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Production Efficiency 
 
1.  PNNL: Advanced Process Control for Glass Production (1009) 
 Chester Shepard 
 chester.shepard@pnl.gov 
 VOICE: 509-375-3675 
 FAX: 509-375-6736 
 
2.  PNNL: Auto Glass Process Control (807) 
 Moe Khaleel 
 moe.khaleel@pnl.gov 
 VOICE: 509-375-2438 
 FAX: 509-375-6605 
 
3.  SNL (PPG): Development of Models and On-Line Diagnostic Monitors of the High-
Temperature Corrosion of Refractories in Oxy/Fuel Glass Furnaces (1012 & 1021) 
 Mark Allendorf (or George Pecoraro at PPG)  
 mdallen@sandia.gov 
 VOICE: 925-294-2895 (or 412-820-8790 at PPG) 
 FAX: 925-294-2276 
 
4.  NETL: Enhanced Cutting and Finishing of Handglass Using a Carbon Dioxide Laser (1024) 
 Steven Woodruff 
 steven.woodruff@netl.doe.gov 
 VOICE: 304-285-4175 
 
5.  Energy Research Company: Measurement and Control of Glass Feedstocks (1609) 
 Arel Weisberg 
 aweisberg@erco.com 
 VOICE: 718-442-2683 
 FAX: 718-442-2963 
 
6.  Alfred University:  Modeling of Glass Making Processes for Improved Efficiency (718) 
 Thomas P. Seward 
 seward@alfred.edu 
 VOICE: 607-871-2432 
 FAX: 607-871-2392 
 
7.  State of Ohio:  Improvement of Performance and Yield of Glass Fiber Drawing Technology 
 Dr. Phillipp A. Sanger 
 p.sanger@csuohio.edu 
 VOICE: 216-687-4565 



Energy Efficiency 
 
8.  ANL: Development and Validation of a Coupled Combustion Space/Glass Bath Furnace 
Simulation (Techneglas) (1025) 
 Mike Petrick 
 mpetrick@anl.gov 
 VOICE: 630-252-5960 
 
Environmental 
 
9.  ANL: Development of a Process for the In-House Recovery and Recycling of Glass 
Manufacturing Wastes (1611) 
 Bassam Jody 
 bjody@anl.gov 
 VOICE: 630-252-4206 
 FAX: 630-252-1342 
 
10.  SNL/Gallo Glass Company: Monitoring and Control of Alkali Volatilization and Batch 
Carryover for Minimization of Particulates and Crown Corrosion (1608) 
 Linda Blevins 
 lgblev@sandia.gov 
 VOICE: 925-294-4811 
 FAX: 925-294-2276 
 
Innovative Uses 
 
11.  Alfred University:  Integrated Ion Exchange for High Strength Glass Products (1030) 
 William C. Lacourse 
 lacourse@alfred.edu 
 VOICE: 607-871-2466 
 FAX: 607-871-2392 
 
12.  SNL:  Inc.: Development of Process Optimization Strategies, Models, and Chemical 
Databases for On-Line Coating of Flat Glass (1640) 
 Mark D. Allendorf 
 mdallen@sandia.gov 
 VOICE: 925-294-2895 
 
Acknowledgement: 
The Glass Manufacturing Industry Council (Cooperative Agreement No. DE-FC07-02ID14318, 
OITIS# 1034) is instrumental in coordinating with contractors and providing the quarterly reports 
on their web site.  The Glass Manufacturing Industry Council (GMIC) has accomplished a 
number of significant milestones towards the ultimate goal of reaching long-term “Vision” 
objectives.
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The quarterly report for this project was not received by the reporting cut-off date of May 
23, 2003.
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The quarterly report for this project was not received by the reporting cut-off date of May 
23, 2003. 
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Quarterly Report 
 
Title Development of Models and On-Line Diagnostic Monitors of 

the High-Temperature Corrosion of Refractories in Oxy/Fuel 
Glass Furnaces 

 
 
Project Period January 1, 2003 – March 31, 2003 
 
Laboratory Sandia National Laboratories 
 Mail Stop 9052 
 Livermore, CA 94551-0969 
  
 
B&R No. NM269020000 
FWP/OTIS Number:  EEW234 
 
 
Contact: Mark D. Allendorf 
 (925)294-2895 
 mdallen@sandia.gov 
 
 
Project Team: 

Industrial Partners: Air Liquide, BOC Gases, Gallo Glass, PPG Industries 
Subcontractors Prof. Karl Spear (Pennsylvania State University) 
 Prof. Mariano Velez (University of Missouri, Rolla) 
 Monofrax Inc. (Dr. Amul Gupta) 
 RHI Refractories (Dr. Tomas Richter) 

 
Project Objectives 
 
 This research is directed toward understanding the mechanism(s) of enhanced refractory 
corrosion in oxy/fuel glass furnaces and the development of models to predict corrosion rates, 
identify operating regimes that minimize corrosion, and define the attributes of improved 
refractories.  
 
 The project has three objectives: First, the factors controlling the rate of refractory corrosion 
in glass furnaces will be identified through a combination of experiments in controlled laboratory 
environments and characterization of corroded samples using sophisticated analytical 
techniques. Second, this knowledge will be used to develop, validate, and exercise one or more 
models that can predict corrosion rates as a function of refractory properties (chemical and 
structural) and furnace conditions. Third, since knowledge of gas-phase alkali concentrations 
(particularly NaOH and KOH) will almost certainly be essential to developing strategies for 
minimizing corrosion in a specific furnace, laser-based detection methods will be explored to 
serve as an on-line process monitor of these species.  
 
Background: 
 
Conventional glass melting furnaces using combustion of natural gas or oil with air typically 
employ bonded silica refractory brick to construct the furnace superstructures. In a well-



designed, properly insulated and sealed, and well-operated furnace, silica refractory structures 
will last at least 10 years in a float furnace, and slightly less in container-, specialty- and 
insulating-fiberglass furnaces. Under certain conditions, however, it can be significantly attacked 
by alkali vapors, such as sodium hydroxide (NaOH), that volatilize from the glass and by 
airborne batch particles, producing defects in the glass and shortening crown life by as much as 
a factor of two to three. The mechanisms for the enhanced corrosion of refractories in oxy/fuel 
furnaces are not completely clear, although the composition of the furnace gas and the 
temperature profile across the refractory are expected to be important factors. Gas-phase alkali 
species (such as sodium hydroxide or potassium hydroxide), in conjunction with water vapor, 
are the most likely compounds that attack the refractory, although lead used to make television 
glasses and boron used to make fiberglass may also be factors. It appears that an 
understanding of at least five factors must be obtained in order to identify the important 
corrosion mechanisms: 1) the identity and concentration of gas-phase species at the refractory 
surface; 2) the rates of transport of these species to the surface and through either the porous 
refractory or cracks/joints between bricks; 3) the temperature profile across the brick; 4) the 
rates of chemical reactions occurring at the surface and within the capillaries of the brick; and 5) 
the rate of transport of liquid corrosion products to and away from the brick surface. 
 
Status: 
 
Task 1 Experimental characterization of corrosion processes 
 
 • Task complete. 
 
Task 2 Corrosion modeling 
 
 • Our collaboration with Air Liquide (AL) on numerical simulation of glass corrosion in 

the Gallo Tank 1 furnace by integration of a Sandia corrosion subroutine into Air 
Liquide's Athena CFD code is continuing. Progress was delayed somewhat because 
the AL staff person (Ben Bugeat) in charge of the calculations left the company this 
quarter. However, his successor, Dr. Usman Ghani, is making good progress and as of 
the preparation date of this report we are expecting results in early April. Dr. Ghani will 
provide gas temperatures, NaOH concentrations, refractory temperatures, and 
corrosion rates along the crown centerline that we will use to check the performance of 
our model. These data will also be compared with the measured corrosion rates 
obtained from post-mortem analysis of samples obtained from Gallo Tank 1. 

 
 • We began development of a model for in-depth corrosion and expect to accelerate this 

effort in the next quarter. The objective is to produce a subroutine that can augment 
the front-face corrosion model now undergoing testing by Air Liquide. Some progress 
was made, but we temporarily suspended further efforts on this activity to 
ensure that sufficient resources are available to complete the numerical 
modeling with Air Liquide and the remaining Task 3 experimental work this 
year. We will re-evaluate the status of funding near the end of the next quarter 
and determine whether we will be able to proceed further on the in-depth 
corrosion model. We estimate that we will be able to complete this during the 
final quarter of the year, assuming sufficient resources are available. 

 
 • Our journal article entitled "Analytical Models for High-Temperature Corrosion of Silica 

Refractories in Glass-Melting Furnaces" was accepted for publication in Glass Science 
and Technology. 



 
Task 3 On-line monitors for gas-phase alkali detection 
 
 • We returned to PPG's Fresno oxy/fuel furnace with extractive gas sampling equipment 

owned by Sandia and purchased for this project. This time we successfully obtained 
gas samples at the locations in the furnace where last quarter we performed the Laser-
Induced Fragmentation Fluorescence (LIFF) measurements. Consultations with our 
partners at PPG indicate that the operation of this furnace is very stable, indicating that 
the NaOH values obtained from the extractive sampling measurements should be 
close to the ones present during the LIFF field test. The samples will be analyzed next 
quarter (an outside analytical laboratory is required for this) and compared with the 
LIFF results. 

 
 • Discussions were held with PPG personnel concerning the possibility of an additional 

field test of the LIFF diagnostic at PPG's Meadville, PA oxy/fuel facility. A visit is 
tentatively planned for the mid-June – early July time frame. 

 
Plans for Next Quarter: 
 
 • Complete analysis of gas samples obtained at the PPG Fresno facility using extractive 

sampling equipment and compare with LIFF results. 
 
 • Complete debugging of front-face corrosion model coupled to Athena code and 

compare predicted corrosion rates with known values obtained from post-mortem 
analyses. 

 
 • Write publication describing the LIFF method and its application to measurements in 

glass furnaces. 
 
 • Conduct a field test of the LIFF unit at the PPG Meadville plant. 
 
 
Patents: None this reporting period. 
 
Publications and Presentations: 
 
None this reporting period. 
 



Milestone Status 
 
The project is currently in Phase III/Year 1 (Year 4) of the project. The status of individual tasks 
is given in the table below.  
 
Task Task/Milestone Description Completion Date Comments 

  Planned Actual  
1.1 Compile corrosion 

database 
3/00 3/00  

1.2 Corrosion experiments, 
silica 

9/00 9/01  
2.1 Build mathematical models 9/00 3/01  
2.2 Compile thermodynamic 

data 
3/99 9/99  

2.3 Equilibrium modeling 9/99 3/00  
2.4 Validate model 

performance 
9/00 12/00  

2.5 Develop analytical 
submodels 

9/02 6/30  
2.6 Design user interfaces 4/03  complete code verification at Air 

Liquide  
3.1 LIFF furnace 

measurements 
9/00 9/00  

3.2 Lab-scale furnace tests 9/00 12/01  
3.3 Design/fab portable system 6/01 9/01  
3.4 Field test 1 3/01 12/01  
3.5 Field test 2 9/01 12/12/02  
3.6 Field test 3 9/02  scheduled 6/15/03 – 7/15/03  

 
 
Budget Data 
 
 
 Approved Spending Plan Actual Spent to Date 

Phase/Budget Period DOE 
Amount 

Cost 
Share Total DOE 

Amount 
Cost 

Share Total 

 From To       
Year 1 10/98 9/99 260 170 430 260 92 352 
Year 2 10/99 9/00 325 175 500 325 175 500 
Year 3 10/00 9/01 375 120 495 375 120 495 
Year 4 10/01 9/02 200 60 310 200 138* 338 
year 5** 10/02 9/03 200 60 260 63 22 85 

Totals 1,410 585 1,995 1,223 547 1,770 
 
*Includes carryover from FY01. 
**Costs to date, beginning 10/1/02. 
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The quarterly report for this project was not received by the reporting cut-off date of May 
23, 2003. 
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The quarterly report for this project was not received by the reporting cut-off date of May 
23, 2003. 
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Project Title: Modeling of Glass Making Processes for Improved Efficiency 

(Subtitled: High Temperature Glass Melt Property Database for 
Modeling) 

 
Covering Period:  October 1, 2002 through December 31, 2002 
 
Date of Report:  January 28, 2003 
 
Recipient:   New York State College of Ceramics at Alfred University 

2 Pine Street 
Alfred, NY 14802 

 
Award Number:  DE-FG07-96EE41262 
 
Subcontractors:  CELS at Corning Incorporated, Corning, NY 

Laboratory of Glass Properties, St. Petersburg, Russia 
Pacific Northwest National Laboratories, Richland, WA 
Integrex Testing Systems, Granville, OH 

 
Other Partners:  NSF Industry/University Center for Glass Research at Alfred 
University 
 
Contact(s):   Principal Investigator - Thomas P. Seward III 

Telephone: 607-871-2432 
E-mail: seward@alfred,edu 
Other investigators - Alexis G. Clare, David A. Earl, William C. 
LaCourse, 
Dolun Oksoy, James E. Shelby, Arun K. Varshneya and Terese 

Vascott 
(all at Alfred University), Oleg A. Prokhorenko (Laboratory of 

Glass 
Properties, St. Petersburg, Russia) and Pavel Hrma (at Pacific 

Northwest 
National Laboratories) 

 
Project Team:  DOE-OIT Glass Team Leader – Elliott Levine 

DOE Program Manager –Elliott Levine 
DOE Project Manager – Matae H. McCray 
Grant Administrator – Marshall Garr 
Industry Contact – Industrial Liaison Board of the NSF 

Ind./University 
Center for Glass Research at Alfred University 



Project Objective: 
To develop a high-temperature melt properties database with sufficient reliability to 
allow mathematical modeling of glass melting and forming processes. The commercial 
glass families chosen for investigation are float, container (soda-lime-silica), low 
expansion borosilicate, color television panel, insulation wool and E-type textile fiber 
glasses. Properties of primary interest  include gas solubility and diffusivity, density, 
thermal expansion, surface tension, viscosity, electrical conductivity and radiative 
thermal conductivity. 
 
Background: 
Glass manufacturing is a capital-intensive industry. In 1996, the cost of a new float glass 
facility was estimated to be about $150 million. The corresponding figures for fiberglass, 
container glass and color TV tube bulbs were $80, $100 and $300 million, respectively 
[1]. Furnace rebuilding costs run into millions of dollars. It is imperative that any 
proposed changes in furnace design have near 100% assurance of success. Lost 
production resulting from a poor furnace design can ultimately cost far more than the 
construction. Radical changes in design are almost always considered “high risk.” On the 
positive side, design improvements, which improve production yields or result in even a 
5% decrease in fuel consumption per ton of glass melted, would have important 
economic and environmental benefits for the industry. Consequently modeling of the 
glass-melting process to predict performance has become a necessity for any new furnace 
design. 
 
In July 1996, the U.S. Department of Energy (DOE) and the NSF Industry/University 
Center for Glass Research (CGR) conducted a workshop at Alfred University on 
“Modeling in the Glass Industry.” Two of the primary needs identified for virtually all 
modeling of the glass melting process are 1) reliable data on high-temperature melt 
properties and 2) improved sensors for in-line measurement of process variables. Also 
deemed important is an “improved understanding”of the fundamental principles of 
combustion and the fluid flow models themselves. This project addresses the need for 
reliable high-temperature melt property data. [1] P. Sewell. “Industrial Perspective of 
Modeling in a Modern Float Glass Plant,” the GlassResearcher 6 [2] 1-3 (1997) 
 
Status: 
The following is the executive summary from the final report submitted March 30, 2003: 
The overall goal of this project was to develop a high-temperature melt properties 
database with sufficient reliability to allow mathematical modeling of glass melting and 
forming processes for improved product quality, improved efficiency and lessened 
environmental impact. It was initiated by the United States glass industry through the 
NSF Industry/University Center for Glass Research (CGR) at Alfred University [1]. 
Because of their important commercial value, six different types/families of glass were 
studied: container, float, fiberglass (E- and wool-types), low-expansion borosilicate, and 
color TV panel glasses. CGR member companies supplied production-quality glass from 
all six families upon which we measured, as a function of temperature in the molten state, 
density, surface tension, viscosity, electrical resistivity, infrared transmittance (to 
determine high temperature radiative conductivity), non-Newtonian flow behavior, and 



oxygen partial pressure. With CGR cost sharing, we also studied gas solubility and 
diffusivity in each of these glasses. Because knowledge of the compositional 
dependencies of melt viscosity and electrical resistivity are extremely important for glass 
melting furnace design and operation, these properties were studied more fully. 
Composition variations were statistically designed for all six types/families of glass. 
About 140 different glasses were then melted on a laboratory scale and their viscosity and 
electrical resistivity measured as a function of temperature. 
 
The measurements were completed in February 2003 and are reported in the final report. 
The next steps will be 1) to statistically analyze the compositional dependencies of 
viscosity and electrical resistivity and develop composition-property response surfaces, 2) 
submit all the data to CGR member companies to evaluate the usefulness in their models, 
and 3) publish the results in technical journals and most likely in book form. 
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QUARTERLY PROGRESS REPORT 
 
 
Project Title:  Improvement of Performance and Yield of Glass Fiber Drawing 

Technology 
 
Covering Period:   January 1, 2003 through March 31, 2003 
 
Date of Report: April 23, 2003 
 
Recipient:  State of Ohio, Office of Energy Efficiency 
   77 S. High Street 
   Columbus, OH 43215-6108 
      
Award Number:   DE-FC07-02ID14347 
 
Subcontractors: Cleveland State University  
 
Other Partners: PPG Industries Inc  

Schott Glas  
Johns Manville 
U.S. Borax 
 

Contact(s):    Dr. Phillip A. Sanger -Principal Investigator 
(216) 687- 4565 
p.sanger@csuohio.edu 
 
William L. Manz -Business Manager 
(614) 466- 7429 
WManz@odod.state.oh.us 

 
Project Team:  DOE-HQ Team Leader: Elliott Levine 

DOE Regional Team Leader: Brian Olsen 
DOE Project Manager: Matea McCray 
DOE Contract Specialist: Layne Isom 

 
Project Objective:  Investigate the basic science of continuous glass fiber drawing and use 
that information to improve the drawing process: 1) demonstrate reduced break frequency on a 
state of the art fiber-drawing machine from 1 break per hour to 1 break per 4 hours, 2) reduce 
fiber diameter variation, 3) drive toward six-sigma* quality through process control and computer 
simulation. 
 
Background:   Fiber breakage is the single most important process variable in the 
drawing of continuous glass fibers limiting fiber quality and production throughput and resulting 
in over 500 109 BTU of energy wasted annually.  Continuous glass fiber drawing in “state of the 

mailto:p.sanger@csuohio.edu
mailto:WManz@odod.state.oh.us


Quarterly Progress Report  January 17, 2003 
DE-FC07-02ID14347 

art” glass industrial facilities is accomplished in the simultaneous drawing of up to 5000 
filaments from a single bushing.  The perturbation caused by the breaking of one filament which 
typically occurs once per hour quickly propagates toward disruption of all 5000 filaments.  
During the recovery time of 5-10 minutes, the glass is continuing to ooze through the bushing 
holes.  Over 67,000 tons of unrecyclable glass annually and all the energy invested in the 
melting and forming of this wasted glass is lost.  To address this problem, this project will apply 
six sigma quality methodology combined with fundamental glass science to reduce breakage, 
increase throughput and improve the quality of glass fiber. 
 
Status: The first quarter of 2003 saw the arrival of the industrially representative drawing 
tower capable of handling a bushing with up to 400 tips to Cleveland State University.  This 
experimental platform based on a production design of PPG has been assembled and 
performed extremely well during its initial shakedown run.  The experimental program quickly 
progressed from first melting into full speed fiber drawing in a dramatic four week period.  
Meanwhile very stimulating brainstorming sessions have been completed at both of our major 
partners.  Our modeling effort has made the leap from a single filament to the statistically 
important multi-filaments arrays and predicts breakage probability.  The project continues 
making progress on three of the five project tasks: 
Task 1 Build and Install Glass Fiber Drawing Tower 
The objective of this task is 
the construction of a 
continuous glass fiber 
drawing tower with a 
capacity of up to 400 fibers 
and 40 lbs per hour.  This 
facility has been assembled 
and drew its first fiber on 
March 27, 2003.  While this 
installation experienced a 
two month delay, the reward 
was an extremely short 
shakedown period and is 
quickly moving into 
parameter testing. 

  
Fully assembled glass fiber drawing tower at left with the 
bushing in operation at right. 

 
Task 2 Develop diagnostic 
Instrumentation 

The on-line 
dimensional characterization 
(primarily major and minor axis) of the fiber bundle has been identified as an important issue.  
We have continued with the analysis of the reflected light data and have been able to derive a 
diameter distribution that represents the measured fiber diameter.  Now that the drawing tower 
has been completed, dynamic measurements will take place in the next quarter. 

 2



Quarterly Progress Report  January 17, 2003 
DE-FC07-02ID14347 

Task 3 Develop simulation models 
A brainstorming session with Johns Manville personnel took place on January 23.  At 

that time our process model was critiqued and valuable suggestions were identified.  We further 
developed our glass fiber drawing model to predict glass breakage and line stoppage rather 
than merely the resulting filament diameter, as all of the known to us models do.  We tested our 
model for  “main effects” searching for key insights into root causes for low productivity.  We 
found that allowing 80oF drop in glass melt temperature cuts the period of uninterrupted 
production by a factor of seven.  The increase in drum velocity or in intensity of cooling by 50% 
cuts down the period of uninterrupted production by a factor of 50. 

We then arranged our process variables in a full factorial design (of experiments) for 
three factors with one central point and ran our model to calculate the period of uninterrupted 
performance for each set of variables.  The analysis of this factorial design resulted in the 
transfer function from process variables to process performance. 

Meanwhile our glass fiber drawing tower started to work making a perfect timing: we can 
now use the computational results above to guide our tests on the tower to the region of the 
process variable space of the greatest impact.   
 
Plans for Next Quarter:   
Next quarter’s activities will focus on a major upgrade in our bushing design adding glass head 
measurement and control capability and longer glass residence time to enhance fining.  
Furthermore the quality, cleanliness, and condition of the marble input material will be improved.  
While the new bushing is being designed and built, the tower will be used to test several forms 
of diagnostics measuring glass fiber speed using a Doppler technique, temperature profiles 
using advanced mm wave IR as well as state of the art IR, fiber diameter in line at full speed, 
and high amplification photography of the drawing cone.  In modeling, cone characteristics will 
be developed and an extensive virtual exploration will culminate in a process transfer function.  
 
Patents: One provisional patent disclosure on the technique for measuring the 

dimensional characteristics of a fiber bundle. 
Publications/Presentations:  Presentation to DOE Glass Project Review in Oct 2002 

 3
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DE-FC07-02ID14347 

 
Milestone Status Table: 

ID 
Number 

Task / Milestone Description Planned 
Completion 

Actual 
Completion 

Comments 

     
1 Build and Install Drawing Tower    
1.1 Install tower 1/10/03 3/20/03 First glass melting 

on March 27, 2003
1.2 Complete debug process 05/15/03   
1.3 Install new design of bushing 11/15/03   
2 Develop diagnostic 

instrumentation 
   

2.1 Install IR and high speed photo 
system  

03/01/03  Testing of 
prototype 
scheduled for April

2.2 Implement dimensional 
characterization process 

09/15/03   

3 Develop simulation models    
3.1 Initiate testing of models 12/20/02 11/30/02  
3.2 Complete transfer function 04/16/03   
4 Optimize process    
4.1 Validation 07/30/03   
4.2 Demonstrate improved process 03/15/04   
5 Disseminate technology    
5.1 Hold first tech transfer training 

session 
10/30/02 10/30/02  

5.2 Start final partner implementation 05/30/04   
6 Final Report 08/30/04   

 
Budget Data (December 31, 2002):  
 

 Approved Spending Plan Actual Spent to Date 
Phase / Budget Period DOE 

Amount
Cost 

Share 
Total DOE 

Amount
Cost 

Share 
Total 

 From To  
Year 1 July 11, 

2002 
July 30, 
2003 

$554,014 $166,070 $720,084 $231,281 $135,365 $366,646 

Year 2 August 1, 
2003 

July 30, 
2003 

$419,935 $122,525 $536,410 0 0 0 

Totals   $967,899 $288,595 $1,256,494 $231,281 $135,365 $366,646 
  

 4
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 5

The project spending has increased as planned with the arrival of the glass fiber drawing tower.  
We anticipate that equipment spending for diagnostic instrumentation and operational costs will 
continue this trend through the next quarter and then reduce to operational costs in the final 
quarter of the fiscal year. 
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QUARTERLY PROGRESS REPORT 
 
 
Project Title:  Development/Validation of an Advanced Multiphase Glass Furnace Model 
 
Covering Period:   January 1, 2003 through March 31, 2003 
 
Date of Report: April 30, 2003 
 
Recipient:  Argonne National Laboratory   Techneglas, Inc. 
   9700 S. Cass Avenue    727 E. Jenkins Avenue 
   Argonne, IL  60439    Columbus, OH  43207 
      
Award Number:   DE-SC02-97CH10875 and DE-SC02-00CH11037 
 
Subcontractors: Mississippi State University, Purdue University     
 
Other Partners: Libbey, Inc., Osram-Sylvania, Owens Corning, Visteon 

 
Contact(s):    Michael Petrick    John Chumley 
   630-252-5960     614-445-4787 
   mpetrick@anl.gov    jchumley@techneglas.com 
 
Project Team:  Elliot Levine, OIT DOE–HQ contact; Matea McCray,DOE-ID, Project 

Mentor 
 
Project Objective:  This project is the second phase of a program to develop a “state of the 

art” glass furnace model which couples the combustion space to the glass 
melt through a rigorous spectral radiation model.  The key technical 
objectives of this follow on program is to incorporate glass chemistry 
models into the glass melt, activate gaseous phase transport 
(bubbles/foam) in the glass melt, develop/incorporate 
chemistry/nucleation models to model the transport of gases/particulates 
emanating from the batch/molten glass into the combustion space, 
develop/incorporate glass quality indices, develop/validate several 
furnace simulations of different types of furnaces, disseminate a beta 
version of the code to the glass industry participants (GMIC members), 
and to conduct a workshop at the end of the project to transfer the 
technology (code) to the entire glass industry. 

 
Background: A substantial effort has been expended during the past several decades 

to develop furnace models to predict furnace performance as evident by 
the accelerating number of publications in the literature.  These efforts, in 
general, have had varying and limited objectives.  The models developed 
generally have required or been based upon major underlying 
assumptions that substantially impact the predictions, (such as assumed 
surface temperature and heat flux distributions).  Also, very little 
experimental data has been obtained from operating furnaces which has 
hampered assessment of the validity of the models.  The models 

mailto:mpetrick@anl.gov
mailto:jchumley@techneglas.com


Quarterly Progress Report  5/6/2003 
DE-SC02-97CH10875 and 
DE-SC02-00CH11037 

developed thus far do not have many analytical capabilities required by 
the industry.   

 
This program which was initiated in CY 1998, has been structured to 
develop a validated CFD furnace model that will have the desired 
analytical capabilities which can be used by the glass industry to define 
and evaluate opportunities to modify furnace operating and geometrical 
parameters to improve glass quality and productivity (glass throughput) 
while minimizing energy use and gaseous and particulate emissions.  The 
successful development and incorporation of these models will provide 
the industry with a state of the art furnace model that will represent a step 
change in analytical capability.  The ultimate utility of the state of the art 
model will be in the development of furnace control software to adjust 
operating conditions to achieve and/or maintain predetermined glass 
quality and furnace performance targets. 
 

 
Status:  

Program progress is presented in accordance with the work breakdown 
structures adopted for each phase of the program.  Task I.# refers to a 
task number from the first phase while Task II.# refers to a task number 
from the second on-going phase.  A brief summary of progress in tasks 
pursued during the last reporting period follows. 
 

   Task I.21:  The industrial partners have continued performing their 
parametric studies on simulations of their own furnaces using the glass 
furnace model.  The industrial partners frequently interact with staff at 
ANL. 

 
   Task I.24:  The de facto support center for the GFM code established at 

ANL (described in previous quarterly reports) continues to frequently used 
by the industrial partners to solve technical problems and to assist in the 
construction/refinement of their furnace simulations. 

    
   Task II.2:  The multiphase flow capabilities were tested, debugged and 

augmented.  The sensitivity of computed melt performance to several key 
input parameters (thermophysical properties of the batch and melt) was 
investigated. It was shown that the melt model was very sensitive to 
extreme ranges of the properties. The code was modified to be able to 
handle these extreme cases. 

    
Task II.8:  The GFM 2.0 code was used to construct simulations of the 
Libbey, Inc Toledo and the Owens Corning Amarillo furnaces. Initial runs 
with the Owens Corning simulation identified a problem in the melt model 
that is specific to this type furnace (See task II.2)  As indicated 
improvements were developed and incorporated in the melt model to 
overcome the problem. A new simulation of the Owens Corning furnace is 
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being constructed by both ANL and Owens Corning staff,using the 
updated model; it will be used in the validation studies.  
 
Task II.11:  Two reports detailing the measurements made at the Owens 
Corning regenerative glass furnace in Amarillo, Texas and the Libbey, 
Inc. end-fired regenerative furnace are being prepared for distribution to 
the project participants. 
 
Task II.12:  The simulations of the Toledo and Amarillo furnaces created 
with the GFM 2.0 code are being used to compute the furnace 
performance parameters that were obtained from insitu measurements. 
Good agreement was obtained between the computed and measured 
parameters for the Libbey furnace in the initial study. Several issues 
surfaced with regard to the insitu data acquired by Dial, but  were 
resolved thru interactions between ANL and Dial staff. The validation 
studies on both furnaces are expected to be completed next quarter.. 
 
Task II.14:  The industrial partners have been actively interacting with 
ANL code developers to model their selected furnaces.   
 

Plans for Next Quarter:   
Work will continue on the following tasks: (1) final validation of the GFM 
by comparison with data derived from the two measurement campaigns; 
(2) continued application of the code by industry to their furnaces; (3) 
continued refinement of melt chemistry/gas release/radiation models; (4) 
modeling of gas release from melt/batch to combustion space; and (5) 
initial incorporation of glass quality indices into the melt model. 

 
Patents: 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). 
 
Publications/Presentations: (from this quarter only)   
“An Analysis of Staged Combustion versus Tube-in-Tube Combustion in a Glass 
Furnace,” B. Golchert*, Shen-Lin Chang, C. Q. Zhou, Proceedings of the Third Joint 
Meeting of the U.S. Sections of The Combustion Institute, Chicago, IL  2003. 
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ID 
Number 

Milestone Description Planned 
Completion 

Actual 
Completion 

Comments 

     
1 Part I    
1.1 Select Furnace 10/1/98 10/1/98  
1.2 Combustion space simulation 

completed 
12/1/99 10/1/99  

1.3 Glass bath simulation of furnace 
completed 

10/1/99 10/1/99  

1.4 Verification of selected diagnostic 
instrumentation capabilities 
completed 

10/1/99 10/1/99  

1.5 Combustion and glass bath 
simulations integrated into overall 
furnace studies 

7/1/00 5/15/00  

1.6 NOx kinetic model incorporated 
into furnace simulation 

7/1/00 4/15/00  

1.7 Preliminary validation of furnace 
simulation completed 

10/1/00 9/15/00  

1.8 Acquisition of furnace 
performance data for code 
validation completed 

5/1/01 2/20/01  

1.9 Furnace simulation validation 
completed 

7/1/01 7/1/01  

1.10 Workshop to introduce industry to 
the furnace simulation software 

10/1/01 10/21/02  

 Part II    
2.1 Reduced batch/melt 

chemistry/kinetic models 
developed 

10/1/01 10/1/01  

2.2 Development of advance furnace 
model completed 

4/1/02  Deferred at the 
request of IP’s in order 
to re-focus  program 
resources on 
completing GFM2.0  

2.3 Simulation of selected furnace 
types completed 

10/1/02 
 

12/1/02  

2.4 Performance data acquired from 
selected furnaces 

2/1/03 10/08/02  
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ID 
Number 

Milestone Description Planned 
Completion 

Actual 
Completion 

Comments 

2.5 Validation of furnace model 
completed 

4/1/03   

2.6 Beta sites established to test 
furnace model 

10/1/03 11/1/01 Active 

2.7 Advanced furnace model made 
available to industry via a 
workshop 

12/1/03   

2.8 Support center to assist industry 
in the use of furnace code 

12/1/03 11/1/01 Currently assisting 
project members only 

 
 
Budget Data (as of 4/30/03): The approved spending should not change from quarter to 
quarter. The actual spending should reflect the money actually spent on the project in the 
corresponding periods. 
 

 Approved Spending Plan Provided 
to Date 

Actual 
Spent 

to Date 
Phase/Year/ Budget Period DOE 

Amount 
Cost 

Share 
Total DOE 

Amount 
DOE 

Amount 

  From To  
1 1 12/01/97 11/30/98 490.5 331.9 822.4 696.0 46.7
1 2 12/01/98 11/30/99 484.0 314.4 798.4 81.6 409.6
1 3 12/01/99 11/30/00 479.1 407.4 886.4 565.5 674.0
2 1 09/01/00 08/31/01 512.7 665.6 1178.4 300.0 486.9
2 2 09/30/01 09/30/02 588.7 415.9 1004.7 627.0 610.4
2 3 09/30/02 12/31/03 262.1 681.9 944.0 547.0 237.0

Totals 2817.1 2817.1 5634.3 2817.1 2464.6
  
 *Program started officially 07/31/98 
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Quarterly Progress Report 

 
Project Title:   Development of a Process for the In-House Recovery and Recycling of Glass From 

Glass-Manufacturing Waste 
 
Covering Period:  January 1st-March 31st, 2003 
 
Date of Report:  April, 2003 
 
Laboratory:  Argonne National Laboratory (ANL) 
 9700 South Cass Ave 
 Argonne, Illinois 60439  
 
FWP/OTIS Number:  49014 
 
Subcontractors:  None 
 
Industrial Partners:  Saint-Gobain Vetrotex America (John Wells) 
 CertainTeed Corporation (Terry Berg) 
 
Contact: Bassam (Sam) Jody 
 Tel: 630-252-4206 
 E-mail: bjody@anl.gov 
 
Project Team:  DOE-HQ Contact: Mike Soboroff 

Forrestal Building, EE-23   
   1000 Independence Ave SW 
   Washington, DC 20585 
   Tel: 202-586-4936 
   E-mail: mike.soboroff@hq.doe.gov 

 
Industry Contacts: (1) John Wells  

       Saint-Gobain Vetrotex America 
       4515 Allendale Road 

      Wichita Falls, TX 76310-2199 
      Tel: 940-689-3356 

         E-mail: john.wells@saint-gobain.com 
 
               (2)   Terry Berg 
         CertainTeed Corporation 
         1400 Union Meeting Road 
         Blue Bell, PA 19422 
         Tel: 610-341-6302 
         E-mail: Terrl.L.Berg@saint-gobain.com 
 
Project Objective: Develop a technology that will enable the Glass Industry to recycle its glass-forming and 
manufacturing wastes into new glass or into new glass products without either adversely impacting its operations 
due to increasing the glass filament breakage rate, or the quality of its products.   
 
Background: The Glass Industry produces three solid-waste streams: glass-forming waste, product-
manufacturing waste, and product end-of-life waste.  The glass-forming waste is “spaghetti-like” with varying 
diameters and varying in lengths from a few feet to several yards.  It has a wide range of chemical coatings or 
binders on the surface that are not compatible with the glass-remelting process.  These binders must be removed 
before the waste can be recycled.  Recycling this waste without removing the coating (or binder) has resulted in 
an increase in the number of filament breaks in the glass-manufacturing process.  This increased break rate 
subsequently increases the amount of waste generated, and has made recycling of the waste without binder 
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removal uneconomical.  Therefore, more than 60,000 tons of this non-biodegradable waste continues to be 
landfilled.  The product-manufacturing waste is generated when making final products such as fiberglass 
insulation.  This waste stream is also contaminated with polymeric binders that are used to make “composites” 
with the glass.  It is estimated that the size of this waste stream is over 200,000 tons a year.  The products 
reaching the end of their useful life constitute over 13,000,000 tons a year.  The cleaning and purification of the 
glass fibers in these waste streams, so they can be recycled, will save the glass industry substantial amounts of 
energy, raw materials and money.  According to the document Glass: A Clear Vision for a Bright Future “… use 
of recycled glass actually lowers energy costs alone, by an average of $3 to $8 per ton compared to solely using 
virgin raw materials.”  
 
The glass-waste recycling project started in July of 2001.  The thrust of the work conducted to date has been on 
developing a method to effectively and economically remove the polymeric binders to free the glass fibers of 
“incompatible contaminants”.  We have conducted analyses on many waste-glass samples, before and after 
processing, and on virgin-glass samples, to identify “foreign species” in the glass waste.  At present, analysis 
have not shown the presence of any impurities, other than the increased carbon content due to the chemical 
binders used to coat the glass fibers.  We have also conducted experiments on two methods for removing the 
glass binders: thermal treatment and chemical degradation.  The results we have obtained so far indicate that 
both of these methods can produce cleaned samples with total carbon levels reduced from several thousand ppm 
to less than 100 ppm, which is the level observed in the virgin “uncoated” glass samples.  We also developed 
conceptual designs for integrating the thermal method with the glass-manufacturing process and have developed 
an economic analysis of the process.  We have also conducted experiments on fiberglass waste using these two 
treatment methods.  The thermal method was capable of removing over 99.5% of the binder material on the glass 
fibers. 
 
Status:  During this reporting period we produced a sample of recovered glass fibers from glass manufacturing 
waste and sent it to our industrial partner, Vetrotx America, for evaluation.  Vetrotex evaluated the sample and is 
searching for potential applications for the recovered material.  It was also decided to treat another sample for 
evaluation for specific applications.  We also attended the 2003 TMS-Light Metals Conference in San Diego, 
California, March 2-6, 2003 and presented a paper entitled “A Process to recycle Glass Fibers From Glass 
Manufacturing Waste.”  The details are given below. 
 

Glass-Manufacturing Waste 
 

 
During this reporting period we processed the rest of the glass manufacturing waste that we received from 
Vetrotex and we shipped the recovered glass fibers to Vetrotex for evaluation.  Vetrotex evaluated the glass 
processed samples. It was determined that the material has to be ground  because in their present state they 
resemble a puff or cotton ball.  Vetrotex is sending one lot of the samples to a vendor to ground the samples in a 
ball mill to see what the product would look like.  After grinding Vetrotex will consider possible further uses of 
the processed glass.  If the vendor can grind the glass, Vetrotex plans to send samples to their insulation furnace 
group and to other groups for further evaluation.  Vetrotex is also sending another lot to a potential customer that 
grinds their glass to see if they can use it.   If the customer can use the recovered glass that will be one possible 
application.  However, Vetrotex believes this will be a market for only 1 to 2 million pounds per year. Vetrotex 
also identified a tile maker who may also be interested in the samples.  Another possible application is that the 
recovered glass can be used as a filler.  It was also agreed to produce more recovered glass for further evaluation 
and testing. 
 
During this reporting period we attended the 2003 TMS-Light Metals Conference in San Diego, California, 
March 2-6, 2003 and presented a paper entitled “A Process to recycle Glass Fibers From Glass Manufacturing 
Waste 
 

Product-Manufacturing Waste 
 

Thermal-Treatment Method:  No work was conducted on this task during this reporting period. 
 
Plans for Next Quarter: The plan for the next reporting period (4/1/3-6/30/03), is to: 
 

(1) Produce more recovered glass fibers for evaluation by our industrial partners 
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Patents: None 
 
Publications/Presentations:  During this reporting period we attended the 2003 TMS-Light Metals 
Conference in San Diego, California, March 2-6, 2003 and presented a paper entitled “A Process to recycle 
Glass Fibers From Glass Manufacturing Waste. 



 4

 
Milestone Status Table 
 
# Milestone Planned 

Completion 
Actual 

Completion 
Comments 

1 Identify reason for glass-filament 
breakage points when recycled glass 
material is used 

7/01 7/01  

2 Complete thermal-treatment set-up and 
start experiments 

7/01 7/01  

3 Send thermally-treated samples to the 
industrial partners for characterization 
and analysis 

8/01 10/01  

4 Complete set-up for chemical treatment 
and start experiments 

9/01 9/01  

5 Send chemically-treated samples to the 
industrial partners for characterization 
and analysis 

10/01 10/01  

6 Complete technical & economic 
evaluation of the thermal-treatment 
method 

03/02 4/02  

7 Complete technical & economic 
evaluation of the chemical-treatment 
method 

05/02 6/02  

8 Produce treated glass for testing by 
industrial partners 

8/02 In progress In progress  

9 Complete evaluation and 
characterization of recycled products 

10/02  In progress 

10 Develop implementation/ 
commercialization plan & submit final 
report 

02/03   

 
Budget Data 
 
   Approved Spending Plan Actual Spent to Date 
 Phase/Budget Period  DOE 

Amount 
Cost 
Share 

 
Total 

DOE 
Amount 

Cost 
Share 

 
Total 

 From To       
Year 1 7/01 9/01 200 200 400 58,966 4,374 63,340 
Year 2 10/01 9/02 200 200 400 324,900 38,097 362,997 
Year 3 10/02 2/03 100 100 200 61,397 1,290 62,687 
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Quarterly Progress Report 
 
Project Title: Monitoring and Control of Alkali Volatilization and Batch Carryover for 
 Minimization of Particulate Emissions and Crown Refractory Corrosion in Glass 
 Melting Furnaces 
 
Covering Period:  January 1, 2003 to March 31, 2003 
 
Date of Report:  April 30, 2003 
 
Laboratory: Sandia National Laboratories 
  7011 East Avenue 
  Livermore, CA  94550 
 
FWP/OTIS Number:  M1ID156-HA, EEW34126, ED1805000 
 
Subcontractors: none 
 
Other Partners: Gallo Glass Company, 605 South Santa Cruz Avenue, Modesto, CA  95354 
 
Contacts: Linda G. Blevins 
 Phone:  925-294-4811 
 E-mail:  lgblevi@sandia.gov 
 
Project Team: DOE-HQ Contacts: Elliott Levine 
 
     Industry Contact: John Neufeld 
  Gallo Glass Company, Modesto, CA  95354 
 
Project Objectives:  The objectives of the project are:  (1) reduction of particulate matter 
emissions, (2) increase in length of furnace campaigns, and (3) improvement of melting 
efficiency, through simultaneous minimization of batch dust carryover, minimization of alkali 
volatilization, and optimization of oxygen-to-fuel ratio during glass melting and fining using wide 
flame oxy-fuel burners.  The anticipated improvements in performance are to be achieved by 
reduction of alkali and particulate at its sources, reduction of unburned combustibles and waste 
heat losses, maximization of flame radiation through intelligent control of melting furnace 
conditions, and optimization of batch composition. 
 
Background:  Entrainment of batch particles in flue gas and vaporization of the alkali metals, 
sodium and potassium, from melting batch and molten glass are associated with a number of 
negative impacts on the glass melting process and melting tank performance.  Among the 
negative effects are:  (1) corrosion of superstructure and crown refractories, (2) plugging of 
regenerator checkers, (3) fouling and corrosion of flue ducts, (4) particulate matter emissions, 
and (5) loss of raw materials.  The relative importance of these effects depends upon the type of 
glass being melted, the design and materials of construction of the furnace, and local emissions 
regulations.  The causes of batch particle entrainment and alkali volatilization are, for the most 
part, well understood.  However, alteration of batch composition and furnace conditions to 
minimize entrainment and volatilization may have negative impact on other aspects of furnace 
operation and glass quality.  For example, volatilization could be reduced by distributing heat 
input so as to make the peak glass surface temperature lower and the distribution of surface 
temperatures more uniform, but this would suppress glass circulation in the melt and result in 



poorer glass quality at a given pull rate.  As another example, batch dusting could be reduced 
by minimizing heat input and gas velocity over the batch blanket, but the shift of fuel heat input 
away from the batch blanket toward the fining zone might increase batch coverage, result in 
poorer overall transfer of heat to the load, and would likely increase the glass surface 
temperature in the fining zone, leading to increased alkali volatilization and seeds in the product.  
Intelligent optimization of these conflicting requirements is the subject of the project.  The great 
variability of the rates of refractory corrosion, particulate emissions, and heat requirements from 
furnace to furnace and the excellent performance of some furnaces suggest that an optimum 
set of furnace conditions exists and that significant reductions in emission and corrosion rates 
and improvements in the efficiencies of poorly performing furnaces are possible.   
 
The method being used to measure carryover and volatilization is laser-induced breakdown 
spectroscopy (LIBS), a continuous monitoring technique for metals demonstrated in previous 
trials at Gallo Glass.  By observing the correlation of metals concentrations with operating 
conditions over long periods, the batch properties and furnace conditions associated with batch 
carryover and alkali volatilization will be identified.  Because the oxygen-to-fuel ratio is expected 
to be among the critical process variables, the work also includes simultaneous measurements 
of furnace efficiency, so that this measure of performance can be incorporated in the furnace 
optimization scheme.   
 
The work has been greatly facilitated by the sooner-than-expected arrival on the market of 
echelle grating spectrometers, capable of recording signals from all of the elements in the LIBS 
spark simultaneously, permitting the identification of individual particle types and their sources 
or mechanisms of formation.  The echelle grating instrument, originally planned for application 
to the problem in March 2003, was incorporated in the LIBS system during the first 5 months of 
the project and has been used in two sets of field trials at Gallo Glass.  Though the echelle 
spectrometer has provided very useful data, it has not performed as well as expected.  In the 
first round of measurements, in December 2001, the spectrometer was found not to have 
sufficient sensitivity for determination of element concentrations in individual laser sparks.  This 
would preclude the determination of joint particle size-composition distributions.  However, the 
apparent size distributions of individual elements can still be determined using the original linear 
spectrometer, so relatively infrequent large particles carried over from batch can be 
distinguished from the more uniform concentration of submicrometer particles formed from 
volatile species.  During the most recent field test, in June 2002, both the echelle and 
conventional grating spectrometers were run side-by-side, for direct comparison of their 
performance.   
 
Status:  Linda G. Blevins of Sandia is leading the project.  Peter Walsh of the University of 
Alabama Birmingham is a consultant.  Shane Sickafoose, Doug Scott, and Alejandro Molina of 
Sandia are the current project participants.  Gary Hubbard is a programming consultant.  Molina 
is a new postdoctoral associate who joined Sandia in January 2003 from the University of Utah. 
 
Extended measurement campaigns were conducted in December 2001 and June 2002.  
Analysis of the data from the first and second campaigns is complete.  A third measurement 
campaign is scheduled for May 14-28, 2003.  Preparations are underway for the third campaign.  
Gallo Glass plans to systematically vary oxygen-to-gas ratio while tests are being performed. 
 
In December 2001, LIBS measurements of sodium, potassium, calcium, magnesium, aluminum, 
boron, and silicon were performed using the echelle spectrometer in the furnace exhaust duct 
upstream of the electrostatic precipitator.  At this location, the exhaust is diluted by a factor of 
about 3.5:1.  Simultaneously, O2, CO, NO, and SO2 concentrations were recorded.  Natural gas 



rate of flow, oxygen rate of flow, furnace pressure, glass level, electric boost amount, and 
radiometric process temperatures were captured in strip charts from Gallo Glass.  The pull rate 
was about 430 tons/day, and the oxygen to gas ratio was about 2.16. 
 
The potassium and sodium concentrations correlated with each other.  Additionally, the calcium, 
magnesium, and aluminum concentrations correlated with each other.  However, the potassium 
and sodium concentrations did not correlate with the calcium, magnesium, or aluminum 
concentrations.  This suggests two different release processes.  One is related to the alkali 
metals and the other is related to the more refractory calcium, magnesium, and aluminum.  The 
alkali metal concentrations showed a mild correlations with furnace breast wall temperatures. 
 
In the December 2001 measurements, flue gas composition showed cyclic variations on two 
time scales, one of about 12 minutes, and the other of about 1½ hours.  The longer scale 
corresponds to the control room record of gas and oxygen flow rates; the 12-minute cycle is 
correlated with furnace pressure.  The cycles in the sodium and potassium concentrations 
correspond very roughly to the cycles in gas and oxygen flows (high heat input corresponds to 
high sodium and potassium), but the correspondence is by no means perfect.  During ceramic 
welding in December 2001, the aluminum concentration in the flue increased and silicon was 
also observed. 
 
In June 2002, flue gas temperature and concentrations of O2, CO, NO, and SO2 were recorded 
synchronously with sodium, potassium, calcium, and aluminum LIBS signals.  Measurements 
were performed in the vertical flue just downstream from furnace exit.  Both linear and echelle 
spectrometers were used with the LIBS system.  Natural gas and oxygen input flows for the 
furnace were captured in strip charts from Gallo Glass.  Other operating data such as furnace 
pressure, glass level, electric boost amount, and radiometric wall temperatures were also 
obtained from Gallo Glass.  Plots of these variables as a function of time were digitized from the 
Gallo strip charts.  Their values were interpolated so that the data points corresponded to the 
times associated with the LIBS measurements.  Mathematical cross-correlations were 
performed. 
 
For the June 2002 data, sodium and potassium concentrations in the flue were found to 
mathematically correlate with the north and south breast wall temperatures.  Additionally, there 
were correlations of alkali concentrations with exhaust oxygen concentration and with exhaust 
sulfur dioxide concentration for some days but not for all days.  Two different glass pull rates 
were examined (336 and 435 tons/day), so trends were established for different furnace loads.  
The oxygen to gas ratio was consistently 2.12.  Alkali concentrations showed a stronger 
dependence on temperature than on stoichiometry. There is some evidence that the relationship 
between alkali release and furnace stoichiometry is temperature dependent. 
 
A significant level of potassium was observed in the flue gas in June 2002.  The combination of 
potassium with sodium is expected to be a more aggressive agent for corrosion of silica 
refractory than sodium alone.  The high measured amount of potassium is inconsistent with the 
chemical analysis of dust collected at the exit of the electrostatic precipitator (ESP) and with the 
parent glass chemistry.  Since the ESP processes the exhaust of four separate furnaces, the 
dust chemistry may not be consistent with that of any individual furnace.  Enrichment of 
potassium relative to sodium in the exhaust of glass furnaces and other combustion devices 
such as biomass boilers has been observed previously.  To examine this trend further, we plan 
to collect alkali particles near the LIBS sampling point using an extractive probe and aqueous 
bath during May 2003 testing.   
 



The June 2002 data hint that an optimum furnace stoichiometry will minimize alkali 
concentration and avoid carbon monoxide emission.  Sulfur dioxide and nitric oxide emissions 
are relatively insensitive to stoichiometry except under reducing conditions.  Calcium and 
aluminum were also observed in the flue, but at much lower concentrations than sodium and 
potassium.   
 
The apparent particle size distribution for sodium determined from the June 2002 LIBS data is 
narrow and centered about a large particle size (several microns).  This suggests a high number 
density of fine particles or a fume and a few large particles originating from volatilization rather 
than carryover. 
 
The indicated sodium concentration in the flue was higher during December 2001 than during 
the 1998 tests conducted in collaboration with Corning, Gallo Glass, OIT, and Visteon.  The 
linear spectrometer used in 1998 was brought back for comparison with the new echelle 
spectrometer during the June 2002 tests.  The sodium concentration was lower during June 
2002 than during December 2001.  The reasons for the discrepancy in alkali concentrations are 
being examined.   
 
A model for crown corrosion by sodium was developed and the values of its parameters 
determined from measurements during the first oxygen/gas furnace campaign on Tank No. 1 at 
Gallo Glass.  The model provides a rational basis for assessment of the costs and benefits, with 
respect to refractory corrosion, from changes in operating conditions that influence sodium 
volatilization.  An interesting prediction of the model is that when sodium reaches two or three 
hundred parts-per-million in the combustion space, increasing the crown temperature increases, 
rather than decreases, the silica corrosion rate.   
 
Changes that will improve signal-to-noise ratio have been made to the LIBS instrument and will 
be deployed in the next test.  These improvements will hopefully allow us to measure the 
concentration of a larger number of elements simultaneously.  Additionally, we should be able to 
measure the important elements more accurately.  An optimum set of LIBS instrument settings 
has been systematically found for the next test.  Some of the parameters examined were 
saturation behavior, on-camera and off-camera averaging, binning selections, calibration curve 
linearity, time constant determination, purge flow settings, optimum delay and gate times, laser 
power consistency, and differences between the linear and echelle spectrometers.  
Computational fluid dynamic modeling of the interaction of the LIBS purge flow with the furnace 
cross flow has been undertaken. 
 
Plans for Next Quarter:  Our next field test is planned for May 14-28.  We will plan the 
experiments, collect data, and begin to analyze our findings during the next quarter. 
 
Patents:  none 
 
Publications/Presentations:   
 
Blevins, L.G., Shaddix, C.R., Sickafoose, S.M., and Walsh, P.M., “Laser-Induced Breakdown 
Spectroscopy in High-Temperature Industrial Boilers and Furnaces,” Submitted to Applied 
Optics, February 2003. 



Walsh, P.M., Blevins, L.G., Sickafoose, S.M., Johnsen, H.A., Molina, A., Ottesen, D.K., Scott, 
D.D., Steinhaus, R.J., Christy, R.H., and Neufeld, J.W., “Laser-Induced Breakdown 
Spectrometry:  Application to Measurement of Inorganic Particulate Emissions from Combustion 
in Engines and Furnaces,” submitted to the Third Mediterranean Combustion Symposium, 
Marrakech, Morocco, June 8-13, 2003. 

Walsh, P., Allendorf, M. Nilson, R., Griffiths, S., Blevins, L., Sickafoose, S., Johnsen, H., Molina, 
A., Scott, D., Moore, D., Neufeld, J., Lemings, L., Brown, J., Wu, K.T., “Sodium Volatilization 
and Silica Refractory Corrosion in an Oxygen/Natural-Gas-Fired Container Glass Furnace,” 
Hotbels Seminar, Lexington, KY, April 2003. 

Blevins, L.G., Molina, A., Sickafoose, S.M., Walsh, P.M., and Neufeld, J.W., “Alkali Metal 
Concentrations in an Oxy-Fuel Glass Furnace Exhaust,” presented at the 3rd Joint US Meeting 
of the Combustion Institute, Chicago, Illinois, March 2003. 
 
Walsh, P.M., Sickafoose, S.M., Scott, D.D., Steinhaus, R., Johnsen, H.A., and Neufeld, J., 
“Monitoring and Control of Alkali Volatilization and Batch Carryover for Minimization of 
Particulate Emissions and Crown Refractory Corrosion in Glass Melting Furnaces” DOE Glass 
Industry Project Review, Livermore, CA, September 10, 2002. 
 
Milestone Status Table:   
 
ID 
Number 

Task / Milestone Description Planned 
Completion 

Actual 
Completion 

Comments 

     
1 Data acquisition system 7/31/01 6/20/02 * 
2 CO and O2 monitors 9/30/01 12/14/01  
3 Furnace exit gas temperature 10/31/01 6/20/02  
4 Flame and refractory radiation 11/30/01 6/20/02  
5 Synchronized records 12/31/01 6/20/02 * 
6 Measurements of sodium 2/28/02 12/14/01  
7 Sources of sodium 3/31/02 9/30/02  
8 Conditions influencing sodium 4/30/02 9/30/02  
9 Maximum furnace efficiency 5/31/02   
10 Measurements of silicon 7/31/02 12/14/01  
11 Measurements of calcium 9/30/02 12/14/01  
12 Correlations for metals 11/30/02 01/15/03  
13 Broad-band LIBS instrument 3/31/03 10/31/01  
14 Software for LIBS instrument 5/31/03 10/31/01  
15 Simultaneous measurements of 

Na, K, Ca, and Si 
7/31/03 12/14/01  

16 Relationship between Na and K 8/31/03 02/01/03  
17 Optimum stoichiometry 9/30/03   
18 Sodium and calcium monitor 1/31/04   
19 Control strategy 3/31/04   
20 Demo in melting research facility 4/30/04   



ID 
Number 

Task / Milestone Description Planned 
Completion 

Actual 
Completion 

Comments 

21 Method for monitoring and control 
of volatilization and carryover 

5/31/04   

     
*It has not been possible to collect data from the control room in real time; printouts of the data 
acquisition system records of furnace conditions are used instead.  The furnace radiation, exit 
gas temperature, and flue gas composition data are, however, synchronized with LIBS.   
 
Budget Data (as of March 31, 2003):   
 

 Approved Spending Plan  
($000) 

Actual Spent to Date  
($000) 

Phase / Budget Period DOE 
Amount

Cost 
Share 

Total DOE 
Amount 

Cost 
Share 

Total 

 From To       
Year 1 6/01 5/02    350    350    700    350    350*    700 
Year 2 6/02 5/03    350    350    700    300    300*    600 
Year 3 6/03 5/04    350    350    700        0        0        0 
         
Totals 1,050 1,050 2,100    650    650*    1300 

 *Sandia National Laboratories' estimate.   



 
 
 
 
 

Innovative Uses 
 





 
 
 
 

Alfred University:  Integrated Ion Exchange for 
High Strength Glass Products 
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Integrated Ion Exchange for High Strength Glass Products 
 
Alfred University 
William C. LaCourse 
Lacourse@Alfred.edu 
 
Stauts: 
The quarterly report for this project was not received by the reporting cut-off date of May 
23, 2003. 
 



 



 
 
 
 

SNL: Development of Process Optimization 
Strategies, Models, and Chemical Databases for 

On-Line Coating of Flat Glass 
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Quarterly Report 
 

 
Title: Development of Process Optimization Strategies, Models, and 

Chemical Databases for On-Line Coating of Float Glass 
 
 
Covering Period: January 1, 2003 – March 31, 2003 
 
Date: January 22, 2003 
 
Laboratory: Sandia National Laboratories 
 7011 East Avenue 

Livermore, CA 94551-0969 
 

B&R No. 820101000 
FWP/OTIS:  
 
Subcontractors: None 
 
Industrial partner: PPG Industries 
 
 
Contact: Mark D. Allendorf 
 (925)294-2895 
 mdallen@sandia.gov 
 
 
Project Team: Jill Troup 
 Glass Technology Research Center 
 P.O. Box 11472 
 Pittsburgh, PA 15238-0472 
 
 
Project Objectives 
 
This project addresses the need to improve the efficiency of on-line atmospheric pressure 
chemical vapor deposition (APCVD) processes used primarily to deposit coatings on float glass, 
but also on glass containers. APCVD processes in the flat-glass industry at present can be as 
little as 10% efficient (i.e., only 10% of the incoming precursor chemicals are converted to 
coating), resulting in annual production and waste-treatment disposal costs to the industry of 
nearly $23 million. In addition, remelting of glass due to defects in the coatings results in over 
1.1 x 1011 Btu/year of unproductive energy usage.  
The objectives of this proposal are as follows:  
1. Identify modifications to existing APCVD coater designs and/or new coater designs that will 

double the efficiency of reactant utilization, thereby substantially reducing waste emissions 
and purchases of raw materials. 

2. Develop validated computational models to predict defects due to thickness nonuniformity 
and haze; use these to reduce defect frequency and improve the overall energy efficiency 
of the process by reducing the amount of rejected glass that must be remelted. 

3. Generate a database of fundamental thermodynamic and kinetic information for APCVD. 



4. Provide enhanced understanding of the underlying chemical reactions that control APCVD, 
which will enable the development of improved process models and control strategies for 
float-glass coating and other types of glass, such as containers, that use APCVD coatings. 

 
 
Background: 
 
The use of on-line atmospheric pressure chemical vapor deposition (APCVD) techniques to 
manufacture coatings on glass is a critical technology in the flat-glass industry, responsible for 
the production of approximately 110 million ft2/year of highly value-added products. These 
consist primarily of low-emissivity (“low-E”) and solar-control glasses for architectural 
applications, but also include coatings for solar cells, computer screens, automotive 
applications, and xerography. The markets for these products are strong and growing. Coated 
glass for energy-conserving windows constitutes a roughly $600 million market for the raw glass 
alone; the total value of the final manufactured product (primarily dual-pane glass units) is in the 
billions of dollars. APCVD is a virtual necessity for maximizing coating production rates, since it 
can be performed at atmospheric pressure and can deposit material at rates fast enough to be 
compatible with glass ribbons speeds on typical float lines (about 1 ft/s). APCVD is thus an 
economically attractive, but technologically very challenging, manufacturing process. 
 
 
Status: 
 
 Project management activities 
 
 • A project meeting in Pittsburgh was held March 18-19, 2003 in Pittsburgh at PPG's 

Glass Technology Center. Principal Investigator Mark Allendorf presented the most 
recent results to the PPG coating groups and discussed process optimization 
strategies (Task 6) with the PPG research staff. Plans were laid for activities during the 
next three months during a subsequent conference call. 

 
 Task 1 Deposition mechanisms 
 
 • A gas-phase mechanism describing MBTC oxidation and hydrolysis was assembled 

and rate constants were assigned. The resulting model was used to predict gas-phase 
reaction in stagnation-flow (SFR) experiments performed at SNL (see task 5 below). 
The results suggest that the extent of gas-phase reaction in this reactor is minimal, 
even at temperatures as high as 600 C, suggesting that the measured deposition 
kinetics are dominated by surface reactions.  

 
 • A reduced MBTC oxidation/hydrolysis mechanism was developed for use in CFD 

modeling of the PPG pilot-scale coater (task 4). 
 
 • The effects of gas-phase additives such as Cl2 and N2O on MBTC decomposition were 

evaluated using the gas-phase model. The results are encouraging and suggest that 
an additive could be used to increase MBTC conversions, a major objective of the 
project. 

 
 • We note that the modeling efforts in this task and experiments conducted in tasks 2 

and 5 below indicate that the deposition kinetics are complex in this system and that at 
least two mechanisms may be active. Which mechanism dominates depends on the 



specific reactor conditions, in particular, the time-temperature profile of the gases. 
Thus, we are extending our modeling and experimental efforts beyond the time initially 
slated for their conclusion (see Table 1 below) to ensure that our understanding of the 
underlying mechanisms is accurate, resulting process models are robust and both 
qualitatively and quantitatively useful. 

 
 Task 2 Gas-phase and surface chemistry measurements 
 
 • FTIR measurements of C2H4, HCl, CO2, CO, C4H8, and MBTC were conducted in the 

SFR; all except C4H8 were detected. However, measurements of temperature in 
downstream zones and comparison with gas-phase model predictions suggests that 
substantial chemistry is occurring in hot regions other than the deposition surface. 
Modifications to the SFR are being considered to eliminate these sources of reaction. 

 
 Task 3 On-line monitoring 
 
 • A new flame ionization detector was purchased and installed on the Sandia gas 

chromatograph to be used in developing an analysis method for on-line detection of tin 
precursor and its reaction products. Though less sophisticated than the mass 
spectrometer on the system, this device is far less costly and much easier to use, 
making it a more appropriate system for on-line plant use. 

 
 • A gas chromatograph with a flame ionization detector is available for use at PPG.  On-

line monitoring will begin next quarter after analysis method developed at Sandia is 
transferred to PPG. 

 
 Task 4 CFD modeling 

 
 • Extensive computational fluid dynamic (CFD) calculations were run to evaluate potential 

strategies for reactor modifications that will improve MBTC conversion rates. The 
following variables were examined: total gas flow rate, inlet gas temperature, coater 
underside temperature, and inlet-outlet spacing. The results are very encouraging; they 
are consistent with preliminary experiments conducted at PPG and present options for 
improving the process in a meaningful way. The objective of doubling MBTC 
consumption rates appears to be achievable based on these results. 

 
 • Evaluated several effects that might be the source of defects due to variations in 

coating thickness. The results suggest that modest changes in either inlet temperature 
or flow rate are not sufficient to generate observable thickness variations. 

 
 • A new CFD code, STAR-CD, was brought on line and used to model the PPG pilot-

scale coater. This new code allows detailed reaction chemistry to be used (our older 
CFD code is not computationally efficient when more than a small number of gas-phase 
species are involved). We also evaluated the potential for using a two-dimensional 
boundary layer code to model the coater. The results suggest that much of the 
chemistry and fluid dynamics can be captured by this less sophisticated model, which 
runs in a fraction of the time required for the full-scale two-dimensional CFD 
calculations. 

 



 Task 5 Deposition experiments 
 
 • An extensive set of tin oxide deposition rates is now complete, following two quarters 

of experimentation. We now have deposition rates in both the MBTC/oxygen and 
MBTC/oxygen/water vapor systems as a function of pressure, MBTC concentration, 
temperature, and water-vapor concentration. This data set is the most extensive and 
best controlled available and provides the basis for establishing tin oxide deposition 
kinetics with confidence. The results of gas-phase modeling (task 1 above) also 
suggest that much of the deposition chemistry occurring in this reactor is due to 
surface processes, allowing these difficult-to-characterize reactions to be separated 
from gas-phase reactions. This is a very important simplification that we hope will 
quickly lead us to an effective overall model of tin oxide deposition from MBTC. 

 
 Task 6 Process optimization 

 
 • Program modifications to the PPG pilot scale coater system for the stationary 

substrate experiments are complete.  The flow and exhaust system of the pilot scale 
coater cause a large temperature gradient across the surface of a stationary substrate.  
Achieving a flat temperature profile is not feasible.  Quartz will be used as the 
substrate in the stationary experiments because the large temperature gradient 
adversely affects the glass.  Temperature profile experiments will be completed with 
the quartz substrate, then the stationary substrate experiments will begin. 

 
 • Deposition chemistry modeling (task 1) and CFD calculations (task 4) suggested 

several strategies for process optimization, which were presented at the March 
program review meeting. The results suggest that flexibility exists within the existing 
coater design to achieve meaningful improvements in MBTC conversion rates.  

 
Plans for Next Quarter: 
 
The following activities are planned for next quarter: 
 
 • Complete evaluation of gas-phase contributions to deposition. 
 • Evaluate effects of fluorine dopant on MBTC gas-phase chemistry. 
 • Complete modifications to SFR to allow for accurate gas-phase species detection. 
 • Complete method development for MBTC detection via GC. 
 • Complete draft of publication on tin oxide deposition kinetics in the SFR. 
 • Conduct pilot-scale coating experiments using the stationary reactor geometry to 

evaluate 1) deposition mechanism 2) potential optimization strategies. This work will 
likely require two quarters of effort. 

 • Conduct additional CFD calculations to evaluate effects of : 1) coater-glass spacing; 2) 
non-constant glass temperature; 3) large flow-rate excursions; 4) gas-phase additives. 

 
 
Patents: None this quarter. 
 
Publications/Presentations: 
 
1. A. M. B. Van Mol, M. D. Allendorf "Decomposition, oxidation, and hydrolysis kinetics of 

monobutyltintrichloride," accepted for publication, Proc. 16th Int. Symp. Chem. Vapor Dep. 
 



2. Mark D. Allendorf, Ida M. B. Nielsen, Carl F. Melius, A. M. B. Van Mol "Thermodynamics 
and Reaction Pathways in the Decomposition, Oxidation, and Hydrolysis of 
Monobutyltintrichloride," accepted for publication, Proc. 16th Int. Symp. Chem. Vapor Dep. 

 
Milestone Status Table (dates in project months): 
 

Task Task/Milestone Description Completion Date Comments 

  Planned Actual  
1.1 Develop thermodynamic data base 9 12  
1.2 Gas-phase model development 24  Anticipated completion 

month 30 (see Note 3) 
1.3 Surface model development 24  Anticipated completion 

month 33  
1.4 Mechanism testing/validation 24  Anticipated completion 

month 35  
1.5 Chlorine defect model 24   
2.1 Gas-phase rates 18  Preliminary analysis 

complete 
2.2 Gas-phase intermediates 24  See note 2 below 
3.1 Equipment modification/calibration 18 18  
3.2 On-line monitoring in PPG facility 36   
4.1 Non-reacting model: pilot-scale 6 6  
4.2 Reacting model: pilot scale 18 24  
4.3 Non-reacting model: full-scale 24  See note 1 below 
4.4 Reacting model: full-scale 36  See note 1 below 
5.1 Pilot-scale deposition experiments: 

Phase 1 
9 15  

5.2 Pilot-scale deposition experiments: 
Phase 2 

21 24 Anticipated completion 
month 27 

5.4 SFR MBTC/O2/H2O deposition 
rates 

18 24  

6.1 SFR tests 24  in progress 
6.2 Pilot-scale tests 27   
6.3 Full-scale tests 35   

 Final report 37   
 
Notes: 
 

1. Computational fluid dynamic simulations of the full-scale coater could be more 
effectively done by a subcontractor to PPG, such as Fluent. SNL would provide a 
validated deposition model and associated gas-phase chemistry for use in such an 
effort. 

2. Laser-induced fluorescence measurements initially planned may not be necessary if 
data on MBTC product formation prove adequate for model validation. 

3. Experiments to provide model validation will continue to near the end of the project. 
We expect to make use of the data to refine our models as much as possible, although 
the gas-phase model is now essentially complete. 

 



Budget Data (in thousands of $)** 
 
 Approved Spending Plan Actual Spent to Date* 

Phase/Budget Period DOE 
Amount 

Cost 
Share Total DOE 

Amount 
Cost 

Share Total 

 From To       
PY 1* 3/01 2/02 500 500 1,000 538 408 932 
PY 2 3/02 2/03 500 500 1,000 635 436 1071 
PY 3 3/03 2/04 500 500 1,000 53 33 86 
         

Totals 1,000 1,000 2,000 1,226 877 2089 
 
*Note: PY = project year (March – Feb), which does not coincide with the DOE fiscal year (Oct – 
Sept). 
 
**Note: Budget numbers in the FY03 first-quarter report were incorrect. The numbers in 
this table accurately reflect spending for PY2 (3/2002 – 2/2003) and the first month of 
PY3. 
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