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SECTION 1.0
INTRODUCTION

This Final Report describes the testing of glass formulations developed for Hanford High
Level Waste (HLW) containing high concentrations of bismuth. In previous work on high-
bismuth HLW streams specified by the Office of River Protection (ORP), fully compliant, high
waste loading compositions were developed and subjected to melter testing on the DM100
vitrification system [1]. However, during heat treatment according to the Hanford Tank Waste
Treatment and Immobilization Plant (WTP) HLW canister centerline cooling (CCC) curves,
crucible melts of the high-bismuth glasses were observed to foam [1]. Clearly, such an
occurrence during cooling of actual HLW canisters would be highly undesirable. Accordingly,
the present work involves larger-scale testing to determine whether this effect occurs under more
prototypical conditions, as well as crucible-scale tests to determine the causes and potentially
remediate the observed foaming behavior. The work included preparation and characterization of
crucible melts designed to determine the underlying causes of the foaming behavior as well as to
assess potential mitigation strategies. Testing was also conducted on the DM 1200 HLW Pilot
melter with a composition previously tested on the DM 100 and shown to foam during crucible-
scale CCC heat treatment. The DM1200 tests evaluated foaming of glasses over a range of
bismuth concentrations poured into temperature-controlled, 55-gallon drums which have a
diameter that is close to that of the full-scale WTP HLW canisters. In addition, the DM1200 tests
provided the first large-scale melter test data on high-bismuth WTP HLW compositions,
including information on processing rates, cold cap behavior and off-gas characteristics, and data
from this waste composition on the prototypical DM1200 off-gas treatment system. This work
builds on previous work performed at the Vitreous State Laboratory (VSL) for ORP on the same
waste composition [1]. The scope of this study was outlined in a Test Plan [2] that was prepared
in response to an ORP-supplied statement of work [3].

The HLW waste processing rate at the WTP depends on the glass production rate and
waste loading in the glass, both which have been the focus of on-going work for ORP by
VSL/EnergySolutions. That work has demonstrated substantial improvements in waste loadings
and glass production rates for a number of HLLW compositions and has the potential for further
improvements when applied across the spectrum of Hanford HLW compositions. The WTP
HLW melter design, unlike earlier DOE melter designs, incorporates an active glass bubbler
system. The bubblers create active glass pool convection and thereby improve heat transfer and
glass melting rate. The WTP HLW melter has a glass surface area of 3.75 m”® and depth of ~1.1
m. The two melters in the HLW facility together are designed to produce up to 7.5 MT of glass
per day at 100% availability. Further increases in HLW waste processing rates can potentially be
achieved by increasing the melter operating temperature above 1150°C and by increasing the
waste loading in the glass product. Increasing the waste loading also has the added benefit of
decreasing the number of canisters for storage.

The estimates and glass formulation efforts for WTP have been conservative in terms of
achievable waste loadings. These formulations have been specified to ensure that the glasses are
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homogenous, contain little crystalline phases, are processable in joule-heated, ceramic-lined
melters and meet WTP contract terms. The WTP’s overall mission will require the
immobilization of tank waste compositions that are dominated by mixtures of aluminum (Al),
chromium (Cr), bismuth (Bi1), iron (Fe), phosphorous (P), zirconmum (Zr), and sulfur (S)
compounds as waste-limiting components. Glass compositions for these waste mixtures have
been developed based upon previous experience and current glass property models. In addition,
however, DOE has initiated a testing program to develop and characterize HLW glasses with
higher waste loadings [4]. Results of that work have demonstrated the feasibility of increases in
waste-loading from about 25 wt% to 33-50 wt% (based on oxide loading) in the glass depending
on the waste stream. It is expected that these higher waste loading glasses will reduce the HLW
canister production requirement by about 25% or more. In addition, tests conducted with various
HLW waste streams on the DM 100 and DM1200 melters have demonstrated increases in glass
production rates from 0 to 225 percent while increasing the processing temperature from 1150°C
to 1175°C [1, 5]. Further increases to higher operating temperatures (1200°C) have the potential
to further increase both processing rate as well as waste loadings, both of which translate into
significant cost savings.

Under a separate contract to support the Hanford Tank Waste Treatment and
Immobilization Plant (WTP), VSL has developed and tested glass formulations for WTP HLW
waste compositions to provide data to meet the WTP contract requirements and to support
system design activities [6-8]. That work is based upon small-scale batch melts (“crucible
melts™) using waste simulants. Selected formulations have also been tested in small-scale,
continuously fed, joule-heated melters (DM100) [9-12] and, ultimately, in the HLW DM1200
Pilot Melter [5, 11-18]. Such melter tests provide information on key process factors such as feed
processing behavior, dynamic effects during processing, secondary phase formation, processing
rates, off-gas amounts and compositions, foaming control, etc., that cannot be reliably obtained
from crucible melts. This sequential scale-up approach in the wvitrification testing program
ensures that maximum benefit is obtained from the more costly melter tests and that the most
effective use 1s made of those resources.

The present glass formulation and melter testing work was aimed at one of the four waste
streams previously specified by ORP [4]. Such testing supports the ORP basis for projection of
the amount of Immobilized High Level Waste (IHLW) to be produced at Hanford and evaluation
of the likely potential for future enhancements of the WTP over and above the present
well-developed baseline. It should be noted that the compositions of the four ORP-specified
waste streams differ significantly from those of the feed tanks (AZ-101, AZ-102, C-16/AY-102,
and C-104/AY-101) that have been the focus of the extensive technology development and
design work performed for the WTP baseline. In this regard, the work on the ORP-specified
compositions is complementary to and necessarily of a more exploratory nature than the work in
support of the current WTP baseline.

1.1 Test Objectives

The principal objective of the work reported here is to determine whether the foaming
observed in crucible tests during canister centerline cooling of a glass formulated for a
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high-bismuth HLLW stream also occurs in large-scale tests, and to identify the causes of foaming
upon cooling and potential mitigation strategies. The investigation was conducted at both the
crucible and pilot scale (DM 1200). The DM1200 unit was selected for these tests since it is able
to support pour rates that are prototypical of the WTP HLW melters, and the 55-gallon drums
into which the glass from the DM1200 is poured have a diameter that is close to that of the
full-scale WTP HLLW canisters. The DM 1200 melter was also used previously with a variety of
HLW glass compositions [5, 11-21] thus allowing comparisons with the previously collected
data. These tests provided information on melter processing rates, processing characteristics, off-
gas characteristics, melt foaming, and formation of secondary phases.

The objectives for the testing are [2]:

e Determine whether the foaming observed during CCC heat treatment in crucible
tests also occurs in more prototypic large-scale tests.

¢ Investigate the underlying cause of foaming upon CCC of a high bismuth glass at
the crucible scale.

e Investigate the effect of waste loading and waste components on foaming upon
CCC of a high bismuth glass at the crucible scale.

¢ Investigate the effects of bismuth concentration on foaming in glass poured from
the DM 1200 during prototypical cooling conditions.

¢ Collect melt rate, off-gas, and processing data on the DM1200 while processing a
high bismuth HLW composition.

The glass composition development work and foaming evaluation was based on one of
the HLLW waste compositions specified by ORP that has a high concentration of bismuth and that
was previously processed on the DM 100 [1].

1.2 Quality Assurance

This work was conducted under a quality assurance program that is based on Nuclear
Quality Assurance (NQA)-1 (2000 and 2004) and NQA-2a (1990) Part 2.7 that is in place at the
VSIL.. The program is compliant with applicable criteria of 10 CFR 830.120; Office of Civilian
Waste Management DOE/RW-0333P, Quality Assurance Requirements and Description
(QARD) Revision 20; the American Society of Mechanical Engineers (ASME) NQA-1, 2000
and 2004; and DOE Order 414.1 C, Quality Assurance. This program is supplemented by a
Quality Assurance Project Plan (QAPP) for ORP work [22] that is conducted at VSL.. Test and
procedure requirements by which the testing activities are planned and controlled are also
defined in this plan. The program is supported by VSL standard operating procedures that were
used for this work [23]. In addition, the requirements of DOE/RW-0333P, Rev. 20, were
applicable to the following specific aspects of this work:
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¢ Crucible melt preparation
¢ Analysis of crucible melt glasses
e PCT
e (lass transition temperature measurement.

1.3 DM1200
1.3.1 Feed System

The feed material for these tests was prepared and controlled according to VSL
specifications by a chemical supplier, as detailed in Section 2. Each batch of feed slurry was
shipped to VSL in lined 55-gallon drums, which were staged for unloading into the mix tank.
Both the mix tank and the feed tank are 750-gallon polyethylene tanks with conical bottoms that
are fitted with mechanical agitators; the feed tank is also fitted with baffles to improve mixing.
Any required feed additive can be added to the mix tank. Five calibrated load cells directly
mounted on the legs of the feed tank are used to measure additions to, and removal from, the
feed tank and are electronically monitored to determine the feed rate to the melter. The requisite
amount of feed 1s pumped to the feed tank from the mix tank; measured amounts of water are
combined by weight with the feed at this point to adjust the concentration of the melter feed. The
material in the feed tank is constantly recirculated from the feed tank discharge outlet, at the tank
bottom, to the tank inlet at the top, which provides additional mixing.

The feed is introduced into the melter using an air displacement slurry (ADS) pump,
which is the present WTP baseline. The feed transfer line extends from the outlet of the ADS
pump in the feed tank to the top of the melter. Feed is introduced into the melter through an un-
cooled feed nozzle that is located above the center of the glass pool. Only one feed tube is used
to represent the planned number of feed tubes per unit melt surface area in the full-scale WTP
HLW melter. The operation of the ADS pump is controlled from the melter computer control
system. The ADS pump works by opening the pump reservoir to the feed tank using a double-
acting air cylinder and mechanical link to actuate the poppet. The reservoir is filled with slurry
by gravity. After sufficient time is allowed to fill the reservoir (a few seconds), the poppet is
toggled to close the reservoir to the tank and open the transfer line. After a desired delay time
(dependent on the desired feed rate) the reservoir is pressurized with air to transfer the slurry
(about 1.6 liter/shot) to the melter. This cycle is repeated at the rate required to provide the
desired feed rate.

When necessary, a backup system is used to introduce feed into the melter with an air
operated diaphragm (AOD) pump system that simulates the pulsed feeding action of an ADS
pump. The recirculation loop extends to the top of the melter where feed is diverted from the
recirculation loop into the melter through a Teflon-lined feed line and water-cooled feed tube.
Two computer-operated pinch valves, one on the feed line and one on the recirculation loop, are
activated in a timed sequence to introduce feed into the melter at the desired rate. The feed rate is
regulated by adjusting the length of cach pulse, the time between each pulse, and the pressure
applied to the recirculation loop.

-15-



ORP-48628, Rev. 0
The Catholic University of America Tests with High-Bismuth HLW Glasses
Vitreous State Laboratory Final Report, VSL-10R1750-1, Rev. 0

1.3.2 Melter System

The DuraMelter 1200 (DM1200), which is the HLW Pilot Melter, was used for these
tests. Cross-sectional diagrams of the melter illustrating the discharge chamber and electrode
configuration are provided in Figures 1.1 and 1.2. The DM1200 is a Joule-heated melter with
Inconel 690 electrodes and thus has an upper operating temperature of about 1200°C. The melter
shell is water-cooled and incorporates a jack-bolt thermal expansion system. The footprint of the
melter is approximately 8 fi. by 6.5 ft. with a 4 ft. by 2.3 ft. air-lift discharge chamber appended
to one end; the melter shell is almost 8 fi. tall. The melt surface area and the melt pool height are
approximately 32 percent and 57 percent, respectively, of the corresponding values for the full-
scale HLW melter. The discharge riser and trough are full-scale to verify pouring performance.
Other aspects of the discharge system are also prototypical such as the chamber ventilation
scheme. The glass contact refractory is Monofrax® K-3 while the plenum area walls are
constructed of Monofrax® H refractory. The surface of the glass pool is 34" by 54" with a
nominal glass depth of 25", The resultant melt volume is approximately 45,000 cubic inches
(735 liters), which represents a glass tank capacity of more than 1.7 metric tons of glass.
However, since the typical operating glass level is closer to 29 inches, the effective glass volume
during testing is actually about 849 liters, giving an inventory of about 2.0 metric tons. The
DuraMelter™ 1200 is fitted with one pair of electrodes placed high on opposite walls of the
melter as well as one bottom electrode. The side electrodes are 11" by 34" giving an electrode
area for the pair of about 750 sq. in. Depending on the glass level, the plenum space extends
abou;: 33" to 36" above the melt surface resulting in a plenum volume ranging from about 43 to
46 ft°.

The single-phase power supply to the melter electrodes (250 kW design power) is derived
from the DuraMelter 1000 transformers by wiring them in parallel and using a single large
silicon controlled rectifier. Current can be passed either from the side electrodes to the bottom
electrode or between the two side electrodes only, by rearranging jumpers; only side-to-side
operation was used for the present tests. Programmable process controllers are installed and can
be used to control temperature or power. The melt temperature is controlled by configuring the
process controller to maintain constant power and adjusting the power set-point as needed to
maintain the desired operating temperature. Alarms can be set to detect out-of-range
temperatures or power in the melter. Backup process controllers are installed to be used in case
of failure of the main controllers. The entire system is supported by a back-up generator that is
tripped on in the event of a power outage.

The DuraMelter 1200 has several other features. The lid refractory is prototypic and also
includes a two-piece construction, which simulates the seam needed for the LAW lid that was
planned to be fabricated in three pieces. Nozzles are provided for the off-gas film cooler, a
standby off-gas port, discharge airlift, along with 11 ports available for top-entering bubblers,
start-up heaters and other components as needed. In addition, a bubbler arrangement is installed
in the bottom electrode with the objective of developing permanent bubblers for possible use on
future melters. For the present tests the optimum bubbler configuration established during
previous tests with HLW simulants [5] consisting of two double-outlet, top-entering bubblers
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was used, located in positions to mimic conditions in the WTP HLW melter. Figure 1.3 shows a
schematic of the prototypical double-outlet bubbler design that is based on the combination of
the results from these DM 1200 tests [5] and room-temperature tests that were performed in a
transparent fluid simulating the properties of the glass melt [24]. These bubblers have outlets 8
inches apart and were placed on the melter floor. The orientation of the bubblers in the melter, as
shown in Figure 1.4, results in one of the bubbling outlets being 11.3 inches from the feed tube.

1.3.3 Off-Gas System

The melter and entire off-gas treatment system are maintained under negative pressure by
two Paxton external induced draft blowers. This negative pressure is necessary to direct the gases
from the melter to the prototypical off-gas system. The off-gas treatment system, shown
schematically in Figure 1.5, consists of a submerged bed scrubber (SBS); a wet electrostatic
precipitator (WESP); a high-efficiency mist eliminator (HEME), a high-efficiency particulate air
(HEPA) filter; a thermal catalytic oxidation unit (TCO); a NOy removal system (SCR); a caustic
packed-bed scrubber (PBS); and a second HEME. Note that the PBS and the second HEME are
not part of the WTP off-gas train, which effectively ends at the SCR. The HEME is used to limit
entrained particle carryover into the balance of the VSL wventilation system. The system can be
functionally divided into four subsystems:

Particulate Removal: Components from the SBS to the HEPA serve to remove
essentially all of the particulate from the gas stream with an
estimated removal efficiency of greater than 99.9999% for
particles greater than 0.3 um in size. In the WTP facility, this
provision serves to segregate the radioactive from the non-
radioactive components in the system for maintenance and
handling purposes.

VOC Control/Acid Gas: The TCO unit is designed to oxidize any hazardous organics that
are present in the off-gas stream. This is followed by a SCR to
remove NOy gases and a PBS to remove remaining acid gases.

Stack Svstem: The emergency/bypass exhaust system, which includes a second
HEPA, and the primary off-gas system both feed into the building
stack system for exhausting to the atmosphere.

Liguid Processing: Components including the water spray lines, liquid sampling and
water storage tanks, as well as the effluent evaporator, function to
sample and process the system liquids for recycle or discharge.

With minor exceptions, the DM1200 off-gas system processing sequence follows the
design for the full-scale WTP HLW melter system, except for cooling of the off-gas stream
discharged from the SCR unit (which is present in the WTP off-gas train, but absent in the
DM 1200 system). Per WTP direction, the SBS unit that was used for previous DM 1200 testing
was modified in early 2004. Installation of the new system was completed in March 2004 and
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that unit was used for the present tests. The changes were implemented to reflect modifications
to the WTP SBS design that have taken place since the original DM 1200 unit was installed.
These modifications included changes to the diffuser plate design, down-comer jacket and
connection to the diffuser plate, bed diameter, bed packing materials, cooling coils, and liquid
overflow level.

Initial quenching of the melter exhaust gas stream is effected by the film cooler.
Immediately upstream of the film cooler is the injection point for control air, which is used to
regulate melter pressure. The gas entering the balance of the off-gas system is at a temperature of
about 250 to 350°C and a flow rate of about 100-250 sctim, of which about 10-80 scfm is water
vapor. The off-gas is then rapidly quenched by direct liquid water contact in the SBS, which also
effects removal of most of the larger particulates. The piping between the film cooler and SBS
has a high superficial gas velocity to minimize particulate deposition. The gas stream leaving the
SBS is at a low temperature (typically between 40-50°C). Further mist and particulate removal is
effected in the WESP, HEME and HEPA. The TCO and SCR follow the particle removal
components and serve to destroy organic compounds and nitrogen oxides. These two units were
off-line during the present tests due to the low concentrations of these components in the exhaust
stream. Finally, the PBS provides acid gas removal. Water sprays are located in the WESP, PBS,
and facility HEME to wash down deposits and dissolved species into their respective collection
sumps from which they can be sampled. The system components are fabricated from corrosion
resistant materials, including AL6XN and 316L stainless steel, and various plastics in less
demanding locations. There are extensive provisions for sampling both the gas and liquid
streams throughout the system in order to collect mass balance information and removal
efficiency data for each treatment stage.

The off-gas system maintains the melter plenum under slight negative pressure, typically
about -5 in. W.C. The plenum pressure is controlled by means of an air injection system that
introduces a controlled air flow into the off-gas jumper just after the film cooler. The air is
supplied by a blower through a diverter valve. The setting of the diverter valve, and therefore the
air flow rate, is controlled by a process controller that responds to the signal from a melter
pressure transducer. When the plenum pressure becomes more positive, the air injection flow
rate is decreased, which tends to restore the pressure to the set-point. Conversely, the flow rate is
increased when the plenum pressure becomes more negative.

1.3.4 Drum Cooling System

Crucible tests conducted at VSL using the canister centerline cooling curve measured
during the EnergySolutions HLW canister filling tests indicated that, for high Bi content glasses,
foaming occurred at some point during cooling [1]. To reproduce that cooling history for glass
discharge from the DM 1200 melter, a cooling system was built mimicking as nearly as practical
the discharge conditions used by EnergySolutions [25], which in turn were intended to represent
those at the WTP. The HLW canisters are 24” in diameter and 176.75" tall. The typical DM1200
discharge is into a 55 gallon drum which is nominally 23” in diameter and 347 tall. An
examination of the centerline cooling curves for the HLW pour tests indicate that the radial
cooling effects dominate any end effects. That is, with a buffer of hot glass from previous pours
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below the current pour, cooling curves were relatively independent of height in the canister, as
can be seen in Figure 1.6 from the report [25]. That figure shows temperature vs. time curves
measured at four different heights in the canister before and after the glass pour that covered a
particular thermocouple. The cooling system used in the present work was designed to create
environmental conditions at the surface of the 55 gal drum similar to that of the HLLW canisters
during filling and cooling. This is facilitated by the similar diameters of the HLW canisters and
the 55 gallon drums used on the DM 1200.

The filling procedure for the HLW canisters at the LAW Pilot plant consisted of a
nominally 30 minute discharge of about 150 kg of glass at about 1050°C, followed by about a 60
minutes delay before the next pour. The environment around the canister was cooled by forced
air convection, with the flow rate adjusted to control the temperature rise of the discharged air.
An ingulating fiber enclosure 5° on a side surrounded the majority of the canister with the top
two feet left exposed. The air was fed into the bottom of the enclosure and exited at the top of the
enclosure. In the present DM1200 tests, because of limited space, the insulating fiber enclosure
was 2.5 to 37 on a side, leaving the top 6 to 8 inches exposed. The wall temperatures of the
canisters during the HLW pour tests are known and similar temperatures on the 55 gal drums
should produce similar centerline cooling. Therefore the cooling airflow was adjusted to obtain
the desired wall temperatures of the drums. To obtain a buffer of hot glass below the pour of
interest, an initial pour of about 150 kg was performed. This was allowed to cool until its
centerline temperature reached approximately 900°C, thereby providing a bed of glass for the test
pour similar to that seen in the EnergySolutions canister filling. The test pours correspond to a
level increase of about 14 in the drum, or about 270 kg of glass. A thermocouple tree similar to
that emploved by EnergySolutions was used to monitor the temperatures along the centerline, 3”
from the centerline, 9” from the centerline, and at the exterior of the drum. The temperature vs.
time curves were monitored by a data logger. The drum cover on the DM 1200 had a view port
that was fitted with a camera to view the glass during the pour. This allowed the observation and
recording of any foaming that occurred.

1.4 Feed Sample Analysis

Feed samples were taken directly from the feed recirculation line during each test. Feed
samples were poured into a platinum/gold crucible that was placed into a programmed furnace
for drying and fusion to form a glass. The glass produced from this fusion was ground to less
than 200 mesh and sealed in 20-ml wvials for subsequent analysis by x-ray fluorescence
spectroscopy (XRF), or by acid digestion followed by direct current plasma - atomic emission
spectroscopy (DCP-AES) on the resulting solution. The feed samples were also characterized for
their rheological properties, density, pH, water content, and glass yield.

1.5 Glass Product Analysis

The glass product from the DM1200 tests was discharged from the melter into 55 gallon
drums periodically using an air-lift system. The discharged product glass was sampled by
removing sufficient glass from the top of the cans for compositional analysis after the cooling
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period and visual inspection (see Section 4.0). Samples were also taken from the center of drums
and other locations after the drum was sawed in half. Glasses produced during crucible melt
testing underwent heat treatments as well as measurements of processability (viscosity,
conductivity and crystal content) and chemical durability (PCT and TCLP) to ensure their
compliance with the present WTP contract requirements. All of these procedures are routinely
conducted at VSL. and, therefore, standard operating procedures (SOPs) are in place.

Sample preparation for chemical analysis typically involves size reduction and sieving.
All samples were subjected to XRF to determine the concentration of all elements except boron
and lithium. A series of National Institute of Standards and Technology (NIST) reference
materials were used for confirmation of the XRF data. Boron and lithium were determined by
total acid dissolution of ground glass samples in HF/HNO; and subjecting the resulting solutions
to DCP-AES analysis.

1.5.1 Viscosity

The melt viscosity, n, was measured using a Brookfield viscometer. Measurements are
performed in the temperature range of 9350-1250°C and the data are interpolated to standard
temperatures using the Vogel-Fulcher equation: In n = [A/(T-T,)]+B, where A, B, and T, are
fitting parameters. The equipment is calibrated at room temperature using standard oils of known
viscosity and then checked at 950-1250°C using a NIST standard reference glass (SRM 711).
Both precision and accuracy of the viscosity measurements are estimated to be within +15
relative%.

1.5.2 FElectrical Conductivity

The electrical conductivity, 6, of each glass melt was determined by measuring the
resistance of the glass melts as a function of frequency using a calibrated platinum/rhodium
electrode probe attached to a Hewlett-Packard model 4194A impedance analyzer. Measurements
are performed over similar temperature ranges to those employed for the melt viscosity
measurements. The results are analyzed and modeled to obtain the DC electrical conductivity.
The electrical conductivity data are then interpolated to standard temperatures using the
Vogel-Fulcher equation: In o = [A/(T-T,)] + B, where A, B and T, are fitting parameters.
Estimated uncertainties in the electrical conductivity measurements are 20 relative%o.

1.5.3 Product Consistency Test (PCT)

The product consistency test (PCT; ASTM C 1285) is used to evaluate the relative
chemical durability of glasses by measuring the concentrations of the chemical species released
from 100-200 mesh crushed glass (75-149 um) to the test solution (de-ionized water in this case).
PCT on the HLLW glasses are performed at 90°C, in accordance with the current WTP contract
requirement. The ratio of the glass surface area to the solution volume for this test is about 2000
m™ (typically, 10 g of 100-200 mesh glass is immersed in 100 ml deionized water). All tests are
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conducted in triplicate, in 3041 stainless steel vessels, and in parallel with a standard glass
included in each test set. The internal standard is the Argonne National Laboratory — Low
Activity Waste Reference Material (ANL-LRM) reference glass [26] and/or the Defense Waste
Processing Facility (DWPF)-Environmental Assessment (EA) glass, both of which have
undergone round-robin testing. The leachates are sampled at predetermined times, the first of
which is seven days. One milliliter of sampled leachate is mixed with 20 ml of 1M HNO; and the
resulting solution is analyzed by DCP-AES; another 3 ml of sampled leachate is used for pH
measurement.

1.5.4 Toxicity Characteristic Leaching Procedure (TCLP)

The TCLP was performed at VSL using SW-846 Method 1311, which employs leaching
of crushed glass (< 3/8”) in a sodium acetate buffer solution for 18 hours at 22°C with constant
end-over-end agitation. A mass of about 100 grams of glass is leached in 2 liters of TCLP
extract, according to the extraction method for non-volatiles. The surface area to volume ratio for
this test is about 20 m™, which is about two orders of magnitude lower than that in the PCT. The
leachates are analyzed by DCP-AES according to VSL standard operating procedures.

1.5.5 Secondary Phases

Secondary phases in the glass samples were determined by optical microscopy and
scanning electron microscopy coupled with energy dispersive x-ray spectroscopy (SEM-EDS).
Secondary phases due to crystallization and phase separation can be identified using these
methods. Quantitative determination of the amount of crystals in glass samples were made by
SEM in conjunction with image analysis.

1.6 Emission Samples

Melter emission fluxes were measured to complete the mass balance for each melter test.
Isokinetic melter exhaust samples (exhaust gas flow velocity equal to velocity through the gas
sample probe tip) were combined with the fourier transform infrared (FTIR) spectroscopy
continuous monitoring data for gaseous species to characterize fluxes from the melter. In the
DM 1200 system, independent sampling ports for particulate and FTIR sampling are available
throughout the off-gas treatment train (see Figure 1.5). Standard EPA isokinetic off-gas
sampling trains and methods (EPA Methods 1A, 2, 4, 5, 26, 29), composed of particulate filters
and liquid impingers, were used to collect materials that were subjected to chemical and physical
analyses using the techniques described in Sections 1.4 and 1.5.

1.7 DM1200 Off-Gas System Sump Solutions

Sump solutions from the SBS, WESP, HEMEs, and PBS were taken throughout testing to
verify material balances and unit efficiency. Total suspended solids (TSS) and total dissolved
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solids (TDS) were determined on select samples using standard ASTM methods. The filtered
solids and liquids derived from this procedure were analyzed to determine the total inorganic
composition using methods similar to those used in glass and feed analysis. Anion concentrations
were determined by i1on chromatography and ion selective electrode analyses on filtered
solutions. Select sump samples were also characterized for pH and density.
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SECTION 2.0
WASTE SIMULANT AND BASE GLASS COMPOSITION

2.1 Waste Simulants

The waste stream compositions previously provided by ORP are given in Table 2.1 on an
oxide basis [4]. The work described in this report focuses exclusively on the bismuth limited
waste stream in response to the foaming observed at crucible scale during CCC [1]. Actual HLW
Hanford tank wastes are aqueous solutions with suspended solids and dissolved salts including
hydroxides, nitrates, nitrites, halides, and carbonates. For the purpose of the previous [4] and
present work, the concentrations of the volatile components (i.e., carbonate, nitrite, nitrate, and
organic carbon) are assumed to be similar to those found for the AZ-102 HLW waste [16]. With
the waste compositions defined, formulation of the HLW waste simulant proceeds in a
straightforward fashion. In general, oxides and hydroxides are used as the starting materials, with
a slurry of iron (III) hydroxide (13% by weight) as one of the major constituents. Volatile
inorganic components are added as the sodium salts, whereas organic carbon i1s added as oxalic
acid. Although crucible melts using the appropriate radioactive components (i.e., thorium and
uranium) were prepared and evaluated previously, radioactive components were omitted and the
waste composition was renormalized in the simulated waste used for melter testing. Finally, the
water content was adjusted to target a glass vyield of 300 g of glass per liter of feed. The
composition of the waste simulant formulated to produce 100 kg of waste oxides is given in
Table 2.2.

2.2 Base Glass and Melter Feed Formulation

The composition and properties of the high-Bi glass selected for melter testing are given
in Table 2.3. The selected glass formulation, HLW-E-Bi-6, meets all of the processing and
product quality requirements imposed for these tests and has a waste oxide loading of 50 wt%o.
This exceeds both the minimum and maximum expected waste loadings provided in the previous
scope of work [4] of 15 wt% and 40 wt%, respectively. The glass contains 6.7 wt% Bi2O; and
close to 5 wt% P>Os. The Bi,O; content 1s more than three times the WTP contract minimum for
Bi20; (2 wt%), PCT leach rates are over an order of magnitude lower than those of the
DWPF-EA glass, and the TCLP leachate concentrations are all below the WTP delisting limits.
The measured processing parameters are within acceptable ranges. As noted above, the viscosity
is towards the high end of the acceptable range, which was appropriate in view of the fact that a
portion of the testing was performed at elevated temperature on the DM100 [1]. The same
formulation was used for the DM 1200 tests to determine whether the foaming behavior observed
in the crucible tests during CCC heat treatment was evident in prototypical large scale tests.

Melter feeds were produced by NOAH Technologies Corporation, the supplier of
simulant and feed samples used in previous testing on the DM 100 and DM 1200 melter systems.
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SECTION 3.0
GLASS FORMULATION STUDIES OF CAUSE OF FOAMING
AND METHODS OF SUPPRESSION

3.1 Introduction

As part of the overall effort to better understand the foaming behavior during canister
centerline cooling of glasses developed for the Bi-limited waste stream previously specified by
ORP [1], the small-scale work reported in this section was focused on preparation and
characterization of crucible melts designed to determine the underlying causes of the foaming
behavior as well as to assess potential mitigation strategies.

Foaming was reported for the Bi-limited glass HLW-E-Bi6 when it was subjected to
canister centerline cooling [1]. Such foaming, during or after filling of HLW canisters, would be
a serious operational issue if it was to occur during waste processing at the WTP. As discussed in
Sections 4 and 3, large-scale prototypic tests performed on the DM1200 melter system with the
same glass formulation clearly show that this is a very real possibility. Development of a robust
mitigation strategy requires an improved understanding of the underlying foaming mechanism in
Bi-rich glass melts. Given the scope of this work, the small-scale work was designed to collect
data that would aid the characterization of the foaming process and identification of the key glass
components that could be used to formulate glasses to mitigate foaming. Since the properties and
behavior of glass melts are closely related to the local structure or speciation of elements in
addition to the chemical composition, Raman spectroscopy was used for characterization of short
range order of the representative glass/melt samples. The association of foaming events and the
short range order by Raman spectra could potentially provide useful information to identify
chemical species that are responsible for foaming.

A secondary objective of the glass formulation work was to improve the melt rate of the

high bismuth glass formulation, which was lower than desirable in vertical gradient furnace
VGF) tests [19], DM 100 melter tests [1], and in DM 1200 tests performed in the present study
(Section 4).

Therefore, the small-scale studies were conducted in four inter-related areas:

¢ Investigation of the underlying cause of foaming upon CCC,

e Investigation of the effect of waste loading and glass forming components on foaming
upon CCC;

¢ Feed conversion tests (VGF) on the selected glass formulation with different glass
forming additives;

e Characterization of the short range order of glass samples by Raman spectroscopy.
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The HLW-E-Bi6 glass formulation [1], which was developed previously for the
high-bismuth HLW stream specified by ORP and which was tested previously on the DM 100
system was used as the starting point for the small-scale investigation. Ten new glasses at the
same or higher waste loadings as compared to HLW-E-Bi6 were formulated and tested to
examine the effects of waste loading and other glass components on foaming behavior during
canister centerline cooling (CCC). A further ten glass samples, eight of which were newly
formulated for this work, were chosen to investigate the underlying causes of the foaming
behavior and the conditions under which foaming occurs. As part of the integrated effort for
identifving the process that is responsible for the observed foaming, 16 newly formulated glasses
and HLW-E-Bi6 were analyzed by Raman spectroscopy to investigate their characteristic short
range order.

Feed conversion behavior was evaluated using VGF tests under standard conditions [19].
Seven melter feed samples were tested for their feed conversion behavior. These high-bismuth
HLW glasses employed different waste loadings and used different combinations of glass former
additives.

3.2 Experimental Methods

3.2.1 Waste Simulant

The waste stream compositions previously provided by ORP are given in Table 2.1 on an
oxide basis [1]. The work described in this report focused exclusively on the bismuth limited
waste stream in response to the foaming observed at crucible scale during CCC [1].

3.2.2 Glass Sample Preparation

Glass samples were prepared according to VSL standard operating procedures.
Chemicals were batched and mixed before being fused at 1200°C. The glass was melted in a
Pt/Au crucible and was homogenized by continuous mechanical stirring at 1200°C for 1.5 hours
and quenched by pouring directly into a graphite mold at ambient temperature. The glass
compositions were confirmed by XRF analysis. Selected glasses were further analyzed by DCP-
AES for confirmation of their Li,0 and B;0Q; concentrations.

3.2.3 Characterization of Glass Samples
3.2.3.1 Glass Foaming on CCC Heat Treatment
Glass samples were subjected to CCC [27] heat treatment to determine their foaming

tendency. All CCC heat treatments were performed in large Pt/Au crucibles holding ~45 grams
of glass in order to provide sufficient volume to contain the sample in case of foaming. Glass
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samples after CCC were first inspected visually and then cross-sectioned to prepare petrographic
thin sections.

Depending on sample condition, if possible, the whole cross-section of the CCC glass
sample was preserved in the petrographic thin section. After polishing, thin sections of the CCC
glass samples were optically scanned in reflection mode and the acquired images were reviewed
on a computer monitor for signs of development of gas bubbles during CCC heat treatment.

A few glass samples were tested using a “truncated CCC profile” in order to capture the
onset of the foaming event. A truncated CCC follows the standard CCC profile down to the
truncation point at which time the experiment is terminated by rapidly quenching the glass
sample in cold water. The glass samples thus collected (usually fragmented due to the rapid
quench) were inspected visually and prepared as thin sections for further examination.

3.2.3.2 Glass Crystallinity

Secondary phases in the glass samples after 70-hour heat treatments (at 950, 900, 850 and
800°C) were determined by scanning electron microscopy coupled with energy dispersive x-ray
spectroscopy (SEM-EDS). The volume percentage of crystals in the glass samples were
estimated by performing image analysis on the SEM images.

3.2.4 Vertical Gradient Furnace Tests

The temperature gradient inside the VGF is maintained by two separate sets of heating
elements, both of which are arranged in cylindrical form and aligned along their axis (Figure
3.1). The inner heater is set at 1150°C, which is the nominal temperature of the glass pool, and
the ambient heater is set at 600°C, which is similar to the melter plenum temperature. A ceramic
crucible (4 inches tall) was used to contain the reacting feed blend. The temperature gradient in
the furnace is shown in Figure 3.2. For a typical feed conversion test, a dried feed sample was
introduced into the ceramic crucible, which was already loaded with about 10 grams of glass of
identical composition and preheated in the inner heater. Feed reactions under the controlled
temperature gradient were allowed to continue for the designated test duration (typically 30
minutes) and then stopped by rapid cooling in room temperature air. The top surface of the
reacted feed blends were then inspected and photographed for assessment before being
cross-sectioned to reveal the conversion progress of the feed pile. The images of the cross
sectioned feed pile inside the crucible were optically scanned and stored as image files.

3.3 Investigation of Foaming Mechanism
3.3.1 Basic Considerations and General Approach

Foaming can occur in commercial and waste glass melters as a result of physical or
chemical processes that involve generation and release of gases. Most commonly for waste glass
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melters, this is the result of release of oxygen gas produced via reduction of multivalent metal
oxides at elevated temperatures. Gases other than oxygen dissolved in glass melts can also be
released due to reduced solubility with increasing temperature. In both cases, the so-called
reboiling phenomenon results in gas generation and foaming as the temperature is increased,
with typically greater tendency for foaming with more rapid heating. In this context, the foaming
behavior observed for glass HLW-E-Bi6 is unusual in that a large amount of gas bubbles formed
and accumulated inside the melt during a controlled and relatively slow cooling process. As
noted above, such behavior in a HLW canister during or after filling could have serious
consequences.

As listed in Table 2.3, the Bi-limited HLLW waste contains several groups of elements that
can contribute to gas formation: 1) Multivalent Bi that can be trivalent or reduce to Bi metal in a
borosilicate glass; 2) Volatile elements F and S; 3) Considerable amounts of multivalent
elements Cr and Fe that could be sensitive to the redox environment; 4) The high concentration
of P,Os (~5 wt% P20s in the glass at 50 wt% waste loading) is also noteworthy. SEM/EDS
analysis of a sample of HLW-E-Bi6 glass after standard CCC showed the presence of dentritic
sodium and calcium phosphates with bismuth.

The general approach adopted in the present study was to identify the roles of the
selected key constituents experimentally from a series of glasses that deviated from a central
composition by removal or addition of one or two key components of interest. To the extent that
these constituents are involved in the foaming mechanism, foaming will be enhanced or
suppressed when the components responsible for foaming are added or removed entirely from
the glass formulation.

Table 3.1 lists a total of ten glass compositions prepared to investigate the foaming
mechanism. Besides the starting composition HLW-E-Bi6 and its melter-discharged equivalent,
eight other glasses were newly formulated around the center glass composition HLW-Bi-F2,
with Bi, P, F, or Cr removed or added, individually or jointly. The results from this study are
presented below.

3.3.2 Baseline Glass HLW-E-Bi6 and HL.W-Bi-F2

The three glasses that were tested initially for foaming included the crucible glass
HLW-E-Bi6 that was developed previously and tested in the DM100 melter [1], its melter-
discharged equivalent (BLL-G-46A), and a lower-viscosity variation (HLW-Bi-F2).

In an effort to capture the foaming progress, all samples in this group were subjected to
shorter (truncated) CCC profiles (2 hours to 6 hours) as well as the standard CCC. As explained
in Section 3.2.3.1, the truncated CCC tests captured the higher temperature part of the CCC and
were terminated after 2 to 6 hours from the point at which the samples reached 1050°C during the
cooling process. Because the melt viscosity increases rapidly with decreasing temperature, at low
enough temperatures, foaming will be inhibited due to restrictively high viscosity. As a result, it
was hypothesized that foaming was most likely to occur at a relatively high temperature where
the melt is fluid enough to allow formation of gas bubbles but not so fluid as to allow them to
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rise and dissipate. As listed in Table 3.2, CCC tests for this group were truncated after 2, 4 and 6
hours for HLW-E-Bi6, after 2 and 6 hours for the re-melted glass HLW-E-Bi6r, its melter-
discharged equivalent BLL-G-46A, and its low-viscosity variation HLW-Bi-F2.

Foaming was observed in HLW-E-Bi6, its re-melt HLW-E-Bi6r, and its lower viscosity
variation HLW-Bi-F2 when subjected to the full CCC. In addition, these samples showed
extensive crystallization of predominantly spinel crystals present as clusters or swirls indicative
of possible flow patterns when the melt viscosity is sufficiently low. Gas bubbles were widely
distributed and tended to concentrate near the top half of the samples after full CCC treatment,
with majority of the bubbles ranging in sizes between around 100 microns to several hundred
microns. Gas bubbles apparently started to form within the HLW-E-Bi6 melt as early as two
hours into controlled cooling and became more extensive as cooling continued into the 4™ hour
and 6™ hour. It appears that the formation of gas bubbles continued beyond 6 hours into the CCC
because more gas bubbles were observed on the images of thin sections of samples subjected to
the full CCC profile (Figures 3.3a, b and 3.4a-f).

Glass HLW-Bi-F2 after truncated CCC for two hours displayed bands of spinel crystals
without any sign of gas bubble formation. However, after 6 hours truncated CCC, gas bubbles
ranging in size from around 100 microns to several hundred microns were observed. Along with
the gas bubbles, clusters of spinel crystals were observed. As shown in Figures 3.3a and 3.4h, i1,
it is apparent that more gas bubbles formed in glass HLW-Bi-F2 even though it is less viscous
than HLW-E-Bi6.

No gas bubbles formed in BLL-G-41A after CCC (Figures 3.3d and 3.43-1). As listed in
Table 3.1, analysis of HLW-E-Bi6 and BLL-G-41A show that they are virtually identical in
terms of concentrations of major components. However, the two glass samples have major
differences in their thermal history. The implication of the two different thermal histories will be
discussed later in this report, but at this point, it suffices to point out that it is evident that
something other than chemical composition also contributed to the foaming event. In addition to
the absent gas bubbles in the CCC samples, the morphology and distribution of crystalline
phases appeared considerably different in the melter discharged glass sample as compared to the
crucible samples. Overall, no flow pattern is present in the scanned image of the thin sections;
rather, the glass contains densely populated crystals and more or less uniformly dispersed lighter-
colored spheres of around 100 microns or larger. Under an optical microscope using transmitted
light, these lighter colored spheres contain skeletal opaque crystals of acicular nature. It 1s likely
that these acicular crystals are a Cr-rich phase and the formation and growth of this phase
depleted the chromium concentration surrounding the center, which is manifested by a
light-colored spherical volume. Morcover, the lincar dimensions of the skeletal crystals are
usually 100 to 200 microns, which is roughly 10 times larger than those observed in HLW-E-Bi6
or HLW-Bi-F2. The crystals in samples subjected to truncated CCC tests are less densely
populated and the light-colored spheres are absent. Generally, however, crystalline phases are
distributed more or less uniformly after 2 hours or 6 hours truncated CCC, with substantially
larger crystals, especially in 6-hour samples, as compared to the crucible glass samples (Figures
3.3d and 3.45-1).
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3.3.3 HLW-BIi-F2 without Bi, P and F

HLW-Bi-F2 was initially formulated as a lower viscosity variation of the foaming-prone
HLW-E-Bi6 in order to investigate if a melt of lower viscosity would facilitate the release of gas
bubbles from the glass melt. However, more gas bubbles are present in the CCC sample of
HIL.W-Bi-F2 than HLW-E-Bi6. Nevertheless, HL.W-Bi-F2 was used in this work as a worst case
example in the search for waste constituents that are likely to be responsible for foaming during
CCC. As stated earlier (Table 2.3), the Bi-limited waste stream is rich in Bi, P and F. Three
variations of HLW-Bi-F2 glass were formulated removing one of the three ¢lements
individually. The resultant glass compositions are listed in Table 3.1. The ratios between all
other glass components remain the same after removal of each component and renormalization.

The cross section of HLW-Bi-Bi0 (without Bi,05) after CCC looks very much like that
of HLW-Bi-F2 and both are similarly populated with gas bubbles. The F-free version
HILW-Bi-F0 also appears similar but with smaller gas bubbles than in HLLW-Bi-F2. The crystals
in the two CCC samples are small spinel crystals in the translucent glass matrix (Figures 3.3e
and 3.4m, n). In contrast, no gas bubbles were observed in the P-free HLW-Bi-P0 melt.
Moreover, the cross section of the CCC sample is dominated by dark-brown streaks intertwined
with black streaks comprised mostly of spinel crystals. Under an optical microscope, opaque
acicular crystals are seen forming radiating star-shaped centers inside lighter colored spheres that
are dispersed within a thick matrix of dark brown glass. Overall, the texture in the dark brown
portion is similar to that observed in the melter discharged glass BLL-G-46A (Figures 3.3¢ and
3.40, p).

Based on the above observations, both F and Bi can be ruled out as primary causes of the
observed foaming. P, on the other hand, evidently plays an important role in the formation of gas
bubbles. As the data show, waste glasses of otherwise identical compositions and thermal history
will or will not generate gas bubbles under the same cooling condition depending on the
presence or absence of phosphorus in the glass.

Both Bi and P were removed from HLW-Bi-I2 in the formulation of HLW-Bi-BiP0.
Visual inspection of the cross section of the CCC sample suggests that the CCC sample of
HLW-Bi-BiP0 is very similar to that of the Bi-free glass HL.W-Bi-Bi0 except for very small
amounts of gas bubbles of smaller size. It is clear that the population of gas bubbles diminishes
to a very low level in the P-Bi-free glass melt but does not disappear completely, even without
P,0s in HLW-BI-BiP0. It is interesting to note that the dark brown colored streaks are no longer
present in this P-Bi-free glass sample (Figures 3.3¢ and 3.4p).

In summary, it is apparent that formation of gas bubbles during CCC is the result of a
complex process that involves phosphorus and possibly other waste/glass component(s) to be
identified. In view of its stable valence state, it is very unlikely that pentavalent phosphorus
could be reduced during the cooling process. Therefore, one or more other elements must have
participated, and likely became reduced during cooling, which ultimately resulted in the
development of gas bubbles under CCC conditions. Consequently, it is necessary to identify
those other elements and their mode of interaction with phosphorus.
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3.3.4 HLW-BIi-F2 with Additional Bi and/or P

The presence of phosphorus in the Bi-limited HLW glasses apparently plays a critical
role in the formation of gas bubbles under CCC conditions. It is thus of interest to investigate the
effect of phosphorus at different concentrations for the same base glass system. Two glasses
were formulated as variations of HLW-Bi-F2 with HLW-Bi-2P containing 60% more P,0Os than
HLW-Bi-F2, while HLW-Bi-2Bi, has about 60% more Bi;O; than HLW-Bi-F2. Since
HLW-Bi-F2 contains similar amounts (in wt %) of Bi,O3; and P,0s, the glass components other
than P,Os and Bi,O; are therefore similar after renormalization.

The development of gas bubbles in the above two glasses and HLLW-Bi-F2 can be directly
compared in Figure 3.3f from the scanned images and in Figure 3.4q, r on a microscopic scale.
Overall, the higher Bi glass HLW-Bi-2Bi appears very similar to HLW-Bi-F2 with swirls of
crystals and abundant gas bubbles throughout the whole sample volume. However, a higher
concentration of P,Os in HLW-Bi-2P results in considerably more gas bubbles and less dark
brown streaks. Based solely on empirical observation, it can be concluded that bismuth, in spite
of its high concentration in the Bi-limited waste stream, did not play an essential role in the
formation of gas bubbles. In contrast, phosphorus at a similar concentration level (wt%o) proved
critical in the generation of gas bubbles. It is further evident that more bubbles were generated at
a higher P,Os concentration under similar conditions.

3.3.5 HLW-BIi-F2 with Additional P and without Cr

One of the scenarios that would involve phosphate and gas generation is via participation
of another multivalent element that would assume a high valence state in the presence of
phosphate in a borosilicate glass, but would later prefer a more reduced form at a lower
temperature as triggered by other events or merely by temperature change as the melt cools
according to the CCC curve. An inspection of the Bi-limited waste composition suggests SO;
and Cr,O; as the most likely candidates to investigate. Both S and Cr can exist in multiple
valence states in borosilicate glass melts. S can exist as S** (as sulfate), st (as sulfite) and even
as §% (as sulfide); and Cr as Cr®" (as chromate) or as Cr’* (in simple oxide form or as spinel).
Although there is lack of a reaction product between sodium phosphate and sodium sulfate, these
two salts mix completely as melts within their binaries [28]. However, S*" is not stable in typical
borosilicate melts in equilibrium with ambient atmosphere [29]. Without a stable species to host
S*" within the molten glass, it is unlikely for sulfate to be reduced as temperature decreases
according to the CCC curve.

Chromium can exist as trivalent Cr’" and hexavalent Cr® in typical borosilicate melts
under ambient conditions [30]. Complex phosphate/chromate forms as a reaction product
between phosphate and hexavalent chromium salts [31]. Sodium chromate melt can mix
completely with sodium phosphate. Sodium chromate/phosphate crystallizes at 916°C with the
stoichiometric composition (NasP207¢4Na,CrO,) and at much lower temperature moving away
from this thermal ridge, down to 833°C (eutectic with phosphate) or to 765°C (eutectic with
chromate). Morcover, it has been reported that chromophosphate more polymerized than
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pyrophosphate (dimer) can form with one PO, shared with up to four CrO4”. Tt is conceivable
then that part of the chromium from the Bi-limited waste will exist as chromate residing within
phosphate-rich domains, given the high concentration of P,Os in the glass (5 wt% at 50 wt%
waste loading), and later be reduced as a result of competition from structurally more favorable
spinel as the melt cools below the spinel liquidus along the CCC curve.

HLW-Bi-2P, the CCC sample of which developed the most gas bubbles, was chosen to
check the possible effect of removing 0.5 wt% Cr,O; from the glass formulation. As shown in
Figure 3.3g, Cr-free glass HLW-Bi-2P0CTr is free of gas bubbles after CCC heat treatment, with
a nearly uniform-looking dark red interior. In comparison to the CCC sample of glass
HLW-Bi-2P, it is striking that the absence of merely 0.5 wt% Cr;0O; has resulted in such a large
difference in behavior.

The inspection and comparison of the CCC samples of the Bi-limited HLW glasses
clearly indicate that phosphorus plays a critical role in the formation of gas bubbles under CCC
condition. However, P alone is not sufficient for the development of pervasive foaming. The
other ingredient that is necessary for foaming development is apparently chromium.
Interestingly, bismuth, in spite of its rather high concentration in the waste stream, is apparently
not responsible for the foaming observed during the CCC process.

3.3.6 Mechanism of Foaming During CCC and Proposed Mitigation Strategy

The discussion in this section is based on the empirical data collected in this work
supplemented by additional information from the literature and Raman spectroscopic analysis of
air-quenched samples of the glasses (see Section 3.5). A total of ten crucible melts were prepared
and characterized to support this effort.

The apparently synergetic effect between P and Cr in gas generation is believed to be due
to the chemical affinity between Cr®" and P°'. As documented by Wells [32], phosphorus and
chromium form poly ions containing both P and Cr that are closely related to the pyrophosphate
and linear polyphosphate ions with P and Cr both in tetrahedral coordination. In this group of
phosphochromates, one, two, three, or four of the O atoms of a PO4 group can be shared with
tetrahedral CrO, groups. Therefore, formation of the phosphochromate species in the P-rich
HLW glass would probably stabilize Cr® and result in a higher Cr®/Cr’t ratio. In a simple
homogeneous system, the redox equilibrium will normally shift towards the more reduced
direction with increasing temperature. Thus, something else must be involved in the overall
reactions that create a superficial reversal of the trend in order to cause the observed foaming
during cooling. The available phase equilibrium data and experimental data suggest that two
factors that involve heterogeneous reactions could have determined the final outcome: 1) the
solubilities of chromate within phosphate and phosphate within borosilicate; and 2) the
competition for chromium between phosphochromate and spinel. As shown in the binary phase
diagram of sodium chromate and pyrophosphate [31], sodium pyrophosphate will crystallize
from P-rich molten salt at a temperature at or below 999°C (assuming that the additional silicate
in the glass would not affect the phase boundary significantly). As a result, the salt species will
become progressively enriched in chromate content. Below the 833°C eutectic, both sodium
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pyrophosphate and phosphochromate will crystallize. Meanwhile, spinel would start to
crystallize around or below 950°C from the Bi-limited HLLW waste glasses, as shown in the heat
treated glass sample [1]. Considering the strong affinity of trivalent chromium for the spinel
lattice [33], it is not surprising that phosphochromate, after, and possibly even before, being
separated from phosphate-rich domains would be reduced to Cr’~ in order to be accommodated
by the more favorable spinel structure. The likely reactions can be expressed in two steps (to
facilitate analysis):

P-rich chromophosphoric species (m) 2 NayP,O5; (xf) + Naz|[PCrO4] (m) (D

Nas[PCrO4] (m) + % NiO (m) = NasPO; (x]) + ¥4 NiCr,04 (Sp) + % 02 (g) (2)

where m indicates a melt phase, x/ a crystalline phase, Sp a spinel crystal, and g a gas phase.

A simple dimer type of phosphochromate is chosen to represent the proposed Cr and P
poly ions in both reactions. Sodium pyrophosphate is chosen in the first reaction to match the
same dimer configuration. In the second reaction, as Cr® is reduced to Cr**, it is assumed that all
sodium atoms associated with this phosphochromate remain with phosphate to form a less
polymerized orthophosphate. Cr’~ will then react with appropriate available divalent cations
(such as Ni") to form spinel crystals. Stoichiometrically, each mole of Cr,0; generated will be
accompanied by 1.5 moles of Oz, A simple estimation shows that for a glass with a density of 2.6
glem® at 1100 K (833°C), 0.5 wt% Cr,0; in the glass will release an amount of gas equal to
approximately 10 times the melt volume. Even under the assumption that only 10% of the Cr
exists as phosphochromate at high temperature (before CCC cooling), the gas volume released
will equal that of the glass melt.

The impact of spinel crystallization on foaming provides a possible explanation as to why
no gas bubbles developed in the melter-discharged glass, which was identical to HLW-E-Bi6 in
its chemical composition. Very likely, spinel crystals that had nucleated and grown during the
particular cooling conditions for glass discharged from the DM100 melter had effectively
depleted the Cr®" before the CCC heat treatment. The premelting step for the standard CCC test
(1200°C for one hour before cooling) does not appear to have been adequate to reverse the
reactions. It is not clear why no foaming was apparent during DM 100 melter processing of the
HLW-E-Bi6 feed but the difference may be due to much faster cooling based on the size of the
pours and the discharge container. However, no data are available for the actual cooling history
of the glass discharged from the DM 100 melter.

It should be pointed out that the ratio of Cr® to Cr’* can be also be influenced by glass
components other than phosphates. It has been reported that more hexavalent chromium will
form as the optical basicity of a glass melt increases [34]. In that sense, a high sodium glass
would likely contain more Cr as sodium chromate species at the glass melting temperature.
Indeed, the Raman bands of discrete alkaline chromate are present in higher sodium glasses, as
represented by HLW-Bi-F2 (see Section 3.5). However, Raman bands of the alkaline chromate
species are most intense in P-free HLW-Bi-P0 and HLW-Bi-BiP0 in which, no or very few gas
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vesicles formed after CCC. It is, therefore, highly unlikely that Cr® as predominantly sodium
chromate will significantly impact the observed foaming. Rather, the combined effect of both P
and Cr is suspected to be responsible for the foaming observed during the CCC process. It is not
clear how the proposed phosphochromate species behave differently from sodium chromate. It 1s,
however, likely that the reduction reaction from Cr®' to Cr’" will need to occur in the appropriate
temperature range in order to match the liquidus of spinel and the necessary range of melt
viscosities for retention of gas bubbles to cause foaming.

The above discussion captures what appears to be the essential features of the foaming
mechanism. However, a glass melt being subjected to CCC would evolve as an interrelated
system. For example, the liquidus of the spinel phase will likely be influenced by the stability of
Cr" in phosphochromate. As more Cr’' becomes available, the spinel liquidus will move to a
higher temperature in response. Nevertheless, the same general behavior would be expected.

Based on these results, several possible methods for mitigating the foaming observed on
CCC are evident:

. Suppression of Cr® with a reductant or glass chemistry.
. Reduction of glass melt viscosity to facilitate release of gas bubbles.
. Formation of other competing phosphate species.

Suppression of Cr® will reduce the amount of oxvgen gas that would be generated due to
reduction of hexavalent chromium. In principle, this could be accomplished through the use of
reductants or by decreasing the optical basicity of the host glass melt by, for example, decreasing
the levels of alkalis such as sodium or potassium. However, this approach may cause unfavorable
crystallization and high viscosities due to lack of flux.

A glass melt of considerably lower viscosity, especially at temperatures where the
reduction reaction takes place, would possibly facilitate the escape of oxygen gas bubbles.
However, considering the steep temperature dependence of melt viscosity and the adverse effects
of very low melt viscosity on melter refractory corrosion, this route may have limited practical
value.

The third option is aimed at creating direct competition with Cr®" for the available
phosphorus in the waste glass. The strategy is then to tie up the phosphorus that could otherwise
interact with Cr®" to form detrimental phosphochromate species. The chemical additives that can
effectively bond to phosphorus may also act to suppress cr™ in glass. This approach for
mitigation of foaming was emphasized in the work described in the next section.
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3.4 Development of Formulations to Suppress Foaming During CCC
3.4.1 Basic Considerations and Formulation Strategy

Glass composition development and foaming mitigation studies were based on the same
HLW Bi-limited waste compositions used in the investigation of the foaming mechanism. The
HLW-E-Bi6 glass formulation [1] was used as the starting point for the small scale investigation.
Ten new crucible melts at the same or higher waste loading as compared to HLW-E-Bi6 were
formulated and tested to examine the effects of waste loading and the effects of other glass
components on foaming behavior during CCC heat treatment.

In addition to foaming mitigation, the current formulations were designed to improve the
processing rate of the melter feed. As reported previously [1], the melt rate attained during
processing the Bi-limited HLW feed was not as high as that for some other high waste loading
HLW glasses developed for ORP. In agreement with the melter test results, the simulated feed
conversion experiments with the HLW-E-Bi6 feed using the vertical gradient furnace (VGF)
showed a rather persistent dome-like structure [19] in the early stage of feed conversion. As a
result, the heat transfer from the glass melt to the cold-dap was hampered, which consequently
slowed the melting of the feed. In addition to its negative impact on the melt rate during melter
processing, a dome-like structure indicates that substantial degassing occurs during feed
conversion in such a way that the gas phase is trapped within a dome structure. At a larger scale,
the phenomenon may appear as a foaming process near the cold cap region. In that sense, the
feed conversion tests of the new glass formulations may be useful in developing a strategy to
mitigate such foaming. For these reasons, as part of the new glass formulation work, the slurry
feeds of seven formulations were prepared and tested in the VGF to assess their feed conversion
behavior.

It should be noted that, in view of the schedule for this work, the development of new
glass formulations was carried out in parallel with the foaming mechanism investigation work.
The results from each of these activities were used to advance both efforts to the extent possible.
A stepwise iteration process was used in the development of the new formulations, where results
from the previous tests were used to refine the glass formulations for the following tests.

3.4.2 Results and Discussion

A total of ten new formulations were tested for their foaming tendency during CCC. In
addition, six melter feed samples based on selected new formulations were tested for their feed
conversion behavior by using the VGF. The formulations that passed the screening test for
foaming were characterized for their properties relevant to processing and product quality. The
experimental results are presented below in three separate groups. Section 3.4.2.1 evaluates the
starting glass formulation HLW-E-Bi6 on the basis of the data reported before and the
experimental results from this work. Results from a group of six glass formulations are reported
in Section 3.4.2.2 followed by Section 3.4.2.3 in which results from a group of four glass
formulations are discussed. The new glass formulations recommended for the Bi-limited HLW
also are discussed below.

-34-



ORP-48628, Rev. 0
The Catholic University of America Tests with High-Bismuth HLW Glasses
Vitreous State Laboratory Final Report, VSL-10R1750-1, Rev. 0

3.4.2.1 Reassessment of HLW-E-Bi6

HLW-E-Bi6 was developed to treat the Bi-limited HLLW at high waste loadings [1]. This
formulation is not atypical regarding major glass forming chemical components. However, the
Bi-limited waste is unique in its unusually high contents of Bi;OQ; and P;Os together with
relatively abundant minor components such as Cr;Os, NiO, SO; and F. As a result, a Bi-limited
glass at 50 wt% waste loading tends to display some levels of spinel crystallization in the
quenched glass samples and additional crystallization of phosphates after heat treatment at lower
temperatures [1]. Among the processing properties measured for this formulation, the melt
viscosity of 96 poise at 1150°C is within acceptable limits but is notably higher than that for
typical WTP waste glasses. It is likely that this relatively high value would exacerbate the effects
of foaming and sluggish melt rate and, therefore, a somewhat lower viscosity would be desirable.

As reported earlier, a dome-like structure [19] developed in the early stage of feed
reaction and the overall feed melt rate appeared lower than the average melt rates obtained from
a group of a dozen representative HLLW melter feeds. The feed sample of this formulation was
tested again in the present work by the VGF method and similar results were obtained (Figure
3.5a).

3.4.2.2 Formulations with Higher Sodium Concentration

A total of six new glass formulations at similar or higher sodium contents than the
HLW-E-Bi6 glass were prepared and tested for their foaming tendency during CCC. As given in
Table 3.3, three glasses were formulated at 50 wt% waste loading, two at 55 wt% waste loading,
and one at 60 wt% loading.

HLW-Bi-F1 and HLW-Bi-F2 were formulated as the lower viscosity variations of
HLW-E-Bi6. HLLW-Bi-F2, with higher B,Os and lower Si0,, was melted and quenched into a
clear glass. However, HLW-Bi-F1 with the same amount of B,O3; and molar substitution of Li,0O
for 3 wt% Na,O resulted in a glass that crystallized partially. Therefore, only HLW-Bi-F2 was
tested for its foaming tendency during CCC. As shown in Figures 3.3c¢c and 3.6a, substantial
amounts of gas bubbles developed during CCC heat treatment.

HLW-Bi-F3, with 3 wt% more NaQ and less B,Os; than HLW-Bi-F2, was melted to
form a clear glass and was free of gas bubbles after CCC heat treatment. However, the feed
materials for HLW-Bi-F3 and HLW-Bi-F2 reacted in different ways in 30 and 60 minute VGF
experiments. Feed of HLW-Bi-F2 melted reasonably fast with only slight residue on the side
wall of the test crucible. In contrast, feed of HLW-Bi-F3 reacted considerably slower due to the
development of a rather thick dome structure (Figure 3.5b).

Two formulations were prepared at 55 wt% waste loading (HLW-Bi-FS and
HILW-Bi-F8) and one at 60 wt% loading (HL.W-Bi-F7). HLW-Bi-F5 with more Al,O; and B,0;
and less Si0O, showed small amounts of gas bubbles after CCC (Figures 3.6b and 3.7d, ¢); the
formation of gas bubbles was reduced to occurring only sporadically near the crucible wall for
HLW-Bi-F8 (Figures 3.6¢ and 3.7f). At 60 wt% waste loading, large gas bubbles formed during
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CCC heat treatment of HLW-Bi-F7. A dome-like structure developed after 30-minute VGF tests
for both HL.W-Bi-F5 and HLW-Bi-F8. No feed tests were conducted using HI.W-Bi-F7 because
of the foaming observed on CCC.

Overall, judging by the development of gas bubbles during CCC, HLW-Bi-F3 at 50 wt%
and HLW-Bi-F8 at 55 wt% waste loading are considered acceptable with no or minimum
tendency for foaming during CCC. However, the VGF feed test results for both formulations
suggest a relatively poor processing rate based on the dome-like structure that emerged during
the first 30 minutes of the feed conversion experiments. The processing and leaching properties
of these two glasses are summarized in Section 3.4.2.4.

3.4.2.3 Formulations with Higher Alumina Concentration

A total of four new glass formulations at considerably higher alumina content than
HLW-E-Bi6 glass were tested for their foaming tendency during CCC heat treatment. As listed
in Table 3.3, three glasses were formulated at 50 wt% waste loading (HLW-Bi-F4, HLW-Bi-Fé6
and HLW-Bi-F9) and one was formulated at 55 wt% waste loading (HLW-Bi-F10).
HLW-Bi-F4 was derived from HLW-Bi-F2 with 5 wt% more Al,O; and 3 wt% more Li,O for
S10; and Na,O, respectively. No foaming was observed in the HLW-Bi-F4 glass after CCC heat
treatment (Figures 3.6a and 3.7¢). However, the as-melted glass showed some level of
crystallization. No feed conversion experiment was conducted using this formulation.
HLW-Bi-F6 is a higher CaO version of HLW-Bi-F4 with reduced Al;O3 and SiO; (Table 3.3).
However, 3 wt% CaO was not effective in suppressing spinel crystallization, although no gas
bubbles formed during CCC in both glasses. HLW-Bi-F9 (50 wt% waste loading) and
HLW-Bi-F10 (55 wt% waste loading) were formulated as the lower sodium/higher lithium
variations of HLW-Bi-F4 with additional boron. A small degree of crystallization is present in
the as-melted glasses. No gas bubbles formed during CCC heat treatment of the two glasses and
the feed samples of both formulations showed normal feed conversion after 30 minutes, with
only slight residue on the wall of the test crucible (Figure 3.6¢).

Overall, judging by the glass quality and the absence of gas bubbles during CCC, HL.W-
Bi-F9 at 50 wt% waste loading and HLW-Bi-F10 at 55 wt% waste loading are considered
acceptable improvements over HLW-E-Bi6. Moreover, the VGF feed test results for both
formulations suggest much improved processing rate as compared to the higher sodium
alternatives. The processing and leaching properties of these two glasses are summarized in
Section 3.4.2.4.

3.4.2.4 Characterization of Candidate Glasses

As discussed in Sections 3.4.2.2 and 3.4.2.3, two glasses at a waste loading of 50 wt%
and two glasses at a waste loading of 55 wt% were identified as potential candidates for further
characterization of their processing and leaching performance. The measurement results are
given in Table 3.4 for crystallinity after isothermal heat treatment, Table 3.5 for melt viscosity
and electrical conductivity, and Table 3.6 for leaching performance of glass samples by PCT and
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TCLP. All four glasses meet the PCT and TCLP release limits. Among the four glasses,
HLW-Bi-F3 (50 wt% loading) and HLW-Bi-F8 (55 wt% loading) displayed considerably better
leaching resistance by PCT, normal viscosity, and lower crystallinity than HLW-Bi-F9 (50 wt%)
and HLW-Bi-F10 (55 wt%) at similar waste loadings. Although the measured viscosity values
for HLW-Bi-F9 and HLW-Bi-F10 are within the normal operating window, the considerably
higher crystallinity after heat treatment could potentially be problematic, especially for
HLW-Bi-F10. As shown in Figure 3.8, at 50 wt% waste loading, HLW-Bi-F9 contains about
2 vol% of crystalline phases at 950°C in comparison to 1 vol% in HLW-Bi-F3. At 55 wt% waste
loading, more than 3 vol% crystals are observed in the glass HLW-Bi-F10 heat treated at 950°C
while about 2.5 vol% crystals are observed in HLW-Bi-F8. However, the relatively lower
crystallinity in the two high sodium glasses is offset by their apparently slower feed conversion
rate as indicated by the VGF test results. In that respect, the two high alumina formulations
outperform considerably judged by the VGF results.

In summary, HLW-Bi-F3 at 50 wt% waste loading is considered the overall best
formulation with low crystallinity, acceptable viscosity and electrical conductivity, and good
leaching resistance. More importantly, no foaming was observed in the CCC sample of this
glass. The main reservation for this formulation is its slow feed conversion rate. As an alternate,
HLW-Bi-F9 performs considerably better in the feed conversion test and is free of gas bubbles
after CCC heat treatment but shows somewhat higher crystallization.

At 55 wt% waste loading (5 wt% above HLW-E-Bi6), HLW-Bi-F8 and HLW-Bi-F10
have one or two properties that are less than optimum. Both glasses show more than 2 vol%
crystalline phase after isothermal heat treatment at 950°C. HLW-Bi-F8, the one with better
leaching resistance and less crystallization, showed very minor amounts of foaming near the
interface between the glass melt and the crucible wall and tends to melt slowly. HLW-Bi-F10,
with faster feed conversion rate and no sign of gas bubble generation after CCC heat treatment,
crystallized more readily at 950°C and showed higher PCT leaching. Accordingly, while these
formulations should provide a good basis for further formulation optimization work, neither of
these glasses is recommended for future melter testing.

3.4.3 Summary and Recommendations

Two glass formulations at 50 wt% waste loading are recommended for further tests to
support vitrification of the Bi-limited HLW. HLW-Bi-F3 shows the best properties overall but
may exhibit a relatively slower melt rate than the alternate HL.W-Bi-F9, while HLW-Bi-F9
shows even less tendency for foaming during CCC but somewhat greater crystallization on heat
treatment.
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3.5 Structural Analysis of Bi-Limited Glasses by Raman Spectroscopy

3.5.1 Introduction

Structural information obtained from Raman spectroscopic measurements on
Bi-containing HLLW glasses may provide insights into the atomic structural causes behind the
observed melt foaming phenomena. Bi acts as a silicate network modifier in crystalline silicates
[35, 36, 37], and a similar role in borosilicate glass structure would be anticipated. Raman
spectroscopy may be able to provide additional information about chromate, phosphate, and
sulfate anions in these glasses and how any changes in these environments may be linked to the
melt foaming issues. Observations from SEM analyses of standard CCC samples identified
micron-scale Bi-containing phosphate phases. Raman spectroscopy may also detect Bi-phosphate
domains in the glasses. Structural findings from these studies can be useful in guiding
adjustments in glass chemistry that can reduce or eliminate foaming on CCC.

Several structural investigations concerning binary Bi-silicate glasses have been
published [38, 39, 40], where Bi,0; concentrations vary near 50 mol%. A spectroscopic study of
x(Bi203)-(100-x)(S10,) glasses [38] indicated separate Bi-O-Bi and Si-O-Si environments that
form Bi»O; layers and silicate chains cross-linking the layers. X-ray absorption spectroscopy
(XAS) and Raman studies of binary Bi-silicate glasses exposed to hydrogen indicate that Bi*" in
the initial glasses changes to metallic Bi [39, 40]. XAS studies of similarly processed Bi-silicate
glasses [39] showed that Bi-O correlations diminish, while Bi-Bi correlations increase with more
hydrogen exposure. The original glass had Bi within environments similar to those in crystalline
Bi,03, while Bi-metal domains were observed in any sample subjected to hydrogen reduction.
Raman spectra of the Bi-silicate binary glasses [40] show a peak near 132 em’ assigned to Bi-O
stretch motions; this feature decreases in intensity with increasing hydrogen exposure time.
Another narrow peak near 81 cm’ (claimed to be an artifact [40]) appears in the Raman spectra
of the reduced glass. Considering the results of the XAS study [39], this mode may be due to
Bi-Bi motions in Bi metal within an amorphous silica matrix.

The borosilicate glasses investigated here are more chemically complex and have
considerably lower Bi,O; concentrations (approximately 6 wt%) than the glasses discussed
above. The waste loading in the Bi-limited HLW glasses developed in this work varied from 50
to 60 wt% for the series HLW-Bi-F2 to HLW-Bi-F10 synthesized for this study. Not
surprisingly, from initial Raman and SEM observations, Bi behavior in these waste glasses is
different from that observed for the binary Bi-silicates. In light of the Bi-to-phosphate correlation
found in some of the equivalent CCC samples and the possible correlation of these elements to
foaming, two additional glass series were made where Bi;O3- and P,Os-content were varied
independently; a P;Os- and Bi»Os-free glass (HLW-Bi-BiP0) was also synthesized. Raman
spectra were also collected for the crystalline Bi-silicate, eulytite BisSi30;2 and BiPQs, (Figure
3.9), where Si04 and PO, tetrahedra, respectively, are isolated from each other by Bi** [35, 41].

The HLLW glasses investigated here contain chromate, phosphate, and sulfate anions, all
of which have large Raman cross-sections. Raman studies of phosphate and sulfate modes in the
spectra of silicate glasses [42-45] assign P-O and S-O stretch modes to Raman features near 950
and 985 cm’, respectively. The Raman spectra of chromate in solution [46] have two Cr-O
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stretch modes at 847 and 884 cm’', and less prominent O-Cr-O bending modes at 348 and
368 cm™. Chromate modes are observed at similar frequencies for Cr-containing oxide and
silicate minerals [46]. To more clearly assign the chromate, phosphate, and sulfate modes in the
Raman spectra of the glasses, spectra for Na,SQ,, (Na,K)-chromate, as well as BiPQ,, are
compared with the Raman spectrum of a representative Bi-waste glass, HLW-Bi-F3 (Figure
3.10). These contributions include two Cr-O, one P-O, and one S-O stretch modes near 850, 880,
950, and 985 cm™, respectively, and are plotted with the Raman spectra of the three glass series
investigated (Figures 3.11 — 3.13). Cr-O stretch modes are clearly seen when comparing the
spectrum of a Cr-containing glass (HLW-Bi-2P) with that for the Cr-free glass (HLW-Bi-2P0Cr)
(Figure 3.13).

3.5.2 Experimental Procedure

The crystalline samples used in this study were polycrystalline powders. Phase
identifications of the crystalline standards were verified by powder x-ray diffraction (XRD).
These crystalline samples include: eulytite (NMNH# R170518 from Schneeberg, Germany), and
chemical reagents: Na,SO4 and BiPO, from Alfa- Aesar. The crystalline (Na,K)-chromate yellow
phase was found as layers on waste glass HLW-E-Cr-1 that was investigated earlier [1]; XRF
analysis of this sample indicates Cr, Na, K, and S as major elements, where chromate and sulfate
phases are mostly segregated, as indicated by Raman spectroscopy. The three Bi-containing
HLW glass series were synthesized from reagent grade chemicals; some samples are either
completely amorphous or have spinel crystals suspended in a glass matrix, as determined by
Raman spectroscopy and SEM. The bulk glass fragments were taken from the quenched glass
samples that were as homogeneous as possible.

High temperature Raman spectra were collected on one HLW glass while simulating the
HLW CCC cooling conditions (Figure 3.14). The samples were placed in a 1 cm diameter Pt
crucible that was heated in a Linkam TS1500 heating stage. Temperatures were rapidly increased
from room temperature to 580°C at 100°C per minute, and then to 1200°C at 30°C per minute.
The sample was then quickly cooled at 100°C per minute to 1050°C, and then slowly cooled to
500°C at 2°C per minute. During the cooling part of the run, Raman spectra were gathered every
100°C to monitor any changes.

A single grating spectrograph — notch filter micro-Raman system [47] was used to gather
the spectra presented here. A Melles-Griot Model 45 Ar' laser provided the 5145 A wavelength
incident light that was directed through a broad band polarization rotator (Newport Model
PR-550) to the laser microscope which guided the laser light down to the sample surface through
a long working distance Mitutoyo 10x microscope objective. The laser light was focused to a
10 um diameter spot on each sample. The laser light power was approximately 25 mW at the
sample. Polarized spectra were gathered in back-scattering geometry. The scattered light was
directed through an analyzer polarizer in the microscope column that was set to one orientation
for all polarized spectra collected. After the analyzer, the scattered light proceeded through a
150 um aperture to reduce Rayleigh scattering intensity at low frequencies and then to
holographic notch and super-notch filters (Kaiser Optical Systems), which reduced the Rayleigh
scattered light intensity by ten optical densities. The notch filters were oriented in the scattered
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light path so that the filter cut-off frequency was minimized to near 70 em’ from the laser line.
The spectrograph used a 1200 gr/mm grating (Richardson Grating Laboratory) that was set to
disperse the Stokes scattered light from the sample on to a 2048 x 512 element Peltier cooled
CCD detector (Model DU440BV, Andor Technology). The incident slits of the JY-Horiba
HR460 spectrograph were set to 6 cm™’ resolution to collect spectra from 50 to 1600 em™. The
spectrograph was frequency calibrated using CCla, so that the recorded frequencies are accurate
to within +1 em™. Parallel-polarized (VV) or cross-polarized (HV) spectra were collected, where
the incident laser light was vertically or horizontally polarized, respectively, as it entered the
microscope. Each crystalline and glass Raman spectrum is an average of 10 exposures and 30
exposures, respectively, collected at 10 seconds each.

3.5.3 Discussion

Relatively narrow chromate-, phosphate-, and sulfate-related peaks are found
superimposed on the Si-O stretch Q-species envelope in the Raman spectra between 800 and
1150 om™ [48] (where Q" = isolated SiO; tetrahedron to Q* = fully polymerized SiOy tetrahedron
linked to four other tetrahedra). The Raman data collected for the glasses investigated do not
have any low frequency features that can be correlated to Bi (Figures 3.11 — 3.14), such as the
peaks near 132 and 81 cm” observed for Bi-silicate binary glasses [40]. Prominent peaks at
frequencies < 210 cm™ appear in the spectra of eulytite and BiPOj (Figure 3.9). Due to the lack
of low frequency Bi-related modes, Bi ions in the glasses must be far enough apart from each
other so that no spectral features associated with Bi-Bi or Bi-O-Bi environments are possible;
this 1s expected considering the relatively low Bi,O; concentrations in these glasses compared
with the binary Bi-silicate glasses [40].

3.5.3.1 High Temperature Raman Spectra of HLW-Bi-F2 Glass

Two heating runs were performed on HLW-Bi-F2, a glass formulation that showed
significant foaming problems. In both runs, the glass initially changed as the temperature
increased through 550°C. The spectrum collected at 580°C showed a relatively large peak near
680 cm™, in addition to the broad glass bands near 450 and 1000 em™. At temperatures above
900°C, black body radiation dominates the data such that Raman features could not be observed.
Spectra collected during the cooling part of the run (as the temperature was dropped from 900°C)
have the broad silicate glass bands, as well as the peak near 680 ecm™ (Figure 3.14). As the
sample cooled to room temperature, spectral features generally sharpened and shifted to higher
frequencies. There was no sign of sample foaming during either run; at the end of cach
experiment a re-melted bead was found that comprised of Cr, Fe, and Ni spinel crystals within a
glass matrix, as determined from SEM and XRD. The Raman peaks near 680 and 550 cm™ have
similar frequencies and relative intensities to those observed for MgCr,O4 spinel [49] (Figure
3.15); therefore, these two peaks can be attributed to (Cr,Fe,Ni)-spinel crystals.

The re-melted HLW-Bi-F2 glass spectra are different as compared to those from the

original glass for both runs (Figure 3.15). The Si-O-Si bend envelope near 480 cm™ sharpens and
shifts to higher frequency, indicating changes to a narrower distribution of smaller silicate rings
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or smaller Si-O-Si bond angles [48]. The features between 800 and 1150 em™ for the re-melted
sample show only the relatively broad Si-O stretch envelope and the narrow P-O stretch
phosphate mode near 965 cm™ for one point (Figure 3.15), with no evidence of the 850 and
885 cm™ chromate modes, or the 990 cm” sulfate mode. Due to the superposition of Cr-0O, S-0O,
and P-O stretch modes on the Si-O stretch bands for the original glass, it is difficult to interpret
from these spectra any redistribution of silicate Q-species populations during heating. Spinel
crystallization is correlated to the disappearance of the 850 and 885 em™ chromate modes for the
re-melted sample. SEM analyses of the heating run products indicate no evidence of Cr in the
glass. Therefore, the data indicate that during heating experiments, Cr in the original glass was
consumed by spinel crystallization.

3.5.3.2 New Bi-Limited HLW Glasses

This series includes samples HLW-Bi-F2 to HLW-Bi-F10 (Figure 3.11). The higher
Na,O content for HLW-Bi-F3 versus HLW-Bi-F2 likely enhances the intensity of chromate
modes near 325, 850, and 880 cm™ in the Raman spectrum of this sample. The HLW-Bi-F5r
glass has higher waste loading than HLW-Bi-F3, while HLW-Bi-F7 has the highest waste
loading of all glasses in the series. The major changes in the Raman spectra are observed for the
spinel peak near 680 cm™ and chromate modes near 850 and 880 cm™, similar to that observed
for the heating experiment. In general, samples that appear to be completely or mostly
amorphous have the largest intensity chromate modes, while samples that have prominent spinel
peaks either have weak or no chromate peaks. Melt foaming was minimal for HLW-Bi-F3 and
HLW-Bi-F8 formulations, which are the samples with the largest intensity chromate modes and
no observed spinel features (Figure 3.11). Sample formulation HLW-Bi-F5r exhibited small
amounts of foaming and the spectrum of the equivalent crucible glass has less prominent
chromate modes with no spinel peaks.

Half of the samples in this series, HLW-Bi-F4, HLW-Bi-F6, HLW-Bi-F7, HLW-Bi-F9,
and HLW-Bi-F10, are not homogeneous, where interior portions contain spinel crystals within
the glass and only the exterior may be glass (as in HLW-Bi-F7). For these samples, HLW-Bi-F7
showed extensive foaming, while the others showed no evidence of foaming. For HLW-Bi-F6,
HLW-Bi-F9, and HL.W-Bi-F10, a narrow peak near 947 cm’! is observed that is not correlated to
the spinel features; this is likely due to another crystalline phase. The spectra for HLW-Bi-F6 are
complicated: the spinel peak near 690 em’ is frequently observed, while chromate modes near
325, 850, and 880 cm™ can be seen at many points, independent of the spinel peaks. HLW-Bi-F6
also has narrow peaks near 914 and 961 em™ that indicate other crystalline phases.

3.5.3.3 Bi-Series Glasses

Raman data for this series of glasses (Figure 3.12) indicate that as Bi»O; increases from 0
to approximately 10 wt%, intensities generally decrease for the borosilicate network features: the
S1-0-81 bend envelope near 450 cm™, the Si-O stretch Q-species bands between 800 and 1200
cm”, and the B-O stretch modes (in BOs groups) near 1370 em™. The peak centered near
980 cm™ appears to have two components: a S-O stretch mode near 990 em™ from sulfate in the
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glass [44] and a mode near 970 em’! that is correlated to phosphate. This 970 em™ mode is at a
similar frequency to the 965 em™ peak for BiPO, (Figure 3.12) and is likely due to a P-O stretch
mode in isolated PO, tetrahedra. This is the best explanation for this mode as the P-O stretch
mode frequencies of other plausible crystalline compounds (e.g. NazPO, and NayP,O7) and
solutions [42, 50] that may model phosphate environments in these samples are not close to
970 cm™. However, this feature appears to not be dependent on Bi-content because it is present
in the spectra of HLW-Bi-Bi0 glass, which contains P but no Bi (Figure 3.13). Comparing the
spectra of HLW-Bi-BiP0 with HLW-Bi-P0 shows that the 850 and 885 cm™ chromate modes
reverse their relative intensities as the Bi-content increases. Adding more Bi to the glass in the
presence of P decreases the intensities of the borosilicate network features, as well as Cr-O, P-0O,
and S-O modes, while broad bands near 600 and 1050 cm™ become more prominent. The
990 cm™ $-O stretch mode frequency does not appear to change throughout this series and
indicates that Na™ is a likely a nearest-neighbor to SO, tetrahedra [44], which is consistent with
Na being the most common network-modifying cation in these glasses.

3.5.3.4 P-Series Glasses

As P,0Os is added to the phosphate-free HLW-Bi-BiP0 glass composition, the P-O stretch
in phosphate modes appears near 970 cm’ (Figure 3.13). Earlier studies [42, 43, 45] show that
significant effects on silicate tetrahedral networks can take place as P,Os is added, even in small
amounts, such as phosphate segregation and P-O-P modes. With increasing P,Os content, Raman
intensities increase for features near 1050 and 600 em™, which may be due to vibrations similar
to those in crystalline BiPO, that have mode frequencies at 1035, 970, 595, and 551 cm’l. These
trends may indicate Bi-phosphate domains in HLW-Bi-F2 and HLLW-Bi-2P glasses. Na-silicate
glass studies [45] found that phosphate domains can attract network-modifying Na'. The Raman
observations here may indicate Bi attraction to phosphate-rich regions in the glass that contain
isolated PO, tetrahedra. Phosphate domains in some of these borosilicate glasses may be
reasonable in light of earlier findings [43, 45] where silicate glasses, even with low P,Os
concentrations, can have phosphate segregation from the silicate network.

Phosphate addition to the glass also changes the Cr-O stretch chromate modes (Figure
3.13). The 850 cm™' mode intensity decreases, while the 880 cm™ mode intensity remains the
same or increases slightly when comparing the spectra of HLW-Bi-BiP0 (0 wt% Bi,0; and P,0s)
with HLW-Bi-Bi0 (0 wt% Bi,03). As more P is added to the glass, especially from HLW-Bi-F2
to HLW-Bi-P2, both chromate modes become weaker, indicating reduced isolated chromate
populations. Phosphate and chromate tetrahedra are known to polymerize with each other in
some crystalline compounds [32]. As phosphate content is increased in the glass structure, this
polymerization may be creating phospho-chromate domains, while consuming isolated CrQO,
tetrahedra and decreasing the Raman intensities of the associated modes. Like sulfate,
unpolymerized chromate environments in the glass are also likely to be surrounded by Na.
Raman intensities are expected to be larger from isolated chromate environments (more ionic
Na-O and more covalent Cr-O bonds), than from polymerized phospho-chromate environments
(more covalent P-O and Cr-O bonds).
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The glass formulation containing the largest concentration of phosphate (HLW-Bi-2P)
showed the worst foaming problems. Eliminating P or Cr from this glass eliminated foaming, as
seen for HLW-Bi-2POCr and HLW-Bi-P0. Therefore, the sensitivity of chromate modes to
phosphate content may indirectly suggest some phosphate-chromate affinity in the glass structure
that could be linked to foaming. Unfortunately, phospho-chromate modes cannot be clearly
identified in the Raman spectra.

3.5.4 Conclusions

Raman spectra of quenched samples of the Bi-limited HLW glasses provide structural
information on certain chemical components that may be directly related to the CCC foaming
issues. Raman spectra show no evidence of Bi-Bi or Bi-O-Bi modes or Bi-rich domains in the
samples investigated that can be related to the observed foaming event. Raman trends for these
samples indicate relationships between chromate and spinel crystallization, as well as chromate
and phosphate. Phosphate-dependent features seen in the Raman spectra suggest the presence of
Bi-phosphate domains in these glasses. Addition of phosphate to the glass may replace isolated
chromate groups with polymerized phospho-chromate domains in some of the samples
investigated. Higher P,Os concentrations in these glasses can also be linked to increased melt
foaming.

Chromate modes are clearly seen for spinel-free glass samples and are weak or absent
when samples contain spinel crystals. Significant concentrations of (Fe,Cr,Ni)-spinel crystals are
observed in about half the samples measured. Glass formulations, such as HLW-Bi-F3,
HLW-Bi-F§, HLW-Bi-BiP0, and HL.W-Bi-P0, exhibit minimal foaming while having prominent
chromate modes and no spinel crystals. The reverse is true for some (HLW-Bi-F4 and
HLW-Bi-F7) but not for all formulations that experienced spinel crystallization. Formulation
HLW-Bi-F2 had the worst foaming characteristics of the Bi-limited glasses, while the Raman
spectra of the glass sample show no spinel features and moderately strong chromate modes.
Raman and SEM evidence from the quenched glasses show that the process of spinel
crystallization consumes chromate in the melt to the point where Cr can be completely
eliminated from the glassy part of the sample. Heating experiments on HLW-Bi-F2 glass (a
formulation with foaming issues) caused spinel crystallization that consequently removed Cr
from the glass, with no evidence of foaming in the resulting sample.

In summary, the results from the Raman studies provide some support for the proposed
foaming mechanism. However, additional studies using X-ray absorption spectroscopy would be
useful to further elucidate the interactions between chromium and phosphorus that appear to
underlie the observed foaming behavior.
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SECTION 4.0
DM1200 OPERATIONS

Testing with the high bismuth HLW simulant and the HLW-E-Bi-6 glass composition
was conducted between 10/20/09 and 10/30/09, producing over six metric tons of glass. It should
be noted that the tests were conducted with the original formulation that showed foaming in
crucible tests during CCC heat treatment. However, the same formulation did not show foaming
during DM 100 melter tests. Consequently, the primary objective of the DM1200 tests was to
determine whether or not the behavior observed in the crucible tests would occur under
prototypical conditions at large scale. Clearly, such an occurrence during cooling of actual HLW
canisters would be highly undesirable and it was important to ascertain whether the potential for
such behavior in the WTP was real or simply an artifact of the crucible scale tests. Large scale
testing on the DM 1200 under near prototypical conditions provided the most definitive method
of addressing this issue.

In the present work, a total of fourteen canister cooling experiments were performed with
the high bismuth formulation on the DM1200. The total testing duration, including the time for
water feeding and cold-cap burn-off, was 193 hours, during which over seventeen metric tons of
feed was processed. For scheduling convenience, testing was conducted over two intervals, from
10/20/09 to 10/23/09 and from 10/26/09 to 10/30/09. A summary of the test conditions and
results is provided in Table 4.1. The tests were conducted primarily to support large scale
canister cooling tests over a range of glass compositions and secondarily to determine glass
production rates for a high bismuth waste. The tests emploved double-outlet prototypical
bubblers, a glass pool temperature of 1150°C, and bubbling adjusted to maximize glass
production rates.

4.1 Melter Operations

The DM1200 melter tests employed a single feed tube in the center of the melter and a
side-to-side electrode firing pattern. Two double-ported bubblers (see Figure 1.3) positioned in a
manner to mimic the WTP HLW melter bubbler configuration (see Figure 1.4) were used
throughout testing. In each test, the cold-cap-limited production rate was estimated by visual
observations of the cold cap and confirmed by the plenum temperature. Determination of steady
state production rates was complicated by the high glass discharge rates and amounts required
for the canister cooling tests. A summary of operational events is provided in Table 4.2.
Operators observed the cold cap through view ports on the side of the melter on average every 20
minutes to guide melter operation, particularly the adjustment of bubbler air flow and feed rate.
These observations are listed in Table 4.3.

The majority of the feed was processed with the prototypical ADS feed system. Near the

end of the tests feeding was switched to the backup AOD system to remove the maximum
amount of feed from the feed tank while testing. The heel for the ADS feed system is over a

-44-



ORP-48628, Rev. 0
The Catholic University of America Tests with High-Bismuth HLW Glasses
Vitreous State Laboratory Final Report, VSL-10R1750-1, Rev. 0

thousand kilograms of feed, whereas the residual feed from AOD system is only about a hundred
kilograms. No feed line or pump blockages occurred during the tests. The feed tube clogged
twice during testing, resulting in five to seven minute feeding interruptions to allow for manual
clearing of the feed tube.

Feeding was interrupted sixteen times for a total of thirty nine hours during testing. Brief
interruptions of less than ten minutes occurred for routine activities such as taking feed samples
and clearing the feed tube. Feeding hiatuses of less than an hour were required to change to the
AOD pumping system and to remove occlusions in the film cooler region. On nine occasions,
feeding interruptions of 1 to 4 hours were necessary to allow the cold cap and feed deposits in
the melter to be incorporated into the glass pool in order to maintain a stable cold cap. The feed
used in these tests formed cold caps that often formed mounds and ridges and incorporated
relatively slowly into the glass melt. Also, the large volume of glass in each discharge required
for the canister cooling tests in order to match the full-scale WTP discharge rate resulted in the
melt pool level decreasing by about three inches, which would leave feed deposits attached to the
melter walls. These deposits or “shelves”™ were no longer in contact with the molten glass pool
and therefore melted slowly. Another negative consequence of “shelving™ is that these deposits
often fall into the melt pool once partially melted causing pressure spikes. Once large mounds
and shelves were incorporated into the glass pool, the melt surface was mostly bare, necessitating
a brief period of water feeding prior to resuming slurry feeding. Ridges or mounds forming in the
center of the melt pool often made direct observation of the melt surface opposite the view ports
impossible. In these instances, the amount of cold cap was estimated by the amount of light
visible as a result of openings in the cold cap. The configuration of the cold cap was constantly
in flux throughout the tests, ranging from the desired state of a relatively flat surface with
aqueous feed observed boiling on the top, to an irregular surface with large feed deposits
preventing the feed from spreading out across the melt pool surface. Plenum pressure spikes
occur from the sudden release of pooled aqueous feed within ridges onto a bare melt surface and
therefore feeding was slowed or paused when large ridges were observed. The wvisual
observations of the DM 1200 melt pool is a key operational aspect of current DM 1200 testing. In
contrast to the operation of the LAW Pilot Melter, use of non-visual data, such as plenum
temperature, have not been developed as reliable indicators of cold-cap conditions while
processing HLW feeds [53]. In fact, high plenum temperatures can result from a high mound
over a portion of the melt surface preventing feed from spreading across the melt surface and
creating an opening on the glass surface. Without the visual evidence, an operator may conclude
that feed rates should be increased, which could exacerbate the problem.

The glass production rates achieved during testing are provided in Table 4.1; these are
illustrated in Figure 4.1 and are compared to rates achieved with other HLW feeds using the
DM 1200 with the optimized bubbling configuration in Table 4.4. Steady state production rates
were difficult to obtain due to the large discharge volumes required for the canister cooling
experiments and the tendency of the feed to form mounds and ridges on the glass surface.
Average production rates decreased from 815 kg/ml/day to 558 kg/mz/day as the glass pool
approached the target composition. Both these rates are the lowest production rates achieved
with this configuration at nominal processing conditions. This is despite the high feed solids
content of 500 g glass per liter, as compared to 340 to 430 g glass per liter used in many of the
previous tests, and the higher bubbling rate used in the tests with the bismuth feed. The lower
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rates are a result of the observed poor cold cap conditions, the large discharge volumes required
for the canister cooling tests, and the high viscosity of the target bismuth glass (96 poise at
1150°C, see Table 2.3). Testing on the DM100 with HLLW wastes has shown that glass
production rate exhibits a general decreasing tendency with increasing glass viscosity [19, 20,
54, 55]. A production rate of 830 kg/m*/day was achieved on the DM100 while processing the
same high bismuth composition at 1150°C; the bubbling rate in that test was held constant and
was lower per unit melt surface area than that used in the DM 1200 tests. This suggests that the
lower production rates from the DM1200 test are attributable in part to the manner in which glass
was discharged during the current tests. A steady state rate for the high bismuth composition
under nominal discharging conditions therefore is probably closer to the high average of
815 kgfmlfday obtained in these tests. It should be noted that even the higher rate obtained while
processing the high bismuth composition is lower than all of the rates achieved on the DM1200
with other HLW compositions.

A wvariety of operational measurements recorded during these tests, including
temperatures throughout the melter system, are given in Table 4.5. Data are collected and
electronically logged every two minutes, and data and observations are also recorded manually
throughout the tests. The 1150°C glass temperature was targeted and successfully maintained for
most of the glass pool throughout the testing, as illustrated in Figure 4.2. Glass temperatures near
the surface of the glass pool (27" from the floor) were lower due to the thermocouples being in
or near the cold cap. Bulk glass temperatures were relatively constant throughout the glass pool.
Average glass temperatures measured on the east side were up to 17°C higher than those on the
west side of the melter. Plenum temperatures, given in Figure 4.3, spanned a larger range during
the testing, 350 to 950°C, than the 450 to 550°C target given in the Test Plan. Average plenum
temperatures were above this range due to the lack of uniform cold cap coverage across the melt
pool surface and the feeding interruptions. Higher plenum temperatures were observed at the
beginning of cach testing sequence, as the cold cap was being formed, and as the thermowell and
bare thermocouple were exposed to openings in the cold cap. Plenum temperatures also rose
during feeding interruptions, most notably between 102 and 117 hours run time, as shown in
Figure 4.3. The side electrode temperatures averaged about 5 to 50°C below the glass
temperatures, with the east being up to 50°C higher than the west electrode, as illustrated in
Figure 4.4. The bottom electrode, which was not powered during these tests, was 50 to 100°C
lower than the side electrodes. The discharge chamber and riser temperatures were largely
maintained above 950°C throughout the tests. (The riser thermocouple is located about 4 inches
above the bottom of the riser pipe, which is about 7.5 inches above the melter floor.) Gas
temperatures at the outlet of the film-cooler were 100 - 200°C lower than the measured plenum
temperature as a result of film-cooler and control-air dilution and depending on the position of
the thermocouple in the plenum with respect to the cold cap. The film cooler was rinsed by a
water spray every 12 hours during testing, resulting in a short-duration reduction to about 75°C
in the film cooler outlet temperature.

Conditions in the glass pool are illustrated for electrical properties in Figure 4.5, level and
density in Figure 4.6, and bubbling in Figure 4.7. Power supplied to the electrodes averaged 158
and 136 kW for the two testing intervals; however, power supplied during feeding was higher
due to the lower power demand during idling periods. This level of power usage is comparable to
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that used to process a high aluminum waste at a higher production rate (1050 kg/ml/day) [19,
21], further indicating the relative difficulty in processing the high bismuth feed formulation.

Average glass pool resistance for the two testing intervals was (.09 and 0.095 ohms, with
fluctuations due to changes in bubbling rate and power associated with idling periods, startup,
and cold cap burn-off at the end of each interval. Glass pool depth varied from 27 to nearly 40
inches in response to the large glass discharge volumes required for the canister cooling tests.
Typically during melter testing, the level varies between 29 to 33 inches in response to
continuous feeding and glass discharge [19, 21]. The average glass density during the first testing
interval, 2.21 g/cc, was within the average range observed in the previous tests of 2.20 to
2.23 gfee [21]. Conversely, the average value for the second testing interval of 2.07 g/ce, with
many values below 2.0 g/cc, is significantly below normal operations, suggesting that gas was
entrained in the glass as a result of foaming. This decrease in density also coincides with the
approach of the glass composition to the target composition and, specifically, the higher
phosphate and bismuth concentrations (see Section 5.2). Foaming was not observed on the glass
surface through the view ports; however, foamy glass was observed in the discharge trough.
Water was fed onto the melt surface at about 135 hours run time to reduce the foaming discerned
from the density readings, however, the feeding of water had no effect on the low measured
density values. The highest measured density values coincide with the lowest power, lowest
glass resistance, and lowest applied melt pool bubbling at the beginning and end of each testing
sequence and during an extended feeding hiatus for the repair of the emergency off-gas valve.
This is in keeping with previous tests which show the lowest glass pool resistance and highest
glass density at lowest bubbling rates [19, 21]. Lance bubbling rates ranged from 7 to 222 Ipm
over the course of testing with an overall average bubbling rate of 126 Ipm. The average
bubbling rate from these tests is higher than all but one of the steady state rates used to achieve
significantly higher production rates with other HLW feeds, as shown in Table 4.4, further
illustrating the difficulty in processing the high bismuth waste. Frequent changes to the bubbling
rate as well as the distribution of bubbler air between the double ported lances were made in an
attempt to create an even cold-cap across the melt pool surface.

Both of the Inconel 690 bubblers employed for these tests experienced localized but
severe corrosion at their tips. This behavior is atypical and appears to be associated with certain
constituents in this waste stream, including phosphorus, sulfur, and bismuth. The observed
corrosion behavior and results from analysis of the corroded bubbler materials are presented in
Section 5.4.

4.2 Canister Cooling Tests

Fourteen canister cooling experiments were conducted over the course of the tests, ecach
mimicking cooling rates measured on the prototypical HLW canisters filled at the
EnergySolutions LAW pilot facility. Temperatures were measured at the center of the drum, 3”
from the center, 9" from the center, at the exterior of the drum, and of the air flowing through the
cooling system. Glass temperatures during canister cooling tests are shown in Figures 4.8 and
4.9. Approximately 150 kg of glass is discharged, causing an abrupt increase in temperature to
about 550°C, followed by decreasing temperature over the next approximately two hours. The
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level of the poured glass is below the thermowell and serves as an insulator for the test pour.
Approximately 250 kg of glass is then poured at the full-scale WTP rate to a level six inches
above the thermowell. This glass level was achieved by viewing a 6 vertical pipe welded to the
top of the thermowell, once the pipe was no longer visible the glass discharge was stopped. The
initial temperature of the glass was the same as the discharge glass, 1050 - 1100°C. The drum
inside the insulated enclosure was then cooled at the prototypical rate [25] to less than 800°C.
The last drum was only half way filled and therefore did not cool at the managed rate.

4.3 Off-Gas System Performance

Tests on the DM1200 system at VSI have been used extensively to evaluate the
performance of a pilot scale off-gas system that is prototypical of that designed for the WTP by
BNI engineering [5, 11-21]. In the current test, data objectives primarily related to the detection
of foaming under prototypical canister cooling conditions and secondarily to determine
achievable glass production rates for a high-bismuth HLW feed composition. However, data for
each of the off-gas system components and samples of solutions from the off gas system were
collected and evaluated and are provided in this report. Data are collected and clectronically
logged every two minutes and data and observations are also recorded manually throughout the
tests. The average, minimum, and maximum values of the measured off-gas system parameters
are given in Table 4.6. Target operational conditions for the system components such as sump
temperatures, unit spray rates, and sump pH values that were not specified were adapted from
previous tests conducted on the DM 1200 [5]. The catalytic unit was in place, but ammonia was
not added during these tests in light of the low concentrations of nitrogen oxides in the feed.
Plots of the typical sequence of gas temperatures through the DM 1200 off-gas system at various
locations are given in Figures 4.10.a and 4.10.b for the fist and second intervals of testing,
respectively. In summary, plenum gas from the melter is cooled by dilution with film cooler air
to about 250°C, drops another 100°C by control air dilution and heat loss along the transition
line, is quenched to 44°C in the SBS, and reheated to about 71°C to prevent condensation in the
HEPA filtration unit. The exhaust is heated by another 15°C to 17°C by the Paxton blowers, and
then further heated to about 360°C prior to entering the thermal catalytic units. Temperatures
drop about 100°C across the catalyst unit by air dilution and heat loss from the duct up to the
PBS where the exhaust stream is further quenched to 32°C to 37°C.

The initial portion of feed processing occurred up to 77.9 hours run time; the cold cap
was then consumed between 77.9 and 82.1 hours of operations, the melter was placed on standby
and the off gas system was shut down prior to resuming testing approximately three days latter.
In many of the depictions of the off-gas system data, a major change in the data trends is readily
apparent at the end of the initial portion of the test.

4.3.1 Melter Pressure

A vacuum on the melter of three to three and half inches of water was targeted and
maintained throughout the tests. This is achieved by setting blower speeds and using a control air
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system which constantly monitors the vacuum on the melter and injects sufficient air into the
transition line immediately downstream of the film cooler to maintain a relatively constant
vacuum on the melter. The computer-logged melter pressures measured at the instrument port
and calculated control air flow rates for the test is plotted in Figures 4.11. The range of control
air flow rates of up to 72 scfm reflect the changes of melter exhaust volume in response to
changes in the cold cap and feed rate, including pulsing of the feed (due to the ADS pump)
throughout the tests. There were five occasions of instantaneous positive pressure spikes in the
electronic data during testing, the last two of which occurred at about 126 and 135 hours run time
during a hiatus in feeding required for maintenance activities or to allow portions of the cold cap
to be assimilated into the glass pool. In response to the brief positive pressure spikes observed in
the initial portion of the test, the amount of control air used in the second portion of the test was
almost doubled to accommodate larger variation in plenum pressure. The mound and ridge
formation in the cold cap combined with the exaggerated glass discharge volumes created a
greater challenge for maintaining negative pressure on the melter plenum than in previous melter
tests. Ultimately, these cold cap conditions led to reduction of the processing rate over the course
of the test to maintain consistent negative pressure on the melter plenum.

The differential pressure across the film cooler and transition line is shown in Figure
4.12. The typical film cooler and transition line differential pressures ranged between one and a
half and two inches water column and two and a half and three and a half inches water column,
respectively. Measured values outside these ranges resulted from either manual or spray cleaning
of the film cooler, clogged sensor lines, opening of ports in the transition line and melter lid for
sampling activities, and small pressure surges resulting from either the pulsed nature of feeding
or changing conditions in the cold cap. Transient spikes in differential pressure occurred every
12 hours when the film cooler was rinsed with 5 liters of water. The film cooler was fully
occluded at 173.3 hours of operations, necessitating a pause in feeding to manually rod out the
occlusion. In response to the cleaning, the differential pressure across the film cooler dropped
from 10 inches W.C to about 1 inches W.C.

4.3.2 SBS

The SBS quenches the melter exhaust, condenses much of the water from the melter feed,
and removes the majority of the particulate in the exhaust stream. Many parameters of the SBS
were recorded during testing, including inlet and outlet gas temperatures, pressures, and flow
rates, pressure drops, sump temperature, heat exchanger inlet and outlet water temperatures, and
flow rates. The amounts of heat removed by the SBS jacket, and the SBS inner cooling coil were
calculated from the measured data using the hourly averaged cooling water temperature increases
(outlet temperature minus supply temperature) across the SBS inner cooling coil and cooling
jacket multiplied by the same time-averaged water flow rate through each.

The SBS inlet and outlet gas temperatures are plotted in Figure 4.13. The average SBS

inlet and outlet gas temperatures were 299°C and 42.4°C and 280°C and 42.6°C during the first
and second portions of the test, respectively.
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SBS inlet, outlet, and differential pressures are plotted in Figures 4.14. During the first
part of testing, the inlet gas pressure averaged -7.4 inches W.C., the outlet pressure averaged
-40.4 in. W.C. and the pressure drop across the SBS averaged 34 inches W.C. During the latter
portion of the test, the inlet gas pressure averaged -7.6 in. W.C., the outlet pressure averaged
-39.7 in. W.C. and the pressure drop across the SBS averaged about 33.5 inches W.C. The SBS
down-comer annulus pressures are given in Figure 4.15. The SBS off-gas temperatures in the
down-comer measured at various depths (from 3 to 53 inches) and the SBS sump water
temperature are given in Figures 4.16. The average SBS sump temperatures were 36.5°C and
36.8 °C, which are about 6°C less than the SBS outlet gas temperature during the two portions of
the test. The measured off-gas temperatures decrease as the depth from the SBS lid increases due
to cooling of the gas in the down-comer pipe by the surrounding SBS liquid.

Water temperatures at the SBS inner cooling coil inlet, inner cooling coil, outlet/jacket
inlet, and jacket outlet are given in Figure 4.17. The average water temperature differences were
15.0°C and 16.8°C across the SBS inner cooling coil and 3.2°C and 3.2°C across the jacket
during the first and second testing portions. The SBS cooling coil and SBS jacket water flow
rates are plotted in Figure 4.18 and averaged 18.3 gal/min and 13.1 gal/min for the first and
second portions of the test, respectively. The corresponding amounts of heat removed by the SBS
inner coil and jacket are shown in Figure 4.19. During the first part of the test, heat removal
averaged 59.2 kW by the SBS inner cooling coil and 13.2 kW by the cooling jacket. This
corresponds to about 82.8 % of the heat load to the SBS being removed by the inner cooling coil
and about 17.2% by the cooling jacket. During the second part of the test, heat removal averaged
46.7 kW by the SBS inner cooling coil and 9.4 kW by the cooling jacket. This corresponds to
about 83.2 % of the heat load to the SBS being removed by the inner cooling coil and about
16.8% by the cooling jacket.

One of the functions of the SBS is to condense water that originated in the waste feed.
Figure 4.20 compares the amount of water fed to the total volumetric accumulations in the SBS
during testing. The difference between the amounts of water coming from the feed and the
amounts blown down from the SBS sump represent the amount of water carried out in the
off-gas stream as a result of it being saturated at the SBS sump temperature, as well as a small
amount of entrained droplets. This amount is largely determined by the SBS sump water
temperature. In the current tests, of the 2721 gal of water entering the SBS as part of the exhaust
stream, 1863 gal or 68.5% was condensed in the SBS.
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4.3.3 WESP

The primary function of the WESP is to remove fine, often water soluble particles from
the exhaust stream that are not efficiently removed by the SBS. The inlet and outlet gas
temperatures, differential pressure across the WESP, and the WESP current and voltage were
measured and recorded by the computer data acquisition system. The WESP inlet and outlet gas
temperatures for the test are plotted in Figure 4.21. A temperature increase of 1.2°C is observed
in the exhaust temperature as gas passes through the WESP. The periodic downward spikes in
the WESP outlet temperature are a result of the daily deluge of the WESP to wash collected
deposits off the electrodes and into the WESP sump. The WESP differential pressures and outlet
gas flow rates are plotted in Figures 4.22 for the test. Pressure drops of 5.5 and 7.6 inches W.C.
across the WESP were observed during the first and second portions of test. The typical wet gas
flow rate exiting the WESP was between 250 and 260 scfm.

The amount of liquid accumulated in the WESP (not including the deluge volume) is
plotted as a function of run time in Figure 4.23 where it is compared with the amount of fresh
water sprayed into the WESP during the test. The inlet spray water was targeted at 2.0 = 0.2 gph;
however, the actual spray water flow rate was =~ 1.7 gph because of the limitations of the spray
nozzle. As evident from both figures, spray water accounts for the majority of the liquid
accumulation in the WESP. The difference between accumulated liquid and fresh water sprayed
18 equal to the amount of liquid removed from the off-gas. which is also plotted in Figure 4.23.
The WESP electrodes were deluged daily, as planned, with water at a nominal rate of 12 gpm for
3.33 minutes.

The WESP voltage and current are plotted as functions of run time in Figure 4.24. During
the initial portion of the test, the voltage averaged 30.2 kV and the current averaged 14.8 mA.
During the second portion, the voltage averaged 30.4 kV and the current averaged 14.5 mA. The
power stabilized immediately after the daily deluges.

4.3.4 Secondary Off-gas System

A HEME filtration unit (HEME 1) follows the WESP in the off-gas system to remove
water droplets that may be present in water-saturated gas exiting the WESP. The outlet gas
temperature and differential pressure are plotted in Figure 4.25. The typical pressure drop across
HEME 1 during testing was about 1.6 in W.C.

The HEME is followed in the off-gas system by a heater, a HEPA filter (HEPA 1), and a
Paxton blower (Blower 1). The purpose of the heater is to ensure that water-saturated gas exiting
HEME 1 is heated above its dew point before passing through the HEPA filter in order to
prevent moisture condensation in the HEPA filter. The outlet gas temperature and the pressure
differential across the HEPA filter are the two parameters monitored by the off-gas data
acquisition system; these are shown in Figure 4.26. The typical pressure drop across the HEPA
filter was 0.6 inch water column throughout testing.
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A vacuum is maintained on the melter by a pair of redundant Paxton blowers (Blowers
701 and 702) immediately downstream of the HEPA filtration unit and a blower (Blower 801)
downstream of the packed bed scrubber.

Downstream of the HEPA filter and Paxton blowers in the off-gas train is the thermal
catalytic oxidizer (TCO) and selective catalytic reduction unit (SCR). The TCO/SCR unit
consists of a heater, a Thermal Catalytic Oxidizer and a Selective Catalytic Reduction Unit with
an ammonia injection system. After the off-gas is heated in the TCO/SCR heater the organics are
catalytically oxidized in the TCO. The off-gas is then mixed with ammonia before entering the
SCR unit where NOx is reduced to nitrogen; however, in this test ammonia was not used.

The TCO/SCR heater gas inlet temperatures are plotted in Figure 4.27. The heater gas
inlet temperatures averaged 89°C. The TCO inlet and mid-bed, SCR inlet and outlet, and post
SCR temperatures are plotted in Figure 4.28. The average TCO inlet and mid-bed temperatures
were 357°C and 355°C during the first part of the test and 364°C and 366°C during the second
part of the test. During the first portion of the test, the average SCR outlet temperatures were
328°C and 304°C, respectively, at two locations, one foot apart at the outlet of SCR. The
corresponding temperatures were 330°C and 310°C during the second portion of the test. The
differential pressures across the TCO/SCR are plotted in Figure 4.29. The TCO and SCR
differential pressures were 3.9 and 2.5 inches W.C., and 4.3 inches W.C. and 2.8 inches W.C,
during the fist and second portions of the test, respectively.

Downstream of the TCO/SCR is the packed bed caustic scrubber (PBS) to remove acid
gases from the off-gas stream. The PBS sump solution is derived from process water; caustic
solution (25% NaOH) is added to control the solids content and pH of the scrubber liquid. The
PBS inlet gas temperature and pressure drop across are shown in Figure 4.30. The average
pressure drops across the PBS were 3.2 inches W.C. and 3.4 inches W.C. during first and second
portions of the test, respectively. The average inlet gas temperature at about 262°C and 278°C
was quenched to about 33.5°C and 32.8°C in the PBS during the first and second portions of the
test, respectively. The PBS sump temperature and pH are shown in Figure 4.31. The saw tooth
appearance of the measured pH values around 9 and 10 results from the automated additions of
NaOH solution to maintain the relatively constant pH.

4.3.5 SBS, WESP, HEME, and PBS Process Fluids

Throughout the tests liquid is removed from the SBS, WESP, PBS, and HEME sumps to
maintain a constant volume in each of these reservoirs. The total amount removed from each 1s
given in Table 4.7. As expected, the removed volume mostly decreases down stream along the
off-gas system from the SBS to WESP to PBS. The amount of solution removed from the first
(immediately downstream of the WESP) HEME during testing is primarily attributable to added
process water. The HEME unit was continuously sprayed at ~0.2 gal/hr, resulting in the addition
of about 40 gallons of water during testing. The liquid volume accumulated during testing was
about ten gallons greater than the amount sprayed as a result of condensation. The SBS and PBS
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were blown down as required to maintain constant volume. The WESP is typically blown down
around each deluge — prior to and after introducing 40 gallons of water to wash the elements.
One-liter samples were collected from the SBS, WESP, first HEME, and PBS sumps at the end
of testing. Samples were subjected to total dissolved solids (TDS) and total suspended solids
(TSS) determinations by gravimetric analysis of filtered material and the evaporated filtrate. An
additional sample was filtered to generate solids and filtrate for complete chemical analysis,
which included pH determination, direct current plasma atomic emission spectroscopy
(DCP-AES) analysis for metals, and ion chromatography (IC) for anions; the dried filtered solids
underwent microwave-assisted acid dissolution prior to chemical analysis. The analyzed
chemical compositions for samples taken at or near the end of each test are provided in Table
4.8. The sample names are coded as follows: the first letter in the sample name is “S”, “W”,
“H1”, and “P” for the SBS, WESP, first HEME, and PBS samples, respectively. The “A” and
“B” suffixes in the name of the WESP samples correspond to samplings immediately before and
after the 40-gallon deluge.

The pH of sump solutions is affected by constituents removed from the exhaust by each
component and the amount of process water or sodium hydroxide added. Feed processed in the
current tests contains relatively high concentrations of fluoride and sulfate as compared to other
HLW feeds previously processed [5, 11-13, 15, 16, 18]. As a result, the pH in the primary
off-gas system effluents were significantly more acidic than in previous tests on DM 1200 with
HLW feeds. The pH values of less than 2 are more similar to values measured while processing
some LAW wastes than to those for HLW wastes, which typically result in near-neutral solution
pH values. Similarly low pH values were obtained while processing a HLW waste with high
concentrations of nitrates [21]. The pH of the post deluge WESP solution was higher due to
dilution with the deluge tap water than is the solution sampled from the WESP prior to the
deluge. The solution from the HEME that follows the WESP has a similar pH to that of the
WESP solution. The PBS sump is maintained around a pH of 9 during testing by the addition of
25% sodium hydroxide solution, which is reflected by measured pH values near 9 in the PBS
solutions.

The chemical composition as well as the distribution between dissolved and suspended
solids fractions was measured on sump solutions from the end of testing and is provided in Table
4.8. Most of the chemical species measured in off-gas system solutions were dissolved due to the
efficiency of the SBS at removing coarse particles, which are often insoluble, and the acidic
conditions in the primary off-gas system components. As expected, the most abundant
constituents in the SBS solution were soluble species such as halogens, boron, alkali metals,
nitrate, and sulfate. These species are readily volatilized from the glass and cold cap in the melter
as soluble salts. Similar results were obtained from analysis of SBS solutions in tests with other
HLW simulants [5, 11-21]. Dissolved chlorine and iodine were observed in significant
proportions, even though chlorine and iodine were not targeted as a result of the ubiquity of
chlorine as a feed contaminant and iodine remaining in the off-gas system from previous tests
[19, 21]. In contrast to previous tests with HLW simulants [5, 11-18] but similar to tests with the
high aluminum waste [19, 21] that was run prior to the present tests, aluminum was also
abundant in these solutions as a dissolved species due to the relatively high concentration in the
feed and the acidic conditions in the sump solution. The WESP solutions contain mainly volatile
salts (alkali halides, borates, and sulfates) carried over from the SBS, and contaminants from
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previous tests. Impurities in the feed and tap water are major constituents in the WESP solutions.
The concentration of suspended solids in the WESP post-deluge sample is about fives times
higher than for pre-deluge solutions; this material was presumably dislodged from the electrodes.
Conversely, the dissolved solids concentration in the post-deluge sample is about two and a half
times less than the pre-deluge sample due to dilution by the deluge water. The chemical analysis
of the solids dislodged by the deluge suggests that the material coating the internal WESP
elements consists mainly of the metals Bi, Cr, Fe, Ni, and Pb. The chemical analysis of the fluid
from the first HEME indicates that it is essentially diluted WESP solution, which is consistent
with the HEME collecting mist carried over from the WESP. The nitrate concentration is higher
in the HEME solutions than the contemporaneous WESP solutions, suggesting that the HEME is
more efficient at removing nitrogen oxides from the exhaust stream, as observed in the preceding
DM1200 test [21]. The relatively high concentrations of sodium, halides, nitrogen oxides, and
sulfate in the PBS indicate that the PBS is functioning as intended. Also of note, is the higher
concentration of nitrite than nitrate, consistent with the caustic solution selectively removing
NO; from the exhaust stream. Since many of the components include tap water sprays or are
initially charged with tap water, elements common in tap water, such as calcium, are over
represented in the solutions as compared to the amounts in the target feed composition.
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SECTION 5.0
FEED SAMPLE AND GLASS PRODUCT ANALYSIS

51 Analysis of Feed Samples
3.1.1 General Properties

Feed samples from day of testing were analyzed to confirm physical properties and
chemical composition. Samples were taken during melter testing from an inline sampling port.
Sample names, sampling dates, and measured properties are given in Table 5.1. A sample was
also taken from the as-received feed to confirm the oxide composition and solids content.
Density, pH, water content, glass conversion ratio, and oxide composition by XRF were
measured on all samples; in addition, three selected samples were dissolved and analyzed by
DCP-AES. The measured glass conversion ratios for all feed samples were within six percent of
the target on a weight per weight basis, validating the use of the target conversion ratio for
calculating glass production rates. The measured values from the melter feed samples taken
during the test varied within narrow ranges: pH from 10.34 to 10.72, density from 1.36 to
1.40 g/ml, and water content 58.52 to 61.90 percent. Taken together, the data show the
consistency of the feed processed during the test. As expected, the undiluted, as-received feed
had higher measured solids content and higher density with lower water content.

5.1.2 Chemical Composition

The methods used for analysis of feed sample chemical compositions are described in
Section 1.5. The boron, fluorine, and lithium oxide target values were used for normalizing the
XRF data since their concentrations were not determined by XRF. These results, compared to the
target composition in Table 5.2 corroborate the consistency of the feed compositions and show
excellent agreement with the target composition for the major elements. All oxides with target
concentrations greater than one percent deviated by less than three and third percent from target
for feed samples. Additional analysis using DCP on solutions of acid-dissolved glass was
performed on select glasses; the results are compared to the XRF analysis in Table 5.3. Values
for all the major oxides compare favorably with the XRF analysis and target composition except
for sodium, which often exhibits a low bias using this procedure [56]. Low biases were also
observed for chromium and nickel. In previous tests with a range of waste compositions, low
biases for chromium and nickel using the DCP method were observed [1, 19]; however, this bias
was not observed in various LAW and HLW waste glasses [56], suggesting that the low bias is
matrix dependant with respect to the sample preparation currently being used. Consequently, the
XRF values are to be preferred. The closeness of the DCP boron and lithium analyses to the
target (deviations of less than 5% for boron and lithium oxide) validates the use of the target
boron and lithium concentrations for normalizing the XRF data. The composition of these feeds
is further corroborated by comparison to the product glasses (see Section 5.2.1), which also
shows that all oxides with concentrations greater than 1 wt% in the target composition deviate by
less than 10% from the target.
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Low concentrations of manganese in feed samples were measured, even though
manganese was not included in the target composition. Also, common elements such as
magnesium, calcium, zirconium, and barium, when targeted at low concentrations, were typically
above these targets. These positive deviations are often observed in melter feeds due to their
ubiquity in the raw materials used to make up the simulants and in the glass forming additives.
Analyzed sulfur concentrations are below target concentrations due to volatilization during
sample preparation.

3.2 Discharge Glass

Over six metric tons of glass was discharged from the DM1200 into 55 gallon drums
using an airlift system. The glass was poured into fifteen drums, which were cooled using air to
create a cooling rate replicating that expected in WTP HL'W waste canisters. Product glass
masses, discharge date, analysis performed, observations during discharge, and observations of
foam on the surface of the discharged glass are given in Table 5.4. Once the glass had cooled
sufficiently, the drum was dismounted from the discharge chamber, photographed, weighed, and
sampled by removing sufficient glass from the top of the drum for total inorganic analysis.
Photographs of the glass discharged from each drum are provided in Figures 5.1 — 5.15.

Foaming increased in the discharge product over the course of testing. No foaming was
observed in the first three discharge cans, either in the discharge trough or on the surface of the
discharged glass. In the subsequent five discharges, foamy glass was observed on the surface of
the discharged glass but no foaming was observed in glass passing through the discharge
chamber and no major auto discharges’ were observed. However, in the remainder of the glass
discharges, auto discharges were frequent and foamy glass was often observed in the discharge
chamber and foamy glass was observed on the surface of the discharged glass. Examples of auto
discharged glass on the surface of the drums can be observed in Figures 5.11.a — 5.14. Also
observed in some drums were large cavities in the poured glass, as shown in Figure 5.6. Typical
porosity in the discharge glasses is readily observed in Figure 5.11.b, with most pores being
about 1 mm in diameter and ranging to over 1 cm in diameter. Opacue streaks in the glass were
typical in the discharge glass, particularly on the surface of glass discharged into the drums.

5.2.1 Compositional Analysis of Discharge Glasses

All discharge glass 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%. Fluorine analysis by XRF required a polished monolith as
opposed to the standard ground glass preparation used for the other elements. Every second or
third discharged glass sample was directly analyzed for fluorine; fluorine concentrations of other
glasses were then interpolated in between the measured values. The XRF analyzed compositions

! “Auto discharge” refers to the unintentional discharge of glass that occurs even though the air flow to the air-lift
lance is secured.
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of discharged glass samples are provided in Table 5.5. The XRF analysis results compared very
favorably to their corresponding target values and feed sample analyses (see Section 5.1.2).
Oxides with a target concentration greater than one weight percent deviated less than 8% from
the target values in glass discharged at the end of the test. Similar to the feed sample analyses,
common elements such as magnesium, zirconium, and calcium targeted at low concentrations
were above their respective targets. Also, manganese was again observed as a minor
contaminant. Sulfur and fluorine are below target for almost all glasses due to volatilization from
the glass pool and cold cap.

Compositional trends for selected constituents shown in Figures 5.16.a - 5.16.1 illustrate
the closeness to the target composition at the end of DM1200 testing. Exceptions include volatile
species such as sulfur and fluorine, which remain significantly below their target concentrations
as a result of release to the melter exhaust. Over the course of testing, the concentrations of
bismuth, phosphorus, silicon, sodium, and nickel increase at the expense of aluminum, boron
(not shown), calcium, and zirconium. These changes were expected as the glass transitions from
the high aluminum (24.6 wt % Al,O3), high boron (19.2 wt % B,0;) glass remaining in the
melter from the previous tests [21] to the high bismuth, high phosphorus target glass
composition. The increase in bismuth and phosphorus shown in Figure 5.16.a correlates with
increase in foaming over the course of testing (see Sections 5.2 and 5.2.2).

5.2.2 Internal Analysis of Discharge Glass Drums

An internal inspection was performed on the twelve drums that showed evidence of
foaming during discharge and upon cooling. Each of these drums was cut in half with a diamond
tipped, water cooled circular saw. Pictures of the drum cutting rig are provided in Figures 5.17.a
—5.17.e. Once each drum was cut in half from top to bottom, photographs were taken, the height
of the glass was measured at five locations (17 from each wall, 6” from each wall, and the
center), the glass was inspected for secondary phases and porosity, and samples were taken at
various horizons in the drum. A complete log of drum inspections including pictures is provided
in Appendix A.

Generally, all drums contained glass with vesicles resulting from foaming. The highest
concentrations of vesicles were on the glass surface and around the outside of the drums. Glass
from the earlier portions of the test had smaller layers of foamy glass than later portions of the
test, corroborating observations of the glass surface prior to cutting the drum and while pouring
the glass. Bands of brownish red opaque glass were also observed on the glass surface and drum
edges as well as the interface between the initial, and test glass pour. The vesicles in the glass
were typically one or two mm in diameter. Large cavities in the center of the drum, typically
adjacent to the thermowell, were observed in seven of the drums. These irregular voids ranged
from about 100 to 4000 cm” in size. Voids were also observed in the last drum poured, which did
not have a thermowell and was not cooled at the prototypical rate. Suspect metallic phases were
observed in small quantities in two drums; samples were taken for further analysis. Samples
were also taken to further document the size and nature of the porosity in the glass as well as to
determine the phases creating the opaque bands in glass.
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5.2.3 Microscopy Analysis of Discharge Glass

Select discharge glass samples were analyzed by SEM-EDS to document the presence of
secondary phases and porosity. A summary of glasses inspected by SEM-EDS is provided in
Table 5.6. Examples of vesicles observed in glass are provided in Figures 5.18 — 5.23. Estimates
of porosity in the samples ranged from 10 to 33 volume percent. These values are higher than for
the average respective discharge glasses as a result of selecting samples with higher suspected
secondary phases, which often also contained higher concentrations of vesicles than much of the
glass in the drums. The size of the vesicles appeared to range between 0.2 to 2 mm in diameter.
Examples of secondary phases observed in the glass are provided in Figures 5.24 — 5.29.
Estimates of crystallinity in the samples ranged from 1.7 to 5.8 volume percent, with about half
the crystals being spinel and half apatite. Again, many of these samples were taken from areas in
the drum with opaque streaks and therefore they are likely to have a higher concentration of
crystalline phases. It is worth noting that the glass composition melted in a crucible was observed
to contain only trace amounts of crystals and a sample heat treated for 72 hours at 950°C
contained 1.8 volume percent of crystals (see Table 2.3). The higher degree of crystallinity in the
melter test samples is either due to sampling variation in heterogeneous discharge, differences in
the glass composition as the melt pool reaches the target composition, or the differences in the
cooling history. Samples G-120-150A-4 and G-12P-32A-1 were analyzed primarily to
determine the content and source of the suspect metal content observed during visual inspection.
One of the samples, G-12P-32A-1, contained flakes of metal derived from the Inconel
thermowell during sawing of the drum. The other sample, G-120-150A-4, contained small
amounts of bismuth metal in the form of droplets ranging from about 5 to 50 microns in
diameter. Given that metallic bismuth was observed in only one sample as a localized
phenomenon, it would appear that this form of bismuth is uncommon in the discharged glass;
however, its presence does illustrate the potential for its formation during the vitrification
process.

53 Void Fraction from Bulk Density

The bulk density of glass that was poured into the twelve bisected 55-gallon drums was
calculated from the measured glass mass and the estimated bulk volume of the glass in the drum,
with the results shown in Table 5.7. A perfect cylinder was assumed for the bulk volume
calculations. This assumption neglects the small volume contribution from the two externally
protruding strengthening rings located one third and two thirds from the base of the drum and the
slightly internally protruding drum bottom. The glass volume was calculated as:

Glass volume (cm®) = (D/2)* < 3.1416 x H » 16.3872 cm’/inch”.

where D = Drum diameter (inches)
H = Average height of glass in drum (inches)

The bulk glass density was then calculated using this volume and the glass mass. Also included

in Table 5.7 is the measured density of glass removed from the surface of the drums prior to the
internal inspection. Glass density was measured using a pycnometric water displacement
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procedure (ASTM D854-83). These calculated and measured densities were compared to a small
bubble-free shard of glass discharged at the end of testing on the DM100 using the same glass
composition [1]. No glass foaming was observed in these DM100 tests and therefore the density
of 2.6878 g/cm3 was used as the mtrinsie, porosity-free glass density for the target composition.
This intrinsic density measurement is compared with the bulk and surface glass density
measurements in Table 5.7. The percentage void volume was then calculated as:

Void % =100 x (1/ps- 1/pc) X ps

where pg= Bulk or surface glass density
pc = Intrinsic glass density, 2.6878 g/cm3.

The void percentage calculated using the bulk density and measured density of glass from
the surface of the drum is given as the calculated bulk and micro porosity in Table 5.7,
respectively. The bulk porosity averages both the smaller vesicles observed on the surfaces of the
drum with the larger voids over the entire mass of the drum, whereas the micro porosity
extrapolates the measured porosity in the surface samples over the entire drum. Higher calculated
bulk porosity results from larger voids contributing more to the overall porosity, while higher
calculated porosity based on measurements of surface glass indicates that the glass at the drum
surface is more porous than that in the bulk of the drum. These porosities are plotted against the
measured glass bismuth and phosphorus concentrations in Figures 5.30 and 5.31. Porosity
calculated by both methods generally increase over the course of testing as bismuth and
phosphorus increase toward their target concentrations. At bismuth and phosphorus oxide
concentrations of 5.5 and 4.5 weight percent, void space in the drums range from 12 to 20
volume percent.

In a similar study with a HLW AZ-101 composition, the void volume calculated from the
average bulk density of glass poured from the DM1200 and average intrinsic glass density was
2.77% [57]. Unlike the current tests with the high bismuth waste, no foaming was observed and
therefore low bulk porosity was anticipated.

5.4  Analysis of Corroded Bubblers

Components from the DM 1200 melter and off-gas are visually inspected after each test
series for indications of wear and corrosion; key components, such as bubblers, are also routinely
subjected to “before” and “after” dimensional measurements. Of the components inspected in the
present tests, the glass bubblers used to deliver air to the bottom of the glass pool for melt pool
mixing showed significant corrosion despite the short duration of the tests. These observations
prompted further detailed analysis of the bubblers.

The exposure history of the bubblers that were used while processing the high bismuth
composition i1s provided in Table 5.8. After the previous DM1200 test [21], the bubblers were
removed, inspected, and deemed satisfactory for subsequent use. The bubblers were reinstalled
approximately one week prior to the tests with the high bismuth composition. The bubblers were
then exposed for 383 hours to a high bismuth glass composition: 193 hours while processing the
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high bismuth composition, 157 hours of idling, and 30.5 hours while processing a bismuth-free
feed [20] to turn over the glass pool. The bubblers were removed and inspected within a few
hours after the turnover was completed. The amount of bismuth-free feed available was only
sufficient for one melt pool turnover and therefore although the concentration of bismuth was
significantly reduced in the melt pool, bismuth and other waste components were not fully
removed.

5.4.1 Visual Inspection of Bubblers

Visual inspection of the bubblers removed after processing the bismuth-rich feed showed
significant corrosion of the bubblers, primarily at the tip at the terminal nozzle and on the foot
which rests on the melt pool floor. Photographs of the bubbler tips prior to testing are shown in
Figures 5.32 and 5.33; the condition after testing is shown in Figures 5.34 and 5.35, which
clearly illustrate the extent of the damage. Figure 5.36 shows the corrosion of the bubbler tip in
the context of the entire bubbler. In addition to visual observations, measurements were made of
the bubbler tube diameter at several locations before and after testing; the results are provided in
Table 5.9. Interestingly, the data indicate minimal corrosion loss for the majority of the bubbler
but substantial damage near the tip of the bubbler and of the foot which rests on the melt pool
floor. Up to about an inch from the end of the approximately 1-inch diameter bubbler, and the
majority of the foot was lost. This is in stark contrast to the side bubbling outlet, located 8 inches
up the bubbler from the corroded tip, which shows little sign of corrosion.

5.4.2 SEM Analysis of Corroded Bubblers

Sections were taken from the remaining material on the corroded tips of the two bubblers
and mounted for examination in the SEM. These samples were designated O-12Q-31B and
0-12Q-31C. Mapping and spectral acquisition were used to characterize the microstructure of
the corroded areas. Figure 5.37 shows a low magnification SEM electron backscatter micrograph
and EDS spectra at selected points of a representative reaction interface of the Inconel with the
melter glass in O-12Q-31B. Spectrum 1 is taken from the lighter grey outer layer, which is a
complex spinel containing Fe, Cr, Mn, Zn, and a little AL Spectrum 2 is from the dark grey
crystals in the layer beneath the spinel and is an oxide of chromium incorporating also small
amounts of Ti and Al. By comparing Line Spectrum 1 with Line Spectrum 2, one can see the
severe depletion of chromium in the Inconel near the reaction interface with the glass. The
brighter regions within the chromium oxide layer are metallic corrosion products; these were
characterized by EDS X-ray mapping of a portion of the area shown in Figure 5.37. The maps
and the area are shown in Figure 5.38. Examination of the maps reveals that there are several
areas where sulfur and phosphorus are concentrated in association with other elements and areas
where bismuth is present either as a metal or associated with sulfur and phosphorus. A small
nodule in the upper right of Figure 5.38 is shown in greater detail together with selected arca
spectra in Figure 5.39. Spectrum 4 is primarily nickel phosphide, Spectrum 5 is a
nickel-iron-chromium alloy, and Spectrum 6 shows nickel and bismuth associated with both
phosphorus and sulfur.
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Most of the corrosion features in 0-12Q-31C were similar but a few new types were
evident. Figure 5.40 shows a micrograph and X-ray maps of a detached nodule that was found in
the corrosion interface. The metal in the nodule is primarily nickel containing very small
amounts of iron and chromium. There are mixed phosphates of iron, nickel, chromium, and
aluminum, and regions of nearly pure silica. Another area of interest in O-12Q-31C is shown
with some typical local spectra in Figure 5.41. There are some unusual phases present here, as
well as evidence of penetration of bismuth, silica, and sulfur to a depth of a few hundred microns
into the Inconel (Spectra 1, 2, 8, and 9). The interface layer appears to contain a chromium
silicate (Spectrum 3) and a mixed nickel-chromium sulfide or sulfate (Spectrum 5).

Although the process of formation of the observed phases remains unclear, many of the
phases observed would seem to require reducing conditions, at least locally, for their formation.

5.4.3 Sampling of Melt Pool Floor

The localized nature of the corrosion and its apparent confinement to the lowest points on
the bubblers (the foot and the bottommost part of the tip) are suggestive of partial immersion in a
corrosive phase that might have been present on the melter floor. To evaluate the potential of this
mechanism, a suction sample was taken from the melt pool floor and analyzed for possible
corrosive secondary phases. This type of sampling is conducted by lowering a ceramic tube to
the melt floor while maintaining a small positive pressure in the gas flow to the tube. Once the
tube is in the sampling location, the pressure supply is switched over to a vacuum supply using a
three-way valve, which then draws glass and any other materials into the suction tube. The tube
is then pulled from the melter to allow the glass to freeze. Glass is then removed from the tube
for visual inspection and subsequent analysis by SEM and XRF. The glass sample taken from the
melter floor showed no visual signs of secondary or metallic phases. More detailed analysis for
secondary phases by SEM revealed only trace amounts of spinels, which are typical of HLW
glasses. The results from chemical analysis of the glass discharged at the end of the turnover
period and the suction sample show them to be virtually identical. This sample therefore
provides no indication of significant segregation of select glass components onto the melt pool
floor. Tt should be noted, however, that such sampling could miss localized accumulations of
material and could be limited with respect to the ability to pull and retain low viscosity molten
metal phases into the sampling tube.

Another phenomenon that could be preferentially localized to the tips of the bubblers
might be electrochemical corrosion as a result of current flows along the bubbler tubes and then
from the tip of one bubbler to the other, perhaps via the bottom electrode (which is not powered).

While the cause of the observed corrosion is uncertain at this time, this is clearly a

phenomenon of potentially significant impact for processing waste streams of this type at the
WTP.
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SECTION 6.0
MONITORED OFF-GAS EMISSIONS

6.1 Particulate Sampling

The melter exhaust was sampled for metals/particles according to 40-CFR-60 Methods 3,
5, and 29 at steady-state operating conditions during each test segment. The concentrations of
off-gas species that are present as particulates and gaseous species that are collected in impinger
solutions were derived from laboratory data on solutions extracted from air samples (filters and
various solutions) together with measurements of the volume of air sampled. Particulate
collection required isokinetic sampling, which entails removing gas from the exhaust at the same
velocity that the air is flowing in the duct (40-CFR-60, Methods 1-5). Typically, a sample size of
30 dscf was taken at a rate of between 0.5 and 0.75 dscfm. Total particulate loading was
determined by combining gravimetric analysis of the standard particle filter and chemical
analysis of probe rinse solutions. An additional impinger containing 2 N NaOH was added to the
sampling train to ensure complete scrubbing of all acid gases. The collected materials were
analyzed using direct current plasma atomic emission spectroscopy for the majority of the
constituents and ion chromatography (IC) for anions. Melter emission fluxes are compared to
feed fluxes in Table 6.1. Notice the distinction that is made between constituents sampled as
particles and as "gas". The "gaseous" constituents are operationally defined as those species that
are scrubbed in the impinger solutions after the air stream has passed through a 0.3 um heated
filter. All samples are well within the 90 — 110% limits for isokinetic sampling.

Particulate emissions from the melter constituted 0.25, 0.23, and 0.98 percent of feed
solids for the three sampling periods. Two of these results are below but similar to the 0.27 and
0.41 percent of feed solids emitted from the DM100 while processing the same waste and glass
composition [1]. The higher of the three solids carryover values was measured near the end of
testing while the cold cap was less extensive (65% vs. 90% coverage) and glass was being
discharged, which created increased opportunity for emissions directly from the well agitated
melt pool. Carryover measured during the first two sampling periods was higher than that for the
previously processed HLW high aluminum composition [1, 19, 21] but lower than that for most
of the HLLW high iron compositions [5, 11-18, 53] due mainly to the relative amounts of volatile
components such as halides and sulfates in the respective wastes. In addition, bubbling rates
were high during the sampling periods of the current tests as compared to most of the tests with
the high iron wastes (152 — 162 lpm vs 65 lpm), which would result in higher particulate
carryover with feed of the same composition |5, 13-15]; however, the compositional differences
between the waste streams appears to have a greater effect on total carryover than bubbling.

As expected, the feed elements emitted at the lowest melter decontamination factor (DF)
were clearly fluorine and sulfur. Other elements exhibiting some volatile behavior were boron
and potassium. The relative volatility of barium and lithium are difficult to evaluate due to the
low target concentrations in the feed. Also, higher than actual carryover was calculated for
common ¢lements such as magnesium, zirconium, and calcium, which were targeted at low
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concentrations with measured feed concentrations above their respective targets. Bismuth
carryover ranged from 0.42 to 1.5 percent and was 1.5 to 2 times higher than the aggregate
particulate. Boron, sulfur, and fluorine were the only elements detected in the impinger solutions
collected downstream of the heated particle filter in the sampling train, which constitutes the
“gas” fraction of the melter emissions. A greater proportion of fluorine and sulfur were measured
as gaseous rather than particulate emissions. Of the fluorine captured in the impinger solutions,
fluorine was measured only in the acidic impinger solutions, indicating that fluorine was present
as HF. These emissions trends are consistent with previous tests on the DM100 and DM1200
while processing various simulated HLW streams [1, 5, 10-21].

6.2 Gases Monitored by FTIR

Melter emissions were monitored in each test for a variety of gaseous components, most
notably CO and nitrogen species, by Fourier Transform Infra-Red Spectroscopy (FTIR). The
exhaust stream was sampled at the outlets of several prototypical components (melter, SBS,
WESP, and PBS) to discern the effect these components have on the volatiles in the exhaust
stream. It should be noted, however, that the off-gas system component most responsible for the
removal of nitrogen oxide and volatile organics, the TCO-SCR catalyst unit, was not active in all
the tests. Also, a single FTIR unit was used for all of the measurements and, therefore, the
various locations were sampled sequentially and not simultaneously.

A summary of the average concentrations of gaseous species monitored during the
DM1200 tests is provided in Table 6.2. The concentrations of five of the most abundant
monitored species are plotted in Figures 6.1 - 6.5. The analytes listed in Table 6.2 are those that
were thought likely to be observed during the tests based on previous work; no other species
were detected in the off-gas stream by FTIR. Generally, emissions from the melter were
relatively low as a result of the low concentrations of nitrogen, organic carbon, ammonia, and
halogens in the feed. The most abundant nitrogen species monitored was NO, which is in
keeping with previous melter tests with both HLW and LAW feeds. Little nitrogen was detected
as other species, except for NO,, which was about 8 times lower in concentration than NO in the
exhaust upstream of the catalyst unit. About half of the NO in the exhaust stream was converted
to NO, within the catalyst unit (note that ammonia was not introduced into the SCR during these
tests). Very low concentrations of nitric and hydrochloric acids were measured in the exhaust,
the latter as a result of the use of tap water to dilute feed and rinse feed lines. Consistent with the
gaseous fluorine concentrations observed using the Method 3-type sampling (see Section 6.1),
HF was observed throughout the testing by FTIR. Also consistent with the Method 5-type
results, low sulfur dioxide concentrations were monitored during testing, however, gascous
sulfur emissions can also be present in forms other than sulfur dioxide that are not monitored by
the FTIR, such as sulfuric acid. Measured concentrations for most constituents through the
DM 1200 exhaust system were very similar. This confirms the expectation that the SBS, WESP,
HEME, and PBS do not remove significant proportions of nitrogen and carbon oxides.
Conversely, moisture and some minor components such as HF and SO, are greatly reduced in
concentration by removal in the SBS. These trends can be readily discerned by comparing NO
concentrations in Figure 6.1, which do not show significant differences at the various sampling
localities, and HF concentrations in Figures 6.5, which are noticeably higher in the melter
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exhaust. The variability of many of the analyte concentrations at each sampling location is
attributable to the dynamic conditions in the cold cap and is in keeping with previous melter
tests.
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SECTION 7.0
SUMMARY AND CONCLUSIONS

A series of tests was conducted at the crucible scale and on the HLW pilot melter
(DM1200) to determine the nature, cause, and extent of glass foaming while processing a high
bismuth waste stream. This HLW composition was one of several previously specified by ORP
for which a glass composition was developed that achieved high waste loading and acceptable
glass properties and was processed on the DM 100 under a variety of test conditions [1]. This
glass formulation exhibited foaming during heat treatment simulating WTP HLW canister
centerline cooling (CCC) conditions. Conversely, foaming was not evident during the DM100
melter tests where the cooling rate for the poured glass was faster than that for the WTP HLW
CCC. Clearly, foaming during pouring or cooling of actual HLW canisters would be highly
undesirable. Accordingly, the present work involved a program of larger-scale testing to
determine whether this effect occurs under conditions more prototypical of those at the WTP. In
addition, crucible-scale tests were used to determine the likely causes for the observed foaming
behavior and to develop potential methods to mitigate that behavior. A significant finding of the
present work is that foaming can indeed occur during prototypic cooling of simulated HLW
canisters that are filled at prototypic WTP HLW rates with a glass formulation with a high
loading of the high bismuth waste. Consequently, this phenomenon represents a real risk that
must be recognized and appropriately mitigated. The results from the crucible-scale tests provide
insight into the causes of the observed foaming behavior and strategies to prevent such behavior
while retaining high waste loadings.

7.1 Crucible Scale Testing

Crucible scale tests were conducted to determine the cause of foaming in the Bi-limited
glasses on canister center line cooling. In addition, the test examined methods to mitigate the
foaming, improve waste loadings, and improve processing characteristics.

The base glass HLW-E-Bi6 showed both foaming and crystallization of Cr-containing
spinel on CCC heat treatment. However, a DM 100 melter discharged glass sample with the same
target composition as HLW-E-Bi6 did not show any foaming on CCC indicating that, in addition
to composition, the thermal history of the sample is an important factor in the foaming
mechanism observed on CCC. A lower viscosity version of HLW-E-Bi6 also foamed on CCC,
demonstrating that the observed foaming is not solely due to a higher viscosity glass retaining
gas bubbles generated during CCC. Variations of HLW-E-Bi6 glass prepared without Bi or F
and subjected to CCC showed similar amounts of bubbles as HLW-E-Bi6 on CCC. In contrast,
variations of HLW-E-Bi6 glass prepared without phosphorous showed a marked decrease in the
amount of bubbles in CCC samples, identifying phosphorous as a contributor to the observed
foaming. However, since it was unlikely that the oxidation state of phosphorus could be
changing, it was suspected that the mechanism must involve other multivalent components that
interact with phosphorous in some way to become reduced during CCC, thus releasing gas

-65-



ORP-48628, Rev. 0
The Catholic University of America Tests with High-Bismuth HLW Glasses
Vitreous State Laboratory Final Report, VSL-10R1750-1, Rev. 0

bubbles. A review of phase diagrams relevant to the HLW-E-Bi6 glass composition showed that
reactions between P and Cr could potentially result in the reduction of Cr from C*" to Cr’" under
CCC conditions, releasing gas bubbles that would cause the observed foaming. Preparation and
CCC heat treatment of a variation of HLW-E-Bi6 without Cr did not show any gas bubbles in the
CCC samples, confirming this hypothesis. The results show that P and Cr are contributors to the
foaming observed on CCC whereas Bi, which is a major glass component plays no major role.
Based on these observations, a potential mechanism for the observed foaming may involve the
following illustrative reactions:

P-rich chromophosphoric species (m) 2 NayP,O; (xf) + Naz|[PCrO4] (m)
Na3z[PCrO-] (m) + Y2 Ni1O (m) = NasPO, (x) + 12 NiCrO4 (Sp) + %4 02(2)

where m indicates a melt phase, x{ a crystalline phase, Sp a spinel crystal, and g a gas phase.

The impact of spinel crystallization on foaming provides a possible explanation as to why
no gas bubbles developed in the melter-discharged glass, which was identical to HLW-E-Bi6 in
its chemical composition. Very likely, spinel crystals that had nucleated and grown during the
particular cooling conditions for glass discharged from the DMI100 melter had effectively
depleted the Cr® before the CCC heat treatment. The premelting step for the standard CCC test
(1200°C for one hour before cooling) does not appear to have been adequate to reverse the
reactions.

Based on these results, several possible methods for mitigating the foaming observed on
CCC are evident:

. Suppression of Cr™ with a reductant or glass chemistry.
. Reduction of glass melt viscosity to facilitate release of gas bubbles.
. Formation of other competing phosphate species.

For a number of reasons, the foaming mitigation work was based primarily on the last of
these methods. This part of the work concentrated on formulations containing higher
concentrations of sodium or aluminum. In addition to mitigation of foaming, the new
formulations were designed to improve waste loading and processing characteristics. Glass
formulations at 50, 55 and 60 wt% waste loading were prepared and characterized to identify
compositions with high waste loading, good processing characteristics and no foaming on CCC.
The formulations at 55 and 60 wt% waste loading showed some level of crystallization or small
amounts of foaming. Two formulations at 50 wt% waste loading showed acceptable properties.
One of them, HLW-Bi-F3, with 3 wi% more Na>Q and less B,Q; than HL.W-E-Bi6 eliminates
foaming but may show slow processing rate based on VGF test results. The other candidate,
HLW-Bi-F9, with higher Li;O and B,03; and less Na,O, shows small amounts of crystallization
in the as-melted glass but otherwise has acceptable properties, including no foaming on CCC and
good processing characteristics based on the VGF test.

Raman spectroscopic studies were conducted on several Bi-limited glasses and included

the collection of high temperature data under CCC conditions. These studies of the structure of
the Bi-limited glasses generally were in agreement with the conclusions from the crucible scale
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studies regarding the mechanism that causes foaming in these glasses on CCC. However,
additional studies using X-ray absorption spectroscopy would be useful to further elucidate the
interactions between chromium and phosphorus that appear to underlie the observed foaming
behavior.

7.2 HILW Pilot Scale Testing

Over seventeen metric tons of feed containing the high bismuth HLW simulant was
processed on the HLW Pilot Melter (DM 1200) producing over six metric tons of glass. In the
present work, a total of fourteen canister cooling experiments were performed with the high
bismuth formulation on the DM1200. The melter tests were conducted primarily to determine
whether foaming during canister cooling occurs under conditions more prototypical of those at
the WTP and secondarily to determine glass production rates for a high bismuth waste. The tests
employed double-outlet prototypical bubblers, a glass pool temperature held of 1150°C, and
bubbling adjusted to maximize glass production rates. Glass production rates were between 500
and 1000 kg/m.zfday at 1150°C melt pool temperature and decreased as the target glass pool
composition was approached. The WTP bench mark production rate of 1050 kg/m?*/day was not
obtained despite an optimized bubbler configuration and high levels of melt pool bubbling.
Extensive operational data was collected on the one-third scale WTP HLW Pilot Melter system
and prototypical off-gas treatment train throughout the tests. Observations of melt pool surface,
discharge glass, and cooled glass product were made throughout testing to document the extent
of melt pool foaming. Extensive analysis of the glass product, including thorough internal
analysis of the drum contents, SEM analysis, and porosity determination were also conducted.

Both of the Inconel 690 bubblers employed for these tests experienced localized but
severe corrosion at their tips. This behavior is atypical and appears to be associated with certain
constituents in this waste stream, including phosphorus, sulfur, and bismuth. While the cause of
the observed corrosion is uncertain at this time, this is clearly a phenomenon of potentially
significant impact for processing waste streams of this type at the WTP.

The melter exhaust was sampled for particulate and gaseous species to determine the
effect of the variations in feed composition and glass temperature on emissions. Total particulate
carryover constituted 0.25, 0.23, and 0.98 percent of feed solids for the three sampling periods;
two of these results are below but similar to the 0.27 and 0.41 percent of feed solids emitted from
the DM 100 while processing the same waste and glass composition [1]. The higher of the three
solids carryover values was measured near the end of testing while the cold cap was less
extensive (65% vs. 90% coverage) and glass was being discharged, which increased the
opportunity for emissions directly from the well agitated melt pool. Melter DFs were determined
for most ¢lements in the feed for all three sampling periods. The most volatile species were
sulfur and fluorine, which is typical. Gaseous emissions of nitrogen oxides and byproducts of
incomplete combustion, such as carbon monoxide and ammonia, were very low due to the lack
of nitrates and organic carbon in the feed.
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7.3 Foaming During Pilot Scale Processing and Canister Cooling

Observations made during testing with the high bismuth waste on the DM1200 using
prototypical canister cooling can be summarized as follows:

. No visual signs of melt pool foaming were evident through the melter view port.

. No foaming of glass out of the discharge drums occurred.

. The melt pool density decreased as the target glass pool composition (Bi,O3 6.71,
P,0s 4.99 wt%) was approached.

. Foamy glass was observed on the surface once the glass was only partially turned
over (BirOs 4.4, P,Os 3.7 wt%).

. Frequent auto discha,rge2 of foamy glass was observed once the glass was partially
turned over (Bi203 5.7, P20s 4.6 wt%).
. Foamy glass was observed in the discharge trough once the glass was only partially

turned over (Bi203 5.7, P20s 4.6 wt%).

. Internal inspection of drums revealed a foamy layer of glass on the top and around
the sides of drums once the glass was only partially turned over (Bi, O3 4.4, P,Os 3.7
wt%). The foamy layer became more extensive in subsequent discharges, although
it never extended to the entire contents of the drum.

. Large cavities of up to three and half liters were observed in the center of the
drums. This is in contrast to the 0.2 — 2 mm in diameter vesicles present in the
foamy layer.

. The overall void space in drums increased to between 12 and 20 volume percent
once the glass composition contained greater than 5.5 wt % Bi;Os and 4.5 wt %
P,0Os.

. Secondary phases, primarily spinel and apatite, at one to six volume percent were
observed concentrated in bands often associated with foamy layers. Isolated
bismuth metal droplets were observed in samples from only one drum.

Taken together these results confirm that the foaming behavior observed in crucible scale
tests with this composition also occurs at larger scale under conditions more prototypical of those
at the WTP and raises concerns with respect to processing this composition on the full scale
melter. The decrease in melt pool density and foamy glass in the discharge glass suggests that
gas 18 evolving from the glass at or near melt pool temperatures. The foaming in the discharge
and into the glass drum is consistent with the foaming during cooling observed in the crucible
scale tests. Much of the evolved gas is trapped in the glass in regions were the glass cools
rapidly. The large cavities observed in the center of many of the drums may result from the
coalescence of evolved gas. The calculated void volume and the observations of foamy glass
illustrate the relationship between glass composition and foaming tendency: the closer the glass
composition approached the target (the higher the bismuth and phosphorus), the greater was the
degree of foam in the glass product. Although no glass was observed to foam out of the drum,
auto discharges of foamy glass have the potential to clog the discharge system. The high void

? “Auto discharge” refers to the unintentional discharge of glass that occurs even though the air flow to the air-lift
lance 1s secured.
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space in the discharged glass would result in the production of up to twenty percent more
canisters for this waste stream, substantially increasing overall waste vitrification costs.

7.4 Recommendations for Future Work

The results of the testing presented herein clearly demonstrate a compositional
dependence of foaming for glasses formulated with a high bismuth waste stream. A significant
finding of the present work is that foaming can indeed occur during prototypic cooling of
simulated HLW canisters that are filled at prototypic WTP HLW rates with a glass formulation
with a high loading of the high bismuth waste. The results also indicate that under prototypical
canister filling and subsequent cooling, up to twenty percent void space can be created, inflating
the number of canisters produced for the high bismuth waste stream. In addition, atypical
localized but severe corrosion was observed at the tips of the bubblers, which appears to be
associated with certain constituents in this waste stream, including phosphorus, sulfur, and
bismuth.

New glass formulation development performed in the present work has identified the
causes of the observed melt pool foaming and identified methods to decrease the likelihood of
foaming under actual processing and cooling conditions. The glass formulation work also
indentified glasses with increased waste loading and increased melting rates that avoid foaming.
These results have the potential for significant risk mitigation and enormous savings in cost and
schedule. As a result, it is recommended that testing and evaluation of these strategies be
continued in order to provide a solid basis for their broad implementation in order to maximize
the cost and schedule benefits while minimizing technical risk. Some of the elements of such a
program are summarized below with respect to high bismuth waste streams.

o Throughput: A key risk area addressed in the present work relates to the strong
dependence of glass production rates on waste composition. The extent of this variation
across the full spectrum of HLW waste types needs to be quantified in order to accurately
project waste treatment rates. The vast majority of the previous testing for the WTP has
been performed on iron-limited wastes and those results have formed the basis for
vitrification system capacity projections. The original glass formulation for the high
bismuth waste stream processed below the WTP benchmark of 1050 kg/mzfday at
1150°C melt pool temperature on both the DM100 and HLW Pilot Melter scale. New
formulations that have been developed have the potential to exceed the minimum
required production rate; however, melter testing needs to be performed to determine
actual production rates.

e Scale-Up Testing: The new bismuth waste glass compositions developed in this work
should be processed on the DM100 and the larger-scale DM 1200 melter system in order
to address potential risks associated with scale-up, particularly with respect to processing
rates and glass foaming. Optimization of bubbling rate at the DM 1200 WTP HLW Pilot
Melter scale (1.2m?) is a critical variable and therefore testing with bubblers in the
prototypical orientation at larger scale is required to confirm achievable production rates.
Canister cooling rates differ at various melter scales such that foaming with the bismuth
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waste glass was not observed on the DM100 melter but was on HLW Pilot Melter
making testing at scale under prototypical cooling conditions critical to verifying the lack
of foam in the discharged product.

o [ntegrated System Testing: Testing on the DM1200 WTP HLW Pilot Melter system
provides data from a one-third scale system with a prototypical feed delivery system and
off-gas treatment train. Such testing is necessary to evaluate potential interactive effects
on system operation arising from implementation of the enhancement strategies and to
provide data on the performance of each unit operation, input for flow-sheet models and
regulatory requirements, and information on recycle streams.

o Longer-Duration Testing: After validation at larger scale, the duration of testing should
be extended in order to address and quantify any chronic issues, such as the slow
accumulation of crystals in the melter cavity, refractory and bubbler corrosion, any
degradation in the ability to discharge glass, and effects on off-gas line plugging.

e Bubbler Corrosion: Testing is necessary to determine the cause of the observed severe
localized bubbler corrosion that was observed in these tests that appears to be associated
with the high levels of certain constituents in this waste stream. The observed behavior is

clearly of potentially significant impact for processing waste streams of this type at the
WTP.

Finally, it is likely that the maximum production rate for each set of test conditions would
have been significantly impacted for most of the tests if the cold cap conditions were not
monitored visually. Consequently, it is recommended that the ability to maintain production rates
without use of visual information be evaluated, if that is the planned WTP operating mode.
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Table 2.1. Oxide Composition of Limiting Waste Streams.

Waste Bi Limited Cr Limited Al Limited Aland Na
Component Glass Glass Glass Limited Glass
Al Os 22.45% 25.53% 49.21% 43.30%
B0, 0.58% 0.53% 0.39% 0.74%
Ca0 1.61% 2.47% 2.21% 1.47%
Fe,Os 13.40% 13.13% 12.11% 5.71%
L1,0 0.31% 0.36% 0.35% 0.15%
MgO 0.82% 0.16% 0.24% 0.44%
Na,O 12.97% 20.09% 7.35% 25.79%
Si0n 12.04% 10.56% 10.05% 6.22%
Ti0, 0.30% 0.01% 0.02% 0.35%
Zn0O 0.31% 0.25% 0.17% 0.36%
Zr(0, 0.40% 0.11% 0.81% 0.25%
SO; 0.91% 1.52% 0.41% 0.44%
Bi,O, 12.91% 7.29% 2.35% 2.35%
ThO, 0.25% 0.04% 0.37% 0.04%
Cr, 04 1.00% 3.07% 1.07% 1.44%
K0 0.89% 0.37% 0.29% 1.34%
U;O% 3.48% 7.59% 7.25% 4.58%
BaO 0.02% 0.03% 0.11% 0.06%
CdO 0.00% 0.01% 0.05% 0.02%
NiO 3.71% 1.06% 0.82% 0.20%
PbO 0.48% 0.48% 0.84% 0.18%
P,0;5 9.60% 3.34% 2.16% 4.10%
EB- 1.58% 2.00% 1.37% 0.46%
Total 100.0% 100.0% 100.0% 100.0%
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Table 2.2. Compositions of the Bi-Limited Waste (Oxide Basis) and the HL'W Waste
Simulant to Produce 100 kg of Waste Oxides (20 wt% suspended solids).

Bi-Limited Waste Composition Bi-Limited HLW Waste Simulant
Waste Oxide Wit% Starting Materials Target Weight (kg)"
AlLO; 22.45% AlLOs 22.677
B10; 0.58% HiBO, 1.041
Ca0O 1.61% CaO 1.643
FeaO 13.40% Fe(OH) (13% Slurry) 26.752
11,0 0.31% Li,CO;5 0.786
MgO 0.82% MgO 0.863
Na,O 12.97% NaOH 11.108
510, 12.04% 810, 12.162
Ti0, 0.30% Ti0, 0.303
Zn0o 0.31% ZnO 0.313
Zr0, 0.40% Zr(OH)y xH,0 1.034
SOy 0.91% Nay30, 1.632
Bi,05 12.91% Bi,O5 13.040
ThO, 0.25% Omitted
Cry05 1.00% Cry(03-1.5H,0 1.190
K0 0.89% KNO; 1.940
U;Og 3.48% Omitted
BaO 0.02% BaCO; 0.026
CdO 0.00% CdO 0.000
NiO 3.71% Ni(OH), 4771
PbO 0.48% PbO 0.485
P05 9.60% FePOy xH,O 25.501
F 1.58% NaF 3.510
Carbonate 1.20° Na,CO4 1.011
Nitrite 0.50 NalNO, 0.769
Nitrate 2.00 NaNO; 1.141
Organic Carbon 0.05 H,C,0, 2H,0 0.264
— — Water 353.500
TOTAL 100.0% TOTAL 487.463

'Target weights adjusted for assay information of starting materials
> Unit for volatile components is g/100 g of waste oxide

— Empty data field
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Table 2.3. Composition and Properties of Bismuth Limited Waste and Glass
Formulation at 30% Waste Loading Used in Melter Tests (wt%o).

Bi-Limited . Glass Formin Target Glass
- Waste* Waste in Glass Additives HILW.E.Bi 6
AlOy 23.31 11.66 - 11.66
B0; 0.60 0.30 11.00 11.30
BaO 0.02 0.01 - 0.01
B1,05 13.41 6.71 - 6.71
Ca0 1.67 0.84 - 0.84
Cr;O4 1.04 0.52 - 0.52
F 1.64 0.82 - 0.82
Fe,O5 13.92 6.96 - 6.96
K;0 092 0.46 - 0.46
L1,0 0.32 0.16 - 0.16
MgO 0.85 0.43 - 0.43
Na,O 13.47 6.74 9.00 15.74
NiO 3.85 1.93 - 1.93
P05 997 4.99 - 499
PbO 0.50 0.25 - 0.25
S10, 12.51 6.26 30.00 36.26
T10, 031 0.16 - 0.16
SOs 0.95 0.48 - 0.48
n0O 0.32 0.16 - 0.16
710, 0.42 0.21 - 0.21
Sum 100 50 50 100

* Renormalized from Ref. [3] after removal of radioactive components

Viscosity (@1150°C, P 96
Conductivity (@1150°C, S/cm 0.47
Crystal Content, As Melted Trace
Crystal Content, 72 hr at 950°C ~1.8vol%
TCLP Pass
- DWPF-EA HLW-E-Bi-6

B 16.7 0.49

PCL. gL Li 9.6 0.18

Na 13.3 0.53

- Empty data field
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Table 2.4. Compositions of Melter I'eed to Produce 100 kg of Target Glass HLW-E-Bi-6
(Glass Yield = 300 g/L. Feed) from the Bi-Limited Waste Simulant.

Bi-Limited HLW Simulant

Glass-Forming Additives

Starting Materials Target Weight (kg)™ Starting Materials Target Weight (kg)®
Al O, 11.773
H;BOs 0.538 Na,B,04.10H,0 30,433
BaCO; 0.013
BiOq 6.773
CaO 0.852
Cr;0 0.531
NaF 1.822
Fe(OH)s (13% Slurry) 13.913
KNO; 1.003
L1,CO4 0.406
MzO 0.438
NaOH 5828 Na,COy 7.088
Ni(OH), 2.476
FePO, xH,0 13.242
PbO 0.253
Na,S0, 0.852
S10, 6.318 S10, 30303
T10, 0.157
Zn0O 0.162
Zr(OH) 4 xH,0 0.543
NaCOs 0.488
NaNO, 0.385
NalNO; 0.544
H,C,0,4-2H,0 0.132
H,O 142.206
Simulant TOTAL 211.65 Additives TOTAL 67.82
Feed TOTAL 27947

@ Target weights adjusted for assay information of starting materials.
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Table 3.1. Glass Compositions for Investigation of Foaming Mechanism.

Oxides (wt%o) HLW-E-Bi6 BLL-G-46A HLW-Bi-F2 HLW-Bi-Bi0 HLW-Bi-P0O HLW-Bi-FO HLW-Bi-BiP0 HLW-Bi-2Bi HLW-Bi-2P
Data Type Target HL\?;E;?L& HLTX]_ER?)I -6r2 Target | XRF | Target | XRF | Target | XRF | Target | XRF | Target | XRF | Target | XRF | Target | XRF | Target | XRF
AlO; 11.66 11.14 11.07 11.66 | 11.83 | 11.66 | 1091 [ 1249 | 11.78 | 1227 | 1126 | 11.75 | 1079 | 1320 | 1289 | 11.22 | 1031 | 11.28 | 1043
BaOs 11.30 1130 11.30 1130 | 11.29 | 1430 [ 1430 [ 1533 | 1533 | 1505 [ 1505 [ 1442 | 1442 | 1619 | 1619 | 1376 | 1376 | 13.84 | 1384
BaO 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01
Bi;O5* 6.71 7.39 7.64 6.71 5.93 6.71 8.13 0.00 -- - 835 6.76 7.27 0.00 - 1020 | 1112 | 649 7.10
Ca0O 0.84 0.89 0.91 0.84 0.83 0.84 0.94 0.90 0.94 0.88 0.97 0.84 0.89 0.95 1.01 0.80 0.85 0.81 0.87
Cry04 0.52 0.72 0.73 0.52 0.45 0.52 0.77 0.56 0.70 0.55 0.77 0.52 0.70 0.59 0.77 0.50 0.71 0.50 0.69
F 0.82 -- - 0.82 048 0.82 - 0.88 - 0.86 - 0.00 - 0.93 - 0.79 - 0.79 -
Fe; 04 6.96 7.44 7.65 6.96 6.65 6.96 8.00 7.46 744 7.33 8.46 7.02 7.59 7.88 841 6.70 7.32 6.74 7.35
K,0 046 0.46 0.46 0.46 0.49 0.46 0.46 0.49 049 0.48 049 0.46 045 0.52 0.52 0.44 042 0.45 043
La;Cs 0.00 0.01 0.01 0.00 -- 0.00 - 0.00 -- 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -
LipO* 0.16 0.16 0.16 0.16 0.19 0.16 0.16 0.17 0.17 0.17 0.17 0.16 0.16 0.18 0.18 0.15 0.15 0.15 0.16
MgO 043 0.41 0.34 0.43 0.47 0.43 043 0.46 048 0.45 038 0.43 040 0.48 0.50 0.41 0.38 0.41 041
MnO 0.00 -- - 0.00 0.14 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 - 0.00 -
Na;O 15.74 15.11 15.25 15.74 16.15 15.74 14.79 | 16.87 18.13 16.56 16.19 | 1587 16.12 17.82 [ 18.62 | 1515 15.34 15.23 15.22
Ndy O 0.00 - - 0.00 0.05 0.00 - 0.00 0.01 0.00 - 0.00 - 0.00 - 0.00 0.01 0.00 -
NiQ 193 2.04 211 1.93 146 1.93 224 2.06 1.95 2.03 228 1.94 2.01 218 228 1.85 195 1.86 1.95
P05 4.99 5.45 5.36 4.99 5.23 4.99 5.35 5.34 5.78 0.00 -- 5.03 531 0.00 0.01 4.80 512 8.03 8.67
PbC 0.25 0.25 0.25 0.25 027 0.25 0.27 0.27 024 0.26 0.28 0.25 0.25 0.28 0.28 0.24 0.24 024 0.24
Si0; 36.26 36.17 35.69 36.26 | 3685 | 3326 | 32.11 3564 | 35.61 3500 | 3426 | 3353 32.75 37.66 | 37.27 | 32.01 3142 | 32.19 | 31.70
SrO 0.00 -- -- 0.00 0.02 0.00 -- 0.00 - 0.00 -- 0.00 - 0.00 -- 0.00 - 0.00 --
Ti0, 0.16 0.18 0.18 016 0.17 0.16 0.19 0.17 0.18 0.16 020 0.16 0.18 0.18 0.19 0.15 018 0.15 0.17
SO 048 0.40 040 048 0.44 0.48 0.40 0.51 0.34 0.50 0.36 0.48 0.27 0.54 037 0.46 0.30 046 0.31
ZnO 0.16 0.18 0.18 0.16 0.18 0.16 0.21 0.17 0.18 0.17 0.20 0.16 0.17 0.18 0.19 0.15 0.17 0.15 0.17
210, 0.21 0.21 022 0.21 0.36 0.21 024 0.23 020 0.22 025 0.21 0.21 0.24 0.24 0.20 0.20 020 0.21
Sum 100.00 99.91 99.93 100.00 | 99.95 | 100.00 [ 99.90 [ 100.00 [ 99.96 [ 100.00 | 99.94 | 100.00 | 99.95 | 100.00 [ 99.94 | 100.00 | 99.95 | 100.00 | 99.93
"--" Empty data field
*Target, not analyzed by XRF.
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Table 3.2. Summary of Standard CCC and Truncated CCC for Foaming Mechanism Investigation.

Glass 1D History Character Origin CCC CCC (Zh) CCC (4h) CCC (6h)
HLW-E-Bi6 | Crucible Sgl;tﬁg Starting pomnt N N N N
HLW-EBiér | Crucible | >Soring | Remeltof HLW-E- y y
Point Bi6
Starting Melter glass of
BLL-G-46A Melter Point D v v y
- Lower viscosity
HLW-Bi-F2 Crucible . . variation of HLW- V‘ g y
Viscosity .
E-Bi6
HLW-Bi-Bi0 | Crucible | Bifree | Voion oOLHEW- 1y
HLW-Bi-P0 | Crucible P-free Va“a“]glil_;gHLW' V
HLW-Bi-FO | Crucible F-free Va“a“]gri‘_;’gHLW' N
HLW-BiBiP0 | Crucible | Bi- Pfrec | ' 20oUOR OHLW- 1y
HLW-Bi2Bi | Crucible | HigherBi | VATe0omolHLW- |y
HLW-Bi-2P | Crucible | HigherP Va“a“]gril_l';’ EHLW' y
. . Higher P Variation of HLW-
HLW-Bi-2P0Cr Crucible s CEag BLFD +
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Glass ID HLW-E-Bi6 HLW-Bi-F1 HLW-Bi-F2 HLW-Bi-F3 HLW-Bi-F4 HLW-Bi-F5
Waste Loading (wt%) S50wt% 50 wt% S50wt% 50 wt% 50 wt% 55 wt%
Data Type Target | HLW-E-Bi-6r{XRF) | HLW-E-Bi-6r2(XRF) | Target | XRF | Target | XRF | Target | XRF | HLW-Bi-F3r(XRF) | DCP | Target | XRF | Target | XRF | HLW-Bi-F5r(XRF)

AlLO; 11.66 11.14 11.07 11.66 11.25 | 1166 | 10.91 11.66 10.66 10.69 1098 | 16.66 | 1546 13.82 12.79 12.66
B20s; 11.30 11.30 11.30 14.30 14.30 14.30 14.30 10.30 10.30 10.30 11.29 14.30 14.30 11.33 11.33 11.33
BaQ 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Biy03* 6.71 7.39 7.64 6.71 7.59 6.71 8.13 6.71 7.76 7.60 7.38 6.71 7.22 7.38 8.10 8.13
CaQ 0.84 0.89 0.91 0.84 0.89 0.84 0.94 0.84 0.92 0.92 0.92 0.84 0.89 0.92 0.98 1.01
Cry05 0.52 0.72 0.73 0.52 0.72 0.52 0.77 0.52 0.73 0.72 0.53 0.52 0.67 0.57 0.77 0.77

F 0.82 -- -- 0.82 -- 0.82 -- 0.82 -- -- -- 0.82 -- 0.90 -- --
Fe,Os 6.96 744 7.65 6.96 7.58 6.96 8.00 6.96 7.93 7.75 7.31 6.96 745 7.66 8.32 834
K0 0.416 0.416 0.416 0.416 049 0.416 046 0.416 045 0.45 0.54 046 0.45 0.51 0.47 0.50
La,0s 0.00 0.01 0.01 0.00 0.01 0.00 -- 0.00 0.01 -- - 0.00 0.01 0.00 - 0.01
LiO* 0.16 0.16 0.16 1.66 1.66 0.16 0.16 0.16 0.16 0.16 0.20 316 3.16 0.18 0.18 0.18
MgO 043 041 0.34 043 038 0.43 043 043 038 0.34 0.41 043 0.40 047 0.40 038

MnO 0.00 -- -- 0.00 -- 0.00 -- 0.00 -- -- -- 0.00 -- 0.00 -- --
Na,©O 15.74 15.11 1525 12.74 12.54 | 1574 | 1479 | 18.74 18.51 18.74 1626 | 1074 | 1149 17.41 17.81 17.63

Nd; O3 0.00 -- -- 0.00 -- 0.00 -- 0.00 -- -- -- 0.00 -- 0.00 -- --
NiO 1.93 2.04 2.11 1.93 2.07 1.93 224 1.93 2.11 2.08 1.76 1.93 1.90 212 2.19 2.19
P05 4.99 5.45 5.36 4.99 5.40 4.99 5.35 4.99 5.33 5.36 4.97 4.99 5.38 548 5.87 5.97
PbO 0.25 0.25 0.25 0.25 025 0.25 0.27 0.25 026 0.25 0.30 0.25 0.24 028 0.27 0.28
Si0; 36.26 3617 35.69 34.76 33.77 33.26 32,11 34.26 33.44 33.63 34.31 30.26 | 2999 20.88 2941 29.50

Sro 0.00 -- -- 0.00 0.01 0.00 -- 0.00 -- -- - 0.00 -- 0.00 - --
TiO, 0.16 0.18 0.18 0.16 0.20 0.16 0.19 0.16 0.19 0.18 0.17 0.16 0.18 0.17 0.20 0.20
SO 048 0.40 0.40 0.18 0.40 0.18 0.40 0.18 0.37 0.36 NA 048 0.36 0.52 0.39 0.40
ZnQ 0.16 0.18 0.18 0.16 0.20 0.16 0.21 0.16 0.17 0.17 0.15 0.16 0.17 0.18 0.19 0.19
Zr0y 021 0.21 022 0.21 0.17 0.21 0.24 0.21 022 0.23 0.21 0.21 0.21 0.23 0.24 0.24
Sum 100.00 99.91 99.93 100.00 | 99.90 [ 100.00 | 99.90 | 100.00 [ 99.91 99.94 97.70 | 100.00 | 9994 | 100.00 [ 99.92 99.91

"--" Empty data field
*Target, not analyzed by XRF.
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Glass ID HLW-Bi-F6 HLW-Bi-F7 HLW-Bi-F§ HLW-Bi-F9 HLW-Bi-F10
Waste Loading (wt%o) 50 wt% 60 wt% 55 wt% 50 wt% 55 wt%
Data Type Target | XRF | Target | XRF | Target | XRF | DCP | Target | XRF | DCP | Target | XRF | DCP
Al O, 15.66 | 14.54 13.99 | 12.89 12.82 11.80 | 12.09 | 16.66 1478 | 15.06 | 15.82 13.95 | 1413
B;0s 1430 | 1430 [ 1136 | 1136 ] 10.33 | 1033 | 988 1630 | 1630 | 16,69 | 1533 [ 1533 [ 1558
Ba0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 -- 0.01 0.01 0.02 0.01
Bi;O5* 6.71 7.17 8.05 8.68 7.38 8.22 7.93 6.71 6.90 7.05 7.38 7.61 7.61
Ca0 384 3.95 1.00 1.06 0.92 1.00 1.09 0.84 092 | 059 0.92 0.99 1.08
Cr;05 .52 0.68 0.62 0.82 0.57 0.76 | 0.57 0.52 0.62 | 0.25 0.57 070 | 0.18
F 0.82 -- 0.98 -- 0.90 -- -- 0.82 -- -- 0.90 -- --
Fe 05 6.96 747 8.35 8.90 7.66 8.41 7.26 6.96 7.01 6.56 7.66 777 | 6.89
K;0 0.46 0.43 0.55 0.53 0.51 0.49 0.59 046 0.45 0.50 0.51 0.51 0.53
La;05 0.00 -- 0.00 -- 0.00 0.01 -- 0.00 -- -- 0.00 -- --
Li,O* 3.16 3.16 0.19 0.19 0.18 0.18 0.23 5.16 5.16 5.19 5.18 5.18 5.15
MgO 043 0.36 0.51 0.39 047 040 | 049 043 0.33 0.41 047 040 | 043
MnO 0.00 -- 0.00 -- 0.00 -- -- 0.00 -- 0.01 0.00 -- --
Na,O 10,74 | 11.55 16.58 17.15 18.41 18.58 | 16.00 7.74 8.64 7.56 741 8.90 7.51
Nd,0; 0.00 -- 0.00 -- 0.00 -- -- 0.00 -- -- 0.00 -- --
NiO 1.93 1.95 231 2.30 212 2.24 1.9 1.93 1.78 1.47 212 1.94 1.48
P05 4.99 5.36 5.98 6.47 548 5.82 5.87 4.99 5.54 5.36 548 6.07 5.40
FbO 0.25 0.25 0.30 0.30 0.28 0.28 | 0.28 0.25 0.23 0.26 0.28 0.26 | 0.28
Si0; 28.26 | 27.86 | 28.01 27.74 | 30.88 | 3040 | 3220 ] 29.26 | 30.28 | 30.74 | 28.88 | 29.34 | 3047
SrQ 0.00 -- 0.00 -- 0.00 -- -- 0.00 -- -- 0.00 -- --
TiO; 0.16 0.17 0.19 0.21 0.17 0.20 | 0.20 0.16 0.18 | 0.18 0.17 0.20 | 0.19%
SO5 048 0.35 0.57 0.45 0.52 0.36 NA 048 0.38 NA 0.52 0.36 NA
Zno 0.16 0.17 0.19 0.20 0.18 0.19 | 017 0.16 0.16 | 0.16 0.18 0.18 | 0.17
Zro, 0.21 0.21 0.25 0.25 0.23 0.24 0.26 0.21 0.20 0.23 0.23 0.22 0.25
Sum 100.00 | 9993 | 100,00 | 99.90 | 10000 | 9992 | 97.08 | 100.00 | 99.88 | 98.68 | 100.00 | 9991 | 9734
"--" Empty data field
*Target, not analyzed by XRF.
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Table 3.4. Crystallinity (vol%o) after 70 Hours Isothermal Heat Treatment (by SEM/EDS).

Temperature HLW-Bi-F10 HLW-Bi-F¢ HLW-Bi-F8 HLW-Bi-F3
°C) X1 Vol% | Major X1 Phase | X1 Vol% | Major X1 Phase | X1 Vol% | Major X1 Phase | X1 Vol% | Major X1 Phase
o s Fe-Cr-Ni Spinel e
950 32 Fe-Cr-Ni Spinel 2.2 Fe-Cr-Ni Spinel 2.5 and Phosphate 1.0 Fe-Cr-Ni Spinel
o s Fe-Cr-Ni Spinel Fe-Cr-Ni Spinel
900 34 Fe-Cr-Ni Spinel 2.1 Fe-Cr-Ni Spinel 2.8 and Phosphate 1.0 and Phosphate
250 54 Fe-Cr-Ni Spinel 45 Fe-Cr-Ni Spinel a1 Fe-Cr-Ni Spinel 26 Fe-Cr-Ni Spinel
’ and Phosphate ’ and Phosphate ’ and Phosphate ’ and Phosphate
200 75 Fe-Cr-Ni Spinel 6.3 Fe-Cr-Ni Spinel 56 Fe-Cr-Ni Spinel B _
’ and Phosphate ’ and Phosphate ’ and Phosphate
"--" Empty data field
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Table 3.5. Viscosity and Electrical Conductivity of Candidate Glass Melts.

HLW-Bi-F3 HLW-Bi-F§ HLW-Bi-F9 HLW-Bi-F10
Temperature L . L . L . . .
°C) Viscosity Conductivity Viscosity Conductivity Viscosity Conductivity Viscosity Conductivity
(Poise) (S/em) {Poise) (S/em) {Poise) (Sfem) {Poise) (S/em)
1250 21.98 0.55 17.73 0.59 8.76 0.53 8.68 0.56
1150 4736 0.43 38.02 0.45 18.52 0.39 20.35 0.43
1050 121.03 032 97.59 0.34 4598 0.28 56.97 0.31
950 391.09 0.23 32208 0.24 142.17 0.19 202.58 0.22
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Property Element Limit (DWPF-EA) HLW-Bi-F10 HLW-Bi-F9 HLW-Bi-F8 HLW-Bi-F3
[
E B 16.7 2.571 3.112 0.780 0917
T o~
=d Li 9.6 1.625 1.501 0.191 0.323
=
E
é Na 133 1.116 1.309 0.740 0.812
Property Element Delisting Limit HLW-Bi-F10 HLW-Bi-F9 HLW-Bi-F8 HLW-Bi-F3
Ba 100 0.10 0.10 1.23 0.07
—_ Bi N/A 1.12 0.99 1.04 0.71
% Cd 0.43 NA NA NA NA
QE Cr 4.95 =001 =0.01 0.08 0.08
8 Ni 22.6 <0.04 0.06 0.57 0.44
Pb 5 <0.1 <0.1 <0.1 <0.1
Zn 225 0.08 0.08 0.09 NA
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Table 4.1. Summary of DM1200 Test Conditions and Results.

Feed Start 10/20/09 10:40 10/26/09 8:45
Time Feed End 10/23/09 16:36 10/30/09 17:00
Interval 77.9 hr 104.3 hr
Initial Water Feeding for . .
Cold Cap 50min 60 min
Slurry Feeding 77.1 hr 1033 hr
Feeding Interruptions 13.1 hr 26.0 hr
Cold cap burn 42 hr 27 hr
Average Total Bubbling 126 lpm 126 1Ipm
Average Glass °
° 1152°C
Temperature, East H56°C
Average Glass 1149°C 1149°C
Temperature, West
Average Plenum 381°C 443°C
Temperature
Average Electrode Power 138 kW 193 kW
Used 8881 kg 8124 kg
Feed
Average Rate 1152 kg/hr 78.6 kg/hr
Number of CCC 7 2
Tests
Class Poured 2970 kg 3097 kg
Average Rate® 770 kg/m*/day 600 kg/m?*/day
Average Rate” 815 kg/m*/day 558 kg/m*/day

$ - Rates calculated from glass poured.
*. Rates calculated from feed data.
Note: Rates do not take into account the time for water feeding and cold cap burn-off.

NA: Not applicable.
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Table 4.2. Summary of Operational Events.

Run
Date Time Time Notes
(hours)
10/20/2009 7:35 - Canister cooling (CCC) drum is installed under discharge chamber.

401 i Transferred feed to mix tank. Net mass transferred is 4,056.0 kg (35.0 kg water is
) included).

730 ) Transferred feed to feed tank. Net mass transferred is 3,961.0 kg (includes 736.0 kg
) water).

10:40 0.0 Started water feeding at 10/20/2009 10:40 at 1 liter water/min.

11:00 03 Water flow rate was raised to 2 liter/min.

11:20 0.7 Water flow rate was raised to 3 liter/min.

11:30 0.8 Started slurry feeding. Start of Test 1, secured water.

11:31 0.8 Turned on SBS booster pump.

12:10 1.5 Secured SBS booster pump.

12:45 2.1 Restarted SBS booster pump.

13:44 31 SBS outlet temperature 42-43°C, increased control set point to 42°C.

10/20/2009 . o
16:46 6.1 Increased SBS outlet temperature control set point to 44°C
. Feed transferred to the mix tank. Net mass transferred is 3,304.0 kg (25 kg flush water
17:04 6.4 S
is included).
CCC blowrer is set to 16 hz.
18:42 8.0 Discharged glass @3 scfh 3 minutes, @5 scth 3 minutes, (@7 scth 3 minutes, @3 scth
2 minutes. . Starting level is 32.8”, ending level is 31.17.
18:56 83 Pressure spike in Melter plenum due to a chunk of cold cap falling into the glass pool.
Discharged glass @7scth 9 minutes, @9 scth | minutes, @15 scth 2 minutes, (@20
50:25 07 scth 3 minutes, @10 scfh 4 mimutes, @15 scth 1 minute, @20 scth 5 minutes, @12
: : scth 4 minutes. CCC blower increased to 40 hz before discharge. Glass starting level
is 30.67, ending level is 27.9™.
21:27 10.8 Reduced CCC blower from 40 hz to 25 hz. Start of temperatures dropping.
22:06 11.4 Reduced CCC blower from 25 to 16 hz.
22:15 11.6 Turned off CCC blower, cooling was occurring too quickly..
] Liquid is splashing onto build up by center view port, close to the top of brick,
0:45 14.1 .
stopped feeding.
119 146 Transferred feed to the feed tank. Net mass transferred is 1938 kg (includes 362 kg
' ' water).
3:00 16.3 Resumed feeding.
10/21/2009

CCC blower is turned on at 16 hz.
Discharge glass (@11 scth for 1 minute, @8 scfh Sminutes, @06 scth 8 minutes.

6:08 19.5 Transferred 390 gallons from neutralization tank to effluent storage tank.

4:47 18.1

LabVIEW was lost and had to reboot and reset blowers. Cold cap collapsed and

6:15 19.6 melter was tripped into Emergency Off Gas (EOG).
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time | Time Notes
{hours)
Discharge glass @> scth for 7 minute, @06 scth 1 lminutes, @7 scth 4
636 19.9 minutes, (@9 scth 1 minute, @10 scth 3 minutes, (@12 scth 1minute, @14

scth 3 minutes, (@18scth 2 minutes, @20scth 5 minutes. Increased CCC
blower speed to 40hz.

7:13 20.5 | Secured glass discharge.
7:33 20.9 | Reduced CCC blower from 40 to 25 hz.

7:53 21.2 Performed film cooler rinse.

Transferred feed to mix tank. Net mass transferred is 1284.5 kg (25 kg flush
water is included).

11:45 | 251 | Reduced CCC blower speed from 25 to 20 hz.
12:02 | 254 | Reduced CCC blower speed from 20 to 16 hz.
12:14 | 25.6 | Secured CCC blower.

13:38 | 27.0 | Paused feeding for feed sample.

13:43 | 27.0 | Resumed feeding.

13:49 | 271 Secured feeding.

10:37 | 239

102172009 14:15 | 27.6 | Performed WESP deluge, pre-blow down and post blow down.

Energized CCC blower to 16 hz. Discharge glass (@15 scth for 4 minute,

15:18 | 286 | @10 scth 5 minutes, (@7 scth 3 minutes, @10 scth 1 minute. Glass starting
level is 34.5”, ending level is 32.17.

15:37 | 289 | Started feeding again.
Discharged glass (@10 scth for 15 minute, (@15 scth 6 minutes, (@17 scth 8

17:18 | 306 | minutes, (@20 scth 1 minute. Glass starting level is 31.17, ending level is
26,7

17:55 | 31.2 | Increased CCC blower speed to from 16 hz to 40hz.

18:26 | 31.8 | Reduced CCC blower speed from 40 hz to 25 hz.

18:55 | 32.2 | Reduced CCC blower speed from 25 hz to 20 hz.

19:55 | 332 | Reduced CCC blower speed from 20 hz to 16 hz.

20:01 333 | Performed film cooler rinse.

21:10 | 345 | Secured CCC blower and opened breaker.

2112 | 345 Transferred feed from mix tank to feed tank. Net mass transferred 1s 2219.5

' ' kg (414 kg water is included)

CCC blower speed 1s set to 16 hz.

215 196 Discharged glass (@9 scth for 5 minute, (@8 scth 5 minutes, (@5 scth 3

' ' minutes, (@3 scth 1 minute. Glass starting level 1s 31.5” glass density 1s 1.52
gice.
10/22/2009 400 41 4 Observing auto discharge, causing temperatures to increase shightly. CCC

blower will be set to 40 hz.

Discharged glass (@12 scth for 3 minutes, (@7 scth 14 minutes, @12 scth 4
4:06 41.4 | minutes, (@20 scth 10 minute. Glass starting level is 30.77, ending level is
26.9”.
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes

{hours)
5:01 423 Stopped feeding. Massive amount of shelf is left after glass discharge.

5:23 427 CCC blower speed 1s reduced from 40 hz to 25 hz
7:20 447 Resumed feeding.

7:39 45.0 Performed film cooler rinse.

9:09 46.5 Reduced CCC blower speed from 25 to 20 hz.
9:25 46.7 Reduced CCC blower speed from 20to 16 hz.

9:45 471 Secured CCC blower.

Feed transferred to the feed tank. Net mass transferred is 1086.5 kg (202 kg
water included)

CCC blower speed is set to 16 hz.

13:38 51.0 Discharged glass (@4 - 8 scth for 17 minutes. Glass starting level is 33.07,
ending level is 29.5”.

14:06 514 Performed WESP deluge, pre-blow down and post blow down.
15:32 529 Paused feeding so cold cap can melt before the next discharge.

15:40 53.0 | Increased CCC blower speed from 16to 40 hz.

Discharged glass (@10 scth for 12 minutes, (@12 scth 12 minutes, (@10 scth 7
minutes. Glass starting level is 31.77, ending level 1s 27.9”.

17:01 543 Resumed feeding.

17:31 548 Decreased CCC blower speed from 40 hz to 25hz.
18:02 554 Increased CCC blower speed from 25 to 30 hz
18:29 5538 Increased CCC blower speed from 30 to 35 hz.
19:30 56.8 Secured CCC blower and opened the breaker.

19:39 57.0 Performed film coocler rinse.

200 gallons of liquid was sent from neutralization tank to effluent tank.
Effluent tank is full.

20:09 57.5 East side electrode alarm sounded.

20:25 577 Increased east electrode high temperature alarm form 1165 °Cto 1175°C.

Transferred feed from mix tank to feed tank. Net mass transferred is 1424.0
kg (266.0 kg water is included)

22:10 595 Collected a feed sample.

22:56 60.3 Turned CCC blower on and set to 16hz.

Discharge glass (@5 scth for 16 minutes. Glass starting level is 32.17, ending
level is 30.0”.

23:15 60.6 Stopped feeing due to liquid level at the middle view port.

0:15 61.6 Resumed feeding.

CCC BB-TR-01 thermocouple is reading 288°C to 326°C. Looking in
10/23/2009 0-47 62 1 discharge view port shows a slight drip of molten glass which is the cause.

' ' Glass level is at 30.9”. Discharge difference is at 420 kg. Will stay on 90
minutes course prior to main discharge as BB-TR-01 is cooling down again.

13:08 50.5

15:42 53.0

10/22/2009

19:42 57.0

20:52 582

23:01 60.3
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes

(hours)
1:02 62.4 Increased CCC blower to 40 hz.

Discharged glass (@11 scth for 20 minutes, (@8 scth 7 minutes, (@10 scth 3
minutes, @20 scth 2 minute. Glass starting level 1s 30.97, ending level 26.6”.

1:37 62.9 Increased CCC blower speed from 16 hz to 40 hz.

Due to incorrect temperature data input, CCC blower was wrongly adjusted to
25 hz for about 3 minutes then brought back to 40 hz.

514 66.6 Decreased CCC blower speed from 40 hz to 25 hz.
6:17 67.6 Decreased CCC blower speed to 16 hz.
6:30 67.3 CCC blower is turned off.

725 68.7 Performed film cooler rinse.

CCC blower speed is setto 16 hz.

8:49 70.1 Discharged glass @5 scth for 16 minutes. Glass starting level is 33.57, ending
level is 29.7”.

CCC blower speed 1s switched to 40hz.

10:38 72.0 Discharged glass (@4 — 12 scth 35 minutes. Glass starting level 31.77, ending
level is 27.0”.

11:15 726 Stop feeding
12:01 733 Performed WESP deluge, pre-blow down and post blow down.
12:14 73.6 Increased CCC blower speed from 40 hz to 50 hz.

13:13 74.5 Reduced CCC blower speed from 50 hz to 40 hz.

Began filling the feed tank. Net mass transferred is 1885.0 kg (including
355.5 kg water)

14:43 76.0 Increased CCC blower speed to 45 hz.

15:00 763 Resumed feeding slurry.

15:03 76.4 Stopped feeding due to a lack of E.O.G closure.

15:13 76.5 Decreased CCC blower speed from 45 hz to 40 hz.

15:21 76.7 E.O.G. valve closed, start up water will be used at 1500 m1l/min.
15:30 76.8 Resumed feeding, water rate is reduced to 500 ml/min.

15:32 76.9 Reduced CCC blower speed from 40 hz to 25hz.

15:40 77.0 Stopped feeding water.

15:45 771 Turned off CCC blower.

1:05 62.4

4.08 65.5

10/23/09

13:48 75.1

Due to off gas sampling, melter went positive, causing E.O.G. to trip, knife-
gate on E.O.G. is stuck open not able to get it closed.

16:36 719 Stopped feeding,

Put feed in recycle in feed tank, mass of the tank is at 3644.0 kg (ending
mass)

20:46 82.1 Cold cap is gone. Started melter & off gas shut down

16:24 717

18:09 795
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
(hours)
10/23/2009 | 23:15 - All shut downs are completed.

8:45 82.1 Started feeding water at 1000 ml/min.
9:05 82.4 Increased water flow rate to 2000 ml/min
9:20 82.7 Increased water flow rate to 3000 ml/min

9:45 83.1 Begin feeding HWI-EBi-6 to melter.

CCC blower speed 1s set to 16 hz.
13:43 87.1 Discharge glass (@10 — 20 scth 17 minutes. Glass starting level 1s 33.37,
ending level 1s 30.17.

14:30 87.9 Started off gas testing.
Increased CCC blower speed from 16 hz to 40 hz.
1536 89.0 | Discharged glass (@10 scth for 10 minutes, (@12 scth 7 minutes, (@15 scth 5
minutes, (@10 scth 8 minutes.
17:07 90.5 Increased CCC blower speed from 40 to 50hz.
_ Transferred feed to mix tank. Net mass transferred 1s 3787.5 kg (including
17:30 20.9
10/26/2009 25.0 kg water)
17:44 91.1 Stop feeding due to too much build up in the cold cap.
Just had a major shift in the melter, liquid feed rushed into the melt pool
causing the melter to trip E.O.G.
18:16 91.6 labVIEW down for a minute.

18:40 92.0 Increased CCC blower speed from 50 to 55 hz.

19:06 925 Reduced CCC blower speed from 55 to 40 hz.

Started feeding water at 1500 ml/min.
Performed film cooler rinse.
Reduced water to 500 ml/min.
Resumed feeding slurry.

20:29 93.8 Secured water flow to feed tube.
20:36 94.0 Secured CCC blower and opened breaker.
20:48 94.2 Paused feeding to collect feed sample.

1:30 98.9 Turned on CCC blower and set to 16 hz.

Discharged glass (@12 scth for 15 minutes, (@5 scth 1.5 minutes. Glass
starting level is 32.17.

CC blower speed 1s increased to 45 hz.

3:40 101.0 | Discharged glass (@12 scth for 29 minutes, (@5 scth 1.5 minutes. Glass
starting level 1s 31.0” ending level 1s 27.77, glass density 1s 2.03 g/cc.
10/27/2009 Feed transferred from mix tank to feed tank. Net mass transferred is 2152.5
4:10 101.5 | kg (including 402.5 kg water)

Increased CCC blower speed from 16 to 45 hz.

5:00 102.4 | Stopped feeding due to massive shelf cold cap ~80%.
5:13 102.6 | Increased CCC blower speed from 45 to 50hz.

721 104.7 | Performed film cooler rinse.

17:55 91.3

19:48 932

20:02 93.4

1:35 98.9
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
{hours)
7.40 105.0 Secured SBS cold water booster pump. SBS outlet temperature is 31°C.

Decreased the CCC blower speed to 45 hz.
8:40 106.0 | Decreased the CCC blower speed from 45 to 16 hz.

9:10 106.5 | Secured CCC blower.

9:41 107.0 | Started feeding water at 1000 ml/min.

10:01 107.4 | Started SBS cold water booster pump. SBS outlet temperature is 46°C,
10:42 | 108.1 Secured water feed to melter.

10:50 | 108.2 | Restarted water feed to melter at 1000 ml/min.

11:04 | 1084 | Reduced water flow rate to 500 ml/min.

11:43 | 109.1 | Secured SBS cold water booster pump. SBS outlet temperature 1s 39°C.
11:52 | 1092 | Reduced water flow rate to 250 ml/min.

12:07 | 109.5 | Secured water feed to melter.

12:20 | 1097 | Discharge chamber is clogged.

10/27/2009 | 14:39 | 112.0 | Glass is removed from the discharge chamber.

Currently repairing E.O.G. valve that 1s stuck ¥ open. Reassembling

15:58 1133 discharge knife gate and chamber.

16:37 | 114.0 | Reinstalled slide gate on discharge chamber, discharge chamber is unclogged.

19:13 | 1166 | Added 20 gallons to SBS. It was 60 gallons.

E.O.G. valve not working; removed, cleaned and straightened knife gate
valve and then lubed, replaced and cycled 5 times. All 1s satisfactory.

19:30 | 1169 | Started feeding water at 1500 ml/min.

19:36 | 117.0 | Performed WESP deluge, pre-blow down and post blow down.

20:00 | 1174 | Resumed feeding slurry. Reduced water flow rate to 500 ml/min.
20:06 | 1175 | Started SBS cold water booster pump. SBS outlet temperature is 51°C.
21:47 | 119.1 | Collected a feed sample.

23:27 120.8 Performed film cooler rinse.

Film cooler rinse did not stop automatically. 7 extra liters of water flowed
through.

132 122.9 | Turmed on CCC blower , setto 16 hz

Discharged glass (@10 scth for 15 minutes, (@5 scth 2 minutes. Glass starting
level is 33.8” ending level 15 29.2”.

3:36 125.0 | Increased CCC blower speed 50 hz.

10/28/2009 Discharged glass (@12 scth for 16 minutes, @15 scth 4 minutes, @20 scth 2
3:39 125.0 | minutes. Glass starting level is 31.0” ending level is 25.7”. Glass density is
2.10 g/ec.

4:13 125.6 | Increased CCC blower speed from 16 to 50 hz.
4:15 125.6 | Paused feeding.

19:19 | 116.7

2336 | 1210

1:35 122.9
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
{(hours)
5:49 1272 | Start feeding water at 1000 ml/min.
6:05 127.4 | Reducing water flow rate to 500 ml/min.
6:12 127.6 | Stopped feeding water.
6:32 1279 | Reduced CCC blower speed from 50 hz to 40 hz
646 198 1 Secured SBS cold water booster pump. SBS outlet is 34°C.
Reduced CCC blower speed from 40 hz to 25 hz.
7:13 128.6 | Reduced CCC blower speed from 25hz to 16 hz.
7:39 129.0 | Started feeding water at 500 ml/min.
7:43 1291 Secured CCC blower.
7:45 129.1 | Resumed feeding.
7:53 129.2 | Paused feeding to rod feed tube. Feed was spraying out of bottom of tube.
758 1293 | Resumed feeding.
8:01 129.4 | Started SBS cold water booster pump. SBS outlet is 44°C.
8:02 1294 | Secured water feed to melter.
Set CCC blower speed to 16 hz.
9:37 131.0 | Discharged glass (@5-15 scth for 23 mimnutes. Glass starting level 1s 30.9”
ending level 1s 26.8"
11:50 | 1332 | Off gas testing started and ended 60 minutes later.
12:55 | 1343 | Paused/stopped feeding to allow cold cap to melt.
1305 | 1344 Traqsferre_d feed from mix tank to feed tank. Net mass transferred is 1845.0
kg (including 345.0 kg water)
13:25 | 134.8 | Performed film cooler rinse.
13:45 | 1351 | Started feeding water at 1000 ml/min to reduce foaming in glass.
13:50 | 1352 | Stopped water; no indication it was flowing into melt pool.
14:19 | 1357 | Resumed feeding water at 1000 ml/min.
14:39 | 136.0 | Stopped feeding water, it did not help.
15:14 | 1366 | Resumed feeding water at 1500 ml/min.
15:37 | 137.0 | Reduced water flow rate to 500 ml/min.
16:04 | 1374 | Secured feeding water.
16:30 | 137.9 | Resumed feeding slurry. Net target is 500/kg/m*/day production rate.
18:27 | 1398 | Collected a feed sample.
19:56 | 141.3 | Performed WESP deluge, pre-blow down and post blow down.
21:03 | 1424 | Lowered can and removed glass hanging in discharge chamber.
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time | Time Notes
(hours)
CCC blower speed is set to 45 hz.
2105 | 1424 Discharged glass (@10 scth 16 minutes, @8scth 9 minutes. Glass starting

level is 31.3” ending level is 28.0”. During the last 9 minutes CCC blower
speed was at 40hz.

21:30 | 1429 | Stopped discharge which looks like it coned from center.

21:35 1 1429 | CCC blower speed was reduced from 40 to 35hz.

Cold cap ~70%, after glass discharge. Massive build up in the center 1s left
behind. Not able to see the east side due to the ridge on that side.

Cold cap ~70%, no visible changes at this observation

Lowered CCC blower speed from 35 hz to 30hz. Also started to observe auto
discharge. Glass level is 28.17, glass density 1s 2.02 g/cc.

21:40 | 1430
10/28/2009 | 5155 | 1433

22:45 | 1441

23:19 | 1447 | Still observing auto discharge, may have to pull can early.

One of the CCC blower hose connections loose on overpack can,
reconnected.

23:45 1 1451 | Still observing slight auto discharge. Glass level is 28.47, density is 2.02 g/cc.
23:58 | 1453 | Auto discharge continues.

23:41 145.0

Lowered discharge can to knock down auto discharge, build up is only
moderate amount, will not abort canister cooling at this time.

0:36 146.0 | Stll have a slight auto discharge.

Observing more feed flowing over ridge and into west opening, causing slight
pressure spikes.
Still have auto discharge taking place. Glass level is 29.47, density 1s 2.01

glce.
1:36 147.0 | Lowered discharge can to clear auto discharge, fairly substantial build up.

1:52 1472 | Changed CCC blower speed from 25 to 16 hz.
1:53 147.2 | Auto discharge continues.

2:04 147.4 | Turned CCC blower is turned off.

2:35 147.9 | Secured neutralization tank at 500 gallons.

3:07 148.5 Turned on CC blower and set to 16 hz.

Discharged glass (@10 scth for 4 minutes, (@8 scth 14 minutes. Glass starting
level 1s 30.4” ending level 1s 28.0”.

3:48 149.2 | Pumped liquid from neutralization tank to effluent tank.

0:30 1459

0:55 146.3

1:05 146.4

10/29/2009

3:14 148.6

No sign of auto discharge at this time. Glass level is 28.77, density is 1.94

g/cc.
419 149.7 | No auto discharge present.

437 150.0 | Slight auto discharge exists.
4:51 150.2 | Slight foamy discharge exits.

5:06 150.5 | Slight foamy auto discharge exists.

Slight foamy auto discharge exists, same as before. Glass level is 29.77,
density is 1.93 g/ce.

3:50 14%9.2

5:34 150.9
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
{hours)
535 150.9 Transferred feed from mix tank to feed tank. Net mass transferred is 605.0 kg

{including 113.0 kg water).
5:48 151.2 | Sull auto discharging, glass level 1s 29.87, density 1s 1.93 g/cc.

6:18 151.7 | Slight foamy auto discharge exists. Glass level is 29.97, density is 1.96 g/cc.
9:48 155.2 | Paused feeding to rod feed tube.

9:55 1553 | Resumed feeding.

Increased CCC blower speed from 16 to 40hz.
10:43 156.2 | Discharged glass @5-10 scth for 20 minutes. Glass starting level is31.27
ending level 1s 28.67. Glass density 15 1.97 g/cc, resistance 1s 0.103 2.

11:45 | 1571 | Off gas sampling completed, started at 10:45.
12:24 | 157.8 | Performed film cooler rinse.

12:40 | 158.0 | Reduced CCC blower speed from 40 to 35 hz.
15:11 160.5 | CCC blower setting 1s decreased from 35 to 16 hz.
10/29/2000 | 1327 | 160.8 | Secured CCC blower.

15:42 | 161.1 | Stopped canister cooling.
16:47 | 162.1 | Collected a feed sample.

18:02 | 163.4 | Started off-gas testing,

CCCblower is setto 16 hz.
18:48 | 1642 | Discharged glass @8 scth 6 minutes, @5 scth 8 minutes, Glass starting level
is 31.67, ending level is 29.9”.

20:55 | 1663 | Auto discharging.

21:19 | 1667 | Lowered can to clear away auto discharge from discharge chamber.
21:25 | 166.8 | Still auto discharging.

21:40 | 167.0 | Still auto discharging.

22:06 | 1675 | Lowered discharge can to clear mound from auto discharge.

2321 1687 | Performed film cooler rinse.

23:39 169.0 | Center connection on CCC hose loose, reconnected.

0:10 169.5 | CCC blower speed is increased form 16 to 45 hz.

Discharged glass (@12scth 2 minutes, (@10 scth 9 minutes, (@5 scfth 7
minutes. Glass starting level is 32.47, ending level is 29.6”.

(0:58 170.3 | No auto discharge observed.

1:32 170.9 | E.O.G. tripped. Film cooler differential pressure 1s 6.5 in. W.C.
10/30/2009 | 511 1715

0:12 169.6

Turned on SBS cold water booster pump.

2:30 171.9 | Paused feeding to switch to AOD feed system.

2:32 171.9 | CCC blower secured.

2:58 172.3 | Replaced discharge can due to massive auto discharge.
311 172.5 | Resumed feeding.
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
{hours)

314 172.6 | Stopped feeding.
327 172.8 | E.O.G. tripped. Film cooler differential pressure is 6.4 in. W.C.
3:28 172.8 | Start feeding water at 1000 ml/min.

Melter continues to trip to E.O.G. Film cooler differential pressure is 10.0 in.
W.C.

Completed unclogging of {ilm cooler. Film cooler was 100% clogged at the
3:55 173.3 | inlet section. Film cooler differential pressure went from 10.7 in. W.C. to 2.1
in. W.C..

4:00 173.4 | Resumed feeding slurry with AOD system, secured water feeding.

3:4] 173.0

411 Minimal auto discharge observed.
433 173.9 | Slight auto discharge.

5:08 174.5 Turned on CCC blower at 16 hz.

Discharged glass (@5 scth 16 minutes. Glass starting level is 30.67, ending
level is 28.77. Glass density is 2.02 g/cc.

6:57 176.3 | Auto discharge observed.

Discharged glass (@7 -20 scfh 30 minutes. Glass starting level is 29.77,
ending level is 26.3”. Glass density is 2.10 g/ce, glass resistance is 0.103 £

7:45 177.1 | Increased CCC blower speed from 16 to 40 hz
10/30/2009 | 10:05 | 179.4 | Auto discharge has started.

Auto discharge continues which requires occasional lowering of the can
clearing discharge outlet.

11:00 | 1804 | Increased CCC blower speed to 50 hz.

5:12 174.6

7:15 176.6

10:50 | 180.2

Auto discharge continues which requires occasional lowering of the can
clearing discharge outlet.

11:45 | 181.1 | Increased CCC blower speed from 50 to 60 hz.
11:47 | 181.1 | Performed film cooler rinse.

12:48 | 1822 | Reduced CCC blower speed to 25 hz.

13:03 | 1824 | Reduced CCC blower speed from 25 to 16 hz.
13:30 | 1829 | Secured CCC blower.

11:35 | 1809

14:02 | 183.4 | Mixer blade is completely out of feed. Stopped mixer.

Discharged glass for demonstration (@5 scfh 3 minutes. Glass starting level is
29.27, ending level is 29.17.

Paused feeding momentarily due to collapse of cold cap and resulting steam
surge.

17:00 | 1864 | Stopped feeding. End of the ORP Hi Bi Foaming Test.

Removed feed from the feed tank. Net mass removed 1s 130.6 kg.

Feed sample taken.

14:53 | 1842

1522 | 1847

1720 | 186.7
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Table 4.2. Summary of Operational Events (continued).

Run
Date Time Time Notes
{hours)
17:27 | 186.8 | Collected a dip sample.
1736 | 1370 Discharged %lass (@5scth 28 minutes, glass starting level 1s 30.3”, ending
level is 27.17.
17:51 187.2 | Opened melter port to take pictures.
18:25 | 187.8 | Secured SBS cold water booster pump.
10/30/2009 | 19:47 | 1891 | Cold cap is gone.
20:05 | 1894 | Started melter off-gas shut downs.
20:30 | 1899 | SBS is blown down and a sample taken 3-12P-117A.
22:11 191.5 | Foam has subsided still some build up 1s melting down.
193] 191.9 Performing WESP deluge, pre-blow down and post blow down.
Samples W-12P-117A and W-12P-117B (after deluge) were taken
0:40 194.0 | Performed PBS blow down. Sample P-12P-118A is taken.
0:45 1941 | Performed a HEME#1 blow down. Sample H1-12P-118A is taken.
1073172009 0:50 1942 | Performed a HEME#2 blow down. Sample H2-12P-118A is taken.
0:51 1942 | All shut downs are completed.
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Table 4.3. Operator Observations of Cold Cap (CC).

Run
Date Time | Time Cold Cap Observations

{(hours)
10:40 0.0 Started feeding water at 1000 mL/min.
11:30 0.8 Started slurry feeding for Test 1.

CC ~80%, CC is flat, feed is flowing into the openings on east and west sides
with feed boiling on top of CC.

CC ~80%, ridges are forming around the openings, feed is flowing into the
olass, CC is floating.

12:35 1.9 CC ~90%, openings are smaller.
12:50 22 CC ~90%, ridges are getting thicker.

12:05 1.4

12:20 1.7

CC ~90%, ridges look larger, CC is no longer floating, feed is flowing into
glass during feed shot.

13:20 27 CC ~85%, openings are slightly larger.

13:05 2.4

13:35 29 CC ~85%, same as previous observation.

13:50 32 CC ~85%, ridges look slightly larger.

14:05 34 CC ~80%, opening are bigger, ridges are the same size.
14:20 37 CC ~85%, openings are slightly smaller.

14:35 39 CC ~85%, openings are the same, ridges are slightly thicker.
14:55 42 CC ~85%, mostly flat surface, feed 1s boiling between feed shots.

CC ~85%, there are ridges on east side of both openings. They are starting to
£IoW in size.

10/20/2000 | 15:20 47 CC ~85%, more feed is flowing into the openings.

15:35 49 CC ~85%, ridges are larger, and have enclosed the openings.
15:55 5.2 CC ~85%, same as before.

16:10 55 CC ~90%, large openings on east and west sides.

16:25 57 CC ~85%, feed is boiling most of the times, no change in ridges.

15:10 45

CC ~85%, some feed is boiling on top of CC and large openings on east and
west sides.

CC ~85%, some feed is boiling on top of CC, good size large opening on east
and west sides.

17:10 6.5 CC ~85%, ridges look the same.

17:25 6.7 CC ~85%, ridges have melted down some, openings are the same.
17:40 7.0 CC ~85%, no visible changes at this time.

17:55 72 CC ~85%, CC 1s thick, large openings are at the east and west sides.

16:40 6.0

16:55 6.2

CC ~85%, large openings are at the west and east sides. Feed is boiling on
top of CC.

CC ~85%, CC is thick, no feed is boiling on top. Openings exist on both east
and west sides.

18:10 7.5

18:25 7.7

18:39 8.0 CC ~85%, west side opening is getting larger, east side opening smaller.

CC ~90%, a fair amount of build up exits, small openings in east and west
18:56 83 sides. Melter pressure went positive due to probably a chunk of CC falling
into the glass pool.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations

(hours)
19:10 8.5 CC ~90%, the openings are slowly opening back. Feed is boiling all the time.

19:25 8.7 CC ~85%, no visible changes at this time.

19:40 9.0 CC ~85%, ridges are slowly growing.

19:55 92 CC ~85%, large amount of liquid 1s boiling on the surface.

20:10 9.5 CC ~-85%, ridges are little higher, liquid feed is flowing into the melt pool.
CC ~85%, small opening exists in east side, large opening exists on west
side, lots of build up, huge ridge in the middle of CC which is very thick.
CC ~85%, CC conditions are the same as last reading, ridge on the west side
20:40 10.0 is stopping feed flowing into the melt pool, lots of liquid is boiling on top of
CC.

CC ~85%, 1s very thick, large opening exist in east side and a huge ndge
exists in the center of west side.

21:10 10.5 CC ~85%, large ridges exist around the openings.

10/20/2009 | 21:25 10.7 CC ~85%, conditions are the same as previous observation. CC 1s ~8” thick.

CC ~85%, a tall ridge exits in the center of the melt pool. Other conditions
are the same as previous reading.

20:25 9.7

20:55 10.2

21:40 11.0

21:55 11.2 CC ~85%, the conditions are the same as previous reading.
CC ~85%, giant ridge is still in the center of the melt pool, there are very

2210 113 large openings on east and west sides. Feed is boiling on top of the CC.
_ CC ~85%, 1s thick and openings exist on both east and west sides, feed 1s
22:25 11.7 " .
boiling between the openings.
CC ~85%, large glazed ridges exist around openings, large solids are built up
23:00 123 on west wall near the center view port and liquid level is several inches below

the solids.
23:15 12.6 CC ~B0-85%, the conditions are the same as previous observation.

CC ~B0%, ridge exits at the opening and heavy boiling is observed in the
middle of CC.

23:45 13.1 CC ~85%, unchanged conditions.
0:00 133 CC ~80-85%, the ridge on west side seems less glazed, but is still high.
0:15 13.6 CC ~B0%, east side 1s no longer visible, there is ridge near Lance Bubbler #2.

0:30 13.8 CC ~80%, is thick and fresh build up is seen on top of CC.

Liquid is splashing onto build up by center view port, it is close to the top of
brick, will stop feeding.

_ CC ~85%, no light is visible via center view port, a ridge is visible near
10/21/2009 | 100 143 Lance Bubbler #2.

Electrode high temperature alarm is sounded, average glass temperature 1s
1:40 15.0 1184°C. This high temperature alarm is repeated at 1185°C, 1175°C and
1166°C at 1:52, 1:55 and 2:01 respectively.

2:15 156 CC ~60%, thin and floating, still dark in the center view port.
2:30 15.8 CC ~60%, same as the last observation.
2:45 16.1 CC ~60%, thin and floating.

23:28 12.8

0:45 14.1
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time | Time Cold Cap Observations
(hours)
3:00 16.3 Resumed feeding
315 16.6 CC ~80-85%, flat with feed vigorously boiling on melt surface. Build up still

15 visible in the center view port.
3:30 16.8 CC ~85%.

3:45 17.1 CC ~85%, unchanged conditions.

4:03 17.4 CC ~85%, unchanged conditions.

416 17.6 CC ~90%, thin feed is pooling on top of the CC.

4:33 17.9 CC ~90%, unchanged conditions.

4:56 18.3 CC ~95%, feed 1s pooling on top of CC and flowing into the melt pool.
5:15 18.6 CC ~95%, feed is pooling on top of CC.

5:32 18.9 CC ~98%, feed 1s pooling on top of CC.

5:47 19.1 CC ~95%, feed is pooling on top CC.

CC ~98%, opening near Lance Bubbler #2 is crusted over, east side can not
be seen but light is visible.

CC ~98%, labVIEW lost and had to reboot and reset blowers. CC is collapsed
and melter tripped into Emergency Off Gas (EOG).

6:27 198 Very little light 1s visible on the east side of the melter.

CC ~99%, no openings are directly visible, light can be seen in north and
south view ports.
10/21/20009 _ CC ~98%, small opening is visible on west side, large thick ridge is around
7:20 20.7 . > :
the opening, more glow is visible on the east side.

7:35 209 CC ~97%, east opening is slightly larger.

7:50 21.2 CC ~97%, unchanged CC conditions.

CC ~95%, west opening is little larger at the shape of elongated oval running
8:05 214 almost north to south slightly toward the melter center. Ridges on either side
of this slot are large and thick.

8:20 21.7 CC ~95%, the ridges are larger.
8:32 21.9 Trying to break down very large ridge on the west side.
8:35 21.9 CC ~95%, CC looks unchanged.

8:50 222 CC ~90%, is ~10-12” thick, small openings exist on east and west sides.

CC ~85-90%, opening on west side looks larger, the top of ridge can not be

seen, more light 15 visible on the east side.

CC ~85%, west side opening is larger, glass pool can now be seen, the ridge
is still large but its base looks to be eroding away.

CC ~B0-85%, opening looks large, more of the glass pool can be seen, ridge
9:50 232 looks the same, there may be a small stalactite but it can not be seen clearly

due to build up of mossy looking substance.

CC ~80%, west side opening looks about the same size, ridge looks slightly
smaller and a glimpse of the east side glass pool can be seen.

CC ~80%, west side opening 1is the same, more of the east side opening can

be seen, and ridge is smaller.

6:00 19.3

6:15 19.6

7:05 20.4

9:20 227

9:35 229

10:05 23.4

10:20 237
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
{hours)

1035 230 CC ~80-85%, openings exist on east and west sides, ridge has continued to

' ' become smaller, feed 1s entering directly to the melt pool.

) CC ~80%, looks the same, small stalactite can be seen but it 1s not affecting
10:50 24.2

the feed shot.

1105 24 4 CC ~80%, ridge is slightly smaller, boiling feed can now be seen on CC

surface, it flows into the glass pool during feed shot.
11:20 247 CC ~B0-85%, still have visible ridge, boiling feed on CC with large opening.

CC ~80-85%, openings on west and east sides are visible, west side opening
with a ridge 1s smaller. Feed is boiling on top of CC.

CC ~80-85%, still have ridge on west side, both west and east side openings
are visible with feed {lowing to openings.

12:05 254 CC ~80-85%, west side opening is a little smaller and it still has ridge.

CC ~85%, west opening is smaller, east opening can not be seen, feed 1s
12:20 257 boiling and splashing behind the ridge which runs north to south slightly
toward the center, stalactite is larger but still not affecting the feed shot.

CC ~80%, west opening looks larger, cap along the west wall is thin and
12:35 259 floating as seen through the middle view port. Feed is still boiling and
splashing on the other side of the ridge.

CC ~B0-85%, with a large ridge from north-east comer to south-west corner.
Opening is visible on west side with light visible {from south-east corner.
13:05 26.4 CC ~80%, CC conditions are not changed.

CC ~80%, with large ridge down at the center along north-east corner to

11:35 24.9

11:50 252

12:50 26.2

10/21/2000 13:20 26.7 :;)Cllif;th—west corner, opening 1is visible on west side, with light visible on east
13:38 27.0 Paused feeding for feed sample.
13:40 27.0 CC ~80%, conditions are same as the previous observation.

13:43 27.0 Resumed feeding.

Secured feeding. CC is at the bottom edge of center view port. CC ~80% with
ridge in the center from northeast to southwest corner.

CC ~80% is ~8-10” thick with opening on west side and light is visible from
14:05 274 the east side. Ridge is in the middle running from north-east to south-west
COINers.

13:49 271

14:25 277 CC 1s unchanged from previous observation.

CC ~80%, center view port has softened up. North view port still has a large

14:55 28.2
mound that can be seen.
_ CC ~40%, CC 1is only at the center of the melt pool, still thick but glowing
15:10 28.5 hot
1525 237 CC ~40%, huge wall in the center of the melt pool, CC is so tall, unable to
' ' see the back of the melter.

15:37 28.9 Started feeding again.

CC ~30%, mside the mound on the west side can be seen, a little foam is
visible, no stalactites.

15:55 292 CC ~60%, it is thick, there is a huge ridge in the center of the melt pool.

15:40 29.0

CC ~80%, the liqud 1s hitting the ridge in the center on every shot. This is

16:10 295 spraying the feed all over.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
1625 297 CC ~85%, has closed up. Feed is still spraying all over, a second ridge has

formed on the west side.

16:40 30.0 CC ~85%, conditions are the same as the previous reading.

CC ~85%, is a very thick wall in the center of the melt pool, wall is too thick
to view the top of the cap or pool behind it .

17:10 305 CC ~90%, 1s very thick and east side can not be seen.

16:55 302

CC ~90%, is very thick, is more of a shelf now, ~2”above the melt pool. Only
one opening on the west side is visible.

CC ~90%, is ~67 thick, the top is visible again, it is ~4” above the glass pool,
boiling liquid feed is on top of CC.

17:25 30.7

17:40 31.0

17:55 31.2 CC ~90%, many layers of the CC. Large amount of liquid exists on surface.

18:10 31.5 CC ~90%, 1s very thick, liquid is boiling on top of the CC surface.

CC ~90%, is ~6” thick, and a few inches above the melt pool, only one
opening is visible in the west side.

CC ~85%, multiple layers, there 1s a dome shaped opening over the west side
opening, east side is not visible.

18:56 323 CC ~85%, no visible changes for this observation.
CC ~85%, liquid feed 1s slowly flowing into the melt pool, no other changes

18:25 31.7

18:40 320

19:05 324
obhserved.
_ CC ~85%, is very thick, east side can not be seen, liquid boiling feed is on
19:20 327
top of the CC surface.

102172009 | 1935 | 329 | CC ~85%, is very thick and tall

CC ~85%, 1s very thick and tall. One large opening exists in the west side that
15 all visible.

20:05 334 CC ~85%, more light is seen through the east and south view ports.
CC ~85%, opening is getting wider, not as much liquid feed pooling on
surface as before.

CC ~80%, is still thick starting to open up little more, opening in the west is
getting larger and now is visible in the center of the melt pool.

19:50 332

20:20 337

20:35 339

20:50 342 CC ~80%, opening in the west is getting larger.
21:.05 34.4 CC ~80%, same as the last observation.

21:20 347 CC ~B0%, east side has opened up little more.

CC 80%, one visible opening exits, still opening maore, liquid boiling feed on
the CC surface, a small stalactite has formed.

CC ~90%, opening is still growing, liquid feed is now pooling up on the
ridge around the opening preventing it from flowing into the melt pool.
21:51 352 Removed stalactite from the feed tube by tapping on the top of the feed tube.

21:35 349

21:50 352

CC ~75%, still opening up, liquid feed is blocked by a ridge from flowing
into the melt pool, and is pooling on the surface.

22:20 357 CC ~80%, conditions are the same as last observation.

CC ~75%, one large opening, still very thick, liquid feed is pooling on the
surface.

22:05 354

22:35 359
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)

_ CC ~75%, very massive ridge is visible via north view port, nothing is visible

22:50 36.2 . ;
via east side of the melter.
TR . — — .
23:05 364 1(33;; 75-80% , no change since light is visible on east side via south view
10/21/2009 2390 | 367 | CC~75-80%, wall of cold cap at west opening is not visible from south view
] ] port.

23:40 37.0 CC ~75-80%, same as last observation.
23:57 37.3 CC ~80%, same as above.

0:13 37.5 CC ~80%, east wall of the melter is not visible.

CC ~75-80%, huge ridge still visible in north view port. Light is seen along
the east wall.

0:43 380 CC conditions are not changed.

0:58 383 CC conditions are not changed.

1:13 385 CC ~80%, unchanged CC conditions.
1:52 392 CC ~75-80%, unchanged CC conditions.

2:09 395 CC ~75-80%, large opening on the west side.

CC ~75-80%, slight opening on the wall CC revealing another opening at the
center.

2:49 40.1 CC ~75%, no change in CC from the last observation.

3:06 404 CC ~75%, no change in CC from the last observation.

3:20 40.7 CC ~75%, still small opening formed in ridge, visible in north view port.
335 40.9 CC ~75%.

435 419 CC ~70%, is now separated from the melt pool.

0:28 378

234 399

10/22/2000 | 450 422 CC ~70%, no change from the last observation.

5:01 423 Stopped feeding. Large amount of shelf is left after glass discharge.
5:16 42.6 CC ~60%.

5:39 430 CC ~60%, 1s not on top of melt pool.
CC ~65%, a large amount of shelf has melted, still large chunks are floating

6:10 43.5

along the west wall.
_ CC is same as last observation, chunks along the west wall are breaking down
6:40 44.0
somewhat.
_ Resumed feeding. CC ~50%, is soft and floating, there is a moderate size
7:20 447 .
mound in the center of glass pool.
735 44.9 CC ~65%, mound 1n the center is getting larger and is still floating. Feed 1s

boiling on the CC surface and {lowing into the glass melt during feed shots.
CC ~65-70%, is floating. The ridge is not floating and runs diagonally from
7:50 452 north-east to south-west corner through the center of the melter. The feed is
boiling on the CC surface.

CC ~75%, ridges are bordering both openings, the feed is boiling between the
ridges as well as the CC surface which is now fixed.

8:20 457 CC ~75%, ridges are slightly taller, otherwise looks mostly the same.

8:05 454

835 459 CC ~75%, ridges are continuing to grow.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations

(hours)
8:50 46.2 CC ~75-80%, openings are slightly smaller and ridges are slightly larger.

CC ~80%, opening 1s visible through view port, smaller ridge exists on the

203 404 west side with boiling feed on CC.
990 46.7 CC ~80%, still have a small ridge on west side. East side is still visible,
' ' boiling feed is on top of CC.
_ CC ~B0-85%, small ridge on the west side look flat with boiling feed flowing
9:35 46.9 )
into the melt pool.
9:50 472 CC ~85%, still have boiling feed on CC, at this time boiling feed is not

flowing into the melt pool.
10:05 474 CC ~85%, west ridge continues to be taller.
CC ~80-85%, looks the same except the feed splashes into the melt pool

10:20 477 during the feed shots.
_ CC ~85%, 1s thick with ndge on west side remaining tall, lots of vigorously
10:35 479 "
boiling feed on CC surface.
10:50 432 CC ~80%, looks mostly the same as last observation. Removed stalactite

which was causing feed shot to go directly into the glass pool.
11:05 48.4 CC ~80%, openings look about the same, west ridge look slightly smaller.

11:20 48.7 CC ~80%, still has ridge boiling feed on CC is flowing into the melt pool.
CC ~B0%, feed is flowing into the melt pool and ridge on the west side 1s still

11:35 48.9
present.
_ CC ~80%, ridge on the west side still visible, openings east and west sides
11:50 492 .
are the same size.
10/22/2009 _ CC ~80%, west side opening looks a little bigger, the ridge on the east side is
12:05 49.4 T
still visible.
_ West ridge is higher and prevents feed from flowing into the west side glass
12:14 49.6 . : )
pool, all feed 1s flowing to east side pool.
1220 497 CC ~80%, ridge is beginning to show signs of breaking down. Some feed is
' ' flowing into the glass pool during feed shots.
1235 49.9 CC %75-80%, ridge continues to erode but very slowly, east opening can just

barely be seen.
12:530 502 CC ~75%, appears to be the same.

13:05 50.4 CC ~75%, no visible chances.
13:18 50.6 West side is opened up considerably.

13:20 507 CC ~75%, the ridge is smaller and opening is larger.
13:50 51.2 CC ~75%, west ridge 1s bigger.
14:05 514 CC ~75%, base of the large west side ridge has a hole and continues to erode.

CC ~75%, the hole in the west side ridge now allows east side glass pool to

1420 >17 be seen, the ridge is still too tall to see over.
1435 519 CC ~70-75%, the hole in the west side ridge 1s much larger, still can not see
' ' over. The feed is boiling on the surface of the rest of the CC.
_ CC ~80%, there is a very large mound around the west side opening and feed
14:50 522 . Dt
is flowing into the melt pool.
1516 596 CC ~80%, only change 1s that liquid feed is up to the bottom of the middle

view port.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
1530 593 CC ~75%, feed is no longer pooling on the CC surface, now flowing into

melt pool, also stalactite has formed on the feed tube.
15:32 52.9 Paused feeding so CC can melt down before the next discharge.

15:45 531 CC ~60%, is very thick and a large opening exists on the west side.

16:00 533 CC ~40%, conditions are the same as previous observation.

16:15 53.6 CC ~35%, moderate amount of liquid build up exists.

CC ~80%, able to see inside from the north view port, the build up is melting
down.

16:42 54.0 CC ~80%, build up is still melting down.

16:57 543 CC ~20%, CC 1s loose and floating.

17:01 543 Resumed feeding. CC is mostly gone.

17:10 54.5 CC ~30%, material is just under the walls and right undemeath the feed tube.
17:25 54.7 CC ~40%, center has grown.

17:40 55.0 CC ~50%, 1s in the center of the melt pool, small mound exists at this time.

16:25 537

17:55 552 CC ~55%, gaining in height, now formed a ridge at the center of melt pool.

CC ~60%, the ridge at the center of the pool 1s getting taller, openings are

18:10 333 visible in east and west, liquid feed 1s on top of CC.

18:25 557 CC ~70%, the openings are slowly closing up.

18:40 56.0 CC ~75%, 1s getting thicker, and ridges around the openings are getting taller.

10/22/2009 ) CC ~75%, is thick, large ridge is through the center of the pool, openings
18:55 56.2 . )
exist on west and east sides.

19:10 56.5 CC ~75%, more liquid 1s pooling on CC surface and ridges are growing.
19:25 56.7 CC ~75%, no visible changes from last observation.
19:40 57.0 CC ~70%, east side has opened up some, the ridge on west side is little taller.

19:55 572 CC ~70%, the ridge is high, almost blocking the view of the east side.

CC ~70%, wide opening on east-west side 1s closed with ridge build up
around it. The feed is boiling on ridge on west side.

20:35 579 CC ~70%, very little to no change in CC conditions.

CC ~70%, there 1s strip in the center underneath the feed tube and most of the
south side liquid is boiling on CC surface.

CC ~70%, there are openings on east and west sides and a large ridge

21:05 58.4 dividing the openings in the center of the pool containing a lot of liquid
boiling feed.

20:19 576

20:50 582

21:20 58.7 CC ~70%, west side opening is closing up, still able to see east side.

CC ~70%, is ~4” thick, east is open more than the west side, both openings

2133 >89 are visible, the feed is boiling on top of CC.
_ CC ~75%, 1s flat and getting thicker, liquid boiling feed is on top of CC
21:50 59.2 o :
which 1s 27 below center view port.
2705 594 CC ~75%, large openings exist on east and west sides, flat ridge exits
' ' between them. Feed is boiling on nidge.
2995 597 CC ~75%, there is a large opening between east and west sides, and a thick

ridge on the south side. Feed is boiling on the ridge.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time | Time Cold Cap Observations
(hours)
23:15 60.6 | Stopped feeding due to liquid level at the middle view port.
CC ~75-80%, there are 2 large openings near the Lance Bubblers but with
10/22/2000 | 23:33 ridges around them blocking feed from easily flowing into melt pool. Liquid
60.9 | has receded a couple of inches below the middle view port.
_ CC ~70%, most of the liquid is dried on surface, ridges are still in place
23:48 :
61.1 | around the openings.
013 CC ~50-60%. The ridges have melted down and middle view port is not in
' 61.5 | jeopardy of having feed flow into it. It looks safe to resume feeding.
0:15 61 6 | Resumed feeding.
0:27 618 | CC~70-75%, feed shot 1s spraying as it hits CC surface.
1.09 62 5 | CC ~70%, opening are near both Lance Bubblers.
1-40 CC ~75%, 1s tiered in two layers, top 1s slightly separated, bottom cap 1s with
' 63.0 | boiling feed on the surface. Both east and west openings are visible.
1:56 63.3 | CC ~75%, same conditions as last observation.
515 CC ~75%, with glass level much lower, upper CC is now farther apart {from
' 63.6 | the bottom, this shelf is also visible from the mid view port.
2:32 63.90 | CC ~75%, bottom cap appears to be thinner.
2:48 64 1 | CC~75%, no changes.
307 CC ~70-75%, large opening exist near Lance Bubblers with shelf build up
' 64.4 | from west wall into center of the melter.
3:14 64 6 | Thermo well #2 1s encased in shelf.
3:35 64 9 | CC ~70%, same conditions as before.
10/23/2000 | 402 65 4 | CC ~70%, thick chunks and big openings exist.
4:14 65 6 | Large growth exists from west wall out into center of the melter.
4:44 66 1 | CC ~70%, large chunks and large opening exist.
5:13 665 | CC ~70%, same as the last observation.
_ CC ~70-75%, west side opening looks to have filled in some, east side still
5:50 )
67.2 | has a large opening.
6:08 675 | CC ~70%, shelf no longer exists, east and west openings are visible.
6:50 CC ~70%, 1s thick and surface is very irregular, appears to be located in south
' 68.2 | and west areas of the melter. Most of the north side is open.
_ CC ~70%, mostly the same as last observation; feed is flowing into north side
7:05
68.4 | of the glass pool.
7:20 68 7 | CC ~70%, same as last observation.
7:35 68 0 | CC~70-75%, CC is slowly moving to the north side.
7:50 59 2 | CC ~75-80%, 1s in the center and along the west wall moving north.
_ CC ~75%, west side opening continues to close slowly, CC now is beginning
8:05 . ;
69.4 | to divide east and west openings.
_ CC ~75%, north side 1s still closing slowly. Hast side 1s barely visible as ridge
8:20 .
69.7 | in the center moves north.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
{hours)

8:35 69.9 | CC~75%.
8:50 70.2 CC ~75%, nidge looks thicker and taller.

9:05 70.4 CC ~75%, continues to thicken.

CC ~B0%, opening is visible on west side, large thick nidge exits on the west
side.

9:20 70.7

935 709 CC ~80%, opening on west side is visible with a large ridge.

9:50 71.2 CC ~80%, opening on the west side 1s still visible, ridge 1s still present.

CC ~75-80%, west side opening is still visible with visible light on the east
side, still large ridge exists on the west side.

CC ~75-80%, west side 1s still visible and 1s flowing to melt pool, the ridge 1s
smaller.

10:35 71.9 CC ~75%, same as last observation.

CC ~75%, opening on west side seems to have gotten a little bigger, east side
1s visible.

11:15 726 Stopped feeding,

10:05 71.4

10:20 71.7

10:50 72.2

CC ~70%, still have opening on west side with large ndge, east side opening
1s not visible but has visible light.

1072372009 | 12.40 74.0 CC ~40%, consists of a large shelf on west-center to west-south sides.

13:15 74.6 CC ~30%, with shelf hanging off west side, not in contact with melt pool.

Still have large amount of solids, ~ 17thick, attached to west wall and thermo
well #2.

14:05 75.4 CC ~5-10%, 1s foamy.

15:00 763 Resumed feeding slurry.

15:03 76.4 Stopped feeding due to E.O.G will not close.

15:15 76.6 Foam 1s floating on the surface of the pool, 1s very thin with lots of hot spots.

11:40 73.0

13:32 74.9

15:30 76.8 Resumed feeding, water rate is reduced to 500 ml/min.

15:37 76.9 CC ~40%, is building, opening is in the center of the melter.

CC ~T75%, 1s getting thick, liquid feed is boiling in the center of CC contained
by a ridge and openings in east and west sides.

15:56 713

16:18 77.6 CC ~85%, the opening on the east side 1s small, on west side 1s larger.
16:36 719 Stopped feeding,

20:46 82.1 Started melter & off gas shut down.

23:15 - All shut downs are completed.

8:45 82.1 Started feeding water at 1000 ml/min.

9:39 83.0 | CC~90%.

9:45 83.1 Began feeding HWI-EBi-6 to melter.

9:50 832 | CC~70%.

10/26/2009
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations

(hours)
10:05 83.4 CC ~80%, ridges are beginning to form around the openings.

CC ~75%, small ridges are present, feed 1s boiling on surface of CC and

10:20 837 flowing onto the glass pool.

10:35 83.9 CC ~75%, ridges are slightly larger, west side is floating and east side is not.

10:50 84.2 CC ~75%, CC conditions are the same as last observation.

CC ~80%, ridges are slightly larger, west opening is smaller then the east
11:20 84.7 opening, west side is floating and east side is rigid, feed is flowing between
the ridges.

11:35 84.9 CC ~80%, same as previous observation.

11:30 852 CC ~80%, ridges continue to grow.

CC ~75%m west opening 1s larger, ridges are a little large, and west side still
floating.

CC ~75%, west side is no longer floating however east side is floating now.
Openings are ridging up and CC is getting thicker.

12:05 85.4

12:20 857

12:35 85.9 CC ~75% 1s similar to previous observations.
CC ~75-80%, its surface is covered with boiling feed. East side is still

1250 86.2 floating, west side is not. Ridge appears to have reduced in size/height.

13:05 26.4 CC_ _~75%, lo_oks_ ﬂat with large _openi_ngs on both_ east and west sides. Pool of
' ' boiling feed 1s visible on west side with a small ridge at opening.

1320 R6.7 CC ~75%, there is still a small ridge on west side opening, boiling of feed on

CC.
13:50 87.2 CC ~75%, openings are visible on east and west sides. West side has a ridge.

10/26/2009

— = . . . . . —
1405 27 4 CC ~75%, large ridge exist on west side after discharge, still have boiling

feed on CC.
1420 277 CC ~75_—$0%, large opening exist on both sides, west side has large ridge
' ' with boiling feed on CC.
14:57 222 CC M?S%, 18 ~_5_-6” thick, large openings exists on both east and west sides
' ' with liguid boiling on CC.
15-10 225 CC ~75%, Large amount of liquid on CC surface boiling all the time. The

ridge on west side 1s growing.

15:34 893 CC ~80%, is tall ridge, cannot see over it, one opening exist on the east side.

CC ~85%, huge ridge exist in the center of the melt pool, CC is so thick west
side can not be seen, large opening exists on the east side.

16:24 89.8 CC ~85%, CC is higher than center view port.
16:44 90.1 CC ~85%, east side can not be seen, west side ridge 1s over 127 high.

CC ~80%, is very thick with huge ridge in the center of CC, east side can not
be seen.

17:17 90.6 CC ~85%, no visible changes at this time.
17:32 90.9 CC ~85%, east side must be opening up, more light 1s visible from that side.
17:44 91.1 Stopped feeding due to too muck build up in the CC that is not melting,

16:12 89.6

17.02 90.4

CC ~90%, major shift in the melter, liquid feed was rushed into the melt pool

17:55 o1.3 causing the melter to tnp E.O.G.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
18-10 915 CC ~90%, is very thicl_c, large_op_ening exist in west side, east side is not
' ' visible and still huge ridge exist in the center of pool.
18:28 918 CC ~85%, CC conditions are same as the previous observation.

CC ~60%, melted down a lot, ridge in the center is only 5™ high, also west
18:48 922 and east sides are seen, large opening exists in east side, still unable to see
through center view port.

18:54 923 Unable to see through center view port, massive build up, rodded view port.

CC ~35%, aridge exists in the center of pool but it is much smaller. Lots of
build up preventing much view through the center port.

CC ~15%, 1s melting down in front of the center view port, there 1s still build
up which prevent from seeing. Very small ridge exist in the center of pool.

19:48 932 Started feeding water at 1500 ml/min.

19:57 933 CC ~40%, flat and thin, large openings in east and west.

Reduced water to 500 ml/min.
Resumed feeding slurry.

20:11 935 CC ~55%, 1s a long but thin CC in the center of the melt pool.

19:00 924

19:24 92.8

20:02 93.4

20:30 93.9 CC ~85%, is ~8” thick, large openings are visible in east and west sides.

_ CC ~75%, west side has a ridge that 1s growing and is ~4-5" thick. East side
10/26/2009 | 204 P41 opening can be seen.

21:03 944 CC ~80%, west side has closed up some.

CC ~80%, east side ridge 1s too high to see the opening. No visible changes
exist in the west side.

CC ~80%, west side ridge is little higher, barely see the opening on the east
side.

21:58 953 CC ~80%, can barely see over the west ridge.
22:22 95.7 CC ~80%, conditions are the same as last observation.

21:15 94.6

21:45 95.1

CC ~85%, CC is getting higher, no longer able to see opening in east, glass

22:36 960 level has raised on CC.
_ CC ~B0-85%, fairly large openings exists on east and west sides. Glazed ride
22:55 96.3 L / :
is visible on west side opening.
2313 96.6 CC ~80%, liquid feed 1s starting to get near middle view port. Bubbling will

be reduced to see if liquid recedes from near center view port.
2322 96.7 CC ~80%, hiquid seems to have receded slightly from middle view port.

23:22 96.7 | CC ~80%.

CC ~80%, liquid level is getting close to bottom of middle view port,

23:20 96.7 bubbling increased to try to break down ridges around the openings and allow
liquid to flow to melt pool away from the middle view port.

0:10 975 CC ~80%, 1s thick and feed 1s boiling on top of CC.

Liquid has fully receded from middle view port however large build up of
solids is adhered to west wall directly under middle view port.

CC ~B0-85%, losing the view of east side, although plenty of light is visible
via south view port.

0:25 978
10/27/2009

0:35 979

0:48 98.2 CC ~80%, only west opening 1s visible, ridge around the opening exist.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
1:05 9% 4 CC ~80%, almost flat now, ridges have been reduced dramatically, no view

of the west side of the melter.

122 98.7 Liquid feed again approaching center view port.
1:56 993 CC ~80%, is thick and feed pooling on top of CC.
2:14 99.6 CC ~80%, same as above.

227 998 CC ~B0%, still same as the previous observation.
241 100.0 | CC ~80%, still same as the previous cbservation.

Decreased bubbling on Lance Bubbler #2 so the feed flows freely into melt
pool.

2:57 100.3 | CC ~80%, 1s thick and feed is pooling on top of CC.
3:15 100.6 | CC ~80%, is still thick and feed is pooling on top of CC.

CC ~B0%, ridge exists at west side opening, liquid flow from north side is
vigible.

2:52 100.2

3:32 100.9

4:02 101.4 | CC ~80%, same as previous observations.

416 101.6 | CC ~80%, glass is currently separated from CC.
4:30 101.9 | CC~80% is thick.

4:45 102.1 | CC~80% 1s thick.

5:00 102.4 | Stopped feeding due to large shelf CC ~80%.
5:18 102.7 | CC ~80%, large shelf still in place.

534 1029 | CC~70% is thick and chunky.

5:49 103.2 | CC ~70% is thick and chunky.

6:03 103.4 CcC ~_70—75%, jus_t slig_htly separat_ed, soﬂ_: cap is present under shelving. West
' ' opening extend visibility at the middle view port.

Large sections of ridge/wall cap have been dissolved. East side is opening
and is now partially visible. CC is ~6.5-7” thick.

6:30 103.9 | CC ~70-75%, shelf is still melting down.

10/27/2009

6:20 1037

CC ~30%, ridge 1s almost completely gone, CC is only seen in north-west
comner and along west wall.

CC ~25%, ridge is gone, CC in north-west corner and along west wall is
slightly smaller.

7:20 1047 | CC ~20%, north-west comer and west side CC 1s dissolving.
735 1049 | CC~10% is mostly gone.

7:50 1052 | CC~<10%.

835 105.9 | CC ~<5%, floating and appears to be soft and thin.

2:41 107.0 | Started feeding water at 1000 ml/min.

10:42 | 108.1 | Secured water feed to melter.

10:50 | 108.2 | Restarted water feed to melter at 1000 ml/min.

6:50 104.2

7:05 104.4

T-36



ORP-48628, Rev. 0
The Catholic University of America Tests with High-Bismuth HLW Glasses
Vitreous State Laboratory Final Report, VSL-10R1780-1, Rev. 0

Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations

(hours)

12:07 | 1095 | Secured water feed to melter.

12:20 | 109.7 | CC~99%. Discharge chamber is clogged.
19:30 | 1169 | Started feeding water at 1500 ml/min.
19:48 | 117.2 | CC~30%, is thin.

20:00 [ 117.4 | Resumed feeding slurry.

CC ~40%, 1s thin, large opening on east side, smaller opening exist on west
side.

CC ~85%, small openings on east and west sides, feed is boiling on top of
CC.

20:40 | 118.0 | CC~85%, very thin opening exists in east and west sides.

20:05 1174

2025 1178

20:55 | 118.3 | CC ~85%, is getting thicker, openings in east and west are larger.

2110 | 1185 CC ~ 85%, openings are the same as previous reading, CC 1s a little thicker,
10/27/2009 ' ' liquid feed 1s boiling on top of CC.

_ CC ~90%, is much thicker ~4”, and both openings are larger, ridge in the
2125 1188 ) :
center is starting to form.
CC ~90%, openings in east and west still look larger, CC 1s covered with
liquid boiling feed.

21:40 | 1190

21:55 | 1193 | CC~75%, is opened up, small ridge exists around the west side opening,

CC ~80%, both openings are surrounded by a ridge along CC edge, liquid
boiling feed 1s splashing around the CC.

22:50 120.2 | CC ~80-85%, flat and even.
23:05 | 1204 | CC~75-8-%, large openings exist near Lance Bubblers.

22:12 | 1196

23:20 | 120.7 | CCis unchanged since previous observation.

CC ~80%, slightly more coverage than previous observation, however it is
still flat.

23:50 | 121.2 | CC~80%, unchanged since last observation.

0:05 121.4 | CC~80%, unchanged since last observation.
CC ~80-85%, east opening is not visible, heavy boiling is taking place at the

23335 | 1209

0:25 121.8 CC surface, the size of the ridge at west side opening is starting to increase.
CC ~B0-85%, similar to the last observation, liquid is overflowing from CC
0:40 122.0 .
surface to the opening.
1-03 1904 CC ~B0%, starting to lose view of east side, large opening still exists on west

side with a slight ridge starting to grow around it.

CC ~B0-85%, not able to see east opening due to glass level at 337, Sizeable
10/28/2009 | 1:20 1227 | opening on west side, CC 1s mostly flat with liquid boiling moderately at the
surface.

1:49 1232 | CC ~80%, thick and flat, feed is boiling on CC surface.
1:55 123.3 | CC~B80-85%, glass discharge revealed a very thick ridge near west opening.

2:07 123.5 | Large ridge is visible via north view port.
2:40 124.0 | CC ~80%, thick and flat.
2:55 1243 | CC ~80%, ridge on the west opening blocks the visibility to the east side.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time | Time Cold Cap Observations
(hours)

3:05 124.4 | CC 1s unchanged, massive ridge is still seen in north view port.

3:33 124.9 | CC ~80%, unchanged since last observation.

CC ~80%, west opening extends pass Lance Bubbler #2 as seen in the middle
view port, ridge/wall covers the visibility to the east side.

CC ~80%, ridge/wall is seen at the north view port, opening 1s visible in the
4:15 125.6 | middle view port, ridge/wall is not yet seen in the south view port.

Paused feeding.

3:58 1253

4:30 1259 | Massive ridge exits in center of melter and unable to see east side.

CC ~80-85%, shelf was slightly reduced but is still in place, there is no sign
of foam.

CC ~80%, ridge is still blocking view of the east side, glass is away from
middle view port.

5:40 127.0 | CC1s unchanged.
5:45 127.1 | Observing some slight foamy glass discharge moving down.
5:49 127.2 | Started feeding water at 1000 ml/min.

CC ~90%, liquid is boiling on the bottom of CC, ridge/wall partially
dissolved at the bottom making it available to see east opening partially,

6:08 127.5 | CC~95%.

6:12 127.6 | Stopped feeding water.

7:20 128.7 | CC ~90%, surface is irregular with ridges and some high mounds.
735 128.9 | CC ~80%, ridges and mound mostly are gone,

7:39 129.0 | Started feeding water at 500 ml/min.

7:45 129.1 | Resumed feeding.

CC ~70%, small ridge in the center looks a little hot and soft, build up around
thermo well #2 is still moderate in size rest of the CC is floating

7:53 129.2 | Paused feeding to rod feed tube. Feed was spraying out of bottom of tube.
7:58 129.3 | Resumed feeding.
8:02 129.4 | Secured water feed to melter.

CC ~75%, ridge in the center 1s wider and slightly taller. Feed is boiling on
8:05 129.4 | CC surface, feed 1s shooting straight down into melter, and mound 1s still
visible along west wall south of middle view port.

4:55 126.3

5:25 126.8

5:58 1273

10/28/2009

7:50 129.2

8:20 129.7 | CC ~80%, ridge has separated and 1s beginming to grow around each opening,

CC ~80%, lots of boiling feed exists, ridges are similar around the east and

8:36 130.0 .
west openings.
_ CC ~80%, melt pool is splashing more vigorously while CC surface has
8:55 1303 . .
boiling feed on its surface.
9:05 130.4 CC ~80%, both openings are smaller, each has a small ridge, lots of boiling

feed exist on CC surface, mound along west wall 1s much smaller.
9:20 130.7 | CC ~80%, ridges are getting slightly larger.

9:50 131.2 | CC ~80%, openings on both sides are visible, west side has visible ridge.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
1020 1317 CC ~80%, opening on west side and east side CC is very thick, small ridge

exists on west side.

10:530 | 1322 | CC ~85%, Since ridges are grown east side opening 1s no longer visible.

CC ~85%, west opening looks slightly smaller, ridge is slightly higher, feed
can be seen boiling on CC surface just beyond the top of the ridge.

CC and ridges continue to grow, glass level is not increasing due to the
ridges.

11:35 | 1329 | CC~85-90%, same as previous observation.

CC ~90%, opening exist on west side, light is visible on east side, large shelf
15 14-157 thick running from north-east to south-west corner.

CC ~90%, opening on west side is visible, on east side has a large shelf is
~14-15” thick running from north-east to south-east corner.

CC ~85-90%, large openings exist on west side with light visible on east side,
12:25 | 1338 | large shelf/CC extending from north-east to south-west corner. Shelf/CC Is
~14-15" thick, feed is collecting on CC surface and boiling.

14:40 136.0 | CC ~85-90%, same as last observation.
12:55 | 1343 | Paused/stopped feeding to allow CC to melt.

11:05 | 1324

1126 | 1328

11:48 1332

12:05 | 1334

CC ~85%, opening exists on west side with light visible on east side. Ridge is

13:20 | 1347 ~14-15” thick extending from north-east to south-west corner.

13:37 | 1350 | Glass pool does not appear to be excessively foamy.

13:45 | 1351 | Started feeding water at 1000 ml/min to reduce foaming in glass.

10/28/2009 Stopped_water, there were no ir_ldication_it was flowing into _melt _pooL CC
13:50 | 1352 | ~80%, ridge has decreased in size, opening exists on west side with light
visible on east side.

14:05 | 1354 | CC~80%, west and east sides are visible. East side has a ridge.

Resumed feeding water at 1000 ml/min. CC ~80%, ridge is still present on
west side.

14:39 | 136.0 | Stopped feeding water, it did not help.

14:19 | 1357

15:00 | 136.4 | There is a large ridge which is not allowing seeing the east side.
15:09 | 136.5 | Able to see east side now.

15:14 | 136.6 | Resumed feeding water at 1500 ml/min.

15:52 | 1372 | CC ~80%, the center mound has built back up.

16:04 | 1374 | Secured feeding water.

16:20 137.7 | CC ~50%, most of the mound in the center has melted.

16:30 | 1379 | Resumed feeding slurry.

16:40 | 138.0 | CC ~50%, glass pool starting to look less foamy.

16:55 138.3 | CC ~80%, center ridge has formed, not able to see the east side.

17:10 | 1385 | CC~75%, able to see east side opening.

CC ~75%, the ridge on west side 1s higher, feed 1s flowing over into the melt
pool.

17:40 | 139.0 | CC~75%, no visible changes at this observation.

17:25 138.8
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
_ CC ~-75%, large openings exist on both east and west sides. The CC is thick,
1755 | 1393 ST . .
feed is boiling on top on ridge between the openings.
_ CC ~75%, 1s thick, east and west sides are wide open. Feed is boiling on
18:10 | 1395 . .
ridge between the openings.
1825 | 13038 CC ~75%, able to see the glass pool from center view port. The ridge around
' ' the west side pool is about 6-7 tall.
1840 | 1400 CC ~75%, west side ridge 1s starting to look like a dome. Sill able to see east

side opening.
18:55 | 1403 | CC ~75%, no visible changes from last observation.
19:10 | 1405 | CC ~75%, no visible changes from last observation.

CC ~75%, still able to see east side opening, west side ridge is slowly coming
down.

19:40 | 141.0 | CC ~75%, no visible changes.
19:535 | 1413 | CC~75%, west side ridge is taller, no visible changes on the east side.

20:10 | 1415 | CC~75%, liquid feed 1s flowing over west side ridge.

CC ~70%, both openings have opened up some, west side ridge is not as high
from previous observation.

20:40 | 142.0 | CC ~70%, no visible changes from last observation.

20:55 | 1423 | CC ~70%, ridge on west side is higher, feed is flowing over CC.

CC ~70%, 1s thick, large openings exists on both east and west sides. Feed 1s
flowing into melt pool.

CC ~70%, is ~12” thick, wide open on east and west sides, feed is flowing
into the melt pool.

19:25 | 14038

10/28/2009

20:25 1 1418

21:10 | 1425

21:25 1428

22:10 | 1435 | CC~T70%, large ridge exists in the center, west side is wide open.

Large ridge exist in the center of melter, have seen liquid flow over ridge into

22:53 | 1442 . )
opening on west side.

23:23 | 1447 | Glow of feed is seen over shelf and into west side opening.

CC ~75%, ridge is still blocking east side view. Glass does not appear
23:45 | 1451 | foaming in melt pool, but glass trickling down the glass chamber through
definitely foamy.

CC ~75%, large opening exists on the west side, light is seen on the east
from south view port.

036 146.0 | CC is unchanged.

0:20 1457

Observing a moderate amount of feed spilling over ridge right after feed shot.
CC 1s unchanged; glass 1s not near middle view port.
Observing more feed flowing over ridge and into west opening, causing slight
pressure spikes.
10/29/2009 Can now see east opening, melter seems divided by a long relatively thin

1:05 146.4 - - o - - -

ridge, feed is continuing to spill over into west opening,

CC ~70% same as before, ridge 1s still dividing melter, east side 1s still
vigible.

1:53 1472 | CC ~70%, ridge is much lower than before but it is still present.
2:20 1477 | CC ~70% 1s thick and flat.

0:42 146.1

0:55 1463

1:36 147.0

234 1479 | CC~70 same as previous observation.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations

(hours)
3:.02 1484 | CC ~70%, thick and flat, feed is boiling on top of CC.
3:27 148.8 CC ~70%, same as above observations.

CC ~65-70%, after glass discharge massive shelf was revealed starting at
334 148.9 | north side of melter running down to center. A slight view of the east opening
is now visible.

CC ~60%, ridge 1s only a couple of inches above the melt pool and appears to
3:50 149.2 | be on the verge of total collapse. It still appears to be thicker, a piece 1s
Jutting out from north-west corner of melter.

4.05 1494 | CC ~60%, is thick and flat with 2 large holes. Feed is boiling on top of CC.
419 14977 | CC ~60%, still the same as the previous observation.

4:37 150.0 | CC ~60%, is thick and flat, 2 large holes exist. Feed is boiling on top of CC.
4:51 1502 | CC ~60%, still the same as the previous observation, slight foamy discharge.
5:06 1505 | CC~69%, same as before, a slight foamy discharge is observed.

521 150.7 | CC ~60%, 1s thick and flat, 2 large holes exast, feed 1s boiling on top of CC.
534 150.9 | CC~65%, same as before, a slight foamy discharge is observed.

5:48 1512 | CC ~60%, most of the CC is in north-central portion of the melter.
CC ~60% 1s thicker and flat with 2 large holes. Feed is boiling into the west

6:18 151.7 hole.
6:37 152.0 | CC ~60%, majority of CC 1s in north-central part of the melter.
10/29/2009 CC ~70%, openings are on west and east sides, small ridge extending from
7:00 152.4 | north wall to south wall with feed collecting on top of CC and running into
opening.
) CC ~75%, looks thick, there 1s large build up around the Lance Bubbler #2 |
7:35 152.9 S .
and area along west wall is thin and floating.
7:50, 1532 CC ~75%, mostly the same as before except that build up around the Lance
' ' Bubbler #2 is not as large as before.
205 153.4 CC ~70%, both openings look longer to the north, CC along west wall looks

thicker and is still floating.
8:20 1537 | CC ~70%, mostly the same as before.
CC ~70%, west side continues to float, east side 1s also open with little

8:38 154.0 .
noticeable change.
8:55 1543 C_C ~70%, Qpen@n_g on east and west sides are_sep_arated by_ small ridge ~4”
' ' thick, feed is boiling on top of ridge and flowing into openings.
9:08 154.5 CC ~65—70%, oper_n'ngs on east anc_l west sides are se_parated b_y aridge ~4-6”
' ' thick. Feed 1s pooling on ridge, boiling and flowing into openings.
990 1547 CC ~70%, in addition to the above, cap portion along west wall is still

floating.
935 1549 | CC ~70%, unchanged.

9:48 155.2 | Paused feeding to rod feed tube.
9:55 1553 | Resumed feeding.
10:05 | 1554 | CC ~65-70%, unchanged.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)

1020 | 1557 CcC ~_65%, both open_mg lopk larger, vis@ble portion of the cap along west

' ' wall is soft and floating. Ridges look a little taller.
1035 | 1559 CC ~70%, openings ex_ist_ on both west and east sides, ridge on west side 1s

' ' small, pool of the feed 1s in between both openings.
1104 | 1564 CC ~65-70%, east and west sides have openings, ridge is located around west

side. Between openings feed is boiling with glass (molten) splash vigorously.

11:20 | 1567 | CC ~65%, ridge 1s much smaller, ridge and cap are floating.

11:35 | 1569 | CC~60-65%, mostly the same.

CC ~65-70%, small ridge is separating openings on east and west side. Ridge
11:530 | 1572 | 18 ~5-6" thick and floating on melt pool. Feed is boiling on surface and
flowing into openings.

CC ~70%, east side cap is floating, west side is thicker, a fair amount of
boiling feed is on CC surface.

CC ~65%, CC and ridge are {loating, feed 1s boiling and flowing into the
glass melt.

13:05 | 1584 | CC~65%, mostly unchanged CC conditions.
13:20 | 1587 | CC~65%, ridge is no longer floating, east side is floating, west side is fixed.

12:08 | 1575

12:50 | 1582

CC ~65%, glass pool violently splashing, boiling liquid is on CC surface, east
and west sides are opening.

13:50 | 159.2 | Ridge continues to be taller.
14:05 | 1594 | CC~65%, ridge is still growing.
14:20 159.7 | CC ~65%, conditions are the same.

14:35 | 1599 | CC~65%, ridge is slightly larger.

CC ~60%, large and tall ridge is in the center of melt pool, east side and west
sides are open.

15:05 | 1604 | CC ~60%, still a tall and narrow ridge is in the center of the glass pool.
15:08 160.5 | East and west sides are open.

15:20 160.7 | CC~60%, same as last observation.
CC ~70%, ridge 1s not as tall but wider, looks like glass level 1s nsing and

1336 | 159.0

10/29/2009

14:52 | 1602

15:34 | 1609 S .
west side 15 closing up.

1550 | 1612 CC ~_70%, ridge is larger, west side is closing up and east side has a larger
opening.

16:05 161.4 CC ~75%, the ridge in the center 1s almost too tall to see behind it, east side

continues to close up.
16:20 | 1617 | CC~75%, CC conditions are the same as the previous observation.

CC ~65%, feed 1s pooling in the center, than boils over mostly to the east
side, the ridge on the west holds some of it back.

16:50 | 1622 | CC ~65%, no visible changes for this observation.

17:05 | 1624 | CC~65%, ridge in the center is a little taller.

CC ~65%, east side view 1s almost blocked by west side ridge, feed 1s
flowing a little heavier to the west.

1735 | 1629 | CC~65%, little to no change for this observation.
17:50 | 1632 | CC~60%, build up is mostly in the center.

16:35 161.9

17:20 | 1627
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
(hours)
1810 | 1635 CC ~70%, large ridge is in the center of pool, so tall that barely able to see

east side, CC is thin, and floating on west opening,
18:25 | 1638 | CC ~75%, ridge 1s a little taller otherwise conditions are the same.

CC ~80%, can no longer see the ridge in the center of the pool, CC is thin and
floating on the west side.

19:04 164.4 | C ~80%, conditions are same as the last observation.

18:45 | 1642

CC ~65%, able to see east side opening, ridge has broken down some, both
opening are wide open.

19:40 165.0 CC ~65%, same as before.
CC ~65% is thick, large openings exists on east and west sides. The ridge is

19:25 | 1643

1955 | 1653 [ e the middle.
) CC ~70%, 1s thick, large opening exist on west and east sides. Feed 1s
20:10 165.5 o :
flowing into the east side.
— - - — -
2095 | 1658 C_?C 70%, large opening on west side, east side is hard to see behind the
10/29/2009 ridge.
20-40 166.0 CC ~75%, opening exist on west side, thick ridge is blocking view of east

side.
20:55 | 1663 | CC~75%, west side is open, view of east side ridge is blocked by ridge.

CC ~70%, west side 1s open, cannot see east side over large ridge in the
middle of the melter.

21:40 | 167.0 | CC~70%, west side is open, large ridge exists in the middle of the melter.

21:25 166.8

CC ~75%, ridge in the center is so tall that you cannot see over it. Large
opening exists in west side.

22:10 | 1675 | CC~75%, west side has closed up more.
CC ~7075%, only west side opening is visible due to the wall/mound at the

21:54 | 1673

2251 1682 mid section of the CC.
— |- ) . 1 | !
2310 | 1685 | CC~60-65%, glass level is high, east ca not be seen, large opening exits on
west side.
— 0 1 1 - |
23:52 | 1692 c_c 75%, cannot see east side, cold cap 1s thick and flat, shight foamy
discharge.

0:18 169.7 | CC ~65%, 1s thick and flat.

CC ~70%, large opening exists on west side, ridge is blocking the view of
east side, glass level look fairly high.

0:58 1703 CC conditions are the same.

1:15 170.6 | CC ~70%, unchanged CC conditions.

135 170.9 CC ~70%, is thick and flat also small ridge exists on the opening, feed
10/30/2009 ' ' pooling on that ridge.

1:49 171.2 | CC ~70%, same as last observation.

2:23 171.7 | CC ~75%, 1s thick and flat.

2:30 171.9 | Paused feeding to switch to AOD feed system.
3:07 1725 | CC~50%.

311 1725 | Resumed feeding.

0:39 170.0
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time | Time Cold Cap Observations
(hours)
3:14 172.6 | Stopped feeding.
3:22 172.7 | CC~20%.
3:28 172.8 | Started feeding water at 1000 ml/min.
337 173.0 | Reduced water flow rate to 500 ml/min.
4:00 173.4 | Resumed feeding slurry with AOD system, secured water feeding,
4:04 173.4 | CC~90%, 1is flat and even.
4:33 173.9 | CC~70-75%, 1s flat, there are large openings on east and west sides.
_ CC ~70%, evenly flat with boiling feed on the CC surface, both east and west
4:55 174.3 . .
openings are visible.
5:32 1749 | CC~-80%, is flat with 2 openings, feed is beiling on top.
5:51 175.2 | CC ~80%, same as above conditions.
6:06 1755 | CC~80%, 2 openings, large pool of feed boiling on top of CC.
_ CC ~70-75%, heavy boiling is taking place on the surface, both Lance Bubbler
6:32 1759 . ) )
openings have slight ridges.
_ CC ~75%, moderate ridges exist around both openings, feed continues to boil on
6:50 176.2
surface.
7:05 176.4 | CC ~75%, unchanged CC conditions.
7:20 176.7 | CC~70%, west opening looks larger.
_ CC ~65-70%, east side cap 1s floating, ridge 1s running down center, west side 1s
7:37 177.0
opened as well.
10/30/2009 7:50 177.2 | CC~70%, west side is closing slightly.
_ CC ~65-70%, west side is opening slightly and is more visible, ridges are about
8:06 1775 . ;
the same size, and glass looks foamier.
8:20 177.7 | CC ~65-70%, looks unchanged.
232 177.9 CC ~65-70%, east cap remains soft and floating, both east and west sides are
' ' opening.
8:48 178.2 | CC ~65-70%, cap appears unchanged.
9:05 178.4 | CC ~70%, ridges look a little larger.
9:20 178.7 | CC ~75%, east opening 1s slightly smaller.
935 178.9 | CC ~75-80%, both openings are hardly visible.
_ CC ~75%, both opening are now clearly visible, ridge is about the same size and
9:50 179.2 .
floating.
10:05 | 1794 | CC~75%, mostly unchanged.
10:20 | 1797 | CC ~75%, unchanged.
10:35 | 1799 | CC~75%, ridge look taller.
1050 | 1802 C_C ~75%, cap 1s floating, so are ridges, vigorously boiling feed is between the
ridges.
11:09 | 180.5 | CC~70-75%, both openings look a little bigger but the ridges are the same.
_ CC ~70-75%, ridges are slightly smaller, cap is still floating, melter shots are
11:20 | 180.7 . . » .
causing slightly positive pressure spikes.
11:35 | 1809 | CC~70%, looks the same as previous observation.
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Table 4.3. Operator Observations of Cold Cap (CC) (continued).

Run
Date Time Time Cold Cap Observations
{hours)
11:530 | 181.2 | CC~75%, ridges are higher.

CC ~75-80%, both openings are smaller, mound is growing between ridges,
ridge and cap are no longer floating.

CC ~80%, with openings on both east and west sides, ridge formed around
12:20 | 181.7 | the west opening with feed boiling on cap between east and west openings,
feed is flowing into east side.

12:36 | 182.0 | CC~75-80%, openings exist on east and west sides.

12:50 | 1822 | CC ~80%, unchanged conditions.

CC ~B0%, ridges look like they are growing together especially near melter
center.

13:20 | 1827 | CC ~80%, unchanged conditions.

12:05 181.4

13:.07 | 1825

CC ~80%, ridge 1n center appears to be narrowing; cap looks thick and has
boiling feed on surface.

13:50 | 183.2 | CC~B0%, ridge is slowly growing.

14:05 | 1834 | CC~80%, unchanged conditions.

CC ~75%, east side is open, west side is blocked by thick ridge. Feed is
flowing into east side opening.

CC ~80%; cap 1s very thick, large ridge in the center of the melter, unable to
see the east, small opening in the west.

Paused feeding due to collapse of cap. Opened view port due to rush of air,
cold cap collapsed and massive steam surge occurred.

CC ~85%, massive amounts of build up, ridge 1s still very tall, very small
opening in west, unable to see east side.

15:44 | 1851 | CC ~80%, still a huge ridge and massive amounts of build up exsts.
CC ~75%, cap is starting to open up, still small opening in west and east is

13:35 182.9

14:49 | 1842

10/30/2009 | 15:05 | 184.4

1522 | 1847

1526 | 1848

1601 | 185.4 hy ;
now visible over the ridge.
1615 | 1856 CC ~80%, west side 1s open more than the eastside. Thick ridge exists in
' ' middle of pool. Feed 1s boiling on top of ridge.
— ; . —
1630 | 1859 I(‘Zi((i:ge 80%, both east and west sides are wide open. Feed is boiling on the
1645 | 1861 CC ~75%, ridge is getting smaller, east and west are opening up wider. Feed

1s flowing into the east side.
17:00 | 1864 | Stopped feeding. End of the ORP Hi Bi Foaming Test.

19:07 | 188.5 | Cold cap is mostly foam.

Cold cap 1s gone. There 1s a foamy cap ~3” thick. There is moderate amount
of build up on the walls.

20:05 | 1894 | Start melter off-gas shut downs.

19:47 | 1891
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Table 4.4. DM1200 Tests Performed with Final HL.LW Bubbler Configuration, Glass

Temperature of 11530°C, and Optimized Bubbling /Production Rates.

Glass . Bubbling Glass Production
Test Feed Yield Duration Rate Rate
High Bismuth 500 g/1 771 ko 126 1pm 815 kg/m*d
Current Tests
High Bismuth 500 g/l 1033 hr 126 Ipm 558 kg/m*d
High Waste Loading Glass
Formulations for Hanford High- Al-Limited Waste with LAW 3
Alumimum HLW Streams VSL- stream as sodium source, sugar 300 34 s 62 lpm 1050 kg/m/d
10R1690-1 [21]
High Waste Loading Glass
Formulations for Hanford High- Al-Limited Waste with LAW 3
Aluminum HLW Streams VSL- stream as sodium source, sugar 3001 51 hrs 10T 1pm 1450 kg/m/d
10R1690-1 [21]
High Waste Loading Glass
Formulations for Hanford High- Al-Limited Waste with LAW 3
Alumimum HLW Streams VSL- stream as sodium source, sugar 400 g/ 48 hrs 85 Ipm 1150 kg/m'/d
10R1690-1 [21]
High Waste Loading Glass Al-Limited Waste with LAW
Formulations for Hanford High- stream as sodium source 500 g/ 50 hrs 81 lpm 1050 kg/m*/d
Aluminum HLW Streams VSL- ] : & P &
10R1690-1 [21] cetitiose
Melt Rate Enhancement for High
Aluminum HLW Glass Formulations Al-Limited Waste 500 g/ 48 hrs 124 1pm 1500 kg/m?/d
VSL-08R1360-1[19]
Melt Rate Enhancement for High
Aluminum HLW Glass Formulations Al-Limited Waste 500 g1 48 hrs 71 lpm 1050 kg/m*/d
VSL-08R1360-1[19]
Configuration Test 9A 3
VSL-04R4800-4 [5] AZ-101 400 g/l 145 hrs 64 1pm 1050 kg/m~/d
Configuration Test 9B 2
VSL-04R4800-1 [3] AZ-101 400 g/ 72 hrs 134 1pm 1400 kg/m~/d
Test 1B 3
VSL-05R5800-1 [18] AZ-102 340 g/l 114 hrs 65 1pm 9200 kg/m~/d
Test 2B C-106/AY-102, High Waste 340 g/l 105 hrs 90 Ipm 1050 ke/m*/d

VSL-05R5800-1 [18]

Loading
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Table 4.5. Measured DM1200 Melter System Parameters.

Tests

10/20-23/2009

10/26-30/2009

avg

min

max

avg

min

max

Glass

13" from
floor E

1144

1069

1197

1154

1093

1208

15.5" from
floor E

1162

1121

1210

1162

1110

1231

18" from
floor E

1161

1105

1211

1163

1091

1229

27" from
floor E

1051

407

1183

1119

523

1199

13" from
floor W

1148

1090

1200

1145

1092

1186

15.5" from
floor W

1148

1083

1204

1145

1078

1191

18" from
floor W

1150

1085

1204

1148

1065

1206

27" from
floor W

1050

355

1202

1122

567

1203

TEMPERATURE (°C)

Plenum

8" below
ceiling

611

400

907

651

418

912

17" below
ceiling

567

354

835

640

425

910

Exposed

671

384

951

675

333

925

Discharge

TC1

982

901

1054

1015

924

1130

TC 2

1013

939

1072

1062

987

1136

Air Flow

280

237

299

261

47

304

Riser

1091

931

1170

1067

890

1160

Electrode

East

1145

994

1182

1126

1046

1162

West

1125

1059

1148

1101

1036

1137

Bottom

1047

967

1111

1021

919

1067

Film
Cooler

[Added Air

171

58

306

177

58

263

Qutlet

388

75

563

404

62

584

Density {g/cc)

221

1.35

252

2.07

1.53

2.60

Glass | Level (" from floor)

30.96

25.16

43.29

31.82

26.65

41.26

Resistance (ohms)

0.090

0.071

0.110

0.095

0.067

0.116

Current (A)

761

640

942

847

692

1083

Electrodes Voltage (V)

118

83

145

113

69

141

Power (kW)

158

88

201

136

70

192

Lance 1

[Rate {lpm)

62.2

2.7

111.0

62.4

6.2

101.5

Bubblers 2

[Rate {lpm)

62.5

2.6

120.5

62.3

59

111.6

Total Lance Bubbling (Ipm)

125.9

6.5

222.2

1259

13.3

214.3
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Table 4.6. Measured DM1200 Off-Gas System Parameters.

10/20-23/2009 10/26-30/2009

Avg, | Min. | Max. | Ave. | Min. | Max.

Pressure at Level Detector Port ("water) 2.4 -6.3 1.4 -2.5 -5.2 2.2

Melter Pressure at Instrument Port ("water) 2.7 -6.8 1.5 -2.8 -5.7 2.5
Control Air Flow Rate (scfin) 19.7 11.2 | 65.1 | 37.0 | 11.1 | 72.0
Film Cooler Differential Pressure (“water) 1.98 047 | 1005 | 147 | 036 | 10.05
Transition Line Differential Pressure {“water) 32 0.0 14.0 37 22 16.2
Differential Pressure (“water) 34.0 13.5 | 551 | 335 | 273 | 408

Inlet gas pressure (“water) =74 -24.0 | -1.1 -7.6 | 251 | -36
Outlet gas pressure (“water) -404 | -58.5 | -208 | -39.7 | -62.0 | -234

Downcomer Annulus Pressure (psia) 14.2 9.3 145 | 143 | 134 | 145

Inlet gas Temp. (°C) 299 151 484 280 125 393

QOutlet gas Temp. (°C) 424 278 | 552 | 426 | 257 | 533

C. Coil W. Inlet Temp (°C) 194 13.8 23.9 18.4 13.5 223

C. Coil W. Qutlet Temp (°C) 344 207 | 478 352 207 | 473

Jacket W. Outlet Temp (°C) 37.6 23.9 50.1 38.4 22.0 | 49.2

Sump Temp. (°C) 36.5 21.9 | 499 36.9 21.8 | 48.9

SBS Off-gas Downcomer Temp @3 (°C) 234 145 378 218 134 297
Off-gas Downcomer Temp @8 (°C) 248 157 398 231 142 | 316

Off-gas Downcomer Temp @13 (°C) 255 164 | 402 | 237 149 | 325

Off-gas Downcomer Temp @18” (°C) 245 157 392 | 227 143 312

Off-gas Downcomer Temp @28” (°C) 230 145 368 213 135 294

Off-gas Downcomer Temp @33” (°C) 222 134 359 207 133 285

Off-gas Downcomer Temp @38” (°C) 202 107 351 191 122 275

Off-gas Downcomer Temp (@48” (°C) 109 60.0 | 333 89.5 | 638 | 176

Off-gas Downcomer Temp @53” (°C) 78.1 42,6 | 280 | 655 | 444 | 922

C. Coil/Jacket W. Flow Rate (gal/min) 183 4.6 | 301 | 131 23 298

Recirc. pump discharge Temp (°C) 42.9 28.2 | 53.0 | 431 | 259 | 496

Recirc. pump discharge Pressure (psi) 38.8 0.1 41.2 | 404 | 27.1 | 46.1

Differential Pressure (“water) 5.5 0.5 10.1 7.6 1.1 10.1

Inlet gas Temp. (°C) 425 209 | 548 | 426 | 260 | 53.0

WESP QOutlet gas Temp. (°C) 44.0 26.1 | 53.2 | 4.0 | 261 | 51.0
Wet Gas Flow Rate (scfim) 250 67.1 288 259 114 313

Voltage (kV) 30.2 0.0 324 304 0.1 31.7

Current (mA) 14.8 0.0 17.0 14.5 0.0 18.3

HEME #1 Differential Pressure (“water) 1.6 0.5 2.0 1.6 0.3 2.6
Outlet Gas Temp. (°C) 430 329 | 516 | 43.0 | 289 | 491

HEPA 1 Differential Pressure {“water) 0.6 -1.2 0.9 0.5 0.2 0.8
Cutlet Gas Temp. (°C) 70.6 378 74.9 711 66.8 74.2

TCO/SCR Heater Inlet Gas Temp. (°C) 89.1 50.6 91.9 89.3 85.6 93.7

Inlet Gas Temp. (°C) 357 118 370 364 356 374

TCO Mid-bed Temp. (°C) 355 §7.0 | 374 366 in 373
Differential Pressure {“water) 3.9 0.9 4.7 4.3 19 5.9

Inlet Gas Temp. (°C) 338 108 347 338 328 345

QOutlet Gas Temp. Right (°C) 328 122 335 330 310 334

SCR QOutlet Gas Temp. Left (°C) 304 122 315 310 285 315
Differential Pressure (“water) 2.5 0.6 31 2.8 13 18

Post Qutlet Gas Temp. (°C) 273 122 293 289 257 293

Inlet Gas Temp. (°C) 262 130 283 278 239 282

PBS PBS Sump Temp. (°C) 327 20.2 371 323 23.7 35.6

Differential Pressure {“water) 3.2 -0.3 5.2 34 0.6 7.1

Differential Pressure (“water) 4.8 22 5.8 438 2.0 6.8

HEME #2 Inlet Gas Temp. (°C) 336 | 240 | 373 | 331 | 251 | 362
Outlet Gas Temp. (°C) 34.2 24.6 37.8 33.8 28.8 374

Exhaust Stack Absolute Pressure (“water) 9.2 9.7 -6.4 -94 -58 -8.9
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Table 4.7. Off-Gas Solution Volumes.

Tvpe of Sample Date Sample ID for Number of | Total Blow-down Volume
yp P last Blow-down Blow-downs (gal)
SBS 10/30/2009 S-12-P-117A 47 1863.4
W-12P-117A
WESP 10/30/2009 W 1P 117D 11 638.9
HEME 1 10/30/2009 H1-12P-118A 2 51.0
PBS 10/30/2009 P-12P-118A 16 570.8
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Table 4.8. Analytical Results for Solutions from the DM1200 Off-Gas System Sampled at End

of Testing (mg/L.).
Sample ID S-12P-117A W-12P-117A W-12P-117B
Deluge No Before Deluge After Deluge
pH 1.93 2.69 3.08
- Sug™® Dis.# Total Susg™ Dis.# Total Sug™ Dis.# Total
Solid 2407 7531 9938 5 1868 1873 26 750 776
Al 2698 | 351.88 | 378.86 NA 2.83 2.83 0.06 0.93 0.99
B 1.21 788.85 | 790.06 NA 47.92 47.92 <0.20 15.37 15.57
Ba 0.11 1.33 1.44 NA 0.06 0.06 <0.00 0.04 0.04
Bi 114.60 5.45 120.05 NA 4.62 4.62 7.15 0.79 7.94
Ca 4.23 44.25 48.48 NA 41.21 41.21 0.02 38.53 38.55
Cd 0.05 0.49 0.54 NA 0.16 0.16 <0.03 0.09 0.09
Cr 3.62 19.28 22.9 NA 19.08 19.08 1.17 7.75 8.92
Cs <0.11 0.29 0.29 NA 0.31 0.31 <0.11 0.28 0.28
Fe 69.24 39.53 | 108.77 NA 198 1.98 0.94 1.23 2.17
K 0.58 73.68 74.26 NA 48.23 48.23 <0.08 22.61 22.61
Li 0.24 22.66 22.9 NA 6.17 6.17 <0.05 2.37 2.37
Mg 0.48 34.24 34.72 NA 8.70 8.70 <0.01 8.74 8.74
Mn 0.11 1.51 1.62 NA =004 | <004 | <004 | <0.04 | <0.04
Na 3.51 | 1338.00 [ 1341.51 ] NA 389.52 | 389.52 0.11 130.35 | 130.46
Ni 29.54 24.05 53.59 NA 0.51 0.51 0.61 0.47 1.08
P 2453 | 10431 | 128.84 NA 5.18 5.18 <0.60 1.58 1.58
Pb 3.39 11.13 14.52 NA 6.18 6.18 0.24 2.11 2.35
Si 17492 | 27778 | 4525 NA 6.95 6.95 0.25 521 5.46
Sr 0.04 0.80 0.84 NA 0.28 0.28 <(.00 0.23 0.23
Ti 2.78 477 7.55 NA 0.04 0.04 <0.02 | <0.02 | <0.02
7n 0.31 7.35 7.66 NA 0.28 0.28 <(.02 0.10 0.10
Zr 2.33 4.87 7.2 NA <002 [ <002 | <0.02 | <002 | <002
¥ NA 291575 (291575 NA 117.05 | 117.05 NA 37.55 NC
Cl NA 98.03 98.03 NA 41.38 41.38 NA 40.33 NC
I NA 101.17 | 101.17 NA <(0.1 <i).1 NA 0.79 NC
Nitrate NA 349.61 | 349.61 NA 55.11 55.11 NA 28.76 NC
Nitrite NA <0.1 <0.1 NA 0.54 0.54 NA <0.1 NC
Sulfate NA 173471 [ 173471 ] NA 121493 [ 121493 | NA 492.22 NC

NA — Not analyzed; NC - Not calculated
* — Suspended solid; # - Dissolved solid
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Table 4.8. Analytical Results for Solutions from the DM1200 Off-Gas System Sampled at End
of Testing (mg/L.) (continued).

Sample Type HEME 1 PBS
Sample 1.D. H1-12P-118A P-12P-118A
pH 2.28 929
Solid Sus™ Dis.# Sug* Dis #
Total 2 513 8 4206
Al NA 0.69 NA 0.46
B NA 16.53 NA 4.06
Ba NA 0.04 NA 0.00
Bi NA 077 NA <10.25
Ca NA 36.55 NA <0.00
Cd NA 0.62 NA <0.03
Cr NA 2.68 NA 0.06
Cs NA 0.61 NA 0.22
Fe NA 273 NA <10.05
K NA 18.82 NA 3.08
Li NA 335 NA <0.05
Mg NA 9.56 NA 0.16
Mn NA <0.04 NA <0.04
Na NA 51.52 NA 1233.70
Ni NA 031 NA <0.04
P NA 0.87 NA <0.06
Pb NA 0.74 NA <0.10
S1 NA 249 NA <0.04
Sr NA 0.25 NA 0.05
T1 NA <0.02 NA <0.02
Zn NA 3.26 NA <0.02
7r NA 0.04 NA <0.02
F NA 40.68 NA 23.66
Cl NA 46.14 NA 12.29
1 NA 4.51 NA 40.74
Nitrate NA 357.72 NA 128.07
Nitrite NA 0.45 NA 115986
Sulfate NA 376.81 NA 32791

NA — Not analyzed®. — Suspended solid; # - Dissolved solid
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Table 5.1. Characteristics of Melter I'eed Samples from DM1200 Tests.

. Glass Yield

Formulation Date Name % Water pH Density Measured Target
(g/ml) (gM) Y% Dev.

(kg/kg) | (kglkg)
As Received | 10/19/09 F-12N-121A 5017 10.63 1.56 711 0.456 0.435 473
10/20/09 F-12N-145A 58.52 10.34 1.39 519 0.374 0.354 5.56
10/21/09 F-120-32A 59.45 10.40 138 491 0.356 0354 0.54
10/22/09 F-120-74A 61.90 10.57 1.37 485 0.354 0.354 0.00
10/26/09 F-120-136A 60.87 10.38 1.36 472 0347 0354 201
Melter feed ™55 7700 F-12P-20A 61.10 10.48 1.37 431 0.351 0.354 -0.79
10/28/09 F-12P-51A 59.84 10.68 1.40 508 0.363 0354 257
10/29/09 F-12P-83A 60.59 10.40 138 494 0.358 0354 1.05
10/30/09 F-12P-116A 59.60 10.72 1.40 519 0.370 0.354 463
Average 60.23 10.50 138 496 0359 0354 1.44
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Table 5.2. XRF Analyzed Compositions of Vitrified DM1200 Melter Feed Samples (wt%bo).

Constituent | Target |F-12N-121A|F-12N-145A [F-120-32A|F-120-74A | F-120-136A |F-12P-20A [F-12P-51 A [F-12P-83A |F-12P-116A | Avg. |%Dev.
ALO; 11.66 11.50 10.89 11.42 11.81 11.96 12.17 11.76 11.90 11.45 11.65 | -0.02
B,O5% 11.3 11.30 11.30 11.30 11.30 11.30 11.30 11.30 11.30 11.30 11.30 | NC
BaO 0.01 0.02 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.02 0.02 NC
Bi;0O5 6.71 6.80 6.64 6.69 6.47 6.09 6.19 6.26 6.11 7.14 649 | -3.27
CaO 0.84 1.00 0.85 0.88 0.84 0.83 0.88 0.89 0.91 0.93 0.89 NC
Cr0; 0.52 0.70 0.67 0.68 0.69 0.63 0.67 0.62 0.68 0.71 0.67 NC

F* 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 NC
Fe,O; 6.96 7.31 7.04 7.19 7.04 6.70 6.69 6.81 6.73 7.59 7.01 0.70
KO 0.46 0.49 0.45 0.46 0.48 0.44 0.49 0.47 0.48 0.47 0.47 NC
11,O0% 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 NC
MgO 0.43 0.58 0.58 0.57 0.58 0.58 0.61 0.59 0.55 0.57 0.58 NC
MnO § 0.04 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.03 NC
Na,O 15.74 14.72 16.78 15.41 15.44 15.92 15.28 16.22 16.01 15.03 15.65 | -0.56
NiO 1.93 2.02 1.91 1.99 1.97 1.82 1.91 1.83 1.95 1.94 1.93 0.19
P,0;s 4.99 5.18 4.98 5.05 5.18 5.02 5.31 5.09 5.28 5.14 514 | 3.06
PbO 0.25 0.24 0.24 0.24 0.22 0.21 0.21 0.22 0.21 0.25 0.23 NC
310, 36.26 36.09 35.70 36.07 35.93 36.49 36.21 35.90 35.83 35.42 3596 | -0.81
S0; 0.48 0.44 0.35 0.40 0.43 0.42 0.47 0.44 0.44 0.41 0.42 NC
T10, 0.16 0.18 0.16 0.17 0.17 0.17 0.18 0.17 0.17 0.17 0.17 NC
ZnQ 0.16 0.17 0.17 0.17 0.16 0.15 0.15 0.15 0.15 0.17 0.16 NC
210, 0.21 0.27 0.27 0.28 0.27 0.25 0.26 0.26 0.26 0.27 0.26 NC
Sum 100.00 | 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000  |100.000] NC

* Target values; § - Not a target constituent
NA —Not analyzed
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Table 3.3. Comparison of XRF and DCP Analyzed Compositions of Select Vitrified DM1200 Melter
Feed Samples and Discharged Melter Glass.

Sample Type Vitrified Melter Feed Glass
Sample LD. | Target | F-12N-121A F-120-32A F-12P-116A G-12P-116A
Constituent XRF | DCP | XRF | DCP | XRF | DCP | XRF | DCP

ALO, 1166 | 11.50 [ 11.43 [ 1142 | 11.38 | 11.45 | 1152 [ 12.10 | 11.98
B,Os 1130 | 11.30* [ 11.24 [11.30* | 11.52 | 11.30*% | 10.54 | 11.66™ | 11.82
BaQ 0.01 0.02 0.03 0.01 0.02 0.02 0.02 0.02 0.02
Bi,O5 6.71 6.80 6.65 6.69 6.88 7.14 6.90 6.29 6.76
CaO 0.84 1.00 1.09 0.88 0.97 0.93 1.04 1.08 1.20
Cry Oy 0.52 0.70 0.33 0.68 0.31 0.71 0.28 0.65 0.23

F 082 | 0.82% | NA 0.82% | NA 0.82% | NA |043% [ NA
Fe,05 6.96 7.31 6.30 7.19 6.14 7.59 6.41 7.06 5.84
K;0 0.46 0.49 0.57 0.46 0.56 0.47 0.57 0.47 0.55
Li,O 016 | 01e* | 033 [ 0le* | 027 | 016% | 033 | 031% | 050
MgO 0.43 0.58 0.64 0.57 0.65 0.57 0.63 0.50 0.64
MnO § 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.04
Nay,O 1574 | 1492 | 1347 | 1541 | 1341 | 1503 | 1338 | 1590 [ 1342
NiD 193 2.02 1.56 1.99 1.54 1.94 1.48 1.78 1.35
P,05 4.99 5.18 5.33 5.05 4.91 5.14 5.40 5.00 5.10
PbO 0.25 0.24 0.25 0.24 0.25 0.25 0.27 0.24 0.25
S10, 36.26 | 36.09 | 3683 | 3607 | 38.19 | 3542 | 3797 | 3561 | 37.73
S03 0.48 0.44 NA 0.40 NA 0.41 NA 0.27 NA
Ti0, 0.16 0.138 0.19 0.17 0.138 0.17 0.18 0.17 0.18
Zn0O 0.16 0.17 0.15 0.17 0.15 0.17 0.15 0.16 0.14
ZrQ, 0.21 0.27 0.30 0.28 0.30 0.27 0.30 0.28 0.32
Sum 100.00 | 100.00 | 96.73 | 100.00 | 97.66 | 100.00 | 97.41 | 100.00 | 98.07

§ - Not a target constituent;
NA - Not analyzed
* _ Target values for XRF-analyzed compositions

#% _ Determined by XRF on the polished sample surface
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Table 5.4. List of Glass Discharged, Masses, and Analysis Performed during DM1200

Tests.
Observations Mass | Cumulative Fé?;:g
Date Name Analysis Performed Of Glass in Discharge
(kg) Mass (kg) Observed
Trough
on Surface
G-12N-150A - -
10/20/2009 G ON-IS1A XRF. DCP.F - 431.0 431.0 No
G-120-18A - -
G 1200A <RD - 4255 856.5 No
10/21/2009 G12035A
G 12037A XRE T - 428.0 1284.5 No
3-120-37B - -
. . . 4235 1708.0 Y
G-120-53A XRF, Internal Inspection Minor Auto Discharge ©s
10/22/2000 | G-120-67A - -
G-120-69A | XRE. F, Internal Inspection - 42401 21320 Yes
G-120-75A - -
4135 2545.5 Y
G-120-85A XREF, Internal Inspection - °
10/23/2009 | G-120-99A - -
G-120-101A | XRF. F, Internal Inspection - 4245 29700 Yes
G-120-131A - -
1072672009 =555 133A | XRF, Internal Inspection - 4050 33750 Yes
(G-120-149A - -
10/27/2009 G-120-150A XRF, F, Intgr]‘%e\l/l[ Inspection, Auto Discharge 413.5 3788.5 Yes
G.17P31A i Auto Dls((:}hlzgie, Foamy
G-17P-A XRF, Internal Inspection, Auto Discharge, Foamy 3835 41740 Yes
10/28/2009 SEM Glass
G-12P-37A - Foamy Glass
G-19P-53A XRF, Internal Inspection, Auto Discharge, Foamy | 416.5 4590.5 Yes
SEM Glass
G-17P-66A i Auto Dls((:}hlzgie, Foamy
10/29/2009 XRF, F, Internal Inspection, | Auto Discharge, Foamy 404.5 4995.0 Yes
G-12P-72A
SEM Glass
(3-12P-85A - -
G.12P.8SA XRF, Internal Inspection, Auto Discharge, Foamy | 407.5 54025 Yes
SEM Glass
G-12P-100A ) Auto Dlsgzrsie, Foamy
. . 413.0 5815.5 Yes
10/302000 | G-12P-101A XRF, Internal Inspection, Auto Discharge, Foamy
SEM Glass
G.19P-115A i Auto Dls((:}hlzgie, Foamy
251.0 6066.5 Yes
G-12P-116A XRF, DCP, F_, Internal i
Inspection
"-" empty data field
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Table 5.5. XRF Analyzed Composition for Glass Discharged During DM1200 Melter Tests

(Wt%).
Glass (kg) 431.0 | 8565 | 12845 | 1708.0 | 2132.0 | 25455 | 2970.0 | 3375.0 | 3788.5
Constituent Target | G-12N-|G-120-|G-120-|G-120- | G-120- | G-120-|G-120- | G-120-| G-120-
151A 20A 37A 53A 69A 85A 101A | 133A | 150A
AL O, 11.66 | 21.34 19.08 17.48 16.41 15.25 14.64 14.25 13.88 13.44
B,Os* 1130 | 1795 | 1663 | 1557 | 1473 | 1405 | 1352 | 13.08 | 1275 | 12.47
BaO 0.01 0.05 0.04 0.03 0.03 0.03 0.03 0.02 0.02 0.02
B1,O4 6.71 2.21 3.12 3.85 4.37 5.01 532 5.02 5.64 5.70
CaO 0.84 3.96 319 272 2.38 2.13 191 1.56 1.53 1.38
Cr,O4 0.52 0.54 0.56 0.53 0.59 0.62 0.66 0.61 0.61 0.61
F 0.82 0274 0.33 0.40# 0.39 0.37# 0.37 0.38# 036 0.344
Fe, O 6.96 6.20 6.24 6.29 6.59 6.89 6.98 6.45 6.85 6.80
K,0O 0.46 0.23 0.28 0.31 0.36 0.37 0.39 0.39 0.41 0.42
L1,0* 0.16 3.00 2.44 1.98 1.63 1.34 1.11 0.92 0.78 0.66
MgO 0.43 0.25 0.34 0.36 0.42 0.42 0.50 0.51 0.50 0.52
MnO § 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03
Na,O 1574 | 11.05 | 11.91 1276 | 1266 | 1375 | 1353 | 1508 | 1398 | 1482
Ni© 1.93 0.51 0.73 0.82 1.08 1.30 1.38 1.34 1.45 1.47
P,0s 4.99 193 2.69 3.32 3.68 3.84 4.16 4.36 4.54 4.61
PbO 0.25 0.39 0.35 0.33 0.31 0.32 0.30 0.26 027 0.25
510, 3626 | 2926 | 31.18 | 3233 | 3344 | 3337 | 34.26 | 3492 | 3553 | 35.61
SO 0.48 0.17 0.21 0.23 0.25 0.24 0.25 0.26 0.24 0.25
TiO, 0.16 0.10 0.11 0.13 0.13 0.14 0.15 0.14 0.15 0.15
ZnQO 0.16 0.11 0.12 0.13 0.14 0.15 0.16 0.14 0.16 0.15
210, 0.21 0.45 0.40 0.37 0.36 0.36 0.34 0.28 0.31 0.30
Sum 100.00 [ 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

§ - Not a target constituent
* _ Target values calculated using simple well-stirred tank model
# - Fluorine was measured by XRF on polished samples, values for other samples calculated by interpolation
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Table 5.5. XRF Analyzed Compeosition for Glass Discharged During DM1200 Melter Test

(wt%) (continued).
Glass (kg) 41740 | 45905 | 49950 | 54025 | 58155 6066.5
Constituent | 28 |Go12p324G-12P-53A]G-12P-724G-12P-88A Gl'&leP' (}1-1162AP— %Dev.
AI203 11.66 13.37 1279 12.49 12.53 1222 12.10 3.79
B0, * 11.30 12.26 1207 11.92 11.81 11.71 11.66 NC
BaO 0.01 0.02 0.02 0.02 0.02 0.01 0.02 NC
Bi,Os 671 561 6.07 6.29 596 6.53 620 2621
CaO 0.84 130 1.23 122 110 116 1.08 NC
Cr,05 052 061 0.62 0.60 0.59 0.66 0.65 NC
T 0.82 034 034 034# 037 0.41 0.43# NC
Fe,O, 6.96 6.66 6.93 7.07 573 728 7.06 1.41
KO 0.46 0.42 0.44 0.45 0.43 0.46 0.47 NC
Li,O% 016 057 0.49 0.43 038 033 031 NC
MgO 0.43 051 051 0.54 0.54 051 050 NC
MnO 5 0.03 0.03 0.03 0.03 0.04 0.03 NC
Na,O 15.74 14.71 1517 15.15 16.39 15.40 15.90 1.02
NiO 1.93 1.46 1.56 161 1.60 175 1.78 755
P,0; 4.99 473 478 488 4.86 4.92 5.00 0.28
PbO 025 024 025 0.25 0.23 026 024 NC
Si0, 36.26 3631 3583 3584 35 60 3545 3561 7]
SO; 0.43 023 025 0.25 0.26 0.26 027 NC
TiO, 016 016 016 016 016 017 017 NC
Zn0O 016 015 016 017 016 017 016 NC
710, 021 028 029 030 027 030 028 NC
Sum 100.00 | 100.00 | 10000 | 10000 | 10000 | 10000 | 100.00 NC

§ - Not a target constituent.

* _ Target values calculated using simple well-stirred tank model.

# - Fluorine was measured by XRF on polished samples, values for other samples calculated by interpolation.
NC — Not calculated

T-57



The Catholic University of America
Vitreous State Laboratory

ORP-48628, Rev. 0

Tests with High-Bismuth HLW Glasses
Final Report, VSL-10R1780-1, Rev. 0

Table 5.6. SEM Results on Selected Glass Samples Discharged During DM1200 Testing.

Sa]gl;)tl;ng Sample L.D. Sample Location Cr(y‘s:)z:.l'l];]n)lty SEM Observations Estlm(a :‘:i oio)msny
Sample contains secondary phases and large vesicles. The
10/27/09 G-120-150A Drum Surface 49 secondary phases consist of about 45 to 50% spinel and 50-55% ND
apatite. Very fine particles (about 300 nm) rich in phosphorus
Sample contains secondary phases and large vesicles. The
10/27/09 G-120-150A-4 Right half of drum, glazed 49 secondary phases consist of about 40 to 45% spinel and 55-60% 112
area of glass near center ' apatite. Probably metallic Bi spheres/droplets appear locally, '
containing several percent of fluorine.
10/28/09 Left half of drum, near Thin metallic flake in the glass matrix. Metallic Fe with trace of
G-12P-32A-1 [thermowell, includes suspect ND Cr and Si. Small amount of glass adhered with high content of Bi ND
metal contamination some spinel and apatite. The spinel crystals are rich in Cr.
Sample contains secondary phases and many large vesicles. The
10/28/09 G.17P-32A3 Left half of drum suspect 43 secondary phases consist of about 45 to 50% spinel, 50-55% 1025
secondary phase ' apatite. Very tiny particles of about 300 nm may be indicative of]
early apatite nucleation.
10/28/09 G-12P-53A Drum Surface 1.7 Only spinel was observed. 32.9
102909 | a19p.72A1 Left half of drum around 44 The glass contains 1.75% spinel and 2.6% apatite needle like 25 8
thermowell crystals.
The glass contains 2.53% spinel and 3.3% apatite. Apatite
10/30/09 | G-12P-88A-1 Center of drum, left half 58 appears as short cylinders and dendrite. Large spinel crystals 19.0
(=10pm) are Cr-rich and the small ones (<10 pm) Cr-poor.
The glass contains 2.0% spinel and 1.1% apatite. Larger spinel
10130009 | G-12P-101A1 Left half of drum, near 31 crystals are rich in Cr with Fe and Ni. The smaller crystals 123

thermowell

(<10 pm) are depleted in Cr. Apatite is present as short cylinders

and dendrites of smaller particles.

ND — Not Determined.
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Table 5.7. Calculated Glass Density and Porosity.

Calculated Measured Density Calculated Calculated
Name Mass | Volume Bulk of Glass from the Micro- Bulk
(kg) {liters) Density Surface of Drum porosity porosity
(g/co) (g/cc) (Vol %) | (Vol. %)
g:gg:gi 4235 171.9 246 2.6258 231 8.48
g:gg:ggi 4240 | 1703 2.46 2.6485 1.46 8.43
G-120-75A
GlLossa | H135 | 1707 2.40 2.5902 3.63 10.71
5_1122(5)-_1909& 4245 | 1743 2.44 2.4394 9.24 9.22
ggggi 405.0 169.0 235 71992 18.18 12.57
(G-120-149A
G0 ls0A | 4135 | 1761 232 23307 13.29 13.68
ggﬁiéﬁ 3855 | 1705 226 2.3005 14.41 15.92
G-12P-37A
1A ] 4165 | 1779 234 23404 12.93 12.94
g:gi:ggi 4045 | 1719 2.35 2.2433 16.54 12.57
g:gi::gi 407.5 179.9 227 71944 18.36 15.54
gjiiig?ﬁ 413.0 170.3 2.34 22371 16.77 12.94
ggiﬂéﬁ 2510 1 1151 2.17 2.3631 12.08 19.26
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Table 5.8. Chronology of Bubbler Use while Processing High Bismuth Feeds.

DB-3 in Port A3*
DB-4 in Port D1

Double-Ported Bubblers Used

Installation 9/24/09 12:30
Operating duration with high-bismuth feed 193 hours
Idling time between the t.wo high-bismuth feeding 60 hours
periods
Idling time prior to melt pool turnover after
completion of high-bismuth tests 97 hours
Operation time for turnover with bismuth-free feed 30.5 hours
Removal and inspection 11/5/09 09:30
Total time immersed in bismuth rich glass 383 hours
Original dimensions of foot on bubbler bottom Inconel 690, 1.75” x 1.5” x 0.5
Original distance between the end of foot to the .
} 1.5
bubbler tip

*_ See Figure 1.4 for port locations.
# - See Figure 1.3

Table 5.9. Caliper Readings (Inches) of Bubbler Dimensions Before and After Exposure to

High Bismuth Feeds.

Location DB-3 DEB-4
Before After Before After
48” from bottom 1.050 1.048 1.050 1.050
36 from bottom 1.053 1.048 1.052 1.047
24 from bottom 1.052 1.045 1.056 1.045
18” from bottom 1.055 1.046 1.048 1.046
12” from bottom 1.047 1.047 1.052 1.044
6" from bottom 1.051 1.044 1.057 1.046
127 from tip 1.041 1.037 1.040 1.038
6" from tip 1.050 1.045 1.055 1.045

Average loss during testing, inches 0.005 0.006
Visually estimated loss of original foot 60% 95% 0% 75%

Visually estimated loss of material

betweenythe foot and end of bubbler 0% 70% 0% 30%
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Table 6.1. Results from DM1200 Off-Gas Emission Samples.

10/26/2009 14:29 — 15:29 10/28/2009 11:50 — 12:50
21.9% Moisture; 104% Isokinetic 19.5% Moisture; 95.4% Isokinetic
Feed” Output % Feed” Output %
(mg/min) | (mg/min) | Emitted DF (mg/min) | (mg/min) | Emitted DF
Total® | 903857 2293 0.25 394 652504 1566 0.23 436
Al 50375 38.7 0.08 1302 38038 26.80 0.07 1419.2
Bi 24577 108 0.44 228 18558 78.47 0.42 236.5
B 28640 94.4 0.33 303 21626 58.97 0.27 366.7
Ba 73 0.37 0.51 197 55 0.14 0.25 404.5
Ca 4903 12.5 0.25 393 3703 6.57 0.18 563.3
Cr 2906 13.2 0.45 221 2194 16.86 0.77 130.2
F* 6697 14.0 <0.01 478 5057 23.2 0.46 218
oL Fe 39745 69.7 0.18 571 30012 39.95 0.13 751.2
ElK 3119 22.4 0.72 139 2355 19.29 0.82 122.1
3L 607 7.03 1.16 86.4 458 4.96 1.08 92.4
E Mg 2117 8.51 0.40 249 1599 4.43 0.28 360.6
Na 95371 329 0.35 290 72015 540.84 0.75 133.2
Ni 12386 27.2 0.22 456 9352 14.21 0.15 658.2
P 17793 48.98 0.28 363.3 13436 26.73 0.20 502.7
Pb 1895 8.30 0.44 229 1431 6.64 0.46 215.5
5% 1571 25.8 1.64 60.9 1186 55.6 4.69 213
Si 138427 188 0.14 735 104527 108.49 0.10 963.5
Ti 783 2.97 0.38 264 592 1.62 0.27 364.4
7n 1050 2.01 0.19 522 793 1.12 0.14 709.9
Zr 1270 2.07 0.16 613 959 0.79 0.08 12155
B 28640 197 0.69 145 21626 154.76 0.72 139.7
qF 6697 944 14.1 7.1 5057 1000 19.78 5.1
B 1571 291 18.5 5.4 1186 292 24.61 4.1

¥ _ From gravimetric analysis of filters and particulate nitric acid rinses
* _Feed rate calculated from target composition and steady state production rate
* _ Calculated from analysis of filter particulate by water dissolution
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Table 6.1. Results from DM1200 Off-Gas Emission Samples (continued).

10/29/2009 10:45 — 11:45
18.7% Moisture; 102% Isokinetic
Feed" Output %

(mg/min) | (mg/min) | Emitted DF

Total* | 627166 6160 0.98 102
Al 34954 92.85 0.27 376.5
Bi 17053 25537 1.50 66.8

B 19872 287.22 1.45 69.2
Ba 51 0.92 1.81 55.2
Ca 3402 36.21 1.06 94.0
Cr 2016 16.84 0.84 119.7
F* 4647 41.07 0.88 113

@ Fe 27578 213.02 0.77 129.5
X K 2164 50.42 2.33 42.9
gl L 421 11.92 2.83 35.3
E Mg 1469 25.69 1.75 57.2
Na 66176 842.91 1.27 78.5
Ni 8594 83.24 0.97 1033

p 12346 133.46 1.08 92.5
Pb 1315 15.09 1.15 87.2

S 1090 22.68 2.08 48.1

Si 96052 644.08 0.67 149.1

Ti 544 8.54 1.57 63.7
Zn 728 5.62 0.77 1205

Zr 881 6.57 0.75 134.0
LB 19872 132.24 0.67 150.3
ELE 4647 534.15 11.50 8.7
S 1090 209.57 19.23 5.2

- From gravimetric analysis of filters and particulate nitric acid rinses

* _ Feed rate calculated from target composition and steady state production rate

* _ Calculated from analysis of filter particulate by water dissolution
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Melter outlet SBS outlet WESP outlet SCR outlet
Aver. Min. Max. Aver. Min. Max. Aver. Min. Max. Aver. Min. Max.
N,O <1.0 <1.0 2.1 <1.0 <1.0 7.7 <1.0 <1.0 23 <1.0 <1.0 16.3
NO 283 4.0 654 322 15.7 2005 280 49.0 822 261 <1.0 2870
NO, 31.2 <1.0 835 38.5 <1.0 641 37.3 <1.0 171 162 <1.0 1590
NH; <1.0 <1.0 1.9 <1.0 <1.0 2.5 1.3 <1.0 8.9 <1.0 <1.0 38
H,0% 20.5 103 35.6 8.4 4.3 12.0 8.7 5.1 15.9 8.4 1.4 10.7
CO, % 0.20 0.04 0.40 0.19 0.05 1.29 0.17 0.03 0.48 0.23 0.01 2.38
Nitrous Acid <1.0 <1.0 <1.0 <1.0 <1.0 5.5 <1.0 <1.0 33 <1.0 <1.0 13.4
Nitric Acid 3.6 <1.0 272 <1.0 <1.0 7.7 <1.0 <1.0 2.2 <1.0 <1.0 9.7
HCN <1.0 <1.0 <1.0 1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
SO, 23.0 9.4 42.8 6.0 <1.0 20.2 2.2 <1.0 8.4 1.8 <1.0 14.1
CO <1.0 <1.0 1.7 <1.0 <1.0 6.8 <1.0 <1.0 33 1.9 <1.0 8.5
HCl 22 <1.0 233 <1.0 <1.0 57 <1.0 <1.0 <1.0 <1.0 <1.0 8.2
or 21.1 4.1 452 10.8 4.6 27.0 3.1 1.4 19.0 5.1 1.4 13.3
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Figure 1.1. Cross-section of the DM 1200 melter through the discharge chamber.
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Figure 1.2. Cross-section through the DM1200 melter showing electrodes.
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Figure 1.3. Specifications of Double Outlet “J”* Bubbler.
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Figure 1.4. Placement of double outlet bubblers. Note: solid circles represent location of
bubbler outlet.
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Figure 1.5, Schematic diagram of DM1200 off-gas system. “Sx™ indicates sampling point.
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Figure 1.6. Glass Temperature Profile of HLW Canisters filled by the Energv.Sefutions LAW
Filot Melter.
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Box Furnace

600°C

11507C

Figure 3.1. Schematic drawing of vertical gradient furnace (VGF) for feed
conversion test (1=ceramic crucible half inside the local heater; 2=feed for 20
gram glass; 3=local heater at 1150°C).
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Figure 3.2. Temperature gradient (inside the loaded ceramic crucible) of the Vertical Gradient Furnace (VGF).
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HLWEBi6-2CCC-2

e ety N

1
Bottom
HLWEBiG_—f:CC-HOZ
2)
3)
43

Figure 3.3a. 1) Scanned image of thin sections of HLW-E-Bi6 after CCC. “Bottom” indicates the
samp le orientation during CCC; 2)-4) Scanned images of the thin sections of HLW-E-Bi6 after 2,
4 and 6 hours of truncated CCC.
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Figure 3.3b. (1)- (2) Scanned images of the thin sections of HLW-E-FEi6r after 2 and 6
hours of truncated CCC.
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HLWBIiF2CCC-2

1)

2)

3)

Figure 3.3¢. 1) Scanned im age of thin sections of HLW-Ei-F2 after CCC; 2)-
3) Scanned images of the thin sections of HLW-Bi-F2 after 2 and & hours of
truncated CCC.



ORP-48628, Rev. 0
Fifreows Stafe Laborafory Tesfs with High-Bismuth HLW Glasses
The Catholic Uriversity of America Final Report, VAL-IORIZE0 ], Rev. 0

B

LG-46A-CCC-2

1)

2)

Figure 3.3d. 1) Scanned image of thin sections of BLL-G-41A after
CCC; 2)-3) Scanned images of the thin sections of BLL-G-41A after 2
and 6 hours of runcated CCC.
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HLWBIiO-CCC

1)

&y

3)

4)

Figure 3.3e. 1) Scanned image of thin section of HL.W-Bi-Bi0 after CCC; 2)
Scanned image of the thin section of HLW-Bi-F0 after CCC; 3) Scanned
image of the thin section of HLW-Bi-P0 after CCC; 4) Scanned images of
the thin section of HLW-Bi-BiP0 after CCC.
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1)

Figure 3.3f. 1) Scanned image of thin section of HLW-Bi-2Bi after CC{; 2) Scanned
image of the thin section of HLW-Ei-2P after CCC.
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Figure 3.3g. Scanned image of thin section of HLW-Bi-2P0Cr after CCC.
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Figure 3.4a. Transmission optical microscopic images of HLW-E-Bi6r after CCC,
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Figure 3.4h. Transmission optical microscopic images of HLW-E-Bi6 after truncated 2 hour CC(C.
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HLWEBi6-HO04-3TQ

L #

Figure 3.4c. Transmission optical micr oscopic images of HLW-E-Bi6 after truncated 4 hour CCC.
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Figure 3.4d. Tr ansmission optical microscopic images of HLW-E-Ei6 after truncated 6 hour CCC,
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Figure 3.4e. Transmission optical microscopic images of HLW-E-Bi6r after truncated 2 hour CCC.
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Figure 3. 4f. Transmission optical microscopic images of HLW-E-Ei6r after truncated & hour CCC.
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Figure 3.4g. Transmission optical microscopic images of HLW-EBi-F2 after CCC,
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Figure 3.4h. Transmission optical microscopic images of HLW-Bi-F2 after truncated 2 hour CCC.

F-23



ORP 48625, Rewv. 0
Vitraous State Labaratory fests with High-Bisyuth HLW Glasses
The Catholic Uhiversity of America Final Fepovt, VRL-TORITEO-T, Rev 0

HLWBiF2-H06-3

Figure 3.4i. Transmission optical microscopic images of HLYW-Bi-F2 after truncated 6 hour CCC.
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Figure 3.4j. Transmission optical microscopic images of BLL-G-46A after CCC.
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Figure 3.4k. Transmission optical microscopic images of BLL-G-46A after truncated 2 hour CCC.

F-26



ORP-48628, Rev. 0
Vitreows State Laboratory Tests with High-Bismuth HLW Glasses

The Catholic Ungversity of America _ Rep‘.?:rt VEL-1ORI7EQ ], Rev. O
...'11\;.; ..:I!.":‘.-"'i--ff-";"-“. -

) s % a%
ot L

Figure 3.4l. Transmission optical microscopic images of BLL-G-46A after truncated 6 hour CCC.
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Figure 3. 4m. Transmission optical microscopic images of HLW-Bi-Ei0 after CCC.
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Figure 3.4n. Transmission optical micr oscopic images of HLW-Bi-F0 after CCC.
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Figure 3.4p. Transmission optical microscopic images of HLW-Bi-BiP0 after CCC.
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Figure 3.4q. T ransmission optical microscop ic images of HLW-Bi-2Bi after CCC,
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Figure 3.4r. Transmission optical microscopic images of HLW-Bi-2F after CCC.
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HLWB12POCrCCC-TOP

Figure 3.4s. Transmission optical microscopic images of HLW-Bi-2P0Cr after CCC.,
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Figure 3.5a. Feed conversion after 30 minute VGF experiments:
top view and cross section of HL. W-E-EBi6.
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Figure 3.5h. Feed conversion after 30 minute VGF experiments: top view and cross
section of 1) HLW-Bi-F2; 2) HLW-Bi-F3; 3) HLW-Bi-F5; and 4) HLW-Bi-F8.
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Figure 3.5c. Feed conversion after 30 minute VGF experiments: top view and

cross section of 1) HLW-Bi-F9; 2) HLW-Ei-F10.
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(3)

HLWBiF4CCC

Figure 3.6a. Scanned images of thin sections of 1) HL'W-Bi-F2 after CCC; 2) HLW-EBi-
F3 after CCC; 3) HLW-Bi-F4 after CCC.
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Figure 3.6b. Scanned im ages of thin sections of 1) HLW-Bi-F5 after CCC;
2) HLW-Bi-F6 after CCC; 3) HLW-Bi-F7 after CCC.
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(1)

HLWBIF9CCC

Figure 3.6c. Scanned images of thin sections of 1) HLW-Ei-F38 after CCC; 2)
HLW-EBi-F9 after CCC; 3) HLW-Bi-F10 after CCC,
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Figure 3.7a. Transmission optical microscopic images of thin section HLW-Bi-F2 after CCC.
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HLWBiFICCC-TOP

Figure 3.7b. Transmission optical microscopic images of thin section HLW-Bi-F3 after CCC.
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Figure 3.7c. Transmission optical microscopic images of thin section HLW-Bi-F4 after CCC.
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HLWBAFSCCC-TOP

Figure 3.7d. Transmission optical microscopic images of thin section HLW-Bi-F3 after CCC.
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Figure 3.7e. Transmission optical microscopic images of thin section HLW-Bi-F6 after CCC.
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Figure 3.7f. Transmission optical microscop ic images of thin section HLW-Bi-F8 after CCC.

F-46



ORP-48628, Rev. 0

Tests with High-Bismuth HLW Glasses

Vifreows Stafe Laboratory
The Catholic Uriversity of America

Final Report, V3L-10RI780-1, Rev. 0

HLWBiFSCCC-BATOP

o Lty

o AN .

section HL.W-Bi-F9 after CCC.

f

-

icroscopic images o

Figure 3.7g. Transmission optical m

F-47



ORP-48628, Rey, 0
Vitreous State Laboratory Tests with High-Bismuth HLW Glasses
The Catholic Uhiversify of Amertca Final Feport VSL-10RI780-1, Fev. 0

HLWBiF10CCC-BAITOP

Figure 3.7h. Transmission optical microscopic images of thin section HLW-Bi-F10 after CCC,
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Figure 3.8. Crystallinity (vol%) after 70 hours isothermal heat treatments of four

candidate HLW-Bi glasses.
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Figure 3.9. VV polarized Raman spectra of the two crystalline Bi-standards. Some
prominent peak frequencies are listed.
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Figure 3.10. VV polarized Raman spectra of a representative waste glass HLW-Bi-F3
and three crystalline samples depicting Cr-0O stretch and O-Cr-O bend in chromate,
P-0O stretch in phosphate, and S-O stretch in sulfate modes.
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Figure 3.11. VV polarized spectra of the waste glasses (I-series) wher e Bi»O; and P-0Os
waste-loading was varied; these spectra were collected at points having the least amount
of crystals. HLW-Bi-F7 Interior is a representative spectrum of an interior fracture
surface of the sample; HLW-Bi-F7 Exterior is a representative spectrum of the outer
sample surface. Several spectra are rescaled to highlight differences. Some vibrational
assignments are indicated.
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Figure 3.12. VV polarized specira of the Bi-series glasses where Bi>O3; content was varied.
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Some of the higher frequency glass vibration assignm ents are indicated.

F-53

1600



Fitreotis State Laboratary
The Cathalic Ukiversity of America

ORP-48628, Rev. 0
Tests with High-Bismuth HLW Glasses

Fingd Report, FSL-10RI7EG-1, Rev.

= - .
o £ 8 P-Series Glasses
~8.0 wt.% PO, S5 £ £
o Q
0 wt.% Cr,0 /\ = & T
) 1
IM I\\_‘_ I | I/
! (&
-~80M%PO o, T ,;":"T‘
M rane” 1’2 &
.. I_. - 1. I I 1
- / g, i HLW- B: 2P0Cr
RS R
v M it | : \
C " 28 HLW-Bi-2P
8 ~5,D wt.% PZOE .’4\ M\. : ‘M*T‘I\ M
= Owt% B0 . | \\L\/ : H\\
i " X [ | N
,""MM Ve Rt HLW-Bi-F2
e ﬂ'} : “" ™ : "l:h#( : :\
™ o Y / el
; .“H \\‘W\h ,",}’;“'. : :
' Owt%PO \ A N HL W-Bi-Bi0
0 wt.% B'z 05 A ' \k'p
d s !2 4 \\\\ .-i L9
T
' | HL'W-Bi-BiPO
- U: Il-v"_\_.-'l.\" ; I'vll .I.\'h-__r

M s A ek

Crystalline BtP04

0 200 400 60

0 800

1000 1200 1400 1600

Figure 3.13. VV polarized spectra of the P-series glasses where P20s content was
varied. Some of the higher frequency glass vibration assisnments are indicated.
HLW-Bi-2P0Cr (without Cr) is included to indicate the ahsence of chromate modes.
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Figure 3.14. VV polarized spectra of the HLW-Bi-F2 glass durin% the
cooling stage of a heating run. Note the spinel peak near 680 cm ™. A
curve-fit to the black body radiation contribution was subtracted firom
the 900°C spectrumn (top plot).
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Figure 3.15. VV polarized specira of the HL.W-Bi-F2 glass hefore and after
heating runs (black and red plots). The unpolarized spectrum of MgCr:0y spinel
[49] (blue plot) is included as a comparison with some relatively narrow peaks in

the run product (after heating) spectra. Note the absence of chromate modes in
both run product spectra.
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Figure 4.1. Production rates for DM1200 Tests.
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Figure 4.2. Glass temperatures (hourly averages) for DM 1200 Tests.
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Figure 4.3. Plenum temperatures and electrode power (hourly averages) for DM1200 Tests.
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Figure 4.4. Electrode temperatures and power (hourly averages) for DM1200 Tests.
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Figure 4.3. Flectrode power and glass resistance for DM 1200 Tests.
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Figure 4.6. Glass density and level for DM1200 Tests.
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Figure 4.7. Glass pool bubbling for DM1200 Tests.
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Figure 4.8. Measured temperatures from canister cooling experiments.
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Figure 4.9. Measured temperatures from first two canister cooling experiments.

F-65



The Catholic University of America
Vitreous State Laboratory

PBS INLET

POST SCR

SCR OUTLET #2
SCR OUTLET #1
SCR INLET

TCO MID-BED
TCO INLET
TCO/SCR HEATER INLET
HEPA 1 OUTLET
HEME #1 OUTLET
WESP OUTLET
WESP INLET

SBS OUTLET

SBS INLET

F.C. OUTLET

PLENUM

ORP-48628, Rev. 0
Tests with High-Bismuth HLW Glasses
Final Report, VSL-10R1780-1, Rev. (

]

300
Average Temperature (C)

400
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Figure 4.10b. Average gas temperatures along theDM1200 off-gas train during the second portion of testing.
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Figure 4.11. Melter pressure at instrument port and control air flow rate during testing.
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Figure 4.12. Differential pressure across the transition line and film cooler during testing.
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Figure 4.13. SBS inlet and outlet gas temperatures during testing.
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Figure 4.14. SBS inlet, outlet, and differential pressures (hourly average values) during testing.
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values) during testing.
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Figure 4.18. SBS cooling coil/jacket water flow rate (hourly average values) during testing.
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Figure 4.19. Calculated heat loads on the inner coil and jacket (hourly average values) during testing.
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Figure 4.21. WESP inlet and outlet gas temperatures during testing.
(Note: downward outlet temperature spikes are the result of WESP deluges.)
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Figure 4.22. WESP differential pressure and outlet gas flow rate (hourly average values) during testing.
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Figure 4.23. Accumulated WESP blowdown volume, accumulated fresh spray water, and water removed
from off-gas during testing.
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Figure 4.24. Voltage and current across the WESP during testing.
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Figure 4.25. Outlet gas temperature and differential pressure for HEML #1 during testing.
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Figure 4.26. Outlet temperature and differential pressure for HEPA #1 (hourly average values) during testing.
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Figure 4.27. TCO/SCR heater gas inlet temperatures during testing.

F-84



The Catholic University of America
Vitreous State Laboratory

ORP-48628, Rev. 0
Tests with High-Bismuth HLW Glasses
Final Report, VSL-10R1780-1, Rev. (

400
, TCO mid-bed
TCO inlet
375 ] | 155‘&31 . | ” (‘gg /
I i gsss!i‘* ’&Wiﬁiﬁsiégm?ii;gwmﬁmﬂgi : ‘K%EMS%imgmﬁ‘?%@;.wig‘?;mﬂwg SRR e — iy - E( M%mwa
— o b i ;?f5‘i""5‘iisassii§1g§Ea1é;a::a;a‘:ig‘:!%mm ¥ .
&350 \ SCR inlet
& \|
5 325
Q
Q
=
. 300 - SCK'outlet
- 'W
275 Post SCR
250 [ | | | [ [ [ [
0 20 40 60 80 100 120 140 160 180 200

Run Time (hr)

Figure 4.28. TCO/SCR temperatures (average hourly values) during testing.
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Figure 4.29. TCO/SCR differential pressures (average hourly values) during testing.
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Figure 4.30. Inlet gas temperature and differential pressure for PBS (hourly average values) during testing.
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Figure 4.31. Sump temperature and pH for PBS (hourly average values) during testing.
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Figure 5.1. Discharge glass G-12N-151A. No foamy glass observed.
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Figure 5.2. Discharge glass G-120-20A. No foamy glass observed.
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Figure 5.3. Discharge glass G-120-37A. No foamy glass observed.
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Figure 5.4.a. Discharge glass G-120-53A. Foam observed.
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Figure 5.4.bh. Foam in discharge glass G-120-53A.
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Figure 5.5. Discharge glass G-120-6%9A. Foam observed.
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Figure 5.6. Discharge glass G120-85A. Foam and large cavity observed.
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Figure 5.7. Discharge glass G120-101A. Foam ohserved.
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Figure 5.8. Discharge glass G120-133A. Foam observed.
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Figure 5.9. Discharge glass G120-130A. Foam observed.
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Figure 5.10. Discharge glass G-12P-32A. Foam observed.
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Figure 5.11a. Discharge G-12P-33A. Foam observed.
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Figure 5.11.b. Foam in discharge glass G-12P-53A.
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Figure 3.12. Discharge glass G-12P-72A. Foam observed.
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Figure 3.13. Discharge glass G- 12P-88A. Foam observed.
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Figure 5.14. Discharge glass G-12P-101A. Foam observed.
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Fignre 5.15. Discharge glass G-12P-116A. Foam observed.
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Figure 3.16.a. DM1200 product and target glass compositions determined by XRF.
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Figure 3.16.b. DM1200 product and target glass compositions determined by XRF.
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Figure 5.16.c. DM1200 product and target glass compositions determined by XRF.
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Figure 3.16.d. DM1200 product and target glass compositions determined by XRF.
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Figure 5.16.e. DM1200 product and target glass compositions determined by XRF.
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Figure 5.16.f. DM1200 product and target glass compositions determined by XRF.
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Figure 5.17.b View of drum cutting rig and setup.
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Figure 5.17.¢ View of drum cutting rig and setup.

Figure 5.17.d. View of drum cutting rig and setup.
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Figure 5.17.e View of drum cuiting rig and setnp.
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Figure 5.18. SEM image of porosity in glass (G-12P-150A) discharged and cooled at prototypic
rates, 3789 kg total production at time of discharge.
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Figure 5.19. SEM image of porosity in glass (G-12P-32A) discharged and cooled at
prototypic rates, 4174 kg total production at time of discharge.
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G-12P-33A

Figure 5.20. SEM image of porosity in glass (G-12P-53A) discharged and cooled at
prototypic rates, 4591 kg total production at time of discharge.
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- e G-12P-72A-1

Figure 5.21. SEM image of porosity in glass (G-12P-1504A) discharged and cooled at
prototypic rates, 4995 ko total production at time of discharge.
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Figure 5.22. SEM image of porosity in glass (G-12P-88A) discharged and cooled at
prototypic rates, 5403 kg total production at time of discharge.
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Figure 5.23. SEM image of porosity in glass (G-12P-101A) discharged and cooled at
prototypic rates, 38316 kg total production at time of discharge.
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G-120-150A-4

-Metallic Bi .

."II -“--'t

A 3 :i _ Spinel
o Apatite

*

L

e

300 pm

Figure 5.24. SEM im age of crystalline phase in glass (G-12P-150A) discharged and
cooled at prototypic rates, 3789 ko total production at tim e of discharge.

Note: Hound bright areas are metallic bismuth
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G-13P_32A3

.

Figure 5.25. SEM im age of crystalline phases in glass {G-12P-32A) discharged and
cooled at prototypic rates, 4174 ko total production at tim e of discharge.
Note: Bright crystals spinel, dark needles ap atite.
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Figure 5.26. SEM im age of crystalline phasesin glass {(G-12P-1504A) discharged and
cooled at prototypic rates, 4995 ko total production at tim e of discharge.
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G-12P-88A-1

Figure 527, SEM image of secondary phases in glass ((-12P-884) discharged
and cooled at prototypic rates, 5403 kg total production at time of discharge.
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- G-12P-101A-1

Figure 5.28. SEM im age of crystalline phases in glass {(G-12P-101A) discharged and
cooled at prototypic rates, 3816 kg total production at tim e of discharge.
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G-12P-101A-1

o .

e =
1
ty
G
n

P

e
f»

A cluster of apatite

Figure 5.29. SEMM image of secondary phasesin glass (5-12P-101A) discharged
and cooled at prototypic rates, 58316 kg total production at time of discharge.
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Figure 5.30. Relationship between bismuth concentration and void space in glass discharged from the DM1200.
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Figure 5.31. Relationship between phosphorus concentration and void space in glass discharged from the DM1200.
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Figure 5.32. Bubbler (DE-3) tip prior to installation in the high bismuth tests.
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Figure 5.33. Buhhler (DB-4) tip prior to installation in the high hismuth tests.
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Figure 534. Bubbler (DEBE-3) tip after exposure to the high bismuth glass.
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Figure 5.35. Bubhler (DB-4) tip after exposure to the high hismuth glass.
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Figure 536. Bubbler (DB-4) after exposure to the high bismuth glass.
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Figure 5.37. Glass-Inconel reaction interface and EDS spectra at selected points.
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Figure 5.38. X-ray maps of reaction interface on 0-12Q-31B.
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Figure 5.39. Detail of nodule in Figure 5.38 with spectra of typical areas. Spectra probably do not represent exclusive sampling.
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Figure 5.40. Detached nodule in corroded area of O-12Q-31C. Mixed phosphates, no bismuth, no sulfur, silicon rich areas seem to be pure silica.
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Figure 5.41. SEM image in O-12Q-31C and EDS analyses at points of interest.
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Figure 6.1. FTIR monitored NO emissions during DM1200 tests.
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Figure 6.2. FTIR monitored NO; emissions during DM1200 tests.
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Figure 6.3. FTIR monitored H>O emissions during DM1200 tests.
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Figure 6.4. FTIR monitored HF emissions during DM1200 tests.
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Figure 6.5. FTIR monitored SO; emissions during DM1200 tests.
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Sample: G-120-133A
1/15/2010
LEFT HALF RIGHT HALF

Picture Ref. #2 & 3 Picture Ref. #4

overall view of left overall view of right

half of drum half of drum
Note 1. On both halves, there is a "foamy” Picture Ref. #1 of void area around t/w on
layer of glass ~2-3" thick on top right half of drum
[, et 1 Note 4: void around t'wis ~ 6"x 6" x 6"
INOTE 2: NO METALLIC PHASES |
[OBSERVED THROUGHOUT THE GLASS I
H o e o o —————————————— — — o
:NOTE 3: NO SECONDARY PHASES OBSERVED .I
[THROUGHOUT THE GLASS i
o e o ————————— ————— o

§1" from wall i §1“ from wall
526“ # 10) i 525.75“ (#586)
Measurements of —_— i i
glass from the 6" from wall 56“ from wall
to the top of glass
in inches. Center Line
25.5" (# 8)
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View into left half of drum, partial split.

A-3



ORP-48628, Rev. 0
The Catholic University af America Tests with High-FBismuth HLW Glasses
Fitreaus State Laboratory Final Repoart, VSL-10R1780-1, Rev.

View of right half of drum, full split open, shows void around t/w.
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View of measure @ 1" from right side of right half of drum.

View of measure (@ 1" from right side of right half of drum.
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A IOl da wm s = s o o3

8 ¢ Ard gc ce

View of measure (@ 6' from right side of right half of drum.

View of measure @ center line of right half of drum.
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40 L L n
65 g

see w52

:'- l
[

View of measure @ 6" from left side of right half of drum.

View of measure @ 1™ from left side of right half of drum.
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G-12P-116A
1/19/10
LEFT HALF RIGHT HALF
Picture Ref. # 1 Picture Ref. # 2
overall view of left overall view of right
half of drum half of drum
Note 1: Foamy glass layer ~1-2" on top of '
glass and ~2-3" at bottom of drum Fichure et mve

| I
I Note 4: void's in glass ~3-8" below surface |
I wi largest being egg shaped 3" x 4" x 4", :
|
|

e e e e B LSS |

NOTE 2: NO METALLIC PHASES I
|OBSERVED THROUGHOUT THE GLASS 1

several more voids ~2-3" diameter

I 1
INOTE 3: NO SECONDARY PHASES OBSERVED |
|[THROUGHOUT THE GLASS |

INOTE 4 TAN/EROWN STIATIONS OBSERVED 1
ITHROUGHOUT THE GLASS, PRIMARILY AT

| _an
S N, |
i1 " from wall i i1" from wall
VIT"(#7) | 115.5" (#3)
Measurements of [ S | i
b ?tlass f;:: thle 6" from wall EG" from wall
otom o e glass 18" (# 6) 518" (#4)
to the top of glass
in inches. Center Line
18.5"(#5)
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Overall view, right half of drum after cut.
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Glass measured @ 1" from right wall of right half of drum.

Glass measured @ 6" from right wall of right half of drum.
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Glass measured @ 1" from left wall of right half of drum.
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G-12P-101A

LEFT HALF

Picture Ref. #1
overall view of left
half of drum

Note 1: Glass mostly foamy throughout, but
progressively more at towards the surface

|
|NOTE 3: NO SECONDARY PHASES OBSERVED
|[THROUGHOUT THE GLASS

lrHROUGHOUT THE GLASS, PRIMARILY AT
OUTER 2-3"

1/19/10

RIGHT HALF

Picture Ref. # 2
overall view of right
half of drum

Picture Ref. # N/A

Note 5: void around t/'wis ~6.5" x 7.5" x 8"

e e e o o ot e J
! ! ! ! !
H1" from wall i 11" from wall
125.5" (# 7) ! I25.75" (#3)
Measurements of - | !
glass fmmite 6" from wall 56" from wall
bottom of the glass 27" (# 6) 126.5" (# 4)
to the top of glass —_
in inches. Center Line
27.875"(# 5)
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Glass measured (@ 6" from right wall of right half of drum.




Glass measured (@ 6™ from left wall of right half of drum.
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Glass measured (@ 1' from left wall of right half of drum.
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G-12P-88A
1/20/2010
LEFT HALF RIGHT HALF

Picture Ref. # 1 overall view of left half of Picture Ref. # 2

druim. overall view of right

Picture #8 taken of glass on surface, left 9

half half of drum

Note 1: Mostly foamy at the top 1-2", slight

foamy layer at bottom of dru. Piotues ek hid

L . e i o . 1 Note 5: N/A

I 1
INOTE 3: NO SECONDARY PHASES OBSERVED |
[THROUGHOUT THE GLASS 1

| 1
INOTE 4: TAN/BROWN STIATIONS OBSERVED |

JTHROUGHOUT THE GLASS. |
P e S S S e e e d
i1" from wall i1" from wall
126.5" (#7) 127" (#3)
Measurements of — i
b ?tlass ffr(t)r:n thle 6" from wall 6" from wall
to the top of glass
in inches. Center Line
275" ({#5)
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Ovwerall view, left half of drum after cut.

Overall view, right half of drum after cut. AR



Glass measured (@ 6" from right wall of right half of drum.
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Glass measured (
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Glass surface on left half of dmm.
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G-12P-72A
1/20/10
LEFT HALF RIGHT HALF

Picture Ref. # 1 Picture Ref. # 2

overall view of left overall view of rnight

half of drum half of drum

Note 1: Pre pour glass shows very little

foam & less brown striations. Fieture:Ret 4 i

[ e e 1 Note 5. N/A

r 1
NOTE 3: NO SECONDARY PHASES OBSERVED |
JTHROUGHOUT THE GLASS 1

INOTE 4: TAN/BROWN STIATIONS OBSERVED |

JTHROUGHOUT THE GLASS. |

e — e e a
i1" from wall i1" from wall
£25.25" (# 7) 255" (#3)

Measurements of
glass from the

6" from wall 6" from wvall
bottom of the glass 25.75" (# 6) 26" (# 4)
to the top of glass —_
ininches. Center Line
26.5" (#5)
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Orwverall view. left half of drum after cnt.

Overall view, right half of drum after cut.




Glass measured (@ 1" from right wall ofright half of drum.




w ¥
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i

-

Glass measured @ 6" from left wall of right half of drum.
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Glass measured @ 1™ from left wall of right half of drum.
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G-12P-33A
1/20/10
LEFT HALF RIGHT HALF

Picture Ref. # 1: overall view of left half of Picture Ref. # 2: overall view of right half of

drum. drum.

Ref. #9 & 10: Top of Left half of drum Ref # 8: Top of right half of drum

Note 1: Surface glass is very "crumbly" for
2-3". Less foam and brown sfriations in pre- Picture Ref. # N/A
pour glass.

______________________ Note 5: N/A

:NOTE 2: NOMETALLIC PHASES :
I

|0BSERVED THROUGHOUT THE GLASS

:NOTE 3: NO SECONDARY PHASES OBSERVED :
|
ol

ITHROUGH OUT THE GLASS

INOTE 4: TAN/BROWN STIATIONS OBSERVED I
|THROUGHOUT THE GLASS 1
4

i1"from wall : : i1"from wall
126" (#7) i i 125.5" (#3)
Measurements of : i i i i
glass e 56 "from wall I 56“ from wall
to the top of glass — —
in inches. Center Line
-|27.5 #5)
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Overall view, right half of drum after cut.




Glass measured @ 1" from right wall of right half of drum.

Glass measured (@ 6™ from right wall of right half of drum.
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Glass measured @ 6" from left wall of right half of drum. =3l



Glass measured @ 1" from left wall of right half of drum.

(Glass surface right half of drum.




Glass surface left half of drum.
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G-12P-32A

1/20/10

LEFT HALF

Picture Ref. # 1
overall view of left
half of drum

Note 1: Surface glass is very "crumbly" for
2-3". Lessfoam and brown striations in pre-
pour glass.

:NOTE 2: NO METALLIC PHASES

|
|
JIOBSERVED THROUGHOUT THE GLASS |
| |

INOTE 3: SUSPECT SECONDARY PHASES 1

:OBSERVED THROUGHOUT THE GLASS I

INOTE 4: RED/BROWN STIATIONS OBSERVED |

Final Report. VSL-10R1780-1, Rev. 0

RIGHT HALF

Picture Ref. # 2
overall view of right
half of drum

Picture Ref. #

Note 5: Possible sliver of metal left in glass
from cutting process,
see sample: G-12P-32A-1 (PIC¥# 8)

PIC# 9 TAKEN OF CAVITY BELOW SURFACE
LEVEL OF GLASS, LOOKING FROM SURFACE
VIEWPOINT

PIC# 10 TAKEN OF SUSPECT SECONDARY

ITHROUGHOUT THE GLASS THAN ON LATER | AT =R
IDISCHARGES |
{1" from wall i 1" from wall
126" (#7) . 124" (#3)
Measurements of — | i
b glass f::t)rr‘n thle 6" from wall 56" from walll
PEEOMLOTINEQiass 26.25" (#6) 125.5" (# 4)
to the top of glass e
in inches. Center Line
26.25" (#5)
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Overall view, right half of drum after cut.
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PRAPE R - 01.20.2010
29 ) J?

Glass measured @ 1" from right wall of right half of drum.

-

1 2
lllllilfs 26 oo

(lass measured @ 6" from right wall of right half of drum. A
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23 24 25 26 , 27

;lmlm - i\

Glass measured (@ 6" from left wall of right half of drum. A-36
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Glass area where sample: G-12P-32A-1 was collected.
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Suspect secondary phase where sample G-12P-32A-3 was collected. A-38
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The Catholic University of America
Vitreous State Laboratory

G-120-150A
1/20/10

LEFT HALF

Picture Ref. # 1
overall view of |left
half of drum

Note 1: Mostly foamy at the top 1-2", slight
foamy layer at bottom of drum.

INOTE 2: SUSPECT METALLIC PHASES |
IOBSERVED IN THE GLASS |

e et i o

[ o

INOTE 3; SUSPECT SECONDARY PHASES |
IOBSERVED THROUGHOUT THE GLASS |

RIGHT HALF

Picture Ref. # 2
overall view of right
half of drum

Picture Ref. # 8 & 9: Void area around t/w.
Ref. # 10 glazed glass area near center.

Note 5: 2 voids
1st@tiwis ~4"x4"x 6"
2nd just above thw ~ 3" x 2" x 2"

Picture Ref. # 11: Suspect secondary

____________________ J
phase.
iN_o?E_ 4. RED/BROWN STIATIONS OBSERVED 'i
THROUGHOUT THE GLASS THAN ON LATER |
|DISCHARGES 1
i1“ from wall i1" from wall
126.25" (# 7) |26.25" (# 3)
Measurements of —_— i

glass from the
bottom of the glass
to the top of glass
ininches.

6" from wall
27" (# 6)

" from wall
7" (# 4)

6
2

Center Line
27" (#5)
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Overall view, right half of drum after cut.
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Glass measured (@ 1" from right wall of right half of drum.

]
s

A-41
Glass measured (@ 1" from right wall of right half of drum.
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(Glass measured (&) center line ofrit half of drum.

Glass measured @ 6" from left wall of right half of drum.
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Void area around t/w on right half of drum.
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il AR e e

Suspect secondary phase where sample: G-120-150A-4 was collected.
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G-120-101A
1/21/10
LEFT HALF RIGHT HALF
Picture Ref. #1 Picture Ref. # 2
overall view of left overall view of right
half of drum half of drum
Note 1: GLASS IS FOAMY THROUGOUT Picture Ref. # N/A
[ e i e e 1 Note &: NfFA
(NOTE 2: NO METALLIC PHASES

|
[OBSERVED THROUGHOUT THE GLASS I

NOTE 3: NO SECONDARY PHASES OBSERVED |
JTHROUGHOUT THE GLASS |
1

NOTE 4: RED/BROWN STRIATIONS OBSERVED |
JAROUND EDGES OF GLASS AND ABOVE TAW |

] e s 1
i " from wall E E1" from wall
T i 126" (#3)
Measurements of F?ﬁ;ﬁﬁ;&@%ﬁ; g_la_s;_i !
glass from the  pajgnt due to complete I 6" from wall {8" from wall
bottom of the glass'collapse of glass in area. | *(#6) 526" #4)
tothe top of glass M N EE e e I
in inches.
Center Line
265" (#5)
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Overall view, left half of drum after cut.

Overall view, right half of drum after cut.
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, | \lll|i||Jiii 1
2 | |
4 25 :

I {1443 1)

Glass measured @ 1" from right wall of right half of drum.

Glass measured @ 6" from right wall of right half of drum.
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Glass measured & 6" from left wall of right half of drum. A-49
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Glass measured (@ 1" from left wall of right half of drum.
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G-120-85A
1/21/2010
LEFT HALF RIGHT HALF
Picture Ref. # 1 Picture Ref. # 2
overall view of left overall view of right
half of drum half of drum
Note 1: LARGE AREA OF MINIMAL _
FOAMING NEAR CENTER OF DRUM Pictures;

JNOTE 3: NO SECONDARY PHASES OBSERVED |
JTHROUGHOUT THE GLASS |

i e e e e e e e s o e e e e e e e e

INOTE 4 RED/BROWN STRIATIONS OBSERVED |
ITHROUGHGOUT BUT HEAVIER AROUND EDGES |
IOF GLASS AND AT SURFACE :

Ref. # 8: Left half of drum, void @ t/w
Ref. #9: Right half of drum, void @ t/w

Note 4. void under t/w is ~ 6" sphere

11" from wall
26" (#7)

Measurements of
glass from the
bottom of the glass
to the top of glass
in inches.

i i 1" from wall
} 125.75" (#3)
i !
6" from walll §6" from wall
26" (#6) 12575" (#4)
e——
Center Line
26" (#5)
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Overall view, right half of drum after cut.
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Glass measured (@ 6" from right wall of right half of drum.
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Glass measured (@ center line of right half of drum.

X > -
3 [ I
Glass measured @ 6™ from left wall of right half of drum.

-
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Left half of drum, void area around t/w.
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Right half of drum, void area around t/w.
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The Catholic University of America
Vitreous State Laboratory

LEFT HALF

Picture Ref. # 1
overall view of left
half of drum

Note 1: Not as foamy throughout as later
discharges

NOTE 2: YES / NO METALLIC PHASES
JOBSERVED THROUGHOUT THE GLASS 1

ORP-48628, Rev. 0
Tests with High-Bismuth HLW Glasses
Final Report. VSL-10R1780-1, Rev. 0

G-120-69A
1/21/10
RIGHT HALF
Picture Ref. # 2
overall view of
right half of drum
Pictures;

Ref. # 8: Left half of drum, void @ tfw
Ref. #9: Right half of drum, void @ tiw

Note 4. See drawing below for void around thw
description. Equal depth on each half of drum
3"

—a
e e e e e e B B e 1 —
I I I I g|355
NOTE 3: YES / NO SECONDARY PHASES —_
IOBSERVED THROUGHOUT THE GLASS : B -
(it ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ U]
~10.5" twQ
|-t mm—m——m 1
INOTE 4: RED/BROWN STRIATIONS OBSERVED | VOID
ITHROUGHOUT BUT VERY HEAVY IN VOID I {5
IABOVE TW 1 L
ot iy o i
~4 5'
______ e |
§1" from wall i §1" from wall
12575"(#7) | 126" (#3)
Measurements of " from 6" from wall
glass from the “2"’;,"(# - 26l
bottom of the glass
to the top of glass
in inches. Center
Line
25.75"
(#5)
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Owverall view, right half of drum after cut.
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Glass measured (@ 1" from right wall of right half of drum.

A-59
Glass measured (@ 6" from right wall of right half of drum.
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Glass measured @@ center line of right half of drum.

Glass measured (@ 6" from left wall of right half of drum.




Left half of drmam, void area around t'w.
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Right half of drum, void area around t/'w.
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G-120-53A
1/21/10
LEFT HALF RIGHT HALF
Picture Ref. # 1 Picture Ref. # 2
overall view of left overall view of right
half of drum half of drum
Note 1: Minimal foam Picture Ref. # N/A
e e e o 1 Note 5: NO voids
NOTE 2: NO METALLIC PHASES

i
[OBSERVED THROUGHOUT THE GLASS I

NOTE 3: NO SECONDARY PHASES OBSERVED |
[THROUGHOUT THE GLASS |

[ e e
INOTE 4: REDBROWN STRIATIONS OBSERVED |
IAROUND EDGES OF GLASS AND ~9" FROM 1
:BOTTOM OF DRUM :

!1" from wall ! ! ! !1"from wall
6" (#7) | i i 126" # 3)
Measurements of d | i
glass from the EG" S — ia-- from wall
bottom of the glass 125.5" (#6) 26" (#4)
to the top of glass — I
in inches. Center Line
255" (#5)
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Orverall view, right half of drum afier cut.




lass measured @ 6 from right wall of right half of drum.




il I'.||.

28

Glass measured (@ center line of right half of drum.

Glass measured (g 6" from left wall of right half of drum.
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Glass measured (@ 1" from left wall of right half of drum.
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