.369
0.248
0.184

Radioactive

0.203
0.293
0.105
0.141

PCT = Product Consistency Test
CI = Confidence Interval ) i
Mean releases become significantly different at a confidence interval of 1-alpha.
n = number of replicate leachate samples. '

Ratio Simulant/
Radioactive

1.67
1.26
236 .

©1.30

4.47

Statistical
Difference at
95% CI Alpha

Yes
No

" Yes

Yes

0.0012
0.082
0.0006
0.0038

Degrees of
Freedom
nl+n2-2

L R Y




4.5.1.3 102-AZ Core 1 and Simulant

Results from PCT of 102-AZ Core 1 are provided in Table 4.21. The durability of the glass
as measured by boron release is 0.211 g/m?, which is approximately 20 to 30 times more durable than
the EA glass limit. As was observed with the first two core samples, the Li release was greater than
the B release (~43%) and Si release was less than the B release (~25%). The percent RSDs were
around 2%, except for Li which had a 9% RSD. The standard deviations were based on duplicate
glass, triplicate leachate, and duplicate leachate blank analyses. Confidence intervals were based on a
sample size of three leachates.

Results from PCT of 102-AZ Core 1 simulant are provided in Table 4.22. Separate results
are reported for two simulant samples crushed, sieved, washed, prepared and tested with the
radioactive samples in the hot cell (stainless-steel containers) and two simulant samples tested in the
laboratory in Teflon containers. Two additional samples wére prepared in the laboratory and tested in
the hot cell (see Appendix A, Table A.15), but were not reported. Following the in-cell durability
test, it was determined that these two simulant samples were likely unwashed. Elemental analysis was
not performed on the simulant glass, and normalized releases were calculated from the "as-batched”
composition. Assumed glass analytical uncertainty and limited replicate samples resulted in
conservative percent RSDs and confidence intervals.

Releases from hot-cell simulant samples tested in stainless-steel containers were essentially
equal to those observed in laboratory-tested samples in Teflon containers. Differences between in-cell
and in-laboratory releases were within 2% for all reported elements except Na, which was within 8%.

Figure 4.18 compares elemental releases for 102-AZ Core 1 glass, simulant, and model
prediction. General observations of the data are as follows: (1) the simulant releases for B, Li, and
Na were lower than model predictions; (2) the core sample releases were slightly lower than
corresponding simulant releases; and (3) simulant results in-cell and in-laboratory were essentially
identical. The data with large confidence intervals were those tests with only duplicate samples.

Table 4.23 compares mean releases between 102-AZ Core 1 and its in-cell tested simulant.
Elemental releases from the simulant were 28% greater for B, 17% greater for Li, 165% greater for
Na, and 3% greater for Si than corresponding releases in the actual waste glass. Statistical
differences were found for B, Li, and Na, to a 95% confidence interval between the simulant and
core sample. No statistical difference was found for Si, which yielded an alpha error of 0.24. The
confidence interval would have to have been reduced to 75% before a statistical difference could be
concluded for Si. A beta error, which would estimate the probability of not detecting a difference in
the means being compared when one exists, was not calculated for the test.
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Table 4.21, PCT Leach Test Results for 102-AZ Core #1 (Hot Cell Test #5)

———-Ln Transformed-—e ——Exp Transformed-—-
Mean Mean Ln Upper Lower Meanln
Normalized Normalized Bound Bound Nommalized UpperBound Lower

Release Release (95%CI) (95%CI)  Release (95%CI) Bound (95%

(g/m2) %RSD  In(g/m2 In(g/m2) In(g/m2)  (g/m2) (g/m2)  CI)(g/m2)
B 0.211 2.10 -1.556 -1.504 -1.608 0.211 0.222 0.200
Li 0301 2,04 -1.201 -1.151 -1.252 0.301 0.316 0.286
Na 0.049 9.04 -3.021 <2.796 -3.245 0.049 0.061 0.039
Si 0.158 2.17 -1.846 -1.792 -1.900 0.158 0.167 0.150
CI = Confidence Interval .
Confidence interval is based on a sample size of 3 (i.e., t3.1,0057) = 4.303).
PCT = Product Consistency Test
Exp Transformed = retransformed data from In form to original form

Table 4.22. PCT Leach Test Results for 102-AZ Core #1 Simulant
. —~---Ln Transformed-—- -——Exp Transformed—-
Mean MeanLn Upper Lower MeanLn .
Normalized Normalized Bound Bound Normalized UpperBound Lower

Release Release (95%CI) (95%CI) Release (95% CI) Bound (95%

(g/m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) - CI)(g/m2)
(Lab Test #11 in Teflon - based on sample size of 2)
B 0.274 5.16 -1.296 -0.833 -1.759 0.274 0.435 0.172
Li 0.353 5.09 -1.042 - <0.585 -1.499 0.353 0.557 0.223
Na 0.136 5.00 -1.992 -1.543  -2.441 0.136 0.214 0.087
Si 0.161 5.03 -1.826 -1.374 =2.278 0.161 0.253 0.103
(Hot Cell Test #5 in stainless steel - based on sample size of 2)
B 0.269 5.25 -1.313 <0.841 -1.785 0.269 0.431 0.168
Li 0.349 5027 - -1.052 0601 - -1.504 0.349 0.548 0.222
Na 0.126 5.10 -2.075 -1.616 -2.533 _0.126 0.199 0.079
Si . 0.165 . 5.08 -1.799 -2.256 0.165 0.261 0.105

-1.343

CI=Confidence Interval -
PCT = Product Consistency Test
Exp Transformed = retransformed data from In form to original form
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Figure 4.18. PCT Results and Model Predictions for 102-AZ Core #1 and Simulant (crroi'
’ bars = estimated 95% confidence interval)

Table 4.23. PCT Durability Comparison of 102-AZ Core 1 Simulant to
102-AZ Core 1 Radioactive Glass

Mean Normalized Release (g/m?)

- Statistical " Degrees of
Ratio Simulant/ Difference at . Freedom
Simulant Radioactive Radioactive 95% CI Alpha (nl1+n2-2)
0.271 0211 1.28 Yes 0.004 3
0.351 0.301 1.17 Yes 0.016 3
0.130 0.049 2.65 Yes ) 0.0004' 3
0.163 0.158 1.03 No 0.24 3

PCT = Product Consistency Test

CI = Confidence Interval

Mean releases become significantly different at a confidence interval of 1-alpha.
n = number of replicate leachate samples.
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4.5.1.4 Comparison of Core Sample and Simulant PCT Results to_ Model Predictions

Glass durability models as developed by Hrma, Piepel et al. (1994) were used to generate
PCT-normalized release predictions and 'statistics for each of the core sample glass compositions and
the CVS-1S-HW39-4 composition. Model predictions for these compositions are provided in
Appendix A, Tables A.20 through A.24. Results from four different models are included as follows:
1st order; 2nd order model #1; 2nd order model #2; and 2nd order model #3. The latter model, 2nd
order model #3, provided the best fit for CVS glasses reported by Hrma and Piepel was selected for
comparison with core sample results.

Figures 4.19, 4.20, and 4.21 provide a comparison of model predictions to results from actual
waste glasses, simulant glasses of same composition, internal standards used in these tests, and
environmental assessment glass (upper limit glass). The data are plotted as measured In mean
normalized release to predicted In normalized release. The diagonal line represents the ideal fit
between measured and predicted. The error bars are 95% prediction intervals for the model, and are
based on a sample size of two. The prediction intervals for means of larger sample sizes, such as the
radioactive glasses with three replicatés each are slightly smaller than shown. Boron, Li, and Na
results are provided in Figures 4.19, 4.20, and 4.21 respectively. A characteristic of the model,
verified during validation, is that it tended to over-predict release in high-durability glasses and under-
predict rélease in low-durability glasses. This was evident in each of these three figures. For B,
measured results for all tests shown, except one core sample, were within the 95% prediction
intervals of the model. For Li, all measured results were within the 95% prediction intervals of the
model. All three core samples and one core sample simulant were outside the 95% prediction
intervals of the model for Na. Where not specified, hot-cell tests were performed in stainless-steel

containers and laboratory tests were performed in Teflon containers.

A summary by glass type of results fitting within the 95% prediction interval of the model is
provided in Table 4.24. With the limited amount of data presented, the actual waste glass mean
releases were within the model’s 95% prediction interval only 56% of the time and the simulant glass
mean releases were within the interval 96% of the time.
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Table 4.24. Summarized Comparison of PCT Model Prediction to Measured

(number of tests within prediction intervals/total number compared)

Boron Lithium ' Sodium Total
Core Sample Glasses.

(2/3) (3/3) (0/3) (5/9)
Core Sample '
Simulants . (3/3) , (3/3) 2/3) .- (8/9)
Reference Glass
(CVS-IS-HW39-4) (3/3) 3/3y (3/3) (9/9)
Environmental ..
Assessment Glass (3/3) (3/3) (3/3) (9/9)

4.5.1.5 Repeatability of Hot Cell and Laboratory PCTs

Triplicate reference glass samples were tested in each of the hot-cell PCTs to verify
consistency between hot-cell tests and to compare them to laboratory tests. The CVS internal
standard glass, CVS-IS-HW39-4, was used for this purpose, since considerable comparative
laboratory PCT data already exist. ’

Results from hot-cell tests and one laboratory test in stainless-steel containers are provided in
Table 4.25. The durabihty of the reference glass as measured by B release was around 1.6 g/m?,
which was four to six times more durable than.EA glass. Elemental releases for the reference glass
in hot-cell tests #3 and test #4 were essentially the same, while hot-cell test #5 yielded slightly higher
releases. Each of these tests were performed in stainless-steel containers. The percent RSDs for each
of the elements were between 5% and 7.5%, and were based on sample sizes of three. Much of the
percent RSD was a contribution from the 5% RSD assumed for glass analytical testing. The in-
laboratory test performed in stainless steel yielded slightly higher-releases than hot-cell test #5, and
resulted in percent RSDs of around 6% to 9%.

Figure 4.22 compares elemental releases from the reference glass for each of the hot-cell
PCTs, the in-laboratory test in stainless-steel containers, and prior laboratory tests in Teflon
containers (Hrma 1994). Observations from the data are as follows: (1) the three hot-cell tests
produced consistent results; (2) the hot-cell tests in stainless-steel containers produced results well
within the range set by laboratory tests in Teflon containers; (3) all results were consistent with model
predictions; and (4) the laboratory test in stainless-steel containers was well within the range of
laboratory tests in Teflon containers. Each of the laboratory tests in Teflon containers (CVS2-19,
CVS2-51, CVS2-97) used five replicate glasses. Laboratory test #10 in stainless-steel containers
included only two replicate glasses, resulting in large confidence intervals. Confidence intervals for
the CVS tests were not readily available and are not included.
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Table 4.25. PCT Leach Test Results for CVS-IS-HW39-4

~—-Ln Transformed--—---

~———Exp Transformed--—-
Mean MeanlLn Upper Lower MeanLn
Normalized Normalized Bound Bound Normalizéd Upper Bound Lower
Release Release (95%CI) (95%CI)  Release (95% CI) Bound (95%
(g/m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) {g/m2) CD (g/m2)

(Hot Cell Test #3 in stainless steel - based on sample size of 3)
B 1.531 5.01 0.426 0.551 0.302 1.531 1.734 - 1352
Li 1.227 5.40 0.204 0.338 0.070 1.227 1.403 1.073
Na 1174 5.80 0.160 0.304 0.016 1.174 1.356 1.016
Si 0.395 5.80 -0.930 -0.786 ~1.074 0.395 0.456 0.342
(Hot Cell Test #4 in stainless steel - based on sample size of 3)
B 1.557 5.92 0.442 0.589 0.295 1.556 1.803 1.343
Li 1.241 6.42 0.215 0.375 0.056 1.240 1.455 1.058
Na 1.233 7.50 0.209 0.395 0.023 1.232 1.485 1.023
Si 0.388 5.82 -0.947 -0.802 -1.091 0.388 0.448 0.336
(Hot Cell Test #5 in stainless steel - based on sample size of 3)
B 1.731 .7.38 0.547 0.731 0.364 1.729 2.077 1.439
Li 1.314 6.81 0.272 0.442 0.103 1.313 1555 - 1109
Na 1.296 7.31 0.258 0.440 0.077 1.295 1553 1.080
Si ' 0.431 6.22 0.842 -0.687 -0.996 0.431 0.503 0.369
(Lab Test #10 in stainless steel - based on sample size of 2) -
B 1.820 9.23 0.598 1.427 -0.232 1.818 4.165 0.793
Li 1.384 8.31 0.324 1.070 0.423 1.382 2916 0.655
Na 1.322 8.62 0.278 1.052 -0.497 1.320 2.865 0.608
Si 0.415 6.06 -0.879 -0.335 -1.423 0415 0.715 0.241

CI = Confidence Interval
PCT = Product Consistency Test

Exp Transformed = retransformed data from In form to original form
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Figure 4.22. PCT Results and Model Predictions for Reference Glass CVS-IS-HW39-4
(Error Bars = Estimated 95% Confidence Interval)

Table 4.26 provides a comparison of mean releases from the reference glasses in the two most

widely variant hot-cell tests (tests #3 and #5). Elemental releases in test #5 were 13% greater for B,
7% greater for Li, 10% greater for Na, and 9% greater for Si than corresponding releases in test #3.

_No statistical differences were found. Comparing the means from these two tests is not technically
correct for the following reasons: (1) test-to-test variability contributed to the difference between
results in the two tests, but this uncertainty was ignored in calculation of the standard deviations.

“This factor will increase chances of concluding a statistical difference when one does not exist. (2)
Conservative estimates for glass analysis (i.e., 5% RSD) were included in the standard deviation for
both tests, but should be ignored because glass samples were drawn from the same batch and a single
glass composition was used for calculation of normalized releases. This factor will increase chances
of not concluding a statistical difference when one exists. The statistical comparison is presented,
however, to show that even when introducing test-to-test variability, the statistical comparison yielded
the desired result when using the conservative estimate for glass analytical uncertainty.

4.5.1.6 Comparison of Leach Containers for PCTs

The PCT method (Jantzen 1992) requires use of PFA Teflon or 304L stainless-steel leach
vessels. Stainless-steel containers with Teflon gaskets are used for testing nuclear waste glass or
testing in radioactive fields. The two containers are different in two notable ways. First, Teflon is
permeable to CO, and O,, which equilibrates with the leachate. The stainless-steel container provides
a closed system to the atmosphere, except that which is left in the head space. Second, stainless steel
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Table 4.26. Comparison of Hot-Cell (HC) Tests #3 and #5 Using Reference Glass CVS-IS-HW39-4

Mean Normalized Release (g/m?)

Statistical
: ' Ratio Difference at Degrees of
CVS-IS-HW394  CVS-IS-HW39-4  HC Test #5/ 95% CI 'Freedom
HC Test #3 HC Test #5 HC Test #3 Alpha (1?1 +n2-2)
B 1.531 7 1.731 - 113 No .072 4

Table 4.27. PCT Leach Test Results for NCAW Simulant Glass

—----Ln Transformed--——— ---—-Exp Transformed------

Mean Mean Ln Upper Lower MeanLn
Normalized Normalized Bound Bound Normalized UpperBound Lower
Release Release (95%CI) (95%CI)  Release (95%CI) Bound (95%

(g/m2)  %RSD In(g/m2) In(g/m?2) In(g/m2) (g/m2) (g/m2) CD (g/m2)

(Lab Test #2 in Teflon - based on sample size of 2)

B 1.920 1.43 0.652 0.780 0.524 ~ 1.920 2.183 "~ 1.689
Li. 1.669 3.55 0.512 0.831 0.193 1.668 2.295 1.213
Na 1.762 0.00 0.566 . 0.566 0.566 1.762 1.762 1.762
Si 0.493 8.30 -0.708 0.038  -1454 0.493 1.039 0.234
(Lab Test #5 in stainless steel - based on sample size of 3)

B 1.698 6.31 0.528 1.096 -0.039 1.696 2.991 0.962
Li 1.435 2.95 0.361 0.626 0.097 1.435 1.870 1.101
Na 1.301 0.00 0.263 0.263 0.263 1.301 1.301 1.301
Si 0.422 7.79 -0.863 -0.164 -1.563 . 0.422 0.849 0.210
(Lab Test #4 in fused-silica - based on sample size of 2)

B 1.992 15.80 0683 . 2102 -0.737 1.979 . 8.182 0479
Li 1.375 6.15 0.318 0.870 -0.235 1.374 2387 ° 0.790
Na 1.340 4.04 0.292 0.655 -0.071 1.339 . 1925 0.931
Si 0.458 14.65 -0.784 0.532 -2.100 0.457 1.703 0.122
(Hot Cel Test #2 in stainless steel - based on sample size of 2)

B 1.407 5.39 0.341 0447 . 0.235 1.406 1.563 1.265
Li 1.298 4.89 0.260 0.356 0.164 1.297 1.428 1.179
Na 1.149 4.7 0.138 0.231 0.046 1.148 1.259 1.047
Si 0.443 8.49 -0.815 -0.649 0,982 - 0442 0.523 _ 0375

CI = Confidence Interval
PCT =Product Consistency Test
Exp Transformed = retransformed data from In form to original form
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Figure 4.22. PCT Results and Model Predictions for Reference Glass CVS-IS-HW39-4
(Error Bars = Estimated 95% Confidence Interval)

Table 4.26 provides a comparison of mean releases from the reference glasses in the two most
widely variant hot-cell tests (tests #3 and #5). Elemental releases in test #5 were 13% greater for B,
7% greater for Li, 10% greater for Na, and 9% greater for Si than corresponding releases in test #3.
. No statistical differences were found. Comparing the means from these two tests is not technically
correct for the following reasons: (1) test-to-test variability contributed to the difference between
results in the two tests, but this uncertainty was ignored in calculation of the standard deviations.
This factor will increase chances of concluding a statistical difference when one does not exist. 2)
Conservative estimates for glass analysis (i.e., 5% RSD) were included in the standard deviation for
both tests, but should be ignored because glass samples were drawn from the same batch and a single
glass composition was used for calculation of normalized releases. This factor will increase chances
of not concluding a statistical difference when one exists. The statistical comparison is presented,
however, to show that even when introducing test-to-test variability, the statistical comparison yielded
the desired result when using the conservative estimate for glass analytical uncertainty.

4.5.1.6 Comparison of Leach Containers for PCTs

The PCT method (Jantzen 1992) requires use of PFA Teflon or 304L stdinless-steel leach
vessels. Stainless-steel containers with Teflon gaskets are used for testing nuclear waste glass or
testing in radioactive fields. The two containers are different in two notable ways. First, Teflon is
permeable to CO, and O,, which equilibrates with the leachate. The stainless-steel container provides
a closed system to the atmosphere, except that which is left in the head space. Second, stainless steel
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Table 4.26. Comparison of Hot-Cell (HC) Tests #3 and #5 Using Reference Glass CVS-IS-HW39-4

Mean Normalized Release (g/m?)

Statistical
: : Ratio Difference at Degrees of
CVS-IS-HW394  CVS-IS-HW394  HC Test #5/ 95% CI Freedom

HC Test #3 HC Test #5 HC Test #3 Alpha (nl1+n2-2)
B 1.531 1.731 1.13 No 072 4
Li 1.227 1.314° 1.07 No 23 4
Na 1.174 1.296 1.10 No 13 4
4

Si 0.395 0.431 : 1.09 No - 085

Notes: PCT = Product Consistency Test
CI = Confidence Interval .
Mean releases become significantly different at a confidence interval of 1-alpha.
n = number of replicate leachate samples.

controls the system redox and forces a reducing environment. Although the Teflon container is
chemically inert, the system is oxidized by virtue of the air atmosphere.

Initially, a redox-inert container was sought for testing radioactive glass in the hot cell, for the
following reasons: (1).actinides plate out on the stainless-steel container walls, distorting the actinide
release data (i.e., altering the concentration of actinides in solution may affect the rate of certain
mineral formations and elemental releases); and (2) the reducing atmosphere may not be representative
of the repository environment, which is a function of design. Consequently, alternative container types
were considered, including fused-silica and gold-plated. 5

Results from a model simulation of the NCAW simulant glass reacted in deionized water at
90°C using a fixed O, and CO, gas fugacity showed a slightly different sequence of secondary mineral
formation, compared with the closed-system simulations.® Talc, Mg,Si,0,(OH),, which lowers the
activity of silicic acid, was predicted to form. Consequently, the reaction rate for the simulant in
Teflon containers was predicted to be slightly higher over a finite range of reaction progress for the
same glass in stainless-steel containers. This may result in slightly higher PCT releases for Teflon
containers, but should have little effect on MCC-1 releases. Model simulations were not performed on
the fused-silica containers. . .

Limited comparative PCT data of Teflon, stainless steel, and fused-silica-lined leach containers
were generated to support the decision of which leach container to use in the hot cell. Glass specimens
from a single batch of NCAW simulant glass were tested in the laboratory, using-all three container
types, and in the hot cell using stainless steel. Results from these tests are reported in Table 4.27.
Sample sizes for each of the tests were only two, resulting in large statistical confidence intervals. The

@ Memo from Bernard P McGrail to Eugene V. Morrey, Pacific Northwest Laboratory,
Results for Teflon Containers,” 2 January 1992.
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calculated statistics represent only short-term variability and preclude a meaningful statistical
comparison of means for each contains type. The ratio of minimum-measured release to maximum-
measured release for the elements are as foliows: 0.71 for B, 0.78 for Li, 0.65 for Na, and 0.86 for
Si. Similar comparisons of CVS-IS-HW39-4 performed in Teflon containers but at different times
(CVS2-19 versus CVS2-97 [see Figure 4.22]) yielded 0.72 for B, 0.64 for Li, 0.77 for Na, and 0. 87
for Si. The differences observed between the three leach containers are equivalent in magnitude to
long-term differences observed in-the internal standard glass. The three leach containers may produce
statistically different PCT results, but the limited amount of data generated i in this study was insufficient
to differentiate between the containers.

* Figure 4.23 provides a graphical representation of the NCAW simulant glass tested in the three '

containers. General observations of the data are that with the exception of B, the normalized releases
for fused-silica, stainless steel in the laboratory and stainless steel in the hot cell were essentially
identical; Teflon results were sllghtly higher than the other containers for Li and Na; and fused-silica
produced the widest variation in results. Again, each of these observations may or may not be
significant, but the current data was insufficient to differentiate between the results. Review of Figures
4,16, 4.17, and 4.18 showed additional comparative data between stainless steel and Teflon containers,
except that the stainless-steel tests are also in the hot cell. In these tests, no consistent difference was
observed between the two container types.

The decision to use stainless-steel. contamers in hot-cell testing was made based on several
considerations, as follows:

° Uncertainties in the repository design make stainless steel as good of a choice as any. A forced
reducing condition is easier to model than a system where the glass determines the redox state.
Radioactive data obtained in stainless steel can be used to validate models of this type.
Presently, an iron overpack is being considered for use in the repository with special alloys' for
the canisters, which may drive the system reducing. However, even with the overpack,
conservative factors may prevent taking credit for the reducing atmosphere.

. Teflon, with its oxidizing condition, is technically preferable but is susceptible to radiolytic
degradation. Expected dose from one sample of glass could be as high as 10*
rad during a 7-day test.

o To validate simulants, the simulant and radioactive glasses can be tested under the same

conditions for direct comparison.

4 Results from in-cell PCT in stainless steel yielded low intra-sample variability and comparable
results to out-of-cell PCT in stainless. .
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Table 4.27. PCT Leach Test Results for NCAW Simulant Glass

——-Ln Transformed--—- ~——-Exp Transformed------

Mean Mean Ln Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized Upper Bound Lower
Release Release (95%CI) (95%CI)  Release (95% CI) Bound (95%

(g[m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (gm2) CD(g/m2)

(Lab Test #2 in Teflon - based on sample size of 2)

1.920 1.43 0.652 0.780 0.524 ° 1.920 2.183 " 1.689
Ll . 1.669 3.55 0.512 0.831 0.193 1.668 2295 1.213
Na 1.762 0.00 0.566 0.566 0.566 1.762 1.762 1.762
Si 0.493 8.30 <0.708 0.038  -1.454 0.493 1.039 0.234
(Lab Test #5 in stainless steel - based on sample size of 3)
B 1.698 6.31 0.528 1.096 -0.039 1.696 2.991 0.962
Li 1435 2.95 0.361 0.626 0.097 1.435 1.870 1.101
Na 1.301 0.00 0.263 0.263 0.263 1.301 1301 1.301
Si 0.422 7.79 -0.863 -0.164 -1.563 . 0.422 0.849 0.210
(Lab Test #4 in fused-silica - based on sample size of 2)
B 1.992 15.80 0683 = 2102 0.737 1.979 . 8.182 0479
Li 1.375 6.15 0.318 0.870 -0.235 1.374 2387 ° 0.790
Na 1.340 4.04 0.292 0.655 -0.071 1.339 . 1925 0.931
Si 0.458 14.65 0.784 0.532 -2.100 0.457 1.703 0.122
(Hot Cell Test #2 in stainless steel - based on sample size of 2)
B 1.407 5.39 0.341 0.447 . 0235 1.406 1.563 1.265
Li 1.298 4.89 0.260 0.356 0.164 1.297 1.428 1.179
Na 1.149 4.1 0.138 0.231 0.046 1.148 1.259 1.047
Si 0.443 8.49 -0.815 <0.649 <0982 - 0442 0.523 _ 0375

CI = Confidence Interval
PCT = Product Consistency Test
Exp Transformed = retransformed data from 1n form to original form
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Figure 4.23. Comparison of Alternate Leach Vessels considered for PCT
(Error Bars = Estimated 95% Confidence Interval)

4.5.2 Materials Characterization Centef (MCC-1) Elemental Releases

The MCC-1 test was developed to compare durabilities of various HLW glasses. An extensive
database of MCC-1 results (including CVS) has been created within the HLW glass research
community. The ability to compare with this database was a driver for performing MCC-1 analysis on
two of the radioactive glasses in this report.

The MCC-1 test is a'low surface area-to-volume ratio, static test that can often result in a fairly
constant dissolution rate and modest concentrations of silicic acid in solution over a 28-day test period.
Results from PCT tests cannot be directly used to predict long-term performance in repository
conditions. ' .

4.5.2.1 101-AZ Core 1 and Simulant

Results from MCC-1 testing of 101-AZ Core 1 are provided in Table 4.28. The durability of
the glass as measured by MCC-1 boron release was 7.038 g/m?, which was approximately 7 to 13 .
times more durable than EA glass. Releases of the four reported elements (B, Li, Na, and Si) were
essentially the same, ranging from 7.04 to 6.76 g/m*. The percent RSDs were quite high, ranging
from 28% to 43%. The standard deviations are based on quadruplicate glass, triplicate leachate, and
duplicate leachate blank analyses. Confidence intervals were based on a sample size of three leachates.
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Note that the differences between the mean normalized releases and retransformed mean In normalized
releases were more significant than the PCT results, because of greater variability in the data, but were
still less than 5%.

Results from MCC-1 testing of 101-AZ Core 1 simulant are provided in Table 4.29. Results
are reported for two simulant samples tested in the laboratory in Teflon containers. In-cell MCC-1
tests were not performed on the core sample simulants and are therefore not available for direct
comparison. The practice of batching core sample simulants and testing them in the same test as the
core sample was not begun until after these tests were performed. Elemental analysis was not
performed on the simulant glass; normalized releases were calculated from the "as-batched" -
composition. Assumed analytical glass uncertainties and limited replicate samples resulted in
conservative percent RSDs and confidence intervals.

Figure 4.24 compares MCC-1 elemental releases for 101-AZ Core 1 glass, simulant, and model
prediction. General observations of the data are as follows: (1) the simulant releases and model
predictions matched quite well; (2) the core sample releases were consistently lower than corresponding
simulant releases and model predictions; (3) simulant confidence limits were large due to the limited
sample size; and (4) core sample confidence limits were large due to variability in the analyzed
leachates. :

Table 4.30 shows mean releases between 101-AZ Core 1 and its in-laboratory tested simulant.
Elemental releases from the simulant were 99% greater for B, 66% greater for Li, 79% greater for Na,
and 49% greater for Si than were corresponding releases in the actual waste glass. A statistical
difference was found for B, to a 95% confidence interval between the simulant and core sample. No
statistical differences were found for Li, Na, and Si, which yielded alpha errors of 0.265, 0.082, and
0.12, respectively. The beta errors, which would estimate the probability of not detecting a difference -
in the means when one exists, were not calculated for the test. Given the variability in the core sample
and the limited sample set for the simulants, the beta error was certainly too high. The statistical
comparison provided in Table 4.30 has limited meaning, given that the two tests being compared were
performed at different times and under different conditions (i.e., in the hot cell versus in the
laboratory, and in fused-silica containers versus in Teflon containers).
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Table 4.28. MCC-1 Leach Test Results for 101-AZ Core #1 (Hot Cell Test #1)

' ——~Ln Transformed-—-— ——Exp Transformed-——-
Mean MeanLn Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized Upper Bound Lower
Release Release (95%C) (95%CI)  Release (95%CI) Bound (95%
(g/m2) %RSD  In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) CD) (g/m2)
B 7.038 28.26 1.922 2.624 1.220 6.834 13.790 - 3.387
Li : 7.099 28.73 1.929 2.643 1.215 6.884 14.055 3372
Na 6.971 43.17 1.877 2.949 0.805 6.534 19.095 2.236
Si 6.760  36.41 1.862 2.767 0.958 6.439 15.911 2.606

CI = Confidence Interval .
Confidence interval is based on a sample size of 3 (i.€., t.1,0052) = 4.303).
MCC-1 = Materials Characterization Center (MCC-1)

Exp Transformed = retransformed data from In form to original form

Table 4.29. MCC-1 Leach Test Results for 101-AZ Core #1 Simulant (Lab Test #7)

. «——-Ln Transformed----- «—~—Exp Transformed-~--—
Mean Mean Ln Upper Lower MeanLn
Normalized Normalized Bound Bound Normalized Upper Bound Lower
Release Release 95%CI) (95%CI)  Release (95%CI) Bound (95%

© (g/m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) CI) (g/m?2)
B 13.971 6.03 2.637 3.178 2.095 13.967 24.005 8.126
Li 11.794 6.18 2.467 3.022 1.912 11.790 20.537 6.769
Na 12.461 5.52 2.522 3.019 2.026 12.459 20.463 7.586

Si 10.085 5.77 2311 2.830 1.792 10.083 16.938 6.003

CI = Confidence Interval

Confidence interval is based on a sample size of 2 (i.e., t.1,0.052) = 12.706).
MCC-1 = Materials Characterization Center (MCC-1)

Exp Transformed = retransformed data from In form to original form
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Notes:

Table 4.30. MCC-1 Durability Comparison of 101-AZ Core 1 Simulant to
101-AZ Core 1 Radioactive Glass

Mean Normalized Release (g/m?)

Statistical Degrees of
. Ratio Simulant/  Difference at ' Freedom
Simulant Radioactive Radioactive 95% CI Alpha nl+n2-2
13.971 7.038 1.99 Yes 0.022 __3
11.794 7.099 1.66 No 0.265 3
12.461 6.971 1.79 No 0.082 3
3

10.085 6.760 1.49 ‘ No 0.12

MCC-1 = Materials Characterization Center (MCC-1)

CI = Confidence Interval

Mean releases become significantly different at a confidence interval of 1-alpha.
n = numbers of replicate leachate test samples.
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Figure 4.24. MCC-1 Results and Model Predictions for 101-AZ Core 1 and Simulant
(Error Bars = Estimated 95% Confidence Interval)
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4.5.2.2 101-AZ Core 2 and Simulant

Results from MCC-1 testing of 101-AZ Core 2 are provided in Table 4.31. The durability of
the glass as measured by MCC-1 boron release was 6.236 g/m?, which was approximately 8 to 14
times more durable than EA glass. Normalized releases were similar for B, Li, and Si (ranging from
6.17 g/m* to 6.45 g/m? and 4.86 g/m® for Na. The percent RSDs were quite high, ranging from 14%
'to 43%. The standard deviations were based on quadruplicate glass, triplicate leachate, and duplicate
leachate blank analyses. Confidence intervals were based on a sample size of three leachates.

Results from MCC-1 testing of 101-AZ Core 2 simulant are provided in Table 4.32. Results
are for two simulant samples tested in the laboratory in Teflon containers. In-cell MCC-1 tests were
not performed on the core sample simulants and were therefore not available for direct comparison.

The practice of batching core sample simulants and testing them in the same test as the core sample was
not begun until after these tests were performed. Elemental analysis was not performed on the simulant
glass; normalized releases are calculated from the "as-batched” composition. Assumed glass analytical
uncertainty and limited replicate resulted in conservative percent RSDs and confidence intervals.

Figure 4.25 compares' MCC-1 elemental releases for 101-AZ Core 2 glass, simulant, and model
prediction. General dbservations of the data are as follows: (1) the simulant releases and model
predictions matched fairly well; (2) the core sample releases werée lower than corresponding simulant
releases and model predictions; (3) simulant confidence limits were large due to the limited sample
size; and (4) core sample confidence limits were large due to variability in the analyzed leachates.

Table 4.33 compares mean releases between 101-AZ Core 2 and its in-laboratory tested
simulant, Elemental releases from the simulant were 124% greater for B, 85% greater for Li, 158%
greater for Na, and 63% greater for Si than corresponding releases in the actual waste glass. A
statistical difference was found for each of.the four elements, to a 95% confidence interval between the
simulant and core sample. The statistical comparison provided in Table 4.30 has limited meaning given
that the two tests being compared were performed at different times and under different conditions
(i.e., in the hot cell versus in the laboratory, and in fused-silica containers versus in Teflon containers).

4.5.2.3 102-AZ Core 1 and Simulant

Because of insufficient sample quantities of 102-AZ Core 1 glass, an MCC-1 test was not
performed on the actual waste glass. An MCC-1 durability test was performed-on the 102-AZ Core 1
simulant glass; the results are provided in Table 4.34. Comparisons with model predictions are
discussed in Section 4.5.2.4.
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Table 4.31. MCC-1 Leach Test Results for 101-AZ Core #2 (Hot Cell Test #1)

«~-—Ln Transformed——— -——Exp Transformed--—-
Mean Mean Ln Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized UpperBound Lower

Release Release (95%CI) (95%CI)  Release’ (95%CID Bound (95%

(gm2)  %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) CD (g/m2)
B 6.326 17.37 1.835 2267 1.404 6.266 9.649 "~ 4.070
Li 6.452 13.92 1.858 C2.204 1.513 6.413 9.062 4,538
Na 4.855 43.25 1.568 2.642 0.493 4.795 14.045 1.637
Si 6.172 20.63 1.811 - 2323 1.298 6.114 10.208 3.662

CI = Confidence Interval

Confidence interval is based on a sample size of 3 (i.e., 1(3.1 0052 =4.303).
MCC-1 = Materials Characterization Center (MCC-1)

Exp Transformed = retransformed data from In form to original form

Table 4.32. MCC-1 Leach Test Results for 101-AZ Core #2 Simulant (Lab Test #9 in Teflon)

«-—Ln Transformed-—— ~—-Exp Transformed--—-

Mean MeanLn Upper Lower Mean Ln
Normalized Normalized Bound Bound Normalized UpperBound Lower
Release Release (95%CI) (95%CI) Release (95% CD) Bound (95%
(gm2) %RSD In(g/m2) In(g/m?2) - In(g/m2) (g/m2) (g/m2) CD) (g/m2)
B 14.180 545 2.667 2.652 3.142 2.162 14.178 23.141
Li 11.962 5.00 2482 2482 2.931 2.033 11.962 18.746
Na 12.529 5.00 2,528 2.528 2977 2.079 12529  19.635
Si 10.074 5.00 2310 2310 2.759 1.861 10.074 15.787

CI = Confidence Interval

Confidence interval is based on a sample size of 2 (i.¢., to1.0052) = 12. 706)
" MCC-1 = Materials Characterization Center (MCC-1)

Exp Transformed = retransformed data from In form to original form
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Figure 4.25. MCC-1 Results and Model Predictions for 101-AZ Core 2 and Sunulant
(Error Bars = Estimated 95% Confidence Interval)

Table 4.33. MCC-1 Durability Comparison of 101-AZ Core 2 Simulant to
101-AZ Core 2 Radioactive Glass

Mean Normalized Release (g/m?)

Statistical Degrees of
Ratio Simulant/ Difference at Freedom
Simulant Radioactive Radioactive 95% CI _Algha {(nl1+n2-2)
14,180 6.326 2.24 Yes 0.016 3
11.962 6.452 1.85 Yes 0.004 3
12.529 4.855 2.58 - Yes p.030 3
3

10.074 " 6.172 1.63 Yes 0.025

N

MCC-1 = Materials Characterization Center (MCC-1)

CI = Confidence Interval

Mean releases become significantly different at a confidence mterval of 1-alpha.
n = number of replicate leachate samples.
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Tal_)le 4.34. MCC-1 Leach Test Results for 102-AZ Core 1 Simulant MCC-1
(Lab Test #12 in Teflon)

: --=-Ln Transformed---- ~——Exp Transformed-—
Mean MeanLn Upper Lower MeanLn
Normalized Normalized Bound Bound Normalized UpperBound  Lower
Release Release = (95%CI) (95%CD  Release (95% CI) Bound (95%
(g/m2) %RSD In(g/m2) In(g/m2) In(g/m2) (g/m2) (g/m2) - CI) (g/m2)
B 14.829 9.92 2.696 2.890 2.501 14.815 17.995 12.198
Li 14919 . 9.24 2702 . 2883 2.521 14.908 17.869 12.437
Na 14.216 9.50 2.654 2.840 2.467 14.204 17.112 11.790
Si 13.025 9.52 . 2.566 2,753 2.379 13.015 .. 15.685 10.799

CI = Confidence Interval

Confidence interval is based on a sample size of 2 (i.e., t.1,0.052) = 12.706).
MCC-1 = Materials Characterization Center (MCC-1)

Exp Transformed = retransformed data from In form to original form
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4.5.2.4 Comparison of Core Sample and Simulant MCC-1 Results to Model Predictions

Glass durability models as developed by Hrma, Piepel et al. (1994) were used to generate
MCC-1 normalized release predictions and statistics for each of the core sample glass compositions and
the CVS-1S-HW39-4 composition. Model predictions for these compositions are provided in Appendix
A, Tables A.20 through A.24. Results from four different models are included as follows: 1st order;’
2nd order model #1; 2nd order model #2; and 2nd order model #3. The latter model, 2nd order model
#3, provided the best fit for CVS glasses reported by Hrma and Piepel was selected for comparison
with core sample results. ‘

Figures 4.26, 4.27, and 4.28 provide a comparison of model predictions to results from actual
waste glasses, simulant glasses of sanie composition, and environmental assessment glass. The data are
plotted as measured In mean normalized release to predicted In normalized release. The diagonal line
represents the ideal fit between measured and predicted results. The error bars represent 95%
prediction intervals for the model and are based on a sample size of two. The confidence intervals for
means of larger sample sizes, such as the radioactive glasses with three replicates each, are slightly
smaller than shown. Boron, Li, and Na results are provided in Figures 4.26, 4.27, and 4.28
respectively. A characteristic of the model verified during validation is that it tended to overpredict
release in highly durable glasses and underpredict release in low durability glasses. For B, measured
results for all tests shown, except one core sample test and one EA glass test, were within the 95%
prediction intervals of the model. For Li, both core sample tests and one EA glass test were outside .
the 95% prediction intervals of the model. For Na, both core sample tests and one EA glass tests were
outside the 95% prediction intervals of the model. Where not specified, hot-cell tests were performed
in fused-silica-lined containers and laboratory tests were performed in Teflon containers.

A summary by glass type of results fitting within the 95% prediction interval of the model is
provided in Table 4.35. With the limited amount of data presented, the actual waste glass mean
releases were within the models’ 95% prediction interval only 17% of the time; the simulant glass
mean releases were within the confidence interval 80% of the time.

Table 4.35. Summarized Comparison of PCT Model Prediction to Measured
' (#-of tests within prediction intervals/total # compared)

Boron - Lithium Sodium Total
Core Sample Glasses

(172) 0/2) (0/2) (1/6)
Core Sample ' '
Simulants (3/3) (3/3) (3/3) 9/9)
Environmental )
Assessment Glass (172) 172 (1/2) (3/6)

4.69
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4.5.3 PCT Radiochemical Releases

. Radiochemical analysis was performed on each of the triplicate leachates for the three
radioactive glasses. Leachates from nonradioactive glass samples (usually the in-cell prepared samples)
were analyzed as radiochemical blanks. Following each leach test, acid strips were performed on the
radioactive glass leach vessels and radiochemical blank vessels. The vessels were rinsed with deionized
water to remove the glass, an amount of 1 vol% HNO, equal in volume to the original leachant was
added, and the solution was maintained at 90°C for at least 12 hours. Radiochemical analysis was
performed on the acid strip solutions to determine quantities of radionuclides precipitated onto the -

stainless-steel surfaces. Analytical results from these samples are included in detail in Appendix B,
Tables B.4 through B.6.

4.5.3.1 101-AZ Core 1

PCT radiochemical releases for 101-AZ Core 1 leachate and acid ‘strip are provided in Table
4.36. The normalized releases are compared by ratio to the B release of 0.130 g/m®. The normalized
boron release is considered to be a good measure of the glass dissolution extent, because B remains in
solution and does not precipitate in secondary mineral phases and B is released through dissolution of
the glass network although it is generally released to nearly the same depth of alkali metals. Therefore,
a ratio of total radionuclide release to B release significantly different than one indicates precipitation of
the radionuclide into secondary mineral phases; selective leaching through a diffusion process; retention
in the altered layer or analytical error. The estimated percent RSD and 95% confidence intervals for
the retransformed mean In normalized releases are provided as a measure of the estimated minimum
and maximum error associated with the measurements. The percent RSD for the leachate ranged from

9.3% for total U to 44.3% for Cm-243/244; the acid strip ranged from 25.3% for Co-60 to 70.1% for
Sb-125.

Comparison of the ratios to boron in.the leachate, acid strip, and total provide an indication of
which radionuclides may have enhanced performance (i.e., mobility retardation) due to secondary phase
formation and reduction plate-out. General observations of the data are as follows: (1) U, Tc, Pu,
Cm, Sb, and Cs were at least fairly soluble in the leachate (i.e., leachate release within a factor of 3 of
B); (2) of these elements, Pu was the only one that plates out on the container in substantial amounts;
(3) Sr, Am, Co, Ru, Ce, and Eu were at least an order of magnitude less soluble in the leachate, and
(4) only 2% to 6% of the amount of these elements released from the glass was retained in solution.
Comparing the results from different isotopes of the same element (i.e.; Pu, Cs, and Eu) and isotopes
measured by two different techniques (i.e., Am-241) provides an additional indication of accuracy.
Redundant measurements of Pu, Eu and Am show excellent agreement. - Differences in the Cs results
were greater than estimated by the error estimates, but were within a factor of 2.5. The excessive
error could have been contributed from the glass or leachate analysis.

- Figure 4.29 is a graphical representation of data in Table 4.36. Relative normalized releases in
the leachate, acid strip, and total are shown with respect to the normalized B release. Similar
observations as identified above are also evident in the figure, with additions. Total U was sufficiently
below B to suggest that some of the U was consumed in secondary inineral phases or retained in the
glass alteration layer. The discrepancy betwéen Cs-134 and Cs-137 could lead to the conclusion that
Cs may or may not be solubility limited. The absence of error bars on Ru-106 is because of the three
available samples, only one sample was above detection limits.

4.73
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4.5.3.2 101-AZ Core 2

PCT radiochemical releases for 101-AZ Core 2 leachate and acid strip are provided in Table
4.37. The normalized releases are compared by ratio to the B release of 0.203 g/m*. The percent
RSD for the leachate ranged from 45.6% for Am-241 to 230% for Pu-238; the acid strip ranged from
10.8% for Pu-239/240 to 90.2% for Cm-243/244. A potential reason for the excessive error was a
problem experienced during shipping of the samples. Some of the sample containers used for leachate
and acid strip samples leaked during shipping, creating a potential for cross-contamination.
Radiochemical blank samples were at least an order of magnitude higher than the blanks in subsequent
tests, yet were at least order of magnitude lower than the leachates for most analytes. In addition,
due to suspect data acid strip sample #2 was omitted from the calculations. Acid strip #2 was
approximately 2 orders of magnitude higher for the soluble radionuclides and 4 orders of magnitude
higher for the less soluble radionuclides. The most likely reason for this discrepancy is that not all of
the glass was removed before the acid strip of sample #2. Special precautions were taken to prevent
these two problems in hot-cell tests #4 and #5.

Comparison of the ratios to boron in the leachate, acid strip, and total provide an indication of
which radionuclides may have enhanced performance (i.e., mobility retardation). General
observations of the data are as follows: (1) U, Tc, Pu, Cm, Sb, and Cs were at least fairly soluble-in
the leachate (i.e., same order of magnitude as B); (2) of these elements, Pu was the only one that
plates out on the container in substantial amounts; (3) Sr, Am, Co, Ru, Ce, and Eu were at least an
order of magnitude less soluble in the leachate than B; and (4) only 0.2% to 6% of the amount
released from the glass for these elements was retained in solution. Comparing the results from
different isotopes of the same element (i.e., Pu, and Eu) and isotopes measured by two different
techniques (i.e., Am-241) provides an additional indication of accuiracy. Redundant measurements of
Eu and Am show very good agreement, whereas the Pu results for leachates differed by a factor of 6.

Figure 4.30 represents data in Table 4.37. Relative normalized releases in the leachate, acid
strip, and total are shown with respect to the normalized B release. Similar observations as identified
previously are also evidert in the figure, with a few additions. U, Cm, Sb, and Cs were sufficiently
below B to suggest reduced solubility. Variability in the Pu results would suggest that Pu may or
may not be solubility limited. The absence of error bars on certain radionuclides is because only one
sample was above detection limits.
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4.5.3.3 102-AZ Core 1

PCT radiochemical releases for 102-AZ Core 1 leachate and acid strip are provided in Table
4.38. The normalized releases are compared by ratio to the B release of 0.211 g/m?. The estimated
percent RSD and 95% confidence intervals for the retransformed mean In normalized releases are
provided as a measure of the estimated minimum and maximum error associated with the
measurements. The percent RSD for the leachate ranged from 3.2% for Eu-155 to 34.4% for Tc-99
and for the acid strip ranged from 29.2% for Total U to 119.4% for Co-60.

General observations of the data are as follows: (1) U, Tc, Pu, Sb, and Cs were at least fairly
soluble in the leachate (i.e., same order of magnitude as B); (2) of these elements, Pu was the only
one that plates out on the container in substantial amounts; (3) Sr, Am, Co, and Eu were at least an
order of magnitude less soluble in the leachate than B; and (4) only 2% to 7% of the amount released
from the glass for these elements was retained in solution. Comparing the results from different
isotopes of the same element (i.e., Pu and Eu) provides an additional indication of accuracy.
Redundant measurements of Pu and Eu sliow excellent agreement.

Figure 4.31 is a graphical representation of data in Table 4.38. Relative normalized releases in
the leachate, acid strip, and total are shown with respect to the normalized B release. Similar
observations as identified previously are also evident in the figure, with one addition. U, Pu, and Cs
were sufficiently below B to suggest that each of these elements were involved in secondary phase

precipitations. The absence of error bars on the Tc-99 acid strip is because only one sample was
above detection limits.

4.5.4 MCC-1 Radiochemical Releases for 101-AZ Core 1 and 101-AZ Core 2 ]
Radiochemical analysis was performed on a single MCC-1 leachate sample from 101-AZ Core

1 and 101-AZ Core 2 and on one blank from the in-cell test. Acid strips were not performed on the

fused-silica leach containers. Analytical results from these samples are included in detail in Appendix
B, Tables B.4 through B.6.
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Figure 4.31. PCT Radionuclide Releases for 102-AZ Core 1

. Actual and relative MCC-1 radiochemical releases for 101-AZ Core 1 and 101-AZ
Core 2 leachates are provided in Table 4.39. The normalized releases are compared by ratio
to the B release of the particular samples analyzed (i.e., 4.87 g/m? for sample #3 of 101-AZ
Core 1 and 7.59 g/m? for sample #1 of 101-AZ Core 2). A ratio of radionuclide release to
B release significantly different than one indicated the following: (1) retention of the
radionuclide in the glass alteration layer; (2) selective leaching through a diffusion process;
(3) absorption of silicate’ forming radionuclide onto the fused-silica liner; in secondary phase
precipitation and/or (5) analytical error. The 28-day MCC-1 tests are typically well
undersaturated and may be close to the forward reaction rate for glass dissolution. -

General observations of the data are that Pu, Sb, and Cs had releases similar to or
greater than B; U, Sr, and Np had releases less than B but within the same order of
magnitude; and Am, Co, and Cm had releases at least an order of magnitude less than B.
Comparing the results from different isotopes of the same element (i.e., Pu and Cs) provides
an additional indication of accuracy. Two of the three pairs of data were within 30% and
one differed by a factor of 3.5. Graphical representations of the data showing the same
observations are provided in Figures 4.32 and 4.33.
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Table 4.39. Summary of MCC-1 Radionuclide Releases Compared to Boron

Total U
Sr-90
Pu-238

Pu-239/240
Cm-243/24

Am-241
Np-237
Co-60

'Sb-125

Cs-134
Cs-137

1.21
3.35

2267

6.37
0.30
0.02
2.36
0.46
4.81
7.03
4.87

101-AZ Core #1

Mean

Normalized
Release

(a/m2)

"Ratio to
Boron®

0.25
0.69
4.66
1.31
0.06
0.003
0.48
0.09
0.99
1.44
1.00

4.82

1.79
0.82
5.50
7.80
0.01
0.01
0.53

7.25

7.07

101-AZ Core #2
Mean
Normalized
Release

(a/m?2)

Ratio to

Boron*

0.24
0.1

0.72
1.03
0.001
0.001
0.07

0.95

0.93
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Figure 4.33. MCC-1 Radionuclide Normalized Releases for 101-AZ Core 2
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4.5.5 PCT Anion Releases and pH

Leachates from all in-cell PCTs were analyzed for anions by IC. Complete PCT IC results are
provided in Appendix Tables A.10 through A.18. Summarized results from these tests are provided
in Table 4.40 and include averaged results from the core sample glasses, simulants and the reference
glass from each test. Observations of the data are as follows: (1) F- was present in minor quantities
(2.5 ppm - 2.8 ppm) in the radioactive glasses but was not detected in simulants; (2) NO;, NO;, and
Br were not present in appreciable amounts in any of the glasses; (3) PO,* and SO, 2 were present in
leachates from core samples and their simulants in somewhat comparable amounts; (4) ClI' was greater
in the core samples than in their simulants; and (5) the reproducibility as indicated by comparison of
the reference samples was very good.

Table 4.40. PCT Anion and pH Results for Core Sample and Simulant Glasses

(pug/ml)

Glass Type pH E cr No; Br No; Po® so2
101-AZ Core 1 749 25 30 <05 <025 <05 15 2.1

101-AZ Core 1 990 <025 03 <05 <025 <05 26 1.8

Simulant

101-AZ Core 2 9.85 NA NA NA NA NA NA NA
101-AZ Core 2 - 10.06 NA NA NA NA NA NA NA
Simulant

102-AZ Core 1 9.26 2.8 1.2 <0.5 <025 - 2.7 0.3

102-AZ Core 1 961 <025 0.5 <0.5 <025 <05 32 0.7

Simulant

CVS-IS-HW39-4-3 10.14 NA NA NA NA NA NA NA
CVS-1S-HW39-4-4 10.24 <2 1.1 0.5 025 <05 7.8 25.1
CVS-1S-HW39-4-5 1023 <0.25 0.7 <0.5 <025 <05 7.6 244

Notes:

1.  Values reported are blank-corrected averaged values. o

2. NA = Not available. Due to problems in shipping, IC samples in hot cell test #3 were contaminated with HNO,.

3. A NOj value for 102-AZ Core 1 is not reported since the only measured value above blank levels appeared to be
an outlier. .

4.  The suffix number appended to each CVS-IS-HW39-4 glass indicates the hot cell test number.
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Table 4.41. Simulant-to-Radioactive Comparisons for P and S. Releases

Relative Simulant/Radioactive Relative Simulant/Radioactive

Ratio for Sulfur Release Ratio for Phosphorus Release
101-AZ Core 1 0.6 . 1.1
101-AZ Core 2 NA . NA
102-AZ Core 1 - 1.8 . 0.9

Notes: 1. Relative ratios equal simulant-to-radioactive ratio for analyte release in leachate divided by same ratio
for boron.

2. NA = not avaijlable

These results were consistent with "as-batched” simulant glass compositions. Additions of P
and S were made to the simulant glasses to match measured compositions of the radioactive glasses;
however, additions of Cl and F were not made to the simulant glasses. As would be expected, PO,
and SO, leachate levels were somewhat comparable between simulant and radioactive glasses; Cl and
F were easily measurable in the radioactive leachate samples and near detection levels in the simulant
leachate samples (the detection level for Cl is 0.25 pg/mi). Because the radioactive glasses are

slightly more durable than their corresponding simulants, the leachate releases in the radioactive glass
should be somewhat lower for P and S.

Table 4.41 compares relative anion results (i.e., simulant-to-radioactive release ratios) to
relative B results. A relative ratio near 1.0 indicates that the ratio of simulant-to-radioactive release
for the analyte is equal to that same ratio for B, or that the concentration of the analyte in the
simulant glass matches well with that in the radioactive glass. The Table 4.41 results indicate that the
P concentrations in the simulant glass matched well with the radioactive glass, at least for two glasses.
Review of the ICP leachaté data for the PCT and MCC-1 indicates that the P concentrations are

matched well for all three radioactive glasses. The S composition of 101-AZ Core 1 simulant may be
too low; the 102-AZ Core 1 simulant may be too high.

Minor component influences, including Cl, F, P, and S at"and above solubility limits, were
studied in LLW borosilicate glass®. Fluorine was shown to increase durability and lower pH in the
PCT. This effect was quite dramatic at F concentrations above solubility limits in the glass, but was
minor in the range of F levels found in the radioactive glasses. Chlorine and P were shown to
decrease durability in the PCT, although the difference attributed to Cl may be within experimental
error. Sulfur had minor effects on durability at concentrations near or below solubility. The effect of
each minor component can be attributed to more than one competing cause. For example, F was
shown to decrease durability in a dynamic flow through leach test, which is attributed to weakening of
the network bond strength (when F is substituted for oxygen in Si-O-Si). In the PCT, however, glass
dissolution is affected by pH, which is buffered by F. Table 4.42 shows results from the Hong study

(a) Hong, L., J.D. Darab, P.A. Smith, X. Feng, and D.K. Peeler. 1995. "Chemical Durability of
Low-Level Simulated Radioactive Waste Glasses with High-Concentrations of Minor Components."
Pacific Northwest Laboratory. Richland, Washington.
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indicating potential causes for differences between the core samples and simulants. The increased
level of CI' in the core sample leachates would tend to decrease durability in the radioactive glass

slightly.

Table 4.42. Effects of Minor Components on PCT Durability

Base Minor
Glass Component Leachate .
Compo- Glass Concentration Change in Change -
sition Comp. Difference PCTB in PCT Na
(wt %) (wt %) (ug/ml) Release Release
.09 0.57 2.2 +13.2% +12.2%
0.21 0.92 4.4 -2.2% -9.4%
1.19 2.1 0.7 +29.4%  +19.5%
0.32 0.75 " 1.0 + 4.0% + 7.6

Change
in PCT Si
Release

+ 8.7%
-6.6%
+26.7%
+2.1%

The F- measured in the core samples would tend to increase durability slightly of the

radioactive glasses relative to their simulants. The consistent levels of P in the radioactive and
simulant glasses should not affect the durability of one over the other; however, as can be seen in the

table, small differences in P can influence durability significantly. The magnitude of the measured .

anion differences (radioactive versus simulant glass) does not appear to be significant enough to
account for observed differences in radioactive and simulant durability. However, the durability

models, which do not account for independent variation in these minor components, may be difficult
to use in predicting actual waste glass and simulant durability where the minor components do not

*

conveniently match the "minor components mix" used in simulant preparation for model development. .

- 4.5.6 MCC-1 Anion Releases and pH

Results of the IC analysis of the hot-cell MCC-1 leachates are shown in Table 4.43. The
samples analyzed included one of the blanks, two of the leachates from Core 1, two of the leachates

from Core 2, one leachate from the nonradioactive simulant, and one leachate from the ATM-10

glass. The results indicated only slightly el
dilution on samples made before analysis de

volumes.
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Table 4.43. MCC-1 Anion and PH Results for Core Sample and Simulant Glasses

- (ng/mL)
Glass Type BH FE o No; Br No; Po2 sop
101-AZ Core #1 806 <2 25 <4 <2 <4 <4 <4
102-AZ Core 1 826 <2 .25 <4 <2 <4 <4 <4
NCAW Simulant 873 <2 <2 <4 <2 <4 <4 <4
ATM-10 891 <2 <2 <4 <2 <4 <4 <4

Note: Values reported are blank-corrected averaged values.

4.5.7 Reasons for Differences Between Radioactive and Simulant Durabilities and
Comparison with Work by Others

Radionuclide decay in glass can affect durability by radiolysis of air and water in contact with
the glass and damage o the glass itself. Irradiation of water, dissolved gases, and air creates several
free radicals and new molecules that affect the PH and redox potential of leachant solutions. This in
turn affects the durability of glass. Predominate species generated under gamma irradiation include
hydrated electrons (¢,), hydrogen ions (H*), hydroxyl (- OH), and hydrogen atoms (H+), and under
alpha irradiation include hydroperoxyl (HO,*), molecular hydrogen (H,), and hydrogen peroxide
(H;0,) (Mendel 1984). Both gamma and alpha jrradiation are known to reduce the PH of deionized
water due to the radiolysis of air and formation of nitric acid (Cunnane 1994), Damage to the glass
structure occurs through processes of displacement and jonization, Volume increases in HLW glass
due to displacement damage is only expected after 1000 years in the repository and ionization damage
may occur in the first 10 years after fabrication (Cunnane 1994). The glasses in this study were leach
tested in argon atmospheres using deaerated and deionized water at times between 15 and 50 months
following fabrication, thus minimizing radiation affects.

The evaluation, prediction, and ‘comparison of radiation effects on glass corrosion are
complex because of the number of important variables and complex interactions (e.g., amount and
type of radioactivity, composition of headspace and dissolved gas, duration of test, extent of glass
corrosion reaction, composition of dissolved glass in solution, type of leachant). Results from several
irradiated leach test studies using nonradioactive and doped, simulant glasses are referenced below.

Gamma-irradiated tests using PNL 76-78 glass in deionized and deaerated water at 20 m and
deaerated brines at 10, 100, and 1000 m™ showed an increase in PH and release rates over
unirradiated tests (McVay, 1981). Gamma irradiated tests-using borosilicate glasses in deionized and
deaerated water by several researchers showed three- to five-fold increase in B, alkalis, Si, and
actinides (Cunnane 1994). Irradiated tests in groundwater equilibrated with tuff-by several
researchers showed no change to pH and glass dissolution rates, except in a few cases where
dissolution rates decreased (Cunnane 1994). In irradiated tests designed to separately evaluate the
effect of water radiolytic products (vacuum-degassed and Ar-sparged systems to remove nitric and
carboxylic acid production), the increase in glass dissolution was about half that observed in similar
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tests in air (McVay 1981; Pederson 1983). In companion tests where nitric acid was added but the
tests were not irradiated, the increase in glass dissolution was again about half that observed in
irradiated tests in air.

Studies comparing fully radioactive, actual waste glass and simulant waste glasses report both
increased and decreased dissolution rates for the actual waste glass. Results from static tests in
deionized water and Ar atmosphere at 1100m showed a 50% increase in B and Si release in the
radioactive glass (JSS/A) when compared to the simulant glass (ABS-118) during 91 and 180 days
(Werme 1990; JSS 1988). This difference was within systematic error and was not observed at a
duration of one year. Tests, which included 1 g of magnetite, showed release rates of the radioactive
glass to be similar or significantly less than the simulant glass. Differences in radionuclide (Tc, Np,
Pu, and Am) release between actual waste glasses with Magnox and THORP compositions and doped
glasses of similar compositions showed a release increase between two for Tc and 75 times for Am in
the fully radioactive glass (Hall 1988; Boult 1991; Marples 1991). Three Savannah River fully
radioactive glasses, SRL 131/11, 165/42, and 200, were tested in EJ-13 solution at 340, 2,000, and
20,000m™, respectively, and at various durations to evaluate differences with simulant glasses (Feng
1993). In all three glass pairs the radioactive glasses yielded leachates with lower pHs, which was
attributed to radiolytic generation of pitric acid from air and other acids. Two of the radioactive
glasses exhibited decreased release that was attributed to a dominant corrosion mechanism of network
hydrolysis, which is favored by higher solution pH. The most durable of the glass pairs exhibited the
opposite behavior of increased radioactive glass release. This was attributed to a dominant corrosion
mechanism of ion exchange, which is favored by low pH. Release rate differences between simulant
and actual waste glasses were all within a factor of two to three for periods up to 182 days.

As mentioned above, the prediction and explanation of radiolytic effects on glass dissolution
are complex. The results from this study showed a modest reduction in dissolution rates (22 to 40%
for B in 7-day PCT) for fully radioactive glasses when compared to simulant glasses of the same
composition. This difference was equal to or lower than differences observed by others, which is
consistent with removing part of the radiolytic effect. To the extent argon back-filling of the leach
containers was effective, the effect of radiolytic generation of nitric acid was eliminated. Based on
the type of test performed and the relative durability of the glasses in this study, the dominant
corrosion mechanism was expected to be network hydrolysis, which is favored under higher pHs.
With the absence of air in the system, it was not clear whether radiolytic affects should have
increased or decreased corrosion.

Release of radionuclides in leach test conditions is strongly influenced by solubility.
Solubilities can be influenced by redox, presence of complexants, equilibrium with solid forms, and
presence of competing elements for sorption. ‘Generalizations can be made but changes to the system
such as leachant composition and redox can change solubilities significantly. In HLW glass, Tc, U,
Np, and Cs are generally more soluble than Pu or Am under pH basic conditions of most repositories
and leach tests (Cinnane 1994). Laboratory testing of several glasses has shown higher releases for
Tc, U, Np, and Cs than for the less-soluble Pu and Am. Testing of R7T7 glass in static leach tests at
90°C in distilled water showed relative releases of actinides as U > Np > Pu > Am (Vernaz 1992).
Normalized releases of U and Np were roughly 10% of the normalized B release whereas Pu and Am
were 3% and 0.3%, respectively.

Results from this study were mostly consistent with results from Vernaz (1992) and other
laboratory tests referenced by Cunnane (1994). Figure 4.34. provides a summary of radiochemical
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releases for PCT and MCC-1 tests for selected radionuclides. The radionuclide-to-B ratio is the
inverse of retention and indicates the fraction of corroded constituent that is released into solution. A
log of radionuclide-to-B ratios near.0 indicates completely soluble constituents; -1 indicates
normalized releases near 10% of B; -2 indicates normalized releases near 1% of B; and so forth. As
with prior studies, Am had normalized releases significantly lower than B, ranging from 0.1% to 6%
of B. Also.consistent with prior studies, T, U, Np, and Cs were generally more soluble than Am
(i.e., = 10% of B normalized release). Not consistent with prior studies, Pu exhibited significant

normalized releases near B. Strontium, which should behave similar to Ca, was soluble in MCC-1
tests and insoluble in PCT. -
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4.6 Mass Balances

The elemental composition of each of the process slurries and glass for each core sample and
the two simulants are shown in Figures 4.35 through 4.39. The concentrations of the analytes
increase throughout the process because the solid to liquid ratio is increased at each step along the
process. The K concentration in the formated slurry from 101-AZ Core 2 increases drastically during
the formating process. This increase occurred when the pH probe broke into the sample during the
formating process and a significant quantity of KCl was released into the sample. For each of the

samples, a significant increase in the concentrations of the frit components is observed between the
formated slurry and melter feed.

In Figures 4.40 through 4.42, decay corrected specific activities of the major radionuclides
present in the three core samples are plotted for each of the process slurries and the glass. The
percent recoveries observed for the radionuclides are also reported in Tables 4.44 through 4.46.
Mass balances were performed on each core sample throughout the HWVP process including
washed solids, formating, frit addition, and glass. Mass balances for the washing process were
reported in the characterization reports for the three core samples® ®(Peterson, et. al. 1989). Mass
balances were performed on the major cations and radionuclides.

The mass balance results from all of these samples indicate that the analytical subsamples
from the melter feeds are not representative of the bulk composition. The majority of the undissolved
solids in the melter feeds settle very quickly making it difficult to obtain representative subsamples
unless the sample is being stirred. Even when the sample is stirred, the frit tends to settle to the

bottom and collect along the edge of the container; therefore, nonrepresentative samples are often
obtained everi when the sample is being stirred.

This radionuclide data indicates that Tc is volatilized during the melt. This result is
consistent with previous results observed in simulant studies. The.core sample results indicate that -
approximately 98% of the Tc in the sample is volatilized during the melting processes. There also
appears to be some Cs volatility as indicated by the recoveries from 101-AZ Core 1 and 102-AZ Core
1. The recoveries of Cs do not appear to correlate well with the chloride concentrations in the
sample as was postulated from simulant studies. Volatilization as high as 40% of the original Cs
activity were observed, but no significant volatilization of Cs was observed in 101-AZ Core 2 which
was expected to have the highest chloride concentrations. The radionuclide mass balances also
indicate that '*I may have been lost during the formating process. The data is not definitive, but it
appears that some of the iodine may have been lost during this process.

Sample of Neutralized Current Acid Waste From Double-Shell Tank 101-AZ, Letter Report to -
Westinghouse Hanford Compaqy, September 1993,

(@)Gray, W. J., M.E. Peterson, R.D. Scheele, and .M. Tingey Characterization of the Second Core

(b)Gray, W. J., M. E. Peterson, R. D. Scheele, and J. M. Tingey Characterization of the first Core
Sample of Neutralized Current Acid Waste From Double-Shell Tank 102-AZ, Letter Report to
Westinghouse Hanford Company, September 1993.
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Table 4.44. Decay Corrected Specific Activity and Recovery Percent for.-101-AZ Core #1

Spesific Activity (mCi/g) - Decay
Corrected to 1/1/90 . Recovery (%)
: Melier Feed Glass  (based

Washed Meher Melter Feed From Washed on
Nuclide [ sofids Feed Supemate Glass | Solids Glass Melter Feed)
H3 <4.5E-07, 1.66E-06, . $9
C-14 4.70E-07 .
Co-60 1.13E-02 3.19E-03 7.51E-03 37 35 94
Se-79 <4.00E-06  <3.57E-07
Tc-99 6.60E-05 1.00E-04 - 3.15E-06 3 3
Ru-106 2.55E-01 4.03E-01 3.65E-03 7.89E-01 209 164 78
Sb-125 4.71E-02 7.29E-02 1.45E-01 208 163 79
Cs-134 3.33E-03 8.91E-03 1.14E-03 7.35E-03 354 17 33
Cs-137 2.37E-01 441E-01 . 7.66E-02  6.21E-01 246 138 56
Ce-144 3.49E-01 6.55E-01 1.33E+00 248 201 81
Eu-154 1.54E-02 2.82E-02 S71IE02 - 242 196 81
Eu-155 6.72E-02 1.31E-01 78 7
Sr-90 6.04E+00 7.07E+00 2.03E+01 155 178 115
k129 <1.80E07  <6.14E-03 < 5.00E-07 45
Am-241 1.20E+02 2.92E-02 . $.25E-02 322 232 73
Np-237 6.70E-06 4.50E-05 355 355
Pu-238 1.20E-0¢4 - - 4.54E-05 20 20
Pu-239+240 7.90E-04 2.40E-04 ) 16 16
Pu-239 g
Pu-240
Pu-241 -
Cm-242 8.82E-07 6.58E-04 39459 39459
Cm-243+244 8.36E-06 4.61E-04 2915 2915
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Table 4.45. Decay Corrected Specific Activity and Recovery Percent for 101-AZ Core #2

Specific Activity (mCi/g) - )
Decay Corrected to 1/1/90 Recovery (%)

4.101

i . Melter Feed Glass from
Washed Melter Feed from Washed Glassfrom  Washed
Nuclide Solids Melter Feed  Supernate Glass l Solids Melter Feed Solids

H-3 <7.45E-05  1.54E-05

C-14 3.34E-07

Co-60 1.38E-02  2.13E-02 1.96E-02 311 37 114

Se-79 <3.90E-07 <3.38E-05

Sr-90 2.04E+01  3.05E+01 2.99E+01 302 39 - 118
T&-99 <4.63E-03 <3.76E-04 ‘ 2.05E-05 .

Ru-106 138E+00  1.99E+00  3.65E-03  1.80E+00 291 - 36 105

Sb-125 1.68E-01  3.23E-01 3.71E-01 387 46 177
I-129 1.27E-07  <3.42E-06 <4.37E-07

Cs-134 1.14E-03 :

Cs-137 2.31E-01 5.14E-01 7.66E-02 2.81E-01 449 22 98
Ce-144 2.81E+00  4.17E+00 3.98E+00 299 38 114
Eu-154 9.70E-02  1.45E-01 1.39E-01 302 38 115
Eu-155 2.43E-01  3.65E-01 3.44E-01 303 38 114
Np-237 3.45E-05 5.68E-04 1322
Am-241 6.71E-02  145E-01 1.05E-01 437 29 126
Cm-242 2.14E-03

Cm-243,4 4.93E-04 _ 1.18E-03 193
Total Pu 3.38E-03 513E-04 : 12
Total U 4.50E+00 : 5.60E+00 100
Pu-238 3.40E-04 : 8.11E-05 19

" Pu-239,240  3.04E-03 4.32E-04 11

e e ey e




Table 4.46. Decay Corrected Specific Activity and Recovery Percent for 102-AZ Core #1

Specific Activity (mCi/g) -

Decay Corrected to 1/1/90 Recovery (%)
Glass from
Nuclide Washed Solids Glass |  Washed Solids
H-3 7.50E-07
c-14 2.10E-07
Co-60 4.60E-03 . 1O03E-02 . 95
Se-79 < 4.20E-06"
Tc-99 1.25E-04 6.73E-06 2
Ru-106 9.89E-01 2.06E+00 89
Sb-125 ' 6.18E-02 - 2.61E-01 181 -
Cs-137 1.46E-01 2.21E-01 65
Eu-154 2.49E-02 5.17E-02 89
Fu-155 9,17E-02 1.89E-01 88
'Sr-90 5.75E+00 1.41E+01 : 105
1-129 3.00E-08
Am-241 2.51E-02 5.56E-02 95
Np-237 5.16E-06 R
Pu-238 8.77E-06 2.00E-04 974
Pu-239+240 1.83E-02 1.73E-03 4
Cm-242 2.06E-04
" Cm-243+244 1.07E-04 2.62E-04 104
U 2.95E+00 1.49E+00
U-234 1.96E-04 9.88E-05 22
U-235 2.31E-02 1.17E-02 22
U-236 1.32E-03 6.66E-04 22
U-238 : - 2.93E+00 1.48E+00 22
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- APPENDIX A

Chemical Data







Washed Solids Melter Feed MF Supemate Glass
(WI%)  (wit oxide)  (reproducibity) | iwtte) _ twite oxide)  (reproducibitity) [ (upiml)  creproducibiti) | (wit) (Wi% oxide) __ (reproducibility)

Ag (0.048) 0.58 6% 0.056 0.2 10% 48 % 0.091 0.098 o
Al 0.802 17 % 136 67 1% 2 13% 27 52 %
As <0,038 <} < NM <3 0E-02 <0. NM 40 NM 0.063 0.084 NM
B 2.0E-03 0.073 <0.5% 0.98 82 39% 150 8% 29 93 <0.5%
Ba 1.5E-02 0.19 9% 0.022 0.1 4% .27 113% 0.091 0.1 1%
Be 0.0E+00 <00 NM 000038 0.0 NM 0.06 NM 7.0E-04 - 0 4%
Ca 6.2E-02 098 NM 0.33 12 66% 240 N% 3.02 1.65 NM
cd 0.10 13 % 0.149 0.4 3% 590 % 0.30 <0.5%
Ce 0034 047 27% <4 0E-02 <0.} NM 59 NM <0.19 <2 NM
Co 0,021 033 54% <7 4E-02 <0.3 NM 63 NM <5.5E-02 <3 NM
cr 0.047 0.77 6% 0.073 03 <0.5% 29 1% 0.136 02 1%
Cu 8.0E-03 o <0.5% 0010 00 5% s0 28% 0029 0.04 %
Dy 1,5E-03 0019 T 6% <2 6E-03 <001 NM 047 NM <1 3E-02 <02 NM
Fe 23 - 38 7% 32 12 : 1% 34 12% 68 97 <0 S%
K 0.080 1.09 NM 108 34 NM 17000 3% 1 21 NM
La 0045 0.60 9% 0060 018 3% 92 s on 04 2,
L 0.0 <0l NM 053 3u ™, s So e LRLY -0 S
Mg 0.013 0.24 15% 016 v6s 3% 63 1, " v NTELN
Mn 010 186 8% 01s 063 1% 400 ave .09 047 1~
Mo 2,0E-03 0034 <0 $% <3.3E-03 <001 NM 030 NM 00033 <003 NM
Ns 0.97 1s NM 32 1 T ONM 29000 6% 714 9.6 NM
Nd 0044 0358 18% - 0046 014 16% 4s NM (01h 0.13 9%
Ni 0.080 115 NM o1 * 041 NM 19 3% 0.24 0.30 NM
P 0.10 29 32% 19 3E-02) 0.5% ™ 14 NM <0.5 <11 NM
Pb 0073 - 088 7% 0091 02s 8% a2 NM . 0.19) o1 10%
Re 0.0 <01 - NM <3 7E-03 <001 NM 0.49 NM <2.1E-02 <03 .NM
Rh 0.0 <08 NM <2.]E-02 <0.07 NM 6.4 NM <0.12 <2 NM
Ru 0.0 <08 NM <9.2E-03 <0.03 NM 36 NM <$.3E-02 <07 NM
Sb 0.0 <6 NM . <018 <0.6 NM 5.3 NM <8.9E-02 <1 NM
Se 0.0 <2 NM <$.1E-02 <0.2 NM 9.4 NM <0.18 <3 NM
Si 0.17 42 % 19 44 38% 120 26% p] 48.1 0%
Sr 0,011 0.14 10% 0.014 0.0 18% 36 4% 0.033 0.039 %
Te 0.0 <l NM <1.8E-02 <0.06. NM 26 NM <1.7E-02 <02 NM
Th (0.019) 0.24 2% <2.4E-02 <0.07 NM <07 NM <024 . <3 NM
T 4,0E-03 0.076 <0.5% 0.024 0.10 37% 0.23 NM 0.069 012 2%
n 0.0 <1.4 NM <0.43 <13 NM 21 T NM <0.6 <7 NM
u 0,30 39 24% 047 1.4 . NM 670 1% <14 <16 NM
v 0.0 <01 NM <1.7E-03 <0.01 NM 0.67 5% <1.3E-02 <02 NM
2n 0.014 0.19 7% - 0.020 0066 8% 17 66% 0.0921 0.115 1%
Zr 0.1 77 NM 0.72 2.5 NM 1.0 45% 1.5616 21 NM

Washed Solids Formated Shury Melter Feed

(wi%) tp/100g Oxsde)  trep odumblg_ml (W% 1271002 Oxidet _treproducibil .-I W) (/100 Oxade) _(reproducibility)

NO; 0.40 6.09 NM 0.156 145 NM 0253 062 NA
NO, 0.41 6.24 NM 0.633 90 NM 0594 146 NA
F 0.013 0.20 NM 07 690 -ONM 0933 b NA
(=) 0,003 0.05 © NM 078 727 NM 0933 239 NA
so.? 0.106 1.61 NM 0136 137 NM 0191 047 NA
PO,”’ 0.02 0.24 © NA <0.039 <36 NM <0 0038 <001 NA
TIC 013 1.97 NM < 0.00008 <0.0008. NM 0037 0.09 254
TOC 0.64 9.70 NM 0.0066 0.06 NM 084 2.06 L T%
TC 0.77 11.67 NM 0.0067 0.06 NM 0.87 213 %
pH 12.6 N 53 53

Washed Solids Formated Sturry Melter Foed MF Supemate Glass
density (g/mL) 1.04 . ’ 11 147 1.09 2.56
8 TO/L (meas) [ 118 600 NM 2560
g TOL (by ICP) 98 NM 560 19 3%
Fe(llyFe(lll) 0.026
Notes: 1, “wt%® = g analy1e/100 g sample; *wi% oxide® = g analyte 0xide/100 g total 0xide; “g/100 g 0xide™ = g analyte/100 g sampie.

Table A.1. Chemical Composition of 101-AZ Core #1 Process Solutions and Product Glass

2, 'vn'/.o:dda'mu!mluedmwwdanmmdwamwmﬂyﬁacqtr«hghm:mpkw@uimdfwwm&

3" ducibility” = ( janalysis 1 - 2|/ (sralysis | + analysis 2 )/ 2 ) x 100%.
4, ﬂC-Toulmpxuarbon Tm-mmmmrc-mmnm-wm
5. *g TO/L (meas)” = g tota) axides] d by calcined weight; °g TO/L (cale)® = g total axide/liter calculsted from ek ] analysis dats.

6. The glass ICP data as reported in this table is from the set 1 analysis  More detaiicd analysis can be found in Table A.6.
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Table A.2. Chemical Composition of 101-AZ Core #2 Process Solutions and Product Glass

‘Washed Sobids Melter Feed MF Supernste Glass
(Wi%)___(with oxide)_(reproducibliy)  (wit) _(with oxide) (reproducibliny)l  imh) | (wi%) (wt% ooide) (reprodocibiey)
Ag 0.017 0.11 31% (0.029) 0.04 4% <22 (0.026) (0.028) NM
Al 084 9.0 18% 1.25 27 oo <7 1.53 29 0.2%
As <0.024 <18 NA «<0.098 <0.} NA <11 (0.047) (0.06) 43%
B <0.020 <36 NA 2.2 75 T% 680 22 7.1 ose
Ba 0.044 0.28 20% 0.067 0.086 1% 030 0.11 0.12 13%
Be 4.1E-03 0.064 156% 1.20E-03 <6.4E-4 haad (] 9.0E-04 0.002 “%
Ca 0.19 15 58% 0.36 [1 )2 NA 84 0.5638 1.0 NM
c 0.51 33 20% 0.75 1.0- 1% <l.1 0.69965 0.20 soe’
Ce <D.046 <32 NA <024 <3 NA <K <0.19 <2 NA
Co <0.059 <47 NA <0.46 <7 NA <31 <0.55 <3 NA
Cr 0.018 0.15 16% - (0.032) (0.054) 6% <33 (0.037) (0.08) 3%
Cu 0.019 0.14 4% 0.07 0.07 59% <22 0.034 004 %
Dy <2.8E-03 <018 NA <0.018 <020 NA <2 <0.013 <02 NA
Fe 5.6 45 20% 82 13 2% (2.3) 8.1 12 haded
K <0.10 <n NA (1.5) 2.0) NA 6500 (1.4) an NA
Ls 0.27 1.81 20% 0.40 0.53 2% <22 0.39 0.46 %
L <3.1EQ3 <038 NA 25 6.0 1% 1400 27 5.7 3%
Mg 0.032 030 2% 0.062 0.087 5% 14 0.065 on 2%
Mn 0.085 0.76 18% 0.13 0.24 10% 0.20 0.13 0.20 5%
Mo <2.1E-G3 <07 NA <0.014 <025 NA .5) (4.4E-3) 6.6E-03 NA
Na 1.4 n NA 4.6 68 NA 1300 4.6 62 NA
Nd 0.17 1.1 19% (0.26) (0.34) 4% <11 025 0.29 28%
Ni 040 29 NA 0.58 0.79 NA <2 0.5 0.70 NA
| 4 <0.19 <24 NA <0.42 <1l NA <46 <0.5 <l.1 NA
Pb (0.022) 0.14 35% «<0.074 <092 NA <1.7 <0.1 <1 NA
Re <4.3E-03 <029 NA <0.017 <023 NA <2 <0.021 <03 NA
Rh <0.027 <19 NA <0.13 <19 NA <14 <0.12 <2 NA
Ru (0.045) 0.34) 3% <0.078 <12 NA <38 <0.053 <07 NA
Sb <0.079 <33 NA <0.12 <24 NA <13 <0.089 <1 NA
Se <0.026 <21 NA 0.30 0.49 NA <13 <02 <3 NA
Si 022 27 21% 21 50 10% 170 px 48 hidd
S 0.031 0.21 3% 0.046 0.06 1% 1.2 0.046 0.054 11%
Te <0.017 <12 NA <0.072 <10 NA <17 (0.043) 0.054 NA
Th <0.033 <21 NA <0.18 <u NA <20 <0.24 <3 NA N
Ti (3.8E-03) 0.036 37% 0.014 0.027 NA <11 (0.02) 0.03 NA
T <0.42 <L? NA <34 <44 NA <70 <0.6 <7 NA
U (0.41) 27 4% [¢%)] 3) 25% (370) Qan 2.0- NA
v <QAE-03 <020 NA <0.012 <020 NA <l.}1 <0.013 <02 NA
Zn 0.011 0.079 4% 0.05 0.07 1% : <11 0.066 0.1 ™
Zr 21 16 NA 33 $2 NA B (¢ %)) 34 46 NA
density (g/ml) 110 1.20 1.04 267
g TOA (mess) 122 479 NM 2670
£ TOA (cake) 12 1030 2450
Fe(LlYFe(Ill) 0.058
‘Washed Solids Formated Sty MF Supernats Melter Feed
with 100 Oxide’ i Wit 100g Oxide 3 Jenl wit% Oxide
NO2- 0.61 368 NM 022 240 NM 0.14 0.14 NM NM
NO3- 031 1.87 NM - 00N 0.77 NM 020 0.20 NM NM
F- 0.026 0.16 NM 0.12 1.42 NM 0.3 0. NM NM
a- 4.0E-03 0.02 NM 0.54 588 NM 12 12 NM NM
S04-2 0.15 050 NM 0.084 1.00 NM 0.2 NM NM
PO43 0.031 0.19 NM <0.004 <0.01 NM 0.028 NM NM
TIC 0.076 046 12% 0.078 0.8s % NM
TOC 0.042 02$ 31% 031 338 % NM
TC 0.12 072 19% 039 425 9% ) . NM
pH 127 T 40 NM 94 .
Notes: 1. "wt%® = g analyte/100 g sampic; “wi% cxide® = g enalyte axide’100 g total oxide; “g/100 g oxide® = g analyte/100 g sacmple.

2. 'vﬁ‘cxidu’mMMW@nMWMWM&h#MWWEM&&@&
3. Reproducibility = (| enelysis 1 - analysis 2| / (analysis 1 + analyzis 2))/2 x 100%

4. TIC = Total inorganic carbon; TOC = total orgasic carbon; TC = total carbon; NM = aot measred.

$. *g TO/L (meas)” = g total oxides/liter meanured by calcined weight, g TO/L (cak)” = g total cxide/liter calculated from elemcotal snalysis dats.
6. *** * * indicates that the reproducibility was Jess than 0.5%. .

7. The giass ICP data &3 reported in this table is from the set 1 snalysis. More detailed snalyses can be found in Teble A7



WahedSolids WS Condensate Formated Shumy FS Supamatr MF Superrate Glas

twrh)__ (wiwonide) (reorodueittyr | et | wite) Wheouder  uneproducibilioy: | wymt ¢ ity | ugrmn (wih)  (wiwond)  ( iiey)
AS 0.0)7 0ls 1% <81E-03 $.3E-0) 0.074 (23 NA NA <0E-03 (0.014) (0.016) %
Al 1,375 s % <0.19 1.2 18 ™ 110 26% <018 334 €3 1%
A <0.0) <0.14 NA <01l <0.020 <0.22 NA NA NA ©.11) <a.0} NA NA
B <0.02 <0.54 NA (0.109) (0.012) 0.34) NA n O 20 41 13 3%
Ba 0.014 0.14 S (0.01) 0.015 .13 3% 39 0% 0.03 Q033 @037 %
Be 4,13E-04 ao10 3% <3.3E-03 <62E4 <0.014 NA 02 % <3.0603 <TE03 -~ NA NA
[~ ] 0.113 14 43% 0.60 0.066 0.76 b 4 0.02% (%] ¢34 048 30%
[~ ] 0.361 37 9% <74E-03 ols 36 % 2600 .15% o33 o b} 9%
Ce <0028 <0.26 NA <l <0.020 <0.21 NA NA NA <210 <a.f (L] NA
Co <0009 <0.51 NA <19 <0.037 <043 NA NA NA <0.19 <) NA NA
Cr 0.035 045 0% <0012 [11] 03?7 3% 28 0% <0.011 0.083 12 2%
[=1] 0.016 ol 8% <9.2E-03 (4.9E0-3) ° {0.08) 20% os - <9EL3 (0.015) [CX21)] ”6
Dy <0.00) <00} NA <3.3E-03 <).0E-03 <9.9£-03 NA NA NA <S.CE-03 <0.07 NA NA
Fe 3122 40 ~ <ol 29 3s % 21 % 016 73 n 1.9%
K <008 <0.79 NA <033 <0.062 <0.63 NA 260 % 20 <1 NA NA
La 0.109 1.14 % <0013 ‘ 0097 0.9¢ % 26 0 <0032 033 a3? 0.9%
7] <0,005 <0089 NA <77E-03 <).SE-03 <0026 NA NA NA 220 22 4 0%
Mg 0018 036 % 009 0024 032 14% 180 Q0% 23 <l on NA
Mn 007 09 L 00) oo 1.1 ko 550 0.2% 0.08 23] (3] ”
Ma <0003 <0038 NA ., <0013 <23E-03 <0031 NA NA NA (0.0 <0.04 NA NA
N 1018 12 NM 34 20 2 % 22000 0.3% 2000 X 23 NA
N4 0,083 09 2% <0.082 vos2 vel b3 NA NA <008 (0.13) @1 ™
N 0218 2 NM o1l <vul2 20 NA 620 007 09? 0s4 0.69 NA
P <012 <09 NA <064 <9 §E.03 <23 NA NA NA <u 6} 1024) (035 %
P 0.0}6 038 1% <008 woh ws 2% NA NA <1033 <009 on NA
Re  <0.004 <0038 NA <wol¥ <3 4E-03 <ha3l NA NA NA <u 01~ NA uw) NA
Ry  <00)2 <012 NA <uogs <vule 178 b LY NA NA UL “ud SA NA
Ru <0012 <013 NA <o g i b SA NA was [ g NA
-] <0.042 <042 NA <uyse <9 3Eus w3 NA 32 L “ux "o A NA
S <00Is <0.21 NA <06 <vo3n <n3s NA NA NA s cu) NA NA
EY 0124 24 2% 32 043¢ Y] I 44 an 24 2 £ 1.3%
& &10E-03 009 & <4 OE-4 TIEVS g 3% 3 Ui ('R b woin ©ox 23%
Te <0018 <019 NA <0099 <vuly <v.19 ) NA NA NA <09 <u? vos NA
Th <0.02) <0.20 NA <0076 <0014 <014 NA NA NA <0.073 < NA NA
R 0.004 0.053 3% <3 6E-03 {4.5E-03) 0 ué2) tol NA NA <3.E0) oo03s 0.059 e
n <018 <L NA <0.57 <01} <1.0 NA NA NA <0.55 <0.6 NA NA
u 0.300 32 NM <0.56 <01l <o NA N0 0.05% 1? Q oS NA
v <0002 <0026 NA <9 4E-03 <1.82-03 <0.022 NA NA NA <9 E-03 <01 [T NA
2n 0.010 on a™e (o) 303 0098 3% 4.1 @ €00.01) <0.03 002 NA
b/ 0.528 [] NM <71.9E-03 0338 - &0 ™ NA NA .03) 14 19 NA

Wahed Solids W3 Condarmate Formated Shaty Melter Feed

(Wi} 100g Ongde) (m%) Oxide) i) )
NO; 0308 1.59 106 o018 0.65 LM% M
NO, 0.076 0.69 7.3 0168 122 <0.9% " ONM
F , 0.008 0.07 <033 <0.12 <09 NA NM
cr 0,002 002 <0.25 <0.04 <02 NA -
o) oot 0.64 <0.8 e.013 010 1% “NM
ro’  oon 019 <03 <0.005 <04 NA N
ne 0.303 273 . NM 0007 0.05 <0.5% N
T0C o.l08 098 N L 246 11.2% b
TC 0303 7 N 112 33 113% ™
H N M 30 8

Washed Selids Formated Slarry FS Supamate - Meiter Feed MF Suparmate [« 3

dermaty (giml) P11 B 112 103 134 103 254
8 TOL (mems) 122 147 NM S8 NM 40
sTOL y iCP) 124 134 38 . NM L] 2830
Fe(lIyFe(lll) - V04T

Table A.3. Chemical Composition of 102-AZ Core #1 Process Solutions and Product Glass

Nea: |, "\ﬂt'-.mdloo;m%u‘f-.m«mutwuaon‘:‘ylw'mkr';-bwlnup-r.k

2 mdﬁ‘ndﬂuﬂmmd“-mnmlmwfn-nmmwn“huﬂm
3 ww-(ml--uyﬁaumh—»ﬁ-nnulm

4. TIC = Total inorganic cardor TOC = total argansc carbors TC = total carbors NM = met mensared.

3. -.mw-r-.wwumuww-m'noa.(mr-.w ide'l iculated from el f anelysis data.
[ 3 w-uwmm-—wnmwr«mmmdmm.muum.
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a
TIC
TOC
T

denaity
TOx (tmess)
TOx (cake)
pH

Notes: ). "wi%® =g analyte/100 g sample; ww-.mm@gwwg °g/100 g oxide” = g analyte/100 g sample.
2 *wi% oxides”® are calculated using total cxides a5 measured by elemental analysis except for in glass where sacuple weight is weed for total axides.

Table A.4. Chemical Composition of NCAW Simulant Process Solutions and Product Glass

‘Washed Sobids

Melter Feed Shurry (Run 2)
(w1%) (wt%hoxide

(w1%) _ (witoxide) |
<DL

0302 10
<0016 <DL
0.0049 028
0.0224 0.44
<AE-0 <DL
00251 062
0129 26
0038 076
<LE® <OL
0.026 068
00172 038
<RE-03 0

134 34

NM <0L
0.0405 0ss
0.0028 o1
o1 050

- 0.0416 117
0.052 14
0674 16
0.162 34

123 28
.02 <DL
w012 <DL

NA <DL

NA <DL
(0039 o
<0010 <DL

NA <oL
0.145 ss
0.0149 031
<0.01 <DL

NA <DL
00023 0.068

NA <oL

NA <DL
<2Em <DL
0.0101 023
<4E83 0.00

07 17

Washed Solids
wi%  g/100g oxide

039 593

04 609
0.009 013
<0019 <029
0138 21
0011 .02
0.149 23

n

n

131

10

'Y

NA NA
0.61 32
<DL <DL
13 12
0.041 0.13
NA NA
027 1.05
022 o7
0.061 021
<DL <DL
0042 017
0034 0.12
NA NA
- 23 9.1
0.4 1.34
0.12 038
0.68 4.1
02 094
0.067 030
0.096 0.40
27 10
03 0.96
02 0.72
NA NA
<DL <DL
<DL <DL
<DL <DL
0.056 020
<DL <DL
<DL <DL
82 49
0027 0.089
<DL <DL
<DL <DL
0.024 ol
<DL <DL
<DL <DL
<DL <DL
<DL <DL
<DL <DL
13 5
Formated Shery
(Run3)
"% 2/100g oxide
<0.045 <03]
053 368
0.028 0.19
<0018 <0.12
061 426
0.16 152
077 538
L1
161
69

bysis 21/

Melter Feed Shary
(with) wi%oxide!
NA NA
08% 0.415 22
NA NA NA
&% 13 12
2% 0.027 0.085
NA NA NA
15% 0.24 093
3% 0.15 048
o.T% 0.043 0.15
NA NA NA
9% 0.029 0.12
0.9% 0.022 0.076
NA NA NA
3% 1.5 60
NA NA NA
0.9% 0.077 025
8% 0.63 38
3 0.19 0s8
% 0.045 020
1.5% 0.06 025
NA 24 9.1
1.4% 0.19 0.64
NA NA NA
NA NA NA
NA NA NA
NA NA NA
NA NA NA
% 003 ol
NA NA NA
NA NA NA
2% 99 @
0% 0018 0.06
NA NA NA
NA NA NA
18% 0.025 012
NA NA NA
NA NA NA
NA . NA NA
% 0.013 0.046
NA NA NA
NA 08S$ 32
Melter Feed Shurry
(Run 3)
wt%  g/100g oxide
<0.038 <on
037 1.08
0014 0.04
<0015 <004

029 086

ol o3t

04 117

128

a8

86

Jysis | + analysis 2))/2 * 100%.

3. “reproducibiity” = (|

ysis 1

4. TIC = Total inorganic carbon; TOC = tota arganic cacbon; TC = total earbon; NM = not messured.

. *g TO/L (meas)" = g total cxsdes/ter messured by calcined weight; *g TOVL (calc)® = g total oxide/liter calculsted from elernental analysis data

A4

Melter Feed
Supernate

NA
<06
<16

240

131

<0.04
1
<0.08
<08
<02
<04
19
<0.08

22

100

<0.16

29

.45

027

450
13000
<04
<04

<2

<01.2

NA

NA

46
<1.0

NA

-

34
<12

NA
<04

NA

NA
<02
<4

<4
039

NA
11
0.085

10
0.4
017
007
015
0.09
NA
62
07
0265
36
09
036
024
88
082
051
NA

NA
NA
02

NA
NA
532
0.1

NA
0.1
NA

0.05
0.15

$5

3



Ba
Be
Bi
Ca
Cd
Ce
Co
Cr
Cs
Cu
Dy
Eu

Ls
L
Mg

Mo
Na
Nd
Ni

Pb
Pd
Re
Rh
Ru

Sn
Sr
Te
Ti

Zr

TOC

dersity g/

Table A.5. Chemical Composition of 102-AZ Core #1 Simulant Process Solutions

TOx (mase)

TOx (by T

Hotes;

Washed Solids | « Formsted Siurry N
Target Measured Anslysis 1 Analysis 2
{wt%oxide} wtSoxide) |  (wi%) {wt % oxide) {wt %) {wi%oxide)
0.14 0.13 0.02 o 0.01 0.07
19.64 18.72 1.4 20.7 1.4 18.3
0.34 NA
0.12 0.11 0.016 0.1 0.02 0.14
NA
0.80 0.84 0.088 1 . 0.1 0.99
. 3.36° 3.26 0.49 44 0.43 3.46
0.26 0.02 0.21
0.0002 0
0.43 0.41 0.037 0.4 0.04 0.42
0.67
0.14 0.13 0.016 0.1 0.01 0.14
NA
36.18 36.01 3.39 37.9 356 34.48
0.1 1 .
1.04 0.11 0.9%
NA
0.33 0.17 ,0.028 0.4 0.03 0.36
0.89 0.83 0.088 1.2 0.086 0.91
NA
256.78 2.24 23.6 2 19.7
2.46 0.28 2.26
2,16 2.0 0.238 23 0.22 1.97
1.80 1.63 0.032 0.6 0.24 3.87
0.32 0.28 0.041 0.3 0.08 0.28
0.13
0.03 NA
0.1
0.43
2.03 0.38 0.012 0.2 0.42 8.19
0.07 0.07 0.01 0.07,
0.17 0.02 0.14
0.03 0.001 0
NA
NA
0.07 0.08 0.0086 0.1 0.08 0.68
6.79 1.04 0.14 1.6 0.44 4.15
Washed Solids Formated Slurry
Target Messured
| (9/100¢g oxide) l (9/1009 oxide) | __ (wt%)__(g/1009 oxide) (reproducibility) .
0.6 8.76 T8D T8D T8D
7.76 NM T8D T8D T8D
0,086 NM T8D T8D T8D
0.032 0.046 T8D TBD T8D
0.68 0.57 T8O TBD T80
0.17 ,2.05 78D T8D T8D
0.72 NM T8D T8D T8D
0.868 0.88 TBD TBD TBD
1.68 KM T8D TBD TBD
' 10.8 T8D T8O T8O
Washed Solids  * Formated Slurry
Analysie 1 Analysis 2
1.14 1.14 1.14
147 147
126.00 146 182

1.
2,
3,
4.
S,

“wt%® = g snalyte/100 g sampls; ‘wt% oxide® -om»u.us.noo.wm--d. *0/100 g exide® = g snalyte/1 00 g sample.

“wi% oxides’® sre salouisted uunqloulnduu ‘by L
y* = {|analysim 1 - io 2] /lanslysin 3 + #2)/2)x100%.
TIC-Tculmvolmoulban,Toc-maI gank bon; TC = totsl earbon; NM = not d.

‘g TON imeas)” = g tota!

d by

d weight; °g TOA (cak)* = gtotsl

FS Supernate
/g} eproducibility)
<.06 NA
<.3 NA
6.8 2%
0.37 25%
<.03 NA
<.80 NA
22 79%
0.18 NA
<4 NA
<.10 NA
<.20 NA
0.31 NA
<.08 NA
<.04 NA
4.9 2%
86 81%
<.10 NA
<.06 NA
es 8%
0.12 NA
<.1 NA
28000 3%
16 NA
3.7 17%
12 0.6%
<.8 NA
260 3%
11 18%
1.3 NA
1.4 4%
<.6 NA
<.03 NA
<.1 NA
<.03 NA
10 21%
10 . 7%




Agy0
Al,0;
As;05
B0,
BaO
BeO
Ca0
Cdo
CeO,
Co,0;
Cry0;
Cu0
Dy,0,
Fea0;
K,0
La,0;
Li.0
MgO
MnO.
MoO;
Na,0
Nd,0;
NiO
P.0s
PbO
ReO,
Rh,0;
Ru0;
Sb,0;
Sc0,
SiO.
SrO
TeO,
ThO,
TiO;
T1,05
U0,
V.0;
Zn0

S0,
Totalf

Notes:

Table A.6. Chemical Composition of 101-AZ Core #1 Glass

(Set1) (Sa12) Setl) (Set2) (Set1&2)  (Set2)
Na;0: Nay0; KoH KOH Na’K Ave. HF Adjusted Standard
(wi%ooxide)  (wi%ooxide)  (wi% oxide)  (Wi%eoxide)  (wi%e oxide) (W% oxide) (W% oxide) Deviation® %RSD
0.11 0.1 0.09 0.10 0.10 0.11 0.10° 0.010 9.34
5.13 5.03 5.28 493 5.08 5.22 522" 0.137 2.70
9.26 9.35 9.34 9.20 9.29 NA 9.68° 0.069 0.75
0.05 0.05 0.05 0.05 0.05° 0.00 0.00
0.0024 0.0019 0.0013 0.0017 0.0018 0.0023 0.002° 0.0005 25.06
0.90 0.74 0.98 0.65 0.82 0.97 097 0.150 1832
0.30 0.3] 0.30 0.31 0.30 0.33 0.30° 0.006 192
0.14°
) 0.10°
0.20 0.20 0.19 0.19 0.20 0.20 .0.20° 0.006 2.96
0.04 0.03 0.03 0.02 0.03 0.02° 0.006 28.87
) ’ 0.06°
9.64 9.79 9.61 9.64 9.67 10.18 1018 0.081 0.84
2.08 2.15 N/A N/A 2.12 2.03 2.12° 0.049 234
0.15 0.14 0.14 0.14 0.14 0.15 0.14 0.005 3.51
3.42 345 3.49 339 - 3.44 3.56 3.5¢" 0.043 1.24
0.73 0.73 0.73 0.72 0.73 0.77 077 0.005 0.69
0.46 0.47 0.46 046 0.46 0.48 0.48° 0.005 1.08
0.01 0.01 0.01 0.01
N/A N/A 9.39 10.18 9.79 10.68 9.79" 0.558 5.70
0.16 .16 0.11 0.11 0.13 0.20 0.16*° 0.029 2221
0.26 0.31 NA NiA 0.29 0.29 0.29" 0.035 1241
' 0.55 0.55*
0.25 0.2 0.17 0.17 0.20 0.21 0.20° 0.038 19.15
0.01
0.09
43.14 T 49.56 T 4786 48.75 48.58 46.43 5197 0.754 1.55
0.03 0.04 0.04 0.03 0.04 0.04 0.04" 0.006 16.50
0.07
0.12 0.13 0.11 0.11 0.12 0.12 0.12* 0.010 815
0.69 0.414
0.05 0.01 : 0.01 0.03 0.05 008 0.023 76.98
N/A N/A 2.11 1.88 - 199 197 . 199 0.163 817
. ) 0.40°
93.01 94.96 92.74 93.46 93.58 94.76 100.07

a. Analysis by ICP-ES (Na,O» and KOH fusion/dissolution) preparation methods.
b. Analysis by ICP-ES (HF digestion) preparation method.
¢. Value calculated from washed solids analysis (same method as "a"). Below detection limits in glass.
d. Analysis by fluoresence (typically fluoresence would be used for U; however, the number appended
would be a flier when compared to leached uranium in Core | and Core 2 and ICP-ES analyses

in glass and washed solids. :
¢. Adjusted value by dividing ICP-ES (N2,0,. KOH) result by % yield of constituent determined

by ATM-10 and NBS 688 analysis.
f The totals includes values obtained from altemate preparation technique for elements lost during preparation.
g The standard deviations are based on the number of Na,0, and KOH samples present.
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Agy0
Al;0,
Asy0y
B,0,
BaO

Ca0
Cdo
Ce0,
Co,0,
Cr;O,
CuO
Dy,0,
FC:O 3
K;O
Lay0,
Li;O
MgO
MnO,
MoO,
Na,O
Nd.0,
NiO
P,0;
PbO
ReO,
Rth;
Ru0,
8b,0;
§¢0,
Si0,
Sro
TeO,
ThO,
TiO,
Th0,
U,0,
V10,
ZnO
Z0,
S0,
Totalf

Notes:

Table A.7. Chemical Composition of 101-AZ Core #2 Glass

(Set1) (Set2) (Set1) (Set2) (Set 1&2) (Set2)
Na,0, Nay0, KOH KOH Na/K Ave. HF - Adjusted Standard
(W% oxide)  (wi%oxide)  (wi%ooxide)  (widooxide) (wi%oxide) (wi%oxide) (W% oxide) Deviation* %RSD
0.03 0.04 0.03 0.03 003 003 0.006 1732
2.89 2.80 2.90 2.79 2.85 3.16 2.85* 0.058 2.04
7.12 7.05 7.14 7.00 7.08 7.38° 0.065 0.91
0.07 0.07 0.07 0.07 0.07 . 0.07 0.07* 0.000 0.00
0.003 0.0046 0.0021 0.0032 0.0032 0.0036 0.003* "0.001 32.06
0.27 ©0.33 0.34- 0.29 0.31 0.35 0.35" 0.033 10.74
0.79 0.80 0.80 0.80 0.80 0.85 0.80° 0.005 0.63
0.13
0.06 0.07 0.05 0.05 0.06 0.06 0.06* 0.010 16.65
0.04 0.04 0.0] 0.03 0.03 0.04 0.03* 0.015 46.15
11.45 11.73 11.41 11.85 11.53 12.25 12.25° 0.143 1.24
1.65 1.65 1.55 1.65°
0.46 0.46 0.45 0.45 0.46 . 047 0.46° 0.006 1.27
5.68 5.72 5.84 5.59 5.71 5.94 594" 0.104 1.83
0.08 0.10 0.07 0.08 0.08 0.12 0.12° 0.013 15.25
0.20 0.20 0.19 0.21 0.20 0.21 0.21° 0.008 4.08
0.01 ) 0.01 .
5.97 6.50 6.24 6.83 6.24" 0.378 6.06
0.46 0.45 0.35 0.41 0.42 043 0.42* 0.050 11.96
0.66 0.72 0.69 0.71 0.69" 0.042 6.15
0.88 0.88"
0.13 0.09 0.11 0.09 0.11* 0.028 25.71
0.09°
47.90 51,30 48.09 S 49.60 48.39 53.09° 1.857 3.74
0.05 0.05 0.05 0.05 0.05 0.05 0.05* 0.000 0.00
0.05 0.0 0.08 0.08"
0.03 0.03 0.24 0.08" 0.04 0.08* 0.121 151.58
2.03 1.39 1.71 1.01 ’ 1.71* 0.453
0.02 0.02 0.03 0.02 0.02 0.02° 0.006 24.74
4.58 4.26 4.42 441 . 4.42° 0.226 5.12
) . 032° )
92.70 94.28 ) 90.61 ‘9238 94,29 95.17 10031

a. Analysis by ICP-ES (Na;0, and KOH fusion/dissolution) preparation methods.
b. Analysis by ICP-ES (HF digestion) preparation method. .
¢. Value calculated from washed solids analysis (same method as"a"). Bclow detection limits in glass.
d. Analysis by fluoresence (typically fluoresence would be used for U; however, the number appended
would be a flier when compared to leached uranium in Core 1 and Core 2 and ICP-ES analyses

in glass and washed solids.
¢. Adjusted value by dividing ICP-ES (Na,O,. KOH) result by % yield of constituent determined

by ATM-10 and NBS 688 analysis.
f. The totals includes values obtained from altemate preparation technique for elements lost during preparation.
g The standard deviations are based on the number of Na,O; and KOH samples present.
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Table A.8. Evaluation of Sample Preparation Methods Using ATM-10 Glass

(Set 2) (Set 2) {Set 2) (Set 2) McC
Na,0, KOH Na/K Ave. HF Measured % Yield® % Yield®
(wt% oxide) (wt% oxide) (wt% oxide) (wt% oxide) (wt% oxide) Na/K Ave. HF
Ag.0 0.01 0.01
A1,0, 6.33 6.34 6.34 6.77 6.65 95% 102%
Asz04 ‘
B,03 8.82 8.79 8.81 9.17 96%
BaO ' 0.03 0.05 . 58%
BeOD
Ca0 0.28 0.26 0.27 0.60 0.60 45% 100%
Cdo . :
CeO, 0.07
Co;O; T N
Cr,0, 0.27 0.26 0.26 0.13 0.24 111% 54%
Cu0 0.01 0.01 0.01 0.01
DY203 .

Fe,0, 10.89 10.88 10.89 11.35 11.53 94% 98%
K20 3.37 3.37 3.22 3.34 101% 96%
La,03 0.03 0.02 0.03 0.02 0.03 102% 86%
Li0 2.72 2.70 - 271 2.85 2.88 94% 99%
MgO 1.09 1.09 1.09 1.16 1.185 95% 101%

MnO, 1.2 1.21 1.21 1.24 1.29 93% 96% ’
MoO5 0.01 ,
Na,0 10.88 10.88 11.45 10.53 103% 109%
Nd,03 0.17 0.14 0.16 0.18 0.17 92% 107%
NiO 034 0.34 0.30 0.30 116% 101%
P,0s 1.81 2.22 2.02 2.61 2.34 86% 111%
PbO 0.02 0.02 0.02
ReOz
Rh203 0.01
Ru0, 0.06
Sb,03
Se0, 0.09 ) 0.09 0.09
Si0, 42.94 42.75 42.85 41.44 45.84 94% 91%
St0 0.03 0.03 0.03 0.03 0.03 107% 112%
TBO) 0.05
ThO, 3.14 3.13 3.14 1.62 3.29 95% 49%
Tio, 0.90 0.88 0.89 0.93 0.86 103% 108%
Ti,05 '
U50g . ' 0.53
V503 0.01 0.01 0.01
Zn0
210, 0.40 0.40 0.31 0.25 162% 124%
S0, 0.307

Total® 95.76 85.70 95.82 96.24 101.52

Notes:  a. The totals includes values obtained from alternate preparatiori technique for elements lost during preparation.
b. % Yield = (Analytical Measured/MCC Measured) x 100%.
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A°20
A1,0;
A8203
8203
BaO
BeO
Cal
Cdo
CB°2
CO;O:
CI'203
CuO
Dy20;
Fé,04
K20
L820:|
Li,0
MgO
MnO,
M003
Nazo
Nd,0;
NiO
P20s5
PbO
R902
Rhy03
RU°2
Sb,03;
5002
Si0;
Sr0
} TQOz
ThO,
. TiO;
Tl,0;
U30g
V,0,
Zn0
ZrO,
S0;
Total®

" Notes;

Table A.9. Evaluation of Sample Preparation Methods Using NBS Basalt 688 Standard

(Set 2) {Set 2) {Set 2) {Set 2) NBS
Na,0, KOH Na/K Ave. HF Comp. % Yield® % Yield®
{wt%) {wt %) {wt%) {wt%) {wt%) Na/K Ave. HF
15.94 16.06 16.00 8.26 17.40 92% 47%
0.01
11.25 11.27 11.26 5.91 12.20 92% 48%
0.50 0.50
0.05 0.05 0.05 0.04
0.01° 0.01 - 0.01 0.01
9.59 9.69 9.64 7.22 10.40 93% . 69%
0.19
7.96 8.01 . 7.99 3.22 8.40 95% 38%
0.19 0.20 0.20 0.12 0.17 115% 71%
2.21 © 2,21 1.17 2.15 103% 54%
0.02
0.34 0.14 243%
0.12 0.12 0.01
0.01
0.07
45.40 43.56 44.48 42.20 48.40 92% 87%
0.02 - 0.02 0.02 0.01
0.01
1.12 1.11 1.11 117 1.20 93% 97%
0.03 0.03 " 0.03 0.03
93,89 92.72 69.83 100.65

a. The totals includes values obtained from alternate preparation technique for elements lost during preparation.

93.31

b. % Yield = (Analytical Measured/NBS Composition) x 100%.

A9




1331 (1-DON) 351130 UORTZUNERYD) SPELIITN = 1-DDN 4591 K5ua)s1su0,) 19npalg = | )d *21qeondde 10U = YN SPOInsEsl 10U = N €
“onfea poyodal JO 531 0 JIeY] 3G PINOD IN[EA [FRISF ‘SULIONTS Yim 35U21313318 XAnTUL pry (e 1399 |0 01) €4 Adums 7

3BT 9401 ST Y20 §¥ 5q PNOD SINTEA [ETYOF SULIONY Yl 0U124131u} NUIew pey () 1593 199 101) Z§ @ TN sdums ] RPN
9£56-06 $£56-06 LES6-06 $BIE0-96  COZEO-¥6  10Z€0-¥6  002€0-¥6 (O ySoajduns
$8L2-16 2610716 0020-16 13LZ-16 6610-16 V6LE0-v6  LOZEO-¥6  90IEO-¥6  sOTE0-¥6  (doD ¥ Fodduneg
. VWN vN 00l 001 0’0l ¥N 0007 0007 000 (W) AvS
eMS-posmg  SMS-PIM  EOMS-Pam  EIMS-Pang  CIMMS-PAsnd  swjuIng sopms RIS RIS PSA Y]
15°9 oL's 9L L oL's 159 we 6L 8L Hd g
(4% L L 14¥3 u o1'e ot oL ol Hd pom
NN o > WN 4 $T0- sTo> sTo> sTe> |
WN v v WN > S0 or'l 08'l ort Jod
WN 09'9 r NN > so ot 06’1 (A4 J0s
WN [~ ore NN 052 §T°0.- 06'C or'e 00°€. . o)
NN - [~ WN T §20: or'e 05’1 067 4
WN »> r NN v St $'0> Y13 $o> SON
NN "> "> NN > S0 $°0> $'0> $'0> JON
1100 £00°0 . 5z
0L0°0 $80°0 920'0 wi'o 8£0°0 vz
T 31£0 n
7000 8000 S000 . i -
2000 2000 1oo v10'0 7100 0£0°0 s
Ly'9 Ly est N4 (474 0'9¢ 0'8¢ 03¢ IS
€220 6000 800°0 g
2
sTio SE00 ’ u
oLz 00£°0 00£'0 d
vol'o 9100 0lv'o W10 Pro’o IN
PN
09’1 63€°0 we £L 96'9 oo (14 01z 0’1z o
. tie 00r'0 o
STro 9200°0 o100 9720 FGO'0 0zZ0'0 0+0'0 020'0 U
850°0 Y200 6120 $SE0 BLE0 00£°0 N
: 08°0 9Tl 91l of'L 0oL 0s'L n
(\r4 vigo al'l or's 86 1 00'€ 00’y o> N
160°0 000 000 0020 o 008°0 Lo 0050 L2
1£0'0 100 900'0 stl'o 8100 ] n)
0100 500 9L0'0 oo 050°0 0900 0
L00'0 $00°0 F20°0 0z0°0 PO
80L°0 Lol'o £3€°0 98L°0 - $69°0 0L0°0 0t'o 0020 0090 ©
S00°0 90’0 900 [ (] L2 .
o'l 1144 ¥9°T oL 05t oLs ¢ ' 4
160°0 11 !
£90°0 £6°0 £9'1 $6't 09 0Le 00'E W m
(pw/3n) (w/sn) (nw/3n) (ru/3n) (twfn) | Gu/dn) (jw/3n) (pu/dn) (jw/an) “
g 1 yucig € sdwes T opdues | dwes I yueid £ ddweg T oidweg 1 sjdwes
(14 1531 19D 1011 1-DDN A 82 (pi 1931, 119D 101 1Dd A¥Q-L

14 210D ZV-101 10} siskjeuy 21eyora pue UoEULIOJU] 1831 YOI “01°V AABL |



(104

3L (1-DDN) 121u3D) UOHIRZUIIIEINYD) SN = [-DIIN 491 AUImIRI0D 1o0pasd = LD 214¥o1jdde 10U = YN pasmseaus 10u = NN ‘¥
"Ajpana0dsas o g0] PUT %4p01 Yep0l 8 (€ 1591 1123 1oy) ¢-| sajdwes Jof 53910533 oy1ds wasog] °g

"papodal jou 2102031 pue PIfEA 10U ¢ SYRSas AL *EONH iim pIjeunIeiu0D 53050 202 put podsuen Suunp payes) (g 1331 |19 10y) sojdwes vomry 7

"Aaemdoe posea1a0p pue (15 10§ TAXEL ‘N J0J TNT ‘Y1 %0 TAXL
‘g 10J Iaxg “2'}) M} U01313p 0) 50]2 39 0} sINruw ot Bupmed *odses payn] jo osnesaq X 0) PAR[IP sem (y) 189) |123 Joy) ¢y ojduweg °f

9£56-06 0v$6-06 6£56-06-

$8LT 16 8610-16 L8LZ-16 020-16 1020-16 16£6°€6 06£6°€6 V6166 £6€6°66  T6E6°E6
YN VN 0l 0’0l ool VN VN 000C 0002 000Z
WUIS-PINY  WMIS-paN|  Edfig-posng  edIS-pAng  wINIS-pasg  ssfuIng sRjulels  sauiEg souing sjuing
is'9 oL's 00'g - ST - #58 s sL's v8'6 88'6 €8'6
e e e 4y e £0'L £0°L 0L t0'L £0°L
NN’ [ AN 2 [ NN NN AN NN " NN
NN v AN - > v> NN AN NN NN NN
NN 099 NN > > NN NN NN NN NN
NN (23 NN 092 o'z NN NN AN NN NN
NN T NN < (43 NN NN AN NN NN
NN v> NN > > NN NN NN NN NN
NN p NN > > NN NN NN NN NN
£00°0 00t'0 00Z'0
0L0°0 $80°0 0z0'o 9100 1200 : .
6LE'0
. [AUHY) SUU0 2000 $00°0
000 (A 1] 6o0'0 600°0 £00°0
Lr9 Ly T6l o6l LT ST 069 0'89
£ZT0 L00°0 1100
tElo
. 8rZ'0 £22'0
oLy 9100 6100 6000 (403
09'1 680 F0'e 62 sL'E . . oot 06'6 ov'6
8000
1441 900'0 SOv'0 00 00 0L0'0 090'0
8500 yeon Lroy 8E0°0 £20'0
#9°1 v9°1 90T 0oz sel orl
Y4 N 1w 201 o'l
1600 ] $80°0 920°0 8£0°0 05’0 00E'0 01z 00’9 000
1£00 vioo Lo . 9000 100
0100 6l'o 6100 920°0 .
Lov'0 £00°0 osLo 0s1°0
80E°0 e 6610 8910 601°0 009’0 ooL'o 0ol 00T ool
s00'0 Y000 000 oo
621 o, L'l 00t'0 00t $E'6 006
1L0°0 .
£90°0 £19'0 1990 £0'1 009 o'y 00°s
(jwy3n) {lwyan) (jw/an) (jw/an) (win) | (u@n) (|w/3n) (lw/an) ((us/3n) (w/dn)
ey I yueig gadweg  gojdwes g ojdweg Ty 1yusig gopdwes  zoduweg | g 3jdweg
C1a 131 112D 1o 1-DON Ke(i 82 (€4 1921 119D 104} 1.0d Aeq-L

TH 210D ZV-101 40J sishjeuy Sjeydesr] pur voneuLo] 1531 Yorr] |1V A4S L

1$910N

(0D # 80y odung
(do)) § 807y ojdusg
(W AvS -
[os33A Yooy
Hd eurg
Hd jenny

id
«'0d
08

o)

4
foN
foN

ON




A1pA103d521 94,LT] PUR %41 | 359M T puB | SUR(Q JoJ 5213340001 qids vosog T

1S9, ho:o—mmn:anv pnpoyd = 1.0d 838_—&. 0oU = VN nvo._znao—: wou=KnN 'l “wo-oz
82920-56 LI920°56 9£920-56 $£920-56 ¥£920-S6 (1) 4 B0 9duneg
. 019700-56 6£9200-56 " 8V9200-56 LY9200-56 9y9200-56 {d21) # 30 spdung
VN VN 0002 0007 0002 (W) Anvs
nﬂ_cwﬂm ssaquing nwo—smﬂm u»o_nmﬂm ssquins _39> —-uwo\—
) oL9 9¢'9 176 yT6 £€'6 Hd peuzg
¥$'S bs'S 919 91’9 919, Hd jentuy
' sT0> 14D sT0> $T0> $T0> ST0> 4
$0> $°0n €L oLz 08 oLt <0d
0090 0080 £0'1 00’1 00'1l ol RO
0090 009°0 L 00T 09'1 oLt- 10
sTO> $T0 L oL 08 08T 4
0090 . S0 09 0090 09'9 090 JON
$0> $0. $0-> $'0> 0> S0 ON
86v°0 1050 L6V'0 Z
$20'0 L20°0 120'0 L200 uz
n
6000 0100 0100 "
I8
AN} SO0 o'sL 9'€L o'sL $'oL 1S
ny
2
9900 790°0 8L0'0 qd
$88°0 9v6'0 0l d
w00 500 : 9510 €10 2l N
PN
zIzo o L9s 0E's ov's 0t'9 N
. Oz
8900 sT0 $£0'0 §00 . 6£0'0 mz
N
£00°0 £Ono 0'tl L'l o'tl el |
N
T 6v'T vs'T 2
oo 6100 €100 1100 1o ")
SLO'O 650°0 190°0 )
$91°0 $91'0 L91°0 PO
500 LS00 £60°0 . ®
egj
6000 9100 £l 691 v'Ll 9Ll ood
€10 L01'0 © 6010 sv
L68 $0'6 66 v
(jw/8n) (jui;3n) (jw/3n) (w/3n) (jw/3n) (w/3n)
N x—.s_m— 1 v_:u_ﬂ My u_.._Eum n o—._Eum N o_&E«w _ o—._—:sm

(S# S0 119D 10H) 1Dd As(i-L

14 2100 ZV-T01 40 SisKjeuy djet|dey] pus UOIRULIOJU] IS9], Youar] TE'V UL



FIL (1-D0N) 312D UOREZUIREYD) SRUARIA = {-) I 1931, AU515U07) PNPOL] « 13 $21q31[dde 10 m Y] POXITENG 10U m N

’
Pllds 5o (py 1520 1120 104) 9| churms um[q puoods €
1133 304 A Ut psaam 359M (i 1599 1130 104) p-£4 sojdurng 2
Asoreioqe] ot U paysam pus pamdasd 213 (v 1533 1130 104) 2+ Rjdusg | soN
. . YO2E0¥6 €02E0-+6 051£06 631€0°16 (0D # 807 3ydung
B5UBN-Z6 18080°76 $6690-26 ¥6690-26 - ¥61£0°b6 602€0°¥6 802€0-¥6 9%61£0-r6 S6IE0°06 (d2D # 8oy adung
noi 0ol 0002 0007 VN 0002 0002 0002 0002 (W AVS
uo|ja) uoyay uojjay, uoyay, ssajuimg ssajuing mjumg suIng sumg 195597 yaery
tro 056 ot'ot ol Lo'ol Ls9 66 98'6 086 96'6 96’6 "l jeuny
s 66'S 8 s ol Lo ol'L oIt oIt Hd (e
NN NN NN NN NN $TO- VN T ST0> sTo> $TOo> 19
NN NN WN WN NN E 9T (44 st [ ¥4 34 404
WN NN NN NN NN ©s0. 31 91 ri 61 1z FOS
NN NN NN WN WN sTu- vo vo’ £0 ‘Ssto> sTo> )
NN NN WN NN NN $T0> VN ST0> sTo> sTo> sTo> 4
SN NN NN WN NN $0- VN $0> Y - $0> S0> 'ON
NN NN NN N NN S0 VN s'o> S0 s> S fON
0800 oElo Z
uz
a
8000 1000 3000 1000 8000 0
) .m
uig 0st ob9 b oo 8L "0'€S 09 089 089 g
. ny
]
. “wl
mgu vt 0 0w6 0 006 0 S8V 00L 0 0080 0060 006 0 d
N
0£00 0K 0 . PN
(] oze - 062 0'6Z 06t wlu 6T 0t (¥4 0 o1 U
0£00 0£0'0 . LN
DT . YW ur0 o o0 0 wenn oroy 0£00 0500 £500 €900 1N
00z 0. (Vi) mito 00T'0 002 0 N
| we S8 0cs olg ulg ol 06'L ('} ] 098 "
mt we w9 009 009 we [+ ] ooy (1124 [0} N
utin oTio o't ot 1 NN oTL'0 0580 o'l 05l a
- n)
8rY o 0r00 0500 0500 0500 0
. 0tov 0300 wun o 1000 0100 otoo (o)
wen o U800 " 000 0L0 0 v o 03y 0 0600 0800 000 0300 €
eg
oty oty ovl ovt ol vl oot ot 1 X | o€l g
. . v
w3 (1R 4 08§ 08§ 8§ or'y 0£'S oLrs oS v
(1wydn) (twidn) T~ (w/n) (1y3n) () T (jw/dn) (jr7n) (1wydn) (1yn) (1w/3n) (1/3n)
2 apduweg 1 spdweg ay Jjdureg T aldweg 1 3pduseg yuejg Ay adurg v 3jdweg € 3|dwsg T 3duseg 1 3|dureg
(L4 2L 4D 1-DDN Aeq 82 (94 w1 qw'D 10d L2t (v 1591 112D 0H) 10d L2

VRIS 1y 3200 ZV-101 o) sisS{euy 211837 pus uotisutiojuy 1sa1 wpea g1y Ijqel




1531, (1-DD) $31u2D) uonezUAIRITYD SLANTN = 1-DOW 3L Kouapsisuo) 10npox|  [Od 9jqeddde 308 = YN pomsTain Jou = NN ¥
“pal{1ds sem ojduses Suelq (€4 1591 190 104) 10d pUosos °¢
[199 104 3y} U} paysem 23om (£ 1931 1[92 104) p-£4 $9jdwirg T

*K30je10q¢] YY) Ut paysem pue pasedasd 2u0m (€ 1991 1130 104) T-1W sojdwisg | $JON
) 06080-T6  68080-T6 1£201-¢6 $€Z01-€6  PETOI-E6  LG6IN-T6  96690°T6 16£6-t6 06X6-t6 98£6°€6 £8€6-€6 8£6°£6 (doD # 8oy ajdues
. 0ol 001 VN 000T 000T 0002 0007 VN VN 000T 0007 0007 (W AVS
[(TET A uoyat, ssajurelg spuIng ssouIng uopjol, uopja], ssajuiRlg ssajuielg ssajuIng spng muIng 955N Yora] :
19'6 £9°'6 8L 866 £0°01 ° ¥£°01 peol [A R SLS 6001 Lo°01 2001 Hd geurd
66'S 66'S z9 o9 w9 8's F4: 39 0L L t0'L toL £€0°L Hd ey ©
/
. 050'0 050°0 ' 2z :
: ) uz
n .
. 11
18
0T 0'sT 0'v6 006 068 0°s8 0’68 06 $'T6 Y
L |
A
qud
(111 4] (1A on'e 00T 00T 00T 00T 00T 00T 4
. N
T 0800 . PN ¢
08°s 0g°s 09 0'tZ 0’1z 01T . (144 0'eT 1374 N
. . Oz
. $00°0 9000 oLoo (1100 . un
. : ' 8N
(113 (113 (14 . o 0'6l 0’61 007 01T (11174 1
00T o0t 00°'s oy b
0s00 0900 ot 0080 0LS'0 0190 osPo [HiTa)] sl 0s°1 o'y o4
. D
300°0 0100 0100 $60°0 PO ,
' ) 050°0 009°0 [ITiTA) 00t 00’1 00L'0 0 ’
g '
(115 0zt 0’8t 091 'Sl 0's1 [T} 0sl 091 09t q
sy

091 091 [1]%4 00T 08T 08°C 00°€ 00'€ 00'E
(1w/Bn) (ug@n) | () (puyan) (wdn) | (wen) (Quan) | (wdn) (jw/dn) (juy/dn) (1w/3n) (1w/n)
T odweg 1 spduseg Nueg Z ojdweg { ajdweg Z sidueg 1 spdwieg T Yuviel 1 yuejg € ojduweg T 9jdweg 1 ojdweg
(64 152 4¢71) 1-DOW Avdl 8Z (014 w3y, qerf) 104 Ked-L (84 2L qvD) LOd Aei-L (€1 191 12D 1011 LOd AeQ-L

Jue(nuiig 7y 910 ZV-101 40f sisAjsuy 2jeyoeor] pur uotieulsoju) 5o Yorg ‘F1'V AL




1184

moiydioum sum (64 1521 qu]) 2 d1duses pus autlniski sem (z1y 1521 qu)) 1y ojdums p
) 1L (1D 213D UoNE2LISIRID SELTW = [-ODI 1591 ARSISOD) 1NPaLd = 1 2193118 100 = VI "POMEEHS 10U NN '€
“[199 104 ) U1 PLSEM PUB PAILS PSS A19m (G 1591 1130 104) p-gy sadung 7

POURI[UN 3q 0} prmoj pu pajeniead sem sse(B porsanum 1531 1130 joy ot Buto]jo “Koreioqu] ayp i pasedaxd a1am (sy 1593 1130 10K) Z- 1 sadung snoN
8792056  L2920°S6 SE9T0-S6  LEILO'S6  OE9T0S6 6292056 (o) 4 B0y 3jdang
LELLrs SELLPS STLLY6 9ILLv6 o¥9200S6  6£9200°56 0S9200°$6  6Y920056  T¥IT(OS6  1K9200-S6  (dDD) 4 8o 2jdusg
ool 001 . 0007 0007 VN VN 0007 0007 0003« 0007< (W) arvs
uopjar =o=u.—. :o_._u._. uoyja| nnu_:mq-m nno?_-am . nnu_c_!m uuu_:_u-m sIung nﬂ_a_Sm _on«u> 3
LE6 L£6 696 96 L6 o9 9’9 656 6 . 196 096 Hd g
$6'S §6'S ws 69y bs's vs's 99 919 v "5's Hd pehieg
N t
NN WN nN NN NN VIN sz'o> STo> T 1413 sT0> 0. ST aq
NN WN WN NN NN viN s> S0 €€ e €€, £ re 0d
NN WN NN NN NN Lo 90 80 9l vl vl X 81 - oS
NN N NN NN . NN 90 90 90 ol 30 €t 60 80 o
W NN NN NN NN VIN sT0> sTo> T sTo> sTo> ST st 4
NN NN NN nN NN 90 90 s> $0 $0 $0. $0 $0 SON
NN WN NN NN NN vIN so> $'0> so> so> S0> S0, se- SON
1£00 070°0 ¥zzo 0o LTy 6Llo o810 £Fon ao 7
¥00 L700 . 1zoo uz
A
. n
11
Lon 0100 11
I8
1ee 9'6T €9 99L woL CoS9u K10 SOP0 ris 18 16L 1+8 47 1S
d ny
N
FATH +300 94
00t 01 901 €01 61\ 61 d
£600 oo 7500 6900 6L00 SO0 £ETO IN
7500 PN
K8 0L TSt st st heed | tico 341 st £l trl 191 191 N
oW
9£00 9600 9ty 300 co 800  9loo 0o 00 ﬁ
vEE 60t TSt £51 15 wno tou o £000 sol 1$1 os1 6Ll 6Ll 1
. N
wlo 0800 Nal i Lt %'t ol $$¢ e 3
oo 6100 . tvo €100 | n
. 0100 00 $E00 0¥ 0 5]
6900 8900 wono 6£00 €00 9slu, 8810 ]
7500 . O
££9 13 (%<4 9T T €100 6000 9100 374 €2 g1t $9T 992 ]
1oto wlo olio sito v
31y L3¢ vE6 L I£6 1£6 t6 8 6 t96 156 v
(|w/3n) (w@n) | ~(uin (jw/3n) (uadn) T (jwn) (jw/3n) (1w/3n) (jw/en) (jui/3n) (jwy2n) (lwan) —— (uydn)
To(dureg (3jduss sy opdwes 7 opdurg 13fdues aavyueg  zyelg tyueig oAy adung  pojdureg € 9jdweg (pauwapoun)  (pauredjoun)
. T 3dwe 1 oydung

(Zn 1591 49D 1-DON AeQ 8T (11w 1531 gD 104 Aeg-L Sk L 1RO 0} 10d Aeqt

BawIS 1y 3100 ZV-Z01 o) SISIRUY 21e478] PUB UOIRULOJU] 151 YU "SIV Qe




“Aanoadsas Hp01 PUE '%SO1 K0T 24 €

N ¥

5], Au3)535000) 19MPAST = T $91qeoRdde 100 = YN ‘poastaui 10 = N ¥

1 sordures (g 153 193 101)) 13d J0J $9433a05a1 ads voseg €
-paniodas J0U 230JIAY PU PIEA JOU AIT 5N Y|

“EONH I PaIEUTLIEILOD §5035 239 pue yiodsuren Sulmp poxes] sopduses vosue (g4 1993 [22 104) 10d T

.:zauo.o__coo&.oés_toﬁ&xﬁg 338 1 SN
87970~56 LT920-56 €€970-56 7£920-56 1€920-56 (1) » 307 sjdung
1€201-€6 ££701-€6 IET01-£6 0r9TVV-S6 6£9700-56 $¥9200°56 ¥9200-56 £¥9200-56 (o) 5 8077 2jduneg
VN 0002 0002 VN VN 0002 0002 0002 (W) AvS
sRUng wuns TS ssaquielg ssjulelg L L eSS SIS 13559 Y]
88’ ovol 0z'0l oL'o 9€'9 wol ° 97°01 wol Hid g
' a9 w9 we ¥s's 1131 s ”°s 1133 1437 Hd pensug
NN NN NN sTo ST0> sTo> sT0> sTo> (14 0 Jq
NN NN NN 0 $0> 9L €L Ut (&3 J0od
NN WN NN 90 80 1'$T |8 74 ¥'$C [ 314 oS
NN NN WN 90 9'0 €l €1 (A r 12
NN NN nN sT'0 ST0> sT0> $TO> sT0> sTo> 4
NN NN NN 90 $'0> £5°0> S'0> 0> T 90 ‘oN
NN NN NN S0 0> $0> $0> $'0> 0> 'ON
8°0> 002 01z yzro SOv'0 [4t4 907 $1z [F44 1S
8°0> [11¥4 (11x4 [4¥A fa1 4] Lz $0T 61z . 144 N
£0> ooy 008 £00'0 £t00°0 9 ey 1'9b L 1
o> 01> o> NN NN NN NN NN NN N
0> . olt 114 [N\ 210°0 £l 901 il sl q
(hw/3n) (jw/3n) (qw/3n) (u/8n) (w/3n) (jw/3n) (pu/dn) (fw/3n) (fu/dn)
suegq z spdures i sjdwey T YuelEl 1 yuely -aay 2jdues ¢ sjdweg 7 sjdwes 1 9jdureg
8; 1591 e 10 Ael-L (#1591 12D 1031) 10d Aedi-L
B81E0-¢6 £61£0-76 261£0-%6 161£0-t6 () # Borpoydutes
16Y6°£6 06£6-€6 68£6°£6 88€6-€6 L3¢6°¢0 y61£0-t6 661€0-¥6 861£0-+6 L61E0-+6 (108 p 3y apdues
VN VN 00T oz T VN 0002 000Z 0007 (,w) AvS
mmu_cmn—.ﬁ mmu—cma—m mv.ﬁ:_ﬂ.m umo—cma—m v.v.u_—__—..-r. mvo—:_ﬂ—.r. nno—:_ﬂ-w nuu—...__n—m r.v.o—:_ﬁ—m . —uww.u> ——unow—
1Y (49 SL'S ot s1ol rtol L9 sT01 sT0! yzotl 9T'0lL 11d feurd
£0'L £0°L 0L L oL oL ol'L oL [ 1¥2 ol'L Hd feup)
NN NN NN NN NN NN $T°0. sT0 $T0 sTo> $T0 g
NN N NN NN INN NN $'0 8L $L 9L 6L L0d
NN INN NN NN . NN N S0~ [R14 | § 74 12 [ L (e
NN NN NN NN NN NN ST~ 't [} [} [N} Eh]
NN NN NN NN NN NN sTo- WN . [~ [+ > 4
NN NN NN NN N NN $°0- WN [y $0> $°0> ‘ON
NN NN NN NN NN NN $°0 $'0 $°0> $'0 $'0> JON
VN 80 80> 061 00T 00T 80°0: €61 061 061 007 1S
VN 80 80> 061 (1174 00z 10 Lot 002 002 1744 N
VN £0 €0> S’y o'ty 1413 £0°0> 0'Ey oy oLy o'sy f1
NN o> ol> o> o> ol> 1> 4 (o [+ 4 b
£'0 0> £0 $°66 [{11)] 00l 00> 101 66 001 sot q
(pu/3n) (jtu/3n) (Jw/3n) (pw/3n) (p/Sn) (u/3n) (w/3n) (w/3n) (qw/an) (u/dn) (pu/3n)
*3AV YuTiEl T oy 1 jueid € ophweg T dweg 1 9jdweg Nuelgl ' raay opdes € ophweg T odues 1 ojdweg .

(g4 1591 09D 1011} 1.Od Ael-L

(pi 121 112D 10H) 1LOd A¥a-L

$-6EMII-SI-SAD 40§ SISAjEUY jeiyovs] pue tolivuLIofu] 1834, Yoer] 91V Aqel



Ly

L (1-DOW) 12140 UoNwZ LR SRR = [-D0K “2jquandde jou VN ‘pamseaw ou = AN 1 0N
. 0926°16 6526°16 8026716 102616 9026716
0fvL-26 2EPL-T6 1€6L-26 009316 6653°16 8658°16 tlL616 ElL616 TIL6-16 1616 olL6°16 ¥eRIT8L susIsL
- 14506 194506
VN 0002 00T VN 0007 0007 VN VN 0002 0007 0002 0002 0007
sjumg ssajuing THUnG  eiS-pomnd  wyis-pasng  wlpig-pasny ssojuing ung jueig ss3uieig umg uoyaL wopa]
SEL 936 8o 8001 $0'01 s 06 6001 L001 60'01 ot , 600t
t8 3§ va's 08's 03's 08 08 08's 05’9 , 059
NN NN NN NN NN NN > 1> 1> 1> > NN NN
NN NN NN NN NN NN > s £¢ s $'s NN NN
NN NN N NN NN N 3 [+ s s €9 NN N
NN NN NN NN N NN 1> 1> i i€ SE NN NN
N WN NN WN N NN > 1> 9% +T ¥4 WN WN
NN NN NN N NN WN [ [ ¥ (4 4] NN NN
NN NN NN NN NN NN > > bt o) . NN NN
*oplo 144 s 00¢ 05T otz 0£'0 070 ol o1 (\}4 orT 14
sT0> $S1 st 0i0 081 oLl 0z'0. ozo _  out oLl oLl (1] 7 AN 0f
s100> (134 61 200 08P oty 100> 100> o6t 06t oLy C TS vbs
$0> $0> 50 001 60 80 80> 80> 80 01 .60 9'l TT
7200 886 % 1o 919 0s1 114 $00 900 0Z1 [\nf} oll Of1 of !
(jtu/3n) (|w/3n) (1w3n) (luy/dn) (w/3n) (w@n) 1 (jw/n) (ju/3n) (juydn} (Ju;3n) (wan) | (usny (jw/en)
el T odureg 1 opdureg Juelg T 3dung 1 3jdurg TRl | ywg € 3|dweg T ddureg | odung T adung 1 oydung
(215311190 1011) 1.9 Aecl-L (w1590 qe) 1.0d Leq-L (Su 1530 qe) L0 Aec)- (zn 1551 qv7) 10d £eq-
> 95606 - TH66 -(01) # 807 sydung
GULou-16 80L60°16 L0L60°16 S8LT-16 861016 68LT 16 Tt 16 - TrBICEL 1581728 (dD1)  Bo7 9ydureg
15506 “Its-06
VN ool 00l VN VN 00l wol ool 00l () Arvs
VPSP edtig-pash  edipig-pasn;g BUIG-PAsng  wAU|IS-pasng  al[Ig-pasn, U)IG-pasn| uoyay woyyag 195394 Youd]
st o $T6 189 oLs Ny €Ly it6 6T'6 Hd [euty
8y T r8y tieL UL UL e 1y 1v9 Hd pentu)
nN NN NN NN 43 NN i NN NN J8
NN NN NN NN v> N t NN NN - Jod
NN NN NN NN 99 NN Ly NN NN 08
NN WN NN NN 43 NN S NN NN 0
NN NN N NN r2 NN hes NN NN K|
INN NN NN N t> NN £ N NN SoN
NN NN NN N b NN t.- NN AN JoN
08 e ost ol w9 e +€C 0lg 6 1€ 1443 IS
wy- V6 8L 01 6€0 $L9 69 tol €01 N
100 44 61 100> 9000°0> of | 151 Le Le 1
80 80 80> (1134 1£0 oLt 6£0 NN NN b
10> £t L't 10> 100> 1£2 6L T 8P 6 q
{lwan) (iw/3n) (ru@n) [ (1wdn) {iw/3n) (lwan) (w@n) | (w@m) ((T7eD)
ey T3dung 1 adures g 1purg Z3dueg 1 3jdureg T3dweg 1 3jduneg

(€8 1521 q¥7) 1-004N Leqq 82

(141531 112D 011) 1-00 Keq 32

(111521 4v7) 1-00NW Aedd 82

JURIRWIS MVIN 4 sisfjeuy o1eyoea] pue uoleuuoqu] 159) Yova] L]y ajqel

(1) # 807 3jdung
(dD1) § %07 3ydung

() Avs
195527 Yora

Hd euig
Hd e

i
Zod
£0S

ki)

K|
fon
JoN

'S
N
]
-
g




g . . 189, AoudnsisuoD 1npoxd = 10d T

piIng piE 100d 13 = 7 G¥1 Butpling $7€ 2uBem Auaf = 1 g7 't 90N
01£01-€6 €E01°€6 80£01°€6 TETHL-E6 11€01-€6 SE701-€6 LOE01°€6 vEzol-g6 (ol wSopojdung
S 161 0's0T 931 00z 61 uiz $'68 06 068 06 oo 006 1S
$ 807 0022 el o1z £t ugd (R4 344 44 09T "9t 0f£L w
112 o'sy iy oo e oy 1ot i 9'61 (Y14 0T 14 "
votl 0'0Z\ 01 ol 9l vEl 0T oLl . 0b 03l Vot 091 2]
(u/3ny (ui/Zn) (1w/3n) (iw/an) (w/3n) (wdn) | (win) (/) (w/3n) (1w/En) (1wy3n) (iw/3n)
el 1qr] Tav1 191 T4 1) zqr1 19v1 191 191 qrl 1q¥]
any ad any pdung Tojdung Zojdung 1 ojdwey 1 opduieg any sjdung aay ajdung Toidung g apdwieg | apduseg | spdung
Y 6EMH-SI'SAD ) . wenuig ZO-Zv-101

(014 155 q¥1) Lo Arcl-¢ vostseduso)) Kojeioqe] [wanAjeuy-ol-A10jnioqr [rBAlstY “61°Y 219%L

1531, Aoudlsisuo) 190PoL] - Lo 183 (1-DIN) 191U9)) UONVZLIIEIRYD S[RUATIA = (DO 2jquoljdde jou = YN ‘pamsvalt ou NN | saloN

9£$6°06 1ws606  (O1) ¥B0s|dung
60£01-€6 t1£01°€6 6L 16 8610-16 88LT°16 £020-16  (dO1) #3077 3)dwes
VN og VN VN ool ool (W) Avs
SRS eNpg-pasny ©H1S-pasny e|ig-pasng WAISPIINY  [355IA Y¥o]
8L v 9 oLs sL'8 168 tid prung
41 T A2 ut 4y Hd ety -
NN N (NN o NN > r|
NN NN NN to NN > JOd
NN NN (N 99 NN > £08
NN NN NN ras NN > Eh]
NN NN NN i NN ras 4
NN NN N > WN ] SON
NN N (NN v WN > JoN
v1o 2Y Ly £82 697 18
90 wrl 6£0 9% L S8 N
3000 921 om0 0> Tl N4 ]
, ro To- 1£0 we (e i
200> [x0% 100> 192 L6 T ‘9
(lwrsn) Quany | (jw/3n) (lu/en) (1ww/dn)
1 uele) (U T ey 1 yueiy T 9jdueg 1 apdureg
(11 2L 4eD) (141891 119D 104D
ssej Vi uo LOd Ae(1L O1-LLV U0 [-DDWN £21-82

$5U]0) JURSEISEY [VIUIUUIALT PUE G -IALLY 10f SISA[RUY 1ROV PU UOHVULIOJU] 1531, Y2ud7] "BV Iiq8L



Table A.20. CVS Model Predictions and 95% Prediction Intervals
for 101-AZ Core #1 Composition

Model Standard Lower 95% Upper95% Model  Lower 95% Upper 95%
Prediction Error Prediction Prediction Prediction Prediction Prediction
InEm) In@m) In@md) nEmd) @md) (@) (@md

- PCT 1st Order
B ) -0.41261 0.69719  -1.79386  0.96864 0.66192 0.16632 2.63436
Li -0.46701 0.61035 -1.67610  0.74209 0.62687 0.18710- 2.10032
Na . -0.74496  0.60262 -1.93886  0.44894 0.47475 0.14387 1.56665
PCT 2nd Order #1 :
B . -0.69248  0.59657 -1.87451 0.48954 0.50033 0.15343 1.63157
Li -0.78643 0.47423 -1.72634  0.15348 0.45547 0.17793 1.16588
Na -1.05625 0.49613 -2.03937 -0.07313 0.34776 0.13011 0.92948
PCT 2nd Order #2
B 0.75755 0.52064  -1.78966  0.27457 0.46881 0.16702 1.31596
Li 0.66681 0.44084  -1.54082  0.20719 0.51334 0.21421 1.23022
Na -0.99603 044897  -1.88606 -0.10600  0.36934 0.15167 0.89942
PCT 2nd Order #3 ' )
B -0.73378  0.49992  -1.72503 0.25747 0.48009 0.17817 1.29365
Li -0.69157 0.43116 -1.54648  0.16334 0.50079 0.21300 1.17744
Na -7 =1.02482 043916  -1.89551 -0.15414  0.35886 0.15024 0.85715
MCC-1 1st Order . ) ‘
B 2.76819 0.42338 1.92861 3.60778 1592978  6.87994 36.88408
Li - 2.70651 0.41443 1.88468 3.52833 1497691  6.58425 34.06703
Na 2.74538 0.41042 193151 3.55925 15.57053  6.89992 35.13683
MCC-1 2nd Order #1
B 2.61419 0.33695 1.94578 3.28260  13.65615  6.99909 26.64496
Li 2.56718 0.34015 1.89241 3.24194 13.02903  6.63534 25.58331
Na 2.58999 0.32297 1.94930 3.23067 13.32964  7.02377 25.29660
MCC-1 2nd Order #2 ‘ ) ;
B 2.61572 0.32381 1.97321  3.25822 13.67706 7.19373 26.00321
Li 2.56895 0.32656 1.92099 3.21691  13.05211 6.82771 ~ 24.95090
Na 2.58593 0.31074 1.96936 3.20251  13.27563  7.16609 24.59418
MCC-1 2nd Order #3 . ’
B ' 2.51137 0.33862 1.83947 3.18327 1232180 - 6.29320 24.12552
Li 2.57485 0.30512  1.96894 3.18076  13.12935  7.16308 24.06504

Na _ 2.54650 0.29573 1.95949 3.13352  12.76236  17.09571 22.95464
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Table A.21. CVS Model Predictions and 95% Prediction Intervals
for 101-AZ Core #2 Compostion

Model Standard Lower 95% Upper 95%  Model  Lower 95% Upper 95%.
Predictions  Error Prediction Prediction Prediction Prediction Prediction
In(gm?) _Ingm?)  In(@md) In@md) (o) (gmd) (gm)
-0.56044 0.70701 -1,96115 0.84028 0.57096 0.14070 2.31702
061607 061795 -1.84022 060807  0.54006  0.15878 =~  1.83688
-1.08036 0.61111 -2.29108 0.13036 0.33947 0.10116 1.13924
-0.59743 0.60345 -1.79310 0.59824 0.55022 0.16644 1.81891
-0.70971 0.48040 -1.66184 0.24243 0.49179 0.18979 1.27434
-1.05648 0.50163 -2.05050  -0.06247 0.34768 - 0.12867 0.93944
<0.75572  0.52884 -1.80408 0.29263 0.46967 0.16463 1.33995
-0.85230 0.44605 -1.73663 0.03203 0.42643 0.17611 1.03255
-1.20633 0.45534 -2.10898  -0.30367 0.29929 0.12136 0.73810
-0.82913 0.50848 -1.83736 0.17910 0.43643 0.15924 1.19614
-0.86476 043449  -1.72627 -0.00326  0.42115 0.17795 0.99675
-1.22129 0.44585 -2.10523  -0.33735 0.29485 0.12182 0.71366
2.73420 0.43166 1.87822 3.59019 15.39742  6.54185 36.24096
2.66098 - 0.42253 1.82309 3.49886 14.31031 6.19096 33.07772
2.73324 0.41844 1.90347 3.56301 15.38265 6.70913 35.26920°
2.61199 0.34254 1.93248 3.29150° 13.62614  6.90662 26.88316 |
2.54912 0.34580 1.86315 3.23508 12.79584  6.44400 25.40840
2.61122 0.32833 -1.959%90 3.26254 13.61565  7.09862 26.11579
2.59770  0.32956 1.94378  3.25163  13.43281  6.98510 25.83241
2.53334  0.33236 1.87386  3.19283  12.59550  6.51339 24.35726
2.58201 0.31664 1.95373  3.21030 1322369  7.05495 24.78652
2.49661 0.34491 1.81223 3.18099  12.14127  6.12409 24.07057
2.58652  0.31666 1.95769  3.21535  13.28346 - 7.08295 24.91201
271595 030576 - 2.10902  3.32288  15.11897  8.24016 27.74013
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Table A.22. CVS Model Predictions and 95% Prediction Intervals

" for 102-AZ Core #1 Composition

Model Standard Lower 95% Upper95%  Model  Lower 95% Upper 95%
Predictions Error Prediction Prediction Prediction Prediction Prediction
In(g/m’)  In(gm?) In(gm) In(g/m® - (g/m?) (g/m?) (g/m?)
-0.38941 0.70143  -1.77906 1.00024 0.67746 0.16880 2.71893
-0.45601 0.61481 -1.67393 0.76192 0.63381 0.18751 - 2.14239
-0.92368  0.60628  -2.12484  0.27748 0.39706 0.11945 1.31980
-0.78024  0.60161 -1.97226  0.41178 0.45830 0.13914 1.50950
-0.77381 047848 -1.72214 0.17452 0.46125 0.17868 1.19067
-1.32993 0.50035 -2.32139 <0.33846 0.26450 0.09814 0.71287
-0.81406 0.52534 -1.85548 0.22736 0.44306 0.15638 1.25528
-0.62368 0.44816 -1.51220 - 0.26484 0.53597 0.22042 1.30322
-1.23220  0.45271 -2.12965 -0.33475  0.29165 0.11888 0.71552
-0.76267 ~0.50466 -1.76332  0.23799 0.46642 0.17147 1.26870
-0.64025 0.43739 -1.50751 0.22701 0.52716 0.22146 1.25484
-1.22517 0.44311 -2.10368 0.34665 0.29371 0.12201 0.70705
2.89737 0.42643 . 2.05173 3.74300 18.12641 7.78135 42.22447
2.82077 0.41741 1.99302 3.64852 16.78977 7.33766 38.41777
2.89913 0.41337 2.07940 3.71886 18.15834 7.99967 41.21738
2.72743 0.34074 2.05149 3.40336 - 15.29353 7.77948 30.06495
2.66855 0.34398 1.98618 - 335091 14.41905 7.28764 28.52868
2.72615 0.32660 2.07826 3.37405 15.27397 7.99055 29.19653
2.74271 0.32805 2.09178 3.39364 15.52901 8.09932 29.77413
2.68259 0.33084 2.02613 333905 14.62292  7.58468 28.19233
2.71184 0.31546 2.08590 3.33777 15.05695 8.05183 28.15627
2.53951 0.34471 1.85552 3.22350 12.67346 ~ 6.39502 25.11587
2.57043 0.30878 1.95727 3.18360 13.07144  7.07997 24.13348
- 2.56268 0.30102 1.96515 3.16020 7.13598

A2l
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Table A.23. CVS Model Predictions and 95% Prediction Intervals

for CVS-IS-HW39-4 Composition
Model Standard Lower 95% Upper 95%  Model  Lower 95% Upper 95%
Predictions _ Error Prediction Prediction Prediction Prediction Prediction

In@md) _In@m?)  In@md) InEmd) () (@m) (@)
0.56924  0.69382  -0.80536  1.94383 1.76692  0.44693 6.98545
0.40771 0.60783  -0.79639  1.61181 1.50337 0.45095 ~ 5.01187
023470 059971  -095345  1.42284 1.26453 0.38541 4.14889
0.62553 0.59224  -0.54791  1.79898 1.86924  0.57816 6.04348
0.19795 047310 -0.73972  1.13562 1.21890  0.47725 3.11310
0.11210  0.49432  -0.86744  1.09163 1.11862  0.42003 2.97913
041449 051895 -0.61428  1.44325 1.51360  0.54103 4.23444
0.21121 0.43805  -0.65726  1.07969 1.23517  0.51827 2.94371
0.06974  0.44720 -0.81679  0.95627 1.07223 0.44185 2.60197
0.40374 049822  -0.58413 139161 1.49741 0.55759 4,02132
0.20228 0.42810 -0.64656 1.05112 1.22419 0.52384 2.86085
0.00318 043778  -0.86477 0.87113 1.00319 042115 2.38961
3.01662  0.42106  2.18164  3.85160 2042215  8.86083 47.06831
292352 041216  2.10620  3.74084  18.60667  -8.21696 42.13337
297474  0.40817  2.16533 3.78414  19.58453  8.71748 43.99782
306113 . 033379  2.39898  3.72328  21.35167 11.01194 41.39996
2.96345 0.33697 229500  3.63190 19.36466  9.92444 37.78454
3.01998  0.31995 238529  3.65466  20.49083  10.86221 38.65438
3.03962  0.32086 240297  3.67628  20.89730  11.05596 39.49918
2.94187  0.32359  2.29981 3.58394 18.95125  9.97229 36.01516
3.02058  0.30800  2.40944 ~ 3.63172 20.50318 11.12773 37.77774
293261 033739 226315 3.60208 18.77657  9.61332 36.67444
288724 030177 228798  3.48649  17.94372  9.85501 32.67107
2.91581 0.29401 3.49941 1846376  10.30058 33.09592

2.33220
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Table A.24. Frit and Recycle Compositions

Frit Compositions (wt% oxides) _
102-AZ Core #1 and

101-AZ Core #1 and 102-AZ Core #1
-‘NCAW Simulant 101-AZ Core #2 Simulant

B,0, 14.0 106 - 2045
Ca0 10 0.0 | 0.0

Li,0 5.0 8.6 3 7.29
MgO 1.0 ' 0.0 0.0

Na,O 9.0 - 52 0.0

$i0, 700 75.6 | 72.26

Composition of Simulant Recycle Added to 102-AZ Core #1 Simulant

g Recycle
Oxide per L

: of Recycle
Oxide Simulant
Cdo 2.01
MnO, 0.60
Na,O 25.17
P,0; 2.01
NO’; 4().27
cr 004
TOC 136
Diatomaceous .
Earth 20.13
Zeolite (IE-96) - 10.07
Sum of
Nonvolatiles 60~
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APPENDIX B

Radiochemical Data







Table B.1. Radiochemical Data for 101-AZ Core #1

. Glass
Washed Solids Melter Feed ~ Melter Feed Glass Uncertainty

Analyte (uCi/g) (uCi/g). Sup. (uCi/g) (uCi/g) (+/-)
H-3 <4.5E-04 . 1.55E-03
C-14 4.70E-04
GEA

Cr-51 3.82E+00

Fe-59 1.78E-01

Co-60 1.20E+01 3.19E+00 1.59E-01 6.16E+00 5.8%

Se-79 <4.0E-03 <3.57E-04

Nb-95 1.43E-01

Zr-95 2.92E01

Ru-103 5.65E-01 .

Ru-106 3.50E+02 4.03E+02 2.52E+00 2.79E+02 1.5%

Sn-113 © 7.55E-01

Sb-125 5.30E+01 7.29E+01 1.94E+00 9.93E+01 22%

Cs-134 3.90E+00 8.91E+00 5.86E+00 4 44E+00 ) 9.1%

Cs-137 2.40E+02 4.41E+02 4.52E+02 6.00E+02 0.5%

Ce-144 5.30E+02 6.55E+02 2.08E+00 3.50E+02 1.5%

Eu-152 3.08E-01

Eu-154 1.60E+01 2.82E+01 1.71E-01 5.05E+01 1.9%

Eu-155 ) 6.72E+01 9.54E-01 1.06E+02 1.6%
" Am-241 524E+01 4.8%
Sr-90 6.10E+03 6.86E+03 1.96E+04 6.5%
Tc-99 6.60E-02 <1.02E-01 3.15E-03 70%
I-129 1.80E-04 <6.14E-05 < 5.00E-04
Np-237 6.70E-03 _ 4.50E-02 35%
Pu-238 1.20E-01 4.49E-02 12%
Pu-239+240 7.90E-01 240E-01 9%
Total Pu 2.85E-01 9%
Am-241 1.20E+01 2.92E+01 3.62E+01 7%
Cm-242 1.70E-03 6.41E-02 . 10%
Cm-243+244 8.50E-03 4.35E-01 27%
Total U (ug/g) . 3.48E+03 5%
Totat Beta 2.03E+04 431E+04 32%
Date of Analysis 6/20/90 -4/6/91  6/19/90 7291

Note: Error estimates are one-sigma totel analytical errors, not including contributions from

sampling or experimental error. Calibration errors are estimated at an additional 2%.
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Table B.2. Radiochemical Data for 101-AZ Core #2

Glass
Washed Solids ~ Melter Feed ~ Melter Feed Sup. " Glass Uncertainty
Analyte (uCi/g) uCi/g). (uCi/g) . (uCi/g) (+/-)
H-3 < 6.80E-04 1.43E-02 :
C-14 3.34E-04
GEA
Cr-51
Fe-59
Co-60 1.38E+01 2.13E+01 1.62E+01 3.4%
Se-79 <3.90E-04 <3.38E-02 ’
Nb-95
Zr-95
Ru-103
Ru-106 1.38E+03 1.99E+03 " 3.65E+00 6.67E+02 0.9%
Sn-113 :
Sb-125 1.68E+02 3.23E+02 2.57E+02 1.0%
Cs-134 ' 1.14E+00 ' '
Cs-137 2.31E+02 5.14E+02 7.66E+01 . 2.72E+02 0.8%
Ce-144 2.81E+03 4.17EH03 . 1.09E+03 0.7%
Eu-152
Eu-154 9.70E+01 1.45E+02 - 1.23E+02 1.1%
Eu-155 2.43E+02 3.65E+02 - 2.80E+02 0.8%
Am-241 1.37E+02 1.9%
Sr-90 1.96E+04 2.99E+04 2.92E+04 6.5%
Tc-99 <4.60E+00 <6.82E-01 '2.06E-02 18%
1-129 1.03E-02 <3.45E-03 <4 41E-04
Np-237 345E-02 5.73E-01 9%
Pu-238 8.09E-02 10%
Pu-239,240 4.36E-01 8%
Total Pu 3.86E+01 ' 5.18E-01 8%
Am-241 6.71E+01 1.45E+02 1.06E+02 7%
Cm-242 : ' 2.55E-01 8%
Cm-243 +244 4.61E-01 . " 1.13E+00 15%
Total U (ug/g) 4.50E+03 , 3.14E+04 5.0%
Total Alpha 7.97E+01
Total Beta 5.34E+04 6.77E+04 6.81E+04 3.2%
Date of Analysis 1/9/91 - 4/6/91 1/1/91 7/2/91
Note: Error estimates are one-sigma total analytical errors, not including contributions from

sampling or experimental error. Calibration errors are estimated at an additional 2%.
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Table B.3. Radiochemical Data for 102-AZ Core #1

Glass
Washed Solids Formated Feed Glass Uncertainty
Analyte (uCi/g) . (uCi/g) (uCi/g) +/-)
H-3 6.80E-04 .
C-14 2.10E-04
GEA
Cr-51 Coc
Fe-59
Co-60 4.60E+00 5.83E+H00 3%
Se-79 <4.20e-03
Nb-95 :
Zr-95
Ru-103
Ru-106 , 9.89E+02 1.06E+H02 5%
Sn-113
Sb-125 6.18E+01 8.64E+01 3%
Cs-134 .
Cs-137 1.46E+02 2.00E+02 4%
Ce-144 5.48E+03
Eu-152
Eu-154 2.49E+01 3.64EH01, 2%
Eu-155 9.17E+01. 1.03E+02 3%
Am-241 5.47E+01 3%
Sr-90 5.53E+03 1.27E+H04 8%
Te-99 1.25E-01 © 6.73E-03 31%
1-129 < 3.00E-05
Np-237 5.16E-03
Pu-238 8.66E-03 1.93E-01 o 13%
Pu-239+240 1.83E+01 TBD 1.73E+00 10%
Total Pu 1.84E+01
Am-241 2.50E+01 5.56E+01 8%
Cm-242 : 1.40E-02
Cm-243+244 9.92E-02 2.22E-01 28%
Total U 2.95E+03 1.49E+03 6%
Total Alpha . 5.95E+01 4%
Total Beta ) 2.44E+04 4%
Date of Analysis - 4/21/54
Note: Error estimates are one-sigma total analytical errors, not including
contributions from sampling or experimental error. Calibration errors
are estimated at an additional 2%.
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APPENDIX C
Physical Data
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Table C.1. Physical Properties of 101-AZ Core #1 Process Slurries

Washed Solids Formated Sluny Melter Feed
Average Reproducibility  |Average Reproducibility  [Average Reproducibility
Intermediate Concentration
Density 1.05
Wit-Fraction Solid 0.104 2%
Wi-Fraction Oxide 0.086 <0.5%
g TO/L 93
Intermediate Concentration (concentration belore formating)
Density 1.09 1%
Wt-Fraction Solid 0.140 1% 0.432 2%
Wi-Fraction Oxide 0.112 1% 0.380 1%
g TOL 122
Final Concentration
Density 1.04 ) 110 <0.5% 147 3%
Wt-Fraction Solid 0.094 0.159 1% 0.47
Wit-Fraction Oxide 0.066 0.108. 1% 041
g TOL 69 118 600
Vol-Fraction Scttled Solid 0.585 0.568 10% 0.84 2%
Density Centrifuged Solid 1.40 © 144 6% 174 1%
Density Centrifuged Supernate 098 - 1.04 1% 1.09 <0.5%
Val-Fraction Centrifuged Solid 0.15 0.214 3% 0.635 5%
Wi-Fraction Centrifuged Solid 0.20 0.276 3% 0.739 4%
Wi-Fraction Dissolved Solid NA 0.048 3% 0.068 2%
Settling Rate - Formated Slurry Settling Rate - Formated Slurry
Time (min) Vo!% Settled Solids Reproducibility Time (min) Vol% Reproducibility
0 100.0% . 0 100.0%
65 91.5% . 9% 60 87.3% 6%
135 86.2% " 13% 125 80.1% 7%
260 78.8% 15% 180 76.7% 9%
375 74.2% 14% 340 69.3% T%
435 71.8% 14% 420 68.0% 8%
1485 58.7% 2% 1410 59.1% 2%
1605 58.5% 1% Total vol (em): 11.8 <0.05%
1725 58.1% 1%
1870 57.2% % Sctiling Rate - Formated Slurry
2875 56.8% ) 3% Time (min) Vol% ~  Reproducibility
Total volume (cm); 11.8 <0.5% 0 100.0%
' 60 84.8% 2%
Settling Rate - Melter Feed 120 79.2% 1%
Time (min) Vol% Settled solids Reproducibility 180 75.2% 1%
0 100.0% <0.5% 300 69.3% 1%
60 98.4% 3% o 420 65.5% 2%
120 95.5% 3% 1610 55.9% <0.05%
180 94.6% 3% Total vol (em): 11.8 <0.05%
300 92.2% 4%
360 90.1% 5%
1350 84.5% 6%
2875 84.0% . 2%
Total Volume (¢m): 12.15 2%

Notes: Deruity = g slumy/mL slurry; g TO/L = g total oxide/L sample
Density Centrifuged Solid = g centrifuged solids/ml centrifuged solids
Density Centrifuged Supemnate = g centrifuged supemate/mL centrifuged supemate
Wi-Fraction Solid = g solids/g sample
Wi-Fraction Oxide = g oxide/g sample
Wi-Fraction Centrifuged Solid = g centrifuged solidyg sample

Wi-Fraction Dissolved Solid = g dissolved solids in centrifuged xupemale!g ample

Vol-Fraction Settled Solid = g settled solidsg sample .

Vol-Fraction Centrifuged Solid = mL centrifuged solidymL sample
Reproducibility = ( lanalysis 1 - analysis 21/ (analysis | + analysis 2 )72 ) x 100%.
NA = data not available.
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Table C.2. Physical Propenes of 101-AZ Core #2 Process Slurrics

Washed Solids Formated Slurry Melter Feed
"Average Reproducibility | Average Reproducibility ] Avenage Reproducibility
Intermediate Concentration
Density 1.19 1%
Wit-Fraction Solid 0.215 1%
Wit-Fraction Oxide 0.186 2%
g TOL 221
Intermediate Concentration .
Density 1.10 2%
Wt-Fraction Solid 0.128 2%
Wi-Fraction Oxide 0.112 1%
g TO/L 122
Final Concentration
Density 1.14 1.10 <0.05% 1.20" 1%
Wit-Fraction Solid 0.186 0.122 6% 0.429 2%
Wit-Fraction Oxide 0.166 0.092 15% 0.399 2%
g TOL 189 10 479
Vol-Fraction Settled Solid 0.66 0.374 4% 0.87 <0.05%
Density Centrifuged Solid 1.53 1.50 <0.05% 1.64 <0,05%
Density Centrifuged Supemnate 0.98 1.01 1% 1.04 <0.05%
Vol-Fraction Centrifuged Solid 0.28 0.185 9% 0.553 1%
Wit-Fraction Centrifuged Solid 038 0.254 9% 0.667 <0.05%
Wi.Fraction Dissolved Solid NA 0.0252 2% 0.0202 2%
Settling Rate - Formated Slurry Settling Rate - Formated Slurry
Time (min) Vol-% Settled Solids Reproducibility Time (min) Vol% Reproducibility
0 100.0% <0.5% 0 100.0% <0.5%
60 58.8% 4% 10 95.6% <0.5%
130 47.5% 5% 22 87.4% <0.5%
320 41.6% 6% 35 80.0% 4%
385 39.5% ’ %0 45 72.5% 5%
435 38.5% 5% 70 58.4% 7%
1430 37.6% 6% Total Vol (em): 119 <0.5%
1570 37.4% 4%
1690 37.4% 4%
Total Volume (cm): 119 <0.5%
Settling Rate - Melter Feed
Time (min) Vol-% Settled Solids Reproducibility >
0 100.0% <0.5%
30 97.5% <0.5%
60 94.1% 1%
‘120 89.7% <0.5%
270 87.4% <0.5%
360 87.2% <0.5%
440 87.2% <0.5%
1435 87.2% <0.5%
Total Volume (cm): 11.9 <0.5%

Notes:

W A second measurement of density before scttling vielded 1.36 gimL.

Density = g slumy/mL slurry: g TOA. = g total oxide/l. sample
Density Centrifuged Solid = g centrifuged solidsml. centrifuged solids

Density Centrifuged Supemate = g centrifuged supernate/mL centrifuged supernate
Wit-Fraction Solid = g solids/g sample

Wi-Fraction Oxide = g oxide/g sample

Wi-Fraction Centrifuged Solid = g centrifuged solids/g sample

‘Wt-Fraction Dissolved Solid = g dissolved solids in centrifuged supemate/g sample

Vol-Fraction Settled Solid = g scttled solids/g sample

Vol-Fraction Centrifuged Solid = mL centrifuged solid/mL sample
Reproducibility = ( lanalysis 1 - analysis 2|/ (analysis 1 + analysis 2)/2) x 100%.
NA = data not available.

Cc2



Table C3. Physical Properties of 102-AZ Core #] Process Shurries

‘Washed Solids Fermated
Avenge Reproducibility]  Average
Intermediate Concentration ’
Density 1.10 (estimated value) 1.16
Wi-Fraction Solid 0.085 <DV.5% 0.206
Wi-Fraction Oxide 0.074 6% 0.155
g TOL 2 ‘ 130
Final Concentration .
Density 1 - 112
Wit-Fraction Solid 014 0.186
Wt-Fraction Oxide 0.11 - 0.131
g TOL 12 147
Vol-Fraction Settled Solid 0.67 038
Density Centrifuged Solid 1.52 1.65
Density Centrifuged Supemate 0.99 1.04
Vol-Fraction Centrifuged Solid 022 0.176
Wit-Fraction Centrifuged Solid 0.31 0.255
Wi-Fraction Dissolved Solid NA NA
Settling Rate - Formated Slurry
Time (min) Vol-% Settled Solids Reproducibility
0 100.0% <0.5%
15 96.6% <0.5%
30 93.7% <0.5%
45 89.3% <0.5%
60 86.1% <0.5%
120 643% 4%
180 52.3% . 1%
240 47.9% <0D.5%
300 . 46.2% <0.5%
360 ‘ 43.7% <0.5%
420 41.6% <0.5%
1430 38.0% 1%
1550 38.0% 1%
Total Volume (cm): 11.9 <D0.5%
Settling Rate - Melter Feed
Time (min) Vol-% Settled Solids Reproducibility
0 100.0% <D.5%
15 96.3% 1%
30 90.6% 1%
45 36.7% 2%
60 84.4% 3%
120 77.9% 3%
180 74.0% 2%
255 70.7% 2%
300 63.7% 1%
360 . 67.2% <0.5%
1560 65.2% <D35%
1620 64.5% <D.5%
2820 63.T%. 1% s
3000 63.5% 1%
Total Volume (cm): 122 <0.5%

Notes: Demity = g slunry/mL slorry, g TO/L = g total oxide/L sample
Density Centrifuged Solid = g centrifuged solids/ml centrifuged solids
Density Centrifuged Supernate = g centrifuged supemate/ml. centrifuged supernate
Wi-Fraction Solid = g salids/g sermple
Wt-Fraction Oxide = g oxide/g saple
Wt.Fraction Centrifuged Solid = g centrifuged solids/g sample
Wi-Fraction Dissolved Solid = g dissolved solids in centrifuged supernate/g sample
Vol-Fraction Settled Solid = g settled solids/g sample
Vol-Fraction Centrifuged Solid = mL centrifuged solids/mL sample
Reproducibility = ( janalysis 1 - analysis 2| / (snalysis 1 + apalyis 2 ) /2 )x 100%.
NA = data not available.

C3

Melter Feed

Rqamducibilityl Avenge Reproducibility

1%
<0.5%
2%

<0.5%
1%

1%
<0.5%
4%
D.5%
<0.5%

130
0391
0355

461

1.34
0.436
0.3%4

515
0.635

1.69

1.03
0433
0.603

NA

1%
9%
%

<D.5%
<0.5%
<D.5%

1%
<D.5%
<0.5%

2%

1%

T




Table C.4. Physical Properties of NCAW Simulant Process Slurries

‘Washed Solids Formated Slurry Melter Feed
Averige  Reproducibility | Aveage  Reproducibility | Aversge  Reproducibility
Run1
Density 1.13 % 132
Wt-Fraction Solid NA 0411 2%
Wt-Frction Oxide 0.123 <0.5% 0378 2%
gTOL 139 . 499
Run2
Density 1.09 <0.5% 132
Wi-Fraction Solid NA 0453 4%
‘Wt-Fraction Oxide 0.102 1% 0.400 2%
g TOL - 111 528
Hot Cell Run :
Density 1.14 1% 112 ’ 1% 1.39 <0.5%
‘Wi-Fraction Solid NA 0.158 1% 0.456 %
Wt-Fraction Oxide 0.153 <0.5% 0.097 50% 0430 2%
gTOL 175 2% 109 4% 597 2%
Run3
Density L <0.5% mn <0.5% . 128 <0.5%
Wt-Fraction Solid 0.153 26% 0.192 % 0.370 %
Wt-Fraction Oxide 0.101 48% 0.145 10% 0.341 5%
gTOL ) 112 161 438 2%
Vol-Fraction Settled Solid 0.87 1% 0.870 1%
Density Centrifuged Solid 127 2% 1.50 <0.5%
Density Centrifuged Supernate 1.01 <0.5% 1.01 1%
Vol-Fraction Centrifuged Solid 0.400 1% 0.583 1%
‘Wi-Fraction Centrifuged Solid , 0.462 1% 0.672 1%
Wt-Fraction Dissolved Solid ) 0.024 21% 0.014 1%
Settling Rate - Formated Slurry ‘
Time (min) VolY% Sentled Solids - Reproducibility
1} 100.0% <0.5%
80 98.8% <0.5%
120 98.2% 2%
180 98.3% 3%
270 97.3% 2%
300 97.1% 2%
1410 88.6% 2%
1580 88.2% 3%
1750 83.0% 3%
3165 86.7% 1%
Total Volume (cm): 11.85 3%
Settling Rate - Melter Feed
Time (min) Vol% Settled Solids Reproducibility
0 100.0% <05%
65 9.2% <0.5%
120 98.1% <0.5%
250 96.0% <05%
370 93.6% 1%
430 92.8% <0.5%
1425 87.5% <0.5%
1600 87.1% <0.5%
1695 87.1% <0.5%
1300 ’ 87.1% <0.5%
7200 “ 86.9% 1%
Total Volume (cm): 11.8 <0.5%

Notes: Density = g shury/mL sluny; g TO/L = g total axide/L semple
Density Centrifuged Solid = g centrifuged solids/mL centrifuged solids
Density Centrifuged Supemnste = g centrifuged supernate/ml, centrifuged supernste
Wi-Fraction Solid = g solids/g semple
We-Fraction Oxide = g oxide/g sample .
Wt-Fraction Centrifuged Solid = g centrifuged solids/g sample
bemmmm&m-gdmwwb&mmfmdm:mdg-npk
Vol-Fraction Settled Solid = g settled solids/g sample
Vol-Fraction Centrifuged Solid = mL centrifuged solids/mL semple
Reproducibility = (jenalysis 1 - snalysis 2|/ (snalysis 1 +analysis 2)/2)x 100%.
NA = data not svailsble.
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Formatted Shary
Avenge  Reproducibility |
Intermsediats Concentration
Density
‘W-Fraction Solid
Wi-Fraction Oxide
g TOL
Intsrmediats Concentration
Wt Fraction Solid
Wh-Fraction Oxide
gTOL
Intermediste Concentration
Wi-Fraction Solid
Wt-Fraction Oxide
g TOL
Final Coacentration
Density 114
Wt-Fraction Solid
Wt-Fraction Oxide
gTOL 125
Vol-Fndwn Settled Solid
Dentity Centrifiged Solid
Density Centrifiged Supernate
Vol-Fraction Centrifuged Solid
We-Fraction Centrifuged Solid
‘Wit-Fraction Dissolved Solid
Settiing Rats - Fermated Sharry
Time (min) Vol% Settled Solids Reproducibility
0 100.0%
17 100.0% <0.5%
' 32 99.2% DS%
47 99.2% DS%
62 99.2% <D.S5%
127 98.3% <D5%
182 98.3% D.5%
242 99.2% <DS5%
302 B 1%
352 979% 1%
1277 29.9% <D.5%
1397 29.0% 1%
1517 28.4% 1%
1637 . 88.2% 1%
1757 873% 1%
822 85.7% 1%
382 852% <D.5%
42 4% <DS5%
7352 4% D5%
Total Volume (cm): 119 4%

Tabie C.S. Phryzical Properties of 102-AZ Core #1 Simulant Process Shurries

sguh.m-mrm(ﬁ-ukgm

Notes:

'smmgm-gwmm

Formated Sharry

Avenge Rupo&aa‘bimyl Avenge  Reproducibility

L16
0.239
0.143
1702

114
0212
0.120

137

L14
0212
0122

139

MW&M-:WMWW

Density Centrifuged Supernate = g centrifiged supernate/ml. centrifiged supemate

‘Wt-Fraction Solid = g solide/g sample
mmm-;mddgmh

W&M-;mﬁpﬂdﬂlzm
Wit-Fraction Dissotved Solid = g dissolved solids in centrifiged supemnate/g sample

Vol-Fraction Séttled Solid = g scttled solids/g sample

Vol-FmmeﬁvdSohd-mLcmmﬁwdaolﬂ/mLmh

Reproducibility = ( jaalysis 1 - nxymzu(mxymnnxymz)/z)nm

NA = data not svailable.

Cs -’

1%
<D5%
<D5%

Q5%
2%
1%

<0.5%

142

0.404

3

1.00

2553

Melter Feed

<0.5%
<0.5%

<D.5%
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Table C.8. (continued) Particle Size Distributions - 101-AZ Core #2 Formated Slurry
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APPENDIX D

Rheological Data







Shear Stress (Pa)

® Up Curve Data
" . m  Down Curve Data
Up Curve Fit

- — Down Cuw_e Fit

0 100 200 300 400 500

Shear Rate (1/s)

Average Reproducibility

Density * 1.0 <0.5%
Wt-Fraction Solid * 0.159 1%
W!t-Fraction Oxide * 0.108 1%
gTOoML® 118 .
Vol-Fraction Settled Solid * - '0.568 N 10%
Density Centrifuged Solid * 1.44 - 6%
Derisity Centrifuged Supemate * : 1.04 1%
VokFraction Centrifuged Solid * 0.214 3%
Wt-Fraction Centrifuged Solid * 0.276 3%
Wt-Fraction Dissolved Solid * 0.048 . 3%
Mean Particle Size Volume Density ® 9.01 9.99
Mean Particle Size Number Density® 1.27 0.90

Notes: a. Referto 'i'able C.1. for more information

b. Complete particle size distribution information is provided in Appendix C

" Figure D.1. Shear Stress versus Shear Rate of 101-AZ Core #1 Formated Slurry (Run 1) with Yield-
Pseudoplastic Model Fits and Corresponding Physical Properties

D.1




Shear Stress (Pa)

¢ Run 1 Up Curve Data—-— Run 1 Up Curve Fit
Run 2 Up Curve Data— Run 2 Up Curve Fit
Run 3 Up Curve Data— — Run 3 Up Curve Fit ‘4

100 - 200 300 400 500
Shear Rate (1/s)

Figure D.2. Shear Stress versus Shear Rate of 101-AZ Core #1 Formated Sluny (All Runs) with Yield-

Pseudoplastic Model Curve Fits (Down Curve Data omitted for clarity)

1. ‘
] ® Run 1 Up Curve Data—-— Run 1 Up Curve Fit
N ®  Run 2 Up Curve Data—— Run 2 Up Curve Fit
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@ R Ay A
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3 n .
l 1 1 | )
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Shear Rate (1/s)

Figure D.3. Viscosity versus Shear Rate of 101-AZ Core #1 Formated Slurry (All Runs) with Yield-

Pseudoplastic Model Curve Fits (Down Curve Data omitted for clarity)
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® Run 1 Up Curve Data —— ﬁun 1 Up Curve Fit
Run 2 Up Curve Data Run 2 Up Curve Fit - A
4 Run3Up Curve Data — — Run 3 Up Curve Fit a
‘T 2 ~—
()
a
2
(7]
3
£
7]
1 -
0 T T I I
0 100° 200 . 300 400 500
Shear Rate (1/s)
Figure D.4. Shear Stress versus Shear Rate of 101-AZ Core #1 Formated Slurry (All Runs) with Bmgham
Curve Fit (Down Curve Data Omitted for Clarity)
1. ~®  Run1UpCurve Data —-— Run 1 Up Curve Fit
. ®  Run 2 Up Curve Data Run 2 Up Curve Fit
\ - 4 Run3UpCurve Data — — Run 3 Up Curve Fit
)
2
)
i
>

T — —  —
0 100 200 300 400 500
' Shear Rate (1/s) .

Figure D.5, Viscosity versus Shw Rate of 101-AZ Core #1 Formated Slurry (All Rnns) with Bmgham
Curve Fit (Down Curve Data Omitted for Clarity)
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Shear Stress (Pa)

25

10 —

® Up Curve Data
®  Down Curve Data

5 Up Curve Fit
— — Down Curve Fit
0 T | T ]
0 100 200 300 400 500
Shear Rate (1/s)
Average Reproducibility
Density * - 1.47 3%
Wi-Fraction Solid * 0.47
Wt-Fraction Oxide * 0.41
gTon® 600
Vol-Fraction Settled Solid * 0.84 2%
Density Centrifuged Solid s 1.74 1%
Density Centrifuged Supemate * 1.09 <0.5%
Vol-Fraction Centrifuged Solid * 0.635 5%
Wit-Fraction Centrifuged Solid * 0.739 4%
Wt-Fraction Dissolved Solid * 0.088 2% )
Mean Particle Size Volume Dens:ty 426 248
Mean. Particle Size Number Denslty 1.22 0.79

Notes: a. Referto Table C.1. for more mformat:on

b. Complete particle size distribution information is provided in Appendix C

Figure D. 6._ Shear Stress versus Shear Rate of 101-AZ Core #1 Melter Feed Slurry (Run 1) w1th chld-
"Pseudoplastic Model Curve Fits and Corresponding Physical Properties
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Viscosity (cP)
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Shear Stress (Pa)

10 — ry
® Run 1 Up Curve Data
~— ®  Run 1 Down Curve Data
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—--— Average Curve Fit-Run1 ¥- Run 2 Down Curve D
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0 — — Average Curve F‘rt-Runl 3 _® Run3 Down Curve Datl
| I |
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Figure D.7. Shear Stress versus Shear Rate of 101-AZ Core #1 Melter Feed Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits )
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Figure D.8. Viscosity versus Shear Rate of 101-AZ Core #1 Melter Feed Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits
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Figure D.9. Shear Stress versus Shear Rate of 101-AZ Core #1 Melter Feed-Slurry (All Runs) with Bingham
; Curve Fits
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Figure D.10. Viscosity versus Shear Rate of 101-AZ Core #1 Melter Feed Shurry (All Runs) with Bingham
. Curve Fits

D.6



Shear Stress (Pa)

® Up Curve Data
8  Down Curve Data
Up Curve Fit

L
|

— — Down Curve Fit

-
i

0 100 200 ~ 300 400 500
Shear Rate (1/s)
Average Reproducibility

Density * 1.10 <0.05%
Wt-Fraction Solid * 0122 - 6%
Wi-Fraction Oxide * : 0.092 15%
gTOonL® . ‘ 101
Vol-Fraction Settled Solid* - 0.374 4%
Density Centrifuged Solid * 1.5 <0.05%

_ Density Centrifuged Supemate * 1.01 1%
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Mean Particle Size Volume Density ° 537 3.79

Mean Particle Size Number Density © 1.42 1.01

Notes: a. Please refer to Table C.2. for more information
b. Complete particle size distribution information is provided in Appendix C

_ Figure D.1L Shér Stress versus Shear Rate of 101-AZ Core #2 Formated Slurry (Run 1) with Yield- -
Pseudoplastic Model Curve Fits and Corresponding Physical Properties
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Figure D.12. Shear Stress versus Shear Rate of 101-AZ Core #2 Formated Slurry (All Runs) with Yield-
. : Pseudoplastic Model Curve Fits
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Figure D.13. Viscosity versus Shear Rate of 101-AZ Core #2 Formated Slurry (All Runs) with Yield-
- Pseudoplastic Model Curve Fits
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Figure D.14. Shéar Stress versus Shear Rate of 101-AZ Core #2 Formated Slurry (All Runs) with Bingham
Curve Fits
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Figure D.15. Viscosity versus Shear Rate of 101-AZ Core #2 Formated Slurry (All Runs) with Bingham
Curve Fits '
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Notes: a. Please refer to Table C.2. for more information
b. Complete particle size distribution information is provided in Appendix C

Figure D.16. Shear Stress versus Shear Rate of 101-AZ Core #2 Melter Feed Slurry (Run 1) with Yield-_
Pseudopiastic Model Curve Fits and Corresponding Physical Properties
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Figure D.17. Shear Stress versus Shear Rate of 101-AZ Core #2 Melter Feed Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits
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F‘gure D.18. Viscosity versus Shear Rate of 101-AZ Core #2 Melter Feed Slurry (All Runs) with Yield--
Pseudoplastic Model Curve Fits
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Figure D.19. Shear Stress versus Shear Rate of 101-AZ Core #2 Melter Feed Slurry (All les) with Bmgham
Curve Fits
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Figure D.20. Viscosity versus Shear Rate of 101-AZ Core #2 Melter Fwd Slurry (All Rnns) with Bingham
Curve Fits
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Notes: a. Please referto Table C.3. for more information

b. Complete particle size distribution information is provided in Appendix C

Figure D,21. Shear Stress versus Shear Rate of 102-AZ Core #1 Formated Slurry (Run 1) With Yield-
' Pseudoplastic Model Curve Fits and Corresponding Physical Properties
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Figure D.22. Shear Stress versus Shear Rate of 102-AZ Core #1 Formated Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits -
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Figure D.23, Viscosity versus Shear Rate of 102-AZ Core #1 Formated Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits
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Figure D.24. Shear Stress versus Shear Rate of 102-AZ Core #1 Formated Slurry (All Runs) with Bingham
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Notes: a. Please refer to Table C.3. for more information

Figure D.26. Shear Stress versus Shear Rate of 102-AZ Core #1 Melter Feed Slurry (Run 2) with Yield-
Pseudoplastic Model Curve Fits and Corresponding Physical Properties
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Figure D.27, Shear Stress versus Shear Rate of 102-AZ Core #1 Melter Feed Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits
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Figure D.28. Viscosity versus Shear Rate of 102-AZ Core #1 Melter Feed Slurry (All Runs) with Yield-
Pseudoplastic Mode! Curve Fits
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Figure D.29. Shear Stress versus Shear Rate of 102-AZ Core #1 Melter Feed Slurry (All Runs) with Bingham
Curve Fits
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Figure D.30. Viscosity versus Shear Rate of 102-AZ Core #1 Melter Feed Slurry (All Runs) with Bingham
‘ Curve Fits
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Notes: a. Please refer to Table C.4. for more information
"~ b. Complete particle size distribution information is provided in Appendix C

Figure D.31. Shear Stress versus Shear Rate of NCAW Simulant Formated Slurry (Run 1) with Yield-
Pseudoplastic Model Curve Fits and Corresponding Physical Properties : -
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Figure D.32. Shear Stress versus Shear Rate of NCAW Simulant Formated Slurry (All Runs) with Yield-
Pseudoplastic Model Curve Fits
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Figure D.33. Viscosity versus Shear Rate of NCAW Simulant Formated Slurry (All Runs) with Yield-
- Pseudoplastic Model Curve Fits :
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Figure D.34. Shear Stress versus Shear Rate of NCAW Simulant Formated Slurry (All Runs) with Bingham
Curve Fits
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Figure D.3S. Viscosity versus Shear Rate of NCAW Simulant Formated Slurry (All Runs) with Bingham
Curve Fits
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Notes: a. Please refer to Table C.4. for more information
b. Complete particle size distribution information is provided in Appendix C

Figure D.36. Shear Stress versus Shear Rate of NCAW Simulant Meiter Feed (Run 1) with Yield-
. Pseudoplastic Model Curve Fits
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F’gure D.37. Shear Stress versus Shear Rate of NCAW Simulant Melter Feed Slurry (Runs 1, 3, & 5) with
Yield-Pseudoplastic Model Curve Fits
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Figure D.38. Viscomty versus Shear Rate of NCAW Simulant Melter Feed Slurry (Runs 1, 3, & 5) with
Yield-Pseudoplastic Model Curve Fits

D.23




Run 1 Up Curve Data —-— Run 1 Up Curve Fit
Run 1 Down Curve Data —— Run 3 Up Curve Fit ”

Run3UpCurve Data  — — Run 5 Up Curve Fit /./o
) - .

-
o
|

Run 3 Down Curve Data
Run 5 Up Curve Data s &

B Run 5 Down Curve Data ® % o a
8 . !/'/ ‘g

a6 d4dH>no

L 4
A
]

Shear Stress (Pa) '

. 1 1 |
0 100 200 300 400 500

Shear Rate (1/s)
Figure D.39. Shear Stress versus Shear Rate of NCAW Simulant Melter Feed Slurry (Runs 1, 3, & 5) with
. ) Bingham Curve Fits
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Figure D.40. Viscosity versus Shear Rate of NCAW Simulant Melter Feed Slurry (Runs 1, 3, & 5) with
: " Bingham Curve Fits
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Notes: a. Please referto Table C.5. for more information -

Figure D.41. Shmr Stress versus Shear Rate of 102-AZ Core #1 Simulant Formated Slurry (Run 1) w1th
Yield-Pseudoplastic Model Curve Fits and Corresponding Physml Propemw
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Figure D.42. Shear Stress versus Shear Rate of 102-AZ Core #1 Simulant Formated Slurry (All Runs) with
' Pseudoplastic Model Curve Fits
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Figure D.43. Viscosity versus Shear Rate of 102-AZ Core #1 Simulant Formated Slurry (All Runs) with Yield-

Pseudoplastic Model Curve Fits
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Figure D.44. Shear Stress versus Shear Rate of 102-AZ Core #1 Simulant Formated Slurry (Al Runs) with
Bingham Curve Fits :
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Figure D.45. Viscosity versus Shear Rate of 102-AZ Core #1 Simulant Formated Slurry (All Runs) with

Bingham Curve Fits
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Notes: a. Please refertd Table C.5. for more information

- Figure D.46. Shear Stress versus Shear Rate of 102-AZ Core #1 Simulant Melter Feed Slurry (Run 1) with
Yield-Pseudoplastic Model Curve Fits '
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Figure D.47. Shear Stress versus Shear Rate of 102-AZ Core #1 Simulant Melter Feed Slurry (All Runs) with
Yield-Pseudoplastic Model Curve Fits
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Flgure D.48, Viscosxtyvcrsus Shear Rate of 102-AZ Core #1 Simulant Melter Feed Slurry (All Runs) with
Yield-Pseudoplastic Model Curve Fits
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Figure D.49. Shear Stress versus Shear Rate of 102-AZ Core #1 Simulant Melter Feed Slurry (All Runs) with
Bingham Curve Fits
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Figure D.50. Viscosity versus Shear Rate of 102-AZ Core #1 Simulant Melter Feed Slurry (All Runs) with

Bingham Curve Fits
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Table D.1. Table of Bingham and Yield-Pseudoplastic Curve Fits

Equations; Yield-Pseudoplastic =% +k
Bingham Plastic . Tt ngy
Run No.
Reference Figure and Type k n T P T n, 7
101-1F8 Figure 1 Rl-up 9.25E-03 0.8293 0.0558 0.854 - - -
Rl-down 141E-03 11216 3.71E-10 0.868 - - - -
Figures2-5 Rl-up 9.25E-03 0.8293 0.0558 0.854 0.1638 3.08E-03 0.853
R2-up 6.86E-07 2.2136 0.3816 ~ 0.188 02986 1.10E-03  0.143
: R3-up 0.0106 0.8305 0.1340 0.900 0.2573 3.55E-03  0.897
101-1 MF Figure 6 Rl-up 5.2303 0.2335 236E08 0914 =~ - - -
Rl -down . 2.2960 0.3229 4.3996 0.997 - - -
Figures7-10 Rl-up 5.2303 0.2335 2.86E-08 0914 9.3782 0.0333 0.715
R2-up 3.5912 0.2391  9.26E-09  0.927 6.3806 0.0235 0.623
R3-up 2.4803 02434 563E-09 0.924 4.2537 0.0177 0.642
101-2FS Figure 11 Rl-wp 0.0430 0.5183 0.0360 0.986 - - -
' Rl-down 857E-04 11600 2.01E-I11 0991 - - -
Figures 12-15 R1-up 0.0430 0.5183 0.0360 0.986 0.2323 2.00E03 0.874
R2-up 3.92E-03 0.9302 0.0672 0.991 0.0626 247E-03  0.981
101-2 MF Figure 16 Rl-up 1.2372 0.1594  3.28E-10 0.929 - - -
Rl-down 5.07E-03 1.0095 0.9416 0.991 - - -
Figures 17-20 R1-up 1.2372 0.1594 ~-3.28E-10  0.929 1.8301 4.07E03  0.556
R2-uwp 0.6640 0.1796 0.0735 - 0.887 9.5405 3.12E-03 0.745
102-1 FS Figure 21 Rl-up 3.63E-03 0.9046 0.0651 0.989 - - -
_Rl-down 6.56E-04 1.1906 4.13E-11  0.996 - - -
Figures 22-25 Rl -up 3.63E-03  0.9046 0.0651 0.989 0.0850 2.01E-03  0.987
R2-up 2.50E-03  0.9971 0.0123 0.986 0.0132 2.46E-03 0.986
102-1 MF Figure 26 R2-up 0.7955 0.2155 0.0635 0.972 - - -
R2-down 4.27E03 1.0059 1.1110 0.998 - - -
Figures 27-30 Rl -up 0.7955 0.2155 0.0635 0.972 1.4289 439E-03  0.800
R2-up 9.71E03 0.8356 0.4227 0.979 0.4925 3.50E-03 0.975
‘ R3-up 0.0516 0.5821 0.0982 0.989 03527 3.75B03  0.952
NCAW SimFS Figure 31 Rl-up 0.2323 0.4307 0.3503 0.976 - - -
Rl-down 0.1134 0.5407 0.3651 0.982 - - _—
Figures 32-35 Rl -up 0.2323 0.4307 0.3503 0.976 1.2033 5.92E-03 0.919
. R2-wp 0.2671 0.3948 0.2023 0.945 1.0209 S548E-03  0.880
NCAW Sim MF Figure 36 Rl-up 0.1089  0.6989 1.2075 0.929 - - -
Rl-down 0.0864  0.6979 1.9392, 0.998 - - -
Figures37-40 R1-up 0.1089 0.6989  .1.2075 0.929 22114 ° 0.0157 0.914
R3-up 2.06E-07 2.8092 2.7675 0.989 *1.6551 0.0126 0.852
RS-up 0.0184 0.9954.  2.4358 0.982 2.4476 0.0178 0.982
102-1 SimFS  Figure 41 Rl-up 0.0414 07264 09128 0.999 - - -
Rl-down 0.0555 0.6807  0.8327 1.000 - - -
' Figures 4245 Rl-up 0.0414  0.7264 0.9128 0.999 12109 8.07E03  0.989
R2-up  0.0413 0.7244 0.9197 0.999 12171  7.95E03  0.989
102-1 SimMF Figure 46 Rl-up 103945  0.1418 0.1469 0.989 - - -
' Rl-down 5.2075 0.2597 3.05E-09 0.991 - - -
Figures 47-50 Rl -up 103945  0.1418 0.1469 °  0.989 12.4420 - 0.0343 0.617
9.5468 0.1565 0.1626 "0.991 12,0685  0.0354 0.641
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Table E.1. Summary List of Procedures
Leaching Tests of Radioa_ctfye Glass, Technical Procedure MCC-TP-18, Rev. 0.
Leaching Tests Using the PCT Method, Technical Procedure MCC-TP-19, Rev. 1.

Operanng Procedure for HWVP Off-Gas Analyzers (Radioactive Lab-Scale), PNL Technical
Procedure PHTD-WTC-006-37, Rev. 0. .

Procedure for Treating Slurries- with Formic Acid, Adding Glass Frit and Drying the Slurry
Jor Vitrification, PNL Technical Procedure WTC-053-2, Rev. 0. :

Preparation of Special Sample Forms, MCC Technical Procedure MCC-TP-3, Rev. 0.

Laboratory Proceduré for Measurement of Physical and Rheological Properties of Solution,
Slurries qnd Sludges, PNL Technical Procedure PNL-ALO-501, Rev. 0.

Glass Preparation, MCC Technical Procedure MCC-TP-2, Rev. 0.

Procedure for Treating Slurries with Formic Acid, Adding Glass Frit and Drying the Slurry
Jor Vitrification, PNL Technical Procedure PHTD-WTC-006-038, Rev. 0.

Procedure for Preparation of Simulated HWVP Feed for Laboratory-Scale Redox/Rheology
. and Radioactive Process/Product Tests, Technical Procedure WTC-006-36, Rev. 0.

This list includes all technical procedures specifically relating to the radioactive testing in this
study. Standard technical procedures utilized by the analytical chemistry laboratory and CVS
glass laboratory are not included in this list.
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F.1 Rheology Calculations (Theory and Calculations)

Apparent viscosity is shear stress divided by the shear rate at a given shear rate. Ina
Newtonian fluid this is a linear function; therefore, the ratio is the same at every point. Only
Newtonian fluids have a single numnber viscosity. A fluid whose apparent viscosity varies with shear
rate is non-Newtonian. In these fluids, apparent viscosity defines only the flow behavior at a fixed
point. ‘ .

To define a complete flow behavior, it is necessary to obtain a rheogram (or flow diagram).
A rheogram is a curve that plots shear stress versus shear rate over a specified shear-rate range. The
shape of this curve defines the flow behavior of the fluid. If the fluid behaves as a Newtonian fluid,
the curve is linear. A non-Newtonian curve is non-linear and can be difficult to fit mathematically.
Most curves are a variation of a known behavior, for which mathematical models exist to fit the
curves. :

Theoretically, the yield stress or yield point is the minimum amount of stress required to
initiate fluid movement and begin flow. In practice, the yield stress is obtained from the stress value
on the graph where the slope changes from vertical to horizontal. A curve fit is used to extrapolate
this intersection back to the shear-stress ‘axis. The measured yield stress is not a true yield stress
because the Haake rheometer used was a controlled-rate instrument, not a controlled-stress
instrument; therefore, by definition it is forcing the material to flow for a reading to occur. A true
yield stress is stress-dependent only; the yield stresses obtained by this system will be both rate- and
stress-dependent. This measured yield stress is, however, often a good approximation of the desired
data, :

The rheometer "ramps up" the shear rate to a chosen value and records the resulting shear
stress. The curve obtained from this test is called a rheogram. From a rheogram, viscosity data,
yield-stress data, and flow-curve data can be cbtained. There are several types of flow curves that
‘have been well studied and have defined mathematical curve fits. These curve fits are usually used to
describe and predict the flow behaviors of fluids.

Two primary curve fits, yield pseudoplastlc or Herschel-Bulkley and Bingham plastic, were
used in data analysis. The Bingham Plastic model is a good model for obtaining yield points. It
assumes a Newtonian flow after a threshold yield stress has been overcome. -

T =71+ 10,7 (F.1) (Bingham Plastic)

where: 7 = shear stress
= yield stress factor
= plastic viscosity
4 = shear rate.

The Herschel-Bulkley model describes a typical yield pseudoplastic. It is a modification of a
power law fluid curve fit, which takes into account.a yield stress. The exponential component of the
equation quantlﬁ&c the non-Newtonian behavior. The closer the exponent to 1.0, the more Newtonian
the behavior. When n=1, the equation becomes a Bingham fit.
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T =7, + ky* - (F.2) (Herschel-Buikley)

where: 7 = shear stress
. 7, = yield stress factor
k = consistency factor
o = shear rate .
n = measure of deviation from Newtonian flow.

Pseudoplastic liquids show an apparent viscosity decrease as the shear rate is increased. This
is known as "shear thinning" and is a common fluid behavior for emulsions, suspensions, and
dispersions. Under shear conditions, particles/molecules acquire an orientation more conducive to
flow, which lowers the viscosity. For a classic pseudoplastic liquid, shear thinning is reversible. As
the shear rate drops, the apparent viscosity climbs with little or no lag time since the orientation of
particles/molecules will be lost as quickly as it was achieved. Thixotropy is more complex because it
usually involves bonding, which creates a three-dimensional structured network. This structure is

- easily broken down under the influence of shear, but will begin rebuilding as soon as the shear is
removed. If a thixotropic liquid is meastred at a constant shear rate, the apparent viscosity will drop
asymptotically with time until it reaches the lowest viscosity achievable at that shear rate. This is
called the sol-state. The time to rebuild varies, depending on the material. In practical terms, it
‘takes less energy to maintain a flow than the energy it took to achieve it.

Special Notes with Respect to Data

Scatter is evident in some of the rheograms. One of the most likely causes for this is that the
solids loading the slurries prevented the use of the most appropriate sensor. The measured viscosities
of the slurries is below the recommended range of the sensor used over much of the shear-rate range.
Data are particularly inaccurate when both the shear stress and the shear rate are low. For this reason
apparent viscosity numbers below 50 s* are suspect. The larger particles may.be responsible for the
spiked nature of the scatter in some of the runs.

 The small amounts of sample available, combined with the difficulty of hot cell measurements
necessitated that duplicates of samples originally measured be rerun. These duplicates usually showed
a lower yield point and viscosity. In both types of slurries, this can be a result of particle
sedimentation out of the measuring gap. In the melter feeds (fritted slurries) it can also be attributed
to the fact that melter feed is often a thixotropic yield pseudoplastic, which means that its rheological
character changes after shear forces have been applied. '

Nonradioactive laboratory-scale testing with simulants indicates that the.rheology of formated

slurries is fairly stable with respect to time. No significant change has been observed even when the
slurries have been allowed to sit for several months (Beckette et al. 1994).
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F.2 Normalized Release

[&

Elemental and isotopic normalized releases were calculated for all glasses tested using the
PCT and MCC-1 durability tests. Calculated and predicted values from simulants and models were
then compared to data from the radioactive glass to determine whether or not the simmulants and
models accurately represented radioactive glass behavior. Although the limited quantity of radioactive
glass available and the relatively high cost of performing radioactive tests limited the amount of
replicate samples and tests performed, a practical statistical comparison of the simulants and models to
radioactive glass was attempited. Additional statistical comparisons were made to determine if the
difference in test conditions between the laboratory and the hot cell was significant.

As shown in Appendix A, Tables A.10 through A.12, radioactive glasses were tested in
triplicate using both PCT and MCC-1 durability tests. Duplicate blanks were also included in each
test involving radioactive glass. (A blank is a test vessel filled with leachant but with no glass
specimen present.) Duplicate blanks were included primarily for redundancy in case one was spilled,
but also provided a measure of variability for blank concentrations. Due to difficulties in performing
such work in the hot cell, one blank was spilled in hot-cell test #4.

Simulant glasses were tested in duplicate in laboratory durability tests and in triplicate or
quadruplicate in hot-cell tests. Quadruplicate samples resulted from duplicate simulant samples
prepared in the hot cell and duplicate samples prepared in the laboratory but tested in the hot cell.
This was performed to check for differences in preparation techniques (i.e., crushing, sieving,

washing, drying) that could affect results. Durability tests performed in the laboratory included either
one or no blanks. '

For each sample, the normalized elemental mass loss of the i-th element was computed for the
j-th specimen using the following equation

_ (G4~ B)
TRGTV)

¥.3)
where NL; = normalized loss of element i from specimen j
Cy = concentration of element i observed in leachate from specimen j

B; = concentration of element i observed in leachate from blank (averaged before
subtracting when there is more than one blank)

f; = average mass fraction of element i in the specimen

S; =" surface area of specimen j

<
]

initial volume of leachant in test vessel containing specimen j.
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Note in Equation (2) that C; and S;/V; were measured from each specimen, whereas B, and f;
were constant over the specimens at a particular set of test conditions; Thus, if the NL,; values were
substituted into the usual formula for computing a standard deviation, the uncertainty due to the B,
and f; values would not be determined. ' It was necessary to use a standard deviation estimate that
accounted for the variability in all of the quantities in Equation (F.3). Additionally, it would be
valuable to account for long-term and inter-laboratory variabilities (i.e., variabilities resulting from
analyses and testing performed at different times and by different laboratories). Although we wanted

. to compare results of glasses tested at different times by different technicians, sufficient data were not
collected to allow calculation of these types of uncertainty. -

By applying the propagation of errors method as presented by Bowen and Bennett (1988), an
approximate formula for the variance of NL; was derived® and is given by

Var(C,) + Var®) _ Var(f) Var§/V,) 2Cov (C,;,S,/V))
(C; - BY £2 S,V (C,; - B)(S/V))

Var(NL,)) = (NL)’ [

1

Each term in Equation (F.4) provides a measure of the contribution of a particular source of
random error to the variance of NLy. Var (NL,) is a measure of the single laboratory variance of
NL;; that is, its square root (the standard deviation of NLy) is a measure of the éxtent to which a
single laboratory can be expected to reproduce its own results when using replicate specimens of the
specified glass under a particular set of conditions. Note that this quantity is not an indication of the;
capability of a laboratory to reproduce its own results when the test is repeated at different times, or -

of the expected agreement among the results from multiple laboratories that apply the test method -
under prescribed similar conditions. ' )

An estimate of Var (NL;) is given by

Var (L, ) = NI, Var(C,) +Var®)  Var) Var(S /) .5
Ave (Cu "B‘)z fiz AVC (Sj / Vj )2

(a) Olson, K. M., M. L. Elliett, J. W. Shade, and H. D. Smith. 1990. Letter Report: Fabrication,
Characterization, and Evaluation of West Valley Sludge Glass-1, A Fully Radioactive Glass Made with
High-Level Waste from the West Valley Demonstration Project. Prepared by the Pacific Northwest
laboratory, Richland, Washington. )
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where

the average (over replicate specimens) of the NL; values

NL;j =

Vir (Cyp = the sample variance of the C; values

Viér (B)- = the sample variance of the B, values

Ave (Cy-B) = the average (over replicate specimens of the blank-corrected concentration
values .

Vir (f)/f? .= the relative sample variance of f;, which can be computed directly from

: . replicate glass analytical data or from prior computations of relative standard

error (RSD). The value is equal to the square of the RSD of the mean wt%
oxide value for the i-th element .

var (§/V) = the sample variance of the S/V; values over the replicate speéimens

Ave (S/V) = the average (over the replicate specimens) of the S;/V; values

Note that there is a direct correspondence between the sample estimates in Equation (F.5) and
the quantities in Equation (F.4), with one exception. The last term in Equation (F.4) involves Cov
(Cy, S{/V), the covariance of Cy and Sy/V; over the replicate specimens at a set of test conditions.

For computational convenience, this term was neglected, which will result in slight over-estimation of
the standard deviation of the NL, values. This is because Cov(Cy, S{/V)) is positive; that is, when
Sy/V; increases, the concentration of the i-th element in the leachate should increase. Therefore,
including an estimate of this term in Equation (F.5) would result in subtraction of a positive quantity,
yielding a smaller standard deviation estimate than the computationally simpler estimate given by the
above form of Equation (F.5).

The estimated standard deviation for NL; is calculated as the square root of the variance
computed from Equation (F.5). Estimated relative standard deviations are calculated as

RSD; = (Var(NIqj))o"/m (.6)

and percent relative standard deviations (%RSDs) is the same value expressed in percent.

Simplifying assumptions were made in calculating Var (NL;) when insufficient data were
present to make a complete calculation or when the effect on Var (NL;) was determined to be
insignificant. : .

(1) Some of the laboratory tests did not include blank samples, preventing the calculation of Vér
(B). This contribution was ignored, because it is insignificant when compared to Var (Cy
and VAr (f) in the major components reported in laboratory tests (i.e., B, Li, Na, Si). One
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exception to this is silicon, in the case of fused-silica-lined leach containers. For this reason,
the blank samples were included in all tests conducted with fused-silica liners.

) Glass compositions were not measured for the three core sample simulants. In general, "as-
batched" compositions are expected to be more accurate than measured compositions and are
therefore used for f; in the Equation (F.3) calculations. Results from six replicate analyses of
CVS1-19 glass (Hrma, Piepel, 1994, Table A.10) show RSDs for B, Li, Na, and Si between
2 and § percent. A conservative value of 5% RSD was chosen in estimating Vir (f) / f2 for
these three core sample simulants (i.e., Var (f) / f? is estimated at 0.0025).

3) Only single radiochemical analyses were performed on each of the radioactive glasses. In the
absence of replicate data, apalytical error estimates for counting, calibration, and handling
were used to calculate Vir (f) / f2 (see Appendix B, Tables B.1 through B.3 for actual
values). :

4 Variance contributions from surface area-to-volume ratio were found to be insignificant (no
change to RSD to three significant digits) when compared to other sources of variability and
were consequently neglected. Similarly, this justifies neglecting the Cov (C;, S/V) term in
Equation (F.4).

Statistical comparisons of core sample normalized release to those of the simulants were
made. Hypothesis tests are performed to compare the mean In transformed normalized releases (mean
In NL;) for B, Li, and Na, using their respective In transformed standard deviations (SD mean In
NLy). The t-distribution was used to compare two means calculated from small samples sizes from
populations with unknown variances. Implicit assumptions of this test were as follows: (1) normality
for both populations; (2) populations with equal variances; and (3) statistically independent -
observations. The natural log transformed data were used instead of the untransformed data to satisfy
the normality assumption of the t-test. Distributions of untransformed normalized release _
measurements are known to be non-normal (i.e., skewed to the higher releases). Transforming the
data to the natural log form produced a normal distribution, which can be used for statistical
comparison. The mean In (NL;) represented more of a median than a mean of the data, but in most
cases was very close to the mean. The assumption of equal variances was reasonable but is not
verified.

Calculation of the t statistic and degrees of freedom for performing a t-test was as follows:

Im(NL), - m(NLy),

(n, - 1)VEr(NL), + (my - DVAr(NLY),. | n, + ny ®D
n+n -2 M,

t =
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where n, = number of replicate leachate samples for radioactive glass
n, = number of replicate legchate samples for simulant glass.

Equation (F.7) is not strictly correct because the means being compared are actually calculated
numbers that represent several sources of variability and the degrees of freedom were determined only
from the number of leachate analyses. However, this method approximated a statistical comparison
between sample means and was adequate for our application. )

Similar comparisons of sample means were made between samples of similar glasses tested
under different conditions (e.g., differing leach containers). In cases where the data being compared
were generated from a single source of glass, the Var (f) was ignored in equation (F.5). This was
justified since the difference in the data was not in any way associated with analytical uncertainty of
the glass. :

Ninety-five percent confidence intervals were calculated for each of the In transformed means

——— Var(NL e Var(NL,
O I L. IR~ P L. L7 R
il ll,ﬁﬂ ﬁ ” ”lfaﬂ ﬁ

using the following equation

The mean In NL;s and confidence intervals were then untransformed to be represented graphically.
Although the untransformed mean In NL; values were slightly lower than the mean NL; values, the
two were probably not discernibly different in graphical form and the confidence limits can be
represented.
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APPENDIX G

Description of Analytical Methods




G.1 Physical Characterizations

In addition to the quantitative physical characterizations described below, the physical
‘appearance of the waste was documented after extrusion and throughout the processing steps. The

descriptions included physical state (solution, slurry, or sludge), color, ability to hold its shape, and

any other observable physical characteristics.

G.1.1 Density

Solid samples were placed in preweighed, volume-graduated, centrifuge tubes where they
were weighed and then centrifuged for 1 h at > 1000 gravities to remove voids. This ensured
accurate volume measurements and allowed division of the sample mass by the sample volume to
obtain density. . .

Liquid samples were placed in a preweighed volumetric flask up to the volume line, weighed,
and the density was calculated.

) Pre-weighed glass bar samples were placed in a graduated cylinder, volume measured from
displacement, and density calculated.

G.1.2 Solids Settling Rate and Volume Percent Settled Solids

Settling rates and vol% settled solids measurements were conducted in preweighed, volume-
graduated, centrifuge tubes where total volume and the volume of settled solids (i.e., level of visual
interface were recorded periodically. The cross-sectional area in the upper portion of the centrifuge
tube was constant, thus allowing the. conversion of settling rate data from mL/h to cm/h.

. After the settling rates were determined, the vol% settled solids were calculated by dividing
the final settled solids volume by the total sample volume.

G.1.4 Volume Percent and Weight Percent Centrifuged Solids and Supernatant

Following the settling-rate measurements above, the samples were centrifuged forlhat
> 1000 gravities. Total sample volume and solids volume were determined using the graduations on
the centrifuge tubes, thus a.llowmg the volume percentages of both solids and supernatant to be
calculated.

Weight percentages of the centrifuged solids and supernatant were determined by.decanting or
pipeting the centnfuged supernatant into a preweighed vial. This allowed weighing supernatant and
the solids remaining in the centrifuge tubes independently. The weight percentages of mh were then
calculated

G.1.5 Weight Percent Total Solids, Total Oxides, and Dissolved Solids

Samples were placed into preweighed crucibles, weighed, and allowed to air-dry overnight to’
remove free liquid to prevent splattering in the oven. Then the samples were transferred to a drying

oven at 105 + 5°C where they were dried for 24 h. The dried samplw were removed from the oven, -
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placed in a desiccator to cool to room temperature, reweighed, and the weight percent total solids was
calculated.

Next, the dried solids were placed in a furnace at 1025 £ 25°C for'1 h to convert the
chemicals in the sample to their stable oxide form. The samples were removed from the furnace,
placed in a desiccator to cool to room temperature, reweighed, and the weight percent total oxides
was calculated. :

Determinations of the weight percent dissolved solids were performed with supernatant
samples in the same manner as described above for the measurement of wt% total solids slurry
samples. The percent dissolved solids in the supernatant was multiplied by the percentage of
supernatant in the sample (1 - wt% centrifuged solids) to arrive at the percentage of dissolved solids
in the total sample. '

G.1.6 Particle Size

A Brinkman Model 2010 Particle Size Analyzer was used to determine the distribution of
particle sizes in the solid samples. This instrument determines particle sizes in the range 0.5 um to
150 um by measuring the time required for a rapidly moving laser beam to traverse selected particles
maintained in stirred suspension in a glycerin/water mixture. Two measurements on the same sample
several days apart yielded nearly identical results, indicating that the glycerin/water mixture does not
partially dissolve the sample and thus reduce the particle sizes.

G.1.7 Shear Stress Versus Shear Rate

Shear stress versus shear rate data were used to evaluate the viscosity of a fluid. The data
were generated in the form of a theogram or flow curve, which is a plot of shear stress as a function
of shear rate. The rheograms were obtained at room or hot cell temperature using a Haake RV 100
viscometer equipped with an M5 measuring-drive head and the MV1 sensor system.

The measurement of viscosity with this instrument required that the sample be placed in the
gap between two coaxial cylinders. About 40 mL of sample was thoroughly agitated and transferred
into the cylinders. When the system was set in motion, a viscosity-related torque, caused by the
sample’s resistance to shearing, acted on the inner cylinder. This torque deflected a measuring device
which was correlated to the shear stress value. A slurry with a yield stress "clamped” the rotor to the
cup until the applied torque exceeded the yield stress. :

G.2 Chemical Characterization

Chemical and radiochemical analyses were performed on both liquids (e.g., supernatant) and
solids (e.g., sludge). Analyses of liquid samples were performed directly on the liquids or dilutions
thereof. Analyses of solid samples were performed on solutions prepared from the solids according
to the following methods. '

Solid samples were prepared for ICP/AES analyses and most of the radiochemical analyses by

fusing the solids in molten salt and then dissolving the fused solids in hydrochloric acid. Two fusions
were made; one used Na,0, in a Zr crucible (so-called Na/Zr fusion) and the other used a mixture of
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KNO, and KOH in a Ni crucible (so-called K/Ni fusion). These two separate fusions were required
to allow determination of Na, K, Ni, and Zr in the samples. Following fusion, the samples were
dissolved in HCI solution and diluted to a known volume.

Solids samples were prepared for IC and tritium analyses by leaching a weighed amount (~1 g)
of solids in a measured volume (~ 100 mL) of water for 1 h while agitating ultrasonically. The leachate
was then filtered using 0.45-pm filters and analyzed.  The rationale for this method of preparation is
that all of the anions that can be analyzed by the IC method, as well as the tritium, were expected to
be dissolved nearly quantitatively from the solids by the water leaching treatment whereas fusion |
would have volatilized or destroyed some of the analytes.

G.2.1 pH

Standard laboratory procedures were used to measure the pH of supernatants and slurries
without any pretreatment. Before use, the pH electrode was calibrated employing a two-standard
method that took into account the temperatures of the standards and samples.

. G.2.2 Carbon Analyses

'Carbon analyses were performed directly on both solid and liquid samples. Liquid samples
were analyzed by the ultraviolet-catalyzed persuifate oxidation method. First, they were acidified to
drive off the inorganic carbon as CO,, which was swept away in a gas stream and measured in an
infrared detector. Next, potassmm persulfate (K,S,0,) was added to the liquid samples where
oxidation of the organic carbon to CO, was catalyzed, at ambient temperature, by ultraviolet light.
The CO, was swept away in a gas stream and measured in an infrared detector, just as with the
inorganic carbon.

Solid samplw were analyzed by one of two methods, the total combustion method and the hot
persulfate oxidation method.

In the total combustion method, the organic carbon was oxidized in an oxygen gas stream at
600°C. The CO, thus formed was swept 'away by the gas stream and measured by a coulometric
detector. Total carbon, both organic and inorganic, was determined by oxidizing the sample in an
oxygen gas stream at 1000°C, which not only oxidized the organic carbon but also decomposed the
inorganic carbonates to yield CO,. Again, the CO, was swept away by the gas stream and measured .
by a coulometric detector.

A hot persulfate oxidation method was used to analyze some of the solids samples. It was
similar to the UV-catalyzed oxidation method described above for liquids except that, after driving off
the inorganic carbon with acid treatment, the organic carbon was oxidized by sﬂver-catalyzed

 persulfate at 90°C. Both the inorganic CO, and orgamc CO, were swept away in a gas stream and
measured in a coulometric detector.

As noted, some of the sohd samples were analyzed by the combustion method and others by

the persulfate method. After development and some experience with the persulfate method, it was
generally considered to yield more satisfactory results. However, because of the mix of methods and
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initial inexperience with the persulfate method, some unsatisfactory results were obtained and have -
not been rerun. Thus, the reported data were not entirely complete and consistent.

Carbon-14 analyses were conducted on separate samples to which silver-catalyzed K,S,0; and
sulfuric acid were added simultanecusly and heated to 90°C. Organic carbon-14 was thereby oxidized
to “CO, which, along with any inorganic “CO,, was swept with carrier gas into a NaOH trap where
it was quantitatively absorbed and analyzed using a liquid scintillation counter.

G.2.4 ICP/AES Analyses

ICP/AES analyses were performed directly on liquid samples or dilutions thereof. In the case
of solid samples, both fusions were analyzed by ICP/AES to circumvent the obvious interferences by
Na and Zr in the Na/Zr fusion and by K and Ni in the K/Ni fusion.

G.2.5 IC Analyses

IC analyses were performed directly on liquid samples or dilutions thereof. As stated in
Section G.2, in the case of solid samples, IC analyses were performed on leachates from the solids.

G.3 Radiochemical Characterization

In the following descriptions, "prepared solutions” refers to the solutions prepared as
described in Section G.2. - Frequently, the radioactivities of the prepared solutions were too high and
required further dilution before analysis. In the case of samples prepared from fusions, as-described
in Section G.2, radiochemical analyses were sometimes performed on both the Na/Zr and the K/Ni
fusions and other times on just one of the fusions.

G.3.1 Gamma Energy Analysis

_ Gamma energy analysis (GEA) was used to measure the concentrations of most gamma-
emitting isotopes in the prepared solutions.

G.3.2 Total « and Total 8

Aliquots of prepared solutions were evaporated onto discs and then counted on « or 8
proportional counters, as appropriate. - :

G.3.3 Alpha Energy Analysis

Alpha energy analysis (AEA) was used to determine the concentrations of %*Cm, !Am,
29+20py  and Z'Np. - Aliquots of prepared solutions were evaporated onto discs and counted with a
solid-state @ detector. i
G.3.4 Total Pu and Pu Isotopes

To determine total Pu concentrations and Pu isotopic compositions, the Pu was first separated
by ion exchange. The total « activity was measured using an o proportional counter, and AEA was
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used to determine the relative contributions of the different Pu o emitters. When a Pu isotopic
analysis was requested, the relative concentrations of all of the different Pu isotopes were determined
. by mass spectrometry. Pu isotopic determinations were normally done only on samples with total Pu
‘concentrations >0.4 ug/mL. Lower concentrations risked contamination and interference by #°U,
which was normally present in much higher concentrations. If a small amount of Z*U was carried
along with the Pu in the ion exchange separation, the Pu isotopic results would be invalidated.

G.3.5 Total U and U Isotopes

Total U was measured on the prepared solutions using laset fluorimetry. Uranium isotopic

composmon was determined by mass spectrometry following separation of the uranium from solutxon

usmg ion exchange.
G.3.6 Tritium Analyses

ﬁecemse tritium was expected to be present in the form of water, water from the prepared
solutions was purified by double distillation and then analyzed by liquid scintillation counting.

G.3.7 Other Radioisotopes
Each of the remaining radioisotopes (**I, ®Tc, ®Sr, and ™Se) to be measured was separated

individually from the prepared solutions using either precipitation, ion exchange, or distillation
methods and then measured by beta or gamma counting, or liquid scintillation counting.
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