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Glass Furnace Model (GFM) Technology Transfer Program
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Argonne National Laboratory
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The objectives of the program are to transfer the ANL-developed Glass
Furnace Model (GFM) to the glass industry and to promote its widespread
use by providing the requisite technical support to allow effective use of
the code. Project objectives will be accomplished through the following
actions. A brochure will be prepared that describes the capabilities of the
code and the support that will be provided to the user. The brochure will
be mailed to a broad spectrum of glass industry representatives. The
GFM code will be placed in ANL's Software Shop on the internet and will
be readily available for licensing on-line through the laboratory’s Office of
Technology Transfer. Technical support will be provided to the code
users and a GFM code user group (CUG) will be established. Every
licensee will automatically become a member of the CUG and will be
entitled to receive technical support at no cost throughout the duration of
the technology transfer program. The level of support provided is
expected to allow the licensee (user) to become proficient in the use of
the code. The CUG members will meet periodically to discuss their
experience and the results derived from the use of the code. Further
improvements in the code that evolve from the technical support activity
will be incorporated into the source code. At the conclusion of this
program, the CUG members will be expected to define a mechanism that
they would implement for provision of any additional support they may
need in the long term.



Quarterly Progress Report 1/27/2005
DE-SC02-97CH10875 and
DE-SC02-00CH11037

Background:

Status:

A substantial effort in the previous project was expended to develop the
state of the art furnace model (GFM) that can be used to predict furnace
performance. This validated model has been used by the industrial
participants of the project to perform extensive parametric studies on their
furnaces. These studies indicated that computer modeling is a cost
effective method for improving furnace performance. In an effort to
improve the performance of furnaces throughout the industry, the ensuing
technical transfer program has been initiated to promote the usage of the
GFM in the glass industry.

Program progress is presented in accordance with the work breakdown
structures adopted for the program. A brief summary of progress in tasks
pursued during the last reporting period follows. Those tasks in italics are
not applicable to the current quarter.

Task 1: GFM brochure prepared and mailed to glass industry
companies. (01/04 to 03/04) Completed.

Task 2: Licenses for GFM available on ANL’s software shop website
(04/04) As of 31 December 2004, nineteen licenses have been issued
through ANL technical transfer. A CD with the GFM was mailed to the
licensees once ANL technical transfer notified the code developers a
license had been signed.

Task 3: GFM users group formed (05/04) Completed

Task 4: Technical support provided to GFM users (05/04 to 11/04)
To date, fifteen users have been trained on the use of the code and two
more training sessions are scheduled for January 2005. During training,
the users are instructed on the use of the code as well as the functions of
the users group. Training is focused on helping the new users build
functional models of a furnace of their choosing.

As a derivative of providing technical support, several bugs in the
processors have been addressed and a number of recommended
improvements to the codes are being considered.

Task 5: Periodic meetings of CUG held to discuss code usage and
results (05/04 to 01/05) Due to the limited availability of the members of
the CUG, a tentative meeting has been schedule during the DOE review
in June 2005 in Chicago. In addition, the interactive website built to
facilitate communication between ANL and the CUG has been activated.
Information concerning the codes (updates, FAQ’s, user's manual, etc)
will become available on the website. A mechanism is also in place on
the website to allow asynchronous discussions concerning the long term
support of the GFM.
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Task 6: Long-term code support mechanism established by CUG
membership (02/05)

Plans for Next Quarter:

Patents:

Technical support of the GFM to licensed users will continue.
Discussions on the interactive website will begin to determine the most
viable option for long term support of the GFM.

The Glass Furnace Model software (GFM 1.0) was copyrighted
(May 14, 2001).

The Glass Furnace Model software (GFM 2.0) was copyrighted (ANL-SF-
01-030b) (May 17, 2002).

Milestone Status Table:

ID Milestone Description Planned Actual |Comments
Number Completion | Completion
1 Brochure created and mailed 03/04 03/04
2 Licensing becomes available via 04/04 04/04
ANL software shop
3 Technical support provided to 11/04 Ongoing
code users




Quarterly Progress Report
DE-SC02-97CH10875 and
DE-SC02-00CH11037

1/27/2005

Budget Data (as of 9/30/03): The approved spending should not change from quarter to
guarter. The actual spending should reflect the money actually spent on the project in the
corresponding periods.

Approved Spending Plan Provided | Actual
($K) to Date Spent
to Date
Year/Budget Period DOE Cost Total DOE DOE
Amount Share Amount | Amount
From To
2004 January | March 70.0 n/a 70.0 250.0 78.2
2004 April June 60.0 n/a 60.0 77.9
2004 July Sept 60.0 n/a 60.0 56.0
2004 Oct Dec 50.0 n/a 50.0 32.0
2005 January | March 10.0 n/a 10.0
2005 April June
Totals 250.0 250.0 250.0 | 246.1

*Program started officially 01/01/04
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The goal of this project is to develop and demonstrate an oxy-fuel combustion
system for the front end of a fiberglass melter that will reduce fuel consumption

by approximately 70% creating an operating savings of approximately 40% and

significantly reduce NOx and CO2 emissions.

Background:

Glass melters have successfully used oxy/fuel burners to reduce emissions and

operating costs. Glass melter front ends, consisting of refractory channels that
deliver glass to the forming process have traditionally used air/gas burners.

Conventional front end air/gas combustion systems supply an air/gas mixture to

the burner. Due to safety concerns, the mixture is not preheated as is done for
air in recuperative or regenerative melter combustion systems. As a result, a
significant portion of energy is required just to heat nitrogen in the air to the
temperature of the combustion space. Use of oxy/fuel burners in a front end
eliminates the need to heat the nitrogen and generates a hotter flame that
radiates energy with a shorter wavelength resulting in improved transmissivity
characteristics. These factors create a more efficient radiant heat transfer into
the glass and create the potential for improved thermal homogeneity.



Background: cont’d

The resulting efficiency of a front end oxy/fuel combustion system is
approximately 55% vs. only 15 to 30 % for an air gas system. In terms of gas
consumption, an oxy/gas burner will use 65% to 70% less gas than an air/gas
burner for the same heat input to the glass. As CO2 emissions are directly
proportional to the amount of gas combusted, the reduction in CO2 emissions is
the same (65 to 70%). Elimination of nitrogen in the combustion space results in
much lower NOx levels as well.

The hurdle to implementation of oxy/fuel burners in a front end is two fold and
relates to the fact that front ends are relatively long, narrow troughs of glass that
require a large quantity of closely spaced burners (< 1’ apart, both sides) to
distribute the energy evenly.

a) Overheating: Front end burners with outputs of 0.04 - 0.1 MM Btu/hr do not
have the large flows of oxygen and gas (compared to melter oxy burners with
outputs of 2-5 MM Btu/hr) for cooling of the burner. As an oxy/fuel burner has a
flame temperature of ~5000 F, vs. ~3500 F for an air gas burner, overheating,
soot formation and degradation of the burner or the burner block material can
result.

b) Capital Cost The close spacing of side fire burners in a front end system
results in a large capital cost for upgrading to oxy/fuel burners if existing burners
and blocks are substituted on a one for one basis. Side fire oxy/fuel burner
systems are commercially available and have been successfully supplied for trial
in the past by others (Eclipse & BOC/BFH).

This project involves installation of burners in a top fire configuration, parallel to
centerline of the channel, as opposed to the traditional side fire configuration in
which burner alignment is perpendicular to the centerline of the channel. This
allows one top fire burner, with higher flow, to replace 10 to 20 air/gas burners.



Status
The project is well into phase 3, step 13.

Overall Project Plan

Phase 1

1.0 Develop conceptual designs of the oxy-fuel front end burner system
2.0 Perform computer modeling of the burner and block designs

3.0 Conduct single burner tests on a lab forehearth system

4.0 Develop oxy-fuel combustion systems to be integrated into front end
5.0 Perform computer modeling on combustion system integration

6.0 Conduct multi-burner tests on a lab forehearth system

Phase 2

7.0 Conduct field test of a single burner operation

8.0 Conduct field tests of multi burner operations

9.0 Conduct field evaluation of a production forehearth/channel

Phase 3

10.0 Design, engineering and system integration for field demonstration
11.0 Perform computer modeling on performance and glass quality
12.0 Prepare demonstration site for system installation

13.0 System installation and shakedown on a fiberglass melter front end.

As of Dec 31%, the demonstration front end oxy/gas combustion system has
been in operation 5 months. Troubleshooting flow measurement issues and
monitoring burner condition were the focus in the 4™ quarter.



4 th Quarter Work

Burner Hot Blocks

Burner blocks are inspected daily by operations personnel looking through
refractory peepholes at the ends of channels and forehearths with an
appropriate lens.

If a white glow is seen on the end of the block, this indicates the flame is
being deflected and is impinging on the block, causing it to heat up to a white
hot condition. After elimination of bent gas tubes, found at commissioning,
the causes now include:

a) Unseated burners due to hose tension

b) Soot or oxidized metal accumulation on burner tips

Unseated burners

In October, a retrofit clamp was added to ensure that burners were not, over
time, moving slightly away from their seat in the burner block. Hose tension
and/or vibration were deemed to be the cause. A log of hot block sightings
was initiated to monitor the frequency of occurrence after this major cause
was addressed.

Soot or oxidized metal on gas tube tips

To address any build up of soot, the plant instituted a rotating routine to
momentarily turn off the gas supply to a zone to allow oxygen to scavenge
any soot accumulating at the tip of the gas tubes. This momentary outage
does not appear to have a negative impact on the fiber forming process but
does represent additional work by the furnace hall staff. Installation of the
burner to block clamps created an opportunity to inspect burners removed
from service. Approximately 15% of the burners were found to have some
very light soot that could be removed or slight oxidation of the gas tube tip
which required dressing and deburring with hand tools. No correlation was
evident between which gas tubes needed attention and their position in the
front end. Based on this inspection, a 6 month interval for re-inspection for
burner cleaning or replacement was determined to be appropriate.

Burner and Block Failures near exhaust stacks

Two burner and block failures have occurred close to the exhaust stacks.
Modeling appears to confirm that flow characteristics of the exhaust gas flow
just prior to the exhaust stack may be deflecting the flames. As the location
involved is not close to the fiber forming process, the solution implemented
was to remove the remaining two burners adjacent to the exhaust stack .



4 th Quarter Work (cont’d)

Exhaust Gas Sampling for Combustion Process Optimization

Gas samples were taken from forehearth and channel peepholes. These
preliminary samples indicated formation of NOx. Oxy/gas burners in melters
are known to reduce NOx as long as there is no ingress of (nitrogen
containing) air into the combustion space. NOXx generation may be
exacerbated by high excess O2 levels so a reduction in the O2 / natural gas
ratio will be considered. A lean ratio was originally established to ensure
ratio variation at individual burners would not result in some burners running
in a reducing mode. A less lean ratio will be may be required to reduce NOx
generation. To quantify the amount of NOX, follow up testing, including flow
volume measurement is planned for March.



Energy Savings - Update on Preliminary Results — as of Dec 31st

Condition Front End Nat. Gas Reduction
Used in Energy
DT/h [kW]
[%]
Target Nat. Gas Energy Reduction 65-70

Computed (normalized for process
differences)

Air/gas, before conversion 16.5 [4836]

Oxyl/gas, after conversion 7.3 [1846] 56

Computed, including electricity

Air/gas, before conversion 16.7 [4894]

Oxylgas, after conversion 7.8 [1997] 53

A reduction of melter pull by the end of December provided energy usage data at
a pull rate closer to the pull of the melter prior to shutdown. Natural gas usage
increased from 6300 SCFH [6.3 DT] at commissioning to 7300 SCFH [7.3 DT]
This increase reflects a longer glass dwell time in the front end (ie. less energy
being supplied by the glass itself) If process differences of bushing design and
glass formulation are factored in, a 56% reduction in natural gas consumption is
being achieved, compared with the predicted 65- 70%. Given the data from a
pilot trial in another plant which resulted in a higher energy savings, the 56%
reduction in energy consumption is considered conservative. When the energy
required to produce pressurized air (air/gas) or oxygen (oxy/gas) is factored in,
the net energy reduction is 53%.

Based on a 53% reduction in energy consumption, the annual energy
savings achieved by the conversion of the front end to oxy/gas firing is
77964 DTlyr.




Plans for next 2 quarters

Alternate burner trial

Consortium partner Eclipse will be modifying their side fire burner for use in a
top fire configuration. If bench trials are successful, 8 Eclipse burners will be
installed in one forehearth to compare to the OC burners for resistance to
high temperature scaling and block glazing over the long term. The goal of
this trial is to determine if the Eclipse burner will operate without
sooting/oxidation while still meeting other requirements, resulting in a lower
maintenance combustion process.

Controls upgrades

a) Delay timers are planned as an upgrade to the safety skids to ensure any
nitrogen present in supply piping due to a switch to nitrogen (for emergency
cooling upon loss of oxygen supply) will be purged out prior to re-supplying
natural gas to the combustion space

b) relaying the signal from remote panel mounted displays for thermocouples
used for the auto-ignition interlock to the operator display in the control room
for monitoring is planned

c) a remote access upgrade to allow for tuning of front end combustion
control loops by corporate operations personnel is proposed — to be
confirmed

Industry Workshop

An industry workshop will be held to share project results with the U.S. glass
industry. The consortium discussed and agreed that the timing, venue and
other details would be coordinated by the two consortium members with the
most contacts. Accordingly, Kevin Cook — Eclipse and Neil Simpson — BOC
will lead the effort for this activity.

Patents

OXYGEN-FIRED FRONT END FOR GLASS FORMING OPERATION
US application published October 9, 2003 as 2003/0188554

PCT application published October 16, 2003 as PCT/2003/084885

LOW HEAT CAPACITY GAS OXY FIRED BURNER
US application filed June 9™ 2004



Publications/Presentations
A consortium meeting and tour of the front end oxy/gas combustion system was

held at the Jackson, TN plant in December /04. No publications or other

presentations have been made.

Budget Data

Total project spending (Yr 1 + Yr2) is anticipated to be $

Project Spending and Estimate of Future Spending
Estimated Actual Estimated Actual
Federal Federal Recipient Recipient
Share of Share of Share of Share of

Quarter | From To Outlays* Outlays Outlays* Outlays Cumulative

Start 12/31/04 | Note 1

1Q05 1/1/05 3/31/05

2Q05 4/1/05 6/30/05

3Q05 7/31/05 | 9/30/05

4Q05 10/1/05 | 12/31/05

1Q06 1/1/06 3/31/06

2Q06 4/1/06 6/30/06

3Q06 7/31/06 | 9/30/06

4Q06 10/1/06 | 12/31/06

Etc.

Totals
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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 Q1f02[Q3]04| Q1] Q2] 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

Ol N O Ol 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 melte
Design pilot scale melter

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

r

Year 2 .
Milestones | o
[
[

Fabricate and shake down of the pilot scale melter

Prepare test plan including compositions of glasses to be melted
Finish all pilot scale melting tests and collect samples for analysis
Complete detailed analyses of product glass properties and quality

Year 3 °
Milestones |

Modify melter, as needed, for second test series

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 this quarter included 1) continued pilot melter design, hardware selection, and
ordering, 2) pilot melter system assembly, 3) physical modeling of the submerged combustion
melter, 4) mathematical and computer CFD modeling, and 5) finalization of project subcontracts
and the glass company consortium agreement.



Mathematical modeling

Mathematical modeling this quarter included continuation of CFD work by Fluent and
several calculations that are summarized below.

Fluent modeling was begun with development of CFD code to describe the mixing and
flow patterns in the air-fired mineral wool melters in Ukraine and Belarus. This route was
chosen to provide a reasonable baseline for future CFD modeling of the oxy-fired glass melting
undertaken in this project. By the end of this quarter, CFD modeling was underway, and the
following work was completed.

1. Melter Modeling in GAMBIT — The work on the GAMBIT model for the existing melter
was completed. The geometry was created from scratch according to the dimensions
supplied and the mesh was generated using GAMBIT’s internal meshing tools. The mesh
was graded finer towards the burner inlets to capture the higher velocity, temperature,
and species concentration gradients in this area, which is expected in the FLUENT
model. Advantage of the symmetry existing in this geometry was taken to keep the cell
count to a reasonable level in this first model. The total cell count for the 3D CFD model
for the Latvia melter was about 487,178.

2. Melter Modeling in FLUENT - The work on the FLUENT model for the existing melter
was completed, and some of the results have been reported. The boundary conditions and
the material properties of the glass and combustion gases were specified to complete the
CFD model. The Eulerian multiphase modeling option was selected in FLUENT to
capture the motion of bubbles and the resulting vigorous mixing within the molten glass
zone. The cold flow solution was obtained first to get the hydrodynamic flow features
established before solving for the combustion reactions and species concentrations. Once
the flow solution was close to convergence and the residuals had settled down, the energy
equation and the species transport equations (for combustion reaction) were enabled to
complete the CFD model. A simple one-step methane combustion reaction was selected
for this case with the eddy-dissipation model to capture the effects of turbulence-
chemistry interactions. The burner inlets were modeled as velocity inlets where the
air/gas velocity, temperature, and mass fractions were specified as boundary conditions.
The space above the glass level in the melter was modeled as a fluid zone occupied by air
and combustion products. An outlet was specified at the top for the exhaust to escape the
melting area. All of these cases were run in the FLUENT 6.2 pre-release version of the
code.

3. FLUENT Development Work — The shell conduction model has been implemented with
the Eulerian multiphase model. This should help in calculating thermal resistances in the
refractory, without modeling (meshing) the thickness of the refractory in the FLUENT
model. Additionally, the framework for implementing the P1 radiation model with the
Eulerian multiphase model was completed; the next task being model implementation
and testing.




Current FLUENT Post-Processing Results

Figures 1-6 show preliminary results for contour and vector plots at a symmetry plane near the
gas inlet.

Figure 1: Velocity vector plot at the symmetry plane near the burner
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Figure

Figure 2: Velocity contours near the burner
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Figure

Figure 3: Temperature contours near the burner
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Figure

Figure 4: CH4 mass fraction contours near the burner
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Figure

Figure 5: CO;, mass fraction contours near the burner
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Figure
Figure 6: CO, mass fraction contours at z=3.25 m (midplane)
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Physical Modeling

Model liquid selection and Calculations. The planned modeling liquid, polybutene, is
not water-soluble. After consulting with several engineers that had prior experience with this
liquid, the use of polybutene was ruled out for practical reasons such as clean up that will take
place quite often. Glycerin and Corn syrup were considered for their water-soluble nature.

Soda-Lime Glass Viscosity Curve

Soda-Lime Glass Viscosity Curve
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Figure 7: Viscosity Curves for Glycerin and Corn Syrup
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As shown in the figure 7, the figures in the left column are for glycerin simulation. The
figures in the right column are for the corn syrup diluted with 10% water. The figures on the
very top (for both columns) are the soda-lime glass viscosity temperature curve. The middle
figures in each column are the viscosity-temperature curve for glycerin (middle left) and corn-
syrup/10%water (middle right). The bottom curves are the dimensionless viscosity-temperature
curve comparisons between soda-lime glass and the corresponding simulation liquid (soda-lime
and glycerin on the left; soda-lime and corn-syrup/10%water on the right). As shown in the
figures, we can come to the following conclusions,

e Both liquids are adequate simulation liquids based on dimensionless viscosity-temperature
characteristics.

e The temperature range for glycerin is 28-37 degree Celsius and for cornsyrup/10%water is
42-55 degree Celsius. These temperature ranges are slightly above room temperature, which
makes experimentation practical and easy to conduct.

e Both liquids are water-soluble which makes the transition from one boundary condition to
another both smooth and easy to manage. Care must be taken to prevent absorption of
moisture into the liquids leading to changes in viscosity.

Calculations based on these properties reveal that,

e Beta*Delta-T equality determined the model temperature range to be 9 C. This coincides
with the range determined through Gr # equality (steps 1 and 2).
e The sensitivity Delta_S/Delta_Tm was checked and they was only 0.6/C.

Glycerin was chose to be the simulation liquid for its readily availability, performance at
high temperature (corn-syrup at high temperature might crystallize), and lower temperature
operation range.

Experimental Apparatus Setup and Shake Down. Data acquisition specifications
were determined. A new computer and data acquisition board (DAQ) board were acquired for
the temperature module. Additional features that allow for positioner control, temperature
mapping, and digital video streaming were arranged and will be used when needed during
various tests.
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Figure 8: Data acquisition System for Physical Modleing

The system integration was completed before testing began this quarter. The physical

modeling apparatus will continue to be modified as needed throughout the project as various
melter shapes, burner positions, flow rates, melt properties, etc. are modeled. The component
implementation carried out this quarter included the following acrivities..

An air-drying unit that consists of mass-flow controller, dryer, damper, and heater was
assembled as an air-conditioning unit to ensure the quality of air supply to the physical
modeling system.

Piping was connected for both the air streams and the modeling liquid stream.

The framing system was modified to accommodate the air conditioning unit and the
positioning system.

All air streams were connected.

The glycerin loop was connected.

Data acquisition was integrated into the newly acquired computer (shown in Figure 9)
All sensors and controls were integrated.

Two supply/receive tank covers were designed, fabricated, and received to assist the priming
of the supply pump and the temperature uniformity of the supply tank.
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Figure 9: Overall View of the Physical Model With a Rectangular Simulated Melter

Following final assembly, project engineers conducted extensive shakedown of the physical
modeling system including all components and sensors.

o Leak tests were conducted on both the water panel tank and the model tank.

e Sensors and data acquisition were tested. Temperature controls were also tested.

e Pumping loops for the model liquid supply and the discharge were tested.

e Air streams/ model liquid loops integration tests were conducted as shown in Figure 10.
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Figure 10: Physical Model Shakedown Tests With Glycerin

The analytical method for following fluid pathways from feed to discharge was

investigated. Three different groups of potential dye liquid were investigated and detailed as
follows,

TiO, particles were used as tracer particles to quantify the retention characteristics of the
physical models. As TiO, is somewhat water soluble, the sampling in the optical vials left

white streak marks and presented non-homogeneousness solutions for the turbidity
measurement. This method, if adapted to quantify the retention curve, will result in high
uncertainty.

Fluorescent oil based dye liquid was tested as a potential tracer liquid. The surface tension of
the dye and the insolubility in glycerin suggested it might be a good tracer approach. Upon
further testing, it was observed that even though the dye, formed at around 0.5mm spherical
droplet in the model liquid, is neutrally blended in the glycerin and follows the flow patterns,
the dye has a higher affinity to plexiglass walls than to the retention of its shape in glycerin.
This resulted in the dye droplets sticking to the wall once they reached the wall. Therefore,
the oil-based dye was also ruled out.

A water-based fluorescent dye mixed with glycerin was used as tracer liquid. The liquid
follows the flow pattern well and provided homogeneous samples for reliable colorimetric
analysis. These characteristics allow this dye to be the tracer liquid for quantifying the
retention curves.

The first tests were conducted with a rectangular melter simulation of a possible pilot-

scale melter. These tests were conducted to determine preferred burner positions to optimize
flow patterns in the tank and to maximize fluid initial retention (to minimize fluid particle
bypassing of the liquid chamber). Initial tests were carried out to learn the effects of nozzle
location.
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e To gain insights into the effects of design and operating parameters, a single nozzle was
“fired’ into the physical model at three different nozzle locations. The air flow rate, the
liquid charging rate, and the liquid discharge rate, were maintained at the same values, and
the physical model was operated under room temperature for all three boundary conditions.

e It was observed that the asymmetry along the major axis (the different distances from the
nozzle location to the charge and discharge ports) promoted the formation of asymmetric
ripples that led to dye ‘leakage’ into the discharge side of the model liquid. This decreased
the minimum fluid retention time. Firing a single jet in the center of the physical model tank
provided the longest minimum retention time as shown in Figure 11.

Normalized Averaged Plot of Rentention Curves for Single Air
Nozzle at Different Location
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Figure 11: Dye Retention Curves for Single Jet Locations in a Rectangular Tank

Pilot-Scale Melter Assembly

The project team devoted significant effort this quarter to the final installation of support
equipment for the pilot scale melter. Design of the system was completed earlier, and design of
the larger 1 ton/h melter is on going. The initial system will use the smaller, 200 Ib/h melter in
the system. The building annex to house the melter was completed last quarter. The building
annex, the lab-scale melter, and all major peripheral equipment around the melter have been
installed. During this quarter, the oxygen supply system was installed, and is now ready for
cleaning in preparation for burning firing. Shakedown tests of the feed system, the baghouse,
and the cullet collection system were also completed this quarter.

The project team has scheduled shakedown of the combustion system for the start of next
quarter, followed by tests with three different batch compositions in the 200 Ib/h lab-scale melter
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during the same quarter. By the end of the next quarter, initial melting tests will be completed
with all three selected glass compositions. Figure 12.is a photograph of the discharge tap from
the lab-scale 200 Ib/h melter.

Figure 12: Lab-Scale Melter Melt Discharge Tap

Samples of melted glass will be collected during melt tests with each of the three glass
batches and analyses will be conducted for homogeneity, stone count, seed count, and
transmissivity. These tests will be conducted by glass consortium company laboratories.

Subcontracts and Consortium Agreement

The subcontracts between GTI and Fluent (for CFD modeling) and with Praxair (for
Oxygen Transport Membrane assessment) are in place. The final issues regarding intellectual
property, ownership, and cost sharing have been resolved for the glass company consortium
agreement. The first glass company consortium members signed the agreement this quarter, and
the others will sign next quarter. GTI will initiate efforts immediately to place contracts in place
with the five glass company partners after all sign the consortium agreement next garter.

CertainTeed has withdrawn from the consortium because of concerns expressed by their
parent company. The project team members regret the loss of CertainTeed and the loss of
technical input from their representative, Terry Berg. The project team still meets all cost
sharing requirements for the project award agreement.

Project work continued this quarter with A.C. Leadbetter and Son, Inc. engineers for
design and fabrication of the pilot-scale melter. Leadbetter and GTI engineers are working
together to complete design and fabrication of the pilot-scale melter. This teaming arrangement
will continue through operation of the melter during the second year of the project.
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Project managers put a sub-contract in place at the start of the project with Prof. Leonard
Pioro, the developer of the SCM technology. In meeting with him in December 2003, engineers
discussed melter operation, melter components, and melter shape. The melter can have a round
cross section. This offers several potential advantages, including lower heat losses through the
walls and better control of batch charging and exhaust gas removal. At this time, however, the
round cross-sectioned melter is unproven. CFD modeling and physical modeling of the melter
will both include rectangular and well as round cross sectioned SCM units. Dr. Pioro's work this
quarter focused on burner design and evaluation of the potential for evaporative cooling to
reduce water use and cut heat loss to the walls.

Another glass company consortium meeting is scheduled for late January to coincide with
the first melting test in the smaller lab-scale melter. Progress on modeling efforts will also be
reviewed in preparation for design and fabrication of the pilot-scale melter. Discussions will
include the topics of melt collection, obtaining a stable melt stream (the tapping approach),
selecting the order of testing, and planning on support needed during testing and analysis.

Communications and education are important to the success of this project. A website
(www.glassmelting.com) was established for faster communication and project-related
discussions of important topics between project team members, sponsors, and interested parties.
This site will be maintained by GTI with links to all member organizations. The website has a
public section discussing SCM and the technology's development as well as password protected
discussion sections for the project team members.

Plans for Next Quarter

Work will be carried out next quarter on a number of project activities. First, the final
agreement that was completed last quarter will be signed by members of the glass company
consortium. Fluent (for CFD modeling), and Praxair (for OTM evaluation) agreements work
will continue next quarter. With these agreements finalized, all project Tasks are fully active.
Work will be conducted in the following areas.

Modeling. Both physical and CFD modeling will be conducted. Physical modeling will
be carried out by GTI with strong support from consultants and the glass industry partners
(particularly Corning engineers). A consultant, Dr. Grigory Aronchik, at GTI is conducting
mathematical support for both physical and CFD modeling. All parts for the physical model
were installed this quarter. The first physical modeling tests were completed this quarter. Tests
next quarter will simulate the oxygen-fired lab-scale melter, a 1 ton/h rectangular oxy-fired
melter, and a 1 ton/h circular oxy-fired melter. The SCM melters will be simulated with an
emphasis on optimizing flow and mixing patterns while avoiding any by-passing or batch
volatilization. Physical modeling will be carried out based on dimensionless group scaling using
glycerine-water mixtures having room temperature viscosity-temperature curves similar to
molten glasses. Flow patterns will be monitored optically by adding dyes or fine particles to the
field liquid mixture and tracking the streamlines produced.

CFD modeling will continue next quarter. The emphasis will switch to simplified
approaches to model the small lab melter (200 Ib/h) and several possible configurations of the
pilot-scale melter. This modeling, along with the physical modeling, will provide important
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insights into selecting the configuration of the 2000 Ib/h pilot-scale melter. Specific work next
quarter in CFD modeling will include:

1. Numerical issues of implementing the DO radiation model with the Eulerian multiphase
model will be researched. This will involve a literature survey on the existing modeling
options of DO radiation with the Eulerian multiphase model and the formulation of the
equations for RTE transport and the source term for the energy equation.

2. Numerical issues of improving turbulence dispersion of bubbles for multiphase models
will be researched. The current models for turbulence dispersion may not be adequate and
might need some enhancement for this application. Our plan is to conduct a literature
survey on the existing models and to develop a new turbulence dispersion model to
capture the effects of bubbles on turbulence more accurately.

3. The GAMBIT model will be parameterized to change the location of the burners, the
burner inlet size, and other dimensions in the model. The mesh will be refined as
necessary based on the CFD results of the model.

4. A new GAMBIT and FLUENT model will be built for the pilot melter being developed.
Fluent will work collaboratively with GTI and other consortium members to come up
with modeling requirements and the details of the simulations that will be needed. It is
expected that both physical modeling and numerical modeling will guide the final design
parameters for the pilot melter. The boundary conditions, material properties, and other
model parameters for this FLUENT model will be developed jointly by Fluent and the
consortium members.

5. The FLUENT model will be refined as the simulation progresses, and may include
modifications to the following:

e Dburner inlet boundary conditions for air/gas velocity, temperature, mass fractions,
etc.

boundary conditions for heat transfer on the walls to capture the cooling effects
exhaust boundary conditions

addition of a batch inlet boundary condition

addition of batch melting modeling

glass and gas properties

The model will be modified to allow the user to change some of the boundary conditions
and material properties. An attempt will be made to capture the effect of radiation using the
optically thick assumption (Rosseland approximation).

The project team will continue to evaluate the Argonne Glass Furnace Model (GFM) as a
comparison with the Fluent model. A copy of the GFM code was obtained by GTI, and work has
begun at GTI to determine the strengths and weaknesses of the Argonne model. Argonne staff
have provided basic training and have agreed to help get the model running. Initial feelings are
that the GFM models radiation heat transfer well but may not have sufficiently robust
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hydrodynamic modeling to describe submerged combustion melting. Any opportunity to
improve the GFM will be utilized to produce a reliable CFD model that can be used to model
SCM processes.

GTl and A.C. Leadbetter have completed initial design and construction of the pilot
melter system. Work is underway to design the larger 1 ton/h melter. That work began last
quarter and will continue next quarter with a completion date planned before the end of the year.
The peripheral units (batch hopper, feeder, baghouse, melt removal, sample collection, etc.) were
installed last quarter and are being used with the smaller 200 Ib/h SCM unit at GTI. All major
systems, including the oxygen system were installed this quarter. After initial burner
shakedown, the smaller, existing pilot melter will be used for tests during the next two quarters.
The 1 ton/h melter is being designed, fabricated, and installed for much more extensive testing in
2005.

Data collection will continue. This will include collection and/or translation of relevant
SCM papers and publications, further discussions with Prof. Pioro, calculations and designs by
Prof. Pioro and by Dr. Olabin of the Gas Institute of Ukraine. Dr. Olabin will continue the 1
ton/h melter design work that he began this quarter. Articles related to compatible rapid refining
techniques will also be collected and reviewed. Calculations will be completed next quarter to
assess the optimum wall design (with and without refractory) to minimize heat loss and to
determine the pluses and minuses of rectangular and round melter footprints.

Peripheral questions continue to be evaluated. These include determining any potential
for devitrification in the SCM unit and assessing the possibility of metal contamination of the
glass by melt reaction with the melt chamber walls. Literature will be reviewed. Experts will be
consulted. Lab experiments, if needed, will be set up and carried out, probably by the glass
company partners.

Testing. The pilot melter system with complete feed, discharge, sampling, exhaust gas
cleaning, baghouse, and control will be operated next quarter using the smaller 200 Ib/h melter.
Shakedown tests will be conducted, followed by the first melting tests with glass batch material.
Three batch materials, a soda-lime, and E glass, and an optical glass, are being provided by glass
industry partners for melting tests. The work plan calls for melting a container glass batch first,
next quarter. Tests after that, also in the next quarter, will focus on E glass and 'hard' glass
compositions.

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 this quarter
including all needed signatures. The patent application was submitted this quarter with the U.S.
Patent Office early in April.

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,
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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 was not yet signed this quarter. Lawyers for team
members were resolving final points and are expected to sign the agreement next quarter. 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 must be 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 in Rochester, NY held 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 meeting in June, 2004.
An introductory presentation was also made at the DGG, Germany Glass Society, meeting in
Nurenmurg, Germany in June 2004. A presentation was made this quarter at the American
Ceramic Society (ACerS) Glass and Optical Materials Division (GOMD) in Port Canavreal, FL
in November, 2004.

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 Il). Tasks 9
through 12 are scheduled for Year 3 (Phase I11). Project work began this quarter and is
completed covered within Year 1. 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 written | Sept. 2005 Continued this
and tested quarter

2 Design pilot scale melter June 2004 Continued this

quarter

3 Procure equipment for pilot scale | Sept. 2004 Continued this
melter quarter

4 Fabricate pilot scale melter March 2005 Started last Quarter

5 Prepare test plan March 2005 Started last Quarter

6 Complete pilot scale melting tests | July 2005 Begin next quarter
and collect samples

7 Complete all sample analyses Sept. 2005

8 Modify melter as needed Dec. 2005

9 Complete second test series June 2006

10 Finalize CFD modeling and Aug. 2006
physical modeling

11 Complete OTM analysis June 2006

12 Complete development plan Sept. 2006
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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, and the SMP portion of gas industry co-funding will be
put in place during years 2 and 3 of the project. The glass industry consortium has finalized the

consortium agreement and billings will begin next quarter. GTI will enter into identical

contracts with each of the six 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 six 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 214 429 643
Year 3 10/05 9/06 1186 300 1486
Total 3833 1450 5283 1406 607 2013
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Develop an efficient 500 Ib / hr transferred arc plasma melting
process that can produce high quality glass suitable for
processing into a commercial article.

The purpose of this project is to demonstrate the energy efficiency
and reduced emissions that can be obtained with a dual torch DC
plasma transferred arc-melting system. Plasmelt Glass
Technologies, LLC was formed to solicit and execute the project,
which will utilize a full-scale test melter system. The system is
similar to the one that was originally constructed by Johns
Manville, but Plasmelt has added significant improvements to the
torch design and melter system. The original JM design has been
shown to achieve melt rates 5 to 10 times faster than conventional
gas or electric melting, with improved energy efficiency and
reduced emissions. This project began on 7/28/2003.



EXECUTIVE SUMMARY

As of 12/31/04, significant progress has been made in understanding the process
conditions required for a stable melter setup and a stable multi-hour “hands-off”
glass melting operation. Torch designs and the torch operation have significantly
improved to the point where torches with greater than 20 hours of in-service life
have been demonstrated. Work is now underway to define the startup and
operation process parameters required for stable startup and operation. Upon
completion, this process definition will allow trained non-technical operators to
bring up the plasma melting system, perform the routine operational tasks, and
shut it down safely. This process definition also serves as the foundation for an
eventual automated process control scheme that will be able to operate with
minimal operator intervention.

Assessments of the initial glass cullet quality have been made. The cursory
glass samples show glass quality that ranges from batchy-frothy-scummy with
abundant heavy seeds/stones/cords to a relatively clean, lower-seed batch-free
glass. Contamination by molybdenum has frequently occurred during past runs,
and in the worst cases, produced a totally black glass. But we have recently
made significant progress in understanding the root cause of this contamination
and are now able to produce or prevent black high-moly glass at will. Further
work to produce a high quality glass is on-going. Additional glass samples have
been sent to the Integrex Analytical Labs in order to characterize the chemical
composition and its variation as a function of process conditions in the melter.

Process efficiencies have not yet been given a high priority. Currently, we have
demonstrated efficiency numbers of 0.98 kW per pound of glass during a 300
pound per hour flow rate. This equates to 6.7 MM BTU/ton of glass vs. a goal of
4.1. Efficiency experiments, which are planned for early 2005, will be conducted
after the process definition work has been completed and the process has been
stabilized.

In order to conduct a reliable evaluation of glass quality, plans call for AGY to
attempt to produce glass fibers from plasma-produced glass. Since the plasma-
produced glass is not in a cullet form that can be utilized by AGY, it has been
necessary to install equipment in the Boulder Lab and learn to produce glass
patties, which can be used directly for AGY’s fiberizing trials. Plans call for these
patties to be produced in Boulder and shipped to AGY in February. Fiberizing
experiments will follow as soon as practical.

All milestones are on schedule, with the exception of the demonstration of a
stable 500 #/hr process. The maximum throughput demonstrated thus far has
been ~350 #/hr. The pursuit of a stable 500 # process that is capable of
producing good quality glass continues to be our highest priority goal.

TECHNICAL CHALLENGES
From the previous Johns Manville work, several critical technical obstacles were
known to exist with the plasma-based glass-melting process:

I.  Torch life and stability

II. Glass Quality



III. Maximum throughput of the melter system
IV. Energy efficiency

I. Torch Life and Stability

Torch lives are influenced by both design and operation. We have placed high
priority on testing and conducting trials of various and sundry torch designs in
order to define quickly those exhibiting the most potential. More than 50 design
iterations have thus far been evaluated in the first few months of the melting
work. The intensive screening process has yielded a design for a 5/8” diameter
torch that shows good promise. This design has been designated the “standard 5/8
torch” and is now being used for all glass melting experiments. High potential
has been shown for this design to be capable of producing 250-300 #/hr of E-
glass. Based on trial results, higher glass melting throughputs up to 500 #/hr will
likely require modifications to a larger diameter torch. A new design 3/4 inch
torch has been initially tested. Although it shows promise in its early stage of
development, there is still much work to be done to fine tune this design. The
current melting operation using the baseline torch designs is shown below:

Plasma Torches in E-Glass Melting Operation

Initially, a goal of 100 hours of torch life was established for the project. Thus
far, incremental improvements to design and major improvements to the operation
have currently evolved to a torch with a demonstrated life of more than 20 hours.
Several of these torches were still in good operating condition when they were
removed from service. Many of the life improvements made thus far relate to the
operation of the torches. Several process configurations have been identified that
can significantly shorten the torch life and cause premature failures. We continue



to improve our understanding of the relationship between this torch operation and
energy efficiency, heat transfer, batch bowl configuration, proximity of the torch
tips to the batch pile, separation of the torches from each other, and the power
settings. Even with our improved understanding, there remains a significant
technical challenge to reach the 100-hour goal.

II. Glass Quality

Certainly, one of the most important technical challenges of this program is to
demonstrate the potential for producing the best quality glass from the plasma
melting process without the need for downstream refining and processing. The
development of further refining processes is beyond the scope of this project.

Glass quality is the challenge that most glass scientists/technologists deem to be
the most significant fundamental barrier of this project. The amazingly short
dwell times of the plasma melter, which range from 5 seconds to 5 minutes, play a
direct role on the quality and consistency of the glass that is produced. Although
we certainly agree that this short dwell time is a major barrier by traditional
standards, our initial optimism still remains. Other than the Manville work and
some early work by British Glass in the mid-1990’s, there are no documented
processes (of which we are aware) that have investigated the glass batch reactions
and glass homogeneity at the elevated temperatures involved in plasma melting
aimed at high quality glassmaking. And, we know of no commercial plasma-
based high quality glassmaking operations in existence globally.  The
temperatures involved in plasma melting are too high to effectively measure and
we are left to postulate on the thermal history of the glass itself. Actual
measurement of glass melting temperatures continues to be a high priority task in
the project and activities are on going that may soon shed some light on this issue.
Dr. Scott Parker is working with us as a consultant to attempt to spectrally
characterize the temperature distribution and the 3-D volume occupied by these
plasmas. The approach being used is plasma spectroscopy in the range of 300-
900nm. Ratios of intensities of the argon species are used to determine the
temperature of the plasma. Abel inversion can be used to obtain the approximate
temperature profiles.

To achieve the highest quality possible, the glass dwell time is being maximized
through operational controls such as a glass flow control on the bottom orifice,
which will be used to meter the glass throughput. We believe this to be a key
factor in achieving the highest potential for glass quality. Our optimism is, in
part, based on a 21 July experiment in which the glass was melted in the plasma
melter for 20 minutes without glass flow from the exit. A photograph of this glass
is shown below:



E-Glass Held in Plasma Melter for 20 Minutes

The glass produced in this experiment was a better quality than any produced in
any experimental thus far in the program. Therefore, the quality demonstrated by
this “20-minute-glass” sample has become our glass quality baseline. We
continue to attempt to improve from this baseline through the operational controls
available in this process.

A thorough assessment of the plasma-melted glass quality has now begun. The
initial chemical analyses of the glass show that the glass is essentially on-
composition for E-glass with all major oxides, except boron, being within their
normal range as compared to glass melted in conventional production glass
melting furnaces. The boron loss was slightly higher than traditional melters.
Table 1 shows these results.

During the past several months, molybdenum contamination of plasma melted
glasses has proven to be a significant barrier. Under certain conditions, extremely
high moly content black glass has been produced. At less intense contamination
levels, reddish/brownish/grayish streaks occur in the otherwise green E-Glass
(See Photo Below). To understand this phenomenon, we have done considerable
research on the factors affecting molybdenum performance under glass. It is
known that the moly melting temperature is ~ 2600°C, although there are also
several other important factors that may contribute to corrosion / erosion at lower
temperatures, e.g. the roles of bulk glass chemistry, glass viscosity, glass redox,
the presence of sulfate and/or nitrate oxidizing agents, and stray dc currents, etc.
To aid in our understanding of the major contributors of black glass, Monarch
Analytical Laboratory in Toledo, Ohio conducted an SEM / EDAX analysis of
several of the black/gray streaks from plasma-melted E-glass. The results showed
that these streaks were composed largely of mostly spherical very small
(approximately 5 micron diameter particles) of molybdenum metal, with no
evidence of oxidation. The conclusion from these analyses is that the moly was
being melted, not oxidized with the likely explanation being excessive
temperatures.



Further experimentation with process setup has confirmed that specific
electrode/molybdenum orifice configurations can produce this black glass
phenomenon, and certain configurations seem to prevent the formation of black or
streaked glass.  Using this understanding, several melting trials have now
successfully produced green E-glass without any evidence of moly contamination.
We have now established that certain boundary conditions exist beyond which the
electrodes configuration cannot encroach.

E-Glass with Reddish Moly Streaks






TABLE 1 -- Chemical Analyses of E-Glasses Produced in the Plasma Melter
All values are expressed as Weight %.

Typical E-glass minus
Sample Sample Sample Sample Typical E- Plasmelt chem.
#5 #7 #9 #11 Glass average
+ means more loss in
06/16/04 06/16/04 06/16/04 06/16/04 Plasmelt process
- means less loss in
9:00PM 9:28PM 9:48PM 10:18PM Plasmelt process
45 min 73 min 93 min 123 min
ET ET ET ET Average
SiO2 54.08 53.86 53.75 53.85 53.9 53.6 -0.3
Fe203 0.271 0.274 0.274 0.277 0.3 0.3 -0.0
FeO 0.161 0.171 0.172 0.169 0.2 0.1
TiO2 0.56 0.56 0.57 0.56 0.6 0.6 0.0
Al203 14.91 14.92 15.04 14.93 15.0 14.8 -0.2
Cr203 0.007 0.007 0.008 0.008 0.01
CaO 22.73 22.66 22.86 22.77 22.8 224 -04
SrO 0.166 0.166 0.167 0.165 0.2
MgO 0.56 0.54 0.57 0.55 0.6 0.5 -0.1
Na20 0.46 0.47 0.49 0.50 0.5 0.6 +0.1
K20 0.06 0.06 0.08 0.07 0.1
Fluorine 0.37 0.37 0.40 0.40 0.4 0.6 +0.2
B203 5.85 5.97 6.04 6.07 6.0 6.9 +0.9
MoO3 0.016 0.013 0.015 0.012 0.01
CuO 0.009 -- -- --
VISCOSITY 2195.2 2183 2186.8 2181.8 2165.00




AGY Fiberizing Experiments

There are numerous lab techniques and numerous approaches to defining and
characterizing glass quality. However, in our experience, one of the more stringent,
practical, and relevant tests is to fiberize glasses in small diameter multi-hole bushings as
are commonly used in the production of continuous filament commercial fiberglass. The
attenuation conditions are sufficiently strenuous that any discrete micro-defects from
seeds, stones, or cords may cause the strength level of the fibers to be exceeded and the
filaments to suffer breakages and interruptions to the process. In short, this fiberizing
process is an excellent measure of glass quality.

Since the two cost share partners for the High Intensity Plasma Glass Melter are both
fiberglass companies, we initially have elected to use this method of characterizing the
quality of the glass. One of the cost share partners, AGY, has agreed to conduct these
trials in their commercial facility. Their commercial fiberizing process currently uses E-
glass marbles, which are re-melted in single-position melters / bushings. Since this
commercial process is currently set up to automatically process bulk containers of
marbles, any glass cullet that is supplied by Plasmelt must be adaptable to this marble
process. The original Plasmelt proposal included the task of outfitting the Boulder Lab
with a marble making commercial process. But, after reviewing the detailed costs and
complexities of setting up the Plasmelt Boulder Lab to operate this marble process, we
elected to substitute a patty-making process in order to realize significant time, cost, and
project simplification benefits.

During the past quarter, we have taken delivery of a patty-making machine that was
leased from the JABO marble company in West Virginia. The machine has been
installed in the Boulder Lab along with a glass delivery refractory channel that will
convey glass from the melter to the patty machine. In January—February, we will
modify the process setup and continue to learn the art of making good quality patties.
These patties will ultimately be produced in Boulder under conditions that we believe
will produce good quality glass, suitable for the AGY fiberizing trials, which are planned
for the February—March timeframe. A photo of the patty / refractory channel is shown
below.
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Glass Patty Machine installed in Plasmelt Lab .

III. Maximum Throughput of the Melter

All of the initial melting trials have been conducted in the 100-200 #/hr range. The
method used for establishing throughput is by hand collecting patties, annealing, then
weighing. These patties are collected for known times in the 15 second to 60 second
range. Pull control is generally established by the diameter of the opening of the fixed
orifice, by the viscosity of the glass, and by the glass temperatures. Since most runs have
been made with E-glass with a fixed batch chemistry, the only indirect control on glass
flow rate through the orifice is by controlling temperature of the glass near the orifice.

Early trials have established the ability of the process to deliver exit glass with
temperatures as high as ~3200°F. These conditions are achieved by some combination of
power level through the torches, torch proximity to the batch / glass, and the torch-to-
torch spacing. Batch feed-rate also has some influence, albeit a secondary one within the
throughput range that is being used in this process thus far.

At this time, a “hands-off” process has been demonstrated in excess of 4 hours on several
occasions. These longer trials had glass throughputs nominally in the range 150-250
#/hr. Numerous short runs have also been successfully completed. An automatic data
logging equipment has been installed and is being used routinely to log all process
conditions during glass melting trials. Temperature monitoring is provided with a
Mikron L.R. detector. This sensor is entrained on mirrors that reflect the glass stream at
the bottom of the moly orifice support cylinder. From experience, we know that this
sensor reads a lower temperature than that of the actual glass stream. This temperature
may be as much as 200 degrees lower than the glass collected in the ladle.
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We have demonstrated that throughput control can be achieved by moving the torch
positions from a central position, i.e. the anode centered over the orifice, to “off-center”
positions. Quite dramatic reductions in temperature of the moly orifice and therefore
glass throughput have been achieved by changing these positions. However, this
temperature reduction has a serious downside of reducing the temperatures within the
glass pool, increasing dramatically the seed/batch stone content of the glass, and makes it
even more difficult than normal to achieve a good quality glass. Recent innovations in
the operating positions of the electrodes have resulted in markedly improved seed levels.
These innovations are being aggressively pursued as a means of significantly heating up
the glass while avoiding the boundary conditions that are imposed by the service
temperature of the moly orifice. These higher temperature operating conditions
ultimately improve the seed, stone, and cord levels, which are all key components to
producing a glass quality that glass companies will find of interest.

IV. Energy Efficiency

The stated goal of the program is to achieve a melt rate of 4.1 MBTU/hr melting
efficiency. That number was selected as an improvement over the previously
demonstrated work completed at Manville.

Based on this previous work, it is known that the increased power efficiencies will be
achieved at higher throughputs. The increased efficiencies at the higher throughputs are
primarily due to the ohmic heat transfer mechanism that is realized by the amperage and
torch position. It is only possible to operate in these positions at the higher feed rates.
Further testing in March / April will validate this statement.

The highest throughput run was to date was ~300 pounds per hour. This yielded the
highest efficiency. The average operational conditions at this level were:

e 415 Volts
e 712 Amps
e 295kW
To calculate the energy used per pound of glass:

Power =Volts x Amps = 415vx T12a = 295kW

kW | Pound of Glass:M =.98 4

300lbs/hr  Ibs/hr
1kW =3412.4BTU | hr

K w3412.12™ Z3343.9°™ _ 6 60MBTU /10n

Ibs | hr hr Ibs

0.98

This level of operation was a significant improvement over last quarter’s best number.
With increased throughput, additional energy improvements will be realized.
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UNDERSTANDING THE PROCESS RELATIONSHIPS AND LIMITS

Although much progress has been made during the project to understand the relationship
between the critical process variables and the important process outputs, much work
remains to develop a quantitative understanding of these relationships and their limits. In
order to achieve the process setup that can give the highest glass quality at the lowest
energy consumption with the least environmental impact, and at the longest torch lives,
data collection must be used to allow statistical analyses to be performed. Both AGY and
Plasmelt will perform these data analyses in order to help define the specification and
limits for each process variable that will ensure that a resultant stable efficient process
can be operated.

The installation of the automatic data monitoring system is now complete; the following

variables are being logged with each glass melting trial run:
1. Power supply output

Batch feed-rate

Shell rotation speed

Glass stream temperature

Melter orifice temperature

Melter shell temperature

Video output of batch pile

Video output of glass stream

9. Anode angle

10. Cathode angle

11. Anode in/out

12. Cathode in/out

13. Water supply temp

14. Anode electrode return temp

15. Anode nozzle return temp

16. Cathode electrode return temp

17. Cathode nozzle return temp

18. Power supply return temp

19. Shell water supply temp

20. Shell water out temp

21. Exhaust temp

NN R WD

This list will further evolve as data are analyzed and conclusions drawn.

ACCOMPLISHMENTS
Without elaboration, below is a list of program accomplishments to date.
1. All lab infrastructure has been installed including the glass melter, batch
feed system, exhaust gas system, plasma torch system, all electrical power
and control systems, cullet handling, and process monitoring.



10.

11.

12.

13.

14.

15.

16.
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More than 50 torch designs have been evaluated. A standard 5/8 torch has
been designed that is in routine use and allows the process to run
continuously in a stable hands-off mode for > 4 hours.

A process has been demonstrated that is capable of continuously melting
glass in the 200 to 250 pounds per hour for several hours.

The standard 5/8 inch torch has been used to briefly operate the process at
pull rates of ~ 350 #/hr.

. Brief runs have been conducted in excess of 500 pounds per hour, but

these were not stable and in-control operations. We have concluded from
these experiments that a larger torch is required and work has been
initiated on a 3/4 inch torch.

Preliminary chemical analyses of glass, which was collected on 6-16-04,
show that overall, the analyzed glass samples were essentially on-
composition, with somewhat higher losses of boron and fluorine.

Several preliminary assessments have been made of several E-Glass
patties produced during trials. These generally show a very high seed
count, some cord, and occasional un-melted batch stones.

The best glass quality was demonstrated on a glass sample that was melted
for 20 minutes with no flow from the exit orifice. These samples have
been selected as our baseline glass quality against which all future
improvements will be judged.

Several glass trials have produced glasses with nearly the same quality as
the baseline glass, but invariably, they have also included minor moly
streaking.

Contamination from moly has been a serious problem until recently. We
have now successfully defined the process boundary limits to circumvent
the production of black/streaked glass. This accomplishment has been a
major step forward.

Torch lives have improved dramatically from a few minutes on the initial
designs to several hours on the current standard 5/8 torch. The torch with
the longest service life thus far is >20 hours.

Energy consumption has on average been about 6.7 MM BTU/ton. This
efficiency is much worse than the target 4.1 MM BTU/TON of glass, but
is primarily related to our low throughputs thus far in the program.

The environmental impact of the process has not yet been assessed.
However, using commercial E-glass batch ingredients, the dustiness of the
initial system is known to be high. Significant work is planned for later in
the project to focus on quantifying and reducing the particulate emissions
as necessary.

A market study has been completed. Candidate early adopters have been
identified. Discussions are on-going with these companies.

Melting trials have shown that the system is capable of melting 200 #/hr of
S-2 Glass.

We have developed a preliminary understanding of the process settings
and how these may relate to the ability to maintain a stable melting
operation.



17.

18.

19.
20.
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The design, construction, and operation have been completed for a
refractory glass delivery channel that will transport the glass from the
melter exit orifice to the processing area.

A patty-making machine has been installed and rendered operational in the
Boulder Lab. Although further work is still required to improve
consistency, we now have now essentially demonstrated the capability to
make glass patties.

Several preliminary methods for glass flow control have been identified.
One exploratory glass melting trial has been completed on a frit
composition that is commercially produced by a US glass company. This
company has expressed interest in working with Plasmelt to more fully
assess the benefits of plasma melting technology for their operations.

BUDGET / FINANCIAL

1.

We have filed a project revision with DOE, which was approved, to
extend the 12-month program to a 24-month program with full support
from the cost share partners.

DOE has approved a 24-month budget of $1,732,356 (including cost share
contributions) to support this revised plan.

Total outlays for the project from its startup through 12/31/04 are
$1,414,787, of which the DOE portion is $1,004,492 and the Recipient
share is $410,295.

At the end of the project, we expect to manage the project to be within the
approved DOE budget of $1,212,356 and the total cost share partners’
contributions of $520,000.
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Budget Data (as of 12/31/04): The actual spending should reflect the money actually
spent on the project in the corresponding periods.

Project Spending and Estimate of Future Spending

Estimated Actual Estimated Actual

Federal Federal Recipient Recipient

Share of Share of Share of Share of
Quarter | From To Qutlays* Outlays QOutlays* Outlays Cumulative

Start 9/30/04 | Note 1 $856,828 Note 1 $365,391 $1,222.219

4Q04 10/1/04 12/31/04 $147,664 $ 44,904 $ 1,414,787
1Q05 1/1/05 3/31/05 | $ 90,000 Note 4 $40,500 Note 6 $ 1,561,937
2Q05 4/1/05 6/30/05 | $ 90,000 $40,500 $ 1,709,087
3Q05 7/1/05 9/30/05 | $ 27,864 $28,705 $ 1,732,356
4Q05 10/1/05 12/31/05
1Q06 1/1/06 3/31/06
2Q06 4/1/06 6/30/06
3Q06 7/1/06 9/30/06
4Q06 10/1/06 12/31/06
1Q07 1/1/07 3/31/07
2Q07 4/1/07 6/30/07
3Q07 7/1/07 9/30/07
4Q07 10/1/07 12/31/07
Totals $207,864 $1,004,492 $109,705 $410,295 $1,732,356

* Update quarterly

General Note: DOE Laboratory partner spending should not be included in the above table. If a DOE
Laboratory is a partner, report their spending and spend plan information in the table below (use separate

tables if multiple DOE Laboratories are involved):

Note 1: Leave blank. Only the actual DOE/Cost Share amounts spent through 6/30/04 are needed.

Note 2: Amount for this quarter and subsequent quarters should be updated as necessary on a quarterly
basis. Estimates need to be provided for the entire project. If spending for a given quarter is different than
estimated, then the remaining quarter’s estimates should be updated to account for the difference. Total
DOE and Cost Share amounts should be the same as the Award amount.

Note 3: This should match the amount on the SF269A section 10.c. Column III (10.j. Column III on the
SF269).

Note 4: This should match the amount on the SF269A section 10.c. Column II (10.j. Column II on the
SF269).

Note 5: This should match the amount on the SF269A section 10.b. Column III (10.i. Column III on the
SF269).

Note 6: This should match the amount on the SF269A section 10.b. Column II (10.i. Column II on the
SF269).

Note 7: This should match the amount on the SF269A section 10.a. Column III (10.d. Column III on the
SF269).

Note 8: This should match the amount on the SF269A section 10.a. Column II (10.d. Column IT on the
SF269).
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Plans for Next Quarter:

Conduct the BASELINE GLASS QUALITY ASSESSMENTS on E-glass and S-glass to
relate the process variables to glass quality

Perform further glass quality assessments at Integrex Analytical Laboratories

Continue to conduct melting trials to meet or exceed the baseline for glass quality of the
“20 minute” glass sample

Complete the final process modifications required to produce good quality patties
Produce good quality glass patties to be used for fiberization trials at AGY

Conduct fiberization trials at AGY with the plasma melted glass patties

Continue to conduct trials toward the goals of 500 #/hr on E- and S-glass

Conduct optimization work to improve energy efficiency

Continue to refine torch designs as necessary to meet the 500 #/hr target throughputs
Conduct 2-D math modeling of the plasma melter though a subcontractor—Laboratory of
Glass Properties with Dr. Oleg Prokhorenko

Complete the plasma physics work by Dr. Scott Parker of Colorado University

Patents: N/A

Publications/Presentations: N/A
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Milestone Status Table: This should be a complete list of project milestones, anticipated
completion dates and actual completion dates. The milestone identification number should
correspond to the task numbers in your agreement to aid in tracking (example below).

ID Task / Milestone Description Planned Actual  Comments
Number Completion Completion

M1 Project Startup: Establish WBS and 10/31/03 10/31/03  Complete
Schedule, operating agreements, IP
Terms, subcontract agreements

M2.1 Melter Design: Develop Project 10/31/03 10/31/03  Complete
Request Documents, specifications,
materials lists, engineering packages

M.2.2 Laboratory Preparation: Identify 12/31/03 10/31/03  Complete.
candidate facilities, sign lease Notification of environmental
agreements, establish environmental Exemption Letter received
permits from Colorado DPHE

M.2.3 Construct Melter: Subcontract 12/31/03 2/29/04  Most of the delay due to major
fabrication and construction, install change in the building
melter at site electrical system upgrade by

Xcel Energy. Melter
construction and fabrication
are now complete.

M3 Market Survey 5/31/04 5/31/04  Work is complete.

M4 Melter/Process Test Program: 7/27/04  In progress Although 500#/hr has not yet
Startup and operation at 500 #/hr rate been achieved on a routine
[GO/NO GO DECISION], basis, this work is ongoing.
preliminary energy balance, Long stable runs have been
preliminary report achieved at 300 #/hr but not at

500 #/hr. A report was issued
to our team-members
documenting our “GO”
decision.

M5 Assess Glass Quality: Patty Making 1/31/05 In progress Patty machine was leased and
Installation, Patty Production, and delivered to Boulder. Patty
Fiberizing Testing [GO/NO GO making is expected to be on
DECISION] schedule before end of

January. Fiberizing testing
will likely occur in February-
March.

Mé6.1 Optimization: Process refinement, 6/30/05
energy balance updates [GO/NO GO
DECISION]

M 6.2 Final Reporting to DOE 7/27/05
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Energy Research Company (ERCo) is developing an on-line sensor for
controlling the quality of glass feedstocks, both batch and cullet. In the
case of batch, the sensor can determine whether or not the batch was
formulated accurately, and serve as part of a feedback loop in the plant to
control glass quality. In the case of cullet feedstocks, the sensor can
serve as part of a system to sort cullet by color and ensure that it is free
of contaminants.

The Glass Industry Technology Roadmap' emphasizes the need for
accurate process and feedstock sensors. Listed first under technological
barriers to increased production efficiency is the “Inability to accurately
measure and control the production process.” ERCo’s LIBS sensor
addresses this need by giving plant operators critical knowledge of their
batch composition. In plants where cullet is used in glass production, the
LIBS sensor can provide color sorted cullet free of contaminants,

! Available at: http://www.oit.doe.gov/glass/pdfs/glass2002roadmap.pdf
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including those contaminants that are not detectable using current optical
based color sorters.

LIBS utilizes a highly concentrated laser pulse to rapidly vaporize and
ionize a small amount of the material being studied. As the resulting
plasma cools it radiates light at specific wavelengths corresponding to the
elemental constituents (e.g. silicon, aluminum, iron) of the material. The
strengths of the emissions correlate to the concentrations of each of the
elemental constituents. This technology has been successfully
demonstrated in ERCo’s LIBS laboratory for both batch analysis and
cullet sorting. In the upcoming year, designs of prototype sensors for
installation at the program’s industrial partners will be developed.

Status:

1. Executive Summary
During this quarter ERCo’s LIBS Batch Analyzer was in use at PPG’s Chester, SC fiber glass
plant. In addition, planned upgrades to the analyzer were under development in ERCo’s LIBS
laboratory. These upgrades will greatly enhance the value of the analyzer to PPG by adding the
ability to measure elemental concentrations in limestone residue from the plant’s exhaust
scrubbers.

Use of the analyzer during this quarter demonstrated the high degree of repeatability of the
measurements. Table 1 below summarizes the repeatability of the measurements in a series of
measurements taken in October.

Table 1: Relative Standard Deviation

Relative Standard
Ulexite Deviation
Element Component (o/p)
Boron Major 0.23%
Calcium Major 0.28%
Sodium Major 0.41%
Silicon Minor 0.63%
Magnesium Minor 0.59%
Strontium Trace N.D.
Aluminum Trace N.D.
Iron Trace N.D.

N.D. = Not Detected because ¢ was below detectable limit

The accuracy of the LIBS analyzer was demonstrated by sending three of the samples used in
the August installation to a second independent laboratory for analysis. The differences
between the two laboratories’ analyses of these samples were comparable to the discrepancies
between the LIBS analyzer results and the results from the first laboratory. This demonstrates
that the accuracy of the LIBS analyzer is comparable to the accuracies from certified
laboratories.
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2. Planned Upgrades
Measurement’s of the limestone residue from Chester PPG plant will aid in improving the plant’s
overall efficiency. Towards that end, the LIBS Analyzer's sample chamber will be upgraded with
detection optics and equipment capable of measuring key elements in the limestone residue
with better signal-to-noise ratios than the currently installed equipment. Demonstration units
were tested in ERCo’s LIBS laboratory during this quarter, and will be procured during the first
quarter of 2005.

3. Results
PPG personnel used the analyzer for a series of measurements over two days, with the results
summarized in Table 1 above. Repeatability over the two days of testing, as measured by the
relative standard deviation, for each of the oxides is shown in the table. This high degree of
repeatability was deemed necessary by PPG for the analyzer to be useful in operations.

4. Accuracy Update to August 2004 Test Results
Accuracy of the LIBS analyzer is typically verified through concentration measurements from
certified independent laboratories. Variability in concentration measurements from two or more
of these laboratories therefore gives an upper limit on the achievable accuracy by the LIBS
analyzer. For example, if measurements of boron in the same sample of ulexite vary by 5% in
analyses from a series of laboratories, then a reading by the LIBS analyzer within 5% of the
mean laboratory value is as accurate as possible.

The discrepancies between laboratories can be attributed to two causes. The first is the natural
variability of the mineral. Even in a small 1lb. bag of ulexite there is likely to be some variability
in composition. The second cause is the experimental uncertainties in the laboratory
procedures. The LIBS Analyzer measurements have the same uncertainty due to natural
mineral variability, setting a lower limit on the degree of agreement with laboratory values.

In order to estimate the variability in measurements from certified laboratories, and hence the
maximum achievable accuracy by the LIBS analyzer, three ulexite samples used to verify the
analyzer's performance in August were sent to a second independent laboratory for
concentration measurements. Measurements of the major oxides B,O; and CaO were within
5% of the reported values from the first laboratory analysis. Measurements of Na,O were within
10%. SiO, and MgO measurements varied on average about 10%. Measurements of the trace
elements differed by several hundredths of a percent on an absolute basis.

The high degree of accuracy in the LIBS Analyzer results is demonstrated by the similar
degrees of variability seen in the data from the August test. The maximum discrepancies
between the LIBS Analyzer results and the independent laboratory are summarized in Table 2
for each oxide. The similar values in each row of Table 2 lead to the conclusion, limited by the
scope of this test, that the LIBS analyzer has comparable accuracy to laboratory analyses.
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Table 2: Maximum Discrepancies in August Tests Between LIBS Analyzer and Lab Measurements
and Between the 2 Independent Labs

Oxide LIBS Maximum Two Lab Maximum
Discrepancy Discrepancy

Boron 1.3% 4.64%

Calcium 1.5% 4.56%

Sodium 4.7% 9.79%

Silicon 10.0% 6.98%

Magnesium | 8.8% 13.95%

Strontium 0.08% (absolute) 0.20% (absolute)

Aluminum 0.02% (absolute) 0.06% (absolute)

Iron <0.01% (absolute) 0.05% (absolute)

5. Conclusion
The LIBS analyzer continues to operate reliably in the PPG plant. The system will be upgraded
in the first quarter of 2005 to provide further benefit to the plant. A high degree of repeatability
in the analyzer’s results was demonstrated in measurements at the plant. The accuracy of the
LIBS analyzer measurements was demonstrated through a comparison of concentration
measurements from two independent laboratories.

Plans for Next Quarter:
ERCo will install the planned upgrade of the sample chamber described
above. Also, the first scheduled maintenance visit will be conducted
during the first week of February to ensure that the analyzer is operating
properly and to perform routine periodic maintenance on the laser.

Patents: N/A

Publications/Presentations:
N/A
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Milestone Status Table:

10/1/04-12/31/04

ID Task / Milestone Description Planned Actual Comments
Number Completion Completion
1 Laboratory Development
1.1 Facility Modification 9/30/01 9/30/01
1.2 Testing 3/31/02 2/28/02
1.3 Initial Software Development 3/31/02 3/31/02
1.4 Performance Evaluation 3/31/02 3/31/02
2 Sensor Fabrication
2.1 Facility Construction 9/30/02 8/31/02
2.2 LIBS Testing 8/31/03 Ongoing to add
capabilities
2.3 Modifications to PPG Facility 12/31/03 3/31/04
24 Procure System 6/30/04 Ongoing to add
capabilities
3 Sensor Testing
3.1 Testing at PPG 2/28/05 Commenced in 6/04
3.2 System Integration 12/31/04 8/24/04
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Project Spending and Estimate of Future Spending

Estimated Actual Estimated Actual

Federal Federal Recipient Recipient

Share of Share of Share of Share of
Quarter | From To Outlays* QOutlays Qutlays* QOutlays Cumulative

Start 6/30/04 | Note 1 904,873.18 Note 1 784,137.42 1,689,010.60

3Q04 7/1/04 9/30/04 | Note 2 1,109,175.19 | Note 2 784,137.42 1,893,312.61
4Q04 10/1/04 | 12/31/04 | 1,127,725.19 | 1,109,175.19 | 984,137.42 1,680,008 2,789,183.19
1Q05 1/1/05 3/31/05 1,438,813 1,680,008
2Q05 4/1/05 6/30/05
3Q05 7/1/05 9/30/05
4Q05 10/1/05 12/31/05
Totals 1,438,813 Note 3 1,680,008 Note 5 Note 7

* Update quarterly

General Note: DOE Laboratory partner spending should not be included in the above table. If a DOE Laboratory
is a partner, report their spending and spend plan information in the table below (use separate tables if multiple DOE
Laboratories are involved):

Note 1: Leave blank. Only the actual DOE/Cost Share amounts spent through 6/30/04 are needed.

Note 2: Amount for this quarter and subsequent quarters should be updated as necessary on a quarterly basis.
Estimates need to be provided for the entire project. If spending for a given quarter is different than estimated, then
the remaining quarter’s estimates should be updated to account for the difference. Total DOE and Cost Share
amounts should be the same as the Award amount.

Note 3: This should match the amount on the SF269A section 10.c. Column III (10.j. Column III on the SF269).
Note 4: This should match the amount on the SF269A section 10.c. Column II (10.j. Column II on the SF269).
Note 5: This should match the amount on the SF269A section 10.b. Column III (10.i. Column III on the SF269).
Note 6: This should match the amount on the SF269A section 10.b. Column II (10.i. Column II on the SF269).
Note 7: This should match the amount on the SF269A section 10.a. Column III (10.d. Column III on the SF269).
Note 8: This should match the amount on the SF269A section 10.a. Column II (10.d. Column II on the SF269).

DOE Laboratory Spending Table (if applicable):

DOE Laboratory Partner Spending and Estimate of Future Spending
Quarter | From To Estimated DOE | Actual DOE Total
Lab Amount* Lab Amount

Start 6/30/04 Note 1 155,000.00 155,000.00
3Q04 7/1/04 9/30/04 Note 2 0 0
4Q04 10/1/04 12/31/04
1Q05 1/1/05 3/31/05
2Q05 4/1/05 6/30/05
3Q05 7/31/05 9/30/05
4Q05 10/1/05 12/31/05
1Q06 1/1/06 3/31/06
Etc.
Totals 155,000.00 155,000.00

* Update quarterly
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1. Program/Project Identification No. 2. Program/Project Title 3. Reporting Period
DE-FC36-021D14315 Promotion of the U.S. Glass Industry 10/1/04 to 12/31/04

4. Name and Address 5. Program/Project Start Date
Michael Greenman 4/01/02

Glass Manufacturing Industry Council 6. Completion Date

PO Box 6136

Westerville, OH 43081 3/31/05

7. Approach Changes

No changes since last reporting period.

8. Performance Variances, Accomplishments, or Problems

The Technical and Economic Assessment: The document was completed, printed, and distributed. Initial reports have been very complimentary
regarding the content and value of the document. The book can be ordered from the GMIC and a PDF file is available on our web site for download at
no cost.

The GMIC will arrange and host meetings for the glass industry: In conjunction with the Glass Problems Conference, we organized a % day
workshop entitled: “Innovation in glass — Growing the Glass Market”. Purpose was to identify needs for future research areas to improve glass industry
efficiency and competitiveness.

--At American Ceramic Society's — Glass and Optical Materials Division, the GMIC organized two information sessions: — “Melting technologies”, and
“Adding Value to Glass”. 15 presentations described the status of current research and in-place technologies currently making or with the potential to
contribute improvements in glass melting and forming efficiencies.

--We organized a two-conference to discuss opportunities for improving available technologies in glass by developing collaboration between leading
glass artists and glass technologists whose various approaches to “working” with glass may well yield innovative technologies of benefit to industry and
art.

Ongoing monitoring and evaluation of research projects: A board-level “Project Management Committee” was created to perform regular oversight
visits to active research projects. A plan was established to meet with all Principal Investigators on a scheduled basis.

The GMIC will identify any existing or planned collaborative opportunities between industry, National Laboratories, Universities, etc. which
relate to the Glass Industry Vision and Roadmap: The Council is developing coalitions to be prepared to respond to the upcoming Glass research
solicitation in the areas of refining technologies to be matched to currently developing “Next Generation Melting” technologies.

9. Open Items
GMIC is beginning a discussion with the DOE to plan for the 2005 Project Review and to initiate a process to update the Technology Roadmap.

10. Status Assessment and Forecast

Nine new members have joined the GMIC since the beginning of the year: four glass companies, one national lab and four suppliers. Industry
acceptance of the value of the GMIC is growing and permitting the development of programs in new areas with broader focus. It is expected that this
growth will continue in 2005 leading to a situation in which the vast majority of the industry is collaborating for mutual improvement.
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Michael Greenman — 1/31/05 (by e-mail)
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