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RESEARCH SUMMARY 

Title: Demonstration of Oxygen-Enriched Air Staging At Owens- 
Brocktvay Glass Containers 

Contractor: Institute of Gas Technology (contract no. 5095-230-3364 
Combustion Tec, Inc. - subcontractor 
Air Products and Chemicals, Inc. - subcontractor 

Principal H.A. Abbasi, D.M. Rue 
Investigators : 

Report Period: Apd 1, 1995 to February 28, 1997 

0 bj ective: The overalI objective of this pro_- was to demonstrate the use of a 
previously developed combustion modification technology to reduce 
NO, emissions from sideport regenerative container glass melters. 

A 19-month development program was established with specific 
objectives to: 1)acquire baseline operating data on the host sideport 
furnace in Vernon, California, 2) evaluate secondary oxidant ’ 

injection strategies based on earlier endport h a c e  results and 
through modeiing of a single port pair, 3) retrofit and test one port 
pair (the test furnace has six port pairs) with a flexible OEAS 
system, and select the optimal system codiguration, 4) use the 
results fkom tests with one port pair to design, retrofit, and test 
OEAS on the entire h a c e  (six port pairs), and 5 )  analyze test 
results, prepare report, and finalize the business plan to 
commercialize OEAS for sideport furnaces. The host furnace for 
testing was an Owens-Brockway 6-port pair sideport furnace in 
Vernon, California producing 300-todd of amber container glass. 

Technical 
Perspective: 

The U.S. glass industry is reportedly the fourth largest industrial 
energy consumer. The majority of glass. representing container. flat. 
pressed. and blown, is produced in large (1 00 to 1000 todday) 
regenerative glass tanks. which operate conrinuousiy for up to 10 
years. The glass container segment. representing flint. soda lime. 
amber. and green glass, accounts for about two-thirds of the total 
glass produced. and utilizes over 63 billion cubic feet of natural gas 
per year. Newly all container and ilat glass is produced in two types 
of regenerative furnaces - endpon and sideport. Endport furnaces 
are smaIIer ( I  00-400 tonfday) with two ports located on one end of 
the glass tank. Sideport &maces are larger (up to 1000 todday) 
with three to seven ports located on either side of the &mace. 
Container glass production is roughly spIit between the two furnace 
types, while nearly all ff at glass is produced in sideport furnaces. 
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Regenerative gIass melters utilize extremely high cornbustion air 
preheat temperatures (I  800" to 2500°F) to improve production rate, 
product quality, and k a c e  thermal efficiency. Furnace and flame 
temperatures and consequently, NO, generation, are quite high. NO, 
emissions of over 3000 vppm are not uncommon from natural gas- 
fired giass meiters. Although there are no current US. national 
regulations on NO, emissions, this could change in fight ofthe I990 
Clean Air Act. NO, emissions are restricted in certain regions ofrhe 
country, the most stringent restrictions being in Southern Caiifornia. 
The South Coast Air Quality Management District currentIy restricts 
NO, emissions fiom glass melters to 3.3 Wton of glass produced. 
Even stricter regulations are being considered. The glass industry. 
in some cases, has met regulations through relatively simpIe 
combustion modification techniques, developed by IGT and 
Combustion Tec, Inc. (CTI) with fimdigg support from GRI and 
SoCdGas, and by increasing the electric boost as well as the percent 
of cullet in the feed. Some melters have been switched to fuel oil to 
control NO,. FueI oil offers somewhat lower NO, emissions, but at 
the expense of additional SO, and particulate emissions, higher fuel 
system operating costs, and other operating problems. Further. the 
presence of vanadium and sulfur, and higher crown temperatures 
from oil firing reduce h a c e  service life. The high levels of 
electric boost cunentIy utilized are not desirable because of 
increased energy costs and reduced furnace sewice life. 

OEAS utilizes a unique method of combustion air staging to control 
NO, formation by reducing the oxygen available in the fl m e ' s  high 
temperature zone and improving flame temperature uniformity and 
combustion efficiency. The amount of primary cornbustion air is 
reduced to decrease NO, formation in the flame. and oxygen- 
enriched air is injected into the furnace near the exit port(sj to 
complete combustion in a second stage within the furnace. OEXS 
has been successfully retrofitted to five endport container glass 
krnaces producing flint and amber glass with capacities of 135 to 
320 todday. With endport firrnace NO, reduction IeveIs of 50-70%. 
OEAS showed an excellent potential for similar performance on 
sideport fiunaces. Sideport h a c e s  are used for nearly 65% of U.S. 
glass production. The potential for successful OEAS application to 
sideport fbmaces is high. but considerable design &Tort and 
development testing were required. Endport and sidepon furnaces 
are similar in concept, but these furnaces are significantly different 
in physical design and flame characteristics. 

The development approach used for demonstration of OEXS on the 
first sideport furnace is indicative of the strategy for extending the 

Technical 
Approach: 
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Results: 

technology to ail furnaces to avoid interfering with production. 
Furnace baseline data was acquired on operations and emissions 
followed by an evaluation of secondary oxidant injection strategies 
based on earlier endport results through modeling of a single port 
pair. O E M  was then tested on one of the six port pairs evaluating a 
full range of operating conditions and injection locations including 
side-of-port (inside &e exhaust port), underport with one or two 
injection holes, and furnace crown with one injection hole, Two 
hole underport injection was determined to be the preferred position 
for secondary oxidant injection, and the full furnace was retrofit 
using this strategy. Full furnace testing then followed including 
parametric testing, long-tern testinz, testing with high and low 
electric boost, and operation with a PLC system controlling OEAS 
and interfacing with the hrnace control system. 

CFD modeling demonstrated effective CO burnout can be achieved 
with OEAS, h a c e  crown temperatures are not increased, CU 
emissions decrease with increased staging oxidant injection velocity. 
thermal efficiency is either unaected or slightly increased, and side- 
of-port injection results in CO burnout in the exhaust port instead of 
over the glass with secondary oxidant not entering the furnace. The 
single port pair testing showed the best results with enriched air 
containing 35% oxygen. Testing demonstrated significant NO, 
reductions of up to 35%, effective CO burnout, and no exhaust port 
temperature increase at preferred OEAS operating conditions. Best 
results were with side-of-port and two hole underport injection. Two 
hole underport injection was chosen for the f d I  furnace to provide 
effective CO burnout and to recover the heat fiom CO burnout inside 
the furnace over the glass. 

Full furnace testing confirmed a 35% NO, reduction with secondary 
oxidant containing 30 to 35% oxygen. Preferred fbmace conditions 
with OEAS operating are a primary stoichiometric ratio of 1-02 and 
an overall stoichiometric ratio of I .08 to I. 10. This finmace has very 
low baseline NO, emissions (without OEAS operating). Therefore. 
reducing NO, to as low as 1.8 Wton of glass was considered a dear 
validation of 0 E . G  for this furnace. Greater NO, reduction is 
expected for furnaces with higher initial NO, emission Ieveb. 

The h m c e  operated somewhat differently when firing from the 
right and Ieft sides. A PLC control system was instdIed to interface 
the NO, control technology with the furnace control system. The 
PLC allows OEAS to operate with different overall stoichiometric 
ratios on the two firing sides, provides a smooth touch-screen controi 
interface which gives ease of operation. and connects OEAS to the 
h a c e  control system. PLC operation of OEAS provided even 
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higher NO, reductions of 35 to 40% since staging on the right and 
left sides of the furnace can be optimized. OEAS has been operating 
smoothly on this furnace with PLC controI for more than six months 
providing NO, reductions of 33% to the furnace operators. 

Project 
Impiications : 

Successful completion this project has exrended the application of 
OEAS technology to side-port regenerative glass furnaces. To date 
the technology has been appIied only to container glass furnaces. 
The next step is to apply the technology to flat glass firnaces, . 
provided there is a need and it is technicalIy and economically 
feasible relative to the other NO, control technologies for flat glass 
fkmaces. 
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I 
EXECUTIVE SUbMARY 

This report presents the work performed by the Institute of Gas Technology. and 
I 

subcontractors Combustion Tec. Inc. and Air Products and Chemicals. Inc., under 
contract No. DE-FC07-951Dl3378 with the U.S. Department of Energy. Idaho 
Operations Office. Other sponsors for this project included the Gas Research Institute 
(GRI), the Southern California Gas Co. (SoCalGas), and the IGT Sustaining Membership 
Program (SbP). 

IGT and its commercial partners have developed a technology, oxygen-enriched 
air staging (OEAS), which has been shown in tests at three commercial endporr furnaces 
to reduce NO, Ievels by SO to 70%. In this program. tk.2 OEAS technology has been 
demonstrated on the other main type of gIass firmace, sideport hrnaces. 

The OEAS technology utilizes a unique method of combustion air staging to 
control NO, formation by reducing the oxygen available in the flame's high temperature 
zone and improving flame temperature uniformity. The amount of primary combustion 
air entering through the port(s) is reduced to decrease NO, formation in the flame, and 
oxygen-enriched air is injected into the furnace near the exhaust port(s) to complete the 
combustion in a second stage within the futnace. The OEAS technology has been 
successfully retrofitted to five endport container glass furnaces, including the first three 
commercial 'demonstrations followed by two commercial sales. 

Owens-Brockway, the largest container glass producer in the United States, has 
joined the team to test the potential of the OEAS technology and has chosen to 
demonstrate it on its 3OO-ton/day, Furnace C, in Vernon, California. The field evaluation 
is the subject of this project. 

For the successful application of the OEAS technology to sideport h a c e s ,  the 
key development areas are, I)  to provide good mixing of the secondary oxidant with the 
p r i m e  zone combustion products, and 2) to provide the proper secondary oxidant 
distribution strategy (equally split between the ports or optimized for each port) to 
minimize overall NO, emissions and maximize combustible burnout in the second stage 
within the furnace, while minimizing oxygen (used to enrich the secondary oxidant) 
consumption. These key areas can only be addressed through development testing on a 
representative sideport glass furnace. 

The development approach was to 1) acquire baseline operating data on the host 
sideport furnace in Vernon, California: 31 evaluate secondary oxidant injection strategies 
based on earlier endport results and through modeling of a single port pair; 3 )  retrofit and 
test one port pair (the test furnace contains six port pairs) with a flexibie O E M  system: 
4) based on the results from testing the one port pair (item 3), design, retrofit. and test 
OEXS on the entire furnace (six port pairs); and 5 )  analyze test results. prepare report. 
and finalize the business pian to commercialize OEAS for sideport furnaces. 

I 

The modehg work by Air Products and Chemicals. using a FLUENT CFD 
approach, provided valuabie insights into various staging options. Modeling results 
concluded that OEAS does not increase crown temperatures. CO emissions were 
calculated to be effectively reduced with staging With CO emissions decreasing with an 
increase in jet velocity for the same amount of staging air. Side-of-pon staging jets were 
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determined to be incapable of penetrating into the furnace which means all combustible 
burnout will occur in the e'xhaust port(s). OEAS arrangements were estimated to not 
negatively impact furnace thema1 efficiency. Furnace thermal efficiencies were not 
determined to be decreased until the primary stoichiometric ratio is reduced to 0.86. X 
NO, reduction of 34% was calculated for side-of-port and two-hole underport injection. 
Lower NO, reductions were found for furnace crown and one-hole underport.injection. 
Furnace crown injection was observed to produce secondary oxidant impingement of the 
glass surface. One-hole underport injection was calculated to cause secondary oxidant- 
flame interaction and poor port coverage. resuiting in higher NO, and ineffective CO 
burnout- 

with 35% oxygen. Testing demonstrated significant NO, reduction of up to 35%, 
effective CO burnout, and no exhaust port temperature increases at preferred OEAS 
operating conditions. Both two hole underport and sidesf-port injection are acceptable 
O E M  positions. Two-hole underport injection is preferred because high CO bumout is 
achieved, burnout occurs inside the furnace, and jet-glass impingement or hot spot 
formation occurs. 

determined to proceed with two-hole underport injection as the 0E64S strategy for the full 
furnace retrofit. Full furnace parmetric testing with OEAS, long-term OEAS testing 
with high boost and low boost, and testing after instailation of the ProgrammabIe Logic 
Controllers (PLC) system were all conducted in this project. 

In the parametric test series, the effects of primary stoichiometric ratio (PSR), 
overall stoichiometric ratio (OSR), staging oxidant oxygen concentration, staging balance 
between the ports, and different OEAS operation on the two sides of the furnace were 
evaluated. All secondary oxidant was introduced by two hole underport injection. A low 
combustion stoichiometric ratio (primary stoichiometric ratio or PSR) of I .02 was 
seIected as a base condition for conducting OEAS tests. a secondary oxidant oxygen 
concentration of 35% was selected, and tests were conducted to determine the needed 
overall stoichiometric ratio (OSR). An OSR of 1.08 to 1.10 was sufficient to burn out the 
CO produced in the primary flame. The NO, emissions were decreased more than 30% to 
an average furnace value of 1 .S lb/ton. The low initial value (4lb/ton) for NO, kept the 
decrease low, but even so. the NO, leveI with OEAS operating is extremely low. Tesring 
showed the two sides of the furnace were not identical. 

Long-term. full furnace OEAS tests were conducted in which the primary 
stoichiometric ratio was decreased to 1.02 and staging was empioyed at an OSR (overall 
stoichiometric ratio) of 1.10, The OEAS was operated continuously and monitored for -IS 
hours. The NO, emission levels dropped approximately 35% to 2.3 lbiton while CO 
emissions remained low. A test series was conducted with pull rate held constant while 
electric boost was reduced by one third and natural gas consumption was increased by 10 
percent. E.xhaust gas temperature, crown temperature. and NO, level ai1 increased. The 
same Ievei of NO, reduction (30 to 35%) was achieved at low boost as was achieved ar 
high boost. NO, levels with OEAS operating were higher since initial NO, levels were 
higher with low boost. 

The single port testing has shown the best resuIts with OEAS using enriched air 

The project team evaluated the modeling and singe port pair testing results and 
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A PLC system was instaIled to control the OE44S system. An operations manual 
was prepared, and furnace operators were trained in OEAS operation. The project team 
conducted tests to set optimum OEAS operaring conditions with the PLC controihg the 
system . NO, reductions as high as 40% were achieved. The OEAS system was left . 
operating at conditions which provided the highesr possible NU, reduction while using 
oxygen at a rate acceptable to the plant and using a IeveI gf secondary air in the center of 
the blower skid’s range. The average NO, eaission fiom the furnace was 3.5 lbiton at the 
end ofthe week. after optimizing the OEAS system. 

The final work in this project was to prepare st business plan for OE;U on 
sideport furnaces. This business pian is an update of the OEAS business pian for endport 
fbrnaces. 
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INTRODUCTION 

The objective of the program \vas to demonstrate the use of a previously 
developed combustion modification technology to reduce NO, emissions from sideport 
regenerative container glass melters. This technology, known as oxygen-enriched air 
staging (OEAS), has been demonstrated, and is now being commercialized. for endport 
container glass furnaces. A 19-month development program was conducted with specific 
objectives to: I)  acquire baseline operating data on the host sideport furnace in Vernon. 
California 2) evaluate secondary oxidant injection strategies based on earlier endport 
furnace results and through modeling of a single port pair, 3) retrofit and test one port 
pair (the test furnace has six port pairs) with a flexible OEAS system, and select the 
optimal system codguration, 4) use the results fiom tests with one port pair to design. 
retrofit, and test OEAS.on the entire furnace (six port pairs), and 5) analyze test results. 
prepare report, and finalize the business pian to commercialize OEAS for sideport 
fimaces. The host furnace for testing in this program was an Owens-Brochay 6-port 
sideport furnace in Vernon, California producing 3OO-todd of amber container glass. 
The baseline NO, level of this optimized furnace is about 4.0 Ib/ton of glass. Secondary 
oxidant staging techniques considered included oxygen-enriched ambient air staging 
(OEAS), ambient air staging, and oxygen staging (OS). 

The OEAS technology utilizes a unique method of combustion air staging to 
control NO, formation by reducing the oxygen available in the flame’s high temperature 
zone and improving flame temperature uniformity and combustion efficiency. The 
amount of primary combustion air entering through the ports is reduced to decrease NO, 
formation in the flame, and oxygen-enriched air is injected into the furnace near the exit 
port to complete combustion in a second stage within the furnace. The OEAS technology 
has been successfully retrofitted to five endport container glass melting b a c e s ;  a I50 
ton& endport glass tank producing flint glass in Huntington Park, California. a 200 tonid 
endport glass tank producing amber gIass in Houston, Texas. and a 320 ton/day endport 
glass tank producing flint glass in Huntington Park, CaIifornia and two 135 todday 
amber glass furnaces in Colorado. With endport furnace NO, reduction levels of %-7o%. 
the OEAS technology showed an excellent potentia1 for similar performance on sideport 
h a c e s .  Sideport fixmaces are used for nearly 65% of US. glass production. Although 
the potential successful application of OEAS to sideport furnaces is high. considerable 
design effort and development testing were required. Endport and sideport furnaces are 
similar in concept. but these furnaces are s i & k n t l y  different in physical design and 
flame characteristics. 

prime contractor. and the following subcontractors: Combustion Tec. Inc. ( CTI). 
combustion equipment manufacturer and commercialization partner: Air Products and 
Chemicals. Inc. (APCI), 0, supplier and commercialization partner: and Owens- 
Brockway Glass Containers. glass producer, and owner of the host site. 

. 

The projecr team consisted of IGT. which originated the concept and was the 
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I 
BACKGROUND 

The glass industry in the United States is reportedly the fourth largest industrial 
energy consumer. The majority of glass. representing container. flat. pressed. and blown, 
is produced in relatively large (100 to 1000 toidday) regenerative glass tanks. which 
operate continuously for up to 12 years. The ghss container (soda-lime) segment alone. 
representing flint. amber, and green glass, accounts for about two-thirds of the total glass 
produced, and utilizes over 63 billion cubic feet of natural gas per year. Nearly all of the 
container and flat gIass is produced in two types of regenerative furnaces -- endport and 
sideport. Endport furnaces are smaller (1 00400 todday) with two ports located on one 
end of the glass tank. Sideport furnaces are Iarger (up to 1000 todday) with three to 
seven ports located on either side of the furnace. Container glass production is roughly 
split between the two furnace types, while nearly all of the flat gliass is produced in 
sideport furnaces. A typical container glass furnace uses about 5.9 IO6 Btu of energy per 
ton of glass produced, while a typical flat gIass b a c e  uses about 7 x lo6 Btu. Overall. 
endport glass tanks consume 25 billion cubic feet of fuel to produce 5 million tons of 
glass. while sideport glass tanks consume 53 billion cubic feet of fuel to produce 9 
million tons of glass. The bulk of the fuel used is natural gas, which is the fuel of choice. 
However most of the glass b c e s  utilize electric boosting and a few use fuel oil. In this 
application, fuel oil produces somewhat Iower NO, than natural gas. Fuel oil. however. 
also produces SO,, which may require additional exhaust gas cleaning equipment. 

NO, - From Glasses Tanks 

temperatures (1800" to 2500OF) to improve production rate, product quality and furnace 
thermal efficiency. Furnace and fl m e  temperatures and, consequently, NO, generation, 
are quite high. NO, emissions of over 3000 vppm are not uncommo$** from natural gas- 
fired glass melters. Although, currently, there are no national regulations on NOx 
emissions in the U.S., this could change in light of the 1990 Clean Air Act. On a regional 
basis. these emissions are restricted in certain areas, the most stringent restrictions being 
in Southern California. The South Coast Air Quaky Management District currently 
restricts the NO, emissions from glass rnelters to 4.0 lbkon of glass produced. Even 
stricter regulations are now being considered for this region. The glass industry. in some 
cases. has been able to meet the current regulations through relatively simple combustion 
modification techniques, developed earlie:'J by IGT and Combustion Tec. Inc. (CTI) 
with h d i n g  support from GRI and SoCalGas. and by increasing the electric boost as 
weil as the percent of cullet in the feed. Some melters have been switched to fuel oil to 
control NO,. Fuel oil does offer somewhat lower NO, emissions. but at the expense of 
additionai SO, and particulate emissions. higher fuel system operating costs. and other 
operating problems. Further. the presence ofvanadium and sulfur. and the higher crown 
temperatures that result from oiI firing somewhat reduce the furnace service life. The 
high levels of electric boost currently utilized are also not desirable because of increased 
energy costs and reduced hrnnce service life. 

It should be noted that in recent years, there have been some signiticant activities 
toward developing pure oxygednntural gas-fued combustion technologies for ,olass 

The regenerative glass melters utilize extremely high combustion air preheat 
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rnelters because of the potential for significant NO, reduction when compared to current 
regenerative glass melters. Emission Ievels below I tbiton NO, may be obtained if high 
purity oxygen is employed. This. however, usually results in a significant increase in 
operating cost and product price. One solution is to 'use industrial oxygen (95% - 96% 
purity), which can be produced on site and thus is significantly less expensive than pure 
oxygen. NO, emissions. however. are then substantially higher, once again requiring 
advanced technologies, such as those proposed, to achieve the required NO, emission 
Ievels. There are also quesrions about the effect of oxygen use on furnace service life. 
cost benefits (even with industrial oxygen), and timing. It is not clear that existing 
regenerative gh.ss tanks, which normally operate continuously for about 8 years between 
repair and modifications, would, before the end of this century, be economically 
convened to pure oxygeninatunl gas firing. This approach, however, has significant 
potential to capture a larger share of the market in the long term. 

The only currently available retrofit technologies for NO, reduction for glass 
tanks are selective non-catalytic reduction (SNCR), selective cataiytic reduction (SCR) 
and wet scrubbers, in increasing levels of NO, reduction (50%, 90%, and >9.5%, 
respectively) and cost. The lowest cost technology, SNCR, can reduce NOx by 50% at a 
cost of $2000/ton of NO, removed, for a typical 250 todday glass tank. This represents 
$365,000 annually, or an increase in gIass production fuel costs by 20%. Furthermore, 
SNCR suffers from a number of drawbacks including NH, slip, hazards of storing NH3, 
and the potential for higher CO, N20, and particufate emissions. There is, therefore, a 
need to develop advanced lower cost low-NO, technologies for retrofit to natural gas- 
fired regenerative glass meiters. 

Oxvzen-Enriched Air Stazinc (OEAS) 

Combustion air staging is accomplished by reducing the combustion air flow 
(primary air) to the port and injecting secondary oxidant (air, oxygen-enriched air. or 
oxygen) downstream. The bulk of the combustion is relatively oxygen deficient (or even 
fuel-rich) to inhibit NO, formation. 

Splitting the combustion air in 3 regenerative gfass tank is difficult because 1) it 
can require major modifications and 2) properly mixing the secondary air with the 
primary combustion gases requires higher secondary air pressures that are not desirable. 
A more attractive method is to operate the hrnace with near-stoichiometric air and inject 
a smdi amount of high-velocity preheated (or ambient) secondary oxidant near the exit 
port to burn out any residual CO and total hydrocarbons (THC). This method of air 
staging was tested by IGT on its glass tank simulator using ambient secondary air and on 
two endport furnaces in Huntingon Park. California and an endport hrnace in Houston. 
Texas?' using somewhat different approaches. In all cases, air staging \vas found to be 
very effective in reducing SOs emissions. 

Figure 1, representing data obtained on the IGT Glass Tank simulator and 
commercial furnaces (endport and sideport), shows that. in a hrnace operating with a 
typical stoichiometric ratio of 1.15 ( 15?6 overall excess air), a NO, reduction of32% 
(fkom the current 4 lb/ton to 2.7 Ib/ton) could be achieved by operating the port at a 
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stoichiometric ratio of I .04 to 1.06 vhich shc ild not be very difficult. In the tests at IGT. 
there wits a significant increase in heat transfer (Figure 2) at this level of primary air even 
though the secondary air was ambient and was injected downsrream ofthe e'xhaust port. 
The data also show that even greater NO, reduction can be achieved by further decreasing 
the primary stoichiometric ratio. The heat transfer would. however, decrease somewhat 
compared TO the optimum at a stoichiometric ratio of 1.04 to 1.06 and would be 
comparable to levels achieved at 15% excess air. 

. 1.4 , 

03 I l.1 1 3  1.3 t.4 

S!oishmetric Ratio 

Figure 1. EFFECT OF FIRST-STAGE STOICHIOMETEUC RATIO ON NO, 
EMISSIONS 

(IGT Glass Tank Simulator) 
/ 
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First Stage Stoidriirnefnc Ratio 

Figure 2. EFFECT OF FIRST STAGE STOICHIOMETRIC U T I 0  ON HEAT 
TRANSFER 

Sideport and EndDort Furnaces 

The numbers of endport and sideport furnaces, their operating characterisrics and 
capacities, and their combustion properties are discussed elsewhere in this report. Figures 
3 and 4 depict implementation of oxygen-enriched air staging on these two types of 
furnaces. Both drawings provide top-down views of mdters showing the glass tank. the 
regenerators, the flames, and the OEAS systems. The application of OEAS is similar on 
both types of fUmaces with added compIexity on sideport furnaces. Engineerins efforts 
must be applied on sideport furnaces to balance the staging to a11 ports and to allow CO 
burnout above the glass inside the h a c e  and away from the primary flame. 



2nd STAGE 
(Complete Combustion) 

1st STAGE BATCH FEED 
(Reduced Stoichiometric Ratio) 

Figure 3. OXYGEN-ENRICHED AIR STAGING FOR ENDPORT GLASS 3fELTING 
FURNACE 

. .  
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Figure 4. OXYGEN-ENRICHED XiR STAGING FOR SIDEPORT GLASS MELTING 
FURNACE 

OEAS Field Evaluation 

showed very good potential for similar performance on sideport hrnaces. Table 1 shows 
sideport furnaces represent one-half of regenerative container glass and all of regenerative 
flat glass production in the U.S. Because of unique challenges posed by sideport 
h c e s ,  additional development effort carried out through field evaluation testing on a 

Although OEAS had been applied only to endport hrnaces before this project. it 
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sideport furnace was required before the OEAS technoiogy can be commercialized for 
these furnaces. Several key technical areas must be addressed. 

Sideport furnaces have relativelv longer flames (as a proportion of the availabie 
combustion products flow path) resulting in elevated CO levels in the exhaust ports as 
compared to endport furnaces. This means that when OEAS is applied to a sideport 
furnace, and the amount of primary air is decreased, the level of CO entering the second 
stage may be higher. and the residence time available in the second stage for burnout of 
this CO is lower. as compared to endport furnaces. In both the endport and IGT simuIator 
tests CO was rapidly burned out. However, it was determined that, because of the very 
high temperatures (280O"F-b) near the exhaust port, the main parameter that controls CO 
burnout in OEAS is the mixing of secondary oxidant with the primary zone combustion 
products. This was a focus area in designing the secondary oxidant injection system for 
this project. When the secondary oxidant is properly mixed with the primary zone 
combustion products, upstream of the exhaust port, the CO can be effectively burned out 
within the furnace. The secondary oxidant injection location, injection angle. and 
injection velocity were modeled using Air Products' existing glass furnace 
combustiodaerodynamics modei. Selected OEAS strategies were tested through 
parametric tests on one port pair in the host firnace prior to retrofitting the entire hrnace. 

Table 1. COMMERCIAL GLASS MANUFACTURING (1 992) 
(GRI-IUPAG, Feb95) 

No. of 
Plants 

Container 68 
Flat 29 

Wool Fiber 24 

Textile Fiber 12 

LighTinflV 19 

Press & Blown 3 1 

Sodium Silicate 24 
Total 207 

Tons per Regenerative 

48,000 154 68 66 
19,000 38 36 -- 
1,400 58 

2.100 60 

3.000 60 19 -- 
3 -400 95 32 10 

- 4.500 - 25 - 20 - 

- Dav Furnaces SideDort Endoort. 

-- -- 
- - 

-- 
s 1.400 490 175 76 

Unit 
Furnaces OxvFueI All Elec. 

13 7 
1 i 

16 5 27 
47 6 7 

30 9 - 
33 11 9 

- 5 

131 45 62 

-- 
-- 

1 

-- - -- - 

The air/fheI stoichiometric ratios vary among the different sideport furnace ports. 
and the extent of this variation may change at dif'ferent furnace pull rates. This is actuaily 
of much less concern for an OEAS application than for other technologies. such as 
rebuming (in which reducing conditions must be created in e3ch exhaust POIT), or cascade 
firing (in which he1 staging must be fine-tuned on each port). 

. 
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As illustrated in Figure 1 , NO, formation decreases with decreasing stoichiometric 
ratio over a wide range from 1.4 (40% excess air) to 0.85 (1 5% deficient air). Therefore. 
regardless of the level of the baseline stoichiometric ratio, NO, wiI1 always decrease as 
the stoichiometric ratio is decreased. For example, if one port operates at a baseline 
stoichiometric ratio of 1.2 and another at I .O and if secondary oxidant is used to reduce 
the primary air by 0.15 stoichiometric ratio, Then the NOx level on the two ports wiIl 
decrease by 35% and 70% (Figure 1) respectively, or an average of over 50%. 

With OEAS, therefore. it is not necessary to fine-tune the level of secondaq 
oxidant for each port. In a11 cases, the NO, Ievef at each exit port will decrease upon 
reduction of the primary stoichiometric ratio. The overall NO, reduction can be expected 
to be consistent with the overall reduction in the primary stoichiometric ratio. The fully 
controllable level of secondary oxidant flow to each port can provide an even greater NO, 
reduction (deeper staging on high NO, producing ports and less staging in already lower 
NO, ports) and better heat release profile to improve the overdl glass melting furnace 
performance. This can reduce NO, while improving energy efficiency and increasing 
furnace productivity. 

In sideport furnaces, there is an unknown amount of cross flow of combustion 
gases within the furnace and in the top of the regenerator. This is not expected to cause 
problems with OEAS. Depending on the level of cross flow, which in general is not 
substantial, some ports might operate slightly richer (greater NO, reduction) and some 
ports slightly leaner (smaller NO, reduction) than indicated by port or regenerator top 0, 
measurements. The average NO, reduction, however, should be consistent with the 
overall reduction in the primary combustion air flow ratio. 

Based on the above discussion, it appears that the OEAS technology has very 
good potentia1 to reduce NO, levels in sideport furnaces, while ais0 improving furnace 
efficiency and production rate. 

The key development areas are to: 

1) 

2) 

Provide good mixing of the secondary oxidant with the primary zone combustion 
products, 

Provide the proper secondary oxidant distribution strategy to minimize overall 
NO, emissions and maximize combustible burnout within the furnace, with a 
minimum consumption of added oxygen. 

These key areas could only be addressed through development tesring on a 
representative sideport glass i-kmace, which was conducted in this program. 
Considerable design effort and development testing were required to address the above 
issues and commercialize OEAS for NO, reduction from sideport furnaces. 

With successhi demonstration on il sideport furnaces, the OEAS technology is 
now applicable to all regenerative hmaces used for glass production. Table 1 lists these 
furnaces which represent 76% of container and flat. one-third of lightingTV, nearly one- 
half (mostly larger ) of press,and blown. and 80% (mostly larger) of sodium silicate glass 
furnaces. and account for nearly 90% of all glass produced in the U.S. 
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HOST FURNACE DESCRIPTION 

This program was the first demonstration of the OEAS technology for NO, 
reduction on a sideport container glass fiunace. Owens-Brockway Glass Containers 
allowed Furnace C at their plant in Vernon, California (shown in Figure 5) to serve as 
host site for this demonstration. Plant and corporate support from Owens-Brockway was 
invaluable in the successful completion of this field demonstration. The host furnace has 
six port pairs and produces 300 todday of amber container glass. Single pass 
regenerators located on both sides of the furnace yieid preheated air for combustion with 
natural gas. Burner and port designs are proprietary to Owens-Brockway. Electrodes 
immersed in the molten glass are used to control melt mixing patterns and to provide 
additional heat to the &mace. 

The plant currently has two operating furnaces and operating NO, anaiyzers. Data 
fiom project stack measurements could not be compared with plant data because the plant 
emissions monitoring system measures the exhaust gases fiom two furnaces after they 
have been sent to a common manifold. 

Figure 5. OWENS-BROCKWAY GLASS CONTAIXER PLANT, VEKYON. 
CALIFORNIA 
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. SINGLE PORT PAIR MODELING 

Prior to the implementation of OEAS on a single port pair of the sideport furnace. 
several staging options were examined. Detailed results of the modeling work are 
presented in Appendix A, Single Port Pair Modeling. Modeling work was conducted by 
Air Products and Chemicals, Inc. using a FLUENT computational fluid dynamics 
package. The dr& report of the modeling work was provided to IGT, CTIt and Owens- 
Brockway for review. The final modeling report. presemed in the Appendix, includes 
responses to questions raised by the draft report. This process expanded the scope of the 
modeling effort but allowed the project team, including the host site owner, to obtain a 
much detail as possible concerning critical aspects of the O E G  application to the 
Owens-Brockway furnace. 

Variables that had to be considered in the modeling effort were the amount of O2 
in the staging oxidant, the velocity of the oxidant, and the location and number of staging 
jets. Logistically, it was convenient to introduce the staging oxidant through backup oil 
burner ports &om the two sides of the port neck ("side-of-port") because no modification 
to the melter was required. However, this injection strategy might not achieve effective 
CO bumout, and the secondary combustion might not take place inside the melter. To 
gain insight into these issues and, in general, to eliminate a number of the variables prior 
to field testing, Air Products and Chemicals, Inc. conducted extensive computational 
modeling. 

Material and energy balances were performed at a system level to assess the gross 
effects of OEAS and particularly, the impact of lowering the primary stoichiometric ratio 
(PSR) from I .  1 to 0.95 on overalI furnace efficiency. The two regenerators were included 
in the analysis, as illustrated in Figure 6.  Under the new PSR conditions, it was 
detennined that the amount of preheat air through the regenerator decreases while the 
preheat air temperature increases by approximately 70'F. The analysis further showed 
that the thermal efficiency of the melter remains the same or improves slightly; however. 
if the PSR is reduced below 0.86, there will be a penalty to thermal efficiency. At the 
PSR selected for NO, reduction, the furnace efficiency is not expected to be negatively 
affected. 

computational fluid dynamics (CFD) model of the number 5 port area of the meher. The 
model incorporates the two-equation k - E turbulence model of Launder and Spalding.s 
Radiation heat transfer is computed with the discrete transfer radiation model (DTRM) by 
Shah.' Ths model solves the radiative transfer equation directly along discrete rays 
emanating ti-om ail surfaces and is highly desirable for natural gas-air i2ames due to their 
reIative transparency. A two-step chemical reaction mechanism describes the combustion 
kinetics and the Mapussen-Hjermger" model takes into account the turbulence- 
chemistry interactions. A11 physical properties of the misture are computed from 
individual species properties which are functions of temperature as described in the 
JANXF tables. 

* 

Information from the thermodynamic analysis was used in a detailed 



Figure 6.  MATERIAL AND ENERGY STREAiS ( S A W Y )  DIAGIWlLl FOR THE 
SIDE-OF-PORT OEAS ARRANGEMENT 

The governing equations for the conservation of mass. momentum, enersy and 
chemicd species are solved with the FLUENT software package." It uses a control 
volume base.d finite difference scheme where nonlinear variations of dependent variables 
are included inside each control volume to ensure physicalIy redistic results even on 
relatively coarse _gids. The current CFD model (region of the #5 port pair as shown in 
Figures 7 and 8) has approximately 62,000 grid control volumes. A nonuniform ,orid was 
employed so that regions of high gradients would have denser mesh. It was important, for 
example. that the staging nozzle regions have enough grid density to ensure accurate 
predictions of jet penetration and mixing. 

side-of-port OEAS NC burners 
I 

1 
& 
* 

Figure 7. MODELED REGION: FRONT VIEW. CROWN. UNDERPORT AND SIDE- 
OF-PORT JNJECTIONS 
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NG burners 

J 

Figire 8. MODELED REGION: TOP VIEW. SIDE-OF-PORT INJECTIOKS ARE 
ANGLED TOWARD THE EXHAUST FLOW 

The current operating conditions were modeled starting with the baseline case. 
which established the datum for comparison. Next, OEAS with side-of-port stagins 
injection at three jet velocities was evaluated. The PSR was changed from 1.10 to 0.95 
while the overall stoichiometric ratio (OSR) remained at 1.10; oxygen enrichment for the 
staging injection was set at 35%. The model output revealed that peak temperatures on 
the melter crown and breastwalls should remain essentially the same while temperature 
distributions within the port neck through the target wall region wouId remain within the 
normal temperature band defined by the reversah of the regenerators. It was also 
determined that complete CO destruction could be achieved at high jet velocities 
(approximateIy 300 ft/s). Relative to the assumed baseline level of 3.7 lb per ton. NO, 
formation was predicted to decrease by at least 34%. However, secondary combustion is 
shown to occur completely within the e.uhaust port, as shown in Figure 9. This prediction 
is consistent with the experimental data of Platten and Keffer” who studied the extent of 
penetration of jets into a uniform stream at various angles in a Iow speed wind tunnel 
under isothermal conditions. For maintained thermal efficiency. it is highly desirable that 
secondary combustion take place inside the melter. This created a need to explore 
alternate injection strategies. 
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Figure 9. STAGING COMBUSTION WITH SIDE-OF-PORT OEAS 

Possible alternate injection locations considered were fioni the crown and under 
the port. Crown access is unacceptable to many operators due to safety and refractory life 
concerns. The location was explored, however as it appeared reasonable that superior 
staging oxidant coverage of the pre-e,uhaust port combustion space would be provided. 
Under-port injection has fewer safety risks but is an intuitively questionable choice since 
direct opposition to the exhaust flow might again cause jet penetration to be limited. To 
quantitatively evaluate these options, three modeis were examined: crown injection with 
one nozzle, underport injection with one nozzle, and underport injection with two 
nodes. The results reveded hat while crown injection recovers more than 90% of the 
energy due to secondary combustion, oniy about 2 1 % NO, reduction (as compared to 
more than 34%) is achieved due possibly to interaction between the staging oxidant and 
the primary cornbustion zom. In addition, crown injection intersects the exhaust flow 
almost perpendicularly, penetrates the combustion gases. and causes flow impingement 
on the glass bath. Althoush the single-nozzle underpon option does not cause impinging 
flow to the glass bath, NO, reduction is similar to that of the crown option. Overall. 
underport injection with two nozzles ‘cvas found to be the best staging option considered. 
Heat recovery is substantial. NO, reduction is similar to the side-of-port option. 
Furthermore. there is no phjisical influence on the glass bath or impact on the main 
cornbustion zone. These findings were corroborated by the testing results. 
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RETROFIT DESCRIPTION 

The OEAS concept essentially involves reducing the amount of primary 
combustion air at the firins port, and injecting a secondary oxidant (ambient or hot air. 
oxygen-enriched hot or ambient air or industrial oxygen) downstream of the primary 
ffame (near the exhaust port) to compiete the combustion. This section describes retrofit 
design basis, the retrofit components, and the test instrumentation. 

OEAS Background and Description 

Oxygen-enriched air staging is accomplished by reducing the combustion air ff ow 
(primary air) to the primary flame zone and injecting secondary oxidant into the furnace 
near the exhaust port. The staging positioning is selected to mix the secondary oxidant 
with the products of combustion downstream of the primary flame zone. The bulk of the 
combustion is relatively oxygen-deficient (or even fuel rich) which inhibits NO, 
formation, and the secondary oxidant burns out the remaining CO and hydrocarbon 
combustibles. In the earliest work at IGT, combustion air staging, with ambient 
secondary air injected near the exhaust, was found to be very effective in reducing NO, 
emissions. The technology was not developed commercially at that time because other. 
simpler, combustion modification techniques were found sufficient to meet the most 
stringent NO, reguhtions (in southern California) of 5.5 lb/ton of glass. Furthermore. 
when air is used as the secondary oxidant, the secondary air shouid be preheated so the 
h a c e  productivity and efficiency are not adversely affected. 

In earlier demonstrations the OEAS technique was evaluated on three endport 
container glass furnaces. The drawbacks of ambient secondary air injection were 
overcome by aspirating hot secondary air from the regenerator top using a small amount 
of industrid oxygen which is normally supplied at elevated pressures. This advanced 
staging technique provides a way of “oxygen enrichmeat” to also potentially increase the 
furnace production rate. The use of oxygen-enriched secondary air would dso enhance 
second stage combustible burnout to increase the secondary stase temperatures to 
increase the heat transfer to the load. This increase in temperature, however. is not 
expected to be high enough to impact the overall NO, formation. Four variations of 
OEAS were considered and investigated: 1) 0,-enriched hot air staging. 2) hot ambient 
air staging, 3) ambient air staging, and 4) ”pure” O2 staging. 

In the earlier tests at IGT. which were carried out on a glass tank simulator using 
ambient secondary air. combustion air staging was demonstrated to be very effective in 
reducing NOx emissions without increasing the CO emissions. As stated eariier. a 
hrnace operating with a typical stoichiometric ratio of 1.15 (I 5% overall excess air). an 
NO, reduction of 32% (from the current 4 Ib/ton to 2.7 Ib/ton) could be achieved by 
operating the port at stoichiometric ratio of 1.04 to 1.06 which should not be very 
difficult. In the tests at IGT. there was a significant increase in heat transfer at this level 
of primary stoichiometric ratio even though the secondary air was ambient and was 
injected downstream of the e.uhaust port. The data also show that even greater NO, 
reductions could be achieved by further decreasing the primary stoichiometric ratio. The 
heat transfer would. however, somewhat decrease compared to the maximum at 
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stoichiometric ratios of 1.04 to 1.06, but even at slightly fkel-rich conditions, it would 
still be comparable to the levels achieved at 15% excess air. 

Data from operating OEAS on three endport hmaces found that over wide ranBes 
of baseline NO, values and finace pull rates, OEAS reduced furnace NO, by 50 to 70%. 
This m s  achieved without raising CO emission levels and with maintaining furnace 
production rate and glass quality. OEAS technology has been accepted by the glass 
industry as an economical and reliable NOx controi technolo_gy for endport furnaces. The 
third demonstration, on an Anchor Glass Container furnace in Houston, was a 
commercial sale. Since the completion of endport furnace demonstration testing, OEAS 
systems have been sold for two more furnaces, making a total of five endport furnace 
installations. Additionai OEAS sales are expected soon. 

OEAS to larger, more complex sideport container glass furnaces. The OEAS approach 
can, therefore, not only reduce the NOx emissions, but it may also allow an increase in 
pull rate or a reduction in electric boosting. The test in this program were designed to 
demonstrate the effectiveness of OEAS on reducing NOx on a 300 todday Owens- 
Brockway six port pair sideport furnace. 

With completion of endport furnace demonstrations, the project team has moved 

Retrofit Desien Basis 

The OEAS retrofit system was designed to allow variation of key operating 
parameters. Since this was the first OEAS sideport furnace demonstration, more 
flexibility was built into this system than would be built into a commercial system. The 
design was based on the following criteria: 
0 

0 

* 

a 

Inject up to 25% of the total furnace stoichiometric oxidant requirement as secondary 
oxidant downstream of the flame. 

Secondary oxidant varied between ambient air and datively (90-93%) pure oxygen 
generated by a vacuum pressure swin,o adsorption system (VPSA). No secondary 
oxidant preheating was used. 

Secondary oxidant injection locations inciuding side-of-port. underport with two 
hoIes per port, underport with one hole per port, and crown injection with one 
injection hole per port. 

Adjustment of overall and secondary stoichiometric ratios. secondary oxidant 
enrichment level. staging location. and secondary oxidant flow to various ports. 
Tie into existing operation with minima1 increase in operator efforts or changes in 
existing furnace operation strategy. A PLC control system with touch screen monitor 
serves as OEAS controller and interface with ;he furnace control system. 

Interface OEAS system with furnace operating system and alarms using a reliable 
control system. 

Minimize moving components and include provisions to prevent overheating of the 
few moving components. 
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System design which allows for long tern operation. well past the demonstration 
period. 

Retrofit S vstem C omDonents 

Brockway h a c e .  Glass production was not interrupted during OEAS installation or 
start-up. A blower air skid and an oxygen skid provide the staging oxidant. The skids 
were placed on a new platform built above the furnace control room. Lighting and 
electrical power were provided to the new platform, and oxygen was supplied by piping 
from ekewhere in the plant. The major components of the final OEAS system are 
described in Table 2 below. A complete description of the system, dong with 
photographs, is presented in Appendix B. Other system configurations were utilized 
during demonstration testing in order to accommodate single port pair testing and 
different staging oxidant injection locations. 

The oxygen-enriched air staging system was installed as a retrofit on the Owens- 

Table 2. OEAS SYSTEM HARDWARE DESCNPTION 

Component 

Oxygen 
Skid 

Blower Air 
Skid 

Oxygen 
Fieid Piping 

Air Fieid 
Piping 

Oxygen 
Downcomer 

Descriution 

6 in. train with safety and automatic flow 
control and metering 
2 in. low flow metering leg (single port pair 
testing) 
left and right reversal valves 
6-7 psig supply pressure (VPSA oxygen) 
20,000 SCFH maximum flow 
10 in. train with automatic ratio ff ow control 
and metering 
4 in. low flow metering leg (single post pair 
testing) 
two 15 hp. blowers in series 
psig supply pressure 
45.000 SCFH m;;tuimum flow 
6 in. stainless steel piping from skid to 
furnace left and right side oxygen headers 
two 4 in. stainless steel oxygen headers with 
six 3, in. flanged outlets (one per port) 
10 in. steel piping fiom skid to furnace left 
and right side air headers 
two IO in. steel air headers with six 4 in. 
flanged outlets (one per port) 
twelve 2 in. stainless steel downcomers with 
manual tlow cotitrol and metering 
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Location 

new piatform above 
control room 

new platform above 
CORRO~ room 

S feet above ports 

8 feet above ports 

above each port with 
access fiom upper 



Air e 

Downcomer 
0 

Injector 

Injectors 

Manifo id 
e 

e 

Control e 
System e 

catwalk 
above each port with 
access from upper 
catwalk 

tweive 3 in. stainless steel downcomers with 
manual flow control and metering. 
Oxygen is introduced to the air downcomer 
after flow metering and before entering tlie 2 
in. flex hose connecting the downcomer to the 
injector manifold. 
twelve 3 in. manifolds with shut-off valves 
and mounting brackets. 
Two injector ports per manifold 
two injectors per port. 
Each injector has a 2 in. body reducing to 1 
in. at the injector site. 
Alien BradIey SLC 5/03 processor 
Allen Bradley Panelview 900 monochrome 
touch screen monitor 
Local and remote staging control modes 
Elaborate control system 

under each port 

under each port 

Control room 

An Allen Bradley SLC Control system with a monochrome touch screen monitor 
was selected to interface between the furnace control system and the OEAS system. 
Staging parameters can be set fro= the monitor in the control room, and the controll'er 
can be operated in local and remote staging control modes. 

touch screen monitor. Staging setpoint flows are calculated and controlled accordingly. 
The staging parameters can be set differently for the two sides of the furnace. In remote 
mode, the control system processor uses the furnace gas and combustion air flow signals 
and inputted staging parmeters to continuously calculate staging flows so that an overall 
furnace air to fuel ratio is maintained. Again, staging parameters can be set differently 
for the two sides of the fiunace. 

In local mode, the operator can enter furnace data and staging parameters with the 

The control system has an elaborate set of alarms. The processor monitors 
oxygen and air skid pressures and flows. The operator is notified when staging flows are 
too low and when the staging system should be shut down or the overall furnace air fuel 
ratio should be raised. Staging system countdown timers are used for non-critical alarms. 
These timers allow the operator to correct problems in a sufficient amount of time before 
the staging system automatically shuts down. The staging system immediateiy shuts 
down if one of two emergency stop buttons is pressed or if the furnace gas safety valve 
closes. Emergency stop buttons are located on the control cabinet in the control room and 
on the oxygen skid. 

charging end. A monitor placed in the control room allows viewing of tlie flames and the 
batch line (during reversals). The camera system proved valuable during single port pair 
testing. During OEAS testing at different injection locations and with different oxygen 
concentrations. the secondary flame was visible. This provided port coverage and jet 

A water-cooled Combustion Tec. Inc. camera was mounted in the furnace at the 
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penetration information to the project team. Secondary flames were not visible when 
operating OEAS on the full furnace. The amount of secondary oxidant supplied to each 
port was much lower for full furnace OEAS operation compared with the oxidant used for 
the single port pair test. 

The CTI camera system is a commercial product including an air and water 
cooled color camera With a video recording system that includes a 9-inch monitor. The 
camera uses a cobalt filter to absorb sodium wavelength radiation. This reduces the 
effects of the visual intensity in the furnace interior and improves flame and batch pattern 
definition. Numerous features inchdin3 a reflective exterior surface. cooling water, and 
cooling air vents, are incorporated into the hate design to allow long-term operation 
while exposed to the furnace environment. The video cassette recorder is a time-lapse 
unit. Time compression can be varied from real time to as little as 6 minutes of viewing 
time for a 24 hour period. A standard 2 hour tape can hold up to 20 days of furnace 
camera data. 

The compIete OEAS system \vas left operating at Owens-Brockway at the 
completion of the project. The camera and monitor were operating normally when testing 
was completed, and they were also left in place and operating at the pIant. 

Test Instrumentation 

(between the port and the regenerator) and the gas compositions (NO,, 02, CO, and CO,) 
in the regenerators, flue tunnels, and stack. 

Test instrumentation was used to measure temperature in the port neck of port 5 

Gas Sanding 

Gas samples were collected from the stack, the flue tunnels, and the regenerators. 
Stack and flue tunnel samples were collected with non-cooled stainless steeI tubes. 
Regenerator samples were collected using high temperature, water-cooled stainless steel 
probes. A schematic drawing of the tvater-cooIed probes is shown in Figure 10. and 
Figures 1 1 and 12 show photos of a probe ready for insertion in the regenerator and a 
probe in the sampIing position in the regenerator. Gas samples were drawn through the 
probes using oilless vacuum pumps and conditioned by passing through sample 
conditioning trains. which consist of: 

a water trap to remove liquid condensate 

indirect electric hexers to heat the sample above the dew point 

3 membrane dryer to remove vapor phase water and produce a dry gas sampie 
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Figure 10. SCHEMATIC DR4WING OF THE GAS SAMPLING PROBE ASSEMBLY 

19 



Figure 11. PROBE USED TO COLLECT GAS SAMPLES FROM THE :. 
REGENERATOR 

Figure 12. GAS SAMPLING PROBE INSTALLED IN THE REGENERATOR 



Regenerator samples were collected with probes inserted in ports located on the 
back wall of the regenerators directly in line with the ports. Regenerators on the host 
furnace are 12 feet across with an 18 inch rehctory wall. On the left side of the furnace. 
the wall of the building limited the ma..irnum probe length to 4.3 feet. The gas sampies 
were collected 3 feet inside the regenerator. well away from the back wal1. but only 25?4 
of the way across the regenerator to the ports. Longer probes could be used on the right 
side of the furnace, and samples were taken using 4.5? 6, and I O  foot probes. The longest 
probes reached two-thirds of the way across the regenerator. Review ofthe data from 
different probe Iengths found the gas sample compositions varied in the same proportions 
for all probe lengths used. Therefore, the decision was made to use the same probe 
length, 4.5 feet, on both sides of the hrnace (probe had to go through 18 in. of 
refractory). Most of the regenerator gas sampling data in this program was collected with 
4.5 foot water-cooled probes. 

Sample conditioning trains were located near the sampling locations and were 
foilowed by stainless steel and Teflon tubing lines used to deliver the gas samples to the 
continuous emissions monitoring system (CEMS). Gas samples were delivered through a 
flow control and distribution panel located in the furnace controi room (see Figure 13). 
This panel allowed easy switching between the various gas sample locations while also 
regulating gas sample flow rates and pressures to the analytical instruments. Instnunent 
calibration samples were also handled by this panef. The gas analyzers used in this 
pro-eram are shown in Figure 14, and they included: 

A ThermoEIectron Model 42H chemiluminescence NO, analyzer 

A Rosemount Model 755R paramagnetic O2 analyzer 

A Rosemount Model 880A infrared CO analyzer 

A Rosemount Model SSOA infrared CO1 analyzer 
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Figure 13. FLOW CONTROL AND DISTRIBUTION PANEL 
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AI of the gas analyzers were calibrated using pure nitrogen as the zero gas and 
appropriate span gases to set the gains. The nitrogen zero gas and span gas botties were 
located outside the furnace control room. Signal outputs fiom the anaIyzers (02, CO, 
CO,, and NOJ were sent to three-pen strip chart recorders for continuous recording. The 
strip chart recorders were located next to the flow control and distribution panel in the 
furnace control room. 

TemDemture Measurements 

Temperatures were measured at the top of port 5 on both sides of the fUrnace at 
the rear of the ports where they enter the regenerator. Alumina shielded type R 
thermocouples were connected to two strip chart channels in the control room. 
Measurements were made continuously on both sides of the furnace. 

pyrometer. Wall temperature was found to change significantly based on the firing rate 
in the primary flame zone. 

Breast wall temperatures were made during reversals using a hand held optical 
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Figure 14. CONTINUOUS EMISSIONS MONITOm-G SYSTEM (CEiMS) 



FIELD EVALUATION TESTS AND RESULTS 
Pstrametric and long-term tests were conducted with the OEAS system on the host 

furnace to investigate the impacts of the following independent pararnete:s on hmace 
operation and emissions leveis. 

secondary ox&-mt type - over the full range from air, to oxygen-enriched air (25 to 
60% 02), to oxygen (93% 04 
secondary oxidant injection location - 42" side-of-port, one hole underport, two holes 
underport, and one hole furnace crown 

primary stoichiometric ratio (PSR) 

overall stoichiometric ratio (OSR) 
secondary oxidant biasing between ports 

The operation of the staging system was straightforward during testing, BaseIine 
measurements of NO,, CO, C02, and 0, were made in the regenerator tops and stack 
under typical operating conditions with no OEAS operating. Staging was turned on and 
set at a desired condition, and the h a c e  operator was then asked to lower the furnace 
primary air which lowered the primary stoichiometric ratio. The furnace was given 
sufficient time to come to the new steady state operating condition while emissions were 
continuously measured in the regenerator tops and the stack. Emissions measurements 
were made at the most stable and representative furnace operating conditions available. It 
must be noted that true steady state operation can not be achieved in a regenerative glass 
fiunace because of the reversals and the regular changes in furnace operating parameters 
needed to maintain desired glass conditions. 

Furnace Baseline Parameters 

FieId testing was conducted on an Owens-Brockway sideport furnace located in 
Vernon, California. This six port pair m a c e  produces amber container glass. Two 
Owens Illinois burners are fired in each port. Firins rates vary with the highest natural 
gas firing rates in ports 3,4, and 5 and the Iowest fuing rates in ports 1 and 6. Overall 
furnace oxygen to natural gas primary stoichiometric ratio (PSR) could not be directly 
measured during single port pair testing but was measured during full furnace OEAS 
demonstration. Metered flows and exit regenerator measurements showed ports 1 and 3 
have the highest PSRs and ports 3.4, and 5 have the lowest PSR values. -411 ports are 
operated with a PSR of more than 1.0. 

Temperatures were measured with type R thermocouples positioned at the port neck of 
port 5 at the entrance to the regenerator where they were shielded from furnace radiation. 
Gas sampIes were obtained with water cooled probes inserted in the back of the 
regenerators directly in line with the ports. On the left side ofthe furnace the building 
wall required the use of4.5 foot probes which extended 3 feet into the 12 foot wide 
regenerator. On the right side ofthe furnace. 6 foot probes extending 4.5 feet into the 
regenerator were used. Stack samples were obtained through a stainless steei tube. Table 
3 shows baseline port and stack measurements made during single port pair testing. 

Before conducting staging tests. baseline data were collected for the furnace. 
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Baseline furnace conditions were different during hi1 funnace testing, and NU, stack 
emission values varied between 2.3 and 3 lb/ton of glass during the week O ~ O E X S  
testing. Ports are numbered from the charging end. 

The baseline emissions monitoring confirmed a wide variation in port 
stoichiometries with the highest excess air used in ports 1,2. and 6. Because the ports are 
not isolated, port emission levels are affected by mixing in the h a c e  and by regenerator 
top crossflow. NO, decreased with decreasing- excess air while showing a trend toward 
higher levels away from the charging end of the furnace. When the e'uhaust port 0- 
concentration was below 1.5%, incomplete combustion produced a significant amount of 
CO. Review of the baseline data led to selection of port 5 for air staging evaluation. Port 
5 is not at either end of rhe furnace and has a high frrin_e rate while producing high NO, 
with a moderate level of excess O1. 

Initial baseline measurements were made to learn furnace performance 
characteristics and differences between ports. A number of furnace and ambient factors 
influence fiunace NO, production. Therefore, baseline data (without OEAS operating) 
was collected during each day oEOEAS testing to serve as reliable as possible basehe 
for measuring OEAS impact on NO, and furnace operation. 

- 

Table 3. BASELINE FURN4CE EMISSIONS DATA 

co, v p m  NO,, vppm NO,  lbiton 
Sample Location 0 2 ,  % (at 0% 0,) (at 0% 0,) 
Right Side Port 1 5.0 12 980 -- 
Right Side Port 2 4.5 14 930 -- 
Right Side Port 3 1.5 90 910 -- 
Right Side Fort 4 2. i 50 980 * I 

Right Side Port 5 1.9 I90 1150 -- 
Right Side Port 6 3.1 250 1070 

Left Side Port 1 4. s 11 940 -- 
Left Side Port 2 4.3 16 93 0 -- 
Left Side Port 3 1.5 130 840 -- 
Left Side Port 4 1.0 1900 880 -.. 
Lei? Side Fort 5 2.3 60 1480 -- 
Left Side Port 6 3.5 40 1380 -- 

Stack - Right Side Fire 7.7 TO 1220 4.8 
Stack - Left Side Fire 7.7 12.5 I340 5.7 

in preparation for OEAS testing. CTI installed an oxygen skid with a capacity of 
20.000 SCFH and a blower air skid with a capacity of 70.000 SCFH on a plat-fbrm above 
the furnace control room. The oxygen skid was connected to the available plant oxygen 
supply. The skids are sized for full furnace OEAS operation with the capability of 
feeding air. any level of enriched air, or oxygen as secondary oxidant. 
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OEAS Svstem Parameters 

Data for a number of firmace parameters was collected by host site measurement 
devices during this project. Some of this information is considered proprietary to Owens- 
Brockway and is not included in this report. The host furnace data coliected included: 

0 Pull rate, todday 

Electric boost, kW 
0 Xatural gas and air mtes to the full furnace measured with orifice meters. SCFH 

Natural gas rates to the ports measured with rotometers. SCFH 

0 Furnace draft  measured with a pressure transducer, in. of water 

0 Bridgewall temperature measured with an optical pyrometer, O F  

0 FIme monitoring using a CTI-built and -installed CCTV system described in 
Appendix B 

Staging oxidant was supplied with twu skids, an ambient air blower skid and an 
oxygen skid. The oxygen was obtained from the plant oxygen supply which was a 
combination of VPSA oxygen with liquid oxygen backup. Oxygen concentration in the 
staging oxidant was controlled by setting and mixing flows of the two skids. The flow of 
staging oxidant to each port was separately controlled. This allowed the OEAS system to 
be balanced and to achieve the maximum NO, reduction while using the lowest amount 
of secondary oxidant. A detailed description of the staging air and oxygen systems is 
presented in'Appendix B. 

Emissions 
E'xhaust gas composition was measured in three locations: 

Flue gas tunnels 

Stack 

Regenerator measurements were made with water-cooled probes inserted 2 ft into 
the 12 foot wide regenerators. The left side of the firnace is located next to a wail which 
prevented the use of longer probes. Right side regenerator measurements were made with 
the probes inserted 3,4.5. and 8.5 feet into the regenerator. Data from different insertion 
positions was similar. and for the sake ofconsistency, only the 3 feet data is included in 
the discussion. All data collected. from all sampling positions. is inciuded in Appendix 
C. 

conditioned by being passed through a heated perma-pure dryer to remove moisture and 
then through millipore filters to remove particulates. Emissions concentrations were 

Regenerators directly in Iine with the ports 

Exhaust gas measurements included CO, C02, O,, and NO,. Gas samples were 
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recorded constantly during each test using a three pen chart recorder. The combustion air 
and exhaust gas temperatures at port 5 were also recorded on a chart recorder. 

Descnwtion of Tests 

April. 1996 and February, t997. The actual dates of testing and the testing performed in 
each campaign is described in Table 4. 

Demonstration testing was conducted in a series of six test campaigns bertveen 

Table 4. OEAS SIDEPORT DEMONSTRATION TEST CAMPAIGXS 

- Dates Testing 

April 24-29,1996 

Sept. 23-28, 1996 

Single port pair parametric testing 

Full furnace parametric testing 

Oct. 22-25, 1996 

NOV. 12-15,1996 

FulI furnace Iong tern testing 

FuIl furnace Iong term testing 

Dec. 10-14,1996 

Feb. 18-21, 1997 

FuIl furnace testing at Iow eIectric boost 

Full furnace testing with PLC controIIing the OEAS system 

The OEAS system was shut down after the test campaigns in April, September. 
and November, 1996. OEAS was left in operation after the other test series. At the end 
of the project, the OEAS system was left in operation. The system has been in 
continuous operation continuously for more than three months when this repon was 
written. * 

Discussion of Results 

series of test campaigns. The chosen testing protocol allowed the project team to collect 
all desired fiunace and OEAS data and the host l3xnace operators to become familiar and 
comfortable with the OEAS system. The testing protocol order consisted of single port 
pair testing on port 5. full h a c e  parametric testing, full furnace long tern testing at 
normal (high) boost. full furnace testing at low boost. and full hate testing wirh the 
PLC controller controlIing the OEAS system. A hll  description ofall tests and results is 
presented betow. 

After furnace baseline testing was completed. OEAS testing was conducted in a 

Singie Port Pair Testing 

Single port pair testing was conducted at port 5 .  Side-of-port injection tllrough 
avaiiIable burner blocks was tested on both sides of the t'urnace. Furnace crown and 
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underport (with one or two injectors) OEAS injection locations were also evaluated. All 
injectors were connected to both the oxygen and the air skids. 

Primary stoichiometric ratios were lowered without air staging to determine 
optimum PSR values and potential NO, reduction levels. A preferred PSR was then 
selected for OEAS testing. OEAS tests evaIuated a11 staging positions and a number of 
secondary oxidants. 

Figures 15 and 16 show the effects of changing port 5 PSR on NO, and CO. For 
both right and Iefl side firing, NO, levels decreased with reduced PSR. NO, reductions as 
high as 35% were reached. CO concentrations increased dramatically with decreasing 
PSR. At low PSRs. the CO concentration in the regenerator was over 3000 vpprn. 
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Figure 15. THE EFFECT OF REDUCED STOICHIOMETRTC €UTI0 ON NO, 
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Figure 28. EFFECT OF ENRICHED AIR (35%) STAGING ON CO AT PORT 5 

The NO, reduction achieved by Iowering PSR was reduced by approximately 
50% with both one-hole underport injection and b a c e  crown injection. These two 
staging options may generate NO, when oxidant interacts with the primary flame. The 
fiunace crown position appears to significantly reduce CO from 3000 vppm to under 
1000 t-pprn, but the one-hole underport injection approach produced exhaust gas with 
2000 vppm CO which will produce high stack CO levels. This underport position may 
not provide good port mouth coverage which would allow high CO-content product gases 
to enter the port. 

NO, levels increased when oxysen was used as the secondary oxidant and high 
temperature combustion zones were formed. This effect was seen at ail stagins locations 
with side-of-port injection producing the smallest increase in NO,. Staging with highly 
enriched air (50% 0: or more} and oxygen caused the exhaust port temperature to 
increzse by 20" to 80°F. This temperature was lower or unchanged when staging with 
35% enriched air and air. For the full f inace retrofit. overalI PSR will be decreased by 
lowering total furnace air flow. With OEAS operating along with a lower full fbrnace 
PSR. eshaust port temperatures are expected to be equal to or lower than under baseline 

. t'umace operating conditions. 

Full Furnace Parametric Testing 
During the first two weeks of September. the hi1 furnace OEAS installation was 

completed. This work consisted of drilling two holes under each port. installation of 
injectors in each hole. running piping to a11 the ports. connecting the piping and injectors 
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with downcorners, and attaching flow adjustment valves to each port. The holes were 
drilled by Ed BIin and the retrofit work was conducted by Combustion Tec. Inc. with 
assistance from Lilja personnel. 

IGT personnel set up measurement instrumentation on Sept. IS - 20. and full 
furnace OEAS parametric testing was conducted during the period Sept. 23 - 25. DUI 
this test period, the hrnace was operated with high efectric boost and a very low NO, 
emission Ievel below 3 Ib/ton. Baseline data was taken during which the combustion 
stoichiometric ratio was found to be I. 12. Tests were then conducted in which the 
stoichiometric ratio was decreased to 1.01 and no staging was employed. The NO, 
emission levels dropped approximately 35% to 1.7 Ib/ton while CO emissions rose 
almost exponentiaily. 

ing 

Figure 19 illustrates the effects of lowering the combustion air to fuel ratio (the 
oen-enriched overall stoichiometric &io) on emissions. This baseline data with no oxyc 

air staging operating on the furnace clearly shows that NO, decreases essentially lineariy 
with decreasing combustion air to fuel ratio while CO levels rise exponentially at overall 
stoichiometric ratios below I. 12. 
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Figure 19. THE EFFECT OF OVERALL STOICHIOR/IETIUC RATIO (OSR) OX NO, 
AND CO EMISSIONS WITH NO STAGING 

Data on NO, emissions collected from the stack during parametric testing is 
shown for left and right side firing in Figures 20 and 21. The behavior of the furnace is 
similar from the two firing sides. but not identical. The left side of the furnace tended to 
have somewhat higher NO, and lower CO at baseline conditions and when OEAS \vas 
operating. The hrnace air to he1 ratio was set to be the same when firing fi-om both 
sides. but a number of factors could influence the air to fuel ratio on the overaIl &mace 
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and at individual ports. Therefore, the project team was not surprised to find differences 
in emissions between the two sides of the fbrnace. Placing an automatic controller on the 
combustion system so the air to fuel ratio couid be set differently for left and right side 
firing would allow the average NO, emissions from the b a c e  to be Iowered. 
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Figure 20. NO, EMISSIONS AT HIGH BOOST DURING PARAMETRIC TESTING - 
LEFT SIDE FIRING 
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Figure 2 1. NO, EMISSIONS AT HIGH BOOST DURING PARAMETRIC TESTING - 
RIGHT SIDE FIRING 

Anaiysis of the data in Figure I9 in conjunction with a desire to keep an overidl 
oxidizing primary fI m e  stoichiometry led to the selection of a PSR value of I .02 for 
OEAS demonstration. Staging was then applied to all ports using enriched air containing 
35% 0, to raise the overall stoichiometric ratio to various levels. The results of this 
testing are presented in Figure 22. Firing the furnace from the left and right side 
produces different NO, values at the same stoichiometric ratio, but the trend is the same 
for both. With the PSR kept at i .02, OEAS effectively reduced the NO, emissions at the 
stack by more than 30% to an average value of 450 to 500 vppm. This corresponds to a 
NO, production level of I .S lblton of glass. OSR values of 7-08 to 1. IO were eflective at 
burning out CO produced in the primary flames. Stack CO values were similar to the 
baseline case with high PSR and no staging. Data is ody  reported for OSR values dottn 
to 1.08. Further decreases in OSR produced lower NO, but CO levels couid not be 
controlIed and rose exponentiaiiy. 
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Figure 22. THE EFFECT OF ENRTCHED AIR STAGING ON NO, AND CO 
EiWSSIONS 

Testing was also conducted to determine the effect of increasing the concentration 
of oxygen in the staging oxidant. At a PSR of 1.02 and an OSR of 1-10, the oxygen 
concentration was varied between 35 and 50%. Results are shown in Figure 23. A smaIl 
decrease in NO, of approximately 6% was reafized by increasing the oxygen 
concentration from 35 to 50%. While the result is desirable, there are concerns about 
possible temperature increases using more highly enriched oxidant and about the higher 
cost of more enriched oxidant. 
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Figure 23. THE EFFECT OF OEAS OXYGEN CONCENTRATION ON NO, AND CO 
EMISSIONS 

A long series of tests was conducted to baIance the staging oxidant to the various 
ports. Proper balancing allows use of the lowest possibIe amount of staging oxidant 
because the OSR is the lowest possible value. Also, NO, emissions decrease with 
secondary oxidant levels because a small amount of NO, is generated by the secondary 
oxidant. The port balancing indicated the OEAS system is robust and not sensitive to 
small changes in the amount of secondary oxidant sent to each port. This suggests that 
long term furnace operation will not require frequent adjustment of the OEAS system. 

Full Furnace Lona-Term Testinq 

Analysis of the single port pair testing showed that two OEAS staging positions: 
side-of-port and two holes underport? eflectively bum out CO while not increasing the 
overall NO, level. Staging with enriched air containing 35% O2 did not increase e?chaust 
port temperatures at either of these positions. Higher oxygen enrichmenr did result in 
temperature increases. Evaluation of these two positions revealed signiticant advantages 
to the two hole underport position. Therefore. the two hole underport OEAS staging 
strategy wits recommended for the full furnace. 

A decision was made to proceed with the fuIl furnace retrofit using the two hoie 
underport injection location. This decision was reached after review of the single port 
pair testing and examination of the injector locations. Immediately after this decision 
was agreed to by Owens-Brockway, CTI. and IGT. fabrication of injectors and other 
equipment was begun at CTI. Efforts were focused on conducting the full furnace 
parmetric testing during September. 
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Data for left side firing and right side firng colIected during parametric testing in 
September is presented in Figures 20 and 2 I. Very low Ievels of NO, emissions were 
observed during operation without staging and with OEAS on the furnace operation. The 
average furnace NO, level was decreased approximately 30% using OEAS from an 
average value of 2.5 Ib/ton to 1 .S lbhon. The effect of changing oxygen concentration in 
the staging oxidant is illustrated in Figure 23. Increasing the oxygen concentration from 
35 to 50 percent decreased the NO, emission level by 5 to 10 percent on average. This 
improvement in emissiohs level is small arid comes at the expense of higher oxygen 
flows. After testing was compiete, a decision was reached with the plant personnei to 
operate OEAS with 30 to 35 percent oxygen. O E M  is effective at this oxygen 
concentration and the plant personnel felt comfortable with the OEAS oxygen 
requirements while also feeling assured that OEAS was not causing any overheating of 
the refractory. 

Long-term testing of OEAS on the full furnace was conducted in October, 1996. 
During November, 1996, the project team returned to the host site to conduct additional 
Iong-tern testing measurements. The second set of measurements were made to c o n f m  
reliable OEAS operation and NO, reduction. Owens-Brockway hired a third-party 
contractor to measure stack emissions during the November testing period. Stack 
measurements of 02, CO, and NO, were essentially identical between the contractor and 
the project team. Discrepancies were less than one percent in values. The outside 
contractor foIlowed EPA protocols in making measurements. The IGT measurement 
protocoi varies somewhat from the EPA procedure, but regular calibrations are similar in 
both protocols, and similar instnunentation is used. 

Only minor changes in furnace firing conditions and OEAS operating parameters 
were made during the testing in November. The measured NO, levels for left and right 
side firing are presented in Figures 24 and 25. The furnace NO, levels were higher both 
with, and without, OEAS operating than was observed durins the parametric testing in 
September. The average NO, emission Ievel was still decreased by better than 25 
percent, from 3.1 Ib/ton to 2.3 Ib/ton. The actual level of NO, reduction was difficult to 
determine because baseline values measured in November aII had CO emissions with 
more than IO0 vppm. The baseline CO Ievel can be reduced by increasing the primary 
stoichiometric ratio which will also increase the level ofNO, in the stack. but this was not 
done during the long-term resting in November. The baseline values cited are from the 
September panmetric tesring, and these values are likely low based on the furnace 
operating conditions in November. 
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Testing at Reduced Electric Boost 

The project team was interested in determining the capability of the OEAS system 
for reducing NO, at different levels of electric boost on a furnace. Eiecrric boost is 
important to the glass rnakinz process as a means of supplying heat below the melt line, 
maintaining glass fI ow partegs, and controlling the glass qualiry. Eiecrric boost can aiso 
be used to reduce NOx emissions. Electricity typically costs S 22 to S X M M  Btu 
compared with less than $3/MM Btu for natural gas. For economic reasons. a furnace 
operator would like to operate with the lowest acceptable Ievel of electric boost where the 
exhaust is in compliance with environmental reguIations. The reduction in NO, 
emissions provided by operating OEAS on a furnace provides the operator this 
opportunity tu reduce the level of electric boost. 

The savings from lowering the electric boost depend strongly on the costs of 
natural gas. oxygen, and electricity to the plant. Generally, electricity is much more 
expensive on a unit of energy basis than natural gas. Typically, the cos1 of oxygen and 
increased namd gas incurred when OEAS is employed and boost is reduced are 
generally offset by the savings in electricity cost; Table 5 shows the cost advantage for a 
representative 300 todday glass rneIter using typical 1996 costs for fuel, omgent and 
electricity. 

Table 5. ECONOMICS OF LOWERTNG ELECTRIC BOOST WITH O E M  
OPERATION ON A TYPICAL REGENERATIVE SIDEPORT GLASS FURNACE 

Glass Pull Rate, todday 
Gas Cost, $/MM Btu 
Oxygen Cost. $/MM Btu 
Electricity Cost, $kwh 
Changes With OEAS Operating 
Natural Gas. Won 
Oxygen, $/ton 
Electricity, $/ton 

300 
2-50 
2.00 
0.07 

1 .oo 
0.80 

- 2.50 

Savings With OEAS Operating, $/ton I .oo 

The calculation in Table 5 estimates OEAS will not only reduce furnace NO, but 
will reduce the operating cost of production by S Uton. The savings ~ o u l d  vary widely 
depending on the cost of fuel, oxygen. and electricity and on the mount of boost that 
could be reduced while still being in compliance with NO, regulations. 

Owens Brockway performed forehearth work on the C firnace in fate November 
and early December. During this time, the puI1 rate was cut in half (to 150 todday) and 
the natural gas rate and electric boost were reduced. A test campaign n-as conducted in 
December. 1996 in which the furnace was brought back to hlI  puli rate with electric 
boost reduced by approximately one third. Under these conditions, the gas firing- rate was 
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increased by approximately ten percent to provide the necessary heat for the furnace. 
Variables evaluated at low boost included primary stoichiometric ratio (PSR). overall 
stoichiometric ratio (OSR), natural gas levei, and staging oxygen concentration (2 1 to 
50%). 

Results are presented in Figures 26 and 27 for left side firing and righr: side firing. 
An average NOx reduction of 30 percent was achieved. With no staging, the average . 

ieveI of NO, was 3.4 ibhon, and this emission ievel decreased to 2.4 lbiton when OEAS 
was employed. The level of NOx reduction was essentially the same for low boost 
operation as was achieved with high boost operation. The level of NO, production was 
higher under low boost conditions because more fuel was burned and the temperature 
above the glass was hisher. 

1.w I 
1 05 1.1 1.15 1.2 1.25 1.3 i 35 1.4 1 

ownti Stoichlorncbic Ratio ( 0 s ~ )  

Figure 26. NO, EMISSIONS AT LOW BOOST - LEFT SIDE FIRING 
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Figure 27. NOx EiMISSIONS AT LOW BOOST - RIGHT SIDE FIRING 

- 
Testing with PLC controllinv OEAS svstem 

After completing the fkll furnace parmetric testhg, the long-term testing and the 
low electric boost testing, the project team decided to install the PLC in the furnace. The 
furnace was left with the operating OEM system with the oxygen and blower air skids 
and with the PLC controi system. Data on NOx and CO emissions collected during the 
testing is shown for the left and right side in Fi,aures 28 and 29. 

During the testing period. NO, reductions of up to 40% were observed. This level 
was higher than the 30 to 35% NO, reduction achieved in parametric and long-term 
testing. The PLC system aIlowed OEAS oxidant flows and air to he1 ratios to be set 
separately on the right and left side of the h a c e  which resulted in better control of NO, 
emissions while CO levels were kept very low. 

Conditions were set for Iong term testing with the PLC system controlling the 
OEAS system. The air to fitel ratio on the left and right sides of &he %ace were set 
separately. The PLC was set to handle the slight changes in furnace operating conditions 
so that CO stayed at a low value ( G O  vppm). 
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I 
CONCLUSIONS AND RECOiMMENDATTONS 

Regenerative gIass rneiters use extreme1 y high air-preheat temperatures. resuf ting in verl; 
high levels of NO, (uncontrolled NO, levels above 10 Ibsiton of glass pulled are 
common). Consequentfy these furnaces are being placed under stringent regional 
regulations. For example, the Southern California mea now limits NO, from all container 
glass tanks to 4 Ibs NOJton. and is considering even more stringent future regulations. 

To help the glass industry meet these regulations, the Institute of Gas Technology (IGT). 
and their industrial partners - Combustion Tec, Inc. (CTI) and Air Products and 
Chemicals, Inc. (APCI) have completed field tests of Oxygen-Enriched -Air Staging 
(OEAS) technology OR a natural gas-fired regenerative sideport furnace in Vernon. 
California. Funding for the project was provided by the Cas Research Institute (GRI) and 
the US Deparrment of Energy (DOE). 

Field tests were conducted at the Owens-Elrockway (OB) C furnace in Vernon. 
California. This W c e  is a 300 ton per day six port crossfired fiunace producins amber 
container bottles. Data collected during 6 months of continuous operation indicate a 33% 
NO, reduction or maintained NOx levels near 21b NOx/to%j,. 

The overall market strategy will be to bring this technology to the attention of the glass 
industry for regenerative furnaces in the USA. The primary market will be the U.S. glass 
container industry which has approximately 150 furnaces and are about equally divided 
between sideports and endports. A back-up to direct customer contact will be some 
Iiterature mailouts, some limited advertising, technical trade show displays, technical 
articles for trade magazines describing new products and technical papers at seminars and 
conferences. The Business Plan is expiained in Appendix D. Foreign markets wiII be 
pursued following the U.S. market, with emphasis on those locations where 
environmental forces are a driving factor and patent protection is viable and/or patent 
infringement is not a problem. 

Combustion Tec, Inc. has developed spreadsheets to do detailed economic anaiysis of the 
staging technology for any given bate. CTI recognizes that the technology cost can 
vary widely among different b a c e s  largely due to furnace size, baseline NO, levels. 
type of OEAS system chosen. oxysen costs. and utility rates. Included in the analysis are 
OEAS capital costs. operating costs. installation costs. and other miscellaneous costs the 
customer may wish to include. The spreadsheet c m  also be used to compare other NO, 
conuoi technologies’ costs to the OEAS technology. 

Typically, the productivity cost increase associated with an OEAS system is less than 
$2.50 per ton of glass produced. This cost increase can range from around S.70/ton for il 
smaller fUrnacce with either a BAS or CAS system to over $3.00 for a larger furnace 
using a liquid oxygen supply OEAS system and has moderate baseline NO, levels. The 
abatement cost, in dollars per ton of NO, reduced. ranges from $400-$Z000/ton NO, 
reduced. Again, this variance is due to furnace size. OEAS system chosen. oxygen costs. 
and baseline NO, levels. 
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Conclusions 

reductions as high as 35%. The true NO, decrease is believed to haye been greater with 
measurements influenced by mixing and crossflow. Staging using side-of-port and the 
two hole underport injection strategies successfully burned out CO generated by the 
reduced PSR without generating NO, or increasing exhaust port temperature. The one 
hole underport injection strategy produced poor port coverage and an increase in SO,. 
Furnace crown injection was not studied extensively but will require carem selection of 
position, oxygen enrichment, and velocity parameters to bum out CO without increasing 
NO, or impinging on the glass surface. Enriched air proved to be a highly effective 
secondary o d a n t  in this firmace. However, an oxygen enrichment level of more that 
50% was found to increase both port temperatures and NO,. 

The preferred air staging option was determined to be two hoie underport 
injection. Side-of-port injection also provided effective CO burnout without generating 
NOx, but direct oxidant injection into the furnace provides several benefits. Burnout of 
the CO above the glass provides heat recovery inside the h a c e  where the energy is 
needed while preventing the bumout from overheating the rehctory. 

Full furnace OEAS demonstration with two hole underport injection confirmed 
the single port pair testing results. A reduction of PSR with 35% oxygen staging 
decreased the NO, by more than 30% to approximately 1.8 lb/ton. The amount of NO, 
reduction reflects the very low furnace baseline NOx IeveIs. The .best NO, reduction was 
achieved with the lowest possible OSR corresponding to the smallest amount of staging 
oxidant. A lower amount of staging oxidant is also desirable from an economic 
standpoint. OSR values of I .08 to 1.10 in combination with a PSR of 1-02 produced 
optimum NO, reduction and effective CO burnout in the furnace. 

Increasing the oxygen content of the staging oxidant h m  35 to 50% produced a 
decrease in NO, emissions of approximately 6%. Choice of the oxygen concentration in 
the secondary oxidant over this rmge is expected to be an economic decision for the 
furnace operator. 

A PLC system proved to be effective in long-term OEXS operations whiie 
providing m e m  to operate the right and left sides of the b a c e  at different overall 
stoichiometric ratios to maximize NO, reduction and stable operation. NO, reductions as 
high as 40% were achieved with the PLC controlling OEAS. This was sokewhar higher 
that the reduction achieved by manual operation and was considered 3 reliable full-time 
OEAS control process. The OEAS system was left operating. under PLC control. at 
conditions which provided the highest possible NO, reduction while using oxygen at a 
rate acceptable to the piant and while using a level of secondary air in the center of the 
blower skid's range. The average NO, emission from the fitmace was 3.5 lbiton a1 the end 
of the first week of PLC control. after optimizing the OEAS system. This NO, lelref was 
maintained during operation after completion of this project. The 0 E . G  system has now 
been operating successfuI11; for eight months. 

Reduction of the stoichiometric ratio on the primary flame of port 5 produced NO, 
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Operation of the air staging system on this furnace has invoked hardware. 
modeling, and practical expertise. The OEAS system is stable and operation is not 
adversely affected by minor changes in furnace operation. The system is flexible but 
must be adapted to each fiunace on an individuaI basis. Installation requires an 
understanding of the air staging impact on NO,, CO, fimace temperatures. gas flows. and 
mixing. 

Recommendations 

With the successful completion of this demonstration program, the OEAS 
development team has brought the technology to commercial status for all natural-gas 
fired endport and sideport container glass furnaces. The team recommends M e r  
application and development be followed along two paths: commercial application on 
furnaces where OEAS has been successfully demonstrared and extension of the 
technology to furnaces making other types of glass as well as other furnaces operating at 
high temperatures and suffering from high NO, emissions. The development team offers 
the following recommendations for future OEAS application and development: 

continue aggressively selling the OEAS technology to owners of natural gas-fired 
endport regenerative glass melters fur container glass production, 
begin aggressively selling the OEAS techology to owners of natural ,om-fired 
sideport regenerative glass melters for container glass production, 
find a Bat glass furnace for demonstration of the OEAS NO, control technology OR 
this type. of glass furnace, 
pursue application of the OEAS NO, reduction technology in the non-ferrous and 
ferrous metal industries through field demonstration on high-temperature commercial 
furnaces. 
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Effect of Oxygen Enriched Air Staging on CO Emission for an Owens- 
Brockwny Side-Port Regenerative Container GIilss Furnace 

Find Report for 
The Institute of Gas Techoiog, Des PIaines, IL 

with regard to 
IGT Proposal No. U62G3/95A 

Xanming Li Air Products and Chemicrtis 
January 3 1, 1996 

Summary 

Implementing side of port OEAS with a i d  secondary oxidant containing 35% oq-gen in this side-port 
furnace is expsed to reduce X0.u emissions subst3ntiaIly without affecting the €urnact thermal efkiency 
or prcduction me. If a simpie reduaion in the primary stoichiometric ratio is empiped without 
secondary oxidant injection. CO emissions wi l l  be two orders of magnitude higher than the arrent Ievel. 
Staging appears to be an effective method of reducing CO emissions. In panicuiar. na@ns with a higher 
noale vetocity is preferred With the best mging arrangement, CO emissions are reduced to witbin four 
times the cwent levei. An important fame of OEAS is CO burnout in the furnace to m v e r  heat and 
to prevent overheating The CFD analyses show that OEAS M realize these benefits without the adverse 
&ect ofoverheating the furnace supersuucnrre. 

The three altemate 0E.G strategies: crown injection with a single nozzle. under-sort iancing with two 
nozzles and under-port lamins with one nozzle. do not overheat the furnace supemcture. have no 
negative impact on the furnace thermal eEciency, and they resuit in CompIere CO desuuc,ion at the port 
neck exit With cmm injection. 90% of the CO gets destroyed in the meiter. w h e w  50% of the CO 
burnout takes place in the meher for the under-port h c i n ~  options Under-pon lancing with two nozzles 
at 300 f&/s and angled 30" fbm horizontal mms the best choice in terms of CO desnucti~~ impact on 
ff ow above the giass and h c e  thermal 6ciency. Crown injection with one node must have a slower 
jet so that it does not impinge on the glass surt;l<;. 

The proposed OEAS arrangement is  ~ ~ v e  in CO and NOx reductions and does not incur fief penalty. 
In f a n  the increased air preheat temperature mi a more luminous flame m y  mea increase the thennal 
efficiency (production rate). AdditioIllil g i n  in t h e m  ef€iciency ax remit from irpruring the heat of 
CO combustion inside the furnace which is ac5ievable 16th prehated %@ng osidanr or pure o.xygen 
injection With 35% osysen content. the mid stasiing jets in the clurent pian require more energy to heat 
up than the available CO combustion heat reierse. Pure oxygen jen require much Iess energ to heat up 
due to the reduction in gas volume. Aiternative injection m t e g e s  are waiuated to ensure CO burning 
above the load To M e r  increase NOS reduction the primary stoichiometric ntio may have to be 
decre3sed below 0.95. 
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Oxygen Enriched Air Staging (OEAS) wiiI be applied to an Owens-Brockway side-port, 
rqenerative, container giass &mace in Vernon, CX to demonstme its NO, reduction 
benefits. It is known that NOx production decreases in oxygen-deficient conditions. 
However, oxygen deficiency causes an increase in CO emission. Therefore, the key 10 . 
O E M  tecfinoIogy is to determine the best means of CO desuuction inside the furnace for 
emission compiiance and checker protection. 0E.U technology has been proven 10 
achieve significant NOx reduction with CO compiiance in an end-port regenerauve 
fLmace (Joshi et. al, 1994). This study examines CO production and destruaion in the 
primary and staging combustion zones. The %mace is fired with naturaj 3s-air burners. 
Under the current operating conditions, the stoichiometric ratio is 1-10. During the 
proposed O E M  demonstration, the stoichiometric ratio in the primary combustion zone is 
lowered to 0.95 (slightly firel rich). However, oxygen introduced throu& the proposed 
staging mansernent will bring the overall stoichiometric ratio back to 1.10, or about 2% 
excess oxygen. The staging air Wid result in secondary cornbustion tfiar could affect the 
operation of the fiunace. A number of concern mus be addressed before this technolog 
can be implemented: 

0 

0 

How does staging affect the carbon monoxide (CO) emission? 
Where does the secondary combustion take piace? 
Will the secondary combustion affect the crown or the exhaust port temperatures? 
How does staging a f f i  fiunace efficiency (production rate)? 

These issues are examined throcgh thermodynamic and computational fluid dynamics 
(CFD) analyses. This report summarizes the results. 

In addition to side of port injecson, it is advisabfe to examine three aiternate 0E.U 
strategies: crown injection with a single node ,  under-port Iancing with two nodes, and 
under-port lancing with one node, afl at an injection velociry of 300 Rls. The injection 
arrangements are shown in Figure A-1. The oxygen content of the enriched air is 35 mole 
percent. The major parameters for these alternate cases are shown in bold face in Table 
A-l along with the in-port options. Ai1 Strategies have been examined via CFD modeiins 
and the results are reported in this report. 



-- 

Figure A-1 . Crown injection and under-port iancing arrangements. 

2. Modefing Approach, Assumptions and Plan 

2.1. 

The Owens-Brockway, regenerative 6-port side-port, container glass firnace has a 
permitted throughput of 320 tons per day with 1.5 MW electric boost available. In this 
study, one section of the fbmace containing only a single port p& (port 5 )  is examined. 
This choice simplifies the geometry enough to permit detailed analysis for CO emission 
predictions. Port 5 has similar operating conditions to its neighbors, thus symmetry 
conditions can be applied to the section boundaries. The refractory walls are modeled in 
this study using manufactureis information on thermal properties. The &ss barh is 
represented by a smooth surface whose temperature is assumed to be equal to that of the 
tuckstone and was measured with an opticd pyrometer by the hmce operator (2770OF). 
The modeled geometry is shown in Figure A-2. 

Furnace Geometry and Boundary Conditions 

The port geometry is simptiiied to faciiitate the anaiysis. These simplifications will af5ect 
the flow pattern and the flame shape near the port opening to the h a c e .  However, as 
discussed in a later section, their impacz to the primary objecrives ofthis study is minor. 



SiIica with other retiactory 
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a) Front View , NCjeb 

b) Plan View 

Figure A-2. Geometry €or the port-to-port CFD model. 

Port 5 as modeled in this study has a total naturd gas flow rate of 9450 SCFa or 385.5 
pounds per hour (Ibm/hr). This amount of he1 is split evenly between two gas injectors 
and comes in perpendicular to the primary air flow at SOOF. Thus, each burner is rated at 
4.158 W t u / h r ,  and the resuiting natural gs velocity is 26.5 Ws. 

Primary air is preheated in the regenerator to approximately 2300°F when the prim- 
stoichiometric ratio (PSR) is 1.10 under the current operating condition. With a PSR of 
0.95, the air flow rate decreases from 7300 lbmihr to 6304 ibm/hr. The preheat 
temperature will rise because of the reduction in mass flow though the checker, irs value 
wiII be found with the thermodynamic anaiysis to foIIow (237OOF). Thus. the average air 
velocity under the current operating ccndition is 32.1 ft/s, and it becomes 27.7 ft/s under 
OEM conditions. The turbulence intensity at the air and the ,oas inlets are set to lo?$. Le. 
"i/v = 0.1. Normally this level of turbdence intensity is quite hi&, but it is needed here to 
account for ff ow conditions prior to the inlets in the checker and in pipins system. 

The exterior walk of the crown and the breastwalk Iose heat via natural convection and 
radiation to the environment. However, the pattern of the natural convection flow field is 
quite different due to the difference in wall orientations. From corre!ations of natural 
convection heat transfer (Bejan, 1984), the crown cold face has an external heat transfer 



coefficient of 0.195 BtulhrlR~iOF, and the breastwails 0.346 Btu/hr/fi2!"F. x11 inside walls 
have an ernissiviry of0.8 except the giass surface. The $ass surface emissivity is 0.92. 

The enriched stasjng air has an ovgen content of 35 mole percent. The totd flow rate is 
619.8 Ib&, and it comes in at SOOF. This amount of enriched air is fixed in all of the 
OEM cases and is distributed evenly between one or two nodes.  The nodes injec: the 
oxidant inside the port, opposing the exhaust flow. The angle between the node  
centeriine and the port centerline is fixed at 42 dwees  (see Fipre A-2) for in-port 
injection. Since the total amount of smjng air is tiued, the jet ve!ociry is varied to 
investigate the effect of jet momentum on overall performance. The jet diameter is 
caicufated based on the jet veiocities. 

2.2. Key Physicat Models 

FIow in the furnace is higfiry turbulent. AIthough more advanced models of turbulence 
such as the W G  k- g modei (Yakhot and Orsag, 1986) and the full Reynolds stress 
model (Launder, Reece and Rodi, 1975) are available, the standard two-equation k - E 

turbulence modei (Lauder and SpaIding, 1973) is used in this study. This model is robust 
and computationally efficient with a proven track record of reliable results. 

Radiation heat transfer is computed with the discrete transfer radiation model ~ T K i M )  by 
Shah (1979). This modei solves the radiative transfer equation dir&r,ly dong discrete rays 
emanatin3 fiom all surfaces. It is applicable €or participating media ranging from opticalIy 
thin to optically thick For natural ,=-air flames, the optical *~ckness is in the middle of 
the range, therefore, the DTRM model is desirable. 

With CO emission prediction as a key objective, the foliowing species list is the required 
minimum: CQ, 07, COz, H20, CO, N2. This mixture is assumed to obey the ideal gas 
law. The viscosi&themd conductivity and specific heat of the mixture are computed 
Eom individual species properties which are bet ions of temperature as described in the 
J&VM tables. Experience shows that accurate physical properties are a prerequisite of 
CO emission predictions. The remion mechanism considered in this study is the 
followin_g: 

Although the flow in the hrnace is highfy turbulent, chemical reactions still take place 
much more rapidly than the rate of mixing. Therefore, the reaction rate wiii be mixing 
limited. In the context of the Magussen-Hjertaer modei (iMgussen and Hjenager, 
Z976), the kinetic rates for these two reactions are thus deliberately set very high so that 
turbulent mking is gxirmteed to be the controlling rate. Mathematicaity, these statements 
translate into the fofIowing equation: 



where e., is the mass production rare for species i due to reaction k. Yis mass fraction, v 

is molar stoichiometric coeEdents, d and B are empirical constants, M is rnoleaIar 
weight, p is mixturs deasisity. Subscripts 0, F and P denote oxygen, hef, and product, 
respectively. The key observation here is that the reaction rates are proponional to the 

ratio - with various proportionality constants. 
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2.3. Numerical Method 

The governing equations for the conservation of mass, momentum, energ and chemical 
species are solved with the FLUENT software package (RLLrENT User‘s Guide, 2995). It 
uses a control volume based finite difference scheme where noniinear variations are 
included inside each control volume, s h d a r  to the concept of a shape knction in a finite 
element scheme. This method is a vkation of the original approach by Patankar (1980). 
This formuIation ensures the balances of mass, mornennun, energ  and species Iocaily 
(within each control votume) to achieve physically redistic resuits even on coarse grids. 

The current CFD model has approximateIy 62,000 grid points. A nonuniform grid is 
designed so that areas of large variable gradients have denser mesh. In particular, the 
nozzles are represented w i b  4 control volumes, as shown in Figure $1-3. With 12 
equations and the radiation model, each iteration takes approximately 2 minutes on an 
IBM RS6000/580 unix workstation On average, 1500 irerations are needed to emure 
convergence of the solution as measured independentfy with overall mass and eaergy 
balances. Thus, each case requires approximately 50 hours of CPU time. 

Figure A-3. A nonuniform grid dfows adequate resoluxion in regions of particular 
importance such as the injection noufes. 

2.4. Study Pian 

The overall study plan is the following. The current operating condition is studied first as 
the baseline. Then four variations of the OEAS arrangement wilI be examined. The kei- 
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rich primary combustion without secondary oxidant injecton will be refen-ed to as the 
"UEAS zero" case because the injection velocity is zero. The remaining three cases are 
for staging wirh three different veiocities: 100 Ws, 300 Ws and 300 13s. They are fo be 
called "OEXS IOO", "OEAS 200" and "OEXS 300" in this report. The corresponding 
novie diameters for deIivering the same mass ffow rate are 1.761", 1.215" and 1.017", 
respectively. These parameses are summarized in Table A I  for ease of reference. The 
final three cases: crown (crown injection wirh one hjeaor), underporr 1 (underport with 
one injector), rind underpon: 2 (underporr With two injaors} were base6 on a velocity of 
300 ft/s. 

TabIe A- 1. Summary of Case De5nisions (alternate strategies in boldface) 

I 
1 

3 
4 
5 

6 
7 
8 

7 - 

- 

I 

basefine 2 .  I O  
0E.U zero 0.95 
O E M  100 0.95 
OEM200 0.95 
OEAS300 0.95 

crown I 0.95 
underport I 0.95 
underport 2 0.95 

OSR Sta-ging 
velocity 
W S ?  

1.10 NA 
0.95 0 
1.10 100 
1-10 200 
1.10 300 

1.10 300 
1.10 300 
1.10 300 

N 0 d e  
diameter 
Cinch) 

XA 
NA 
1.761 
1.245 
1.017 

P 

current condition 
in-port injection 
in-port injection 
in-port injection 
in-port injection 

crown, one nozzle 
underport, one nozzle 



3. Thermodynamic Analysis 

Global eEkcts of OEXS on the &mace operation can be assessed throush an overdl 
energy and material balance, or a thennodynamic andysis. The Sankey diagram for the 
current fbmace operating condition is shown in Figure A-4. Denote the overall 
stoichiometric ratio (OSR) as f,, the oxygexl mole Eaaion of the primary air as x, the 
molecular wei@ts of oxygen, nitrogen and he1 as :ti,, && and :tiF, respecuveiy, and the 
molar oxidizer/fbeI ratio as v,. Then the stoichiornerric oxidizer/fiiei mass ?aiio for the 
primary air r, is computed as 

rp = 
MF 

While rp, the primary air mass flow rate can be expressed in terms of that of fuel: 

Qbad 

Figre A 4  Sankey diagram for the current hrnace operating condition. 

Assume the specific heat of the ,oases at ambient ternperature is cw, and at elevated 
temperatures is cp- Since the preheat air temperature q,, at the current operating condition 
is a measursbbia quantity, we can find out the amount of heat the primary air stream draws 
from the checker: 



Now consider the energy balance around the &mace. Suppose the &mace sas 
temperature is uniform and that it can be represented by the temperature immediateiy 
before the exhaust entrance, <. Then the totai chemic4 energ reieased by the he1 Q 
must be balanced by the wall losses e,, heat transfer to the load Q-. and the flue losses: 

RecalI that the totai chemical energy is the product offbe1 mass flow rate and the lower 
heating value of the he$: 

Let the waiI losses and the heat transfer io the Ioad be represented 3s fractions of the totai 
chemical energ: 

(2, = ~ * f % v  

a=---- Qbad p =  - Qw 

Qc Qc 

Note that a as defined above is the combustion efficiency ofthe furnace. Substitutins 
these relations into the fi~rnace energy balance, we obtain the foIIowing equation for < : 

f,,rpcpTm +c,T, +q,(l-a-P) =(l+forp)c,T, 

In the actual operation of a regenerative furnace, the flow direction through the t'urnace 
dtemates. Thus, the checker on either side of the b c e  alternately sores and discharses 
energy. On the averase, the amount of esergy discharged must be quai  to the amount of 
energy stored to sustain a periodic steady state operation. This obsemtion is illusrated as 
a dotted fine in the Sankey diagam. Mathematically, this relationship is 

With this relationship, we can calculate the exhaust side checker efficiency: 
QL =Q 

Qh 
tt= 

~ ~ ( l + f o + J  -cJw) 
where T, is the 3as temperature at the checker outlet. Since the concept of efficiency 
relates the actual amount of energy extracted with the available energ, T, should be set 
to the ambient temperature, c. 
When a secondary oxidant is introduced under the proposed OEAS strateg, the energy 
flows change, as illustrated in Figure -4-5. The chan@in_~ quantities are denoted with a 
pnrne ('). The primary air flow rate is related to the primary stoichiometric ratio (PSR) 
rather than the O S R  

Under the current plan, the PSR is Iess than 1.0, thus some hei in various intermediate 
forms will remain in the exhaust. The worst case scenario occurs when ail remaining 
combustibie material burns inside the checker. Suppose that scenario is analyzed, then the 
total chemical energ released in the firmace is 

The remainins portion buns in the checker: 

til; = ffpm,. 

Qc = ~ f & h v  



Furnace waII losses are controlled by heat conducrion through the insuiation. Conduction 
heat transfer is linearly proponionai to the remperature difference across the medium. In 
other words, w h a  the hrnaclo temperature changes, wdI losses will chanse approximatefy 
as foflows: t 

T,'-* 
T - K  
c4-1[3; 
z4 - 

Q3=Qw- , 

Heat transfer to the load, on the other hand, is radiation dominated. Thus, 

Gad = Q J d  

where 21' is the new b a c e  gas temperature under OEM, and is glass surface 
temperature. The reduced PSR at sub-stoichiometric Ievei is expected to increase the 
flame luminosity which may ed~ance radiant heat transfer to the load. That ei5eec: is not 
included in the above relation, thus, the thennd efficiency estimate may be conservative. 

I 

Figure A-5. Sankey diagram for the proposed staging arrangement. 

The heat transfer mode through the checkers depends OR whether the checker is in the 
storage phase or discharging phase. According to Delrieux (1980), the dischargins phase 
at the intake side is compIexly convec:ion controlled, whiIe the storage phase at the 
exhaust side has an S O E O  split Letween radiation and convection. Because turbulent 
convection heat transfer is proportional to Re"' (Kays and Crawford. 1980). the energ  
drawn by the primary air will 5e 



0.8 

Under the current’OEAS proposal, f3 = 0.95, and f ,  = 1.1, thus 

On the exhaust side, a s m e  that the checker efficiency is controUed by radiation done: 
T,’j - T;’ 

-c4 
zl’= rjr  

It is expected that will be Iarger than I J .  Therefore, more energ can be stored in the 
checker. However, because heat storage and discharge must be e4ua.I on the average as 
discussed earlier, the checker eiiiciency will be limited by the convection heat transfer rare 
at the discharge phase, i.e. 

With this relationship, we can obtain the new preheat air temperature qL immediately: 

L?; = hJprp (CJ - CJ) 
To find out the new k a c e  sas temperature r, consider the enera  balance ’around :he 
&mace: 

hff,rpcpTL + t i z , - c ~  + Q: - QL - Q: = fif (I -+ fprp)c,c 
Substitute the expressions for a, (2: and Q& to obtain an equation for the new firmace 
temperature: 

The new checker efficiency at the exhaust side is found with the fcIIowin,o mergy balance 
for ‘the checker: 

where the oxidiZer/&ei mass stoichiometric ratio r, based on the o.xy= oen moIe fraction of 
the staging oxidant x, is: 

Values of various parameters as listed in Table A-2 can be substituted into the preceding 
equations to obtain numerical results. The wail losses and heat transfer to the load as 
Eactions oftotd firing power for the current conditions are based on the CFD remits. Tine 
objective here is to find what changes take place as a result of the OEAS arrangemefit. 
Thus, these values shodd not be held as absolute, rather, they should be treated as typicd 

. .  ....-____. . .  



Symbol jUnits 

and reasonabie estimates. Trial calcuiations with a range of specific heat from 0.239 
Btu/lb.PF to 0.477 Btuflb.PF show that the hrnace temperature is re!ativeiy insensirive 
to cp. Since the fbrnace thermal efficiency a is related to T,, it is expected that ct is also 
relatively insensitive to c,. For the resuits here, cp = 0.382 Btdb./*F, and cp = 0.239 

Btuflb.PF. 

The thermodynamic analysis is summarized in Table A-3. The key observarion is that the 
thermal efficiency of the fkrnace under the OEAS plan will be similar to, or even berter 
than, the w e n t  operating condition, mainly because of a higher air preheat temperature. 

Table A-2. Values of Physicai Parameters Used in the Thermodynamic Xndysis 

Primary stoichiometric ratio (PSR) 
Overall stoichiometric ratio (OSR) 
02 mole fiaca'.on in primary o?ddant 
02 mole fi-action in secondary oxidant 
Stoi. &/kef mass ratio for primary oxidant 

r heatins vdue 0 of fbeI 

uef Mass flow rate per burner 

Wall losses as fraction of firing rate 
Ternperatore at checker exit EO sack 
Glass surface temperature 

_ _  __ 

1 

Value 

0.95 
1.10 
0.2 1 
0.35 
17.17 
lo.% 
0.382 
0.339 

21,580 
SO 

192.9 
0.35 
0.09 
SO 

2770 
16 

33 

".- 
J- 

13 



.Table A-3. Summary of Thermodynamic Analysis 

Preheated air temperature 
Furnace gas temperature 
Furnace b e d  efficiency (+) 

[Total mass ff ow at exhaust side checker 
(+) Ihe furnace rh- eEciacy tbr the current (3ondillon :s based on &e C D  resuit for port 5 alone. It 1s 

lIb./hr 

meant to be a reasonabie aimate so that the change oCeiEcicy! can & maiyzed for O W  

The IGT propod outlines Eve methods of introducing the secondary oxidant: I) enriched 
air with 35% oxyges at ambient temperature, 2) enriched air with 35% oxygen at preheat 
temperature, 3) pure oxygen at ambienr temperature, 4) air at ambient temperature, and 5 )  
air at preheat temperature. The preceding results correspond to the first arrangement. 
How does the fumace thermal efficiency change wirh these Werent methods of secondarv 
oxidant introduction, assuning the PSR is fked at 0.95 and the injection location remains 
inside the port? Interestingly, the answer is none based OR the thermodynamic anaiysis, 
because the checker eEciency is Iimited by the convection heat transfer rate at the intake 
side and the secondary oxidant enthalpy does not even enter the firnace efficiency 
equation. Of course, factors such as NOx and/or CO levets, the extent of fUrnace 
moMcation and operational issues are not considered in this analysis which can be 
important. 

What if the PSR is lowered fbrther for NOx reduction reasons? If the injection location 
remains inside the port, the fixmace thermal efficiency wiii suffer a penaity if PSR is less 
than 0.56. 

4. Results 

4.1. Staging does not increase crown ternpersture. 

The pe5k vdue of crown temperature remains at 2830°F in ail cases. However, the size of 
the crown surface area with the peak temperature is about three times larger with O E M  
than the cwent cperating condition as shown in Figure A-1 I (coior Fazes ar the end). 
Note that due to some idiosyncrasy of the CFD package the temperature in this figure can 
only be in Rankine rather than Fahrenheit without software modification. Temperature in 
other figures are in Fahrenheit, however. 



Under the alternate strategies (crown and underport injection) the peak crown 
temperamre remains the same as the baseline condition (2330 OF). The size of the pe& 
temperature is comparable to that of the baseline case when crown injecion with one 
node is used. For under-port lancins options, the size is about three times larger, similar 
to the hot spot s u e  for the in-port options shown in Figure A-11. S o  discernibie 
difference in the breastwall temperature can be observed among all operating conditions. 

4.2. Staging reduces CO emission effectively. CU emissions decease with an 
increase in jet velocity for the same amount of staging air. 

The reduction in CO comes as a resuit of correcting the fUeGrich condition in the primary 
mixture so that oxy,oen is now avaiiabIe to react with CO. The faster jets mainly improve 
mixing of the staging oxygen as discussed later in this report. The CO emission ievels at 
the exit of the exhaust port are summarized in Table A-4 (includes alternate strategies). 
For the crown and underport injection strategies, the CO Ievel at the exit of the port neck 
is cornparabte to the baseline, which means complete CO destruction and better than in- 
port injection strategies. with in-port injection strategies, all CO destruction takes pface 
inside the port. With the one-node crown injection stratem, 90% of the CO burnout 
takes place inside the meiter. At least half of CO burnout takes place inside the me!fer for 
the under-port lancing options. The difference has to do with the mixing partern. 

Underport lancing with one nozzle creates a strong jet in the low veiocity regon in the 
middle of the two primary flames, which it penetrates with relative ease. It then meets the 
recircuiating flue gases just outside the primary flames. The lower temperature flue gases 
tend to dive toward the $ass surface. The combined motions result in a spiralins flow 
around the primary flames that d e s  the secondary oxy,oen &her upstream in the 
Vicinity of the primary combustion regions. The substoichiornetric condition in the primary 
zones may be disturfxd. Furthermore, in the post-flame region relatively less secondary 
oxygen is available to react with CO, thus CO bumout ki the melter is incomplete (50%). 

Crown injection with one n o d e  also creates a strong jet that penetrates the low velocity 
region in between the primary flames easily. In fact, at 300 Ws this jet easily -mpinges on 
the @ass surhce. Mer this point, the mixing pattern is very different from that of 
underport lancing with one node.  The impinsernent flow scatters in all directions and 
mixes almost immediately with the surrounding fluid. In this particuIar arrangement, the 
poht of impingement is substantidly inside the post-flame zone. The good mixing of 
secondary oxygen in this region implies more complete CO burnout inside the melter 
(90%). 

Underport lancing with two nodes  has two thinner jets at 300 Ws. They have more 
difficdty penetrating the high velocity regions aligned with the flames. Yet a sipificant 
portion of the secondary oxidant does make it upstream to create a condition, to a lesser 
degree, sinilar to that of underport lancing with one node. The outcome is incomplete 
CO burnout inside the meiter (500/0). 



Regardiess of the extent of CO burnout inside the melter, the remaining CO will be 
completely destroyed in the port because now all remaining oxysen must pass thou@ this 
passage. Row acceleration tiom the rnelter to the port creazes high leveis of turbulence 
which promotes mixing and CO destruction inside the port. 

The oxygen mass &action at the ievei of the primary burners (17.5” fiom the glass surface) 
is shown in Figure A 4 5  for all three arrangements above. For cornparkon purpose, the 
OEM 300 case is also shown. For reasons of resolving the fine details, oxysen mass 
kction above 9% is cut off and appears as whire blotches in the piot, 

Table A 4  CO Emissions for $1 OEAS Strategies (alternate strate_gies in boidface) 

CO at exit Ib/hr (raw) 
of port 

PPm 
I b M B m  
lb/ton (glass) 

CO at inlet lb/hr (raw) 
to exhaus& 
Port . 

PPm 
lwMM Btu 
lb/ton (giass) 

4 584 177 55 17 1 2 
0.0040 0.4731 0.1761 0.0539 0.0168 0.0008 0.0019 0.0047 
0.0120 1.4050 0.5230 0.1600 0.0500 0.002-1 0.0056 0.0139 

0.4453 2.2631 2-31.)1 2.SS08 3.0381 0.2693 1.2373 1.3930 

I l l  680 695 869 919 6s 334 376 
0.5448 0.5565 0.692s 0.7331 0.0643 0.2376 0.3350 
1.61791 1.6529 2.0577 2.1772 0.1924 0.8838 0.9350 

Note that the nominal throughput used to present the CO emission data h Table A 4  is 
320 tons per day. The effect of the electric boost is neglected. R e d l  also that port 5 has 
21% of total &el input. With these vdues, the Unit energy consumption is 2.97 lMMBtu 
per ton, which provides the connection between emissions and glass production rate. 
Compared to the current operating condition, the decrease in primary stoichiometric ratio 
from 1.10 to 0.95 causes the CU emission to increase by 117 times. Stagins combustion 
*reduces this vast amount of CO by 96.4% to a level within 4.2 times the current operating 
condition. 

4.3. Staging jets in the current configuration do not penetrate into the furnace. 
CO reduction and consumption of the remaining fuel all take place inside the 
exhaust port. Higher jet velocities merely promote mixing of staging air with 
the exhaust flow. 

Flow pattern inside the furnace remains unchanged with in-port OEAS, as ilIustrated by 
velocity vectors in Figure A-12. Of course, flow pattern inside the port is very different. 

IS 
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Nevenhe!ess, the staging jets do not penetrate inside the fhmce. This fact may seem 
counter-inmirive. For that reason, a detailed anaIysk is provided below. 

43.1. Theoreticid Analysis 

4.3.1.1. Two-Dimensional Potential Flow Estimate 

Since the total sta=@ng air is only 9.3% of the primary mixture mass flow, penetration of 
the staging air into the &mace is rather limited. In fact, the pemration distance can be 
estimated with the potentid flow theory (Sabersky et. al, 1971). The flow inside the port 
can be modeled as the superposition of a uniform flow and a source, as iIIustrated in 
Figure A-6. The uniform flow represents the main stream inside the port at about Uo = 36 
Ws. The source flow consists of 14 slot jets whose velocity (U,) is that of the staging flow 
(Us) at 8= 42 degrees off center (Vi = Us COS@, and whose width is the sta-@ng nozzle 
diameter (D). These slot jets are ananged around a 360-desee circumference, because 
the cone angle of a slot turbulent jet is approximately 26 degees (Beer and Chisjer, 

. At L 7u, 
1972). The penetration distance as normalized by the jet diameter is then - = -- D ?run 
Us = 300 WS, the penetration distance is thus estimated at 14". With 100 WS, the 
penetration distance is about S". 

. Y  

x 

Figure A-6. Jet penetration distance can be estimated by superposing a uniform flow with 
a source. 

4.3.1.2. Three-Dimensionai Poten tiai Flow Estimate 



In the preceding analysis, the potentid source is made of 2D slot jets arranged in a circfe. 
Since the jet stream is small compared to the main ffow, the ffow fieid is truly 3D. The jets 
should be arranged in a sphere to form the potential source. To pack a sphere of radius R 
with cones of angle a, n cones are needed which is determined as follows: 

4zR' 4 

With 26-degee cones (a = 26 degrees), n = 79. The potential source therefore has a 

strength q = nz- U, . The jet penetration distance is where the uniform flow velocity 

becomes equal to the velocity fiom the spherical source: 

D2 
4 

At 300 as, the jet penetration distance is thus 5.6", or L.*D = 5.5. At 100 Ws, it is 5.6", or 
UD = 3.2. Note that these estimates are considerably shorter than the 2D results. 

4.3.2. Experimental Results 

Experimental data are avail&Ie for iomd jets into a d o r m  stream at various angles 
under isothermal conditions (Platten and KeSer, 1968). The experiment was carried out in 
an 8' by 4' cross section low speed wind tunnel. The nominal tunnel velocity was 5.2 fVs, 
while the jet velocity was varied to create a nominal jet-to-stream velocity ratios of 4, 6, 
and 8. The initid jet angle with respect to the incoming stream varied from 45 degrees (in 
the general direction opposing the stream) to 135 degrees (im the general direction of the 
stream). The configuation is shown in Figure A-7. With the notation in this figure, the jer- 
to-stream angle varies f?om -45 degees to 45 degrees. 

For the staging jet conf&riitions, the jet-to-meam velocity ratio is 8.3 at 300 Ws? and 2.7 
at 100 fVs, which is close to the experimental velocity ratio ranse. The staging jet is 42 
degees opposing the oncoming stream, which is close to the experimental data point o f -  
45 degees. Figure A-8 shows the experimental data for the Jet-to-stream velocity ration of 
S which is applicable to the stagins configuration at 300 Ws. It can been seen that the 
penetration distance into the on-coming stream is about L'D = 6, or 6.1". For the staging 
configuration at 100 Ws, Fipre -4-9 shows that the penetration distance is approximately 
UD = 2, or 3.5". 



Fi_nure A-7. The experimental conlipration of a round jet into a uniform stream. 
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Figure A-8. Eqerimental data for a round jet into a d o r m  meam with nominal iet-to- 
2 

stream veIocity ratio 8. The curie with 6 = 45' applies to the sragin,g coniigration with 
3 00 Ws jets. 



Figure A-9. Experimental data for a round jet into a uniform sve;im with nominal iet-to- 
stream vetocity ratio 4. The curve with 0 = 4.5O applies to the stacjng configuration with 
100 Ws jets. 

4.33. Computational Fluid Dynamics Results 

The CFD results show that the jet penetration distance is approxirnarefy 12'' and S", 
respectively, for stas& jets at 300 Ws and I00 Ws, as seen in Figre A- 10. 

The resuits presented so far can be summarized concisely, as shown in Table A-5. 



Table A-5. Jet Penetration Distance. 

dd Potenrial Exp. CFD 

L:D in. 

4.5 8 I 

43.4, Effect ofDensity Difference and Other bsues 

One major assumption in the potential flow estimates and the experimenrd data is that the 
main stream md the jet are at the same temperature. In the staging arrangement, the 
st@g jets are at 50 aF, while the exhaust stream is about 3,340 OF, therefore the jet 
stream density is approximately 6 times higher. According to Beer and Chigier (1972), the 

effect of different density can be corrected with an equivalent jet diameter, 0, = D -, 

where p,,, is the main stream density. That is, the equivalent jet diameter is & = 2.45 
times larger than the red jet diameter, thus the penetration distance of a non-isothermal 
free jet is that much Iarser than the i s o t h e d  estimate. When a jet enters a cross flow as 
in the staging contigUration, however, a second entrainment mechanism exists due to the 
presence of the "counter-rotating vortex pair" (Piatten and Keffer, 1968) in addition to the 
shear flow entrainment mechanism of the free jet. Therefore, the entrainment rate will be 
larger and the density diierence between the jet and the stream w i U  disappear h e r .  Thus 
the penetration distance of a cross flow jet will be smalfer than the fiee jet. In the currenr 
situation, the density correction fictor will be smaller than 2.45. 

K 

From Table A-5, the CFD result, which takes into account the densiry cEFerence, is 
apljroximateiy twice the experimentai data and the 3D potential flow estimate. Based OR 

the precedins argument concerning the effect of density, the CFD resuit is credible. Tis 
fact also points out that the mmerical ucmracv of the CFD solmion is wirhin hotrnds of 
emerimentai &fa and no further M d  refinement is necessarv. Furthermore, suppose that 
the exhaust stream temperature has an error of lo%, the penetration distance would only 
change by 12% based on the equivalent diameter concept. In other words, fbnher grid 
refinement in the CFD model would not change the order of magnitude of the penetration 
distance. Since the 2D potentid flow estimate ignores the fact that ff uid can get around the 
jet on the sides, its apparent agreement with the CFD resuIt is fortuitous. 



The phase 1 report for the OEAS project (Slavejkov and Gershtein, 1994) showed much 
longer penetration because the configuration was quite different. In that study, an end-port 
hmace was examined, and the staging oxidant was injected on the side wail into the 
&mace rather than inside the exhaust port. The gas veIocity inside the fbrnace is much 
smaller than that inside the port because the volume of the firnace space is much larger 
than the e4xhaust port. Furthermore, the staging jets were perpendicular to the main flow 
rather than opposing the main flow so that the jet momentum was not partidy canceled. 
Because of the partial cancellation, penetration in the opposing direc~on of the main flow 
is much more difficuh than that in the transverse direction. Figures A-8 and A-9 show that 
the -45 degree jets penetrate twice as far in the transverse direction as in the main flow 
direction. 

The momentum ratio between the staging jets and the main stream ranges &om about 0.3, 
to 0.6. Because of the large disparity in momentum, the flow pastern created by the 
staging jets into the primary mixture resembles that ofjet impingement on a solid d a c e  
at an angle. The jet stream splashes and sets carried away by the main flow. The hisher 
the jet velocity, the harder the two streams collide, therefore the farther the jet stream 
splashes. The resuit is improved mixing of the sta-&g air with the main ssream. 

. - .. 
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Figure A-10. Staging jets do not penetrate inside the &mace. 

Although the jets can not penetrate i%r into the main stream, the effect of flow blockage is 
felt dI the way up to the inlet pon. This ”air curtain” has the stronsest influence when only 
one port pair is convened into OEM, and may redistribute the e.xhaust flow and affect 
CO and NOx measurements for the convened port. In the sins$e-pon model, the blockage 
effect: produces differences in flow and turbulence structures large enou& to result in 
discernible changes in CO reaction rates, as shown in Figures A-13 and A-14. When all 
ports are converted with OEM, however, the asgregate effect will simply be a chan_ee in 



the damper position to maintain the normal kmace operating pressure. Thus, the "air 
curtain" influence wiII be less pronounced. 

4.4. Although reactions due to staging take pia= inside the port, temperature 
at the port exit is actually lower than that without staging. Therefore, there is 

. no danger of overheating the port walls due to staging combustion. 

In fact, the mixture entering the exhaust port is hotter &an that exiting the pon, because 
the staging air comes in coid, the energ due to combustion is not even sufficient to raise 
its temperature to the same levei as the exhaust. This point seems counter-intuirive at first, 
but cart be verified readdy with thermodynamic d y s i s .  For example, the gas temperature 
at the inlet to the exhaust port remains constant at 2840'F for all OEM cases. Without 
oxidant injection, the temperature drop due to heat loss to the port walls is approximately 
77OF. With oxidant injection, even though reacrions unleash 416,600 BN/hr additional 
chemical energ from unbumt he1 and CO, the enera requirement for sensible heating of 
the cold staging air to 2S40'E; is 444,900 Btu/hr (< = 0.26 Btuflb.PF). The final outcome 
is an additional temperature drop of about %OF. For the current operating condition, the 
port exit temperature is 70 OF lower than that at the port inlet. 

4.5. The amount of heat transfer to the glass bath is unchanged in the 013s 
cases as compared to the current operating condition. That is, OEAS 
arrangements will not negatively impact the fumaca thermal efficiency, 

Although the thermodynamic analysis shows a 2% improvement in thermal efficiency 
under OEM, the CFD model predicted the efficiency to be the same. Furthermore, there 
is no difference in thermd efficiency among various jer velocities. As the thermodynamic 
analysis suggests, the efficiency c h g e  is intimateiy related to the preheat air temperature. 
With a reduction in the PSR, the preheat E& temperature under OEM increases by 70°F. 
Since a portion of the fixel is consumed outside the furnace, the overail hrnace efficiency 
wiU. be the result of the higher preheat temperature and the lower combustion heat release. 
The CED model incorporates much more realistic physical properties and more 
sophisticated heat transfer models than the thermodynamic analysis. Therefore, its 
accuracy is expected to be higher. 

One uncertainty in the above results reiates to the change in radiation properties of the 
ii~rnace gas. When the PSR is reduced to 0.95, the amount of soot is expecred to increase 
which might enhance heat transfer to the load. Athou& the cI;D package has the ability 
to differentiate such changes, the computation is fairly time-consuming and may be done in 
the fhture. At this point, one can say that reduced stoichiometry under OEXS can 
positively impact the thermal efficiency of the furnace. 



4.6. The OEAS arrangements are expected to resuit in significant NOx 
reductions as compared to the current operating condition. 

NOx emission is computed with the extended Zddovich modei (Flue31 NOx Moduie 
User's Guide, 1995). The predicted NOx emission for the current operating condition is 
2.0 Ib. NO/ton. Compared to the krnace data of 3.7 Ib. NO/ton, this prediction is quite 
reasonabie considerins the simpIicaticns empioyed in the singe-port modei. With a 
reduction in PSR but without secondary oxidant injection ( O W  Zero case), the NOx 
emission becomes 1.3 Ib. XOlton, about 34% lower than the baseke. There is no 
sigdicant dierence in NOx reduaion among O E M  arransements with different jet 
velocities. Because of the simpliiications in geometry, uncertainties in boundary 
conditions, and ideahations h flow parameters, the predicted NOx reduction level can 
only be indicative of the magnitude of a d  redudon. The value of the predictive model 
lies in confirming the trend and the "significant" name of the reduction. It is thus 
reasonabie to conclude that the god of 50% NOx reduction via OEM is realistic and 
achievable. 

4.7. Residence time of secondary oxidant for alternate strategies 

The in-port OEM options have residence times of about 120 milIiseconds for the injected 
oxidant. The oxidant simply turns around &om the injection direction and follows the flue 
gas to the port neck exit (see Figure A-16). With the crown and wider-port injections, the 
oddant particles get into the large recirculation pattern in the hrnace and stay in the 
h c e  for a much longer time. Ln SeneraI, the residence time is ax Ieast an order of 
magnitude larger, ranging &om 26 to 65 times. 

4.8. Impact on flow pattern in the alternate strategies 

All options produce signrficant changes in the general ffow pattern. The region in the 
immediate Vicinity of the molten glass is of the greatest interest. For that region, the 
underport lancing options do not create significant changes. However, crown injection 
results in a discernible change in velocity rnagGtude above the glass, which may be 
undesirable (see Fiwe A-17). The jet velocity d l  have to be reduced fiom the current 
value of 300 Ws when crown injection is impIemented in the trial. When pure oxysen is 
used, the jet penetration would be much smaIIer due to reduced mass flow rate, therefore 
impingement on the $ass surface will be of less concern. 

However, when the crown injection veIocity is reduced, the mechanism for rapid mixing is 
disturbed. Since that mechanism is responsible for complete CO burnout inside the melter, 
it is expected that more CO will be burnt in the port. 



5. Discussion . 

Implementing OEM in this side-port fixnac:: is eypected to reduce NOx emissions 
significantly without affecting the %mace thermal efficiency. In fact, the increased air 
preheat temperature and a more Iuminous flame are expected to increase the thermal 
eEciency. Ifa simple reduction in the primary stoicfiiometrk ratio is employed without the 
secondary oxidant injecrion, the CO emission will be I1 7 times higher the current level. 
Stagins appears to be an effective method of reducing CO emission In particular, stagng 
with a higher n o d e  veIociq is pre3erred. With the best stag;lg arrangement, the CO 
emission is reduced to within 4.2 times of the current level. The cE;D analyses show that 
OEAS can realize these benefits without the adverse effecr of overheating. These resuits 
are based on the assumptions described earlier in this report. While every effort is made to 
ensure the accuracy of rbis study, a few issues should be disnrssed at this point. 

The *en@ of the CFD analysis lies in predicting the trend of variation, rather than 
pinpointing the exact numerical values. Uncertainties in determining physical dimensions 
of the fbmace, the exact fuel and air flow rates, the boundary co~ditions such as the 
temperature of the giass meit and the preheated air dl contribute to errors in the final 
prediction. Therefore, the CO and NOx levels as shown in this report should be 
interpreted as representative. In fact, according to the IGT report, the current NOx 
emission is 3.7 Ib. NO/ton as opposed to 2.0 lb. Noiton, even though such an agreement 
is excellent considering the uncertainties to be discussed next. NevertheIess, only the trend 
of CO and NOx reductions should be regarded as reliable. 

The single most important boundary condition in this modei is the @ass Surface because it 
controls the majority of the heat loss from the c o m b d o n  gases (about 50% of all wall 
heat transfw in this study). Heat loss directfy affects the ,gas temperature which in turn 
influences the reaction rates and CO Ievels. In thk study, the glass temperature is assumed 
to be the same as the tuckstone temperature which is measured by the b a c e  operator. 
Whether indeed the @ass temperature equaIs the tuckstone temperature remains unknown, 
although they are believed to be dose. In addiuon, the variation of @ass temperature 
across the b a c e  is not considered. 

The port geometry is also simpIified to expedite the analysis. In the furnace, the port 
narrows down towards the krnace space. That is, the flow accelerates at the iniet port 
while it decelerates at the e& pon. An accderating flow for the primary mixture tends to 
elongate the flame. By the time the combustion p s e s  reach the exit port, however, any 
difference would have been minimd because of the large h a c e  width. The decelerating 
flow at the exit port couid make the staging jets penetrate somewhat krther into the main 
stream. But based on the fact that the penetration distance changes from 8" to 12" when 
the stagingjet velocity increases from 100 fWs to 300 MS, the effect of deceferation due to 
the port geometry on jet penetration wiII be minimal, thus the current conclusions remain 
valid. 



Observations by the furnace operator indicate that the flame from the primary port forms a 
single rolling shape into the furnace. In the current study, the two side gas injectors in the 
inlet port produce two distinct flames. The difference in flame appearance is partly due to 
the decelerating flow effect discussed above. In addition, the baffles inside the port which 
are not modeled can also create turbulence and promote earlier ignition and flame 
anchoring. The resuiting mixture will be more unir"orm, and the flames fiom the two gas 
injectors might combine. Of course, the "rolling" appearance is solely a result of 
turbulence which is inherently unsteady. The CFD model ody shows a steady, time- 

'averaged appearance. Again, such flame details wouid be irrelevant by the time staijng 
reactions occur. Thus, the present resuits should still be valid. 

The chemical reaction scheae used in this study is a giobai two-step mechanism. It is well 
known that the true reaction pathway of m e t h e  involves many more steps and many 
more intermediate species. Furthermore, natural gas contains other hydrocarbons as well 
which in turn involve additionat pathways. It is impractical for a CFL, modei to consider 
all these steps and species. The gobd reaaion mechanism represents a balance bemeen 
accuracy and pradcaiity and has been used widely. Nevertheless, it shouid be pointed out 
that details such as the exact location of ignition and the decomposition of methane can 
not be predicted with the global mechanism For instance, the CFD model shows hat  the 
methane mole fraction at the exhaust port exit is 0.47% in the baseline case which 
represents 18.3 bdhr of unbumt metfiane (out of 355.5 Ib& totai for port 5) .  In 
reality, methane would bave decomposed into intermediate specie before reaching the 
port exit. 

Temperature distribution in the refiactory walls shows that heat transfer in those walk is 
one-dimensiod except in small regions near the comers of the furnace. This observation 
impries that the heat transfer boundary condition for refiactory walls can be simplied with 
an overall heat transfer coefficient. That is, the inciusion of the refkctory w d s  in the CFD 
model is not necessary. In the cunent study, that simplication could have reduced the 
model size by 30% and saved the cornputins time by approximately 5%. 

The CO variation inside the exhaust port is very steep, thus the position of a measurement 
probe greatly affects its reading. Extra caution should be exercised with water-cooled gas 
sampling probes in the tight quarters between the fbrnace and the checkers. 

Finally, the "air curtain" eEea with staging as a result offlow blockage needs to be kept in 
mind. If only one port is convened to OEM,  the elevated pressure ~ $ 1 1  divert ffow to the 
neighboring ports. The overdl stoichiometric ratio inside the staging port will be higher 
than 1.10, less CU will emit &om the staging port, while some CO will escape to the 
checkers through neigbboring pons dong with the diverted flow. When d1 ports are 
equipped with OEM, this effect shows up as a change in the damper position to maintain 
normal fbrnace operating pressure, and becomes less of an issue. 



6. Conciusions 

Implementing OEAS in this side-port &mace is expected to reduce NOx emissions 
significantly without affecring the fbrnacr: thermal efficiency as production rate. In fact, the 
increased air preheat temperature and a more Iuminous flame may even increase the 
thermal eEciency. I f a  simpIe reduction in the primary stoichiometric ratio is employed 
without the secondary oxidant injetion, the CO emission WiiI be 117 times hi&er the 
current IeveL Staging appears to be an eEecxive method of reducing CO emission. In 
particular, staging wirh a higher nozzle veiociry is preferred. With the best sta-rring 
arrangement, the CO emission is reduced to within 4.2 times of the current levei. The CFD 
analyses show that OEAS can reaiue these benefits without the adverse effect of 
overheating the fwnace superstructure. 

Also, the aiternate OEAS strategies do not overheat the fUrnace superstrumre, have no 
negative impact on furnace thermal efficiency, and result in cornpIete CO destruction at 
the port neck exit. With =own injection, 90?/0 of the CO gets destroyed in the melter, 
whereas at Ieast 50% of CO burnout takes place in the mefter for the under-port lancins 
options. 

It is evident that the mixing pattern in the ftrnace compIeteIy determines the effectiveness 
of CO burnout and other characteristics of various 0E.G strategies. The mixing pattern in 
turn is governed by the velocity, angle, flow rate and location of the injections. Changes in 
any of these parameters can produce a resuit that is different fkom those studied in this 
report. Yet it is expected that some discrepancies in these parameters will occur while 
impiementing OEAS strategies under the hostiIe conditions of a live glass &mace. 
Therefore, the results here should be interpreted with caution when compared with those 
measured du&g the trial. 

7. Suggestions 

The proposed OEAS arrangement is effective in CO and NOx reductions, and the 
increased air preheat temperature and a more luminous flame may even increase the 
t h e d  efficiency. Additional gain in hermid efficiency can result fiom capturing the heat 
of CO combustion inside the fbmace which is achievable with preheated stagng oxidant or 
pure oxygen injection. In this regard, the injection locations and the type of oxidant will be 
examined. 

1. Change the angIe of injection through the oil burner bIock tiom 42' in the current plan 
to 15" using a ceramic sleeve, and increase the injection velocity to 450 Ais. A 
calcuiation using the 3D potential flow theory shows that the jet penetration distance is 
essentially the Same as the 43,"-300 ft/s combination because the nozzle diameter 
becomes smaller (D = 0.83"). As a resuit, CO combustion may still take pIace inside 
the port. Furthermore, the ceramic sieve may not sumhe the port conditions. 
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2. 

3. 

4. 

5 .  

6. 

Furnace CXQW~ injection. A p r e l i  examination of the furnace shows it is possibIe 
to place the n o d e  on the crown about 13" &om the hot face and at 48" fiom vertical 
position. E.uamination of the CFD flow fieid reveals that the average velocity of the 
furnace gs along the jet path is approximately IO WS, and the average angle between 
the jet flow and the firmace gas flow is 56". If one n o d e  is used to inject addant at 
300 fi/s (D = 1.438"), then the jet penemtion distance is about three to four feet, 
bareiy enough to reach the majority of the exhaust flow. Two nodes  wiIl result in ,6 
times smaller penetration. If the angle is changed to 30' from verticd, the penetration 
distance will be about 10Y0 larger. Thus, it is recommended to have two nozzles at 30" 
from vertical for coverage and penetration. 

Side wall injection above the ports. Two nodes can be placed at 66' tiom vertical 
and 2 3 O  from the port centerhe to inject oxidant at 300 Ws (D = 1.017"). The 
calculated jet penetration distance is about two feet, suEcient for mixing with the 
exhaust flow in this configuration. 

Under-port Iancing. Two nozzles can be pIaced between 25' and 45' fiom verticd to 
inject oxidant at 300 ft/s (D = 1.017"). The d d a t e d  jet penetration distance ranges 
&om 24" to Zl", d sufficient for mixing with the exhaust flow in this configuration. 
Note than a smaIIer angle such as 2S0 can increase the residence time of the oxidant, 
thus might lead to better CO reduction. 

Pure oxygen lancing. The injection locations can be crown, above or below the port. 
With 35% oxygen content and PSR at 0.95, the current cold staging jets require more 
energy to heat up than the avaiIabte CO combustion heat release. Thus, simply 
ensuring CO buming above the load will improve the& eECiency only ifthe jets are 
preheated. Pure oqgen jets require about 60% less enerB to heat up than the current 
arrangement due to the reduction in gas volume. Potendally, up to S?/o increase in 
fbrnace the& ef€iciency can be achieved. 

Crown injection with one n o d e  and under-port lancing with two nodes, aii at 300 
Ws, seem equally suitable in t e r n  of o v d I  CO destruction, CO burnout inside the 
melter and ?&mace thermal e%ciency. Crown injection with one n o s e  must have a 
slower jet so that it does not impinge on the &ss swface. According to the previous 
point, the finace thermal efficiency can increase by 3% if pure oxvgen is used and ail  
CO combustion occurs in the melter. 

The above cdcuIations address only the issue ofjet penetration. The issue of jet coverage 
mixing is not explored, which must be done with a 3D CFD modef. To fimher increase 
NOx reduction, the PSR may have to be decreased below 0.95. One should keep in mind 
that PSR below 0.86 might incur an efficiency pedty  according to the thermodynamic 
analysis. 
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Figure A-12. Flow pattern inside the tbrnace remains unchanged with OEXS. Staging jets 
do not penetrate into the b a c c .  
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Figure A-13. CO generation rate at the level of the burners. Note that among OEAS 
cases reaction occurs earfier and is more vigorous in the furnace as a result of the “air 
cumin” effecr due to staging. 
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INTRODUCTION 

Stcighg can be performed in two modes. The rnoaes of staging arc: 

1. Oxygen Enriched Air Staging (OEX)  
2.  AirSta@g(AS) 

OEAS is the preferred mode and this manual is tailored towards OEAS operation. 

The staging system consists of the followins cornponemi: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Oxygen safety and flow metering skid (Figure 1) 
Blower air safety and flow metering sicid (Fi=we 2)  
Process control compressed air 
olrygea headers 
Air headers 
Individual port oxygen flow control and metering downcomers @=we 3) 
Individd port air flow control and mete,ing downcomers (Figure 3) 
Staging injectors @-me 4) 

An -Allen Bradley 5/03 processor with Paneiview 900 touch screea monitor is used 
for the control system and is mounted in a cabinet in the control room- 

The Project Team led by CTI provided OEAS system operation instructions to the 
Funace Operators and provided the= with the fuIl Operating Manual describing the 
sys tem startup, system opention, alarm troubieshoocing, system shutdown and use 
of the Panelview 900 touch screen monitor. Owens Brockway has copies along with 
CTI and IGT. 
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1. Commissioning Procedures 

T'ypicaily the proczdures in Secrion I arg peufomed onlv oncz airr:ng the initial 
cornmi.wioning oj*rhe staging system. ifiiou are resrming the sysrern i@er a brief 
downtime period. proczed to Secrion 11 - O E M  S i m p  Procedures. Operaring 
Munuals were given to the fumacz operators describing [he fill  commissioning 
procedures. 

A. CoolingAir 

The compressed air piping for c o o k s  air is located on the oxyg,en skid. The 
compressed air supply systen is shown in Fi,oure 5: AI. The valves for the 
compressed air filter are shown in Figre 5: A2 and A3 or A4 and As. The valves 
for the Injector CooIing .Air are shown in Fi=gre 6: M6, A27. The valves for the air 
downcomers arc shown in Fi-we 3: D f . Tae Staging MMold valve is shown in 
Fi-me 4: El. The Cooling Air Replator is shown in Fi-me 7: A6. 

B. Instrument Air 

The compressed air piping for i n s m e a t  air is located on the oxygen skid. The 
ReversaVSh&3?Valve Air Regulator is shown in Fi,gre 8: A7. The Compressed 
Air to Oxygen Safety Valves are shown in Fi,owre 7: AS and A9. The Shut Off 
Reversal Signal Manual is shown in Figure 9: AIO, AI I, A12, A13. The Open 
Reversal Si& for Automatic Operation is shown in Figure 9: AN, A15, A16, 
A17. The Compressed Air to Oxygen Reversal Vdve Actuators are shown in 
Figure 10: AlS, AN,  A20, A21. The Compressed Air to Air Reversal Valve 
Actuators are shown in Figure 11: A22, A23, A24, MS. The Oxygen Safety Valves 
are shown in Fi*gre 7: M8, A29. The Oxygen Reversal Valves are shown in Fi-mc 
12: M O ,  A32. The k R e v e r s d  Valves are shown in Fi-me 13: BZ, 82. The 
ReversaVShutoff Valve is shown in Fi-me 8: AT. 

C. Oxygen and Blower Air Valves 

The 0;Uygen Safety Valves are shown in Fi-me 7: AB, A.29. Inactive Oxygen 
Orifice Plate Lines for low flow (2 inch) are shown in Fi-me 13: ~43.5, A33. The 
Active Oxygen Orifice Plate Lines for hi& flow (6 inch) are shown in Fiewe 12: 
A32, A33. The Oxygen Mass Flow Meter is show in Fi-eure I$: A36, A37, A 3 S .  
The Inactive Air U c e  Plate Lines are shown in Fi-gxe 15: 85,86.  The Active 
Air Orifice PIate Lines for low flow (4 inch) are shown in Figure 25: B5 and 86 .  
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Tne Active Air Orifice Plate Lines for high flow (10 hchj are shown in Figure 15: 
B3 and 84. Tne valves tu open the Air hfass Flow Meter are shown in Figure 16: 
B7 and €38. The vdve to close the .Air Mass Row Meter is shown in F@re 16: B9. 
The Oxygen Met Valve is shown in Fimue 17: ,429. Tne Oxygen Skid Valves are 
shown h Figure 18: A40, A42, A42. The Oxygen Supply Pr~ssure is shown in 
Fi-gure 17: A43. The Ovge f i  Skid Row Control Valves are shown h Figrz' 19: 
A44, Ads, A46. The Oxygen Merering Downcomers valves are shown h Figure 3: 
CZ. 
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II. OEAS Stamp Procedures 

The sturtup procedurzs ure described in the Operaring M m u d  give3 io [he 
firnace operarors. 

A. he-Startup Checks 

The Reversai/ShutoEAir Regulator pressure valve is shown in Figm S: A?. The 
Cooling Air Reglator Przssure valve is shown in Figure 7: A6. The Compessed 
Air Valves for Oxygen Reversal Valve Actuarors are shown in Fiwc TO: AIS, 
AI 9, A20, A2 I. The Compressed Air Vdves for Air Reversal Valve Actuators are 
shown in Figme I I: -4.22, A23, A24, A25. Oxygetl Safety Valves arc shown in 
Figure 7: US, A29. 

B. Power-Up and Exercise Reversal Valves Without Flow 

To complete the checks power to oxygen skid must be turned on. Figre 20 shows 
the sta,&ng control cabinet Iocated in the control room. 



The Panelview screens have bem desised for ease €or use to tiispiay 
information to the b a c a  operator to assess the staging opezition. Each 
active burton which allows the operator to go to other scieens or m e r  input is 
filled in or illuminated and the inner texx is black. A-t the bottom of each 
screen is a screen menu bar or a return button. Pressing a burton from the 
scree3 m e m  bar will display the selectea scree3. Pressing a return button 
will return the operator to the previous screen. printouts of the Panelview 
screens are in Appedx A-I. 

A. Ovexview Screen 

The overview screen is for display purposes ody  and is divided into three 
main display areas. The display areas are Main Hame, F w c e ,  and Staging. 

Main Flame: Lo this display area, the flame's air aad -gis flows are displayed 
as bar graphs with actual numexicat values displayed below the cgaphs. At 
the top of the display are is the indicator which displays wherher the fl m e  is 
on the left or right side or if the h a c e  is ping through a reversal. Also 
displayed is the flame's air fuel ratio wfiicb is calculated &om the actual air ~ 

and gas flows to the flame. Finally, the Primary Stoichiometric Ratio (PSR) 
is displayed. This is the flame's &/fie1 ratio divided byhte stoichiometric air 
fitel ratio (typically around 9.7 for natural ,oas>. 

Stagine: In this display are& the staging air and oxygen flows are displayed as 
bar *graphs with actual and set point flow values displayed below the "graphs. 
At the top left of the sta-@.ng area is an indicator which displays staging left, 
right, reversal, or off. Another indicator displays the staghg control mode, 
either manud, Iccd, or renote. hother indicaror displays the sta-ging option, 
either OEAS, AS or mmud. Be!ow these indicators is the stagkg mixture 
oxysen conrent indicator. It displays the oxygen content in the staging 
mixture and is cdcuiated from the sta-ghg air and oxygen ff ows. 

Furnace: In this display area, stack NO, and CO are dispfayed as bar ,graphs 
with numerical values betow the _graphs. Set point and actual overall hate 
&,%el ratios are displayed. Actual m a c e  */fuel ratio is caicdated &om 

.^_....I.- - 



the flame’s combustion a i r  flow pIus stags air and oxygen flows all divided 
by the 
displayed and is calculared from the furnace’s ah‘fuei ratio divided by the 
stoichometric air fuel ratio (around 9.7 for natural p~>. 

fiow. The h a c e ’ s  Ovedl  Stoichiometric Ratio (OSR) is 

B. Manual Sta-ging Control Screen 

Under normal staging operation this screen will nit be used. It is provided 
primarily for pre-simp in order to verify proper flow contrd valve 
operation. 

From the manual sta,g.ing control screen the operator is able to ope3 and dose 
the air and oxygen flow control Vaives after pressing the matzual button on the 
screen. The flow controi valves can be increased or decreased by 0.1% by 
pressing the arrow up buttons or the mow down buttons. The desired valve 
position can also be eatered by pressing the valve’s perceat open display 
button which opens the scratch pad and the value can be entered. The staging 
display area is also displayed on this screen and if the valve position are 
changed fiom this screen during sta-@ng the actual flows will change dong 
with the staging mixture’s 0 2  content. 

c. Local staging controi screen 

Local staging control is used on initial stagkg system startup to allow initial 
set points before the flame‘s air/fbei ratio is reduced. It may also be used if 
the flame’s air and ,ps signals become corrupted and c m o t  be used to 
determined staging flow set points. 

On this screen the h a c e ’ s  =a flow is entered dong with the staging 
mixture’s o;uygea content, the supply oxygen’s purity, the stoichiometric ratio 
(9.7 trpicrillv for natural ips), the flame’s air/fbei ratio for the left and right 
side &sy &d the furnace‘s overall &/fuel ratio for lee and ri&t side Exins. 
The staging display information is also presented on the screen. After the 
required data is entered the local button is pressed to place the controiler in 
local control mode and staskg set points are calcdated and displayed below 
the bar graphs. 



E. Trzh Control Screen 
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F. Row Limit Screen 

G. PZD Control Screen 

JX Alarm HisTory Screen 

8 
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IV. .Aiarms 
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alarm banner being displayed on the PaneItiew scrzens, the firmace 
a i m  system will sound, the dam be recorded, and a 300 second 
countdown dock wiIl be starred. If the supply pressure is not lowered 
within the 300 second period the sta_@ng system will o to an automatic 
ernergexy stop. This darm prevents prolonged operation of the 
sxa_@ng sysrem with excessive supply pressures. 

5 .  LOW AIR PWSSURE - Blower air pressure less than 15 IWC for 
more than 5 seconds will trigger an dam. This will result in an a i m  
banner being displayed on the Panelview screeas, the b a c c  d m  
system will sound, the alarm will be recorded, and a 300 second 
countdown cIock d l  be started. If the supply presswe is riot raised 
witfiin the 30 second period the staging system will go to an automatic 
emergency stop. This alarm prevents prolonged operation of the 
stahg system with inadequate supply pressures. The most probable 
causes are a failed motor or clogged air filter. 

. I  

6. LOW OXYGEN FLOW - Oxygen flow below the value sex in the flow 
Iimit scxen for more than 5 seconds wil l  trigger an dam. This will 
result in an darm banner being displayed on the Paneiview screens, the 
furnace alarm system will som& the dam wilI be recorded, and a 300 
second countdown dock d be started. If the flow is not raised 
within the 300 second period the staging system will go to m automatic 
emergency stop. This dam prevents prolonged operation of the 
stagins system with low flow conditions. 

7.. HIGH OXYGEN K O  W - Oxygen flow above the value set in the flow 
limit screen for more than 5 seconds will trigger an alarm. This will 
resuit in an alarm banner being displayed on the Paneiview screens, the 
firmace a i m  system will sound, the alarm will be recorded, and a 300 
second countdown dock will be started. If the flow is not lowered 
within the 300 second period the stag@ system will go to an automatic 
emergency stop. This dam prevents prolonged operation of the 
staging system with high flow conditions. 

5. LOW AIR ELOW - Air flow below the vaiue set in the flow limit 
screen for more than 5 seconds will trigger an alarm. This will result 



in an $ant banner being displayed on the Pane!view scrctns, the 
fimace d m  system will sound, the aIm will be recorcieci, and a 309 
second countdown clock will be starred. If the flow is nor rsised 
withln the 300 second period the slagkg system will go to an automaric 
emergency stop. This alarm prevents prolonged operation of the 
sagkg system with low flow conditions. 

9. HIGE AIR FLOW - Air flow above the value set in the flow limit 
scree2 for more &an 5 seconds wilI trigger an a i m .  This will resuit 
in an dann banner being displayed ou the Panelview screes, the 
h a c e  darin system will sound, the dann will be recorcie4 and a 300 
second countdown clock will be starred. If the flow is not lowered 
within the 300 second period the staghg system will go to an automatic 
emergency stop. Tbis aim preveats prolonged operation ofthe 
staging system with high flow conditions. 

. 

10. OVEWLL AIX FUEL RATIO < (Iess than) FLAME AIR FUEL. 
RATIO - In local staging control mode if the operator cnters an overall 
furnace air fuel ratio less than the primary flame's air firel mi0 an 
darm will be triggered. An darm banner will appear on the Panelview 
screeas and the alarm will be recorded, however the h a c : :  alarms 
will not sound since the operator will be presezt. The controller will 
continue to use the previous set point until the error is corrected. This 
d m  prevents faulting the processor do to a ma& error. 

Likewise, in remote sta-eing control mode, if the operaror enters an 
overall firmace air fuel riuo less than the flame's actual air he! ratio 
(based on combustion air and gas flow) an dann will be trigger&. 



. .  

V. 3ormsi Operxion 
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VI. System Shut Down Procedure 

At any time ekher the emergency stop button on the control cabinet in the conrrol 
room or on the e!ectricd box at the oxygen skid crul be pushed to stop staeg. 
Doing so will cause the reversal valves to shut, the oxygea sdzty valves to dose, 
and the blowers to stop. On rz-startup afkr an zmergeacy Sop, the ESTOP burtons 
must be pulled out and the f l a s h g  RESET ESTOP on the &ah conud screen must 
be pressed. h Operating Manual was - Ejven to the furnace operators decri'oing the 
operation of the full shus down procedures. 

The Oxygen Rzversai Valve actuators are shown In Fi-grc 12: ,430 and A3 I. The 
air Reversal Valve acruators are shown in Figure 7: X 7 ,  AX. The Oxygen iniet 
butterfly valve is shown in Figure 17: A39. 

I 



VTI. Maintenance , 

The Blower's air €iiter should be cieaned at Ieast once a week- Tne blower 
should be rnzintain per instructions in the blower insmcion manual. Both 
fIow control trains should be dusted once a week. For roudne maintenance 
under rhe ports or on the primary burners, the ball valve OR rhe staging 
manifolds under the port should be closed to stop the flow of air and oxysen 
to the sraging ~ances. Once repairs are finished open the ' O ~ I  vaiye to resume 
flows through lances. 

it 



Figure 1. Oxygen Safety nnd FIow Metering 
Skid ..- 

Figure 2. Blower FIow Pvf etering Skid 

- 
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Figure 3. Oxvgen 2nd Air Downcomers 



Figure 4. Injector Manifold 

Figure 5. Oxygen Skid-Compressed Air 
Inlet Pressure Gauge and Filter 
Se IS 



Figure 6. Oxygen Skid-Cooling Air Shut- 
off Bail Valves 

., , , . .. _... _ _ _  



Figure 7. Owgen Skid-Compressed Air 
Cooling Air Rquiator. Oxygen 
Safety Vdve Aciuator~ .- -’ 

Figure 3. Oxygen Skid-Compressed Air 
Reversal Air Regularor 



Figure 9. Oxygen Skid-3’lanuaUAutomanc 
Instrument Air Ball Valves 

Figure 10. Oxygen Skid-Oxygen Revesd  
Vaive Actuators 



Figure 11. Oxygen Skid-,Air Reversat VaIve 
Xcruator Bail Valves 
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Figure 12. Orygen Skid-Orygen Revend - 
Vnhe Actuators. OrBce Rate 
B d I  Valves .. 

.._ . 

Figure 13. Blower Skid-.Air Revend Valve 
Actuators. Flow ConrroI VaIve 
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Figure 14. Oxygen Skid-Oxygen Mass CS’ Flow 
Meter 

Figure 15. Blower Skid-Orifice Piste Bail 
Valves 

. .  
. , . .._. . . . . . ...-....-I ,- 



-. 

Figure 17. Oxygen Skid-Oxygen Inlet 
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figure 1s. Oxygen Skid-3ypass Leg and 
Pressure Gauge at Low Pressure .iC' 

Switch 

Figure 19. O?ryg:en Skid-Flow Control Valve 

. -  - ~. 
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Figure tu. Oxygen Skid-Stagiing System 
Control Panel 

Figure2I. Oxygen Skid-Oxygen and Air 
Flow Controllers on Control 
Pane1 



Figure 22. Oxygen Skid-Pressure Gauge at 
High Pressure Switch 

Figure 23. Blower Skid-Pressure Gauge at 
Low Pressure Switch 

. .  
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APPENDE A-I: Panelview 900 Screeas 
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OEAS FIELD EVALUATION TESTS 
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BACKGROUND. 
THE GLASS I3DUSTRY 

The @ass industry in the United States is reportedIy the fourth lar,oest industrial e n e r g  consumer. 
The majority of $ass, representing container, ffat, pressed, and blown, is produced in relatively 
Iarge (100 to 1000 tom'ciay) regenerative @ass tanks, which operae continuously for up to 10 
years. The glass container segnent alone, representing soda lime glasses in rfint, amber, and 
green giass, accounts for about two-thirds of the total glass produced, and utilizes over 95 billion 
cuft of natural _pas per year. Xeariy ail of the container and flat glass is produced in two types of 
regenerative fiunaces - endport and sidegort. Endport krnaces are smailer (100 to 400; 
todday) with two pons located on one end of the glass tank. Sideport hrnaces are Iarger (up to 
1000 todday) with b e e  to seven ports located on either side ofthe furnace. Container $ass 
production is roughiy spIit between the two furnace types, wide neariy ail of the flat @ass is 
produced in sideport fixnaces. A typical container glass fiunace uses about 5 x IO6 Btu's of 
energy per ton of glass produced, while a typical flat @ass k c e  uses about 7 x lo6 Btu's. 
Overall, endport @ass tanks consume 25 bdlion cubic f e s  of fuel to produce 5 million tons of 
@;lass, while sideport @ass tanks consume 53 billion cubic f e t  of &e! to produce 9 miiIion tons of 
gIass. The buIk of the fuel represents ~ t ~ r a l  gas, which is the hei of choice, however, moa of 
the giass fhrnaces utiIie electric boosting with the exception of flat glass &maces, and a few use 
fuel oil. In this application, &e1 03 produces somewhat Iower NO, than natural gas. 

ENVlRONME?JTAL, REGULATIONS 

The regenerative @ass meiters utiIize extremely high combustion air preheat temperature (I SO0 
to 2500 F) to improve production rate, product: quality and hrnact thermal efficiency. Furnace 
and ff ame temperatures and, consequently, NO, generation, are quite hi&. XO, emissions of over 
3000 vppm are not uncommonx,* from naturai p-fired &iss melters. Tine I990 Clem Air Act 
estabiishes environmental objectives and directs the States to regdate emission sources to achieve 
these objectives. On a regional basis, these emissions are restricted in certain areas, the most 
strinsent being in Southern California. The South Coast Air Quaiity ~Vana~ement District (Los 
Angeles area) currently restricts the YO, emissions from container $ass me!ters to 4.0 lb/ton of 
glass produced. Even stricter reguhtions are now beins considered for this region. The @ass 
industry, in some cases, has been able to meet the current regdations thou& reiatively sirnpie 
combustion modificarion techniques, developed ariier '? by EGT and Combustion Tec, fnc. 
(CTI) with findins support f?om GRX and SoCd Gas, and by increasing the e!mric boost as werl 
as the percent ofcuilet in the f e d  Some me!ters have been switched to fuel oil io control NO,. 
Fuei oil does offer somewhat lower NO, emissions, but at the expertse of additional SO, and 
particuIate emissions, hi&er +%el system operatins costs, and other operating probiems. Further, 

. Exiciage - HiIgefort. X.. "Rcduaion of NO, Emission of Glass Melting Furnaces by Primaty Masures." 

Abbasi. H A  and FIeming, D.K. "Da-elopment of ?JOT Controi Methods for Giass &kiting Furnaces." 
Final Report GRI-87/0202. C l k q o .  August 1987. 

1 
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Abbasi. KA., KIGlinkis. M.J. and Fleming, D.K.. "Deveiopmcnt of XO, Control Me:hods Tor GIass Melting 
Furnzlccs" .4nnual kport GRI-84/0053. Chicago. September 1983. 
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the presence ofvanadium and sulftr, and the higher crown temperatures that resuit from oil firing 
somewhat reduce the itsmace service The high levefs of electric boost currentfy utilized are 
also not desirable because of increased energ costs and reduced i%mace service life. 

THE OEAS TECrnOLOGY 

Oxygen enriched air sta-hg (OEX) is accomplished by reducing the combustion air flow 
(primary air) to the firing port and injecting oxygen enricfied secondary air downstream. The buIk 
of the combustion is therefore relativefy oxygen deficient'(or fuei-rich) io inhibir ?.io, formation. 

Splitting the combustion air in a regenerative $ass tank is di5cuIt because 1) ir can require major 
modifications and 2) properiy mixins the secondary air with the primary combusrion _spes 
requires higher secondary air pressures that are not desirable. A more attractive method is to 
operase the ~~Ix-Mc,~ with near-stoichiometric air and inject a small amounr of hi9.fi-velocit-y 
ambient secondary air near the exhaust port to burn out any residual CO and THC. Tnis merhod 
of air s t a a g  was tested by IGT in its glass tank simulator using ambient secondary Etir and was 
found to be very effective in reducing NO, emissions. 

Fi=pe 1 shows that, in a firmace operaring with a typical stoichiometric ratio of 1.15 (15 percent 
overid1 excess air), XO, reduction of 30 percent (from the c-went 4 Ibiton to 2.8 lb/ton).couId be 
achieved by operating the port at a stoichiometric ratio of 1.04 to 1.06, which should not be very 
difficult. In the tests at IGT, there was a sigificstnt increase in heat transfer (Figure 2) at this 
level of primary air, even thou@ the secondary air was ambient and was injected downstream of 
the exhaust port. . The data also show that even greater NO, reducrions could be achieved by 
fimher decreasing the primary stoichiometric ratio. The heat transfer would, however, somewhat 
decrease compared to the optimum at stoichiometric ratios of 1.04 to 1.06, but would 5e 
comparable to the levels achieved at 15 percent excess air- 

In the marketed OEXS technique (Figure 3 and 4), secondary ambient air or oxysen enriched 
ambient air is injeczed into the meIter upstream of the exhaust port. Through the use of a PLC 
system, the fiuTlace operator is able to choose the second stage oxidant's €low rate and oxygen 
content: This wiii dlow optimization of the staging system for operating costs, hrnace eScienCy, 
and NO, control level. Using unenriched secondary ambiezr air may sligbtIy adversly af€'ect 
furnace efficiency, however it offers the lowest operating costs (Le. no oxygen cost). Using 
oxygen enriched ambient air (up to 50% O-, content) offers rapid CO and THC burnour within the 
rneiter, no adverse effeczs on finace efficiency, and mavimum NO, reducrion: however its 
operating costs are relatively hish compared to using unenriched air. Four (4) variauons of air 
s~a@ng are being offered ar this time and are listed below: T'ne two 0E.G sysrems oEered are 
capable of air staging only with no oxygen enrichment. 

1.. Oxygen Enriched Air Staging (OEAS) using VSA oxygen and air blower. 
2. Oxygen Enriched Air Staging (OEAS) using liquid orjzen and air biower. 

Blower Air Stagins @AS) 
3. Compressed .Air Staging (CAS), offered on endport &maces only at this time. 

Camaiho. IU and Lckln~ F.C.. "Tliennai Comparison of G i a s  F m c e  Opemion With Oil and 
Xatural Gas." GWech. Ber.. 63. No.. 9 (1930) 

- 
3. 
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Oxygen Ezriched Air Eaiw 
Carnpie:e Combustion 

BAT= 
CHAXGEX * Reduced AinFuel Ratio 

* Inhibit NO Formation 
* Incomplete Combustion 

Fi,oure 3. Oxygen Enriched Air Staging, Endport Furnace 

First  Stage 
Reduced Stoichiometric Rano 
Inhibit NO I Formation 

* Incomplete Combustion 

Second Stage 
Inject 0 'z Enricfred Ai 

* Complete Camcusaon 

(Combustion Produe,) 

iigure 4. Oxygen Enriched Air Staging. Sideport Furnace 



The OEAS Tedhno1og-y deve!oped and described herein is applicable to sraging on enaport and 
sideport furnaces. In the U.S. market there are a totai of approximare!y 3 0  major hrnacss, 
consisting of sideports, endports, float &ss firinaces (sideport furnaces), eiecrric firmaces. direct 

. fire &maces, oxysen-fired furnaces, ac. 

Considering the technolog for endport and sideport fbrnaces which are the ones currently 
devebped, we defzr the fiiier$ass market since ir is a direct-fired furnace. 

Safes outside the U.S. are subject to Ron-infringement parenr analysis to existing compezing 
tec,holo@es, market dernand with or without environmental regulation, and other matters and 
issues which wilI be evaluated laxer. 

GLASS PRODUCER REQUIREMENTS 

The &ss industry will operate their &maces to meet the [ocd re-dation rzquiremem. In some 
areas, these repfations are not well defined and do not $ve a resriction to the furnace operation. 
In other areas, such as the South Coast Air Quality Management District, very srrict regulations 
are enforced. Part of Europe deiines NOx reduction on a concenrration basis, whereas the U.S. 
dehes it on a mass basis. This does restrict the operational alternatives available to the 
manufacturer. Reduction in pull rate, use of incrased electric boost, and posr-combustion 
treatment, which are all expensive requirements to meet XUx regulations are a cost to the 
industry; therefore, if a low-cost method is available to m e r  the XO, requirements, this would be 
ofsig~.Seant interest to the $ass industry. One option is oq-hel fired firnaces, however, there 
may be increased melting costs due to oxygen use. On the other hand, the oxy-gas rechnolog 
produces very low XOx and usually offers lower capital rebuild costs. Tine use of the OEAS 
method would offer an economic alternative. 

OEAS SOLLJTION 

To assist the @ass industry in meeting the curreat as we2 3s anticipated %mre NO, replations, 
SoCal Gas initiated a program with IGT, together wirh indusmrial panners. CTI and APCI, to 
deve!op cost effective Iow-XO, second seneration combusrion tecbnolog for sear and mid-:em 
needs (4 and 2 Ib/ton, respectively) appiicable to U.S. resenerative glass melters. Additional 
hnding support was provided by GRI, DOE and several gas uriiities, inciuaing Tokyo, Osaka, 
and Toho Gas, Korea Gas and Gaz de France. 

This technology utilizes a unique method of combustion air staging to reduce the oqsen 
availability in the flame’s hish ternperamre zone and improve flame-temperature uniformiry. This 
technique was tested on the IGT ,ofass tank simulator during earlier work and showed potential 
for excellent NO, reduction. This OEAS system can $ve si2Aficanr NO, reduction from 30?6 to 
70% at an economic price. Second, it can be installed on the furnace without interrupting the 
operation. Third, it is transparent to the operation of the &mace regirding the operators and the 
qualiry of the product. 



PRIMARY CUSTOh4ERS 

TECHNOLOGY 

The application of the OEAS system first applies to the U.S. regenerative glass hrnace industry 
which includes container, TV, and float glass products. Of the different types of glass products, 
the container industry will be the primary market because container plants far out number any 
other type of glass fimace. 

NO* COST ABATEMENT COST 
REDUCTION INCREASE ($/Ton NO, 

The U.S. glass container industry has approximately 150 furnaces and they are about equally 
divided between sideports and endports. Combustion Tec estimates that the maximum potentid 
for conversion due to the application of environmental reguIations not being in place or strict 
enough to encourage all the customers to make a conversion (assuming this is the primary 
available technology to them) would be about a 25% conversion rate over an eight year period or 
perhaps 19 endport fUrnaces and 15 sideport furnaces. 

(%) ($/Ton Glass) Reduced) 

COMPETITIVE SOLUTIONS & COSTS (CHART) 

Cullet Preheating* 5 

Table 5 gives an approximate NO, reduction percentage potential, the productivity cost increase 
in dollars per ton of glass produced, and an abatement cost in dollars per ton of NO, reduction for 
varoius NO, control technologies. 

I .04 41 60 

It is apparent that the technology to be chosen is in conformance with the requirements of the 
environmental regulations. In other words, if the requirement is a 90% NO, reduction, then the 
only technology available would be oxy/fbel firing. On the other hand, if there is a requirement 
for a reduction of up to 60% NO,, then the OEM technology is a stand-out selection. Bear in 

Electric Boost* 1 15 I 6.08 
SNCR" t 30 2.90 
OEAS+ 60 2.37 
SCR* 75 9.1 1 

Oxy-Fuel Firing+ 85 6.78 

Table 1 
COMPARISON OF NO, REDUCTION TECHNOLOGIES 

(For 250 TPD Furnace Operating at 1 Olb/ton NO,) 

ai 06 
1933 
791 

2429 
1595 

ACS PAC RIM Meeting, Nov. 10, 1993, Honolulu, Hawaii 
+ Combustion Tec, lnc. Internal Data 

OEAS Cost Increase is Based on Oxygen Use @ 5% of S.R. 
OEAS Oxygen @ $.24/CCF (LOX) 

Oxy-Fuel Oxygen @ $.74/CCF (on site) 



mind the dollars per ton of giass at the 60% reduction For O E M  is an optimum seiection and that 
there may be increases in dolIars per ton at Iower percentages NO, reduction since the optimum 
efficiency might not be achieved. 

In any event, the chart shows clearly that OEAS technology is a preferred seIwion for reduction 
up to 60% and of ail the techolo_eies Iisted, has the lowest cost. This gives it a very Sood market 
potential. 

Below find some additional discussion of the various KOx reduction technolog dptions. 

100% Ow-Fuef Fired Glass Furnaces 

It should be noted that in reccnt years there have been some sigificant insallations for IO0 
percent oxygednaturai gas-fired combustion techdo@es for @ass meiters because of the 
si-dcant NO, reduction when compared to curent regenerative $ass melters. Emission Ieveis 
below 1 W o n  NO, may be obtained, ifhish purity oxygen iS employed. This, however, usuaily 
results in an increase in operating cost and product price. One solution is to use industrid uxy9en 
(95-96 percent purity), whicfi can be produced on-site and is less expensive. No long-term 
answer is yet avaiiable for the effect of oxygen use on fbmace service He. It is still a quesrion 
that existing regenerative glass tanks, which normdfy operate continuously for about 10 years 
between repair and modifications, would - before the end of this century - be economicdly 
converted to pure oxygxhmral ,gas firing without the environmental driving force of XOs, 
particulate, etc. This approach, however, has significant potential to capture a large s h e  of the 
market. 

KOrfing Hanover AG of Germany has instaIIed a patented systen of air stasing (not oxygen- 
enrichment) on an endport finace, using air ejectors and ceramic lined piping around the furnace. 
CIaims of upwards of 30% PIOX reduction are made. To the best of our knowledge, only one (I)  
Korting system has been instded. We understand the price was about 2.5 million D marks, about 
31 miili0nU.S. 

Fue! Staene or Cascade Heating For NO, Reduction 

IGT and their grogam "Development of NO, Control Methods for Glass Meiting Furnaces", 
hnded by GRI and SoCal, performed fbei stagins tests on their _eIass tank simuiator modei during 
the period 1982-33. Indications were that good NO, reduction could be accompiished with &et 
staging, however, the work was not sufficient to establish that good fiarne characteristics could 
actualIy be obtained on a &mace in the field. Due to viabie alternatives avaiIabIe by the Gas 
Firing Task Group of the glass industry, they deferred fbrrher foilow-up of fiiei sta& at that 
time. 

Sorg Gmby a German glass krnace cn$neering company, is offering a competing system of@ 
staging' cailed "cascading". They claim to have several installations in Europe mosrfy on oil fired 
fiunaces. They cmentiy are represented in the U.S. by Henry F. Teichmann, Inc., which is a 
@ass engineering company located near Pittsburgh, Pennsylvania. Teichann has been active in 



marketing this Sorg cascading. AS of yet, no U.S. systems have been instded. They c!aim similar 
NO, reductions of 40?4 to 50%. Teichmann @ves capital costs of S156,OOO for a 2.42 TPD 
endpon fbmace (conrainer &ss) or S250,OOO for a 242 TPD sideport &mace? with operating 
cost of S 1.19 per hour. This data is competitive with OEAS technolog. 

Sorg GmbH has just completed field tests OR both end- and side-fired regenerative firrnaces usins 
this cascade heating (fuel staging) technolog.' The NO, reduction on a limited basis was around 
56% and 36% on end-ked and side-€ked LhaczsS, respeczively. To achieve this. the cascade 
heating system produced a secondary flame in the pon neck by the introduction of additional gas. 
This secondary ffame burns over the primary ffame root, using a pre-determined Etet distribution; 
hence the primary ffame is developed under sub-stoichiometric (rich) condirions. In this way, the 
availability of oxygen is reduced in the vicinity of the primary flame root. The SO, generation 
was reduced by Operating the fiunace under hizJlly reducing conditions, at the same time the CO 
content was less than 100 r n g ~ m ~ .  Sorg is currentiy eduating this process on a complete 
h c e  (using all ports) in the United States. 

Detailed information for a complete side9ort fbmace on cascade heating f h a c e  operarion, 
process economics, and engine&tg hardware to accomplish the above objecives are not 
availabie at this time. 

Selective Cataivtic (SCR) and Selective Non-Catalvcic Reduction tSNCR) 

The only currently avaifabIe retrofit technologies for NO, reduction for'gass tanks are SNCR and 
SCR, in increasing levels of NOx reduction (30 to 50% and 75 to 90?6 respecively) and costs. 
The Iowest cost technoiog, SNCR, can reduce XO, by 30 to 50 percent at an estimated cost of 
S2000/ton of XQ, removed, for a typical 250 todd $ass tank This represents S365,OOO 
mually, or an increase in @ass production fUe1 costs of 15 to 20 percent. Furthermore, SNCR 
suffers fiom a number of drawbacks including hXj slip, hazards of storing hX3, ana the potential 
for higher CO, N$, and parricdate emissions. There is, therefore, a need to deve!op advanced 
lower cost low-XO, technologies for rerrofit to natural 3s-fired regenerative ghss mehers. It 
should be noted these tec,tmoIogies can be used as post-combustion treatment for hrther 
reductions of NOx in the O E S  system. 

Pilkinaon 3R 

Outside the @ass container industry? particuiarIy in the float @ass segment, Piikingon's 3R NO, 
control technolog is C T s  main competitor. The 3R process involves injected itei in the 
exhaust ports of a regenerative h a c e ,  whereby this he1 mixes with NOr formed during t!e 
combustion process. The mixing continues throughout the regenerator and through chemid 
reactions NO, is reformed to nitrogen. Ar the bottom of the regenerators unburnt hydrocarbons 
and CO are oxidized by injGing air. Pikington reported at the 57th Conference on Glass 
Problems (1996) the status of the 3R tecfmology and gave the following cost fipres for a 600 
todday float krnace rerrofited with the 3R technolog. Capital costs of approximarely $250,000 
with operating costs of $36,000 per month. Pikingon states that patter thm 75?6 NO, 

5 Menhias. Fnnke. "(&u& Hating System Reduces XOx". G ~ S S  pp. 141-142. April 1992. 
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reductions have been achieved yie!ding abatemezt cost at around 9500kon NO, reduced. No 
mention was made to syitem installation costs which h a o r  into the cost ofthe tecihoiogy. 

MARKET STRATEGY 

The overall sirateg will be to bring this tecfinolog to the attention of the U.S. regenmtive $ass 
fbrnace industry for endport and sideport furnaces. The primary tarset market is the $ass 
comainer segment bec3use of the numerous conraine: plants within the GS. Raciing the glass 
container industry market will be done by several means: 

1. 

2. 

4. Technical trade show displays. 
5 .  
6. 

Direct contact with the customer wiil be the principal means. 
This is by visit or by telephone. 
Literature mailouts describing the tedho1ogy. 

3 3. Some limited advertising. 

Technical articles to trade maspines for describing new producs. 
TecficaI papers at seminars and conferences. 

Contact with the glass container industry in the U.S. can be accomplished for 90% of the &maces 
thou& three (3) of the major companies, that being Owens-Brockway, Bail-Foster, and Anchor 
Glass. The balance of the W c e s  are Scattered among smaller companies. Eacfi of these 
companies has a cenlal engineering deparnnent where these decisions woufd originate fi-om. This 
is not to state that visits to an individual plant would not be heIpfid since sometimes they push 
technology for their own locaf needs in contrast to the centrd engineering department priorities. 

Contact with the prospective company will b r i q  forth their needs as to the geographical 21 ea &x 

geographic areas include the south coast district in California, the nw-them CFF;~~;F;SC.~'~ c o ~ 2 2 r .  
and varoius major metropolitan areas throughout the US. 

is impacted by environmental reguiation where they are having problems ~5th cm@i?xz. I. L ,. .wv 

The IOW cost OEM teIurology with NO, reductions in the 30-6054 T=$C cG::ti)st 

environmental reguiations makes this technoIogy competitive and markc hie- i j l  

SALES TACTICS 

2:z.s + ; ~ ~ ~ ~ : ~ ~  ; .., 

Combustion Tec will give first prioriry to pursuing the markets in vil:icir ;XWX y: I:- . *  

wit1 be outside the U.S. where patent protection is avaifabie, and where th-ere :s 20 . ~ ~ ~ ~ ~ ~ ~ i ~ ~ i ~ ~ : : ~  *. 

aEorded and there is no risk of infiingeaent on other patents. Tnis i:: y.~*---~fi~- 1 . .  . .AL&t>L..  .. ,- .. ',...:.* .I.". .,: ',>- ... : . . , . " I 

market on endport and sideport &maces at this time. The second market io be considered 't?y C'X. 

on other &Sting patents, and where environmental reguiations will dsi:;:: &e !SC ,2f -'-AL ..I:..> 

technofogy. The third market would be outside the U.S. where there is no patex p t e s i w  :%rid 
there are no infringement compiications and technolog is a driving force. 

.., 



General 

The first step in securing an O EM sale, once customer conract has been made, is to sather 
pertanent firmace information and firmace drawings. This allows CTI: to size an OEXS system, 
provide retrofir options, and inirial economic malyses on the various options. CTI uses 3 one 
page questionnaire which the customer is asked to fill out and return. Once the diEerent system 
options have been studied the customer would choose which route to pursue. At this point'CTI 
can provide a quote for the basic system hardware, 

The next step would be to conduct a rerrofit surrey of the piant. The survey is paid for by the 
customer and would be attended by a customer representative, a CTI en-&eer, and the 
customer's mecfianicd and elmricd subcontractors. CTI would bMg to the survey an initial 
process and instrumentation diagram fp&n>) and schetches of the proposed piping layout on the 
b a c e .  The survey would determine the feasability of the proposed retrofir, identify obsades 
and work mounds, determine placement of flow control skids, PLC system, merering pane!, and 
main header pipe routing. The 
subcontractors would provide the customer with estimates to install the system. 
CTI can also provide assistance that the customer may need when deaIing with 10caI regdatory 
mthorities. This may include technical merits of the staging technology, historical data, and 
economics. 

CTI would Surnm&e the retrofit survey in a report. 

Oxveen SuDufv 

The supply of oxysen for OEAS systems is in small r a n p ,  from 2,000 to 15,OOO~SCFH. In this 
case the method of supply is probably liquid, hence the oxygen supplier wouid replenish on site 
storage by LOX (liquid oxygen)-truck sexvice. Small oxygen generator Units are also avaiIable 
which may provide a less expensive alternative to liquid oxygen In the U.S.A, oqrgen contracts 
are generally site specific, so ifthere is an existing agreement by an oxygen supplier at a pianr site 
where OEM equipment were to be installed, the existing supplier would probably be the OEAS 
supplier. If there is no oxy,en supply at the pImt, then this would, of course, be subject to bid by 
several suppliers. It could prove to be a competitive advantage having O W  supply should a 
later conversion on the furnace be made to full 100% oxy-he! &g for much hi@er oqgen 
consumption. 

Compressed Air S U O D ~  

For Compressed Air Staging (CAS) option, the compressed air suppIy (at 100 PSlG m a x )  would 
be utilized as the motive fluid for ejectors. A CAS system is srrictfy air stagng wirh no oxysen 
enrhhment capabilities. T'ne compressed air flow requirements vary with bate size and can be 
as much as 12,OOOSCFX for a laqe furnace. For plants without excess compressed air available a 
designated compressor would need to be instaiIed. The choice for CAS woufd primarily be due to 
space contra.int Iimitations and reduced piping installation costs. 

Air cost will vary between 2pi/100 CF to 6jt/100 CF depending on amount of air and local 
electrical rates. Combustion Tec recommends the customer integrate this suppIy to his own 
available existing or new capaciry, since the equipment can better be purchased by the cusromer. 
The CAS option may or may not be part of the OEAS technology, ana this will be discussed 
between the parties. 

http://contra.int
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The risks and problems as anticipared are outlined as foilows: 

1. NO, Reduction W a m t v  - Providing warranty pe,?bm.mce for NO, reduction Will 
have to be based OR the customers' baseiine .data plus interpretation of ail previous 
demonstration sites and commercial installations results. 

2. Field Piping Cost - Quotations to the customer can be &en in a general way, but they 
wiU have to be finalized by a visit to the fie!d and perhaps, at feast initially, actual bids 
for the fieid piping which is a substanrid portion of the cost and can have much 
variation due to the site conditions, the Iabor market, geographic Iocation and 
astomeis objectives. 
Field Pioing Life - Consideration wiI1 have to be gven to the fidd piping wirh 
reIationship to an S-year hrnace lie. Many items are replaced at this point in time and 
the customer's input in this regard will influence pricing. 

3. 

4. Instailation - Care and attention will dways have to be gven to non-interference with 
the custorneis &mace operation during rhe insraflarion of this equipment. At the 
present state of howledge, there should not be any problems to the customeis furnace 
while equipment is in use; in fact, this is a geat advantase. At this point in time, we 
fed the equipment is invisible to the customeis &mace operation. Older h a c e s ,  
having more wear on them, wouid be subject to extra care'in plztcing the holes in the 
&mace for the piping connections; hence, this risk would have to be ewbted  and 
assumed by each customer. 

5 .  Introduction of &%en - Introducing oxygen use into a plant where there is none 
becomes a new considdon.  This is a new element for operating personnel and safety 
precautions will be emphasized. 

OWNERSHIP and ROYALTIES 

This technology is under the ownership and Iicensing by the Insritute of Gas Technology, US 
Patent 55,203,859 dated Apd 20, 1993. We are advised the patent has been filed in Denmark, 
Franc$, Britain, Italy, Canada and Mexico. Data is not currently available on whar other patents 
may exist that might present a conflict. 

Under terms of the contract between IGT and Combustion Tzc, Inc. licensing is to be provided by 
IGT to Combustion Tec, Inc. 

Royalties will be paid in accordance with the Iicensins aseernent. 
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