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Linda Cunningham
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Total: $4,078,695.00

¥ Cost Share Information (without FFRDC Funding)

Amendment DOE Share Recipient Share Total DOE Share/
Number (Manual Entry) (Manual Entry) Recipient Share

A 000 $1,110,060.00 $974,001.00 $2,084,061.00 5 1 o
A 001 $2,872,283.00 $1,193,999.00 $4,066,282.00 5 1 o
A 002 $0.00 $0.00 $0.00 S X
A 003 $0.00 $0.00 $0.00 S X
A 004 $0.00 $0.00 $0.00 S X
A 005 $0.00 $0.00 $0.00 S X
A 006 $0.00 $0.00 $0.00 S X
A 007 $0.00 $0.00 $0.00 S X
MO0O08 $0.00 $0.00 $0.00 S X
A 009 $96,352.00 $0.00 $96,352.00 L

Count: 10 $4,078,695.00 $2,168,000.00 $6,246,695.00

= & FFRDC projected Funding Information (Manual Entry) Add New FFRDC Entry ¥

No FFRDC entries found

= Project Description Update Project Descripti0n+

This project has two overall goals: the development of an energy-efficient submerged combustion glass pilot melter and performing
industrial glass benchmarking. The first objective of this project is to demonstrate a high intensity glass melter, based on the
submerged combustion melting technology. This melter will serve as the melting and homogenization section of a segmented,
lower-capital cost, energy-efficient Next Generation Glass Melting System (NGMS). After this project, the melter will be ready to
move toward commercial trials for some glasses needing little refining (fiberglass, etc.). For other glasses, a second project Phase
or glass industry research is anticipated to develop the fining stage of the NGMS process.

The second objective of this project will expand upon the energy saving goal of the project and will involve the evaluation of energy

consumption in the main processing steps of primary glass industry segments and the determination of process steps with the
largest potential for energy savings.
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Project Objective

The objective of this project is to demonstrate a high intensity glass melter, based on the
submerged combustion melting technology. This melter will serve as the melting and
homogenization section of a segmented, lower-capital cost, energy-efficient Next Generation
Glass Melting System (NGMS). After this project, the melter will be ready to move toward
commercial trials for some glasses needing little refining (fiberglass, etc.). For other glasses, a
second project Phase or glass industry research is anticipated to develop the fining stage of the
NGMS process. Overall goals of this project are:

Design and fabrication of a 1 ton/h pilot-scale submerged combustion glass melter,

Extensive melting of container, fiber, flat, and specialty glass formulations,

Detailed analysis of the product glasses,

Preparation of a Fluent-supported CFD model of the melter to be used in parallel with further

development of the NGMS technology,

e Physical modeling of the NGMS process to determine energy savings, cost savings,
environmental improvements, and use of waste heat for production of needed oxygen,

e Development of a commercialization plan and timeline for further, needed components and

integration of the NGMS technology.

The Work Breakdown Structure and schedule are presented below. The project team
recognizes that further work will be needed after this project to bring the critically-needed
NGMS into industrial use. To expedite that development, the work in this project will focus in
three areas needed to demonstrate the melting and homogenization steps of the NGMS
technology and to prepare for further work to commercialize NGMS. These work areas are:

e Design, fabrication, and operation of a pilot-scale melter with analysis of product glass,

e Supported CFD modeling on the melter that is available to all users,

e Physical modeling and energy balances for the full NGMS with specific planning for further
steps leading to commercial implementation.

Work in each project year is divided into Tasks with milestones at the end of many of the
Tasks. The integrated Task Schedule enables project team members to assign labor
appropriately and to follow a critical path to reach all milestones and objectives toward the
overall goal of design, modeling, demonstration, and analysis of this melting technology.

Year 1 Year 2 Year 3
Task Q1]Q2[Q3[04[Q1{0Q2]Q3[Q4]|Q1[Q2[Q3]| Q4

Modeling |
Melter Design

Procurment

Physical Modeling
Fabrication

Shakedown

Test Planning

Testing - Parametric
Melter Modification

10 Second Test Series

11 Analysis

12 Toward Commercialization

O N O gfd WN -




Milestones are placed at the end of many project Tasks to help sponsors and team
members evaluate project technical progress on time and financial tracking. The milestones
shown below will serve throughout the project as a gauge to successful completion of the work.

Year 1 °
Milestones | o

Complete CFD model to be used by team members to design pilot scale melter
Design pilot scale melter

Procure all equipment and components for the melter in preparation for
fabrication

Year 2

_ e Fabricate and shake down of the pilot scale melter
Milestones | e Prepare test plan including compositions of glasses to be melted
e Finish all pilot scale melting tests and collect samples for analysis
e Complete detailed analyses of product glass properties and quality
Year 3 e Modify melter, as needed, for second test series

Milestones | o

Finish second test series, including at least one long term test, and all glass
analysis

Finalize CFD model of the melter usable by all CFD operators

Finish physical material and energy balance model of next generation melting
system (NGMS) process including utilizing waste heat for oxygen production
Complete plan for commercialization, including needed developments and
stages

Go-no-go decision points are placed at the end of the first and second years of the project.
At these times, the project team and sponsors have the opportunity to assess project progress and
decide on continued work in the next phase (or year) of the project. The project team has every
confidence that all project technical targets and milestones will be reached.

e The Year 1 go-no-go decision point criteria for continuing work will be design of the pilot
scale melter and procurement of equipment and components on schedule and budget.

e The Year 2 decision point criteria for continuing work will be completion of pilot scale
testing with glass formulations from all four industry segments and analyses of the product

glasses.

Background

Any new melter must perform at least as well as refractory melt tanks by all technical,
cost, operability, and environmental criteria while providing tangible benefits to the glass maker.
A partial list of this daunting set of criteria, by category is shown below.

Criteria Category

Specific Criteria

Technical High thermal efficiency, ability to make any glass formulation, can handle
needed temperatures and oxidation conditions, meet glass quality
requirements, integrates with batch handling and forming processes

Cost Low melter cost, low maintenance cost, low energy cost, inexpensive

environmental regulation compliance




Operability Scalable from 25 to 700 ton/day, reliable, stable operation, easy to idle,
ability to start and stop, ease of access and repair, fast change with glass
formulation and color, no moving parts to be abraded by the glass

Environmental Low air, water, and solid waste, recycle-friendly

The search for a lower-cost glass melter has led technologists to suggest a segmented
melting approach in which several stages are used to optimize the melting, homogenization, and
refining (bubble removal) instead of the current practice of using a single, large tank melter. In
this segmented approach, separately optimized stages for high-intensity melting and rapid
refining are expected to reduce total residence time by 80 percent or more. This approach to
melting has come to be known as the Next Generation Melting System (NGMS).

The project team has identified submerged combustion melting (SCM) as the ideal
melting and homogenization stage of NGMS. This is the only melting approach that meets and
exceeds all the performance characteristics of refractory tanks and also provides large capital and
energy savings to the glass industry. Submerged combustion melting is a process for producing
mineral melts in which fuel and oxidant are fired directly into the bath of material being melted.
The combustion gases bubble through the bath, creating a high heat transfer rate to the bath
material and turbulent mixing. Melted material with a uniform product composition is drained
from a tap near the bottom of the bath. Batch handling systems can be simple and inexpensive
because the melter is tolerant of a wide range in batch and cullet size, can accept multiple feeds,
and does not require perfect feed blending.

SCM was developed by the Gas Institute (GI) of the National Academy of Sciences of
Ukraine and was commercialized a decade ago for mineral wool production in Ukraine and
Belarus. Five 75 ton/day melters are in operation. These commercial melters use recuperators to
preheat combustion air to 575°F. All melters operate with less than 10 percent excess air and
produce NOy emissions of less than 100 vppm (at O percent O,) along with very low CO
emissions. A photo of a commercial SCM unit in Belarus is shown below.

In SCM (shown below), fuel and oxidant are fired directly into the molten bath from
burners attached to the bottom of the melt chamber. High-temperature bubbling combustion
inside the melt creates complex gas-liquid interaction and a large heat transfer surface. This
significantly intensifies heat exchange between combustion products and processed material
while lowering the average combustion temperature. Intense mixing increases the speed of
melting, promotes reactant contact and chemical reaction rates, and improves the homogeneity of
the glass melt product. The melter can handle a relatively non-homogeneous batch material.

The size, physical structure, and especially homogeneity of the batch do not require strict
control. Batch components can be charged premixed or separately, continuously or in portions.
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Oxy-Fuel Burners

A critical condition for SCM operation is stable, controlled combustion of the fuel within
the melt. Simply supplying a combustible fuel-oxidant mixture into the melt at a temperature
significantly exceeding the fuel’s ignition temperature is insufficient to create stable combustion.
Numerous experiments conducted on different submerged combustion furnaces with different
melts have confirmed this. Cold channels are formed that lead to unstable combustion and
excessive melt fluidization. A physical model for the ignition of a combustible mixture within a
melt as well as its mathematical description show that for the majority of melt conditions that
may occur in practice, the ignition of a combustible mixture injected into the melt as a stream
starts at a significant distance from the injection point. This, in turn, leads to the formation of
cold channels of frozen melt, and unstable combustion. To avoid this type of combustion, the
system must be designed to minimize the ignition distance. This can be achieved in three ways:
1) by flame stabilization at the point of injection using special stabilizing devices, 2) by splitting
the fuel-oxidant mixture into smaller jets, and/or 3) by preheating the fuel/oxidant mixture.

Several types of multiple-nozzle air-gas burners that meet these requirements have been
designed and operated industrially by the GI Ukraine. The burner is attached to the bottom of
the bath with the main body outside the furnace. Only the surface around the exhaust of the
slotted combustion chamber is in contact with the melt. Based on the research data available on
thermal and fluid dynamic stability of the combustion chamber, a model for calculating the



design parameters of submerged burners has been developed. GTI has extended this work to
oxy-gas burners and found them to be stable during lab-scale melting of several materials
including mineral wool, sodium silicate, and cement kiln dust.

Material in the SCM melt chamber constantly moves against the walls. A typical
refractory surface would rapidly be worn away by the action of the melt. To address this, the
melting tank is constructed of fluid-cooled walls that are protected by a layer of frozen melt
during operation. This frozen layer is constantly formed and worn away during operation. The
industrial SCM units used water-cooled walls. The project team intends to use high temperature
fluids for cooling to allow useful heat to be recovered from this coolant. The heat flux through
the frozen melt layer is determined by the properties of the processed material and the
temperature and turbulence of the melt. It is, therefore, undesirable to superheat the melt
because this increases the heat flux through the walls. Also, heat flux is lower with oxy-gas
firing because melt turbulence is greatly reduced. Under normal operating conditions for silica
melts, the oxy-gas heat flux is 7700 Btu/ft>-h, equal to 2 x 10° Btu/h heat loss for a 75 ton/day
melter. These values are relatively independent of the temperature of the coolant as any increase
or decrease in the coolant temperature is accompanied by a compensating change in the thickness
of the lining. Heat flux for a refractory tank is lower at 1800 Btu/ft>h, but with much greater
surface area, the refractory tank loses more heat (2.55 x 10° Btu/h).

Special care must be taken to minimize fluidization of the melt which creates a large
amount of droplets. These droplets, especially small ones which are formed when bubbles split,
can be thrown out of the melt to a significant height. Consequently, the exhaust ducting must be
protected from being covered by the frozen melt. In our design, this issue is resolved by
removing combustion products through a special separation zone. In the separation zone,
exhaust gas is forced to change direction and drop all liquid carryover droplets. The roof of this
zone is sloped so droplets can easily be returned to the melter. This approach also reduces the
necessary fluid-cooled surface area around the melting zone.

GTI holds the exclusive, world-wide license to SCM outside the former Soviet Union.
Recognizing SCM’s potential, GTI has operated a laboratory-scale melter with oxy-gas burners
and produced several melts. Evaluation of the process has shown its potential for glass
production when combined with other technologies for heat recovery, batch handling, refining,
and process control. The photo above shows melt collection from GTI laboratory SCM testing.

Waste heat recovery is critical to reach high energy savings with NGMS. Adaptation of
Praxair’s Oxygen Transport Membrane (OTM) technology to the melter will be evaluated in this
project. Praxair has been the world leader in the development of oxygen transport membrane
(OTM) technology. The OTM technology is based on a class of ceramic materials that, when
operated at temperatures above 500°C, can separate oxygen from air with infinite selectivity.
Because of the high temperature of operation, opportunities exist for integrating OTM oxygen
production with the glass melting process to utilize waste heat. This integration is expected to
result in increased energy efficiencies, reduced oxygen costs and emissions, and potential carbon
dioxide sequestration.

Praxair’s efforts will focus on developing and simulating OTM processes that would be
ideally suited for glass melting furnaces. A multitude of process configurations will be designed.
Of these processes, the top two or three configurations will be selected based on process



efficiency, emission levels, simplicity, and level of integration. A preliminary economic analysis
then will be performed on the selected process cycles.

The Glass Industry Technology Roadmap cites the need for a less capital intensive, lower
energy cost, and cleaner way to melt glass. Incremental changes to current melting practices will
not stop the loss of furnaces, jobs, and companies to the competition from alternative materials
and international glass makers. The Roadmap sets high strategic goals of 20 percent cost
reduction, six sigma quality, 50 percent decrease in the gap between actual and theoretical
energy use, and 20 percent decrease in air emissions. At the same time, the Energy Efficiency
technical area calls for ‘New Glass melting technologies’. This project addresses the following
Needs expressed in the Roadmap:

e Accurate validated melter model (Energy Efficiency) — developed and supported by Fluent

e Improved thermal efficiency (Energy Efficiency) — the gap between actual and theoretical
energy use is decreased by 50 percent

e Superior refractory materials (Energy Efficiency) — over 80 percent of refractory is
eliminated because refractory walls are replaced with fluid-cooled walls with heat recovery

e Lower production cost (Production Efficiency) — melter cost at 55 percent lower, energy cost
23 percent lower, and glass production cost (capital, labor, and energy) 25 percent lower

e Decrease air emissions (Environmental Performance) — 20 to 25 percent decrease in air
emissions from higher efficiency while NOy is reduced over 50 percent (to under 0.35 Ib/ton)

This project will demonstrate that the submerged combustion melter is ideally suited for
technical and cost reasons, and better suited than any other melting approach, to be the melting
and homogenization stage of an NGMS process. Also, the quality of glass produced and the
flexibility of the melter to integrate with other processes will expedite development and
commercial application of the full NGMS process. After this project, the melter will be ready to
move to commercial trial for fiberglass and other glasses needing little or no refining. For other
glasses, glass industry research or a Phase Il project is expected to demonstrate rapid glass
refining and to integrate the NGMS melting and refining stages.

Development of a new glass melting technology is a challenging undertaking, and no
attempt to replace refractory tank melters has succeeded in the last 100 years. SCM, however,
has been operated as an industrial-scale mineral wool melter for the last decade and has proved
highly reliable. The industrial units are air-gas fired, but GTI has demonstrated smooth
operation of oxy-glass burners on a 300 Ib/h melter with several siliceous melts. This experience
provides a solid basis for extending SCM to industrial-glass production.

A number of hurdles must be overcome to develop SCM into the NGMS melter and to
develop the full NGMS process. The wide glass making, combustion, modeling, and
engineering knowledge and experience of the project team assure the technical feasibility of this
technology. No other project in recent memory has captured the commitment of such a large
portion of the glass industry. This strong support makes clear that there is a great need for a
revolutionary new melting technology and that these glass industry experts believe the melting
technology to be demonstrated in this project is technically feasible and meets all the cost
savings, energy reduction, emissions reduction, and operability needs of the glass industry.



Status — Work This Quarter

Work carried out this quarter was focused on CFD modeling and pilot SCM unit testing.
This quarter was the fifth quarter in Year 3 of this three year project. There is a 6-month time
extension, leaving one more project quarter. Areas of most attention this quarter included

e Completion of the first three pilot-scale SCM tests. These tests were continuous feed and
discharge tests with operations times of 12 to 18 hours.

e Computer CFD modeling assembling a complete working model in preparation for model
validation in comparison with melt test results,

e Efforts to implement the revised work scope for the Praxair work on the project. The
original oxygen transport membrane work has been replaced with advanced batch and cullet
preheating that has been determined to be a more viable waste heat recovery approach

e Presentation of a paper at the International Congress on Glass covering the CFD modeling
work on this project,

e Initial pilot-scale SCM product glass sample analyses be the glass companies in the
consortium.

The glass company consortium agreement has served well as a basis for all parties
including GTI, Corning Incorporated, Johns Manville, Owens Corning, PPG Industries Inc., and
Schott North America, working well together. With GTI taking the lead in testing and modeling
and a smaller role in analysis of samples, the other consortium members have focused on:

e Corning - LCD batch provider, fabrication of platinum tap piece (twice), analysis of LCD
glass,

e Johns Manville - E glass and fiberglass scrap provider, sample analysis,

e Owens Corning - Advantex glass provider, provider of transformer and power pack for tap
piece, sample analysis, CFD modeling,

e PPG - CFD modeling support for the melter and for new tap piece designs,

e Schott North America - Tap piece design, tap piece shake-down testing, sample analysis,

Along with consortium member direct support, all members have attended meetings,
reviewed analyses, discussed pilot SCM design, and provided financial support.

The Praxair Oxygen Transport Membrane (OTM) work has been delayed because Praxair
analyses showed that OTM would not be a good fit for SCM. Further review has shown that the
initial intended OTM application may not be attractive, but new Praxair technology for batch and
cullet preheating is attractive for waste heat recovery. A re-scaled effort, with NYSERDA
support, is planned with Praxair conducting batch preheating experiments and modeling.
Approval for this approach is pending and is expected to start next quarter and be complete in
two quarters.

Mathematical modeling
Mathematical modeling this quarter included continuation of CFD work by Fluent.

Fluent modeling was begun with development of CFD code to describe the mixing and
flow patterns in the oxy-gas fired SCM unit. Originally, work was to focus initially on the air-
fired mineral wool melters, but this route was determined to not provide a reasonable baseline for
future CFD modeling of the oxy-fired glass melting undertaken in this project. During this



quarter, CFD modeling was underway, and the following work was completed. An important
note is that Fluent is focusing on improvements to the CFD code to provide a better tool for SCM
modeling. The project team, including engineers at GT1, Owens Corning, and PPG, is carrying
out the modeling of specific SCM cases.

Fluent Modeling Developments
Concept Simulation

With the first successful pilot melts at GTI in April using Owens-Corning Advantex
glass, attention this quarter focused primarily on the corresponding CFD simulations and model
validations based on those experimental conditions. For convenience, discussion of these efforts
is organized below according to the staged analysis approach of Figure 1.

1 2 3
Submerged Bath Flow :> Product
Combustion —_, & Wwith Melting —, ¢ Quality
(Unsteady VOF) (Steady - (Transient

terms Single-Phase) field Particle-tracking)

boundary conditions (BC)

Figure 1. Overall melter simulation process
Stage 1

The Stage 1 model was successfully simulated with Advantex for a duration of 15
seconds. It was possible to simulate about 3 sec per calendar day on a single CPU of a linux PC
cluster. (Parallelizing this run is unfortunately not practical due to the small number of cells in
the 2-D axisymmetric model.) After the initial start-up transient subsided, distinct periodic
bubbles were observed with a mean period of about 0.7 sec and a minor stochastic variation, as
presented in Figure 2. Rigorous validation was not possible because the melter trials to date
have lacked the planned gas pressure sensor in the near-burner zone. However, this result was
qualitatively comparable to the distinct operating vibration at around 1 Hz that was detectable by
hand on the melter walls during the tests.

The unexpectedly shallow bath depths achieved in the test melts (17” on April 4, and up
to 28” during the follow-on Advantex melt of April 24) were not considered sufficiently close to
the Stage 1 model assumption of 41” that had been based on team discussions of the melter
capacity and test plans. Therefore, after discussion with David Rue in June about the most likely
target depth for subsequent test melts, the Stage 1 model was re-baselined at 30” and re-run. The
baseline glass type was changed to E glass based on the hope that those upcoming tests would
have more complete instrumentation for better validation. In conjunction, following guidance
from Bruno Purnode, the single-burner firing rate in the model was reduced from 1.5 to 0.45
MBTU/hr to correspond with a more representative test condition at that depth of melt.

Another issue arising from the initial Advantex run was the size of the artificial outer
diameter of the analysis domain relative to the predicted bubble sizes. As evidenced in Figure
2a, the slope of the liquid free surface at this outer perimeter suggests a distorting effect, where



the bath height is being artificially constrained to a non-equilibrium location at the boundary.
Since the Stage 1 domain was already wider than the burner spacing, this result called into
question the simplified single-burner approach, indicating that the six gas plumes may be more
strongly coupled in reality than had been discussed as a team during the melter design phase.
This problem had not been evident in the preliminary Stage 1 runs that were based on Johns
Manville E-glass properties.

After discussion among the CFD Committee, it was decided to enlarge the Stage 1 outer
radius to one meter in the new baseline model with the shallower depth. Although strictly
speaking this is even less geometrically realistic, the intent was to reduce any distortion that
might be resulting from the artificial “far-field” boundary conditions. Given that the purpose of
Stage 1 is simply to derive simplified source terms near the burner for use in Stage 2, the results
from this revised model would be closer to the limiting case of a burner operating in an infinitely
large glass bath.

The results are compared in Figure 2. Unfortunately, the shallower depth caused a
recurrence of the problem of the gas short-circuiting or “channeling” through the melt without
forming discrete bubbles. (This effect had also been seen in some early runs at 41” depth when
an excessive glass viscosity was used.) Noting the 9x-magnified ordinate scale in Figure 2d, the
predicted plume oscillations are nearly eliminated altogether in the latest baseline. Apparently,
even the much-reduced firing rate did not prevent the channeling. Without more instrumentation
in the test melts, it is difficult to determine whether this latest result is physically realistic.
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Figure 2. Snapshots of glass volume fraction (upper) and traces of gas pressure (lower)
(left — original baseline, OC Advantex; right — new baseline, JM E-glass)

In the so-called “Stage 1.5 calculation of the source terms, time-averaging the VOF
results for the Advantex case showed a puzzling, complex mean free-surface profile for the gas
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plume. It was concluded that a more sophisticated free-surface averaging algorithm may be
needed in the long term to prevent a multiple-valued function for radius versus height.
(Currently a simple criterion value of liquid volume fraction is used.) However, time did not
prevent the resolution of the issue during this quarter; the corresponding result for the new
baseline remains to be generated.

Stage 2

Owens-Corning rebuilt the 3-D half-melter model using GAMBIT to reflect the 28” bath
depth of the final Advantex trial. At the same time, the modeled exhaust gas stack location was
corrected by relocating it from the roof to the side wall, reflecting a late-phase melter design
change. Although fully-consistent Stage 1 results were not yet available, Fluent ran a
preliminary Stage 2 simulation by scaling the available Stage 1 source terms based on the actual
gas flow rates of 550 scfh from the Advantex trial. The Stage 1 assumed bulk (far-field
boundary) temperature used to generate those sources was 1630 K, and the Stage 2 pull rate was
1200 Ibm/hr. The overall steady-state temperature field prediction is presented in Figure 3.
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Figure 3. Temperature (K) on center plane: preliminary simulation of Advantex melt

Table 1 compares the temperatures from this simulation with the experimental results at
two thermocouple locations. The glass location is on the symmetry plane, 5” downstream of the
final pair of burners and 4” above the melter floor.

Table 1. Initial validation comparison: Advantex melt, 24-Apr-07

Experiment Simulation
Glass T (K) 1700 1565
Flue gas T (K) 1256 1140
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Based on test data analysis provided by Bruno Purnode, 47% of the total 3 MBTU/hr
input energy goes to the cooling water, 14% to the exhaust gases, and 1% to uncooled walls,
giving a melting efficiency of 38%. In comparison, Raj Venuturumilli determined from the CFD
results that the model predicted about 60% of the total energy going to the coolant. Also, the
simulated melt temperature was 150 deg too low relative to the test. Based on these
comparisons, the CFD Committee agreed that the effective overall heat transfer coefficient at the
refractory walls in the Stage 2 model should be reduced from 100 to 82 W/m*-K as a model
“tuning” change. (Recall that these walls were not modeled explicitly due to the complexity of
the metal pins, contact resistances, material property uncertainties, etc.)

Stage 3

The first realistic FLUENT prediction of residence time distribution (RTD) from the pilot
melter model was produced on June 8, after significant troubleshooting of the methodology
(discussed further in the next section). Ultimately, a known but obscure FLUENT bug was
identified as the cause of numerical problems, and a good workaround solution was adopted.

Figure 4 compares the normalized RTD for this case with the ideal RTD from a perfectly-
mixed continuous stirred-tank reactor (CSTR). The holdup time was estimated as
Vv

r=—
Q
where V is the volume of the bath and Q is the volumetric flow rate (pull rate). This holdup time,
which corresponds to =1 in Figure 4, was 4.24 hrs for this case. The close resemblance to the
CSTR curve is an encouraging confirmation of the vigorous mixing induced by the submerged
combustion, while the “head” of the curve, below about 4= 0.1 (t = 25 min), gives an indication
of the characteristic time for homogenization of the batch, as well as the amount of “short-
circuiting” by individual particles. The model predicts that the mean retention time is slightly
greater than the holdup time of 4.24 hours in this case.
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Figure 4. Residence time distribution:
CFD result for original baseline with 28” Advantex (solid), ideal CSTR (dashed)
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B. Simulation Tool Research and Development

Miscellaneous improvements to the simulation methods and modeling methodology were
completed this quarter, based largely on the experience gained in the pilot melter simulation
efforts described in the previous section.

In Stage 1, research showed that switching the spatial discretization scheme in the
FLUENT volume-of-fluid (VOF) method from high-resolution interface capturing (HRIC) to
more conventional upwind differencing resulted in improved numerical robustness without any
noticeable degradation in solution quality. Starting with first-order upwinding and then changing
to second-order after the first 1.0 sec of simulated time was found to be a successful strategy to
retain a crisp interface shape.

Monitoring the predicted static pressure at a point downstream (geometrically above) the
burner nozzle, as indicated in Figure 2, proved to be an effective way to easily determine the
Stage 1 cut-off point during the execution, at which quasi-periodic conditions were reached.

The Stage 1 radiation model was changed to the Discrete Ordinates method, for better
consistency with the final approach adopted for Stage 2. The input gas specific heat was refined
by specifying its value as a function of temperature. An absorption coefficient of 0.3 m™ was
imposed in the gas region to account for the presence of absorbing combustion gases such as
CO, and H,0.

In Stage 1.5, the gas energy source calculation was recast as follows
(M LHY =S eV asssre )

S _ fuel glassSrc ¥ glassSrc
enrg,gas vV

gasSrc

where LHV denotes the lower heating value of the fuel, the first term on the right-hand side
represents the total energy input to the system, and the second term represents the energy input to
the glass. (Note that source terms are per unit volume.) This procedure enforces a more accurate
energy conservation in the source distribution between liquid and gas, such that energy not
transferred to the glass exits the domain via the escaping gases. The source region setup now as
shown in Figure 5.

Gas source

Wall separating >
g regions

glass/gas zones

Glass source
regions

Figure 5. Model configuration for Stage 2 showing momentum/energy source regions
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As remarked in last quarter’s report, in Stage 3 a tracer-species approach was employed
via a FLUENT user-defined scalar (UDS) for residence time analysis. Two possible approaches
for scalar injection at the feed inlet were investigated: pulse function and step function. In the
end, the pulse method was found to be successful using the following parameters:

UDS inlet concentration, C, = 1,000,000 (dimensionless)
Stage 3 integration timestep, At = 14 sec
Pulse width, At, =10At =140sec < 0.01r

Integration duration, T =28,000sec ~1.97

The pulse was made short enough to approximate a delta function and concentrated
enough to overcome numerical round-off when dispersed into the large volume. The UDS
concentration was monitored at the outlet while integrating its transport equation in time, with
molecular diffusivity set to zero and the Stage 2 flow field held constant. The RTD was then
calculated based on the discharge concentration, according to the following equation:

C(t) _zC(0)

[ct)t  CoAt
0o

E(9)=

where the dimensionless time variable 8= (t/7), = is the holdup time defined in the previous
section, and the values are normalized such that the integral of E is unity. Due to the large

number of factors that may cause the holdup time of the pilot melter to vary significantly, this
convention was adopted to facilitate the comparison of different simulation runs in the future.

In practice, it was found by rough numerical integration in Excel that the FLUENT
simulation out to @ = 1.9 was sufficient to capture about 86% of the original UDS pulse integral
at the melter discharge. To perform a check on the approach without large additional
computational cost, the predicted RTD curve was extrapolated by hand based on its observed
slope at 4= 1.9. Using straight-line extrapolation (which will tend to under-estimate, since this
asymptotic curve is concave upward), an additional 9% of the original integral was estimated to
be in the un-simulated “tail” of the RTD curve, for a satisfactory total UDS mass balance of

95%. Figure 4 was then windowed from 0 <@ < 1 to provide better visual resolution of the RTD
head.

It can be easily shown that, for an ideal CSTR, the normalized RTD takes the particularly
simple form

E(@)=¢e"

as plotted in Figure 4 above. The mean residence time (i.e., the first moment of that ideal
distribution function) is identically equal to the liquid holdup time, .

C. Project Management

On April 24, Raj Venuturumilli attended the second Advantex test melt at GTI. In May,
ANSYS provided revisions and comments to the draft project-related technical paper by Purnode
et. al. for the July ICG conference in Strasbourg. On June 13, a meeting of the CFD Committee
was held by teleconference; participants were Grigory Aronchik of GTI, Bruno Purnode of
Owens-Corning, and Raj Venuturumilli and Lewis Collins of ANSYS. The above status and
changes were reviewed; minutes were circulated.
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The cumulative ANSY'S efforts on this project as of the end of the quarter are
summarized in Table 2 in terms of labor hours. The average ANSYS level of effort this quarter
was about 26% full-time equivalent (FTE), primarily provided by Raj Venuturumilli. An Excel
spreadsheet file is being submitted to GTI along with this report that provides additional
information, prior period data, and a graphical chart. Based on the extended period of
performance, the ANSYS sub-project was 97% complete by schedule at the end of this reporting
period. Cumulative costs are over 100% of budget; all labor tasks are significantly over
budgeted hours. All further efforts will therefore be allocated as additional cost-sharing
contributions.

Table 2. ANSYS task status as of 6/30/07

Budget  Actual

SOW Task Description Staff
hours hours

Develop an initial model of the SCM and evaluate performance based on

Ala information provided by GTI AT, RV 150 212

A.1b  Study design alternatives based on direction from team RV, RLC 50 50

A2 Refl_ne and re-run model as more mature design information becomes RLC, RV 50 108
available

A.3a Support FLUENT use by team members AT, RV 100 140

A.3b  Administrative support: contracting, provide FLUENT licenses, etc. ERF 0 12

A.3c Conduct two-day SCM-focused training workshop at mutually agreed venue AT 50 33

Ada U5|_ng enh_anced toql from Task B, conduct final CFD analysis of melter, RV 200 267
validate with operating data from GTI.

A.4b Investigate scale-up to production scale, optimization of design details 100 24

B.1 Identify and prioritize CFD technology gaps and FLUENT enhancements AD, RLC 80 70

B.2a Investigate cost/accqrgcy trade-off; extend and calibrate Eulerian method to HL 100 236
represent SCM conditions

B.2b Prepare SRS with cost estimates, review with team, finalize and integrate AD, ERF, 50 56

' with FLUENT development cycle RLC

B.3a Implement new SCM features in FLUENT prototype (development version) AKV 1990 2683

B.3b Verification testing and draft documentation RV 300 48

B.3c Port to team members’ platforms and distribute prototype 50 0
Obtain suggestions and defect reports from team usage, process validation

B.3d . i . 100 0
results from A.4, and incorporate improvements in software

. . . AD, RLC,
C.1  Participate in team telecons and 2 one-day team meetings per year JAK. RV 100 300
. . . I ERF, AD,

C.2  Quarterly technical reports, final report, and technical paper contributions RLC 200 163

TOTALS 3670 4462

15



Issues and Resolution

This quarter’s continued research and baseline results indicated that the hydrodynamic
radius of influence of a single burner plume extends at least 1 meter horizontally, calling into
question the uncoupled, single-jet approximation of Stage 1. The proposed resolution is to
recommend that in the future, others should consider using a 3-D, six-jet version of Stage 1,
since that approach might also take better advantage of computer scalability and avoid the
numerical instabilities that are currently necessitating many FLUENT restarts and slowing the
workflow. Stage 1 would still have value in decoupling time scales and allowing a transition to
steady-state, non-reacting conditions in Stage 2, but this recommended change would avoid the
2D-t0-3D translation and axisymmetry issues.

This quarter’s events highlighted the difficulty of changing melt bath depth — and
maintaining consistency through the stages when it does change — as a weakness of the modeling
approach. A possible solution to aid in broader deployment of the model is to provide a
GAMBIT journal file and FLUENT set-up script, such that the geometry/mesh/boundary
conditions process could be automated and parameterized to the depth. Another, less-laborious
solution, suitable for modest deviations in bath depth, might be to have a standard reference
depth assumed in the FLUENT runs, but to simply scale Stage 1.5 source terms based on depth.

In the pilot melter trials to date, the installed surface-imaging camera has failed
(components said to have cracked or melted) and the pressure sensors in the burner nozzles could
not be installed. Thus no data has been produced on bubble frequency or flow characteristics,
aside from flow rates and temperatures near the glass outlet and gas exhaust. In the telecon of
June 13, Bruno Purnode promised to keep lobbying the experimental team for the
instrumentation that had been originally envisioned and specified, but did not have high hopes
for the short term. This situation severely limits the quality of the test/analysis validation that is
possible and ultimately constrains the reliability and predictive value of the CFD model.

Mathematical Modeling for the Pilot-Scale SCM

Efforts on mathematical modeling this quarter continued to focus on mathematical
modeling and optimization of heat loss and heat balances of submerged combustion melters.
This effort was kept minimal in comparison have now begun of modeling results with the results
of pilot-scale SCM tests. Therefore, to keep costs low, no mathematical modeling work was
conducted this quarter.

Pilot-Scale Melter Fabrication and Assembly

Three pilot-scale SCM melting tests were conducted this quarter. All efforts last quarter
focused on final component installation and shakedown testing in preparation for the pilot-scale
melter operation. This work was completed, and the first test was conducted in the first week of
this quarter (April, 2007). The project team will focus all pilot-scale melt tests on four glass
types and one scrap test:

e Soda-lime glass (flat glass composition provided in batch by PPG)
e Eglass

o borosilicate glass batch provided by Owens Corning

0 Non-boron Advantex batch provided by Owens Corning
e LCD glass (non-alkali glass batch provided by Corning)
e Scrap fiberglass provided by Johns Manville
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A project consortium team meeting was held in November, 2006) at GTI in Des Plaines,
IL. At that time, all project team members had the opportunity to review the pilot-scale melter
design and instrumentation. Melt test planning was continued, and assignments were made to
acquire needed glass batch and to schedule glass company engineers to attend tests and
participate in operations and sampling. The schedule for assembly and testing with the pilot-
scale melter is presented below. Batch for the first two tests with Owens Corning Advantex E
glass was received by GTI last quarter and was ready for the first pilot-scale test this quarter.

The Glass Manufacturing Industry Council (GMIC) held their quarterly Board meeting at
GTI in September, 2006. At that time, GTI had the opportunity to review final assembly and
testing plans with the larger U.S. glass industry. The GMIC held another quarterly meeting at
GTI this quarter. This gave glass industry representatives the opportunity to see the completed
pilot-scale melter. Unfortunately, a melt test could not be conducted during the GMIC meeting.

Tests were planned to start last quarter but were delayed by fabrication problems. To
ensure refractory is well anchored, a pattern of stainless steel studs is welded to the metal walls
to serve as anchors. The vendor warped the panels during welding, despite assurances this
would not happen. GTI found a second vendor that was able to place a heavy load on the panels
and heated the panels to 900°F to allow them to relax flat. This was successful, but more than
one month in assembly time was lost to correct this problem. At the end of the quarter, all panels
had been straightened and the refractory was poured on most of them. The final refractory was
installed, and the melter will be assembled at GTI.

The list below has been updated to show all final installation and shakedown activities
carried out last quarter. All panels have been successfully leak tested and refractory is installed
in all panels. The panels are assembled, the melter positioned, the refractory brick installed in
the exhaust gas box, the tap piece positioned, and transformer installed. At this point, the melter
was ready for the first hot tests this quarter.

Table 2. Pilot-Scale 1 ton/h SCM Assembly and Shakedown Schedule
Task

Water Piping Installation
Painting - Priming and Top Coat
Install Duct From Ex. Box to Flue

Feeder Fabrication
Feeder Installation
Feeder Pneumatics Installation
Complete Electrical System Wiring
Controller Programming
Discharge Trough VFD Control
Oxy / NG Lines Buy
Oxy / NG Lines Install
Discharge Control Probe Frame
Discharge Control Probe Mount
Transformer Electrical Hookup
Emergency Drain Elec. Hookup
Emergency Drain Chute Install
TCs
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Pressure Gauges
Door Sealing
Discharge Ring Seal
Thermowell
Nuclear Gauga Installation
Install Baghouse Filter Bag(s)
Anchor Melter to Building Structure

Burner Testing
Feeder Calibration
Instrumentation Check
Flow Meter Testing
Tap Control and Melt Control Test

Figures 5 and 6 show photographs of the melt prior to the first hot melt test. The pictures are
from the feeder side and the melt discharge side of the melter.

Figure 5. Pilot SCM Feeder Side View Figure 6. Pilot SCM Discharge Side View

Pilot SCM Melting Tests

All pilot scale SCM tests are scheduled for this quarter and next quarter. The schedule
was chosen intentionally. The first two tests will be with a boron-free E glass (Owens Corning
Advantex glass) so that the melt will not be effected by residual boron. The third test was to be
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the boron E glass to gather additional E glass operating experience. The fourth test was to be
with LCD glass so that sodium contamination is not a problem. The fifth test was to be with
soda-lime test to gain broader operating experience relative to melting pull rate, melt bath
temperature, and other operating parameters. The final test will involve a bed of soda-lime glass
with fiberglass scrap added as feed to determine if the melter succeeds in removing all carbon
from the glass.

Support from the glass company consortium members was provided in all tests this
quarter and for the remaining tests next quarter. Glass analyses will be carried out by the glass
companies with some input for GTI compositional analyses.

The three tests conducted this quarter were:

e Advantex (non-boron E glass) - 2500°F
e Advantex (non-boron E glass) - 2650°F
e LCD glass (non-alkali glass) - 2975°F

Each test was approximately 18 hours in length. This included several hours to start the melter
and several hours for melter shut down. Each test included continuous feed of commercial batch
material (pre-mixed) and continuous discharge of molten glass. Steady-state operation with each
glass was long enough to assure good energy and material balances.

The Advantex glass tests had a production rate of approximately 1300 bl/h. The pull rate
was limited by the ability of the feed system to handle very fine batch material. The energy
balances for this glass were calculated at 35 and 37 percent. Scale-up to a pull rate of 5 ton/h
would lead to energy efficiency of close to 55%. This rate is well above the efficiency of the
best current Advantex glass melters.

The LCD glass test was conducted at very high temperature. The batch was not as fine,
so the feed system did not limit the pull rate. The oxygen system, however, was limited to
approximately 10,000 scfth and was the limiting factor in this test. The pull rate for the LCD
glass was approximately 1300 Ib/h. The high temperature required by this glass batch led to a
lower energy efficiency of 28 percent. This lower efficiency is in line with industry expectations
for this high temperature glass. The project team had some difficulty establishing flow of the
LCD glass from the tap. Once flow was established, the tap worked well.

In all three tests this quarter the melter performed perfectly. No problems were
experienced with the burners of the melter. The feeder and the discharge trough presented
challenges, but this is peripheral equipment that can easily be optimized for different glass types.
The feed system and melter were cleaned carefully between tests. This included carefully
removing the layer of frozen glass from all SCM cooled refractory surfaces. This cleaning
eliminated concerns about glass batch being contaminated by a different glass composition.

The final two pilot-scale SCM tests are scheduled for next quarter. The team plans to test
the borosilicate glass and to then test the soda-lime glass. Samples were collected throughout all
tests. Sample analyses were underway at the end of the quarter. The photographs below show
discharge of the Advantex glass from the platinum tap and the walls of the pilot-scale SCM
coated with Advantex glass after a test.
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Figure 7. Advantex Glass Discharged Through Platinum Tap and Coating the SCM Walls After
the Test

Oxygen Transport Membrane (OTM) - Changed to Batch Preheating

NOTE - This Work Scope was presented in the last quarterly report and is being
duplicated in this report for easy of access by interested readers. The Work Scope has not
been changed since last quarter.

Engineers from Praxair and GTI met in December, 2005 to discuss Praxair's analysis of
applying their OTM technology to the NGMS process. After careful technological and economic
analysis, Praxair has concluded that OTM is not a competitive means to produce oxygen for
SCM or the NGMS process. Other oxygen production methods are more reliable and cost
effective. Praxair is preparing a report describing their analysis procedures and results. This
report will be completed next quarter.

Proposed Praxair Work Scope

Praxair is working on a new technology for glass melter batch and cullet preheating that
will be ideally suited for SCM operations. Praxair has submitted the followed Work Scope
involving testing of two glass batch compositions and modeling to evaluate this approach. The
Work Scope has been submitted to NYSERDA for approval in replacement of the OTM work.
Work on this batch preheating evaluation is scheduled to begin next quarter and be complete in
two quarters.

Praxair, Inc. is developing a system for waste heat recovery from oxyfuel fired glass
furnaces. The system will use the waste heat in the exhaust gases to preheat the batch and cullet
material charged to the furnace for glass making. It is anticipated that this technology could save
up to IMMBTU per ton and also reduce other emissions.

The Gas Technology Institute (GTI) has expressed interest in evaluating the potential
benefit of batch/cullet preheating in the Submerged Combustion Melting (SCM) glassmaking
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furnace that is currently being evaluated at a pilot scale. SCM allows for melters that are smaller
and less costly, more energy-efficient, and lower in emissions then traditional melters. In the
SCM process, fuel and oxidant are fired directly into the bath of material being melted. The
combustion gases travel through the bath which improves mixing and also creates a high rate of
heat transfer to the melting material.

The intent of the proposed study will be to evaluate the applicability of the batch cullet
preheat (BCP) technology to a SCM. As part of this study the costs and benefits of modifying
the technologies to be compatible will be determined. Overall, the intent is to quantify the
additional benefits of combining the technologies relative to adopting either of them
independently.

The elements of the proposed study are detailed in the following work plan. The
following tasks will be undertaken by the project team in order to complete the assessment of
compatibility of the submerged combustion melter and the batch cullet preheater.

Process Modeling

Analyze the heat and mass balance for the submerged combustion melter combined with
batch/cullet preheating. GTI will provide baseline heat and mass balances for the submerged
combustion melter without heat recovery. Praxair will use this information to evaluate the
temperature and volume of the exhaust gas stream from the submerged combustion melter and to
estimate the level of potential energy benefit possible with the implementation of waste heat
recovery for batch/cullet preheating.

Material Testing

Conduct preliminary bench scale lab tests to determine the maximum preheat
temperatures of two fiber glass feed materials:

e Non-boron containing Advantex™ from Owens-Corning
e Standard E glass batch containing boron from Johns Manville

This will involve heating the materials in a laboratory furnace and putting them under contact
pressure to determine the temperature threshold at which they become “sticky” — which will
create material handling problems prior to furnace charging. This critical temperature will be the
maximum practical preheat objective, regardless of whether more heat recovery is possible.

Pilot Study

Praxair will establish the oxygen, fuel and air flow rates required to simulate the exhaust
stream from the pilot submerged combustion melter (20-24 tpd glass production equivalent).
Praxair will then conduct pilot scale testing, using the pilot batch cullet preheater currently being
commissioned at the Praxair Technology Centre in Tonawanda NY, to demonstrate and quantify
the potential heat recovery that could be expected from combining the technologies.

Preliminary Engineering Design

Review design parameters constraints of both technologies under a Non-disclosure
agreement. All participants will need to sign the agreement, ie: Praxair, GTI, Owens-Corning
(OC), Johns Manville (J-M), etc. Based on these discussions, modifications required in order to
integrate the technologies will be determined and preliminary engineering will be undertaken to
ensure the modifications will not adversely affect the operation of either system.
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Cost/Benefit Analysis — Commercial Scale

Based on the Preliminary Engineering phase above, the costs of integrating the systems at
a commercial scale will be estimated. Using this information coupled with the potential energy
recovery estimates developed though the pilot study, the commercial viability of the integration
of the technologies will be determined.

Schedule

The schedule for this study is outlined in the Gantt chart below. We anticipate this work
will start Feb., 1%, 2007 and will be completed July 31%, 2007.

Study of Batch Cullet Preheating Combined with Submerged Combustion Melting
Proposed Project Schedule (February - July 2007)

February March April May June July

Process Modeling

Material Testing

Pilot Study

Preliminary Engineering Design
Cost/Benefit Analysis — Commercial Scale
Review Meeting

Final Report

Deliverables

At the conclusion of this study a review meeting of the project participants will be
conducted in which the results of the study will be presented and discussed. A final report will
be prepared by Praxair, summarizing the results of the study and the consensus of the project
team on the commercial viability of combining Batch/Cullet Preheating with Submerged
Combustion Melting.

Industrial Bandwidth Analysis

GTI, with support from consultant Warren Wolf, completed a report titled, "Industrial
Glass Bandwidth Analysis”. The full report has been made available through both DOE and
GMIC.

This Industrial Glass Bandwidth Analysis has been prepared as a guide to determining
places in the glass-making process where energy can be saved and means by which energy can
be saved. This has been accomplished by reviewing available literature, discussions with
industry experts, and several rounds of questionnaires sent to industry experts. The glass
industry is often reluctant to reveal detailed energy data for proprietary reasons. For this reason,
public data has been used as much as possible and affiliations of industry experts have been left
out of the references. The authors trust that this approach has improved the quality of the
reported information without detracting from the credibility of the sources. Energy use data is
often not collected directly but is embedded in the price of materials, utilities, or oxygen. Other
times, energy data is available but only for the combination of several process steps. Efforts
have been made to examine energy use alone in this report.

The objective of the Bandwidth Analysis is to provide a current benchmarking of glass
industry energy use. When benchmarking energy use in the glass industry, each of the major
glass segments must be considered separately in order to reach useful energy use profiles. Also,
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to provide guidance on where the largest energy savings are possible, the energy use in each
glass industry segment has been presented two ways: 1) by process step, and 2) in current
average, state of the art, practical minimum, and theoretical minimum. Details of the project
approach are presented in the appendix of the Final Report for reference.

An update to the Bandwidth analysis is underway and will be completed by next quarter.
Information will be added regarding new developments in the U.S. and Europe relative to
specific state of art techniques for lowering energy use. Warren Wolf collected some
information this quarter through personal contacts. He will complete his assessment of European
technologies through talks at the International Congress on Glass in Straussburg, France next
quarter.

Plans for Next Quarter

Work will be carried out next quarter on a number of project activities. The primary
focus will be on the final pilot-scale melter tests with analyses and on validation of the Fluent
CFD model based on the pilot-scale SCM tests.

Modeling. With the most recently completed Stage 1 (with JM E-glass, 30” depth)
defining the new baseline, we will compute Stage 1.5 sources, run Stage 2 with a lower wall heat
transfer coefficient, feed back the bulk glass temperature to Stage 1 boundary conditions, and
(after test results are available) adjust the latent heat in the equivalent batch reaction constant if
necessary, to match the glass temperature. Then a final RTD curve will be produced.

With the project period officially ending in August, this will be the last quarterly report.
Final documentation efforts will focus on the creation of a permanent archive of the pilot melter
model and analysis best-practices determined over the duration of this project, to ready the
model for possible deployment to the design community.

Pilot SCM Melter Assembly. The pilot SCM unit is now complete and all systems have
been independently tested. The first continuous pilot-scale SCM tests were conducted this
quarter. Improvements and modifications on system components will continue throughout the
testing period next quarter as performance information becomes available. As much data as
possible will be collected via the Labview data acquisition system. The performance of the
system and the individual components will be noted, analyzed, and reported.

Testing. The lab-scale melter (300 Ib/h) system with complete feed, discharge, sampling,
exhaust gas cleaning, baghouse, and control system is now fully assembled. Shake-down tests of
all components have been successfully completed. A series of five tests is planned, The first
three tests were conducted this quarter, and the last two tests will be conducted next quarter.
Each test will be long enough (usually 12 to 24 hours) to obtain data on energy balances,
equipment operation, material balances, emissions, particulate carryover to the baghouse, and the
effects of melt temperature, burner firing rate, burner firing pattern, bed height, and pull rate.
The fiver tests will melt different glasses from batch and include:

Non-boron E glass (Owens Corning Advantex)

Boron-containing E glass (Johns Manville batch)

LCD glass (Corning batch)

Soda-lime glass (PPG batch)

Scrap fiberglass (scrap from Owens Corning and Johns Manville)
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Tests will be made next quarter with the new pilot-scale melter and new tap piece. All data will
be collected via Labview software. Samples of product glasses will be analyzed by GTI and
several glass company partners (Corning, Owens Corning, Johns Manville).

Batch Preheating Evaluation. Work is anticipated to begin on this Task as described in
the Praxair Work Scope presented last quarter. Work will be carried out by Praxair engineers
with input from GTI engineers and engineers from glass consortium member companies.

Patents

GTI holds world-wide rights to the submerged combustion melting technology outside
the former Soviet Union. GTI also holds a patent covering portions of the technology. A new
patent covering the combustion system used for oxy-gas firing was completed and submitted
with the U.S. Patent Office in April, 2004. This can be found under the U.S. Patent Office
Application 20050236747. An invention disclosure for a new patent application covering SCM
design and operation was completed last quarter but was not submitted as a patent application.
On advice of GTI patent counsel, the invention disclosure will be re-written next quarter to focus
on framing a patent to can be awarded.

The project team has formed a consortium to develop the NGMS technology. GTI has
agreed to provide the glass company members of this consortium royalty-free rights to
submerged combustion melting for glass production. In return, the glass company consortium
members have agreed to support the project with cash, man-hours, testing assistance, modeling,
and technical support. Other companies will be able to license the technology from the
developing consortium. This arrangement is considered the most efficient means to rapidly
develop, commercialize, and disseminate the NGMS and submerged combustion melting
technology. The consortium agreement is a blueprint for multiple parties to work together on a
technology of value to each of them. Lawyers for team members resolved final points and the
agreement is signed and active. This consortium represents the first time such a large segment of
the U.S. glass industry has worked together on a project, and a number of issues have been
clarified to avoid legal concerns in the future.

Publications/Presentations

A number of presentations and papers have been published regarding submerged
combustion melting and the NGMS technology. A presentation was made at a GMIC workshop
held after the 7" International Conference on Glass Fusion held in Rochester, NY in July, 2003.
A paper was presented at the second Natural Gas Technology Conference in Phoenix, AZ in
February, 2004. A presentation was made at the DOE ITP project review meetings in June, 2004
and September, 2005. An introductory presentation was also made at the DGG, Germany Glass
Society, meeting in Nurenburg, Germany in June 2004. A presentation was made at the
American Ceramic Society (ACerS) Glass and Optical Materials Division (GOMD) in Port
Canavreal, FL in November, 2004.

Presentations were made in the first quarter of 2006 to the management and senior
technical staffs of three of the five glass consortium member companies as well as to project
managers at NYSERDA. Presentations to the other two glass company partners (Johns Manville
and Schott) were made the next quarter. These presentations were made at the glass companies
(not at GTI) to focus attention on the project and to expand support for continued NGMS
development after completion of this project.
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A report titled, "Industrial Glass Bandwidth Analysis"”, was completed this year and made
publicly available through DOE and GMIC. This document is based on extensive review of
published data and discussions with many glass industry professionals regarding energy use in
the U.S. glass industry. That work is being extended to address specific means to improve
efficiency through advanced technologies. A revised addition of the Bandwidth Analysis is
planned for August, 2007.

Status of this project, both the NGMS and the bandwidth activities, were presented to
DOE and GMIC for review in a seminar following the Glass Problems Conference. An update
on NGMS was presented as a paper at the Glass Problems Conference in Oct., 2006. Another
update paper is planned for the next Glass Problems Conference in Oct., 2007.

Two papers on SCM modeling using Fluent CFD were presented this quarter by Bruno
Purmode of Owens Corning. One paper was, "Combustion flow patterns and discrete particles
trajectories in a submerged melter”, Grig Aronchik, Bruno Purnode, David Rue, Proc. 9th
international Seminar on Mathematical Modeling of Furnace Design and Operation
Velke Karlovice, Czech Republic ( June 27-29, 2007). The second paper was, "A Modeling
Study of the submerged Combustion Melting Process”, was presented at the International
Congress on Glass in Straussburg, France and is currently under review for journal publication.

Milestone Status Table

This project is divided into twelve Tasks over a three-year period. Tasks 1 through 4 are
scheduled for Year 1 (Phase I). Tasks 5 through 8 are scheduled for Year 2 (Phase I1). Tasks 9
through 12 are scheduled for Year 3 (Phase I11). Project work is underway on the Year 3 effort
and is expected to be complete on time and budget. Thirteen milestones have been defined
covering the full project. Progress toward milestone completion is shown below.

Mile- | Milestone Planned Actual
stone | Description Completion | Completion | Comments
1 Initial working CFD model Sept. 2005 On-going but complete
written and tested
2 Design pilot scale melter June 2004 June 2005 | Completed
3 Procure equipment for pilot Sept. 2004 Completed this quarter
scale melter
4 Fabricate pilot scale melter March 2005 Completed next quarter
for larger pilot melter
5 Prepare test plan March 2005 | March 2006 | Completed
6 Complete pilot scale melting July 2005 Nov. 2005 Completed
tests and collect samples
7 Complete all sample analyses | Sept. 2005 Dec. 2005 Completed
8 Modify melter as needed Dec. 2005 Mar. 2007 Completed
9 Complete second test series June 2006 Complete next quarter
10 Finalize CFD modeling and Aug. 2006 To be completed the
physical modeling next two quarters
11 Complete OTM analysis June 2006 Revised to evaluate
batch pre-heating - next
quarter
12 Complete development plan Sept. 2006 To be completed the
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next two quarters

13 Complete Bandwidth Report Feb. 2006 June 2006 | Completed but extended
to next two quarters

Budget Data

The DOE contract was dated September, 2003, and work began in Oct. of 2003. The
NYSERDA contract for co-funding was finalized last quarter. Gas industry co-funding through
FERC funds for $700,000 are in place. The SMP portion of gas industry co-funding is in place
during years 2 and 3 of the project. The glass industry consortium has finalized the consortium
agreement and billings have been completed based on the planned schedule. GTI has entered
into identical contracts with each of the five glass company partners. The overall project budget,
and spending to date, is shown below. Only cash funding is shown. In-kind cost-sharing by
Praxair, Fluent, and the five glass company partners is not shown.

Approved Spending, $K Actual Spending, $K

Phase / Budget Period DOE Cost DOE Cost

Amount | Share Total Amount | Share Total

From To

Year 1 10/03 9/04 1311 850 2161 1192 178 1370
Year 2 10/04 9/05 1335 300 1635 1376 637 2013
Year 3 10/05 9/06 1281 300 1581 1474 267 1741
Total 4076 1450 5526 4042 1209 5251
References

1. Rose, J.W., and Cooper, J.R., eds. (1977), Technical Data on Fuels, New York: Wiley, 7th
Edition.

2. Seward, T.P., and Vascott, T., eds. (2005), High Temperature Glass Melt Property Database
for Process Modeling, Westerville, Ohio: American Ceramic Society, ISBN 1-57498-225-
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The objectives of this project are to 1) test and evaluate the most promising approaches to rapidly
condition the homogeneous glass produced from the submerged combustion melter, and 2) to
design a pilot-scale NGMS system for fiberglass recycle. Techniques to produce higher quality
glass from the melter will be investigated, and external fast conditioning approaches will be



analyzed. The add-on rapid conditioning techniques evaluated through modeling and limited
testing will rely on sonic energy, steam, and time discharge to speed conditioning

Statement of Objectives
The objectives of Budget Period One are to:

e Evaluate furnace operating parameters on glass quality. These parameters include burner
firing patterns, melt temperature, glass residence time, etc.

e Conduct initial tests to evaluate the improvements achieved in glass quality using sonic
refining

e Analyze product glass quality using advanced techniques for both on-line and off-line
measurement of seed count and size

e Model other promising rapid conditioning techniques adaptable to the SCM

e Develop the engineering requirements for a Next Generation Melting System designed to
recycle scrap fiberglass.

All work will be carried out using a single E glass composition. This approach will provide the
largest impact of changing melter parameters and rapid conditioning conditions to be compared
and analyzed.

Project Schedule

The project timeline is shown below. The first task will include the design and
construction of the short heated discharge section and preparation of the sonic refining test setup
and sampling methods. Task 1 will be nine months in duration. Task 2 will include all testing
and analysis of samples and will also include modeling of other rapid refining approaches. It is
anticipated that there will be up to 6 total melter tests performed over the 12 months of Budget
Period One. Each melt will be 12 to 72 hours long and will include multiple experimental tests.
These tests will incorporate evaluation of the impacts of changes in melter operation (pull rate,
burner firing rate, burner patterns, etc.) along with evaluation of the sonic rapid conditioning
method. The third task will be used to prepare for an engineering design and CFD model for a
demonstration-scale NGMS process to melt scrap fiberglass. Task 3 will last 3 months.
Quarterly reports and a Final Technical report will be prepared for all sponsors.

Task |Title Budget Period One, months
1] 2] 3] 4] 5] 6] 7] 8] 9] 10] 11] 12

1 Preparation for SCM Glass Quality Tests
2 Rapid Conditioning Tests and Analyses
3 Engineering Design of NGMS for Scrap Fiberglass Recycle

Performance Measures

Performance measures and go/no-go decision metrics are placed at the end of Year 1 of
the project. Performance measures include the following:



Performance Measures

e Design, fabrication, and shake-down pilot SCM modifications including short refractory
discharge zone and sonic refining equipment

e Completion of SCM tests with variations in operating conditions and with sonic refining
following by glass quality analyses

¢ Initial modeling of other rapid refining techniques for the Next Generation Melting
System

e Preparation of engineering design parameters for a Next Generation Melting System for

The performance measures for Budget Period One will lead directly into the go/no-go decision
points for continued project work in Budget Period Two. The go/no-go decision points will refer
to all activities as well as to which quality improvement approaches will be evaluated further or
discontinued from evaluation. Go/no-go decisions are:

Go/No-Go Decision Points - at the end of Year 1

e Completed modifications to SCM pilot unit for testing with multiple approaches to glass
refining and to glass quality measurement

e Conducted tests with sonic refining and shown significant glass quality

Background

Glass formation places heavy demands on the glass melting process. Quality
requirements vary radically between industry segments, but all forming processes need a steady
flow of molten, homogeneous glass of the chosen color (if not clear), with few to no unmelted
sand grains (stones). This molten glass must be at a specific viscosity, with means temperature
must usually be controlled to within several degrees. Along with all these requirements, each
industry segment specifies molten glass must have the number and size of bubbles (seeds) for
their product. In general terms, seeds must be below 0.1 mm in diameter, although optical glass
demands are even stricter.

The U.S. Department of Energy is supporting collaborative efforts to develop a Next
Generation Melting System (NGMS) that will produce glass of needed quality to the forming
step of each glass industry segment. The submerged combustion melting technology, licensed
and controlled by the Gas Technology Institute (GTI), is currently being developed by a GTI-
glass industry consortium to serve as the melting and homogenization step of the NGMS process.
NGMS envisions a segmented melting approach to achieve high energy efficiency, low
emissions, and low capital cost. These goals are met by optimizing components of the melting
process. SCM is particularly attractive because homogeneous, stone-free glass is produced while
feed handling is less costly and simpler than for conventional furnaces, energy use is decreased,
and emissions are lower, all with a far less expensive melter.

In SCM (shown below), fuel and oxidant are fired directly into the molten bath from
burners attached to the bottom of the melt chamber. High-temperature bubbling combustion
inside the melt creates complex gas-liquid interaction and a large heat transfer surface. This
significantly intensifies heat exchange between combustion products and processed material
while lowering the average combustion temperature. Intense mixing increases the speed of



melting, promotes reactant contact and chemical reaction rates, and improves the homogeneity of
the glass melt product. The melter can handle a relatively non-homogeneous batch material.

The size, physical structure, and especially homogeneity of the batch do not require strict
control. Batch components can be charged premixed or separately, continuously or in portions.

The many features and requirements for SCM have been discussed elsewhere and will
not be covered in detail here. The technology requires careful and appropriate design of
combustion systems, and GTI has filed for a patent in this area. Oxy-gas firing is imperative so
that heat input can be maximized while nitrogen bubbles are eliminated and total gas volume is
minimized. Refractory walls will be worn away by moving glass, so walls must be built from
externally cooled walls on which a frozen glass layer forms to protect the wall. GTI and a glass
company consortium (Corning, Johns Manville, Owens Corning, PPG, and Schott) have been
developing SCM for use as the NGMS melting and homogenization step. Soda-lime and E glass
compositions have been melted to date in a lab-scale SCM unit (shown below), and work is
underway to design a pilot-scale 1 ton/h melter.

Stack

Heat Recovery-Recuperator
-Batch Heating

Glass Bath
Batch/Cullet
Refining Batch Mixing
Conditioning o /Charging
Fluid
Glass to Forming Cooled
Walls

Oxy-Fuel Burners

Operation of SCM with a range of industrial glass compositions from soda-lime glass to
LCD glass is verifying the melter's capacity to generate homogeneous, stone-free glass.
Photomicrographs of soda-lime glass produced in the pilot SCM unit are shown below.



Results to date with SCM are highly encouraging. The product glass, however, must be
of higher gquality to meet many industrial needs. There are multiple means to improve the glass
quality, and the proposed project will focus entirely on improving the quality of SCM product
glass. Many of the techniques evaluated, particularly the external conditioning methods, are also
applicable to conventional glass melters, as indicated above.

SCM Operations Improvements to Improve Glass Quality

SCM glass quality can be improved through a number of melter improvements, some in
components and some in operating techniques. Component improvements include

e feeding systems systems that control batch introduction and minimize particle and volatile
discharge

e modified burners and combustion systems to give desired combustion and heat transfer
patterns to generate large easily refined bubbles

e Optimum discharge taps located to discharge high quality glass and to control melt flow rate

Improved operating procedures include burner locations and firing patterns, temperature control,
residence time contro, and control of melter mixing patterns. All of these techniques have
potential to increase the size of bubbles, decrease bubble concentration, and eliminate small
bubbles (below 0.5 mm). All of the techniques mentioned will be tested and evaluate in this
project.

External Conditioning Approaches

Along with improved SCM operation, external, rapid conditioning methods can improve
glass quality. These techniques will be modeled in this project, and the most promising will be
tested in a bench-top lab apparatus, and potentially on the pilot SCM unit. Glass refining is
made difficult by the small size of bubbles (0.1-2.5 mm) that must be removed, the high
viscosity of molten glass (often 100-150 goise), and limitations on materials chemically and
physically compatible with molten glass. The upward velocity of small bubbles in a liquid is
characterized by Stokes Law.

Vo d®gp/p

which states a bubble's upward velocity (V) is proportional to the square of the bubble diameter
(d), the gravitational constant (g), and to glass density (p) and is inversely proportional to the



viscosity of the glass (u). All refining approaches modify one or more variable to increase V.
Refining time is controlled by the time it takes the smallest bubbles to reach the glass surface.
Gas diffusion rates through glass vary, with nitrogen and carbon dioxide being the most difficult
to remove. Current practice relies on time and chemical fining agents. Fining agents release
gases such as oxygen that combine with bubbles of other gases. This produces larger, faster
diffusing bubbles that shorten the refining time but also can contribute to air pollution. Fining
agents are expensive and can alter glass chemistry, so their application is limited. Time can be
turned into a refining ally by using a thin film or ‘fining shelf' that shortens bubble distance to
rise. Fining shelves are employed in some furnace designs, but care must be taken to maintain
temperature uniformity and to minimize heat loss from the large surface of molten glass.

The NGMS process requires rapid conditioning to produce high quality glass from the
high-intensity SCM unit. The most promising approaches will be modeled and analyzed in this
project. The project team includes experts in water refining (Tomazawa), sonic refining
(Spinosa), and other approaches such as vacuum (Wooley). Each rapid refining approach takes
advantage of one or more variables in Stokes Law to accelerate the conditioning process. A list
of the rapid conditioning approaches to be modeled and analyzed in this project is shown in the
table below.

Rapid Conditioning Basis for Accelerated Conditioning

Helium (inert gas)® High solubility and high diffusion leads to scavenging of small bubbles
into larger bubbles and fast bubble rise to surface (dy is larger)

Water (steam)” High solubility and high diffusion leads to scavenging of small bubbles
into larger bubbles and fast bubble rise to surface (dy is larger)

Sonic® Vibrations lead to bubble consolidation and faster rise to the surface

Vacuum® Decrease pressure leads to bubble expansion and fast rise to the surface

Centrifugal’ Gravitational constant changed from g to re® which can greatly

increase velocity

Bubble Characterization

Using optical techniques for bubble characterization, the project team will be able to
routinely and rapidly determine the impact of changes in parameters on the quality of SCM
product glass. By being able to see through a molten glass one is able to study the glass melting
processes taking place. Consider two examples: light scattering connected with formation and
evolution of bubbles at re-fining, and refraction of light connected with dissolution of cords at
homogenization. Both phenomena can be studied using a high-temperature imaging system
similar to that developed by the Laboratory of Glass Properties in 1998-2001. By taking images
of the molten glass layer through sapphire windows using its own near-infrared radiation,
diffused of directed backlight, one obtains all of the information necessary for analysis of small
(~0.005” seeds) or large (~ 0.5” bubbles and thick cords) objects visible in the observation area.?

LGP support in the proposed project is based on 12-years experience in development of
equipment for optical studies of molten glass at temperatures up to 3000°F. Based on know-how
developed in LGP, a stable and accurate high-temperature imaging system will be developed.




The proposed system works as a stand-alone accessory, compatible with different refiner
modules. The system includes: a) stabilized light source (3); b) CCD module consisting of 1 MP
VIS-NIR matrix sensor (4) supplied with frigistor and water-cooler; ¢) zoom lens (5); ¢) imaging
processor (6); d) portable computer (7). The following components designed in LGP will be
used as prototypes: high-temperature optical cell (offered in 1994 and used without design
changes until now), stable light sources, original large-aperture optical schemes, data acquisition
systems and software, and others. A scheme of the system is presented below. The light source,
CCD sensor module and image processor are drawn schematically. Real components are high-
tech portable units, which will be developed using modern advanced technologies. The system
allows still images to be taken at 1 fps or video at 24 fps. Image analysis software recognizes
and numbers individual bubbles and assemblies, does bubble measurement, count, and
determines their size distribution. The system is also capable in determining degree of non-
homogeneity.

Scheme of high-temperature digital Image Observation of bubbles
imaging system numbering evolution
Riithhla # Y \r A
1 Nn NnN1a nNn217 n NnN292
2 N NN20 N 128N n NN292
7 nNn212 N 2871 N NNRA

Development of the system for on-line monitoring of bubbles and cords in steady-state or
flowing melt includes:

e Assembling a working prototype of the system, consisting of full-size light source, CCD
module and imaging processor with reduced (lab-scale) high-temperature chamber plus
initial version of image analysis software;

Performing an initial set of experiments with commercial glass samples;

Adjusting, customizing, and finishing the prototype to full-value registration system;
Developing the released version of image analysis software, to write user manual;

Bringing the system, and all necessary software and documentation to an experimental
facility of RC flexible laboratory melter, to install it and test with different types of glasses;
Performing pilot-scale approbation of the system with the pilot-scale SCM unit;

e Providing technical support during the project period.

Status — Work This Quarter

The first active work on this project was conducted this quarter. Effort in this quarter
focused on choosing initial refining approaches to consider, setting up surrogate liquid testing



equipment, and conducting initial surrogate liquid testing equipment shakedown. The project
team has elected to conserve project funds by working with glycerin and silicone oils as
surrogate liquids. Once a refining approach is shown to be worth pursuing in the surrogate liquid
tests, the method will then be evaluated using molten glass produced in the pilot-scale SCM unit.
The new 1 ton/h pilot SCM unit is completed and operational at GTI and is available to the
project team when needed. The first melt tests were conducted in April through June, and
several other tests are planned for July. Test melts will include soda-lime glass, borosilicate
glass, non-boron E glass, and LCD glass. A photograph of the assembled melter at the end of
this quarter is shown below. The melter is erected and positioned in the test cell.

Work this quarter concentrated on work with glycerin as a surrogate liquid for molten
glass. Although glycerin has a viscosity of approximately 1 P at ambient temperature, while
glass melting viscosity is around 100 P, glycerin was considered acceptable to check several
concepts for bubble removal. Later surrogate tests may be conducted with silicone oils with
viscosities in the same range as molten glass.

A test stand was set up to evaluate refining methods including thin film, ultrasonic, and
mechanical methods. Initial tests were conducted with mechanic methods to shake down the
equipment. The mechanical methods showed some promise and will be pursued further next
quarter along with work on other refining approaches. Quantitative data were less important at
this early screening stage than the shake down of the equipment in preparation for later surrogate
liquid tests and later tests with molten glass.

Testing in the melter for the previous project was nearly completed this quarter (April
through June, 2007) and is expected to be finished in July. The project team will begin
preparations for the rapid refining work using the pilot-scale melter in this project. Since two
methods of refining will be studied separately and together, a short refining section made from
refractory brick may be designed to allow for residence times of product glass up to 30 minutes.
This section would be attached to the melter outlet. Provisions would be included in this section
for installing one or more ultrasonic horns to allow testing of ultrasonic refining.



Before that work is undertaken, the first pilot-scale SCM test to be conducted next
quarter will focus on collecting baseline refining data. Two small electric furnaces will be set up
close to the pilot-scale SCM unit. Crucibles will be preheated to glass melt temperature in one
furnace. SCM glass samples will be collected in the preheated crucibles and then held at melt
temperature for set time periods in the first electric furnace. Samples will then be transferred to
the lower-temperature electric furnace to allow glass samples to anneal. This procedure will
enable the project team to obtain good glass samples for seed analysis. Data will be collected on
bubble size and quantity. Also, data will be collected on the rate of bubble removal from the
molten glass from the SCM unit.

No work was performed on melter design for scrap fiberglass processing this quarter.
This work is scheduled to begin toward the end of the first project year. That work will rely on
the results of on-going melter tests and CFD modeling to produce the best possible scrap melter.

Plans for Next Quarter

Work will be carried out next quarter primarily on Task 1 activities. The primary focus
will be on preparations for initial rapid conditioning testing. This will involve -

e Design of tests with surrogate liquids such as glycerin and silicone oils to simulate glass
refining conditions. This will provide a means to verify the potential for various refining
approaches before they are conducted with molten glass from the pilot-scale SCM unit

e Completion of surrogate liquid refining tests. These tests will involve multiple approaches to
refining including technologies such as ultrasonic refining and thin film refining

e Analysis of glass produced from the pilot-scale SCM unit to determine the suitability of this
glass to typical long residence time refining

e Design of a pilot-scale SCM test to obtain baseline refining data. This test will involve
collecting molten glass samples from the melter taps, placing the samples in a temperature-
controlled furnace for specified periods of time, annealing the samples, and then examining
the samples to determine bubble size and count. This baseline information will provide
researchers needed insight into the level of refining required for SCM product glass. The
data will also serve as a baseline for the effectiveness of various refining approaches as tested
in later work.

In following quarters the selected rapid conditioning approaches will be assembled and tested in
both surrogate liquids and in molten glass from the pilot-scale SCM unit. Product glass will be
analyzed by the project team so that a complete understanding of the impacts of rapid
conditioning approaches becomes available.

Publications/Presentations

There have been no publications or presentation yet related to this project. No patents
have been filed, but later work is expected to lead to patents.



Milestone Status Table

This project is divided into three Tasks over a three-year period. A detailed schedule of
project activities and completion dates will be prepared next quarter and included in the quarterly
report.

Budget Data

The DOE contract was signed in June 2006 with an effective start date of July 1, 2006.
The NYSERDA contract for co-funding will be finished in the next several quarters. Gas
industry co-funding through GTI's SMP program is in place. The glass industry partners will be

providing in-kind support to the project. The overall project budget, and spending to date, is
shown below. Only cash funding is shown. In-kind cost-sharing by subcontractors and the two
glass company partners is not shown.

Approved Spending, $K Actual Spending, $K
Phase / Budget Period DOE Cost DOE Cost
Amount | Share Total Amount | Share Total
From To

Year 1 7/06 8/07 109 100 209 15 0 15
Year 2 7/07 8/08 257 100 257 0 0 0
Year 3 | 7/08 8/09 6 150 156 0 0 0
Total 372 350 722 15 0 15

The first DOE spending was charged this quarter. Work will continue next quarter with planning
for refining tests with both surrogate liquids and molten glass. At that point, the new pilot-scale
SCM unit will be available and melt tests focused on refining tests can be conducted.
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