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SECTION 1.0
INTRODUCTION

About 530 million gallons of high-level mixed waste iz currently stored in underground
tanks at The United States Department of Energy's (DOE's) Hanford site in the State of
Washington. The Hanford Tank Waste Treatment and Innnobilization Plant {(WTP) will provide
DOE's Office of River Protection {ORP) with a means of treating this waste by vitrification tor
subsequent disposal. The tank waste will be separated wito low- and lngh-activity waste
fractions, which will then be vitrified respectively into Immobilized Low Activity Waste
{ILAW) and Immobilized High Level Waste (IHLW) products. The ILAW product will be
disposed in an engineered facility on ihe Hanford site while the THLW product will likely be
directed 1o a national deep geological disposal facility tor high-level nuclear waste, The ILAW
and THLW products must meet a vanety of requirements with respect to protection of the
environment before they can be accepted for disposal.

The Office of River Protection is cumrently examining options to optimize the Low
Activity Waste (LAW) Facility and LAW glass waste form. One option under evaluation is to
etthance the waste processing rate of the vitrification plant currently under construction. It is
likely that the capacity of the LAW vitrification plamt can be increased incrementally by
implementation of a variety of low-risk, high-probability changes, cither separately or in
combination. These changes include:

Operating at the higher processing rates demonstrated at the LAW pilot melter
Increasing the glass pool surface area within the existing external melter envelope
Increasing the glass waste loading

Operating the melter at a slightly higher temperature

 * » »

The Vitreous State Laboratory (VSL) of The Catholic Unmiversity of America (CUA) and
EnergySolutions, Inc. bave evaluated several of these poteniial mcremental improvements for
ORP in suppert of its evaluation of WTP LAW facility optimization [1]. Some of these
incremental improvements have been tested at VEL mcluding increasing the waste loading,
increasing the processing temperature, and increasing the fraction of the sulfur in the feed that is
partitioned to the off-gas (in the event that a decision is made to break the present WTP recycle
loop) [2-4]). These approaches successfully demensirated increases in glass production rates and
significant increases in sulfate incorporation at the nominal melter operating temperature of
1150°C and at slightly higher than pominal glass processing tempetatures. Subsaguent fests
demonstrated further enhancement of glass formulations for all of the LAW waste envelopes,
thereby reducing the amount of glass to be produced by the WTP tor the same amount of waste
processed |5, 6], The next phase of testing determined the applicability of these improvements
over the expected range of sodivm and sulfur concentrations for Hanford LAW [7]. This
approach was subsequently applied to an even wider range of LAW wastes types. including
those with high potassium concentration [8). The feasibility of formulating higher waste loading



CORP-48578, Fev 0

Fhe Cofrofre Deoversiv of Ldmertein Faste Loviding Evdvnieerments for Haford LAW Glisses
Frreous State Laboratory Frnal Report, FSL-10RTPN- 1 Rev O

classes using Sn0; and V30 in place of FeaOy and TiO; as glass former additives was also
evaluated [S].

The present report provides data from investigation of the effects of magnesium content
{up to ~10 wit%) on LAW glasz properties and from work to identify improved high waste
loading glass formulations that meets all processing and product quality requirements for two
waste compositions [2]). The scape of testing is detailed in the Test Plan for this work [10]). A
glass composition previously developed and tested at VSL for LAW from tank AN-105
{LAWAI87Y [6]) was varied by substituting Mg for other glass former additives such az Ca. B
and 5i in an attempt to formulate a glass with improved properties, such as higher waste loading
and greater sulfor tolerance. The results were used to reformulate another glass (ORPLGY [8])
developed for LAW from tank AP-101 that contains high concentrations of alkalis {Na and K).
Glass fonmulation goals for this waste were 1o increase the sulfur tolerance of the glass as well as
to decrease refractory corrosion. Each of the two final glass compositions was evaluated to
deternine 1he maximum amount of sulfur that can be incorporated into the glass through meskter
testing. The results from these tests together with earlier work for ORP were evaluated to
develop recommendations for the work scope necessary to modify and update the WTP LAW
class tormulation correlation algorithin,

For a large number of Hanford LAW streams, sulfur is the main component that limits
waste loading in glass. However, for somie LAW streams with low sulfate contents, the alkali
concentration becomes the waste loading limiting factor. In general, waste loading is limited by
sultur for wastes with a high sulfur-to-sodivm ratio, while those with a low sulfur-to-sodium
ratio are limited by sodium {or more specifically, total alkali (sodium plus potassium))
Minimizing overall glass volume across the entire LAW inventory, which is clearly of economic
benefit, therefore, entails addressimg botl the sulfur limitation and the alkali Lmatation.
depending on the waste type.

While processing melter feeds with very high sulfate concentrations, a molten sulfate salt
phase forms in the cold-cap region during processing. This phase may exist as transient droplets
ot may be sufficiently extensive to produce a separate salt phase that bacomes mechameally
disengaged from the rest of the celd cap. Once formed. the salt phase is slow to dissolve into the
underlving glass melt; consequently, the salt phase tvpically forms before the underlying glass
melt is saturated with sulfate [11-14). If the feed rate i= sufficiently low {which is clearly
undesirable), the equilibriom sulfate saturation concentration in the glass can be approached
more closely before a separate salt phase forms. However, in general, as the feed rate is
increased, for the same sulfate concentration in the feed, the salt phase appears progressively
garlier. Thus, in practice, the formation of a sulfate phase is governed by both thermodynamic
and kinetic factors and. therefore, the effects of both must be considered in order to avoid the
formation of such phases during operations. The presence of the corrosive, low-melting,
electacally conductive salt phase is undesirable froun the perspectives of melter opetation, melter
lifetime, safety, and product guality. Accordingly, the WTP plans te control the composition of
the LAW melter teed such that formation of a separate salt phase 15 avorded. Clearly, the control
bounds that are mposed will determmne the achigvable waste leading limits and, therefore, will
determine the wasle processing rate for a given glass production rate {1.e., melter capacity).
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For waste with low sulfur-to-sodium atio, waste loading is mstead limited by the total
alkali content in the glass. At high alkali comtents, glass leach resistance (PCT and VHT)
decreases and the refractory corrosion rate n the glass melt increases. In addition, the melt
viscosity may beceme too low and the electrical conductivity may become too high. Typically,
however, the product leach resistance and the refractory comrosion properties are the first to be
comproniised as the alkali content in the glass 15 increased. The present work addresses LAW
streams with the objective of determining the maximum achievable waste laadings for sodium-
limited and sodium + potassium limited formulations. As noted above, the broader intent is to
develop a basis for estimation of the potential maximum waste loadings and corresponding glass
volomes tor the entire LAW inventory,

Under a separate contract to support the WTP Project, the V3L has developed and tested
glass formulations for WTP to provide data to meet the WTP contract requirements and to
support system design activities [153-20]. That work s based upon small-scale batch melis
{“crucible melts™) usmg waste smwulants. Selected fonnulations have also been tested m
small-scale, continnously-fed, joule-heated melters (DM 13 and DM 100 systems) [13. 14, 21-30]
and, ullimately. in the LAW Pilot Melter [31-42]. Such melter tests provide information on key
process factors such as feed processing behawvior, dvnamic etfects duning processmg. sulfate
incorporation, processing rates, off-gas amounts and compositions, foaming control, etc., that
cannot be reliably obtained from crncible melts. This sequential zcale-up approach in the
vitrification testing program ensutes that maximum benefit is obtained fromy the more costly
melter 1ests and that the most effective use is made of those resources.

Under the WTP support effort, VSL and EnergySolutions have developed and identifisd
glass compasitions for processing the Phase [ LAW tank streams ftor the WTP. These
compositions have been tested for provessmg and product quality requirements al various scales
ranging trom crucible melts of about 400 g up to the LAW Filot Melter at processing rates in
excess of 6600 kgiday (2000 kam®iday). The testing included the nominal feed compositions
and those with £13% variations in the waste simulants added 1o the melter feeds. The melter
testing provided high confidence that the selected WTP compositions are unhkely to cause
accurnulation of a separate sulfate phase in the melter even at high feed processing rates. Feed
processing characteristics and oft-gas characteristics have been determined at various melter
scales and data have been collected to support engineering and permiithng requirements.
Furthennore, statistically designed composition matrices were generated and crucible melts of
the resulting glass compositions were prepared and characterized to qualify the glass
composition region covering these LAW plass compositions selected for WTP waste processing
[19. 20]. The szlected WTP compositions have also been tested to ensure their compatibility with
melter materials of construction. The glass formulation development and melier testing work for
the selected WTP compositions have reached a level of maturity where the compositions can be
used for waste processing at the WTP with celatively high confidence.

To capture the body of information collected in support of the WTP baseling,
VSL/Energysofutions have developed a LAW glass formulation correlation [43] that can be nsed
to calculate glass compositions for waste processing. given the composition of an LAW stream.
The corelation can be used to calculate comphant glass compositions for waste processing based
on the ratios of solfate to sodiam (5/Na) and potassium to sodiun (K/Na) in the LAW stream.

10
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The coreelation uses a set of empirical celationshaps deaved from the above array of test data to
define waste loadings and the concentrations of glass former additives for a given LAW
composition.

The glassz formulation and melter testing work reported herein was aimed at identifying
glass compositions that bave higher waste loadings than those developed for the WTP baseline.
To achieve this goal. it is necessary to modify the glass formulations to mitigate the effects of
increased waste loadings on sultur salt formation and corrosion of refractory components, Two
LAW compositions were specified by ORP for this work [9. 44]. Two ORP LAW glass
compositions, LAWAILS7 [6] and ORPLGY [8], were used as the starting points for development
of the new formlations, These glasses are based on the compositions of LAW in tanks AN-105
and AP-101, which have amongst the highest sodium and potassium concentrations espected in
Hanford LAW. This information will provide ORP with a basis for evalvation of the likely
potential for fulure enhancements of the WTFP over and above the presenl well-developed
baseling, In tlus regard, the present work 15 complementary to, and necessanly of a more
exploratory nature than the work m support of the current WTP baseline.

1.1  Test Objectives

As deseribed in the Test Plan [L0]. the principal objective of this work was to extend the
glass formulation methodology developed in the earlier work [2. 3-8, 43] by development of
acceptable glass compositions for two LAW waste compositions in an attempt to increase waste
loading and sulfur tolerance as well as reduce refractory corrosion. Per the QRP scope of work
[#]. the eftects and potential benetits of increased magnesium concentrations were investigated
in the reformulation process. Imtial tests were conducted to determine the effect of magnesivm
on glass propertizs and the preferred concentrations. These objectives were accomplished
through a combmation of crucible-scale work and tests on the DM 10 melter system, The DM LD
was used for several previous tests on LAW compositions [2-8, 13, 14] to determune the
maxinwn teed sulfur concentrations that can be processed without forming secondary sulfate
phases on the surtace of the melt pool. This melter is the most efficient melter platform for
screening glass compositions over a wide range of sulfate concentrations and therefore was
selected for the present tests, The melter tests provide mformation on melter processing
characteristics and off-gas data, including sulfur incorporation and partitioning,

The two waste types selected for testung, and their respective starting glass compositions
are:

o LAWAILISTY with a waste loading of 30.5 wi% for LAW from tank AN-105 [6].
* ORPLG? with a waste loading of 29.1 wi%s for LAW trom tank AP-101 [8].

The objectives of the work are [10]):

¢ Develop glass formulations that are compliant with processing and product quality
requirements for the above two waste streams, that exceed previously amtained waste
loadings, sulfur tolerance, and are less corrosive to refractory materials.

11
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+ Evaluate the effect of higher Mz concentrations on the properties of LAW glasses
tormulated for tanks AN-105 and/or AP-101.

+« Based on the results of the above evalvation and previous work for WTP and ORP,
formulate hugher waste loading glasses tor AN-105 and AP-101.

«  Determing the maximum feed sulfur concentrations that can be processed on the DMILD
melter without the formation of secondary sulfate phases for each of the two LAW glass
formulations,

e Develop the work scope needed to update and meodity the LAW correlation algorithm
[43] vsing the new data on high waste loading LAW glasses developed for ORP.

1.2 Test Overview

Glass formulation development and testing was conducted te identify lugher waste
loading compositions than those given in Tablz 1.1 for each of the LAW AP-101 and AN-103
tank compositions, Magnesium as a glass former addiive was tested at varying concentrations m
order to evaluate its effect on glass properties. Initial glass formulation work began with a glass
previously formulated for the LAW AN-105 waste. LAWAIZ? [6], by progressively replacing
glass forming additives with magnesium to detennine the effect of Mg content {up to ~ 10 wit%s)
on LAW glass properties. Based on the results of this evaluation and previous LAW glass
formulation work for ORP and WTP, a high waste loading glass composition that meets all
processing and product quality requirements was developed for this waste composition. Once a
suitable glass was formulated for the LAW AN-105 waste, a similar strategy was used to
reformulate ORPLGY glass [8] in an attempt to teduce K-3 refractory corrosion and increase
sultur tolerance for glasses formulated for the LAW AP-101 waste stream. Crucible melts were
prepared and the glass samples charactenzed with respect to properties affecting processing
{viscosity, electrical conductivity, crystallization, and refractory corrosion) and product quality
{PCT and VHT) to determine whether they are compliant with WTP requrements as specified m
Table 1.2 Initial characterization of the glass samples was limited to the properiies that were
expected to be most challenging so that further characterization could be limited to only those
samples that passed the initial property requirements. Based on the crucible melt results, a glass
formulation was selected for DM10 melter testing for each of the two LAW compositions. For
gach waste composition, the crucible melt work identified suitable formulations that maximize
waste loading. DM 10 tests were conducted with the selected glass compositions to detennine the
processing characteristics of the glass composition and the corresponding melter feed. These
tests were performed at 1150°C and with a tarzel glass production rate of ~2,250 kgf(mz-dﬂy}.
Each test segment was approximately 14 hours in duration, which corresponds to about three
melter turnovers at the above glass production rate. In each test sequence, composed of about 3
to 4 test segments, the sulfate content was progressively increased to the peint at which a sulfate
salt phase developed. indicating the limit of sulfate incorporation for that particular formulation.
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The glass formulation development work relied beavily on previous work performed for
ORFP [2Z, 5-7] and relevanmt WTP LAW glass formulation work [12-20). Existing property-
composition models were used to guide glass formulation development. However, since the
existing mwdels are not expected to be reliable in the new composition regions that were
explored in this work, glass science knowledge and experience and information about the effect
of various additives on glass structure and propetties were used as additional 1ools 1o guide lass
formulation development.

1.3 Quality Assurance

This work: was conductzd under a quality assurance program compliant with 10 CFR. 830
Subpart A, Nuclear Quality Assurance (NQA)-1 (2004). and DOE Order 414.1C. This program
was supplemented by a Quality Assurance Project Plan (QAPP) for ORP work [45] that 15
conducted at VSL. Test and procedurs requirements by which the testing activities are planned
and controlled are defined in this plan m combination with the Test Plan [10]. The program 1s
supported by VSL standard operating procedures that were used for this work [46]. The
requrements of DOE/RW-0333P are not applicable to this work.
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SECTION 2.0
WASTE SIMULANTS, GLASS FORMULATIONS AND FEED ANALYSIS

Glass formulation development and melter testing were conducted to identify compliant
high waste loading glass formulations for Hanford LAW streams, starting with LAW Hanford
tank AN-105 waste simulant and the previously tested LAWA 87 as the base glass composition
[&]). Per the OKP Scope of Work [9]. special attention was given 10 determine the extent to which
this plass tormulation can be improved (increased waste loading and hagher sulfur tolerance) by
using magnesium as a glass former additive. Once the optimum MzQ concentration was
established, other additive concemtrations and the waste loading were modified to achieve the
optimuom glass formulation, Formulating a glass tor the LAW AP-101 waste using the ORPLGY
glass as a starting point followed a similar approach.

2.1 Hanford Tank AN-1135 Waste Simulant and ORPLA Glass Formuktions

Glass formulation development and testing for the Hanford LAW tank AN-105 waste
sunulant began with the previously tested LAWALZET as the base glass composition [6]. Details
of the waste simulant and glass formulation development and testing are given below.

2.1.1 Hanford Tank AN-105 Waste Simulant

The waste simulant was the same as that used in the earlier studies on AN-103, which
was based on the composition data for tank AN-105 as given in a WTP Test Specitication [47]:
however, the sulfate concentration was mncreasad from 0.6 te 2.7 wi% 80; in order to meet the
requirements of the present tests. The base waste composition incorporates Tank Farm
Contractor Operation and Thilization Plan (TFCOUP) [48] data, actual waste analvsiz data, and
WTP flow sheet information. The sodium concentration in the situlant includes a 2.5 %% increase
to account for sodium additions in pretreatment [135, 49]. The nominal concentration, expressed
in terms of the sodium molaty, was determined on the basis of melier feed rheclogy tests on
similar formulations [50, 51]. The results of those tests led to the selection of 8.0 melar sodium
as the nomumal smulant concentration for the LAW AN-105 waste. This is the same
concentration that was used for previous WTP melter tests for LAW AN-105 waste [21, 28].

The nominal simulant formulation is given in Table 2.1. The LAW AN-105 simulant is a
solution of predominantly sodivm. aluminum, nitrate. nitrite, and sulfate. Since the simulant was
sinilar to those tested previously at the VSL, no new laboratory feed tests were needed. For the
nmielter tests, the waste simulant was prepared at VSL and the glass forming chemicals were
added to produce a single large batch. Sugar as a reductant and the requisile combinations of
sodium hydroxide and sodium sulfate to adjust the sodiom and sulfur contents were added to the
feed for each melter test sepment.
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2.1.2 ORPLA Glass Formulation Development

LAWAILRZ, a glass formulation previously developed and tested for ORP [0]. based on
the composition of the LAW AN-103 waste stream. was used as the starting point for the current
work. The objective was to develop a glass composition that improves upon LAWAILSY, which
wis used In previous melter tests, with a nominal waste loading of 30,3 wi%o and 23 wi%s NaxO.
The Mg concentration in this glass is 0.9 wi%. DM10 melter tests with thiz glass formulation
showed that it can tolerate wp to 0.95 w2 SOs in the feed on a glass basis. K-3 refractory
corrosion and VHT alteration rate were the major constraints that limited waste loading in this
glass tormulation.

Based on test results from previows sets of crucible melts with Na:O concentrations in the
range of 23 to 25 wi% [6, 7. 8. the Na:O concentrations m the new formulations selected for
testing were set batween 23 and 24.15 wis. Fifieen new crucible melts were prepared and
charactenized in an effort to identify a new glass tormulation that meets all of the processing and
product quality requirements [52, 53]. The target and analvzed compositions of the crucible
melts are given in Table 2.2, Observations of heat treated ORPLA glass samples are presented in
Table 2.3 and measured sulfate solubilities are presented m Tables 2.4, Results from the Prodoct
Consistency Test (PCT) and Vapor Hydration Test (VHT) are given in Table 2.5 Measured
viscosities and electrical conductivities of the ORPLA glasses are given in Table 2.6 and results
of K-3 refractory corrosion tests are given in Table 2.7.

The Na; O concentration in the glass was initially set at 23 wit%9, which is the same as that
in LAWAISY [6]. One of the new glasses, ORPLAZ6, replicates LAWAILSY with a target 505
concentration of 0.9% wi%s, the highest SOy concentration from melter tests that did not result in
the formation of a secondary phase. Glasses ORPLA27 to ORPLA32 were formulated with
higher concentrations of MgO (4. 7. and 10 wit%). compensated by decreases in the
concentrations of Al; O, B-Os. and 8i0: in ORFLA27, ORPLA2E and ORPLA29, and decreases
in the amounts of AlLOy, B0y, and Cal m ORPLA3D, ORPLAZ] and ORPLA32. As can be
seen 10 Table 2.5, all of the above glasses with hugh MgO concentrations showed ligh leach
rites, both m PCT and VHT.

Since the above glasses with high MgO concentrations showed high leach rates, the next
set of glasses, ORPLA33 to ORPLA3S, were formulated at lower MgQ concentrations varying
from 1 to 3 wit%. The concentrations of SnQ; and Zr0-, two additives that have been shown to
improve leach resistance [34-37], were increased in these glasses. ZeOs, which is added primarily
to improve the chemical durability of the glass, was kept at a concentration of about 6 wt% or
less to avoid crystallization of zircon [8]. Of these glasses, ORPLA33, ORPLA33-1 and
ORPLA34 showed acceptable leach rates, whereas ORPLA3S with the lowest S0y and ZrO-
concentrations failed the PCT and VHT acceptance criteria.

Additional glasses (OEPLA3S to ORPLA3S-1) were prepared with a target Na.O
concentration of about 24 wit% and comparatively high SnO- (-2.5 w12 and Zr0s (-6 wi%)
concentrations. AlLOy, B0y and Ca0 concentrations were decreazed along with an imcrease in
SiCh concentration, which is predicted to decrease alteration rate on the VHT and increase
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sulfate solabality. One of the glasses from tlns set, ORPLA3E-1, showed the highest sulfate
solubility and acceptable performance on FCT and VHT.

For the very high Na:(r glasses, the properties of most concern are VHT alteration rate
and k-3 refractory corrosion. In order to reduce K-3 refractory corrosion, Cry(r, was added to all
of the glasses at a concentration of about 0.3 wi% in addition 10 maintaining SiCr, SnOn, and
Zr(; concentrations at high levels [7, §].

Target and analyzed compositions of the ORPLA glasses are given in Table 2.2, Glass
compositions were determined by x-ray fluorescence spectroscopy (XRF) on powderad glass
samples. except tor B0y, winch was measured by direct current plasina — atonne emission
spectroscopy {DCP-AER) alier acid disselution. As is evident from the table, the target and
analyzed compositions generally show good agreement. Testing of all formulations started with
£lass prepacation and oplical microscopic evaluation of the as-melted sample. Glass samiples
were heat treated for 20 hours at 950°C and then evaluated for secondary phases. Observations of
the as-melted and heat treated glasses are given in Table 2.3, Large sodalite crystals representing
0.3 to 4 volune percent of the heat treated glass samples were observed in the six glass samples
with the highest MgO concentrations, A scanning electron microscopy (SEM) umage of the heat
treated ORPLAZS glass is given in Figure 2.1, Energy dispersive x-ray spectroscopy (EDS)
spectra of two cryatals (spinel and sodalite) from the SEM image are piven in Figure 2.2, XN-ray
diffraction (XRD) analysis of the sample identified the presence of lazurite, a blue sulfate
sodalite. While magnesiom was not identified in these large alumina-silicate crystals, it was
abundant in the small chromium cich spinels that represent a much simaller velume fraction of the
crystals. The glasses with lower MgQr concentrations appeared optically clear with small
amoeunts = 0.1 vol%) of spinels rich m chromium and zme. As melted samples of ORPLA27 to
ORPLA32 with high MgO concentrations appeared opaque. while the lower MgO glasses
appeared clear. The opaque appearance of the higher MzO zlasses, an example of which is given
in Figure 2.3, is probably due to undissolved sulfate, which was also seen as a separate sulfate
layer in some of the samples.

The sulfate solubilities of the ORPLA glasses were assessed by batch saturation tests.
This is a crucible-scale screening test that is used to provide an indication of the extent ot sulfur
incorporation that will be obtained under actual melter operating conditions, which is the
measure that is of practical importance. The results of these screening tests are then used to goids
the range of sultfur concentrations over which the melter tests are performed. The batch
sdturation tests were performed by remielting finely ground saniples of the glasses with an excess
of sulfate amounting to 4 wi2a SO, if all of it were retained in the glass. The remelted glass
samples are identified with an 54 at the end of the sample name. Results of sulfate batch
saturation tests are given in Table 2.4 and Figure 2.4. The results identified as “after acid wash™
are analyses of glass samples remelted with 4 wi% 50Oy afier grinding and washing to remove
any interstitial sulfate phases to ensure that only the 50s that is dissolved in the glass is
measured. The sulfate retentions in the glasses (“after acid wash™) varied from about .44 wt*s
SOy for ORPLAZS to .88 wits SO for ORPLA26.

VHT results are summarized in Table 2.5 and illusteated io Figures 2.5, The results show
that all of the new ORPLA plasses with more than 3 wi®e MeO exceeded the VHT alteration rate
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requirement of 50 g/m*/day. Increases in SiO; and ZrOy concentrations with decreases in the
Ala(r, ByO;, Ca® and Mg(r concentrations, lead to decreases in the VHT alteration rate. PCT
releases for the plasses are given in Table 2.5 and Figure 2.6 and show trends similar to those
observed in VHT results. The results indicate that the immobilized low activity waste {ILAW)
product quality requirement of normalized mass loss of less than 2 gfm® for B, Na, and 8i is
exceeded for boron i all glasses containing 3 wis MeO or more. In many cases, the normalized
mass loss also exceeds the limit for sodium, even for glass compositions with a lower Na,O
content of 23 wit%, Also notabls and indicative of the detrimental effect of magnesivm is the fact
that sodium release is lower than boron release (30 to 35% lower); this deviation from
congruence is indicative of the rolg of a previously documentzd magnesium phyllosilicate phase
which accelerates glass leachmg [54, 58]

The viscosities and electrical conductivities of glasses at select temperatures are given in
Table 2.6. Viscosities and electrical conductivities of the remaining glasses were not measured
because they failed one of the leaching or k-3 comrosmion entena, or showed low sulfate
solubality. All of the measured viscosity and electrical conductivity values are in the acceptable
range for melt processing [52] at WTP.

K-3 refractory cemrosion is a concem due to the high alkali content of the ORPLA glass
formulations. The glass with the highest alkali contents and sulfate =olubility and showing the
best leaching performiance, ORPLA3E-1, was tested for its K-3 cotrosion characteristics. K-3
refractory corrosion test results for this glass are given in Table 2.7 and Figure 2.7, where they
are compared to the results for some of the previously tested ORP LAW glasses [7].
Acceptability of the corrosion characteristics of a glass composition is somewhat subjective
because a glass composition that shows slightly higher K-3 corrosion, but allows higher waste
loading, may be a more economi¢ choice than one with lower K-3 corrosion and lower waste
loading. However, for WTP LAW glass formulation development, a neck corrosion of 0,035
inches on the 6-day K-3 coupon corrosion test at 1205°C has been used as an acceptance limit.
For the current LAW glass formulation development work for ORP, since higher waste loading
compositions are being explored, a slightly higher neck corrosion value of 0.040 inches has bezn
used as a guide for acceptable corrosion characteristics. ORPLA3E-1 shows neck corrosion value
of 0.0435 inches.

ORPLAZZ-1 met all of the product quality and processing criteria except tor slightly high
k-3 neck corrosion, and showed reasonably high sulfate solubility. This glass composition was,
therefore, selected for DM 10 melter tests. The measured properties of the glass ORPLA3S-1 are
compared 10 the ILAW performance requirements [52. 53] in Table 2.8, The density measured
on ctucible glass ORPLA38-1 was 2.69 gice; the density was also measwred for a glass sample
from the DM 10 melter test and showed a value of 2.60 gfce, which is well within the acceptable
limit. In additicn, none of the measured densities of LAW glasses prepared for WTP or ORP
exceeded or even approached the limit of 3.7 gicc. Glass transition temperature (T)
measurements and canister centerling cooling (CCC) heat treatments were not conducted on
ORPLA38-1 samples because the glass 1z expected to be acceptable with respect to these
properties. The only requirement for T, is that it be measured and reported. Since the sample
heat wreated at 930°C for 20 hours showed only minute anounts (<<0.1 vol®e) of crysials, CCC
treatment is not expected to cause extensive crystallization. Although coaling of the glass
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discharzed from the DM 10 melter occurs faster than in a WTP LAW canister, examination of
cooled ORPLA3E-1 glass samples from the DM10 melter comroboerated this expectation in that
very few crvstals were present in the discharge glass samples.

The composition of the ORPLA3E-1 glass used in melter tests is given in Table 2.9 along
with the oxide contributions frotn the LAW AN-103 waste sinmlant and from the glass former
additives. The sinmulant was prepared with no SOs and the sulfur concentration was inereased in
steps during the melter tests by adding the appropriate amounts of Na;$0O,; and NaOH to the
feed. The melier feed was prepared at a Na;O concentration of 23.3 wt% {for zero sulfate) in
order to accommodate Na:$0y and NaOH additions, without increasing the Nax(r concentration
above 24.0 vt while accomimodating up to 0.90 wi%e SO;. The types and amounts of glass
former additives vsed to prepare the melter feed along with the target feed properties are given in
Table 2.10a4. The glass former additives are the same as those planned for vse at the WTP, with
the exception of chromium, tin, and vanadium, which would be new additives. The amounts of
Na:50y and NaOH added to the teed to obtain 24 wi%e NapO and 0.50 to 8.90 wi%s 50; are given
in Table 2.10b.

2.2 Hanford Tank AP-101 Wasite Simulant and ORPLG Glass Formulations

Glass formulation development and testing for the LAW Hanford rank AP-101 waste
simulant began with the previously tested ORPLG? as the base glass compaosition [8]. Details of
the waste simulant and glass formulation development and testing are given below,

221 Hanford Tank AP-101 Waste Simulant

The waste simulant for the present study was based on the composition data for Hanford
LAW tank AP-101, a5 given in a WTP Test Specification [47]. The base waste compositicn
incorporates TECOUP [48] data, actual waste analysis data, and WTP flow sheet mfonmation.
The sodium concentration m the sunulant inchides a 2.5 wi%s ncrease 1o account tor sodium
additions in pretreatment [14. 49). The nominal concentration, expressed in terms of the sodium
molarty, was estimated on the basis of melter feed rheology tests on smalar formulations [50.
51]. The concentration of the simulant vsed in DM10 melter tests was & molar sodium. The
nominal simulant formulation ig given in Table 2.11. The LAW AP-101 simulant is a solution of
predominantly aluminum, sodium, potassiun., niteate, nitrite, carbonate, and sulfate.

2.2.2  ORFPLG Glass Formulation Development

The starting point for the current ORPLG glass formulation development work was
ORPLGY, a glass based on the composition of the LAW AP-101 waste stream. The olyective
was to develop a glass formulation that can improve o ORPLGY in terms of sulfate solubility
and refractory corrosion while maintaining the target waste loading of 29,10 wt%s with 21 wt%

NayOr and 575 wi% K. Another objective was to determine the <ffect of higher MgO
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concettrations thai the starting concentration of 0.96 wi% on the properties of the plasses.
DM 10 melter tests with ORPLG? showed very little tolerance for SOy in the feed (0.2 witts 504
or less). K-3 refractory corrosion and VHT alteration rate were the major constraints that imited
waste loading in the ORPLGO glass formulation. The high alkali content of the LAW AP-101
waste from a combination of NayO and K.O is the primary challenge for glass formulation
development in this composition region.

Target and analvzed compositions of the ORPLG glasses are given in Table 2.12. In
order to reduce K-3 refractory corrosion, Cra05 was kept at a concentration of 0.6 wt% in all of
the glasses, as was previously wsed [8]. The new ORPLG glass development work started with
ORPLG13, ORPLG14 and ORPLGI1S, all with about 4 wits MO and with mereasing waste
loadings. The waste leading increases result in increases in the NazO concentrations from 20 to
20.5 to 21 wit% with corresponding increases m the KO concentrations trom 5.47 to 561 to
575 wie, The additive blend was kept identical to that used for ORFLG?, changing all of
components together as the waste loadmg was changed. Similar to the ORPLA glasses with high
MgO contents, all three of the ORPLG glasses faled both VHT and PCT leach rate lunits. The
next set of glasses, ORPLG16 to ORPLG19, was formulated with 2 wt?s MgO. These glasses
contomed reduced concentrations of ZoO and Al:Os, along with high concenteations of SnQs.
Zr0; and 8i0n. NayO concentrations in these glasses varied from 20.6 to 21.1 wte. Viscosity
models were used to select additive combinations yielding similar or slightly higher melt
viscosity than ORPLG? in an attemapt 1o reduce K-3 refractory corrosion. However, all of the
glasses failed PCT and VHT leach rate criteria. Finally, MgO concentrations were reduced to
about 1 wt% or turther reduced to 0.5 wit%o in the remaining glass formulations, which tested two
waste loadings at about 20.5 and 21 wt%e Nax. In these glasses, the amounts of 8i(r,. En0; and
ZrO; were varied while maintaining the remaining glass former additives fairly constant.

Target and analyzed composttions of the ORPLG glasses are given in Table 2.12.
Testing and analvsis of the glasses followed the same methods vsed for ORPLA glasses, which
are deseribed 1n Secticn 2.1.2. As 15 evident from the table, the target and analyzed compositions
show good agreement. Glass samples were heat treated for 20 hours at 850°C and evaluated for
secondary phases. Observations of the as-melted, and heat treated glasses are given in Table
2.13. The first three, higher magnesium glasses appeared slightly opaque while all other
as-melted glasses appeared clear. The heat treated glasses also showed little erystallization (0.3
to 0.7 vol%).

The sulfate solubilities of the ORPLG glass compositions were assessed by baich
saturation tests. The batch saturation tests are deseribed in Section 2.1.2 and the results of the
tests are given in Figure 2.4 and Table 2.14. The sulfate solubilities of the ORPLG glasses vared
from 0.42 to 0.52 wt% by batch saturation tesis and generally increased with increased waste
loading. In addition to batch saturation tests, the sulfate sclubility of the ORPLG27 glass
composition was determined by gas bubbling. Results of these tests are given in Figure 2.8 along
with results from the carlier tests on ORPLGY [8). ORPLG27 showed a sulfate solubility of
0.58 wi%e and the onset of a secondary sulfate laver occurred at an SOy concentration of about
0.33 wis,
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VHT and PCT results are summarized in Table 2.15 and illustrated in Figures 2.5 and
2.6. Glasses containing high concentrations of Mg(O do not meet either the PCT release limit or
the VHT alteration rate limit. Among the glasses with high waste loading (21 wi% Naa(O and
5.75 wit%e K:0) only ORPLG26 and ORPLG27T meet both leaching limits. The viscosities and
electrical conductivities of seven of the ORPLG glasses at select temperatures are given in Table
2.16. All of the viscosity and electrical conductivity values are in the acceptable range for
processing. Simnlar to ORPLA glasses, the ORPLG glasses were designed to have viscosities
towards the higher end of the acceptable range in order to reduce refractory corrosion, Three
ORPLG glasses with high waste loadings (=29 wi%) were tested for their K-3 corrosion
characteristics. K-3 refractory corrosion test results for these glasses are given in Table 2.17. The
three have somewhat comparable K-3 corrosion characteristics with a neck loss near 0.03 mches.
The depth of the reaction zone into the K-3 coupon is lower in these three samples than it was in
the previously tested glass ORPLG? of similar waste loading.

Of the fiftcen ORPLG glass formulations tested, ORPLG26 and ORPLG27 are two
similar formulations with high waste loading that also meet all processing and product quality
requirements. Formulation ORPLG27, with slightly higher sulfate solubility and lower viscosity
was recommended by VSL/ EnergySolutions for DM 10 melter tests. The measured properties of
the glass ORPLG27 are compared to the ILAW performance requirements [3Z. 53] in Table
2.18. Measured densities of the crucible and melter glasses were 2.71 and 2.67 g/ce, respectively.
both well below the hmit of 3.7 glee. Glass transition temperature measurements and CCC heat
treatments were not conducted on ORPLG27 glass. Examination of cooled ORPLG27 glass
samples from the melter showed little crystallization, indicating that the glass is unlikely to show
substantial erystallization on CCC heat treatment.

The composition of the ORPLG27 glass used in melter tests is given in Table 2.19 along
with the oxide contributions from the LAW AP-101 waste simulant and from the glass former
additives. The simulant was prepared with no 805 and the sulfur concentration was inereased in
steps during the melter tests by adding the appropriate amounts of Na:80; and NaOH to the
feed. The melter feed was prepared at a Na;O concentration of 20.21 wi% in order to
accommodate NasSOy and NaOH additions without mereasing the NasO concentration above
21.0 wt%o. The types and amounts of glass former additives used to prepare the melter feed along
with the target teed properties are given in Tahle 2.20a. The glass former additives are the same
as those planned for use at the WTP. with the exception of chromium and tin, which would be
new additives. The amounts of Na,80, and NaOH added to the feed to obtain 21.0 wi% Na,()
and 0.0 to 0.6 wi%e 8O3 are given in Table 2.20b.

2.3  Sugar Additions

With high nitrate feeds, the addition of reductants 18 necessary in order to control melt
foaming. Sugar. which was used for this purpose at West Valley. has also been selected as the
baseline reductant for the WTP. The amount of sugar required increases with the amount of
nitrates present m the feed and decreases with the amount of waste organics present m the feed,
which themselves act as reductants, Excessive additions of reductants can be deleterious, leading
to over-reduction of the mel and formation of sulfides and molten metals. Consequently. the
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oxidants and reductants in the feed must be switably balanced. The basis for aclueving tlus
balance was developed by VSL and EnergySefutions for the vitrification of high-sodium-nitrate
feeds at Savannal River Site's M-Area and has been successfully applied to the processing of a
wide variety of simulated WTP feeds over the past six years. In developing this approach. we
elected to conservatively adopt the most reducing potential reaction as the basis for the definition
of a "sugar™ or stoichiometric tatio of 1.0 as a result of concerns for over-reducing the melt. Such
a reaction, using sodiwn salts as an example, is:

CEHHO“ + gNﬂND; = 3{:03 +4C0 + 4Ng +1 IHQG‘ + 4N320

Fundaimnentally, the basis that 16 selected i simply a convention. since the precise
stoichiometry of the reactions involved is neither known nor constant under the conditions
prevailing in the melter. However, with this convention, a sugar ratio of 1.0 corresponds to one
mole of sucrese per eight moles of nilrate or, mmore generally, 1.5 moles of orcamic carbon per
mole of nitrate. It i3 then expected that sigmficantly less sugar than this wall be required m
practice. The empirically determined amount required to successfully control melt foaming
without significanly reducing the glass melt was found to correspond to a ratio of 0.5 when any
nitrites present were counted as witeates (1.e., 0.75 moles of orgamic carbon per mole of mitrate +
nitrite). This approach has been empleyed for all WTP melter testing. It 15, however. expected
that slight variations around the nominal valne of 0.3 may be necessary to account for differences
i the reducing powert of waste organics i compatison to sugar, particularly for LAW streams
that are high in organics.

As an example, the calculation of the amount of sugar needed for the present LAW
AN-105 {Envelope A) teed to achieve a sugar ratio of 0.5 proceeds as follows:

¢«  Ome liter of $ molar sodivm simulant contains 1,857 moles of nitrite and 2.048
moles of miteate, giving a total of 3,205 moles of NOx (see Table 2.1)

o The required total amount of organic carbon for a sugar ratio of 0.5 is
3.905 = 0.75 = 2979 moles

¢ One liter of sunulant contains 0,174 moles of organic carbon (see Table 2.1)

o Therefore, 2.929 — 0,174 = 2,755 moles of organic carbon must be added.

Since the molecular weight of sucrose is 342 g, 2.755 x 341/12 = 785 g sugar must be
added per liter of simulant, as shown in Table 2.10.a.

24 Analysis of Melter Feed Samples
24.1 General Properties

Feed samples from melter tests were analyvzed to confinm physical properties and
chenneal composition. Samples were taken from residual composite melter feed and teed prior to
adjusting the sultur content. Sample names, sampling dates, measuced properties and
comparisons with feed analysis for similar waste streams [6, 8] are provided in Table 2.21. The
average measured glass vield for the melter samples differed from the target values by less than
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two percent {on a mass per wnil mass basis) vabidating the use of the target value for caleulating
glass production rates. Measured feed densities, feed solids coment, and pH are within narrow
ranges tor each waste type due to the similarity m waste loadiog and, in the case of the current
tests, the consistency of the feed. The measured pH values for the composite feed samples are
higher than the stock feed as a resnlt of the addition of sodium hydroxide and sodium sulfate to
adjust the sulfur and sodium content.

2.4.2 Chemical Composition

The chetmecal compositions of the feed samples were deterimined by first making a glass
from the feed sample via crucible melt. The glass was subsequently crushed and analvzad
directly by XRF. The boron oxide target values were vsed for normalizing the XRF data since
boren was not determuned by XRF. The XREF-analyzed compositions of the feed samples are
provided in Table 2,22, The data generally show good agreement with the target composition for
the major components, Of the oxides with target concentrations of one percent or preater in the
composite feed samples, the XRF values showed deviations of less than 10%4a, except for a high
tin bias of about twenty five percent m the ORPLA3R-1-80 composition. Deviations of up to
about thirteen percent were cbserved for other oxides in the stock feed batch, reflecting a small
bias from sampling the drum. Surpluses of tin were also observed in the product glass while
processing the ORPLA3E-1-80 composition (see Section 4.1) as well as in previous tests using
tin as an additive [6-8] suggesting that there may be a potential analytical bias or the purity of the
additive source is underestimated. Similar observations were made for vanadium, which was 10
to 13 relative percent above target concentrations, similar to previous tests [2, 6, 7, 59].

Corroborative analysis of feed samples was perforined by the DCP analysis of solutions
generated by microwave aided acid dissolution; results are compared to target and XRF analysis
in Table 2.23. Measurad boron concentrations were within seven and a halt percent of the target.
validating the use of the target value for normalizing the XRF data. The analysis alse confinns
the lack of lithiwm in the feed. Agreement between the two analvtical methods was excellent.
except tor low sodinm values obtained from the DCP analysis; previcus experience indicates that
the XRF results are more reliable in this regard [6, 8. 59]. Also of note are the lower, and
therefore closer to target, concentrations of tin and vanadivm for the DCP analvsis suggesting a
potential high bias for the XRF method. Measured chromium oxide concentrations were about
0.2 weight percent above the target for all but one XRF analysis, whereas the DCP analysis more
closely approximates the target concenitation.

Volatile minor elements such as sulfor and chlorine are, as expected, below target due to
loss during crucible melting. Titanium oxide was measured in the feed samples at levels ranging
from 0.05 to 0.15 weight percent, even though it was not included in the target composition.
Similar obzervations were made m previous tests with LAW melter feeds [6-8, 59]: this 1 due to
the presence of titaniwm as a contaminant i the glass forming additives, most notably kyanite
[2]. Iodhne was measvred in the feed samples at around a tenth of a weight percent as a result of
its presence as an impuaty n the tin additive used [6-8]. Conumon elements such as chiromium,
iron, and phosphorus, which are typical impurities in bulk chemicals, are over-represented when
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the constituent 15 a minor component. Higher measured concentrations for these common
elements may also be atiributable to measurement uncertainties at these low concentrations.
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SECTION 3.0
DM10 MELTER TESTS

Melter tests were conducted on the DAMI1O with the LAW simulants from 36710 to
51410 to determing the maximum sulfur concentration that can be processed without fornmng
secondary phases for each of the two glass compositions. These tests produced over 200 ke of
glass trom abowt 400 kg of teed. Tables 3.1 and 3.2 provide summaries of the DMI10 tests.
inchuding run times, the amount of sulfur in the feed. the amount of teed processed. the amount
of feed sulfur retained in the glass product, observations of secondary phases. key processing
parameters, and measured concentrations of gaseous species, The tests, listed m the order m
which they were performed, were as follows:

+ Test A: Four novmunally 14-hour feeding seements with LAW AP-101/5ub-Envelope A2
simulated wastes with a Na,O concentration of 21 wt% in the ORPLG27 target glass
composiion. The test segments employed SO0y concentrations of 0.2, 0.4, 0.6, and 0.5 wi%
it the glass product {assuming total retention).

#  Test B: Four nominally 14-lour feeding segments with LAW AN-105/8ub-Envelope Al
simulated wastes with a NayOr concentration of 24 wi% in the ORPLA3S-1 target glass
composition. The test segments employed SOy concentrations of 0.5, (L7, 0.9, and 0.8 wi%e
i the glass product {assuming total retention).

The principal objective of these tests was to determine, for each feed, the maximum
sultur content in the feed that can be fed into the melter without forming secondary sultate
phases. The bubbling rate was adjusted to maintain target glass production rates between 2250
and 2300 kg.-*mz.-"da}' with a complete cold cap. Test segment durations of 12.6to 1525 hours
were selected simee, at the target glass production rate, this provided three melt pool turiovers
{24 kg) for each sulfur concentration. Sugar was added to the feed at a stoichiometoac carbon
ratio of .5 for all of the melter tests, At the end of ¢ach test segment, dip samples were taken to
detect the presence of a separate sulfur phase on the glass pool surface. The mell surtace was
considered free of a sulfate layer if no visible secondary sulfate phases were observed on any of
the theee dip samples. It a sulfate laver was detected on the melt surface, the glass pool was
bubbled until the dip samples indicated that the sulfate layer had dissipated prior 1o commencing
the subsequent test segment.

31 DMI10 Systemn Description

3.1.1 Feed System

The teed container is mounted on a load cell for weight monitoring and is stirred
continuously except for peaodic, momentary mterruptions durmg which the weight 1z recorded.

The material in the feed contamer 1s constantly recicculated, which provides additional mixing.
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The recirculation leop extends to the top of the melter where fead 13 diverted from the
recirculation loop through a peristaltic pump inte the melter through a Teflon-lined feed line and
vertical water-cooled feed tube. A diverter valve pennits direction of the teed stream enther to the
melter or to a sampling vessel.

3.1.2 DMelter

The DM 10 system used for this work is a ceramic refractory lined melter, which includes
two Inconsl 690 plate electrodes that are used for joule-heating of the glass pool and a bubbler
for agitating the melt. Glass iz discharged from the melter usmig an aie-hift system. The melt pool
has a surface area of 0.021 1n® and typically contains about 8 kg of glass. The plenum volume is
19.5 liters at the oominal glass level. Inconel 690 thermowells were custom fabricated and
installed n the DMI10O for the current tests since m previcus tests, thermowells made from
Inconel 601 experienced rapid corrosion m tests with high-alkali, high-sultur feeds [3].

313 Off-Gas System

For operational simplicity. the DM 10 is equipped with a dry off-gas treatment system
involving gas filtration operations only. Exhaust gases leave the meler plenum through a film
cooler device that minimizes the formation of solid deposits. The film cooler air has constant
flow rate and its temperature is thermostatically controlled. The geometry of the transition line
{hetween the melter and the first filtration device) conformiz to the requirements of the
40-CFE-60 air sampling techniques. Immediately downstream of the transition line are cvelonic
filters followed by conventional pre-filters and HEPA filters. The temperature of the cvelomie
filters is maintained above 130°C while the HEPAs are held above 100°C to prevent moisture
condensation. The entire train of zas filtration operations is dupheated and each train is wsed
alternately. An induced dreaft fan completes the system. The sampling locahon for gaseous
species monitored by FTIR is immediately downstream of the draft fan.

3.2 DM 10 Test Conditions

Targzt processing conditions. including bubbling rate adjusted to maintain a target
production rate between 2250 and 2500 ke/m*/day. a melt pool temperature of 1150°C, and a
complete cold cap were aclneved throughent the majonty of the melter tests. Test segiment
average production rates ranged from 2068 to 2401 kgx'mfx'da}f. All test segments had averape
production rates within the target range except for the imtial test segment, which was about eiglt
percent low, Test segment average bubbling rates ranged from 2.4 to 4.1 liters per minute, which
is within the range vsed in previous tests with the same waste streams [8].

The measured test segment average glass temperatures two inches from the melter floor
were between 1144 - 1152°C for all test segments. thus indicating that the target glass
temperature of 1130°C was achieved. Measured glass temperaturzs two inches higher in the glass
pool averaged 4°C lower during the tests, Each test segment started with the melt pool at the
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nominal operating temperature of 1130°C. Typical plots of DM 10 melter temperatures are given
in Figures 3.1.a and 3.1.b. The plots are for the first two and the last two test segments (Al A2,
B3, and B4). As mentioned above, the data at 27 from the melter bottom are most representative
of the bulk glass temperature; these data average very close to the target of 1150°C and vary little
during feeding periods. The measurement at 4” from the bottom 15 closer to the melt surface and
varies by about 23°C as the level of the glass changes. Variations in temperatures measured at
both locations were observed during idling periods usad 1o take glass dip samples and purge the
melt surface of secondary sulfate phases. In keeping with many previous D1 tests, the
electrode temperatures were 30 to 100"C lower than glass pool temperatures [6, 7]. The
measured test segment average plenum temperatures were well below 6007C, indicating that a
complete ¢old cap covered the melt pool surface throughout the tests, Typacal plots of DMILO
plenum temperatures are given in Figures 3.2.a and 3.2.b for the first two and last two test
segments conducted. Higher plenum temperatures occurred at the begionmg of testing and n
between test sepments while the melt pool was probed for secondary sulfate phases. Unlike
plenum temperature measurements on larger melters, the exposed thenmocouple often gave a
lower temperature reading than the thermocouple 1n the thermowell due 1o variable amounts of
fzed coating the exposad thermocouple.

33 DAL Test Results

Evaluation of glass pool samples provided an indication of the tolerance of the glass
formulations to sulfur under nominal melter conditions. Depictions of the target and measvred
sulfur contents are provided in Figure 3.3 for the two test series. During Test A with the
ORPLGZ7 target glass composition. secondary sulfate phases were observed while processing
feeds targeted at 0.6 wit%s SO; but not at 0.2, (.4, and 0.5 wi2e SOy thus the sulfur saturation
occurs between 0.3 and 0.6 wt% SO5 with respect to the feed. The highest sultur concentration in
the glass that did not have secondary phases was 0.47 wi% 50, This result iz a significant
inprovement over past glass compositions for this waste: previous tests with same waste
composition showed little tolerance for sulfur with secondary sulfate phases observed at only
(0.2 wt% S0O; []. During Test B with the ORPLA3R-1 target glass composition, secondary
sulfate phases were observed while processing feeds targeted at 0.2 wt® 50; but not at 0.5, 0.7,
and 0.8 wit%e SOy; thus the sulfur saturation occurs between 0.8 and 0.9 wi%e SOy, The highest
sulfur concentration in the glass that did not have secondary phases was 0.76 wi%e 50. In
previous tests with this waste stream, sulfur saturation ocourred between 0.7 and 0.8 wi% 80;1in
the feed [%], thus the glass formwlation tested bere shows a modest unprovement over the
previously tested glass formulation.

34  Gases Monitored by FTIR

Melter emissions wers monitored in ¢ach test for a variety of gaseous components, most
notably carbon monoxide, ammoma, sultur dioxide and mirogen species, by Founer Transtorin
Infra Red Spectroscopy (FTIR). The off-gas system temiperature is maintained well above 100°C
bevond the samphog port downstream of the HEPA filter in order to prevent analyvie loss Jue to
condensation prior to montoring. Test segment average concentrations of NO, NGs, CO, and
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NH; are provided w Tables 3.1 and 3.2; these analvtes are those that were expected to be
observed during the test, based on previeus work. No HF, HC1, HCN, 8O and nitric acid were
detected in any of the tests and therefore none is reported 1n the tabular data. The most abundant
nitrogen species monitored was NO. which is consistent with previous tests [2-8, 13, 14, 21-30]
in which nitrates and nitrites were abundant in the feed. The two waste simulants have similar
concentrations of nitropen oxides, and therefore similar sugar additions. and the neasured
concentrations of most monitored components are similar throughout the two tests. The carbon
monoxids and ammonia observed in melter emissions as products of incomplate combustion for
LAW simulants are typical while processing relatively high concentrations of nitrate, nitrite and
sugar.
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SECTION 4.0
DM10 GLASS PRODUCTS

Orver a fifth of a metric ton of glass was produced in these tests. The glass was discharged
from the meler periodically into square steel cans using an airlitt system. The discharged
product glass was sampled at the end of each test by removing sufficient glass from the top of the
cans for tolal inorganic analysis. Care was exercised during sampling of each can to identify and
segregate any potenbial secondary phases. Minor amownts of secondary sulfate were observed on
the exterior of drips from the end of discharged glasses during Test AZ, as shown in Figure 4.1,
These occurrences of secondary phase were transient and had no correlation with secondary
phases on the glass pool surface. Product zlass masses, discharge date, and analyses performed
are listed in Table 4.1, Glass samples were also obtained by dipping a rod e the glass pool at
the beginning and end of each test. These "dip samples” underwent visual examination to detect
the presence of a separate sulfate phase on the glass pool surface.

4.1 Clompositional Analysis

(Glass discharge samples were crushed and analyzed directly by XRF. The target values
for boron and lithium oxides. which are not determined by XRF, were used for normalizing the
XRF data to 100 wt%. The XRF-analyzed compositions of all discharged glass samples are
provided in Tables 4.2, The majority of the XRF analvsis results compare favorably to their
corresponding target values and feed sample analvsis (see Section 2.4.2). Of the oxides with
target concentrations of one percent or greater, the XEF values had deviations of less than 10%%
except for the imtial test segment. which bad a high calcium content due 1o incomplete turnover
and ligh tin bias of about thirtesn to seventeen percent throughout mest of the tests with the
ORPLA38-1 composition. Measured vanadivm concentrations were about ten percent above the
target concentration during the tests with the ORPLA3S-1 composition once the glass was
completely tumed over. Chromium oxide concentrations were an absolute (.2 to (.25 weight
percent above the target: most of this surplus was measured in the feed samples; however, a
small increase is attributable to corrosion of melter brick and Inconel components. Iron oxide
concentrations were above the low target concentrations due to the ubiquity of the element in
bulk chemicals. Elements not included in the target glass compositions., including iodine,
manganese, nickel, phosphorus, titanium, and vanadium were observed in the product analysis as
a result of corresion of melter components, carrvover from previous tests, and trace
contamination of additives.

Compositional trends of the major and select oxides during the tests are shown
Figures 4.2, - 4.9, These trends illusirate the differences between the two tested compositions and
closeness to target over the course of the tests. Aside from the intended changes in sulfur, the
two glass compositions were held relatively coustant during each testing sequence and therefore
the most significant changes were observed during the first test segment. These changes for
additives caleiom, magnesium, vapadium, and tin as well as the waste components sodium,
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potassim, and alumimum are evident in the plotted data. Both glass compositions have high
target sodium concentrations (20 and 24 wit® oxide), therefore the range is not nearly as
extensive as previous tests with the LAW waste streams [6, 8], These depictions also show the
sampling and analytical wvariations attributable to the methods used; for example. potassium,
chlorine, and vanadium show minimal variability whersas zirconium and tin can vary by about
half a weight percent in sequential glass discharges. The relative volatility of sulfur in Figure 3.3
and chlorine in Figure 4.9 is illustrated as the difference between the target and measured
amounts in the glass, about a third of the chlorine and a tenth of the sulfur was volatilized. This
chloring loss is similar to previous tests with these wastes [6, 8] but less than the near-50% loss
of chlorine from the glass at target concentrations greater than 0.3 weight percent [7, 28, 60] in
previous tests, This difference mav be due to the higher concentration of sodium in the target
glasses and possibly higher chlorine contamination of feed constituents, Complete sampling and
analysis of melter exhavst commonly conducted on larger melers [2-6. 13, 14, 21-30, 60-64] is
required for a more accurate assessment of elemenial volatiity and mass balance calculations.

4.2  Secondary Phase Observations

All discharged glass and glass *dip™ samples taken directly from the melt pool were
closely examined to document the presence or absence of secondary phases. Glass dip samples
were obtained from three separate locations in the melt pool at the end of each test segiment;
these samples were collected to ascertain whether a secondary sulfate layver had formed on the
surface of the glass melt in response to the feed sulfur concentration used for that test segment.
Sanples were also taken to ensure the melt surface was free of secondary phases prior to starting
each test segment, as well as after bubbling intended to volatihze sulfur from a previously
formed sulfur layver. Table 4.3 provides a histing of all of the dip samples and an indication of
whether or not a separate salt phase was evident. Examples of secondary phases chserved while
processing three of the fonnulations are shown in Figures 4,10 — 4,12, Notice the vellow material
adheting to the rod and on the outside of the glass, both of which are indicative of a sample taken
from a melt paol with a sulfate layer on the surface.

4.3  Comparison of the Properties of Cricible and Melter Glasses

Samples of DM10 discharge glasses and crucible melts for the two waste compositions
were subjected to the PCT leaching procedure. Samples were collected from melter test segments
processing feeds with the highest sulfate concentrations that did not result in secondary sulfate
phases, The PCT releases of the melter glasses. along with those of crucible glasses with the
same target compositions, are given m Table 4.4, PCT releases of all of the melter and crucible
classes are well below the WTP contract imit mass loss of 2.0 g.-’rnz for B, Wa and S1. The PCT
releases of the melter glasses are. m general, higher than those of the corresponding crucible
glasses. Some variations in the PCT releases of plasses of the same composition are expected
based on round robin PCT testing of an Argonne National Laboratorv-Low Activity Reterence
Material (ANL-LRM) glass sample [65]). However. the resulis presented in Table 4.4 show PCT
releases of the melter glasses to be uniformly higher than those of the corresponding crucible
glasses. This 1z probably due to the differences in analyzed compositions of the glasses given in
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Tables 2.2, 2.12 and 4.2, The melter glasses contain shghtly higher concentrations of alkahs
{NayO and K0} and lower concentrations of Si0; and Zr(»; as compared to the corresponding
crucible glasses. Alkalis tend 10 increase PCT release, whereas 810y and ZrOs decrease PCT
release.

VHT results for the melter and cotresponding crucible glasses with the same targel
compaosition are given in Table 4.5, VHT alteration rates calculated by two different methods are
given in Table 4.5, One method involves direct measurement of the alteration layer thickness.
while the other involves measurement of the remaining glass. The VSL Standard Operating
Procedure (SOP) for VHT measurement specifies that when the alteration layer thickness is
greater than 100 pm, 3t should be determined based on the remaining glass. This is because when
the alteration laver thickness is sufficiently large, measuring the dimensions of the remaining
glass and subtracting it from the original sample dimensions gives a better estimate of the
thickness of the allered layer. A direct measurement of the layer thickness can provide erroneous
valves because the altered laver may have expanded. thus miving a larger value than the actual
thickness of the altered part of the glass sample, particularly for thick layers. The VHT alteration
rates for the crucible and melter samples of ORPLA3YR are similar, with the melter glass sample
showing a shghtly higher value, The melter glass sample of ORPLG27 showed substantially
higher VHT alteration rate as compared to the corresponding crucible glass sample, with the
melter glass sample exceeding the contractual limit of 50 g/m®/day [33]. The major teason for the
difference is the presence of bubbles and cracks in the melter glass samples, which are absent in
the crucible glass samples. Excessive alteration around bubbles and cracks in melter glass
samples as compared to the crucible plasses can be seen in Figures 4.13%.4 to 4.14.b. Another
potential contributor is that the melter glasses prepared from slurry feeds are likely to contain
more OH groups in the structure as compared to the crucible melts prepared from dey chemicals,
which would also likely lead to higher VHT alteration rates. A third reason is the differences in
analyzed compositions hetween the crucible and melter glasses discussed above, As is evident
from Figures 4.14.a and 4.14.b, bubbles and cracks in this melter glass samples clearly increase
the VHT alteration and lead to higher variability in the alteration rate measurement. The
difference in the VHT alteration rates between the crucible and melter glass samples of
ORPLG27 is clearly higher than the previously reported uncertainty associated with VHT
measurements of about 31% relative standard deviation [66]. The difference is mostly due to the
presence of cracks and bubbles m the melter glass sample that are not present i the crucible
glass sample. In futore, one way to reduce the ditference in the VHT results trom crucible and
nmielter glasszes may be to remelt the melter glass samples and subject both the crucible and melter
rlass samples to CCC heat treatmient before performing VHT.

The densities of both the crucible and melter glass samples were measured. The measured
dersities of all glass samples are below the limit of 3.7 gicc. In both cases, the melter glass
samples showed shightly lower densities than the corresponding crucible glass samples (2.60 pice
versus 2,69 gice for ORPLA3E and 2.67 gicc versus .71 g/ce for ORPLG27Y). This is due to the
presence of some gas bubbles in the melter glass samples, whereas the crucible glass samples are
free of bubbles,
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SECTION 5.0
SUMMARY AND CONCLUSIONS

Two sets of tests were conducted on the DM10 vitrification system to evaluate newly
developed LAW glass formulations intended to improve waste loading and sulfate tolerance.
Glass formulations for the melter tests were selected on the basis of a series of crucible melts that
were prepared and charactenzed. Glasses were formulated for two different waste streams.
maximizing waste loading while meeting requirements for product quality (PCT and VHT).
refractory corrosion characteristics. and processing properties. The results from this work, in
combimation with our previous work in this area, provides ORP with a broad basis of glass
formulation and charactenization data from which to assess the likely enhancements in LAW
loadings that should be possible in the WTP LAW design with the current product quality and
processability constraints. Such enhancements provide the potential for significant cost and
schedule savings. Implications of the results from this work for the WTP and recommendations
for future work are provided at the end of this section.

The GFC additives that have been used previously in the LAW glasses are AlLO;. ByOs.
Ca0. Cry0;, Fe, 05, LixQ, Mg, S0, Sn0s, TiO,, V,0s, ZnO and Zr0;. For the present work.,
Fez(); and TiO: were not used as glass former additives. Li:O also was not used because the two
waste streaims that were mvestigated, LAW AN-105 and LAW AP-101. have very high alkali
concentrations (Na:0O and K-0) and comparatively lower SO concentrations. ZnO is added at
concentrations in the range of 2 to 3 wi% mainly to reduce corrosion of K-3 refractory by the
glass, 1 15 also beneficial in reducing corrosion of Inconel components, In general, components
such as 510z 8n0; and ZrO; improve the chemical durability of the glass. including
performance on the PCT and VHT. Of these, Zr(: and SnOs are the most effective in reducing
VHT alteration rates. These components usually are also effective in reducing corrosion of both
K-3 and Inconel by the glass. Even though Al:O: in general. tends to improve chemical
durability. its substitution by other components such as 810, SnOs, and ZrOs can be beneficial
in reducing VHT alteration rates. Increases in B;O; concentration can have variable effects on
chemical durability and typically tend to reduce melt viscosity, Liz0, CaQ, and V-0s all are
beneficial in increasing sulfate loading. In the present work. since very high alkali compositions
were being formulated. components that reduce corrosion and improve chemical durability were
increased. Cr:0; was added solely to reduce corrosion of K-3 refractory by the glass, The
addition of Cr20; has been quite successtul in increasing the waste loading in high alkali LA'W
glasses, where K-3 refractory corrozion can limit waste loading. However, it also known that
sulfate and chromate show synergistic behavior [67] and the presence of chromium can increase
the tendency for secondary sulfate/chromate phase formation, which can potentially limit waste
loading m LAW glasses that contain sulfur. Tt should be noted that the effect of the addition of
each of these components cannot be taken in isolation. Each has to be considered in combination
with the other glass former additives, the overall composition of the glass, and relevant glass
melt properties such as viscosity and glass redox state.
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One objective of the current work as specified by ORP [9] was to deterining the etfect of
higher Mg concentrations on the properties of Hanford LAW glasses. Accordingly. glasses
with high MgO concentrations (up to 10 wi%) were prepared and characterized. Heat treated
glass samiples with high MgO concentrations (> 3 wt%) showed small Cr-rich spinel crystals
with Mg. Larger sodalite crystals that were present in these samples did not contain Mg
Decreasing the MgO concentration to 1 wi% or less eliminated most of the crystals containing
Mgz Previous tests with high Mg concentrations (> 5 wit%) in lower alkali, higher sulfate glasses
showed augite-azgirine crystals with Mgz, along with MgAl:Qy spinels [19]. All of the glasses
from the present work with MgO contents in excess of 3 wit® failed the contract leaching criteria
for VHT in all cases and PCT in a number of cases. The leach rates as a function of MgO content
are given in Figore 5.1, This is consmistent with previous studies that showed MgO to be one of
the components that increases leach rate of borosilicate glasses [20, 54, 38, 68]. Increases in
M2O concentrations are predicted to increase leaching of these boroslicate glasses as much as
increases n LixO and greater than ncreases i WNaxO. In a glass produced at the Marcoule
Vitrification Facility with & wit%9 MgO [34], the precipitation of magoesiom phyllosiheate was
found to control the sipnificant residual rate of glass allecation [68]. The above phase
identification was made after 2500 to 3400 days of leaching. Even though XRD of the material
from the current short term {7 day) leach test did not identity such phases, similar behavior after
longer term leaching cannot be ruled cut for the high MgO glasses. For all of these reasons, MgO
concentrations were reduced to 1 wit% or less during the latter part of the present glass
development worle

For the current work, glass formulation development and testing were designed such that
the maximum achievable waste loadings could be determined for two LAW streams specified by
ORP, Details of the LAW glasses selected for the current set of melter tests for the two regions.
ORPLAZS and ORPLG27, are summarized below.

ORPLA3S-1: This glass formulation was based on the composition of LAW from Hanford tank
AN-105. The developed glass formnlation, ORPLA38-1, has a target waste loading of 31,5 wie,
with target NagO and SO; loadings of 24.00 and 0.8 wi%, respectively. The waste loading for the
previous ORP glass developed for this LAW stream, ORPLA20 [R], had the same Na;O and
overall waste loadings, but a lower 50 loading of 0.7 wit®. The increase in 50 loading was
achieved usmg VaOs as a glass former additive with decreases in the concentrations of ByOa,
Ca0 and Si0:. The waste loading of 31.5 wt% in ORFLA20 is higher than that in the
corresponding WTP LAW correlation glass, LAWE4H [60] of 27.2 wi%, and the WTP LAW
baseling glass, LAWA4L [16] of 26.0 wi. The nominal composition of LAW from 1ank
AN-105 has a S0,Na molar ratio of 3,Dxlﬂ'3, which equates to an SOs concentration of
(.18 wit% at a Na:0 loading of 24.0 wi%e. Glass ORPLA3E-1, which can accommodate 0.8 wi%o
80; at 24.0 wit% Na:O loading can, thereforz, be used to treat LAW AN-105 type streams with
SO4/Na ratios of up to 1.33x107.

ORPLG27: This plass formulation was based on the composition of LAW from Hantord tank
AP-101. In addition to Na;O and SO;, this waste has a high concentration of KO The
developed glass formulation, ORPLG27, has a target waste loading of 221 wi%., with target
NarO, K20 and 5O0s leadings of 21.0, 3.8 and 0.5 wi%, respectively. ORPLGY, which was
previously selected 1o treat this waste stream, has the same waste loading and alkali
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concentrations, but a much lower sultite loading of 4.2 wi%s The waste loading of 29.1 wi% 1n
ORPLG27 is igher than that in the corresponding WTP LAW correlation glass, LAWES3 [6l] of
25.4 wi%, and the WTP LAW baseline glass, LAWAL26 [17], of 24.5 wit%. Due to the high
alkali content, the properties of concem for glass formulation were VHT alteration rate and K-3
refractory corrosion [n this glass, in order to minimize K-3 corrosion, Cr:O; was kept at a
concentration of 0.39 wi%. The measured SOy solubility in the crucible glass was 0.49 wite by
batch saturation tests and 0.58 wt% by bubbling. During DM 10 melter tests, a secondary sulfate
layer developed at a sulfate concentration of 0.6 wi%,

At the very high Na:x(? loadings (23 wt% or higher). VHT response becomes especially
challengiag due to the capid merease of VHT alteration rate with mereasmg alkal content, the
increased variability in VHT response at high alkali content, and increased VHT alteration rates
due to cracking in melter glasses, Achieving significantly higher 50s loadings 1n borosilicate
£lasses would appear to be unbikely withowi changmg the processmg conditions or the processing
and‘or product gquality constramnts {e.2.. 1t 15 a simple matter to achieve higher SOs loadings by
increasing the contents of Li, Ca, ¥, etc., but such glasses do not meet VHT and refractory
corrosion requirements ). Thus, the glasses identified during the current and previcus work [7. 3]
serve to detime the likely lmats of possible Na;O and 804 loadings in Haoford LAW classes that
are compliant with the current product quality and processing requirements. It should be noted,
however, that these glasses were tested only at the crucible and DM 10 melter scales. Additional
testing at larger scales is required to confitm the results from smallet scale testing and the results
of such testing may result in refinement of these limits. [t should also be noted that because of
the bounding nature of the formulations (they are deliberately close to the limits of the
requiraments), practically viable operating points would fall at somewhat lower waste loadings
since nominal glass compositions selected for waste processing need to accommeodate process
variations without adverse effects on processing of product quality. In addition, the corrosion
rate of Inconel in these new glass compositions has not been tested. While experience suggests
that the adjustments made to the glass compositions to reduce VHT alteration rate and K-3
corrosion, along with the higher viscosity, will also maintain acceptable Incongl corrosion rates,
this peeds to be confirmed through testing.

= | Implications for WTP

V8L and EnergySofitions have previovsly developed and tested a number of LAW glass
formulations for ORP [4-8] and WTP [15-20]. The formulations that were developed to support
the WTP baseline, as distinct from those developed for ORP that were directed towards
enhancements to that baseline, were tested at the crucible scale and at varions melter scales,
inchuding the one-third scale LAW Pilot Melter a1 EnergySefuftons. As a result of the
considerable testing completed with the WTP baseline formulations, there is high confidence that
they can be used to process LAW at Hanford wiath little additional testing. The recommended
oglass compositions for LAW processing were selected such that they can tolerate process
variations without adverse effects on processing or product quality. Based on these well-tested
formulations, VSL developed a LAW glass formulation correlation that is currently being used
by the WTP [43). Compositions produced by this correlation fall along the dotted lines in Figure
5.2. The WTP baseline formulations were developed to comply with the requirenents of the
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Bachiel contract with ORP [533]. Although these formulations are fully comphiant, extensive
further optimization with respect to waste loading could not be performed due 1o the schedule
constraints imposed by the LAW Pilot Melter testing program defined by the WTP Project. Az a
result, while this extensive basis set of formulations provides a solid underpinning of the WTP
baseling, thers is also potential for improvement of waste loadings. Exploiting this potential has
been the subject of the present and previous work for ORP.

LAW testing for ORP at VSL and EncrgySofutions was aimed at optimizing the glass
formulations and processing parameters in order to minimize the volume of glass produced and
to shorten the plant operating schedule. An important objective was to determine the likely limits
of LAW loading across the full range of expected LAW compomtions. During the current work.
increases in sulfate loadings were pursued for two Hanford LAW streams, AN-105 and AP-101.
A compilation of the target sodium, potassium, sulfor, and overall waste loading achieved for the
two glass composiiions from the present workl and previous glasses developed for ORFP and WTFE
i% given mn Table 5.1. An overview of the Na2(O and SO;: loadings for the WTP and ORP glasses
is gven in Figure 5.2. As is evident from Figure 5.2 and Table 5.1, these glasses represent
considerable increases in waste loadings over the WTP baseline and thersfore considerable
potential tor reductions 1 cost and schedule, The prmapal objective of the present work was to
assess the likely limits to the extent of this improvement for two LAW streams specified by
ORP. Results from the present worlk combined with previous work for OKP [3-8], show the
potential for a 38% increase in average Na»O loading in Hanford LAW plasses from the WTP
baszline of approximately 13 wit% to about 20.6 wta This increase in waste loading has the
potential to reduce the amount of LAW glass produced at Hantord by over 230,000 MT
depending on the amount of process sodium additions. Importantly, these enhancements should
be directly applicable to the planned supplemental treatment facility, Furthermors, since the
approach adopted 10 the work for ORP spans lhikely extrenies in the expected LAW
compositions, the results would remain relevant even it various LAW tank wastes are blended.,
siee blendimg generally has the effect of affording vet further improvements m waste loadings.

5.2 Recommend ations for Future work

In much of the earlier hmgh-alkali LAW glass development work, VHT response was the
most censtraining property. However, as the database for VHT response tor high-alkali LAW
glasses has grown and the performance of the VHT modzl in the composition region has
improved [66], thete have been corresponding increases in waste loadings for high-alkali glasses
with acceptable VHT response. As a result, recent work indicates that K-3 refractory corrosion is
now at least as constraining as VHT response for high-alkali LAW glasses, Consequently, more
data on this important property and models for K-3 corrosion would be useful.

As discvssed in a previous report [R]. the high sulfate LAW formulations (LAWEBSS,
ORFPLE12 and ORPLF7} all show sultatz loading of 1.3 wit%, even though the sodium loadings
vary from 10 to 16 wit%s, Two of the three glasses (ORPLE12 and ORPLFT) contain CraOy as an
additive. It would be useful to detennine whether sulfate loading m these glasses can be
improved if CreOs 15 not used as an additive,
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Bubbles and cracks that are present in melter glass samples have significant etfect on the
measured YHT response. with the result that the measured alteration rate may not necessarily be
related solelv to the glass composition. This appears to be particularly important for high-alkali
glasses with VHT response near the WTP contract limit. Better comparison between crucible and
melter glasses may be possible if samples that are remelted and subjected to CCC heat treatment
are used o perform the VHT.

The LAW correlation was developed for the WTP by VSL/EnergySolutions to determine
the tvpes and amounts of glass forming chemicals (GFCs) to be used at the WTP for LAW
processing under the current WTP baseline. This was possible only after the completion of much
more extensive testing than has been done for the new ORP glasses and after a set of nominal
Sub-Envelope formulations were refined. The data collected so far for the ORP higher waste
loading glasses are not vet sufficiently extensive to support a revised LAW correlation algorithm.
but does serve to define what ranges of enhanced waste loadimgs should be possible. However,
once sufficient data are collected, a new LAW formulation correlation similar to the one
currently being used by the WTP needs to be developed to support the implementation of these
higher waste loading glass compositions at the WTP in order to realize the cost and schedule
reductions, The steps needed to collect the data to support a new LAW correlation include:

Define GFC additives to be used at the WTP.

Refine LAW glass formulations using the specified GFC additives.

Refine waste loading in LAW glasses to accommodate the effect of halides.

Specify waste loading hmits for LAW formulations to accommaodate process variations.
Perform scale-up testing (DM100 and/or DM 1200).

*® ¢ & & @

Since the process for producing such a revised correlation would closely parallel the one used
successfully to develop the current WTP baseline. there is high confidence in the success of this
approach.,
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Table 1.1. ¥Waste Compositions and Corresponding Waste Loadings in Glass.

ORP Compositien Tank / Sub-Envelope ;:;mlattix; Target hMiminum
Region Designation Identilication Ldentification Waste Loading {wt%s}
AM-105/ . -
A Sub-Envelope Al LAWEAH 2718
AP-101¢
N Sub-Enyelope A2 LAWES 2541

T-1
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Table 1.2. Glass Processing and Product Quality Requirements,

Property Requirement(s)
Density = 3.7 gl
Licuidus Tempetature L L

LAW Camster Centetline Cooling

Heat Treatment Feport amount of crystals

PUT per ASTM 1283
Test conducted at glass 1o water tatio
of 1 gram of glass {-100 +2040 mesh)

per 10 ml of water ar 90°C

B (g/m’) 1
Ma (g/m*) = 2.0 g'm’
5 (grm’)
VHT at 200°C {g/m*/day} ) g
for 24 days 250 g/m/day
Viscosity (poise) at 1100°C 10 to 150 P
Electrical Conductiviny (S/cm) at
1100°C 0.1 to 0.7 Sicm
Glass Transition Tg (onset) Report Tss

For WTF LAW glass formulation development, a neck conosion of 0.033 inches on
G-day E-3 coupon cormrosion tesl at 1208°C hag been used as an acceptance limit. For the
k-3 Refractory Corrosion cucrent LAW glass formulation development work for ORF, since higher waste loading,
compositions are being cxplored, a slightly higher neck corrosion value of 0,040 inches

was used as a guide for accsptable corrosion characteratics.
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Table 2.1. LAW Sub-Envelope Al for AN-105 Waste Simulant Recipe at Nominal 8 Molar Sodium.

Envalopz Siomulant for AN-105 f:ilass Sli:tn]::l_::r?tﬁas Source m COrder for Formula Assay Targat
Conghhiznts | imcluding prefrextment | Cades Orades i) Simuolant Addrhon Waght - Weaight (2)
mgz/L bd Loadmg In 274 ml water add fallowing compounds in the order listed below

Al 10454 | 132 ALLO, 17613 AT AH-O 20 501 1 7514 4] 41101
4110V, 7 7500 1 00 35 56
I T L E-0; 077 H.E- 2 6l 83 0 on 0 as
) 140 0 (W13 Cr:0; ¥ 065 fla,Cr0, AH.O & 3404 00 68
Il 4603 o113 2 I 694 K OH ] 5610 LR 728

Ma 183020 & (e [SHEE 15058 b a0, 508 sod d=1 33 4 A0 00 {0 3 445 56
& 137 i} (M)t S {F 1412 310 3 B0 09 {9 0 34
1 A 197 % 213 1ol a8 M oo 1] 65
Ig 35 O (W) 2 F G011 flaF g 42 00 00 0 0%
SOUMomwal®| 10488 o 109 S0 2667 i 50 1o 142 06 0o 1567

M B347B | B37 - - Al 14 &3 00 007 122 7%
M1t 1 20GEE R IEH - - f-lali0 - a4 09 {00 0 Qg

T 2003 0174 . - - - . - -

[Acetate 2251 {038 - - Eodinn Acetate (C2) 11 13 08 go0 534
Formate 2135 0047 - - S odium Formate 101 12 6 01 400 324
alyeolate 1236 {025 . - Glyeades Actd (02 13 TG 05 071 273

- . - SUM (LLIXN T otal simulant wt 1358 73

— Empty data fi=1d

* — Assay refers to the punty of the rarr matanal as speeified by the vendor
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Table 2.2. Target and Analyzed Compositions (wt%) of Fifteen ORPLA Crucible Glasses,

(Flass ORPLAZG OREFL AT ORFLAYE ORPL A ORFL A3
Crides Tarpet Analyzed* Targct Analyzed* Targct Analvzed* Tarpet Analyzed* Targct Analyzed™
AlDy 1057 Q77 1035 o7 10 10 o Q87 gB2 Q56 b
B4 1277 1278 1220 12 2% 1154 1174 1og 1108 1173 1173
Cay 647 591 &18 & 86 590 & &0 a2 504 543 593
Crally 052 00 50 L 04y 074 045 0 052 74
Fegly IELE 103 085 143 082 0 0TS ey 090 1 03
ko 051 048 5] 043 5] 52 (51 05l 051 149
Mgiy 0 S 103 400 414 ALY T O 1000 1007 4 Qi 402
Na,O 2500 2380 2300 2285 RERLL] 22 2300 2362 2300 2321
S1h 34 80 33548 3323 32% 37 3091 e 25 3% 3480 33 54
Snid; (LY 047 095 0 84 | 098 087 0 a2 100 111
T, L1 ool Q00 a0l LL Y 0ol oo 00l 0o Q00
Valhy, 097 103 093 13 3] 100 084 041 0ay 1 06
ZnQ 209 3ls 285 3o 272 o7 25 20 299 326
Zrdy, 299 204 284 270 272 24 250 238 29% il
1 a4 055 54 04 ) 6 (55 (o4 0 54 0 &4 57
P ECK U1 {0 o UELE 0oz (0 (W 041 £ 0 (0
30 095 033 95 &z (195 141 (095 207 0ea (8%
Sum 100 0 Q999 1000 1000 1000 10010 1000 a9 100 0 w8

- Annlyzed by X-ray fluorascence except for boron which was measured by DCF

T4
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Table 2.2, Target and Analyzed Compositions (wit%e) of Fifteen ORPLA Crucible Glasses (continued),

Glass CORPLAX OFEPLASZ OFPLA33 ORPLAS-L OEFLA3M
Coudes Target Analy zad* Target Analy zed* Tarpet Analyzed® Target Analyzed* Targat Analyzad*
Al B 65 814 773 714 & 16 567 073 G2l T2 667
=N 1068 1077 9654 2462 295 214 520 27 oy 10 O
Cad 432 4 59 3354 352 320 365 318 349 42] 4 57
Cralk 052 0ad 052 o 0 50 072 50 ol 30 0 af
Feyly a0 098 090 096 026 033 026 032 047 054
Eah 231 047 051 a9 051 (33 5] 35 5] 03l
b 700 729 L300 10 32 101 30 1 (W) 1M 24 2n
Ma,Or 2304 23135 2300 2345 2314 24 2300 37 2317 2320
31 3480 3436 34 50 3387 4749 4259 4222 41 34 3952 3359
Sy 100 100 100 02 247 239 245 265 127 207
T, g y] 001 o0 guL) 000 00l 0 00 00z 000 ool
WVl 097 097 097 o097 0 103 093 RS 0ad 097
nd 2409 239 299 291 237 317 286 ERL:] 2 RE 3m
Iy 209 23T 299 2F7 589 & 08 586 & 08 4 89 498
iZl 064 055 064 053 06 0 &6 06 L% 0 i 052
Pyl a0 06 00 ooz 0 0 0l 000 o0l L) 0o
30y oos 113 083 157 09 E2 95 il 09 03z
Sum [ELIR) JELARE 100 gy 1000 b 10010 9] JLLTE S35

"— Analyzed by X-ray fluorescence except for bovon which was measured by DCP

T-5
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Table 2.2, Target and Analyzed Compositions (wit%e) of Fifteen ORPLA Crucible Glasses (continued),

Glass ORPLA3S ORFPLA3G ORPLAZT ORPLA3E ORPFLA3E-1
Cades Target Araly zed® Targzi Analyzad® Target Amnlyzed® Targ Araly zed® Targst Analyzad®
ALy 337 772 635 587 £ 35 5 8E G 35 532 £ 5 G 38
By 1112 11352 i7E 2123 £26 B 50 B2 275 g2 TES
Cad 523 554 314 360 314 344 314 345 312 345
Ty 130 0 66 (JF: 8] 070 049 a7 A0 070 049 [0
Feyn, ue7 073 026 033 026 03z 026 03z 026 032
| 51 050 053 035 033 33 53 053 033 56
% =\ LR 328 k] 104 1595 222 oh 100 09 1m
Na,iD 2319 2389 2415 2342 24 15 2411 2413 23 50 24 00 o
510, 306 54 3594 4] 69 41 23 41 12 40 8% 41 T 4113 4] 43 41 25
Sn, 1 a7 137 242 2464 X4z 22 268 295 266 i)
TiCk 000 00l 000 o0l 000 001 XL o001 000 0oz
Vo0 oy 0o 0oz 10z naz 0 9E 0oz 099 09l 0o
Zn T Es 250 282 312 2az g 282 308 280 302
Zrh 3 &0 368 578 508 578 559 &0 G 33 G 00 638
il i 65 038 0&7 070 0e? 0 GG el 064 0l a2
PO 000 LT 000 a0 000 o0l XL 000 000 ool
Sk 090 DEE 099 085 090 0E7 og 0328 099 035
Sum 100 1001 LoWr i 1 2 1000 1001 [ 1L 1002 L 993

"— Analyzed by X-ray fluorescence except for bovon which was measured by DCP

T
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Table 2.3, Descriptions of Fifteen As-Melted and Heat Treated ORPLA Crucible Glasses.

Glass ID As-melted glass Heat Treatment - Glass rﬂn::t;;lﬂsz:zl,'.:f::ldnﬂq ::Irw lheh;.“n heat treated for 20 hours
ORPLA2G Clear glass Clear glass with tew small particles
ORPLAZY preen opaque glass -2 T val% large sodalite® crystals wath g, S, Zn £ Fe
ORPLAZE partially crvstalhized brown glass -3 8 vol® large sodahte crystals with Mg, Sn, Zr, & Fe
ORPLAZ2D partially crvstalhzed brown glass -2 5 vol% large sodahte crystals with Mg, Sn, Zrn, & Fe
CRPLAZD grean opaque glass ~0r 3 vol% small sodalie eryseals with hig, Sn, Zn. £ Fe
OREPLAZ] partially crystalhzed brown glass -4 & vol% sodalte crystals with e, Sn, Zn, & Fe
ORPLAZZ partially crystalhzed brown glass — 3 vol% godalte crystals with bp, Sn, Zn, & Fe
CRPLASS Clear glass Clear glass
CORPLAZ Clear glazs Clear plass with few small particles
ORPLAJS Clear glass Clear plass
ORPLA3G Clear glass Clear glass with few Cr-contaiming crystals
ORPLAZY Clear plass Clear plass
ORPLAE Clear plass Clear plass
ORFLAZ3-1 Clear glass Clear glass with few Cr-contanmg crystals Zn- nich crystal clusters
OFFLA3E-1 Clear glass Clear glass wih few small Cr-contaming crvatals

*Sodaluee formula (MNa, Calpl ALSIO IS0

T-7
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Sample ID Bakch Saturation
As-Melted Afiler Acid Wash
ORPLATASY 105 xR
ORPLATTEY 103 o
ORFLATESS 0o &2
ORPLATOR, 0ge 044
ORPL A3054 095 LI
ORFLAMS4 083 &l
ORFLAIZES 07l 056
ORFPLAI354 0a2 068
ORPLA33-154 osa UR K
ORFPL A3454 020 065
ORFLA3554 100 o
ORFLAIGSS 083 7
ORFLA3ITEL 100 068
ORFL A3E54 103 72
ORPLASE-154 038a 07

T-&

Feread Repons, FAL-JORTTH. T Rev O

Table 2.4. Measured Sulfate Solubility In Fifteen ORPLA Crucible Glasses.
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Tahle 2.5. Results of 7-day PCT (at 20°C) and VHT (at 200°C for 24 Days) for Fifteen ORPLA Crucible Glasses.

Glass T ORPLAZE CRPLAZT ORPLAZE ORPLAZ9 ORPL A3 ORPLAST ORPLASZ CORPLA3S

7-Day PCT, Stainless Steel Vessel; S/V=2000 m' (ppm)
B 7313 208 10 33660 2310 208 30 515,00 34960 5370
e 264 70 G674 10 112500 Q47 50 &27.70 182000 1402400 278.30
=1 63 40 1011 30 9755 ] 68 11890 17260 12920 107,560

Normalized Concentrations (g/L.)
B .84 549 Q.32 G695 572 1552 11.68 1.93
Ma 1.55 395 T1.00 555 368 1067 22 162
Sl 03w 005 RS 04 0.73 1.0 .79 0,54
pH 11.71 1215 12.41 1244 1216 12.51 12.54 11.70

7-Day PCT Normalized Mass Loss (g/m”)
B 092 275 466 347 286 176 584 097
e .78 198 3.5} 278 184 533 411 181
il 019 033 .33 022 (37 .53 {140 .27

7-Day PCT Normalized Loss Rate (g/d/m')

B 013 (.39 a.a7? .50 .41 1.11 083 014
INa 011 028 .50 040 .26 76 .59 012
S 3 .05 05 003 n.0s (108 [ .04

VHT Alteration (24 days at 200%C)

[E;fl?;:;‘:l 459 1305 1012 633 1320 1360 982 5
j:ﬁi'ﬂ; ;‘;ﬂ“ 51 144 112 70 146 150 108 1

# Alteration rates caleulated using estmyated density of 2.65 gloc

T
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Table 2.5 Results of 7-day PCT (at 20°C) and VHT (at 200°C for 24 Days) for Fifteen ORPLA Crucible Glasses (continued).

Glass D ORPLAZS-1 ORPLA34 ORPLA3S ORPLA3G ORPLA3T ORPLA3R ORPLA3S-

7-Day PCT, Stainless Steel Vessel; S/V=2000m " (ppm)

B R 81.23 191.21 7182 117.67 42.49 37.11

Ma 205.87 35458 69353 393.22 570,05 264 88 24074

51 8392 101 53 136,69 132,79 18049 10229 #8553
MNormalized Concentrations (g/L)

B 134 2,600 350 285 459 1.66 1.46

Wa 1:21 2.06 4.03 219 318 1.48 1.35

S 043 (35 180 as (.94 152 .45

pH 11.78 11.68 1185 12.10 11.953 12.05 11.78
7-Day PCT Normalized Mass Loss (g/m')

B 067 1.30 2.75 1.43 229 {183 {173

Na (60 1.03 2402 1.10 159 074 (.68

1 021 .27 {140 034 (47 (.26 (123
7-Day PCT Normalized Loss Rate (2/d/m”)

B 010 019 039 0.20 .33 Q:12 010

Na 009 015 29 016 23 11 010

31 .03 104 0.06 D43 0.0y 0.4 0.03
VHT Alteration (24 days at 200°C)
Alteration Depth (um) b 103 1066 57 125 a0 71

““‘i;ﬁ?fl’; s i 11 118 6 14 10 8

¥ Alteration rates caloulated using estimated density of 2.65 pfee

T-1¢
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Table 2.6. Viscosities and Electrical Conductivities of Two ORPLA Crucible Glasses.

zlass ID OFPLA3ZS-1 ORFPLAZE-1
Yiscosity (poise)
QR 2all 244H)
P C 950 ans
10007 C 403 383
1030°C 193 186
1100°C 102 o8
11507C 38 56
1200°C 35 13
1250°C 23 37
Electrical Conductivity {5/cm)
007 C 0.225 0.269
9307C 0.276 0329
100+ 40.333 J.396
1030%C 0.397 0471
110~ 0.4&6 3.552
1130°0 0.541 0.541
120040 0.623 0.736
1250%C 0.709 0837

Table 2.7, Resnlts of K-3 Corrosion Testing for the Selected ORPLA3R-1 Crucible Glass.

Class ID Neck loss Depth of altered |  Half-Jown 1oss
(inches) zone (inches) {inches)
COREPLA3E-1 01435 0033 O 000

T-11
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Table 2.8, Summary of Test Results for Selected ORPLA Glass Formulation ORPLA3S-1
and Comparison to ILAW Eequirements,

. - = Test Result for
Test Requirement [51, 53] ORPLAIS1
Density of glass = 3T gl 2600269 gice”
Clear homogeneous zlass
Cryatalline Phaze Phasa identitication atter heat treatment at 950°C for 20
hours
Liqudus = B50°C = Q50MC
Centerlme Camster Cooling Fhase identification Mot mensared
FCTE (g/m?) =2 0 pim? 073 pim®
PiT Na(gim®) <2 Og/m? 058 gim”
FCT % {gfm™) =2 g’ 123 o/m?
VHT at 200¢ fig'm®iday) < S0 gim iday £ gim’iday
WViscosity (prowse) at 1 TO0RPC 10tz 150 F o
Conducty ity { Hemyat 110070 021007 3cm 0552 5cm
Tg(°Ch Eepart for modehing ot measured

FD&nsuly measured for melter glass N0-G24B (260 gloc) and cruaible plass ORPLA3E-1 (2 69 giec)

T-12
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Table 2.9. Oxide Composition of LAW AN-105 Simulant and ORPLA3S-1 Glass
Composition Used in Melter Tests (wt%).

Comporent AT-105 waste Glaas former ORPLAZE-1
contrbunce additives (for AN-105)
Loading 31 5% GE 5%
Al 544 151 695
BaC4 002 g0 a3z
Cad - 313 313
Craily 0oz 047 0 44
Fe iy - 0z 026
K0 032 - 032
% 1 - Q0% 00F
Na, O 2335 +0a2M+ 003 - 2400
S 003 41 52 4] 55
S0y - TET TET
a0 - 09k 092
Zni - L 232
Zt0y - 603 603
1 0 66 - 0 66
F {00 - 000
B, 000 - 000
50,0 O g - 0 80
ST 315 68 3 1004

{a) Simulant was prepared ata concentration of 23 35 wit%s Ma,O and modified betore each melter test
with (1) Na, 50y and (2) NaOH addibions to obtain 24 wits Nas"r in the glass

{b) Concerttration of 50, was increased im steps durtng the maker tests from O 5 wits 505 i the glass
up to 3 wi%s and back 100 & wite

— Empty data field

T-15
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Table 2.10a. Glass Former Additives for 1 Liter of AN-105 Simulant (8 M Na) and
Corresponding Melter Feed Properties.

Additives Source Feed ORPLAJS-1
Addves in Glass (wie) 68 5%
Eyarute (ALSr) 325 Mesh (Kyamte Minma){g) 2319
H3BO5 (US Borax — Techmucal Granular) (g} 150 4%
Wollastorute NYAD 325 hesh (INYCO Mingrals) (g) i3 21
Cr0y oxide 4 070
Fepy Alfa Assar (2) a7
Olivine (Mg, 510070 325 Mesh (#1330 Ui (g) 21 2%
510k (Sl-eo-51] 75 TS Sihea) (2 344 33
Snih - Stannous Ooude - Mason Color ! 27 74
505 - PULY A eround STRATOOR 9438
20 RADHN - 920 Zing Corp of Amenica) (g} 2309
Zircon ZrsiQy (Flour) Mesh 325 {AM Minerml) (£} 93 47
Mapsi, Variable — Table 2 10k
Addition of Sucrose as Beductant (@) F& 5
Smmulant Weight for 1 hter () 1355
Sum_of Additives () 77316
Sum of Complete Batch (g) 215
Target Final Yolume (1) 134
Estimaled Density (g/ml) 161
Tangat Flass Produced (g} 1033
Target Weight ¥ Addives in 3lurry 3z
Target Glass Yield (el of Fead) 471
Targat Glags Yield (g of Feed) 158
Tatreel Total Soluds (2l of Fead) pe e
Target Additrves (/] of Fead) 625

U Note fhat a CrCh addibon was recced by 50% to account for Fo3-bnek conmbution

2 Note fhat Sy om Mason Color was complemented by Al fa produst, which included 1odine as an impunky

Table 2.10b. NaOH and Na;SOy Additions Required to Obtain 24 wt% NaO and
Yarious 50; Concentrations in the ORPLA3S-1 Glass,

Final MaOH needed | MNazS0, needed
S0, (wi%) per kg ot feed per kg of feed
3 (grams) (Zrams)

0.5 325 4.22
0.0 2.31 3.07
0.7 1.37 591
(.8 d.43 6.73
0.0 0.00 7.60
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Table 2.11. LAW Sub-Envelope A2 (AP-101) Waste Simulant Recipe at § Molar Sodiom.

Envelope Sunulaut AP-191 Glass Simulant a5 Clrder for Formula " Tfn‘g::t
Cm-;tmheﬂ:lts Pﬂﬂ:if ot Omdes Croenles (wit) Soures n Simulant Addetaon Weight Assay “'fgm
mizL bdolanty Loadng 1000 In 424 ol water add follewane compounds w the order listed below
Al 2423 nasi AL, o] AWMLY SHACh, 60% 50l | 37514 ol 220 51
E 12 0 001 E.O, ool H,EBO, 2 61 83 0o oot
ior T40 nial4 Cr0 032 Ba-Crily, 4HAO & 153404 09 3az
E 50301 1 440 K- 1261 EiH T 5514 0 91 &R 97
Ma 183020 % non® a0 7] 67 MaH. 50% 30l d=1 53 & 40 04 50 224 00
g1 i 0a0l L] 0 a3 1 3 75l 100 n1n
Flr P 20005 Pl nos Pl 4 1232 1 00 olo
51 157 0 a0& =10, 010 Sk, 5 G0 09 099 03
Zl 2T 0407y Zl 079 aZl 1 58 45 (3 4 55
F 1383 Q057 F 03l baF 1 4200 f 99 142
P, 2251 0424 B VEE Ma M0, 1%H-0 = 38012 ¢33 710
$0,i M ommal® w764 0 el £ 1 a3y 12 141 0 0o 261
MO, A HLL R - - Mok 16 63 00 100 83764
WO 133067 3953 . . WaMh 17 5499 G99 lal 6l
Co, 44775 0 146 - . Ta.CO, 18 105 79 100 7908
Og Carbon 718 07 - - - - . . .
Acetate 325 0051 . . Sodam Acetate {12) 13 134 08 VER 704
Formate 2213 0 049 . . Sodurn Formate (1) 14 o3 01 0 99 338
Cicalaite 33zl 0 133 - - Soddiy Oxalate (C2) 13 124 00) {1 99 511
- - - S 100 4 Total sulant Wedpht 1393 4
- Empty data field

Acsay tefers 1o the portny of e raw mateal as specified Ty de vendor
$SD] condent was vaned dunng sach melter run segmant The value @van here coresponds to the nominal
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Table 2.12. Target and Analyzed Compositions (wt%) of Fifteen ORPLG Crucible Glasses.,

(3lass COFRFLG 1 OFRFL{G14 ORFLG1S ORPLG 16 COEPLGTY
Chtwles Tatzet Analyzed® Tarxat Analyzad® Tarpet Analyzed? Tarzet Analyzed® Tarpet Analy zed®
Ally i 54 614 633 & 18 i 51 R 552 505 552 505
Balh g 23 &1 B 20 g2 g1z BOG B0 L B 26 Ll
Calr 262 2RY 260 2F0 287 281 273 296 ] 295
Craly 37 77 037 72 37 077 0 5% 079 0 30 o
Fe, 4 23 133 027 3l 27 0 33 09 034 029 034
B 547 548 561 544 575 56l 5 a4 5 b 5 64 57
| MG 4 {1 414 4 00 420 399 414 205 217 205 z12
Haa} 2000 19 50 200 30 2083 2100 20095 206 20717 2061 2068
T 0] 000 001 L1e]] 001 ool ool ool 00l Q00
Fbo) 0] ool 001 0ol il o0l ool 0ol 001 0ol
510y 3976 3007 39 3% 39468 3900 3905 41 38 40 47 41 532 4064
Snihy 2 74 267 273 257 271 2 a4 287 30z 323 333
Tuly i) | 000 ool LY a0l 000 0ol {1 () 0ol
Znt} 33l 343 323 37 325 329 345 363 yE 280
Zri; 552 536 547 455 541 515 574 585 o140 a1l
1 0727 121 0723 021 1723 {21 023 023 k] 023
F iy HaA, nos MA RS A 0 0% N4 0 (2 A
P 014 017 014 017 014 017 014 01a 014 014
o 030 a37 040 37 041 039 040 036 040 035
Sum 1001 995 1wy 4 08 1043 () 097 100D 1002 1000 1 2

- Annlyzed by X-ray flugrescence except for boron which was measured by DICF
1A — Mot analyzed (Swm includes tarpet fluorne value)
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Table 2.12, Target and Analyzed Compositions (wt%s) of Fifteen ORPLG Crucible Glasses (continued ).

Glass ORPLGIS ORPLGIY ORPLGM) ORPLGM ORPLG22
rades Target Analyzed* Tarzet Analy zed* Target Analyzed* Target Analyzad* Tamzet Analyzed*
Al 552 307 35 308 G C0d o0 G4 358 0 553
B, 204 & 40 Tos B35 200 T iR ALY T 42 ALY T
alr 273 398 20 289 271 =94 271 293 <7l 2 a9
Cryly 5% 0 B0 059 07Fs 52 0 B 059 0 B0 [ 5% 077
Feply 029 033 028 033 02 0313 029 035 029 {33
Fal 564 575 575 | il 583 5a1 isd 561 533
Mg 187 100 1495 207 0 S 107 QG 112 0 4 049
Ma.0 161 20732 2112 2152 0 30 1 33 20 50 2049 0 50 2112
i 8] | a0l oo oo ool 003 a0l 00l nol LY
Fhio 201 101 0ol nnl nol nnl nol 0ol 0ol 007
iy 4224 417 4] 83 41 19 42401 41 04 43101 &2 50 420 41 06
SN 273 254 270 270 iil 33 271 266 340 346
T 0y 00l 00 00l 0 O ooz Q00 0 0 003
Znih 273 T 20 273 an 278 27 28 271 278
Zri 603 GG 597 587 & 00 573 LY 385 G 7S G 59
1 023 024 05 0 20 23 023 023 0 023 025
F a0 MA 003 MA 009 MA 000 WA 00 A
Pyl 014 13 o4 017 014 iy 014 016 nil4 le
Wy i ) 3 041 036 O i 07 040 035 v 40 34
Sum 100 100 2 [LLERY; 100 2 1000 o 3 1000 o 100 % o0 5

"— Analyzed by X-ray fucrescence except for boron which was measured by DCP
1A — Not analvzed (Sum 1ncludes tatget flucrine value)
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Table 2.12, Target and Analyzed Compositions (wt*s) of Fifteen ORFP LG Cmacible Glasses (continued ).

Gless ORPLGZ3 CORPLG24 ORPLGZS ORPLGIG ORPLGZ?
Thades Target Analyzed* Target Analy zed* Target Analyzed* Target Analvzed* Tarzet Analyzed*
AlyChy &604 3Gd 503 334 503 5350 503 335 603 333
By §00 759 7402 743 7o 742 To T 72 7
Zat 271 189 268 204 262 294 209 206 2 6 254
Crlhy 159 a7 059 | (b 50 0 2 059 07 y 59 077
Fe, Oy 020 34 o8 035 028 o34 023 032 D28 033
EL,0 561 ii8 575 504 575 & 04 573 379 375 384
| Mg 0 46 4 48 004 097 (4 097 044 0 51 44 047
Ma, O 201 50 0N 2100 2072 2100 2057 2100 2243 21 Qi 1 42
Mo am a2 oo ool 00l ooz 00l o 0ol 00l
Fhiy 0ol 101 0o 0ol ol 0ol 0l 00 ool M)
51 42 51 4225 4] &) 41 11 4260 4207 4 a0 Ao 4210 41 30
SnCly B ERLI 360 371 260 LA 344 318 ERR 330
T10 000 a0 000 ool 0 00 0ol 000 0o 000 001
£ni) 2N 5 269 230 250 T3R3 T64 168 269 274
Zrc), £ 50 G 47 594 506 504 013 669 f 31 & 44 i 34
Cl 023 023 023 023 023 023 023 021 023 022
F 003 NA 009 HNa 0 03 Na 0 NA [y (3 NA
Balh 014 016 o4 01s 14 016 0l4 314 014 0 la
Sk 040 034 | 035 41 033 041 034 4l 033
Sum 100 0 99 4 1003 () 993 1000 EE g 100001y ) 100 1) a4

“— Analyzed by M-ray fluorescence except for bovon which was measured by DCP

INA - Mot analyzed (Sum ncludes target fuorne value)
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Table 2.13. Descriptions of Fifteen As-Melted and Heat Treated ORPLG Crucible Glasses.

Class ID As-melted ghss Heat Treatment - Glass vemelted i ll[i(l“ﬁlll'grmlhzgr.lr, heat treated for 20 hours ot 250°C, and
ORPLG15 Opaque green glass Opaque grecn glass ~4¢ 4 vol% large MaZi sthicats with Enand a few Cronch orystals

ORPLG14 Crpaque green glass Cpaque green plass ¢ 4 vol% large MaZr silicatz with Enand a few Cr-nch orystals

ORPLGLS Cipaque green glass Cpraque green glass ~¢ 4 vol% large MaZi sthicare with Snoand a few Cr-ncherystals

OEFLG1a Clear zlass Moty clear glass ~0 2 vol* simall Cr exade ciystals

OEFLG1T Clear plass Mlestly clear glass ~0 & vol small Ci-1eh crystals wid Znand Bw largs Mafy stheate ciystals wirh Sn
ORPLG1S Clear glass blostly clear glass ~0 3 vol% small Cr-nch crystals with Znand few largs Mafr sibcate crystals wath Sn
OEFLG19 Clear plass BeLoeskly clear glass ~0 7 vol % small Cr-rieh ciystals widy Znand Bw lange MaZy siheare ciystals wiadd 3n
ORPLG20 Clear glass Wlostly clear plass ~0 3 vol®s amall Cr-teh cryatals with Znoand 2w lage WaZr sibeate cryztals with Sn
ORPLG 21 Clear glass Mostly clear glass ~0 4 vol% small Cr-nch q}'stﬂ;:cyi‘u;?i&tﬁw large WaZr stheate crystals with Snand Cr-nch
ORPLG2Y Clear glass Mostly clear glass —0 4 wol® small Cr-nch mmi;::;?i&;iw large WaZr siheate crystals wath Snand Cr-nch
ORPLG23 Clear gloss bestly clew glass 0 3 vol® small Cr-pich crvetals with Zn few large Nafy alicare crystals with Sn
CORPLG24 Clear glass Wostly clear glass ~0 3 vol% samall Cr-rich crvatals seith Zn few large NaZy sidicate crystals with Sn
OREFLG25 Clear glass blcstly clear glass -0 3 vol% small Cr-nch crystals wath Zn few large NaZr sihoate arystals wath Sn
ORPLG25 Clear glass Foatny region observed -0 3 vol%s sarmadl Cr-vich ervstals with Zn few lorpe NoZy slicate erystals with Sn
CORPLG27 Clear glass Momtly clear glags -0 5 vol% several WaZy alicake ervstals with 5n
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Table 2.14. Measured Sulfate Schubility in Fifteen ORFLG Crucible Glasses.

50; Content {wi%%)
Sample I Bart¢h Saturatkon
As-Melied Afier Acid Wash Bubbling”

ORPLGLIG4 .49 042

ORPLG1454 (.47 .42

ORFLG15584 .51 044

ORPLGLESH 0.51 045 -

ORPLGLTS4 (.52 048

CORFLGLS54 .53 048

ORFLG1I254 .52 045

ORPLG20:534 (.51 .49

ORPLG2154 ¢.49 bda

ORFPLG2IS4 0.50 049 -

ORFPLG2354 .49 047

CORPLG2454 .54 0.52

ORPLG2554 .54 0.32

ORPLG26534 {151 .46

CORFLG2T54 .54 0.49 0.58 .

{sulfate layer onsat at 0 34 with 5Cy)
- Bty clata field

* Starfng glass o bubkdimg ests contamed ng 50z
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Table 2.15. Results of 7-day PCT (at 2"C) and VHT (at 200°C for 24 Days) for Fifteen ORPLG Crucible Glasses.

Glass ID ORPLG13 ORPLG 14 ORPLULS ORPLGLG ORPLGLY ORPLGES ORPLGIS
7-Day PCT, Stainless Steel Vessel; SV=2000 m ' {ppm)
B 24982 26246 271,99 13927 117.10 12309 17323
Ma 987 40 1,068.17 1,145 83 610,39 507.1%8 S44.07 753.51
Si 234.65 24566 25918 200,70 175.13 196.74 25128
Normalized Concentrations {g/1)
B 972 10031 1083 543 457 4.93 G 96
Ma 6.65 702 T35 3.29 332 3.56 4. 81
51 1.25 1.33 142 104 (3] 1.40 1.29
pH 12,41 12.45 2.54 12.12 12.11 12,10 12.32
T-Day PCT Normalized Mass Loss {g}'mlj
B 4 86 515 541 272 228 245 348
Na 3.33 3.51 368 2.00 1.66 1.78 240
5 0.63 067 071 052 (.45 {150 064
7-Day PCT Normalized Loss Rate {(g/d/m”)
B 0.69 0.74 077 0.39 0.33 0.35 050
Ma 048 50 053 029 024 (.25 034
Sl 009 01 (.10 0.07 (LG 0.07 0.0
VHT Alteration (24 days at 200°C)

Alteration 1236 1138 1081 Coupon fully Cavpon fully Coupon fully Coupen fully
Diepth (pm} reacted reacted reacted reacted

Alleration

Rate 136 126 112 =100 ==1{0 ==100 == 100
| (imiday)®

¥ Alteration rates caloulated using estimated density of 2.65 gloe
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Table 2.15. Results of 7-day PCT (at 90°C) and VHT (at 200°C' for 24 Days) for Fifteen ORPLG Crucible Glasses (continued).

Glass ID ORPLG20 ORPLG2] ORPLG22 CRPLG23 ORPLG24 ORPLG25 DRPLG26 ORPLG2Y
T-Day PCT, Stainless Steel Vessel; S/V=2000 m™* (ppm)
B 45 34 49 23.33 2266 3385 3424 31.17 3TES
Ma 22400 23330 218:30 ZI3.E0 26260 ZdR 90 23ATED 240.00
&1 B328 91 20 7303 7454 w620 97.03 8073 .65
Normalized Concentrations (21}
B 1.23 1.39 094 0ol 1.38 1.3 1:27 1.33
Na 147 1.53 1.44 1.41 1.69 1.60 153 1.54
51 0.42 045 038 (.38 .44 (.44 042 043
pH 1150 1191 11.21 11.90 11.98 11482 11.94 11.95
7-Day PCT Normalized Mass Loss (g/m’)
B 0.6l 6 047 1 [ 069 0.0 63 066
Ma 0.74 077 0.72 0,70 {184 080 076 077
81 0.21 0235 019 a1e 022 0.24 021 022
7-Day PCT Normalized Loss Rate (g/d/m®)
B 00g 0141 0407 007 .10 0,10 009 0.4d
bla 0.11 1l 010 10 a1z 011 IR Y 011
S 03 I E] 0403 (3 0.03 (NNE} o3 003
VHT Alteration (24 days at 200°C)
Ei:;ﬁx} 31 415 32 52 648 722 32 34
Alteration
Rate 3 40 4 6 12 1] B 4
(g/m’/day)*

* Alteration rates caloulated using estimated density of 2.65 gice
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Table 2.16. Viscosities and Electrieal Conductivities of Seven ORPLG Crocible Glasses.

Glass ID ORPLG21 ORPLG22 ORPLA:L3 ORPLG24 ORPLGLE ORPLG26 OEREPLG2Y
Viscosity {poise)
L L 2748 3226 3002 2425 2358 2524 1364
50T | i 1198 1193 914 953 LOF0 303
1000C 465 509 510 394 433 431 397
1050°C 225 4 34 159 210 213 192
100°C 119 125 125 100 111 110 102
150°C 67 6% 72 0 63 G2 58
JRLL YR 4} 4] +4 34 38 37 35
1250°C 25 26 28 22 24 23 21
Electrical Conductivity {S/em)
LTy 0.153 0.181 0.189 0.11% 0.1928 0.174 0197
qa0°; 0.242 0.230 0.238 0.193 0.24% 0.253 2.250
JLLLYA 0.296 3285 13.294 0.284 0.305 0.334 0.310
1050°C 0.356 0.345 0.358 0,371 0.358 0.416 0377
1100 0473 0.420 0.430 0.437 0.4 .495 01,451
1150¢0; 0. 496 0.49% 0,510 .538 0518 0.571 0.531
1200°C 0.575 0.586 0558 t.ele 0604 0643 0.617
1250010 0.661 0.681 0.693 0638 0696 0.711 0,708
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Table 2.17. Resnlts of K-3 Corrosion Testing for Three ORPLG Crucible Glasses.

Meck loss Drepth of altered Halt-down loss
Class ID . . -
(inches}) zone {inches) finches)
ORPLG 0050 10730 Coupon expanded — no
measurable bss
ORPLGX O00Es 10255 Coupon cxpanded — no
measurable bss
ORFPLG27 00540 10700 Coupon expanded — no
measurable bss
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Table 2.18. Sununary of Test Results for Selected ORPLG Glass Formulation ORPLG27
and Comparison to ILAW Requirements.

Test Requirement [52, 53] TE{?:R?EEI;;M
Derstry of glass =37 pled 267w g’
Crystalline Phase Fhase dentification -0 5 volt ngﬁ" 1 Fitorm
Liqudus < QA T, below @505
Centerline Cantster Cooling Phase wdentification Mot measurad
FCTE (g/m%) =2 0g'm? 065 g/m*
PCT Ma(g/m®) =2 afm? 077 g/m?
FCT St (gim’) =2 D gim’ 022 g/m?
VHT at 200°C (g/m*dav) = 50 g'm*iday 4 gimiday
Viseasity (protse) et 1T0FC 10t 150F 102 F
Conducty ity (Sem)yat 1100 02100 T 5hm 0431 Sfem
Te (™) Eeport for madeling ot measurad

“Density measured for melter glass [10-G-135A (2 €7) and crueible glass ORPLG27 (2 71)
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Table 2.19. Oxide Composition of AP-141 Simulant and ORPLG27 Glass Composition
Usel in Melter T ests (wit%).

Compotent AP-101 waste cortribubion G?jgéi::cr I:l':-l:::f Ri;ﬁzﬂ?]j
Loadng 29 10# OO0, -
Al 154 448 602
By 0a0 79 79
Call - 268 268
oy 0ng (A0 0 Ag
Fe 0y . 02z 02g
kO 374 - 574
% - 44 0 44
T O 021+ 039N 4o 40 - 2100
M2 001 - ool
b2 o0l - LR
5100 003 4202 4205
Sniy - s is
Zni} - 268 268
£y - & 43 & 43
cl 0712 - 0323
F 049 - 0 g
PO 014 - o4
S0, 050 - 0 50
Sl 224 FiLls 1000

(a) Sumvlane was ordered ana concentration of 200 21 wire May O and modified before ench melter west
with (1) Ma; 530y and {2) NaOH additions to obtain 21 0 wite Wa, 0 oin the glass

{b) Concentration of 305 was vaned i steps duning the melter tests

— Empty data field
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Table 2.2{0a. Glass Former Additives for 1 Liter of AP-1{H Simulant (8 M Na) and
Corresponding Melker Feed Properties.

Addditives Sourge Fzad ORFLG2T

Additives i (3lass (wi%) 0 9

Eyarunte (AL S0 325 hesh (Eyamee bMiming) im a7 a6
HzBCh (LTS Borges — Techmeal Granular) {2} 16 0]
Wollanstorte WY AD 325 hesh (MY CO hMinerals) () a5 87

Crylly genle — Alfa Aesar 593

FeyOy arde — Alta Aeaar 187

Cilivine {hip. 50,0 325 hidesh (#1230 Unmmin) (g 273
310y (S1l-co-51] 75 US Silica) (@) 375 39

Sy - Stannous Crade - bMazson Color 378

O (EATON - 820 Zine Corp of Amenca) (g) 317G
Zircon Zr8aCy (Flour) Mesh 225 (AR Mineral) (o) 11467

Man3y Vartakle — Table 2 20k

Addition of Sucrose as Reductant [2) aa G
Simulant Weight for 1 hiter fx) 1303

Sum_of Additives () M1

Satm of Complete Batch {e) EET .+

Tarzet Final Volume (1) 133

Estimaled Density (2/ml) 174

Tarxet Glass Produced {=) 11¥1

Target Weight % Additives m Shurry 39

Tarpet Glass Yield (g'kg of Feed) 510

Targat Glass Yield (g of Fead) 588

Target Total Salids (gl of Feed) 1126

Target Addrves (g1 of Feed) Gas

Table .20k, NaOH and Na:S( Additions Required to Obtain 21.0 wi%s Na:Q and Various
S0; Concentrations in the ORFLG27T Glass.

Final NaCH needed Ha: 30y necded
- per kg of feed per kg of feed
30k Wit
(grams) (grams)
LRL 10,53 -
0.1 9.50 0.93
02 847 1.25
03 743 2.79
04 6.40 LR |
03 537 4.64
0.5 4.34 5.57
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Table 2.21. Characteristics of Melter Feed Samples During DM10 ORP LAW Tests.

Hlass Yield
o Deersit
"0 Taree
Formulation Dhate Zanple Wathe Water pH ¥ (el | Bleasured '*- -
.. I - {1}
B ) ikglkg) | kg
Stock Faed as1010 [10-F-224 34 34 12 85 173 ETE 0 308 0 5040 1a0
AP-101/ Comsolidated feed . - . :
Sub-Envelops from Tests AL = A4 502010 | TI0-F-1314 | 3447 1303 172 Bo5 0503 0 50d) 08l
A2
ORFLGE [£]) 34 45 12 82 174 gal 0407 G030 | 242
Stocl: Faed SMN12010 ) T1O0-F-130A | 3922 (] el 164 TE2 0477 0470 149
AM- 0% Coteolidated feed 101 e A o — ) - i
b Ervelope fom Tests B - B4 5f14:2010 HO-F-244 3 e 12 &1 165 T3 0488 0470 043
Al
ORPLALS [8] 12 08 13 5% 164 T4 0442 0445 =50
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Table 222, Target and XRF Analyzed Composzition of Vitrified Melter Feed Samples (wi%).

Test A
Sample Info ORPLG27-50 Combaned A1, A2, A3 and Ad
Constituent Targst TI-F-524 ey Target HO-F-1314 LDy
Alpy 05 i 587 (2 ! -1 84
Byl *® 504 & i M TH 73 N
Calh 273 3 11 45 268 283 532
il 023 16 M 023 13 M
Cryly ns59 172 ™ 033 059 MNC
F 003 Na, M 0K Na M
Faiih 0% 1 | L 028 O M
I £ a11 N § 012 N
| T 56l a 37 15 45 574 5 T - G
Mz 045 40 N 0 44 063 N
kinCe & 01 W i 00l M
Ma.O 2053 2082 1 50 21 2042 -4 74
i) 0ol i140y] W Q0] 0l W
F; O 014 a21 HC 14 0 20 HNC
Fl0 ool i140y] N2 00 =] N2
Sty 4274 400 TG -3 a3 4205 42 56 074
Sni, 30 303 1223 318 349 9 53
Sy £ =) 01 HC 050 0 30 RC
Ten § 014 JCL & 013 M
Wallly £ <{1 1]1 i f =] W
Zni} 273 2o EAL= 268 2354 |
£ £ 5 G053 013 6 43 G 29 -3 14
Sum 1000 0 1415 € M 10000 1wy ) M

* . Tarpet values

£ - Mot n target conshituent
MA - Mot analyzed

NC - Nt calenlated
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Table 2.22, Target and XRF Analyzed Composition of Vitrified Melter Feed Samples (wit%o)

(continned).
Teast B
Sample Info ORPLASE-1-30 Comlbuned B1, B2, B3 and B4
Constifuent Targst [10-F-1 504 YDey Targst JNO-F-244 i
Alyy 705 g <] -8 44 &5 & 30 237
B0 3 34 534 T g2 27 N
t2ath 313 345 573 313 3 36 721
| 067 161 JuC 0as i 52 NC
(T 050 074 N (45 007 NG
Fe Oy 0 e e N 0 25 039 NC
I § 01g oL § 1] NG
E.O 053 a0 Mz (32 038 MNC
Mgl 0 & e -0 84 035 121 NG
hinCk k IR M~ & 0l MNC
a0 2372 1294 =329 24 () 2270 -5 41
T E a0l MC 5 <0 0l NC
| P £ N i & <l MC
FbO 5 =0 01 NC 5 =0 0l NC
S1y 42 15 41 21 2724 41 33 41 51 13
S 271 327 2083 267 33 24 82
30y £ =001 N e 032 MNC
TiDy £ a05 N i 005 NC
Wyl 095 115 WZ s 1 05 MNC
ZnD R 320 1216 2R 20 & 0
Zri; 612 & 48 586 503 & 39 G 05
Sum 100 00 1010 00 N2 10600 1iM] 1) NG

# - Targat valuss

& - Mot a target Sonshituent
MA - Mot analyzed

MiZ — Mot caloulated
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Table 2.23. DCP and XRF Analyzed Compaositions of Vitrified Melter Feed Samples (wt%a).

Test A
Sample Info ORPLG27-50 Combmed A1, A2, A3 and Ad
I10-F-324 I0-F.1314

Constituent Target HRF DCp Tani:ret XRF DCP
A0y £ 06 57 all & 2 501 418
By 04 g 04* 7TE 79 7oy 733
Cal) L 30 271 208 283 263
1l 023 11la A 025 015 MNa
iy 0ae 172 i 5 059 iy 59 049
F 009 A A 5 M MNa

| 028 {41 4l 028 LK (1 43
I £ al1 A & o012 MaA
KO 561 a37 576 57 5 T 536G
L0 £ A 3 f JufiN o3
hlgly 045 140 O g 44 ol 073
Mni» § R | 0] i ! 0oz
Mag 2052 20082 15 44 21 () 2042 1911
Ty om 14y IS i ! 003
| P 014 121 023 014 240 012
Bl oo N | 003 oo <0 003
1y 4274 40 T 41 43 i 42 35 42 1%
Snil; 3M 383 Ied ils 3an 330
Sy £ =1 {1 M 30 {30 MNa
Tk § 14 ld § 13 013
Wi & =111 o0 ) <00l 0o
Zni) 273 R 270 268 234 248
i3, G 54 653 G652 G443 629 5 G
Sum 100 00 100 0 9711 10000 1040 00 97 85

# - Targat valuss
& - Mot a target Sonshituent
MA - Mot analyzed
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Table 2.23. DCP and XRF Analyzed Compositions of Vitrified Melter Feed Samples (wt%4)

(continued).
Test B
Sample Info ORPLASE-1-50 Combined B1, B2, B3 and B4
[10-F-1304 NO-F-244
Constifuent Targst =RF DCP Targst ARF LCE
Alyy 705 g <] & B4 &5 & 30 & 77
EiaCh B 34 B 34% 812 322 §az* 7 54
foat) 318 345 298 313 3 30 304
| 0 &7 &l A 06s 52 NA
Oy Q50 74 155 045 0 &7 052
Fe Oy 0 e e 037 0 25 039 0 33
[ § 010 MNA § 011 NA
;0 53 4 a0 o6y fh 52 056 0 a2
Ly § NA WS § N 003
bl 099 199 125 a8 121 137
MnC) § Rl g & o 0oz
Ia, 0 2372 | 092 24 2270 2120
Wiy § N 003 & <l 003
| P £ a0l =001 5 =00l =001
FbO § 001 o0 & = 0o
1, 4215 41 21 41 66 41 55 41 &l 42 49
510, 2N in 310 267 iy 290
L £ =0 01 A 02D 052 NA
T, & a05 L ) Q05 0 oG
WDl 093 115 103 oot 1 05 100
ZnD 2 B5 320 283 282 200 273
£y 612 G 48 G 05 05 G 32 g1l
S 1003 Ol 100 Q0 96 53 100 00 1060 00 @715

* . Target values
& - Mot n target conshituent
NA - Mot analyzed

T-32
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Tahle 3.1. Summary of Test A (Simulant: LAW Sub-Envelope A2 (AP-101), Glass Formulation:
ORPLG27) Conditions and Results,

Test Segment Al A7 A3 Ad
o ) ol Ll S 10 11140
Feed Start 17 00 2 40 1013 200
Time Feed End 0 bt Ll A0 10 115140
sedEn 215 23 12 22 14 15 30
Met Slurry Feechng (hri 15 25 135 129 133
Wit 300 a5 glass 02 n4 N na
Fzed
Feed Used (k) 312 555 542 REXL
Average Production Rate (kg'm?/day )¢ 2 2349 2441 2388
Averaee Bubting Eate (Ipon T4 3o 30 X
Glass, T fom tloor 1152 1152 11352 1152
Hlass, 47 fom Hloor 1150 1151 1148 114%
Avelage Elzctrode 1085 1078 1081 1085
Tetmperant'es ()
Plenum. thermowell 454 479 550 4321
Plenum, =xposad 464 415 53 47
Eecondary Phaszs on Mzt
Surface al Test End Ho Mo Ves o
Product Measued with S0 & 20 033 o5l 047
% Feed Sulfur i Glass Produsct 100 3 Ha) 94
M0 ™ 750 740 757
Avetage MOy hE ) 352 33 3@
Comecriftations
moviioned i stack NGy =7 a4 2 241 928
exhawst by FTIR
{pprav) O 132 120 129 123
MH; 300 Iz 261 258

* —{3lase production ratles caleulated from feed data
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Table 3.2. Sumunary of Test B (Simulant: LAW Sub-Envelope A1 (AN-1{5), Glass Formmlation:
ORPLA3S-1) Conditions and Results.

Test Segment E1l EZ E3 B4
nina X0 Si10 51310
Feed Start
i 17 40 515 315 1525
Time _ 120 ¥1XI0 1310 i B I
Feed End &1s 21 30 1230 4 45
Met Slurry Feeding {hr) 126 1323 13235 133
Wi 50; as plass 05 07 ns LR
Feed
Feed Used kel 332 3Rl 52 T2
Average Production Rate (kgim’/day )™ 2301 2353 278 2310
Awerage Bubbling Rate (lpm] 41 35 39 40
Glass, 27 from floor 1152 1147 1144 1147
Glass, 4™ trom tloar 1142 1143 1142 1145
Average
Temperatures Electrade 1057 1629 1058 1082
)
‘ Plarum, thermowell 3653 L EEy 4o
Flemum. exposed 454 A& ERy #
Secondary Phases on helt -
Surface at Test End Na No Yes Mo
Product Measured witte SO 042 Y] o7y 07a
Ly Fead Sultur in Glass -
5
Product 24 ] o Q5
A 0 7 FN| 01
Average N 5] SN} 577 578
Coficentrations
marutored n MO, o83 908 874 g£30
stack exhavst by co -
FTIR {ppmv) 176 203 185 123
INH; 34 280 288 3z

* — Flass production rates caloulated from feed data
MM - Mot hleasured
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Table 4.1, Listing of DM 10 Glasses Discharged, Masses, Target Sulfur Contents and Analysis

Performed.
Tes Tatget Analys . Comulahyv Cbservations of
Fovraulatcaig 50, [rate Mamme % BESA
I (vt 5 e (k) Sulfalz
[10-C5-048 - - - -
I0-G24B XRF 340 3 40 Mo
T10-G-94C . . . .
Sod 10 [0 504 0r XEF it | & 0d Mo
[ 1{-i3-94E - - - -
T107-034 XEF 39 Tk (e Mo
I0-GA95B - . - -
Al 02 TI0-Ges XREF a0 12 S} M
[10-45-964 R } - R
110-596E | XEF FET) 17 74 Mo
TH0-Ges - . - -
[10-7-0a0 XEF kE | niE M
1 14}-{526E - . . -
T10-C5-0r XEF 3do 24 54 o
1001 A - - - -
110-G-IMIE | XRF 302 27 66 Na
T10-5034 - -
H0-G-103B | XRF 100 31 66 :{;‘;‘:ﬂfi“;g
510 I10-G-1038 - - - -

ORPLGI? 0G4 | XRF | ass 312 T};;:Dﬂ?dﬁi
[10-5-1048 - - - -

. . kinor sul fatz on

110-G-104C | XEF 364 3 56 extenor of due

A2 04 T10=AG3 03 - . . -
110-G-0%4 | XRF 3 94 a2 0 T}:ﬂﬂ?ﬁg
H0-G10SB | - - - -
110-G-105C | XRF 358 46 38 ti;';:ﬂ?;i?g
110050 R : ) .
110-G-L0BA | REF 1 W0 62 No
110-G-108B | XRF 2 30 52 92 No

SE10 110G 100 A XEF 306 55 98 Mo
110-G-L 194 - i - -
[o-G-1128 XEF Xl 5914 Mo
[10-G=11% - . - -
110-G-1190 | XRF 330 62 44 No

A3 0o S0 | NkG-121A - . . -
1o-G-121B XEF TR 6% 42 Mo
I0-G-121C - - - -
110-G-1210r | XRF 156 68 9B No
110G 1224 - . - -
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Table 4.1. Listing of DM 10} Glasses Discharged, Masses, Target Sulfur Contents and Analysis

Performed {continued).
Ted | Formulation | Target S0, quids) Doate HMane Anslysis | Mass kg | Corulative gkg) Dhi;r;.-‘lal_t;[u:snf
T8-G.1 2R MNRF 188 7186 Mo
H-G-172C - - - -
a3 04 T e | xrF 110 769 Mo
G122 .
TI-G-112B XRF i o8 Mo
| BELEH .
113-G-1 204 XRF LI ok ab Mo
TI-G-1 298 - - - -
ORFLG2? I6-G-119C | XRF 148 58 14 Mo
11 4k-3-1 2900 .
ad B I10-G-129E KRF 1@ o 42 Mo
T4k 34 .
I19-G5-1 308 XRF L o Hn
i | IN-G-1aC - - -
iy 1-5-1300 R 5T 101 Bk Mo
HEG131A - - -
1051354 Ay I 11515 Ho
TH-G-135E - - - -
110-G-1404 XRF i 52 102 65 Ho
T14-G. 1408 .
H-G-140C | XRF 390 117 5% Mo
1 A-G- 1400 - - - -
Bl D 1-G-1423 XRF i 116 52 Ho
IN-G-143E - - - -
T1-a-142C XRF 118 140 T Ho
113-G-143D .
10-G-1464 | XRF 3% 124 53 Mo
I1-G-146E - - - -
TH-3- 148 XRF 452 119 04 Hao
ORFLAZE-I HES3-147A - - - -
G148 | XRE T 133 34 Mo
114G 1 424 .
ﬁflﬂ’.:-'l T10-G-149B NRF 380 13714 Mo
[H -1 - - - -
110-3-1490 XRF 542 140 36 Mo
B? ] He-Gasia .
II-G-151B XRF 400 144 56 Mo
IG-G-151C - - - -
NO-G-7TA MRF 3o 148 43 Mo
NO-G-715 - - - i
OG- NRE 374 15 12 Mo
Mb-Gba MRF 1 1% 153 40 T
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Table 4.1. Listing of DM1{ Glasses Discharged, Masses, Target Sulfur Contents and Analysis

Performed {continned).
Target
T:S Formulations SDS; Date Mame ""‘TW Mass (ke) CL:'EE:'U Dﬁgﬁgf
(mtto)
No-G-114 - - - -
JI-G-11B XRF 120 15T ol Mo
HiG-110 R . . ]
no-G-110 XRF g le 163 7o Mo
NG44 . - - -
B3 0o SEID JI-G-14B XRF 144 163 20 Mo
JUiCG 140 . - - -
Ti-5-140 =RF 438 172 58 Mo
N0-G-14E - . . -
T103-14F XEF 4 {H} 176 58 Mo
Jld3-158 HEF 132 178 40 ]
TI-G-178 - - . -
OFRFPLA3ZE-I JLi3-194 HEF 334 181 94 Mo
no-G-198 - - . -
TI0aG-19C *EF 362 185 56 Mo
SI¥10 | TL0a3-19D . - - -
no-G-1%E HEF 3 15912 M
TI--208 - - . -
Bd 0% N2 HEF 382 192404 Mo
T-G-20C - - - -
TIG-234 *XRF 4 3G 197 30 Ho
TI043-23E i . . .
410 JI0-323C HEF 380 0110 Mo
T3 48 - - - -
T10-3-74E XEF 168 0378 Mo

T-37%
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Table 4.2. XRF Analyzed Compositions for DM1{ Discharged Glass Samples (wi%e).

Formulaticn ORPL:2Y
Test Al
Target SOy 0.2%
Glass (kg) 3140 & O 1O00 | 1280 | 177 | 21 20 | 24 .80 2770
Consutuent Target | THO-G- | DNO-G- | T10-G- | TT0LG- | THOLG= | T10=G. [ TH0-G - | D1 0aC5- viDev

Q4R | ™MD | 954 | 93T | 98B | 96D | 99A | 101B
AlCy 605 | 563 | 562 | 532 | 567 | 56d 56 | 5489 | 569 | 591
B0, F0 | 911 | B84 | 54 | 240 ) 22 | B4 | 208 | E04 | NC
Call 269 | 366 | 353 | 338 | 323 [ 326 | 313 | 511 JoR | 1469

2l 023 1 012 | 014 J 015 1 0016 | 006 | 017 | 016 | 017 | NC
Cro0l 059 ] 43 056 | 062 | O6E | OS5 076 | 325 082 N
Cgl) g 003 | ool | 002 J =0l [ =00] | <00n] | <0l | <0g] | NC

F Q00 | MA MA | WA | MA | NaA MA Ma | MA N
Fe,y 028 | 450 | 351 ] 286 | 221 | 200 | 152 | 104 ] 112 | NC

I 5 03 | 005 | 007 | oo [ 00 | D02 | 011 | 011 N
B3 376 1387 | 315 369 | 433 | 464 312 | 5 557 ] -3
L7 & Oy | 032 | 036 | 028 | 017 | 012 | 008 | 006 | NC
MO 045 173 112 114 054 | OF3 | 070 | 06 | 064 N
hntd g go2 | ooz ool J ool | ool | ool | gol | ool MNE

a0 21001 19456 | 1961 | 2061 | 2086 | 2076 | 20095 | 2065 | 2076 | -1 16
MY 0l DoG ] 003 ood | 004 | o0d ] O | 004 | 004 N
P, a14 | 018 Q17 | 017 | 019 | QX | 91e | 019 | 019 M
Phy Q1] GOl | =001 ] ool ool Lol 001 0ol ol N
Sl 420 | 4249 | 4177 | 4122 4133 | 4003 | A1 20| 4073 | 4074 | -3 48
Sniky 31| 054 179 | 212 ] 244 | 269 | 29% | 320 | 328 254
=00 Q20 | 33 028 Q2T | 025 | QX2 22 ox | 021 N
T, g Q80 | 062 | 053 041 038 050 | 023 023 HC
WOk ] GO | 007 | 006 | 004 | 003 003 002 Qo2 M
Fn 269 | 233 291 285 276 28a | 2T | 286 | 283 504
iy ada | 492 | 555 565 567 | 508 3H | &35 B30 | -243%
S 1O | 1w dwn ) 100 i 10 a0 | 1060 Qv | TOG O ] 100 oy | 1w | 100 (i) M
* . Target values caleulated based on mmple well-shrred tank mode] wsing DCP-AES analvzed beron and htwom
concentrabions 1n the birst discharged glass sample
& « Mot a target conshtuent
A — not analyzed by XEF
" Emypdy data field

T-38
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TaHe 4.2, XEF Analyzed Compositions for DM 14 Discharged Glass Samples (wt%) (continned).

Formulation ORPLG2T
Test Al
Ta@e‘n 50y 4%
(Glass (ka I 3520 3890 | 4280 | 4640 | 5060 | 5T 90 LY

Target | TN-G- | [10-G- | IT0-G- | 102G [ THOG= | T10G- | T10-G- | [10-3- vl
103E | 1084 | 1040 | 1054 | 1050 | 103A | 105E | 1004

ALCy a03 | Sab | 370 ] So0d | 579 | SR | 36V | 558 | 379 | 39T
B4+ 792 ] 800 | PRE | 796 | V95 | Fed | ¥23 | 793 | V793 | NC

Cat) <62 1 2085 | S00 | 500 | 287 | 259G | 305 | 302 | 310 1524

Constituent

| 023 023 o186 | 015 015 | 0I5 016 | 215 00g N
Tl O3 | O8] | 083 | OF5 | O82 | OG04 | OH | 080 | 070 | NC
F Q00 | MA MA | WA | MA | NaA MA Ma | MA N
Fe,y 028 | 083 | 08y | 072 | 06l | 06 | 060 | 05 | 102 | NC
I 5 Ol | 010 ] 012 | 010 | oL | §12 | 013 | 010 | NC

L] 3VS ) aed | 3T | SBS | 57T | 39 | 627 | a61% | 3B | 130
Lio* & 004 | 003 | 002 | o001 | 001 | 00l | il | O] | ONC
Mg 044 | 05 | 052 | 051 | 045 [ 049 ] 043 | 052 | 063 NC
Bnt g QOL | 001 | 001 J ool [ o0l | ool | g0l | 002 N
a0 2100 021 F0 | 2155 1 2141 | 2242 | 2155 | 1991 | 2057 | 2018 | -39

1) 00l | 004 | o004 ) 004 | 004 | 004 | 004 | 0od | 0OF | MO
Py 14 | 019 | 012 J 020 ) 018 | 019 | 020 | 018 | 012 | NC

P 0Nl | 00l | o0l 001 ] O01 | 001 | 001 | 00l | 00l Mt

il 4210 | 4065 | 4037 | 4021 | 4027 | 4013 | 4055 | 4007 | 4073 ] 326
SnlChy 319 | 323 | 332 | 363 | 333 | 333 | 388 | 381 | 340 | 559

= O | 025 | 025 | 029 ] 031 | 031 | 035 | 034 | 033 N
T10, g 020 | 012 | 017 | 013 [ 2la | 016 | 016 | D22 | NC
1ok g 002 | 002 | 001 | 01 | OO0 | OOl | 001 | ©Q2 N
Zni 262 | 274 | 282 ) 282 ) 272 | 282 | 293 | 283 ) 25% | T4
Ly 644 | 607 | 521 | 636 ) 601 | 634 | 682 | 688 | 667 | 363

au 100 O | 1O O | 1O e | 1000k 0 | 100 O | 1O QR0 | 1000 O | TR0 0WD | 100 QW) INEC

* - Target values ealeulated based on sitople well-stuted tank model wsing DCP-AES analyvzed Tovon and hithuom
concentrabons 1n the first discharged glass samplz
% . Wot a target consttuent
MA - not analyzed by XEF
M — not caloalated

T-34
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Table 4.2, XRF Analyzed Compositions for DM 10 Discharged Glass Samples (wt%s) (continmed ).

Fortoulat i ORFLG2T
Tast A3 Ad
Target 50y 0.6% 0.5%
Glass (kg) SO10 ] 6240 | 6540 | 6o00 | 7290 | 7700 80 30 23 70
_ Tarpet | T10-G- | T10-G- | 110G | I103- | 110-3- | 110-G- | T10-3- . Target | 110-3-
Constituent 1198 | 1190 | 1216 | 1ap | i2ze | 1z2p | 125 | PP 1294

Al 602 | 583 | 57 | 580 | 576 | 573 | 5VE | 5B | -2E3 ]| 602 | 583
Byt Fo | 70| R0 | Fo0 | Vo9 | P00 | FO0 ] ¥R | NC 21| 750
Lal chh | 299 | 9% | 296 | 288 | 267 | T ] 280 | 452 | Z6E | T 8%

71 0223 ] 011 | 01l J 13 ] 014 | 015 | 015 | 915 M 023 | 014

Ll 050 | O80 | 084 | OF5 | 084 | OB | 034 | OF4 | NC | 058 | 084
F 005 | HNA | NA Na | NA | WA | WA NA NZ | 003 | WA
Feq Oy 028 | 086 | OF1 ] 070 ] 039 ] 037 | 031 | 045 | NC | 028 | 047
1 & Q12 | a1z | olo | 002 | 010 | 010 | a1l M 5 Q10

[ 373 ] 3EL | 580 ] 591 ] 584 ) 609 | 396 ] 3R ) 391 ) 34| 399
MeO 04 | 061 | 062 | 054 | 050 | 044 | 043 | 052 MC 044 | 044
AN g gol j ool ool ool ) ool | a0l 00l MNC g ool
MNa,O 2100 ] 07420592118 2217 2132 J2158 ) 2151 242 J 2100 | 2152
T} 00l | o007 | 007 | 006 | 005 | 003 | o4 | 004 N 0oL | DOs
By 014 ) 020 | 012 | 020 | 018 ] 019 ] 012 | 020 [ o014 | 0149
Phl} 001 1 001 | a0l | o0l | 001 ] 001 | 040l 00 M 0oL | om
S, 42001 024034 | 4075 | 4044 | 4036 | 4082 | 4008 | 242 | 4205 | 4105
Sk FI8 ] 330 ] 350 | 330 | 327 ) 351 | Fd2 | 342 | 757 | 318 | 333
S, D6 | 040 ] 041 | 043 | 047 | 049 | O3 | 051 | NC | 030 | 030
T10y g 020 | 018 | 017 J 015 J 015 | 014 | 013 NC ood | 014
Tk & 002 | 002 ool | ool ) 001 | =001 | 001 HC 000 | =001
nC T6E ] 278 ] 286 | 28O | 275 ] 28BS | Tl 162 | 235 | 268 | 68
Zrih G442 | 623 | 641 | 609 | 599 ) 622 | 90 | 597 | T11 ] 643 | 595
Sum 10000 | 100 0 | 100 (x| 100 0] 100 00 ] 10000 | 10000 | 1000 | NC | 100 00 ] 100 00
# . Target volues coloulated based on sitaple seell-stured tank model using DCP- AES analvaed boren and hithurn
concentranons 1n the first discharged glass samplz

% - ot a target constituent

MA - not analyzed iy XRF
M — 1wt ealenlared

T-40
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Tahe 4.2, XEF Analyvzed Compositions Tor DM 10 Discharged Glass Samples (wi%) (continned ),

Formulation ORPLGLT ORPLA3ZSL
Test Ad m
Targe! 505 0.5% 05%
Glass (kg 5510 9240 | 9620 [ 101 %0] 103 20 108 70] 112 &0] 116 50
Target [TToa- [ 110G | 110-G- | OG- | 110-G-[ . —_ | Target [T10oG- | oG- | 110-G-
Consfituent 1290 | 1298 | 1308 | 130D | 1354 | P 1904 | 1400 | 1434

AL, GO2 | 534 | 582 ] 3TV ] 582 ) 585 | 238 ] 687 | 393 | 622 | &M
Balh* Fol 178l | 78] | 791 | ¥81 | 781 | NC 326 ] 801 | Box ] 314
Cal o8 ) 252 | X8| 253 | 282 ) 2Bl | 442 ] 314 | 305 | 303 | 308

| 023 | 014 | 014 | 015 ] O1s | 013 HC 066 | 025 | D32 | D33
T4y 50 | 038 | 037 | 038 | 084 | 083 MC Qi | 08 | D83 | OX
F 009 | NA MNA A A A I 000 A A MA
Fe. ), 028 | 047 | 046 | 046 | 041 | 042 | MNC 036 | 042 | 039 | 038
| g O11 | 012 | ol | o122 | 010 | WNC g oog | oo | 010

E,O 574 | 09 | 602 | 604 | 595 £ 08 586 | 053 469 | 378 X485
MgO 044 | 045 | 043 | 043 | 042 | 046 | NC | 098 | 047 | 080 | 072
Mnt} g gol | G0l | ool | ool | odl ML § gol | ool | ool
Ma,l oo aree 2123|2120 ] 2laf | 217 | 374 | 2400 | 21 35 | 2223 | 2340
T 001 | 004 | 004 | 004 | 004 | 004 | NC g 004 | 004 | 004
By, 014 ] 020 | 012 | 020 | 020 | O3 | NC 5 Ol ] 013 | 010
P 001 001 | 00l J ool | 001 | =001 | NC £ ool ool | =00l
=10, 4205 | 4041 | 4066 | 4077 ) 4104 | 4083 | 201 | 4171 | 4035 | 41 61 | 4085
Sk 318 | 356 | 365 | 356 | 349 ] 332 | 427 ] 2465 | 344 | 312 | 333

S0 Q50 | 049 | 047 | 044 | 046 | 047 INC 050 | 047 | 045 | 045
T ] 013 | 013 | 013 ] 012 ] 015 M g | 011 goe | 007
W & 00l | =00l ] 001 | =001 | <001 ] MNC 092 | 002G | 044 | 061

ni 268 2] x| 276 | el 265 ) 13| 283 291 276 ] 282
Ll £43 & 35 G| 623 588 502 ] 202 | &05 a27 ] 5 579
Sum 100 O | L0000 | LoD Qo0 | D0 G0 | L 0 | 1000 | ISWZ | D00 R0 | 100 Qo0 | O W | 100k O
* - Target values ealeulated based on sitople well-stuted tank model wsing DCP-AES analyvzed Tovon and hithuom
cofcenteations in fhe tirst descharzed glass sample

§ - Dot a target corstineng
MA - not analyzed by XEF
M — not ealeulated

T-1



CORP-48578, Fev 0

Fire Cathodee Uitversity of Lmerwa Waste Loadurg Enliaveement for Harford ORP LAW Gliasses
Firecus Sete Labovatory Fored Repores, VSL-TORITH-!, Bev &

Table 4.2. XRF Analyzed Compositions for DM 10 Discharged Glass Samples (wit%) (continued).

Fortoulat i OFRFPLAM1
Test B1 B2
Target S0, 0.5% 0. 7%
Glass(kgj - 120771 124 50 129 (i) - 13330 137 10 140 o] 144 6] 148 S
Constituent | Target I10-G- | T10-G- | 105 voDev | Target I10-G- | 110G | T10-G- | 11 5= | T110-3-

143C | 1464 | 145C 1478 | 1498 | 1490 | 1SIE | 74
Al 697 | 651 | 632 ] 633 | -635 | 605 | 635 | 655 | o585 | 638 | 632
B,n* Bx ] 218 | 821 | 822 | NC | ®23 | B3 | 323 | B23 | B23 | B23
Cal 304 ) 0307 ] 3221 314 1 007 ) 313 ] 331 ] 327 | 318 ] 312 | 32

Cl 066 | 043 044 | 048 NE D66 | 042 | 043 047 | 045 047
Lotk Oy ) 07 | 082 | OFF | NOC | 049 034 | O0Fl | OF5 ) 076 | 07
F 000 HA MA MNa NC 0 0o MNA MA MA HA JSEN
A 02 | 0530 | 033 | 037 | MO | 026 | 042 | 038 | 030 | 035 | 054
1 & Q00 | a1 | ol | NC & Ol | 010 | Q07 ] 010 | 00%

Kl 053 1 212 | 17 | 1536 | Mo J o5z | 13 ] 102 | 085 ) 037 | 07
Mg QU8 | 073 | O30 | 104 | 558 | 008 J 001 | 093 | 103 ) 111 | 103
MnC g 00l 0ol 0ol NE & 0401 001 0ol ool 001
NagD 2400 | 2361 [ 2335|2402 ] 009 | 2400 | 2320 ] 2366 | 2435 | 230a | 24358

i ] 003 | Q03 | 003 N & 004 | 0od | 003 | 003 | 003
Bl g D05 | 006 | 0035 M g 003 | =00] | 002 § <001 ] 002
FbO & <001 | =00] | =001 | NC & <001 | B0l | <001 | <001 | =001

o, A N3 | AOFE | A0ES | -197 | 41 G0 | 4089 | 41 25 ] 41 26 | 40 58 | 4045
Sndly 268 | 294 | 323 ) 308 L1465 268 | 215 | 30z | 290 | 303 ] s
L O3 | 047 | 045 | 042 MC Q0 | 046 | 05 | 0> | O35 | 058
Tiy § e | 007 | 006 HC § 006 | 005 | 006 | 004 | 005
Wk 092 | 072 | 0DF | 0ET HC 082 | 097 | 097 | 0% | 035 | 101
£nC 233 ] 273 ] 296 | X8l | -0 4 ) 2B ) 302 ) x93 ) TE2 ) PR | T EQ
Lk 605 | 53 | 601 | 376 | 481 | 604 | 608 | 373 ] A3 | 35 | 374
Sum LOOOD | 10000 ] 100 00| 100 0] N | 100000 § 10000 | 100 000 | 100 00| 100 0] 160 (i
* - Twrget values coloulated based on sitaple weell-stured tank model using DCP-AES analvzed boron and hithuora
concemrations in the first discharzed glass sampls

&= Dot a farget corstineng

MA& - nef analyzed ey XRF

NT — not caleulated
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Table 4.2, XRF Analyzed Compositions for DM 10 Discharged Glass Samples (wit%) (continned),

Fonnulation ORPLAYS1

Test B2 B3
Target 50y 0.7% 0.9%
Glase (g 220 15380 5760 16380 168 20 [172 a0 176 60
——— orget [0 TT0G- | Target [T10-G- | 710-G- | 110G~ | T10-G- | J10-G-
Consiituent 70 | oa | VD e | o | e | | ar

Al GG | 649 | 651 | 641 | 694 [ 659 | 50 | 6535 | 665 | 657
Bat )" B23 | 822 | 8323 N 821 [ B3 | 822 | 322 | 822 | B2
Cad 313 | 330 | 327 | 448 | 313 [ 307 ] 327 | 329 | 320 ] 318

(71 D66 | 050 | 048 | NC | 066 | 046 | 045 | 043 | 030 ] 051
50 O40 | 079 | 075 | NC | 049 | 07 | O | 075 | 072 ] 074
F 000 | NA NA Ne | oog | WA MA NA | NA A
Fealn 026 | 038 | 040 | NC | 026 | 036 | 032 | 036 | 035 | 034
I 5 o100 | oo NE § OO0 | 010 | 002 | 010 | 010

(') 052 1 072 ] 067 | NC | 052 | 065 | dod | 085 | 06l | 082
MeO 098 | 0595 | 103 | 485 | 098 | 113 | 102 | 109 | 101 ] 115
Bnt & ool | oal NC & QOL | 00l | 002 | 001 | @02
Ma; O 2400 | 2207 ) 2337 ] 261 | 2400 ) 2404 | 2305 ] 2388 | 2421 | 2448
M1} g 003 | 003 | No & O3 | 003 | oo3 | oo3 | 003
Pa, & agz | ooz | NC & QO3 | 002 | 002 | 001 | OO
PhC) g O] 0] | NG £ SQ0] | D] | no] ] <00] | <00]
g 4160 | 4135 | 4135 ] <052 | 4149 | 4144 | 4055 ] 4106 | 4] 37 | 4090
Sniy 28 | 325 | 305 J1EE4 | 267 | X058 | 322 | 302 | 292 ] 290
S04 QW | 05 | oab | NC | 090 | 067 | o7z | oF2 | 076 | 073
T1C; & 005 | 005 | NC § Q04 | 005 | 005 | 004 | 0os
Yol 092 1 106 ] 103 | NC | 0952 | 0% | 105 | 104 | 102 1 101
Znc 2820 301 | 294 ) 413 | 281 | 27| 295 | 285 | 27 ] 250
Ly 04 | 619 | 812 | 140 | 802 | 5681 | 397 | 575 | 350 ] 5480
Sumn 10000 | 10000 | 100 00 | ME | 100k OO | 100 e | 100 Qe | 1000 080 | 1000 D0k | 100 (b

* - Target values ealeulaled based on sitaple well-stured tank model wsing DUP-AES analyzed Tovon and hithoom
concentrahons 1n the first discharged glass sample
%« Mot a target consttuent
MA - not analyzed by XEF
MC — not caloalated
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Table 4.2. XRF Analyzed Compositions for DM10 Discharged Glass Samples (wt%o) (continoed ).

Formulation ORPLAIS]
Test B3 B4
Target 50, 0.9% D&%
Glass (_kg] 178 40 121 20| 18560 180 10 19200 197 30 201 10
_ Tarpet [J10-G-] . | Tarzet [ J105G- [J10-G- | J10-G- | J10-G- | J10-G- | 110-G-
Congtituent 154 | DY 194 | 19¢ | 198 | 228 | 23a | 230

Al GO | 653 | -3E6 ] 683 | 657 | 660 | 659 | 662 | 6537 | 658
| S 21 | %21 | WC | #2323 | 822 ) 22 | B2T | 82 | 222 | 22
Car) 13 ) 323 | 318 | 313 | 328 | I7 | 323 | 3z | 318 | 317

(1 Qo | 030 | NC | 086 | 042 | 045 | 048 | 047 | 045 | 047
Cr, 0y 040 1 075 | NC | 049 | 076 | 078 | 077 | 076 | 073 ] 0
13 Q00 | MNA MNC | 000 | MA | NA MA MA | N A
Feat 026 | 036 | NC | 026 | 058 | 036 | 055 | 035 | 0538 | 036
I g 010 | NG i Q1O | oo | 002 | oo | a2 | 010

KD 052 ] 06l NE 052 | 068 | 063 06d 063 06l 0 &0
hAgCy 092 1 104 | 617 | 0898 | 052 | 097 | 106 | 111 ] 110 ] 107
LA & 00l M & Q01 | 001 | a0l | ool | ool | om
Hay() 00| 2415 | 061 | 2400 ) Z382 | I3T0 | I3FF | 2504 | 2432 ] S35

B & 003 | MC § 003 [ 003 | 003 ] 003 | 002 | 002
PO & 002 | NC i Q01 | =001 | =001 | 002 | 002 | 002
Pt & <001 ] MC & <001 | <000 | =00l ] =00l | <001 | <001

5105 4149 1 40 F3 | -1 83 | 4155 ) 4098 [ 4154 | 4128 | 4109 | 4093 | 41 13
3nik a7 ) 313 116 26T ] 311 23 305 | 303 | 306 ) 301
203 090 | 7 NC CQRG | OF2 ] OF ] 076 | G772 | 072 ) 072
T, g 004 MC & Qo> [ 005 | 005 | 004 | 005 | ood
Wyl 092 104 M 092 103 | 103 | 03 104 | 100 | 099
Ino 18] TER ] 2as | 2B ] 294 | 291 TE7 ] 291 2E3 | 230
Ly 02 | 587 | 246 ] 603 | 598 | 584 | 562 | 5] 57 560
Sum 10000 | 10000 MC | 100 00| 100 00 | 10000 | 10000 | 100000 | 100 00 100 (0

* - Target values ealoulated based o sitople weell-stured tank model wsang DOP- AES analyzed Boron and bl
cotcentrations in the tirst dscharnzed glass sample

4 - Mot a target constient
MA - not analyzed by XRF

M — niot ealewlared
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Table 4.2. XRF Analyzed Compositions for DM10 Discharged Glass Samples (wt%) (continued).

Formulation ORPLAGE-1

Test B4
Target 80 0.8%
Glass“@‘b 203 B0
[ g
Constitaent Target ”24](33 Ylhey

AlaCh 623 | 655 | 572
B.Cy* g2l 22 | MC
g 313 | 317 | 142

Cl 066 | 0de | NC
Crz0x | 0aw [ 075 | Ne
F o0 | na | NC
Fe:(y | 026 | 036 | NC
I 5 | ooz | nC

EaD 0532 | 0559 | WNC
Mg 058 | 119 | NC
Mnt} f 2ol NC
MNaat) 2400 2471 | 298

i & 002 | NG
Pk f QO | NC
PO & <001 | NC

Si0; | 4155 | 4060 | 227
Sni, 257 | 284 [ 614
S0y a0 | 076 | NC

Ty G g 05 INC
WO, 0g2 101 HC
ZniJ 282 ] ZBI | 035

2y £ 03 SR 1 410
Siun 100 Q0] 100 00 HC
* - Torget values ealeulaied basad on simple well-stured tank model wsing DCP- AES analvzed boron and hthuam
cofcenteations in fhe tirst descharzed glass sample

§ - Dot a target corstineng

MA - not analyzed by XEF

M — not ealeulated
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Table 4.3, Listing of Dip Samples and Presence of Sulfate Layer During DM10 Melter Tests.

Target S0, . Sample Sam ple | Seconday Phase
Test (Wit} Date Time MName Lacation Obszerved
(100034 West Mo
Betore Al MO0 1647 | I10-D-23E East Mo
02 [110-D-23C MNorth No
I10-D-1014 Faorth Foamy, no
Aftar Al g 45 N-L-141B East Foamy, no
N-D-101C Weast Mo
SO
I10-D-1084 | Nerth Foary, no
23 30 | N0-D-105E East Foamy, ves
After A2 04 -
0D 1050 West Foamy, no
S 005 | TI-D-100a Eazi Lesa foany, no
II0-D-109E | Moeth Vs
T35 T10- D102 East o
Before A3 -
NO-DWA090 | West HNa
SN B3z ND-109E | TNorih Mo
ND-1234 | MNorth Yes
06 540 | I10-D-123E East Yes
I19-D-123C West Yes
N0-D-126A | MNorth Yes
After A3
oy | 1l0-D-120B Eazt Yes
I10-D- 12607 West Jeiy
055 N3-D-1260 | Morth Mo
511010 > 1001 26E East Mo
MNe-D-1314 | Morh Mo
15 03 I10-D-131E East All foam, no
Alffter Ad 03
I10-D-1311 West JRi
124 | [N[-135A Eaat Less foamy, no
N-D-147A | Horth HNo
Abter B 035 512410 645 | IO-D-147E Eaxt Mo
[O-D- 147 | West Mo
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Table 4.3. Listing of Dip Samples and Presence of Sulfate Layer During DM1( Melter Tests
{(continued).

o | 250 | e [ e | Sgune [ s sy
2120 22 00 JO.D-94 Morth | Foamy vellow. no
Jo-D-5B East | Feamy yellow. no
Abet 07 NQ-L-90 West | Foamy yellow, no
BZ ' Noe-D-90 | Morth Mo
2217 No-L-9E East Mo
I{-D-9F West o
IO 1950 | s10Daasa | west Yes
Io-D-15B Morth Wes
J10-Da 1 5 East Yes
Aftor . No-D-13D0 Horth Small amount
EZ 13 35 JID-15E East Small amount
J10-D15F West Mo
1358 JI0-D-174 MNuorth Small arount
Jo--17TB Eazt Mo
14 51 Jo0-D-17 Marth Mo
514410 215 JIO-TR2dA Morth Mo
‘ﬂ‘gtj’ 08 No-D-24B | East Mo
J1Q-D-24C West o
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Table 4.4. Resultz of PCT Leaching Procedure (ASTM C1285, 7-days at 90°C, Stainless Steel Vessely 5/V=2(HH) m'ljl for Crucible Glass
and Corresponding Melter Glass Samples from DM1{0 ORFP LAY Tests,

Eczion A G
Tank: astebub. Savelope AN-1055ub-Envelope Al AP-101Sub Brvelope A2 | ANL- o
Sample Tvpe Crucible Glass Melter Glass Crucible Glass | Melter Glass LEM-2 Litvut
Sample I D ORFLA3E-1 110-G-24B ORFLGX T-G-1334
7-Day FCT E 3711 44 78 Iz ad 4537 33
Concentration 1n Na 240 74 302 30 240 00 323 10 176 30
mg/L Si 83 53 100 20 54 69 101 20 89 07
E 1 46 175 133 1 &6 145
ot [ - — m—— ——
1 & k
Concentrations, gL o T T 1153 153 BT
T-Day PCT E 073 (1 3% 066 093 072 L2 0
Mommalized bdass Ma 068 082 037 102 059 <20
Loss {g'm’) Si 023 027 022 027 018 220
7-Dray PCT E 01 013 oog 3 010
Wormalized Loss Ma 010 012 211 012 003
Rate, gidim* S 003 104 003 1104 003
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Table 4.5, VHT Results (24 Day) for Crucible Glass and Corresponding Melter Glass Samples that Contain the Maxiimmum Sulfar
Concentration Without Formation of Secondary Phases During DM10 ORP LAW Tests.

Region A G
_ T AMN-105 AP-101¢
Tank Waste/Sub-Envelope Identification SubEnvelope Al Sub-Enwelope A2
Sample Type Crucible Glass Malter Glass Crueible Glass Malter Glass
Sample LD. ORFLAJS-1 J10-3-24BC ORPLGZY [10-G-1354
Ahteration depth {um) 71 102 120 FO0
Bagedon Laver Rate (z/m*/d) 3 1 13 77
' Compared to limit of 50 g/m’4) 16% 2304 7% 155%
K i 34 G558
Based oh Remalning Alteration dep;th {m) Nr:ltt meﬂsur:;:d ﬁcause Not measurable due =
Class Rate {g)‘m Ad} alteration depth was 1o eracks 4 3
Compared to limit of 50 gfm’m brelow 100 pm T 145%

Eates calculated with an average denaity of 2 65 g/om
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Table 51. Waste Loading Improvements in LAW Glass Formulations Developed for WTP and ORP.

waste | Losding | Bechtel Buseline M"*:ﬁ.‘;‘;‘e'“"““ ORT (2806) ORP (2007) ORE (2008) ORE {20L0) ORP Summary
Wt 6 P 17 My 0 5% 31 6% 3 et il B 350
AT 105 a0 Glas 200 Glass L Ghss 11 P Glass 24Py Olass 24 i Ghss M Glass P
n [ ] LAaW aq4 [ Bty LAWE4H (b Bl LaWwalz? 01 5k CRPLALS I Sk ORPLAD [ Rty ORFLAIE-1 [ Bk, ORFLAE-] {0 5,
G180 0 2% %% | it e 0 7% 8% (F =
Tuasle T4 5% 15404 20 1% 19 1% 1%
AP0 Ni:’l:l Flam 18 5% Glass 18y, Glass 21 % DR(;T.S‘;?T 1 Glass A LA
il K. Lawalis | 2 g LAWE3 & {5 ORPLGY & g = 5 ORPLGIT 5 g8
3 4% 0 d% 0% 0 2% 0 5%
Tagle 16 7% LT ) 26 M L
AN-T a0 Gl 14 4% Glag 1% Cilass 21 4 Lilass b EIEA
o K. LAWCI? TN LAWESH 0y 5, ) CRFLB4 0 1% ) CORFLB4 0 1%
2k 0 4% 0 5% 09 [}
Wt PR IR )y i I ) h
. 1Glass :
Ma:) ; 14 6% 153 25 6% 2ie%

ATd10d 1 Glass Glass " Glass L ORFLES
0 Lawals? | gz | LAWESH e ORPLCS [ e e
G180 0 4% (b 585 [ 0 %
Tuasle 14 0% 16 T 24 1% 24 ¥ 154 50
ANL10? a0 Glass 12 (¥ Glass 13 50 Glass 20y Glass 21 0 Glass 23y D‘EPI"ESSDG Lk il
e [T a] LAWY o 15 LAWE™H 0 55 L AW W) ey ORFLII M ORPLIM p 2o 0 20
3 6% 6% 1% 1 1% 1 1% 1 1%
Tuade T 3% 11 3% 19 8% 1950
A7 101 a0 Glass 5 8t LHETES 3 ¥ Cilass 14 %4 Gilass 160
K. LAWBS3 2% LAWEH 0 5% ) CFEPLE1Z 6% ) ORFLE]Z 0 6%
2k 0 Mg 0 Mg 1 5% 1 5%
Wt 3y & 1% ] 14 3% 14 345
7.0t a0 Glas 5 Glas 8 Ghss 10 Olass 12 0% Glass 1210%
i [ ] LAWEBSS 0 1% LAWE10H (b Bl LAWEY L {CRFLET b By ORFLF? {0 5,
G180 0 T (F = | &% 1 5% 1 5%%
- Ernpdy data fleld
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Spectrum ?-'

_ hSpectrum 3

Spectrum 1
Spectrum 2

' 100um !
Figure 2.1. SEM image of ORPLA2S heat treated for 20 hours at 950°C,
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Al - Spectrum 1

a 0= 1 15 2 25 b as 2 a5 5 55 B
Full Scale 345 e Cursor -00E4 (3.ois) e

O o5 1 15 2 25 5 35 4 45 = = =] g5 I 5

FUll Seade 273 obs Chrsar: -0 117 (O cbs) b=t

Figure 2.2. EDS spectrum from site 1 (top) and site 4 {bottom) of Figure 2.1.
The large crystals are sulfate-rich alumino-silicate and the small erystals are chromium
rich spinels with Mg, Zn and Sn (sites 2 & 3 also are spinel crystals).
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-

Figure 2.3. Optical image of as-smelted ORPL A28 glass showing sulfate phase.
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Selection G

ORPLG2S
ORFLG26
ORFLG27

Figure 2.4. Sulfate solability determined by remelting with excess 8Os for thivty new ORP LAW crucible glasses.
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Waste Loading Enhancement for Hargord ORP LAW Glasses
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VHT limit = 50 @i’ /day

Sebection A

Figure 2.5. VHT results for thirty new ORP LAW crucible glasses.
(Relative standard deviation (RSD) of VHT measurement is estimated to be 31% [20])
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Figure 2.6. Normalized PCT releases for thirty new ORP LAW crucible glasses.

(Relative standard deviations (RSDs) of PC'T measurements estimated from round robin testing are

PCT-B 27%, PCT-Na 21%, and PCT-5i 15% [39])
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Figure 2.7. K-3 corrosion results for four new ORP LAW crucible glasses and seven previous formulations.
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Figure 2.8. Results of SO»/0; gas bubbling tests on the new ORP LAW glass ORPLG27 and the previous glass ORPLGY at 1150°C.
Partial pressure of SO; vs. the 503 concentration in the glass melt. The near-horizontal portions indicate the solubility limits while
the slopes at lower concentrations provide measures of the activity coefficient of SO; in the melt and the onset of a sulfate laver.
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Figure 3.1.a. Representative plot of glass pool temperatures during DM10 tests. This plot is from the first two test
segments performed (Al and A2). The temperatures at 2 above the floor, which are most representative of the bulk
olass temperature, closely approximate the target of 1150°C.,

{Temperature measurements are accurate to £ 5°(C)
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Figure 3.1.b. Representative plot of glass pool temperatures during DM10 tests. This plot is from the Last two test
segments performed (B3 and B4). The temperatures at 2 above the floor, which are most representative of the bulk

olass temperature, closely approximate the target of 1150°C.,
(Temperature measurements are accurate to £ 5°C)
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Plenum Temperature (C)

Run time (hr)

w Thermowell e Exposed

Figure 3.2.a. Representative plot of plenum temperatures during DN10 tests, This plot is from the first two test
segments performed (Al and A2). The temperatures fall into the 550 to 350°C range during steady state processing
(higher temperatures occurred at the beginning of testing and during sampling periods in between test segments).
{Temperature measurements are accurate to £ 5°C)
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Figure 3.2.b. Representative plot of plenum temperatures during DM10 tests. This plot is from the last two test
segments performed (B3 and B4). The temperatures fall into the 500 to 350°C range during steady state processing
(higher temperatares occurred at the beginning of testing and during sampling periods in between test segments).

(Temperature measurements are accurate to £ 5°C)
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Figure 3.3. XRF analysis of sulfur in DM10 product glasses.
{See Table 4.2 and Section 4.1 for details of composition analvsis)
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Figure 4.1. Sulfate phase observed on the exterior surface of glass from the end of discharge during Test A2,
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Figure 4.2. XRF analysis of sodium and silicon in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of composition analysis)
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Figure 4.3. XRF analysis of aluminum and calcium in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of composition analysis)
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Figure 4.4. XRYF analysis of zinc and zirconium in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of composition analysis)
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Figure 4.5. XRF analysis of potassium and magnesium in DM10 product glasses,
(See Table 4.2 and Section 4.1 for details of composition analysis)
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Figure 4.6. XRF analysis of chromium in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of composition analysis)




ORP-43578, Rev. 0
The Catholic University of America Waste Logding Enfiancement for Harford ORP LAW Glasses
Friveois Srare Laboratoey Final Repewy, FRL-TORIZ0-{, Rev )

wit% Oxide

0 20 40 60 & 100 120 140 160 180 200 220
Glass Produced (kg)

|+En Messured e Sn Target I

Figure 4.7. XRF analysis of tin in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of composition analysis)
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Figure 4.8. XRF analysis of vanadium in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of compeosition analysis)
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Figure 4.9. XRF analysis of chlorine in DM10 product glasses.
(See Table 4.2 and Section 4.1 for details of com position analysis)
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Figure 4.10. Secondary sulfur phases on dip sample 110-D-123C from the end of Test A3,
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Figure 4.11. Secondary sulfur phases on dip sample J10-D-15C from the end of Test B3.
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Figure 4.12. Secondary sulfur phases on dip sample J10-D-15A from the end of Test B3.
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Figure 4.13 a. SEM image of cross section of crucible glass ORPLA3SR-1 after VHT.

Melter glass contains large
bubhbles and cracks which

T affect VHT results

WVHT alteration based on layer
thickness —1U2 um

WHT alteration not measureable
on the basis of remaming glass
because of extensve eracking
and the effect of bubhblzg

Bum '
Figure 4,13 b. SEM images of cross section of DM10 melter glass J10-G-248 after VHT.
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Figure 4.14 a. SEM image of cross section of erucible glass ORPLG2T after VHT,
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Figure 4.14 b. SEM image of cross section of DM10 melter glass J10-G-248 after VHT.
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Figure 5.1. Effect of MgO on PCT (blue circles) and VHT (green triangles) for 30 ORP LAW glasses.
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Figure 5.2. Overview of alkali oxides (Nax O and K20 and SO; loadings for WTP and ORP LAW glasses.
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