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ABSTRACT

Blast furnace gas (BFG) and coke oven gas (COG) are exhaust gases from
primary operations in steel making that are almost exclusively utilized as supplemental
fuels within the steel plant. These by-product fuels contain mixtures of H,, CO, CHa,
CO,, and N2. They are burned alone or in combination with natural gas (NG) to fire the
coke ovens, blast furnace stoves, utility boilers and metal working furnaces. The
utilization of these by-product fuels reduces the waste gas emissions at the steel mill and
reduces the requirements for outside fuel sources. However, the combustion of these by-
product fuel blends does produce hazardous pollutants, which, due to the vanable
composition, is not well understood. The objective of this research was to develop an
understanding of the mechanisms controlling the formation of nitrogen oxides (NO) and
investigate process modifications to minimize NO, emissions.

Combustion experiments were performed on a 100,000 Btwhr, U-shaped furnace
and on a 15,000,000 Btuw/hr tunnel furnace utilizing a variety of fuel blends under vanous
conditions. NOy formation was found to be the greatest when utilizing COG and COG
blends, indicative of the thermal dependence on NO formation as COG contains
significant amounts of H, and CO, both of which liberate more heat than NG when
combusted.

The NO, emission data for the by-product fuel blends correlate strongly to

theoretical, adiabatic flame temperature, despite the wide variation of mixtures
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investigated and different combustion environments. NO, emissions were characterized
by the extended Zeldovich reactions. However a single expression for the rate of NO
formation based on these reactions failed to account for the rapid formation rate.
Process modifications in the form of fuel blending and fuel reburning were
evaluated experimentally and in chemical kinetics modeling. BFG blends with COG
effectively reduced NO, emissions, mainly as a result of thermal dilution, similar to the
proven reduction strategy of flue gas recirculation. COG was shown to be an effective
reburning fuel, similar to the proven rebumning fuel NG, despite having a majority
composition of nonhydrocarbon fuels. Chemical kinetics modeling confirmed the

effectiveness of these strategies in reducing NO, emissions.
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CHAPTER1

INTRODUCTION

Byv-Product Fuels in Steel Manufacturing

The use of blast furnace gas (BFG) and coke oven gas (COG) as supplemental
fuels by the steel making industry dates back to the mid-1800s. The gaseous exhaust
from the blast furnace, BFG, was first utilized for its heat of combustion in 1857.
Competition for and the increasing cost of other fuel sources forced its usage as a fuel,
and by the turn of the century, BFG had become one of the major fuels in the steel
industry (The Making, Shaping and Treating of Steel [MSTS]). Today BFG and COG
are commonly used with other fuel sources, natural gas (NG) and coal, to fire the coke
ovens, blast furnace stoves, annealing and reheat furnaces, and utility boilers. The use of
these by-product fuels reduces the waste gas emissions at the steel mill and reduces the
requirements for outside fuel sources. Despite long historical usage, little has been
published regarding the optimization of the combustion chemistry of these by-product
fuels.

Integrated steel production is a four-step process involving coking, iron making,
steel making, and metalworking. By-product fuels are generated in the coking and iron
making steps of the process and are subsequently utilized to some extent in all of the

stages of the steel making process, including the stages in which they were produced.
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The coking process involves the pyrolytic heating of coal in the absence of
oxygen. COG is a by-product of this process, whereby the volatile components of the
coal are driven off as COG, leaving behind carbon-rich coke. COG is composed mainly
of hydrogen (H;) and methane (CH.,), with some nitrogen (N»), carbon monoxide (CO),
and carbon dioxide (CO;). COG does contain slight amounts of some heavier
hydrocarbon fuels and can contain ammonia (NH;) and hydrogen cyanide (HCN)

(MSTS; North American Combustion Handbook [NACH])).

BFG is a by-product of the iron making process, where iron ore, coke, and
limestone are heated and melted in a blast furnace. Carbon monoxide produced from the
burning of the coke reacts with the iron ore, reducing it to iron. BFG is the dust-laden
gas that emanates from the blast furmace during this process. The limestone fed to the
process reacts with the acids and other impurities in the ore to produce slag, a by-product
of the iron making process. BFG is generated at a rate of 2.5 to 3.5 tons per ton of iron
produced. The composition of BFG is process dependent, consisting of mainly N, with

some CO and CO,, and trace amounts of H,.

NO, Formation

The combustion of these by-product fuels produces mainly CO; and water, but
can also form air pollutants, including CO and nitrogen oxides (NOy). NOx is a general
term given to a mixture of nitrogen oxides that are hazardous air pollutants, the two major
components of which are nitrogen oxide or nitric oxide (NO) and nitrogen dioxide (NO5).
NO, in the atmosphere is mainly derived from bacterial decomposition of organic matter
and the combustion of liquid, solid and gaseous fuels. According to Ludwig et al. (1974),

on a global basis the concentration of NOy in the atmosphere ranges from 10 to 500 parts
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per trillion (ppt), the major proportion of which is due to bactenial action. Over the past
150 years, global NO, emissions have been rising, and a significant portion of the
increases is due to combustion (Bowman, 1992). In large industrial areas, NOy emissions
from combustion sources become dominant, and atmospheric levels as high as 500 parts
per billion have been measured (Ludwig et al., 1974; Flagan and Seinfeld, 1988).

NO is the main component of NOy produced by combustion. According to
Ludwig et al. (1974), NO, emissions as NO pose minimal health or environmental risks
at the concentrations in the environment. Studies with mice have shown no significant
side effects from exposure to 2.4 parts per million (ppm) NO for up to two years.
Clinical studies have shown that humans exposed to low concentrations of NO, 5 to 20
ppm, for up to 53 days, did not exhibit any toxic effects. In fact, low concentrations of
NO, 5 to 40 ppm, have been administered to humans as a selective pulmonary
vasodilator. The positive effects of NO treatment are well-established (Haddad et al.,
2000).

However, NO in the atmosphere undergoes oxidation, principally via
photochemical reactions involving volatile organic compounds (VOCs), to produce NO,.

The overall reaction is:
NO +-})-Oz - NO,

This is an exothermic reaction that is thermodynamically favored at low
temperatures. As NO,, NOx poses serious health and environmental effects. The primary
health effect of NO; is lung toxicity, which has been noted for long term exposure to

concentrations as low as 60 to 90 ppt. According to the Hazardous Chemicals Desk
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Reference, NO- solubilizes in the mucous membranes of the lungs and forms nitric and
nitrous acids. The effects of NO, exposure range from lung irritation and bronchitis to
pulmonary edema and pneumonia.

Environmentally, NO- has an adverse effect on vegetation, including defoliation
and reduced crop yields. NO- has also been shown to cause metal and electronics
corrosion and fabric deterioration (Air Pollution; Ludwig et al., 1974). The adverse
environmental effects of NO, are enhanced by the formation of photochemical smog,
which is produced by a reaction of NO, with VOCs. Photochemical smog contains ozone
which poses similar and additional adverse health and environmental effects.

The environmental impacts of NO, emissions are addressed in federal regulations,
such as the Clean Air Act (CAA) and the Clean Air Act Amendments (CAAA). These
statutes are forcing industries to reduce their toxic emissions by standards that are
increasingly stringent. The U.S. Steel Industry has invested approximately $5 billion in
air pollution control systems to comply with air quality standards under the CAA and the
CAAA. New provisions under the CAAA will require the steel industry to spend billions
more over the next 10 years to further reduce their toxic emissions (American Iron and
Steel Institute [AISI]; Patrick, 1995; U.S. EPA, 1995).

The mechanisms for the formation of NO by combustion are given the
designations "thermal-NO,," "fuel-NO,," and "prompt-NO,." The mechanism for

"thermal-NO," production is:

N,+Oe& NO+N
N+O, &NO+O
N+OH & NO+H
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The first two reactions in this series are referred to as the Zeldovich mechanism,
which was first postulated by Y. B. Zeldovich in 1947 (Flagan and Seinfeld, 1988). The
third reaction is often included with the Zeldovich reactions, and together they are
referred to as the extended Zeldovich mechanism.

The first reaction is the rate-limiting step, due to the high activation energy
required to break the strong N triple bond. The high activation energy makes this
mechanism temperature sensitive. As the reaction temperature increases, so does the
production of NO,. Due to the temperature dependence of the "thermal-NO,"
mechanism, the focus of methods to control NO, emissions is based on limiting the
combustion reaction temperature. Under simple approximations for the atomic species
involved in the Zeldovich mechanism, the rate of formation of NO by the “thermal-NO,”

mechanism can be expressed in an Arrhenius expression of the form:

d{NO] N
A0 - Aen [0, V2N, ]

Thompson et al. (1972) and Westenberg (1971) developed similar equations,
noting the same NO formation dependence on temperature, oxygen (O), and pressure.
They both found activation energies in the range of 135 to 140 kilocalories per kilomole
(kcal/kmol).

The second major mechanism for the formation of NO in combustion is through
the oxidation of organically bound nitrogen in the fuel, which is termed "fuel- NO,."
Fuel-nitrogen is a principal source of NO, from the combustion of fossil fuels. Coal
contains 1.2-1.6% nitrogen. Crude oils typically contain between 0.1-0.2% nitrogen,

with some levels as high as 0.5%. Gaseous fuels can also have nitrogen-containing
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constituents, such as NH; and HCN. The conversion of the nitrogen in these fuels to NO,
is essentially independent of the parent compound and largely dependent upon the initial
levels of nitrogen in the fuel and the combustion conditions. The conversion to NO, is
high, approaching 100% at low levels of fuel-nitrogen, 0.1-0.2%, and under fuel-lean
stoichiometric conditions. However as the fuel-nitrogen content increases, levels greater
than 1%, the conversion to NOy decreases to only 10-20%. The drop off in conversion at
higher fuei-nitrogen levels is due a competing mechanistic pathway that utilizes the fuel-
nitrogen species to reduce NO (Flagan and Seinfeld, 1988; Fossil Fuel Combustion).

The third major mechanism for NO formation from combustion is "prompt- NO,."
"Prompt- NO," refers to NO produced within the flame which cannot be explained by the
Zeldovich mechanism. "Prompt- NO," is formed under low temperature, fuel-rich
conditions as a result of hydrocarbon free radical reaction with N;. The reaction
sequence first produces HCN and ammonia radicals, which are oxidized to form NO,
(Flagan and Seinfeld, 1988; Miller and Bowman, 1989; Wood, 1994).

The focus of this research involves the thermal mechanisms of NO, formation,
and potentially any interactions that the components of the by-product gases have in the

thermal NO, mechanism.

NO, Emissions Control Methods
NO, emissions control applied within the furnace are classified as either
precombustion or postcombustion. The precombustion controls are focused on reducing
combustion temperatures and/or reducing oxygen content in the primary combustion

zone, both minimizing NO, formed by the “thermal-NO,” mechanism. Precombustion
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control strategies include flue gas recirculation (FGR), water injection, low-NO, bumers,
and staging.

In FGR and water injection, the peak flame temperature is reduced by removing
heat from the combustion to either elevate the temperature of combustion products in
FGR, or to vaporize water in water injection. In FGR, NO, reductions in the range of 50-
75% are possible with recirculation of 10-20% by weight flue gas. Water injection of
15% by weight of the fuel/air fed to the burner has resulted in up to 90% reduction in
NO, emissions. Low-NO, burners are burners that are designed to either provide special
air staging, fuel/air mixing, or flue gas entrainment to reduce NO formation. NO,
reductions in the range of 30-50% are reported for low-NO, bumners.

Staging refers to delayed air addition that allows for fuel-rich chemistry to take
place for an extended period of time in the furnace, favoring the formation of molecular
nitrogen from nitrogen species. Staging takes advantage of both lower combustion
temperatures and low oxygen concentration to reduce NO formation. Staging has been
successfully applied in a variety of combustion systems, including multiburner systems
where a combination of rich and lean burners is used for staging. The ease of application
of staging with existing equipment has made this NOy control strategy the most
successful and most used. An estimate of the emissions reduction potential with staging
is difficult to make due to the variety of conditions and systems in which it is applied
(Feese and Turns, 1998; Garg, 1994; Milani and Nelli, 1992; Sarofim and Flagan, 1976).

Three postcombustion control technologies have been proven effective, including

fuel reburning, selective catalytic reduction (SCR), and selective noncatalytic reduction
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(SNCR). These methods focus on creating a reducing environment after the primary
combustion zone whereby NO is converted to molecular nitrogen.

In fuel reburning, a portion of the fuel from the combustion feed, or a secondary
fuel source, is introduced downstream of the main combustion zone. This fuel addition
creates a local, reducing environment in the area around and just downstream from the
injection, which results in NO conversion to N2. Subsequently, air is injected
downstream of the reburn zone to produce lean conditions overall in the furnace. This
air, referred to as bumout air, oxidizes the remaining fuel fragments after the reburn zone.
Reburning results in lower peak flame temperatures in the primary combustion zone, as
some of the primary fuel is used as the reburn fuel. Reburning is also a means of
operating the main heat release zone optimally without regard to NO, emissions and
adding additional fuel downstream to reduce the NO, produced. Reburning has been
proven with a range of hydrocarbon fuels in gaseous, liquid and solid states, including
NG, coal, wood, and oil (Bales, 1995; Chen et al., 1989; Chen et al., 1986; Smoot et al.,
1998; Stapf and Leuckel, 1996). Nonhydrocarbon fuel reburning has also been
performed with some effectiveness (Bortz and Offen, 1987; Chen et al., 1986; Rutar et
al., 1996).

The SCR process involves injecting ammonia into the exhaust gases and then
passing the mixture through a catalytic reactor. NO, emissions reductions in the range of
70-95% have been reported, depending upon the type and age of the catalyst, amount of
ammonia injected, and initial NO, concentrations. The SNCR process involves injecting
ammonia or urea into the furnace exit region. Temperature control is critical in this

process, with the optimum being in the range of 1,700-2,000°F. The process is also
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dependent upon the reagent concentration relative to NO,, mixing, and residence time
within the desired temperature window. Reported NO emissions reductions range from
25-50% (Brouwer et al., 1996; Cho, 1994; Wood, 1994).

These techniques or combinations thereof can be utilized for NO, emissions
control when utilizing by-product fuels. However some of these techniques represent
significant investments in capital equipment and/or high continual operating costs,
especially considering the hundreds of bumers utilizing these by-product fuels at the steel
plant. The focus of this study was on low-cost, easy to implement, NO, control strategies
for the steel plant that do not adversely affect the operation of the fumaces where

implemented.

Research Objectives

The objective of this research was to develop an understanding of the mechanisms
controlling NO, formation from the combustion of by-product fuels from the steel
industry and investigate control and design options to minimize emissions. Minimization
strategies are constrained by limits on CO and unburned hydrocarbon emissions, both
likely to increase under fuel-rich combustion scenarios which reduced NO, emissions.
Also, the minimization strategies are constrained by the need for reasonable heat

generation rates in the furnaces that employ these by-product fuels.
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CHAPTER 2

LITERATURE REVIEW

Literature has been reviewed on the subject of by-product fuel combustion,
specifically with respect to BFG and COG and the steel industry. The focus of this
search was on determining typical characteristics of these fuels, typical emissions and
standards from their combustion, and combustion environment specifics. The literature
was also reviewed for the kinetics of NO formation, NOy reduction methods, and

implementation strategies applicable to the steel industry.

Steel Industry

As stated in the introduction, the use of by-product fuels by the steel industry
dates back to the mid-1800s. Initially BFG was used as a heat exchange fluid, preheating
the air sent to the blast furnace. Once processes were developed to clean and handle the
BFG, it was used as a fuel. According to MSTS, the steel industry utilized about 2,065
billion cubic feet of BFG in processes at the steel mills in 1982.

The compositions of BFG and COG are varied based upon feedstock and
operating conditions in the processes in which they are generated. The average
composition of BFG as reported in the literature is 22.4% CO, 3.45% H,, 20.1% CO; and
53.5% Na. The relative standard deviations for CO and N are 10% or less. However the

variations for CO, and H; are 20% and 77%, respectively. Over a six-month period
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between January and May of 1997, Geneva Steel performed a monthly gas analysis on
the effluent from one of their blast furnaces. The average results from these analyses
were 20.4% CO, 6.35% H,, 22.8% CO,, and 49.8% N,. The average gross heating value,
specific gravity, and molar mass were found to be 84.5 Brw/ft’, 1.04, and 30.08,
respectively (Geneva Steel, 1997; Ho et al., 1994; Jenkins and Edmundson, 1990;

Mukherjee, 1998; MSTS; NACH; Rose and Cooper, 1977; Woycenko and Smart, 1992).

The average composition of COG reported in the literature consists of 29.7%
CH., 6.53% CO, 52.4% H,, 1.73% CO-, 5.64% N,, with the remainder being compounds
of two or more carbons. The relative standard deviations ranged from 8-15% for Hs,
CH.,, and CO. The relative standard deviations for CO> and N> were 44% and 53%,
respectively. The six-month Geneva Steel analyses yielded an average composition of
33.3% CH., 6.47% CO, 49.8% H,, 0.90% CO,, and 5.04% N,. The average gross
heating value, specific gravity and molar mass were found to be 575 Bt/ ft’, 0.39, and
11.41, respectively.

Impurities in BFG and COG vary greatly with raw material sources and process
operating conditions. Relative to NO minimization from the combustion of these fuels,
the main impurities of concern are NH; and HCN in COG. Typical concentrations in
“raw” COG are 1.1-1.2% by volume NH; and 0.10-0.25% by volume HCN (Gluud, 1932;
Kohl and Riesenfeld, 1985). These impurities are very effectively removed from COG in
a well-established, purification step that involves washing the gas in a concentrated,
sulfuric acid bath. The washing process results in a saturated gas stream that is
significantly reduced in temperature. Typical concentrations of NH; and HCN in COG

after this purification step have not been found in the literature. Concentrations of 500
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ppm and 30 ppm for NH; and HCN, respectively, were provided as typical values for
COG at Geneva Steel. The temperature of the COG stream as utilized for downstream
steel processing at Geneva Steel was 120°F (50°C).

Steel industry literature related to the combustion of these by-product gases is
focused on process modifications to reduce NO, emissions without sacrificing
performance. Milani and Nelli (1992) performed pilot-scale (3.5 megawatts) experiments
modeling a steel reheat furnace using experimental prototype and proprietary, full-size
burners. In their experiments they evaluated the combustion of lean gases and rich-fuel
gases common to the industry. The lean gases evaluated had lower heating values below
330 Btw/ft’ and included the mixtures of BFG and COG (BFG/COG), BFG/NG, oxygen
converter gas (LDG)/COG, and LDG/NG. The rich-fuel gases evaluated included NG,
COG, and LDG.

Milani and Nelli found that NO, emissions from burning the lean gas mixtures
were in the range of 10 to 30 milligrams per megajoule (mg/MJ), equivalent to 0.023 to
0.070 pounds per million Btu (lbss/MMBtu). They found that these emissions from the
lean gas mixtures could be determined from the average flame temperature. The NO,
emissions from the burning of the rich-fuel gases were in the range of 20 to 100 mg/MJ
(0.047 to 0.23 Ibs/MMBtu). The emissions from these rich-fuel gases were based on
local peak temperatures and turbulent fluctuations of these peak temperatures. In
addition to temperature, fluid dynamics, turbulent mixing parameters and residence
times, were important in the combustion of the rich-fuel gases. Burner design

modifications were investigated to reduce NO, from the combustion of both gas types.
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Milani and Nelli’s experiments with burner designs focused on minor
modifications to burners currently used in the steel industry. Flat flame, radiant burners
are used in the upper zones and roofs of reheat furnaces. Combustion in these burners
takes place in a narrow layer at the burner surface and is typically low-NOy producing
due to induced internal recirculation, which dilutes the reactants and reduces peak
temperatures. Milani and Nelli reported NO, reductions up to 50% could be achieved in
a flat flame burner with approximately 10% FGR or an equivalent amount of water
injection.

The wall bumers typically employed for side and front finng in a reheat furnace
produce long, straight flames. These burners usually have quarls to improve flame
stability. Milani and Nelli found that for low-NO, purposes, the quarl of these burners
should have an aspect ratio (length to diameter) of less than 0.6. They found that for a
given burner, as the length of the quari increased, the NO, emissions increased owing to
faster mixing of air and fuel. They also found that with central fuel injection, a fuel to air
velocity ratio less than 0.3 was preferred for low NO,.

“Variable flame” wall burners are used in large, walking beam furnaces. The
flames produced by these burners can be adjusted through the variation of a
secondary:primary air ratio (R%) in order to control temperature uniformity of processed
steel slabs. In these burners, the primary air is introduced along the axis of the burner,
parallel to the fuel injection, whereas the secondary air is introduced through multiple jets
at a radial distance from the burner axis. Milani and Nelli found a wide vanation in NO,
emissions as a function of R%, which they attributed to the sensitivity of the thermal NO,

mechanism to the “near burner aerodynamics and mixing pattern.” Low and high values
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of R% are low-NO, operating conditions, producing flat and long flames, respectively.
Intermediate values of R% result in short flames of increased intensity and NO;
emissions. The authors found that under the conditions of the short, intense flames, the
furnace temperature profile only changed moderately. However there were large
increases in peak temperatures, which had the effect on the NO, emissions. The final
conclusions of Milani and Nelli were that existing steel plants could be easily retrofitted
to low-NOx conditions, but continued research (theoretical and experimental) in industrial
combustion is required to advance the technologies to meet increasing stringent pollution
standards.

Austin et al. (1998) discusses the use of top gas recycling in blast furnace
operation to reduce CO; emissions. Through mathematical modeling of the operations,
they found that if CO; was removed from the recycled gas stream, top gas recycling
would result in a 25% increase in production with a simultaneous 20% decrease in fuel
rate. The recycling was found to increase the efficiency of the process in addition to
decreasing carbon emissions in an effort to decrease global warming.

Ho et al. (1994) discuss the use of BFG and COG for the generation of electricity
as an energy conservation measure at China Steel Corporation. Experiments were
performed in a bench-scale furnace at a constant firing rate of 20.5 kW, utilizing coal as
the primary fuel. They wanted to identify the parameters that control the bumnout of coal
particles when BFG or COG cofiring. Cofiring with BFG up to 50% of the firing rate,
they found that the percent carbon in the fly ash increased from 27-60%. They attributed
these results to the increased total gas flow rates with BFG, which resulted in lower flame

temperatures and reduced residence times. With COG cofiring, Ho and researchers found
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that carbon in the fly ash increased from 27-36% as COG loading increased to 70% of the
firing rate. Fly ash carbon increased despite increases in flame temperature with the
COG addition, indicting that flame temperature was not the only thing controlling carbon
burnout. Ho and researchers concluded that COG and BFG burmed more rapidly than the
coal. Thus when the coal began to burn, the oxygen partial pressure was significantly

reduced, affecting the carbon burnout.

Combustion of Low-Btu Fuels

Literature in the area of low-Btu fuel combustion is focused on finding
replacements for the standard fuels, natural gas and oil. In the late 1970s and early
1980s, the energy crisis in the United States caused interest due to the rising costs of
standard fuels. Continued interest in this exists due to concems over limited fossil fuel
resources, environmental concerns over emissions of products of incomplete combustion
(PICs), and variable costs of the standard fuels.

Shoffstall and Waibel published a series of reports on the utilization of low-Btu
fuels from coal gasification as industrial process fuels (Shoffstall, 1977; Shoffstall and
Waibel, 1977; Waibel and Fleming, 1979; Waibel et al., 1978). These studies came as a
result of federal government pressure on the electric power industry to clean up the
environment and decrease the United States’ dependence on foreign sources of oil. Coal
is the only natural resource available in sufficient quantities to replace the need for
foreign oil. However the combustion of coal is not “environmentally friendly,”
producing emissions of particulates and sulfur and nitrogen compounds.

Shoffstall and Waibel performed experiments with five medium- and low-Btu

gases from coal conversion, including Lurgi oxygen, Winkler oxygen, Koppers-Totzek
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oxygen, Wellman-Galusha air, and Winkler air. The heating value of these fuels ranges
from 100 to 300 Buw/ft’ (3.7t0 1 1.MJ/m?). The Lurgi oxygen and Winkler oxygen fuels
are most similar to COG, being composed of roughly 40% H3, 20-30% CO and CO,, 3-
10% CHs, and 1% N,. At a stoichiometric ratio of 1.15 and with air preheat at 435 K,
these fuels had a theoretical adiabatic flame temperature (AFT) of 2,000 K and 2,100 K,
respectively. The Koppers-Totzek oxygen fuel was more than 50% CO, with 35% H,,
10% CO, and 1% CH,; and N>. This fuel had an AFT of 2,240 K. The air fuels,
Wellman-Galusha air and Winkler air, are most similar to BFG, being composed of 45-
55% N3, 20-25% CO, 15% Ha, 7% CO,, and 1-3% CH.. These fuels had AFTs of 1,700
K and 1,900 K, respectively.

Shoffstall and Waibel’s experiments were performed in a pilot scale fummace,
investigating the effects of firing rates ranging from 3 to 5.25 million Btu/hr, burner
design, fuel temperatures, ranging from ambient to 1,200°F, and fuel contaminants, at
various levels and in combination. They found that flame stability was sensitive to fuel
jet velocity and that an injection velocity of 100 ft/s was optimal. NO emissions
increased with increasing excess air levels and with an increase in the degree of fuel/air
mixing. NO emissions from combustion of the different fuels at ambient and elevated
fuel temperatures were closely correlated to adiabatic flame temperatures. At ambient
fuel temperatures, their NO emission data yielded an activation energy of 153 kcal/mol.
This value compares well to 135 kcal/mol of Thompson et al. (1972) developed from the
Zeldovich mechanism for thermal NO, formation assuming equilibrium concentrations of
O. Atelevated fuel temperatures, they found that the activation energy was 195 kcal/mol

and that the rate of NO formation was controlled by the reaction temperature which was
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found to be a constant multiple (0.69) of the adiabatic flame temperature. The
experiments with the fuel contaminants showed that the level of NO emissions increased

with increased fuel-nitrogen and increased fuel-sulfur.

NO Formation Kinetics

Several articles in the literature have focused on super-equilibrium levels of
oxygen atoms that exist early on in the flame chemistry. These elevated O atom
concentrations lead to accelerated rates of NO production. NO concentrations are
underestimated if these superequilibrium concentrations are not accounted for.

Sarofim and Pohl (1973) studied the formation of nitric oxide in premixed,
laminar flames. They found that the peak rates of NO formation were as much as two
orders of magnitude greater in the flame zone, where super-equilibrium concentrations of
the radical species (atoms of O, H, and OH) exist, as compared to the postflame zone,
where equilibrium concentrations exist. However they found that an accurate
approximation of the NO formation rate could still be determined from the Zeldovich
mechanism if the free radical concentrations were derived from stable molecule
concentrations through a multiple reaction, partial equilibrium assumption.

In the partial equilibrium assumption of Sarofim and Pohl, the following fast H,-

O, reactions are assumed to be in equilibrium:

0, +He&O0+0H (1)
O+H; &OH+H (2)
H, +OH &H,0+H (3)

In addition, Sarofim and Pohl provided data and references suggesting the

equilibrium of the following reaction involving CO and OH:
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CO+0OH «&CO, +H (4)

Expressions for the radical species (O, H, and OH) concentrations were derived
from these reactions assumed to be in equilibrium and substituted into the expression for
the rate of NO formation derived from the Zeldovich mechanism. Rates determined from
the derived expression were found to agree with experimental data. The agreement was
shown to be better that that derived from a partial equilibrium assumption involving only
the H,-O, reactions.

Takagi et al. (1975) studied the formation of nitric oxide in diffusion flames of
hydrogen and propane in air. The NO formation rate based upon experimental data was
compared to that calculated following the extended Zeldovich mechanism. They found
that the NO formation rate cannot be predicted by the Zeldovich mechanism if the
oxygen atom is assumed to be in equilibrium.

The Zeldovich mechanism with the equilibrium O atom assumption under
predicts the NO formation rate by factors of 5 to 10 for the hydrogen flames and by
orders of 3 to 5 for propane flames. These deviations from the Zeldovich/O atom
equilibrium predictions were found to increase with decreasing flame temperatures. Thus
a global activation energy for the formation of NO estimated from this Zeldovich/O atom
equilibrium prediction would be too large.

Takagi et al. also found that the Zeldovich mechanism could be used to predict
the NO formation rate from hydrogen/air flames as long as the O atom superequilibrium
was accounted for. However, the NO formation rate from the propane air flame was
found to be too fast to be predicted by the extended Zeldovich mechanism, even taking

the O atom superequilibrium into account.
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Williams et al., 1972, evaluated the premixed combustion of propane under
conditions simulating a compact-boiler. The NO emission rates measured experimentally
were compared to values determined by assuming the overall reaction rate was limited by
the reaction of N> with O, with the free radical concentrations derived from the partial
equilibrium of the fast H,-O; reactions.

These researchers derived an expression for the formation of NO based upon the
Zeldovich mechanism and the assumption that O atom was in equilibrium with molecular
oxygen. The activation energy of their global expression was 134.7 kcal/mol. They
found that their derived expression under predicted the measured NO formation rates by a
factor of 6 to 23, depending upon the firing rate of their experimental apparatus. They
attributed this discrepancy to the occurrence of superequilibrium free radical
concentrations in the flame and postflame zones.

Williams et al. altered their expression for the formation of NO using a partial
equilibrium assumption for the O atom concentration. The new expression related the O
atom concentration to that of H,, O, and H,O. The modified expression for NO
formation had a global activation energy of 73.7 kcal/mol, and was found to agree much
better with their data.

The researchers went on to comment that there was general agreement between
the measured and predicted rates, but discrepancies existed. They speculated that other
reactions should be considered in addition to the H,-O; reactions in deriving a
substitution for O atom. In particular, they noted the nonequilibrium concentrations of

H,, which approximately coincided with the peak levels of NO. These superequilibrium
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concentrations of H, should be accounted for in order to more accurately predict the NO
formation rate.

They also found that as the residence times increased in their experiments, the NO
formation rate began to approach that of the Zeldovich expression with the assumption of
equilibrium O atom. Therefore they predict that the Zeldovich/O atom equilibrium
expression should be adequate to predict NO formation in industrial furnaces where
residence times are much longer and where the excess NO formed in the first few

milliseconds is small compared to the total amount formed.

Reburning and NO, Reduction Techniques

Reburning, or staged, fuel injection, is a combustion technique for reducing NO,
emissions. [n rebumning, fuel is injected into the combustion products downstream of the
primary combustion zone. This fuel addition creates a local, reducing environment in the
area around and just downstream from the injection, which results in NO conversion to
N;. Subsequently, air is injected downstream of the reburn zone to produce lean
conditions overall in the furnace. This air, referred to as burnout air, oxidizes the
remaining fuel fragments after the reburn zone.

Literature in the area of reburning is related to the subject of NOy minimization
from by-product fuel combustion in that these techniques can be associated with lower
peak flame temperatures in the primary combustion zone, as some of the primary fuel is
used as the reburn fuel. Reburning is also a means of operating the main heat release
zone optimally without regard to NO emissions and adding additional fuel downstream

to reduce the NO produced.
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The principal mechanism involves hydrocarbon radicals from the reburn fuel,
which are involved by converting NO to HCN. Subsequently, the HCN is converted to
an ammonia fragment (NH;) and then to N, under the fuel-rich conditions. Reburning has
been proven with a range of hydrocarbon fuels in gaseous, liquid, and solid states,
including NG, coal, wood, and oil (Bales, 1995; Chen et al., 1989; Chen et al., 1986;
Smoot et al., 1998; Stapf and Leuckel, 1996). Nonhydrocarbon fuel reburning has also
been performed with some effectiveness (Bortz and Offen, 1987; Chen et al., 1986; Rutar
et al., 1996).

Chen et al. (1986) evaluated the effectiveness of rebuming in a bench-scale (35
kW) and pilot-scale (3.0 MW) furnace. They found that NOy reduction through
reburning was dependent upon the NO concentration at the end of the primary
combustion zone, the conditions in the reburning zone, the reburning jet injection
conditions, and the burnout zone combustion temperature. The optimum conditions in
the reburn zone were found to be a stoichiometric ratio of 0.90 and a residence time of
greater than 400 milliseconds. They found that the more aggressively the reburn fuel was
mixed with the primary zone exhaust, the greater the NO, reductions due to reburning.
The exception to this trend was reburning fuel that contained nitrogen, which under some
circumstances caused increased NOx emissions due to the conversion of the fuel-N to
NO;.

Chen et al. (1986) found that reburning with H; and CO results in some NO,
reduction, but significantly less than the reductions observed with hydrocarbon fuels.
They observed reduced HCN concentrations at the end of the reburm zone while

reburning with H, and CO. They concluded that the reason for the limited performance
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was reduced hydrocarbon radical (CH;) production. H; and CO only form CH; through
reactions of H,O and CO,, which limit the effectiveness of the reburning. They also
found that reburning with H, showed a steady NOy decrease as the reburn stoichiometry
was reduced from 1.10 to 0.70. The reduction did not proceed through a minimum at a
reburn stoichiometry of 0.90, which is characteristic of the hydrocarbon fuels.

Bortz and Offen (1987) compared the use of low- and medium-Btu gases with
natural gas as a reburning fuel for a coal-fired primary flame in a 500,000 Btu/hr (150
kW) furace. The low- and medium-Btu gases that they considered were the commercial
coal gasification products, Lurgi low-Btu gas (LBG) and Koppers Totzek medium-Btu
gas (MBG). These gases contain no methane, and roughly 30% H; and 10% CO,. The
variation between the two is in the amount of CO and N they contain. LBG contained
16% CO and 45% N, compared to 55% CO and 1.0% N> for MBG. Reburning with
these gases was found to reduce NO, emissions in the range of 20-30%. However, under
the same conditions, natural gas reburning resulited in 60—70% reductions. They found
that if the primary zone combustion was altered to a stoichiometric ratio (SR) between
1.00 and 1.05, and the reburning load was 15-20% of the total firing rate, NOy reductions
of 7% and 63% could be achieved reburming with MBG and LBG, respectively. With
natural gas, the same conditions resulted in a 78% NO, reduction. They found that the
optimum reburning conditions were a stoichiometry of 0.90, an injection temperature of
2,200°F, and a residence time of 0.4 seconds.

Glarborg et al. (1998) modeled the interaction of hydrocarbons and nitric oxide in
a flow reactor in the temperature range of 800-1,500 K (980-2,240°F). They found that

the dominant reactions in reducing NO by reburning were HCCO+NO and CH;+NO.
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The reaction of HCCO and NO was found to be dominant for natural gas and C,
hydrocarbon reburn fuels. This reaction leads to either HCNO or HCN by the following

reactions:

HCCO + NO & HCNO +CO
HCCO + NO & HCN +CO,

These researchers found that the overall reduction of NO was dependent upon the
formation of HCCO and that branching of the HCCO+NO reaction. HCCO is formed
through a hydrocarbon reaction sequence dependent upon methyl radicals. HCNO from
the reaction of HCCO and NO is largely recycled back to NO, producing only a minimal
NO reduction. HCN proceeds to form NO, but also forms N2, making this route have a
more significant impact on NO reduction. The reaction of CH; and NO was found to
contribute to the NOj reduction when methane or natural gas was used as the reburn
fuels.

Glarborg et al. (1999) investigated the reduction of NO by nonhydrocarbon fuels
(CO and H2) in flow reactor experiments in the temperature range of 1,200-1,800 K
(1,700-2,780°F). They found that under typical reburn conditions, NOy reductions with
CO and/or H; reburning were in the range of 20-30%, similar to the results of Chen et al.
(1986) and Bortz and Offen (1987). However at the higher end of the temperature range,
and with a rebum fuel fraction of 30%, the NOx reduction efficiencies increased,
approaching those of the hydrocarbon fuels.

The key reaction involved in NO removal with nonhydrocarbon fuels was found
to be that of H+NO. This reaction forms HNO, which proceeds to form NH radical and

then on to react with NO to form N; by the following reaction sequence:
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H+NO+M o HNO+M
HNO +H < NH + OH
NH + NO & N, +OH

Several reactions compete for the HNO radical, including:

HNO+H & NO+H,
HNO+OH & NO+H,0

These reactions convert the HNO radical back to NO, limiting the effectiveness of
nonhydrocarbon fuel reburning. With CO reburning, the direct reaction of CO with NO
has been speculated as a route for NO removal. Glarborg et al. (1999) found that this
reaction was slow and insignificant under their experimental conditions.

Other methods designed to lower peak flame temperatures in the primary
combustion zone include FGR and water injection. Both of these techniques reduce peak
flame temperatures by removing heat from the combustion to either elevate the
temperature of combustion products in FGR or to vaporize water in water injection. In
FGR, flue gas is introduced with the preheated air fed to the combustion burner. NOy
reductions in the range of 50-75% are possible with recirculation of 10-20% by weight
flue gas. Fuel injection recirculation (FIR) is a form of FGR that is possible with a
diffusion burner, whereby exhaust products are blended with the fuel fed to the burner.
Similar NO, reductions are possible with FIR as compared to FGR. The difference
between the techniques is flame stability, heat transfer and fuel/air mixing. Water
injection of 15% by weight of the fuel/air fed to the burner has resulted in up to 90%
reduction in NO, emissions (Feese and Turns, 1998; Milani and Nelli, 1992; Sarofim and

Flagan, 1976).
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NO, Reduction Strategy Implementation in the Steel Industry

The Steel Industry Technology Roadmap published by the American Iron and
Steel Institute has identified several new and emerging technologies designed to reduce
NO, emissions from steel industry operations. These technologies are being sponsored
by the U.S. Department of Energy and include dilute oxygen combustion, oscillating
combustion and very-low NOx burners.

Ryan et al. (1999) report on Dilute Oxygen Combustion (DOC) and its
application to a steel reheat furnace. DOC is a process that involves in-furnace dilution
of the oxidant stream prior to combustion. The process is similar in nature to the
flameless oxidation process described by Wiinning and Wiinning (1997). In DOC, the
fuel and oxidant are injected at high velocities from separate points either within the
burner or within the furnace. The design is such that the high velocity oxidant jet creates
a recirculating flow, allowing the oxidant to entrain exhaust products prior to contacting
the fuel stream. The resulting oxidant stream is at exhaust temperatures and the oxygen
concentration has been reduced to 2-10%. High furnace gas temperatures are required for
ignition without a source. The fuel and air injection to the furnace are controlled to
maintain the desired oxygen concentration of 2-10% at the flue. DOC results in lower
flame temperatures and consequently reduced thermal NO, formation. The use of
oxygen as the oxidant (oxy-fuel combustion) can further reduce NO, by reducing the
total nitrogen levels in the furnace.

They report that the DOC process is simple to implement and has been evaluated
with successful results at both pilot and full scale. The DOC process has been evaluated

commercially at Aubumn Steel Company, Inc. in Aubumn, NY. Eight oxy-fuel DOC
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burners were installed in the preheat zone of a continuous steel, reheat furnace. After 4
months of operation, the results show a 30% increase in the rate of steel prepared for
processing, with nearly zero CO emissions. The NOy emissions were unchanged from
operation without the oxy-fuel DOC burners. However, process optimization to
minimize NOy emissions is planned, and based upon full-scale experimental testing,
reductions of 10% are expected while maintaining increased efficiency.

Kurek (1999) and Valenti (1998) describe the application of oscillating
combustion to existing burners within the steel industry. The process involves the forced
oscillation of the fuel flow rate to the bumner, creating successive fuel-rich and fuel-lean
zones, which in turn creates alternating NO, reduction and formation zones. Process
efficiency is increased as a resuit of greater heat transfer to load due to the more luminous
fuel-rich zones. NOx reductions are also increased due to the reduction in peak flame
temperature that results from the fuel-rich operations.

The oscillating combustion technology is simple to implement with existing
bumers at the steel mill, only requiring the addition of an oscillating valve and controller
and the adjustment of gas supply pressures. The technology has been evaluated in the
laboratory on several burner types, including nozzle-mixed, baffle, high velocity and flat
flame, and with different types of oxidant feeds, including standard and preheated air,
oxygen-enriched air, and pure oxygen. Heat transfer increases of up to 13% and NO,
reductions up to 75% have been measured.

Successful field applications have taken place in the steel industry. A burner was
installed and tested on an oxy-fuel-fired rotary iron melter in a foundry. Process

efficiencies were found to increase by 16%, due to the increased heat transfer and
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reduced melt time required. A burner was also tested on a ladle preheater in a steel scrap
operation. The efficiency of that process was increased by 5%, and substantial NOy
reductions were observed.

Development in the area of very-low-NO, burners for the steel industry is focused
on improving boiler operations. Rabovister (1999) and Rabovister et al. (1999) describe
the operation of the Forced Internal Recirculation burner. This bumer is a staged
combustor that combines premixed, substoichiometric combustion with internal
recirculation to minimize peak flame temperatures. For natural gas combustion at 3%
excess oxygen, the Forced Internal Recirculation burner was designed to achieve NO,
emissions below 9 ppm, CO emissions below 50 ppm, and total hydrocarbon emissions
less than 50 ppm.

A 20 million BTU’hr bumer was manufactured and is currently being tested. The
burner has been in continuous operation at the Detroit Stoker Company in Monroe, MI
since September 1997. The Forced Internal Recirculation burner has met or exceeded the
emissions goals for NO, and CO, under standard operating conditions and over a range of
turndown ratios. The manufacture and testing of a 60 million Btuw/hr Forced Internal

Recirculation bumner is planned for a watertube boiler in Southern California.
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CHAPTER 3

EXPERIMENTAL FACILITIES

“U” Fumace — 100,000 Btu/hr

The majority of the combustion experiments were performed in a 100,000 Btwhr
(30 kW), U-shaped furnace, which was fired downward on the left upright. The
combustion chamber is 24 feet in length and 6 inches in diameter, with an internal
volume of 4.7 cubic feet. Typical gas residence times in the furnace are of the order of
2.5 seconds. The furmace was built in six modular, refractory-lined sections, with each
section adapted with up to three ports to allow for gas sampling, temperature monitoring,
and gas/air injection. A schematic of the fumace is provided in Figure 3.1, and a more
detailed description, including refractory specifications and construction parameters, is
provided elsewhere (Spinti, 1997; Spinti et al., 1997).

Fuel and air were injected to the furnace through a diffusion burner. The air was
electrically preheated to 600°F to maintain elevated temperatures in the primary
combustion zone and ensure high levels of NO formation, and the fuel was injected at
ambient conditions. The air stream fed to the furnace was split into axial and swirl
portions. Experiments were performed with approximately 60% of the air fed through
swirl vanes for flame stabilization.

The diffusion burner utilized in the U-furnace was fitted with a gas injector for

enhanced mixing of the fuel with the air. The gas injector design was adapted from
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Figure 3.1. Schematic of 100,000 Btu/hr U-Furnace (Modified from Spinti et al., 1997)
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Michel (1977) and consisted of a one-inch ID, stainless steel tube injector, fitted with a
plunger device that consists of a 1/8-inch stainless steel tube that runs axially in the
injector and a 1-inch flat disk perpendicular to the gas flow at the tip of the injector. The
plunger allows for variation in the annular area of gas injection, which affects the gas
velocity and extent of mixing. The majority of experiments were performed with the
plunger set at a Ya-inch gap, which corresponds to injection velocities of 88 ft/s and 46
fi/s for COG and NG, respectively, for the standard combustion conditions of 100,000
Btu/hr and a stoichiometric ratio of 1.15. The effect of variation in the injection velocity
on the NO, emissions was evaluated in a series of experiments, the results of which are
reported in Appendix A.

The gas injector is fitted into the burner such that the air streams (axial and swirl)
flow in an annular space between the burner walls and the injector, until the gas and air
streams are mixed in the refractory quarl of the burner. A schematic of the diffusion
burner and the gas injector are provided in Figure 3.2.

The BFG and COG used in this experimentation were simulated, dry gas
mixtures, prepared from individual cylinders of H,, CO, CO,, and N;. The NG used in
the study was obtained from the local utility company, QUESTAR, and was used for the
methane component of COG. The H; and CO were provided from a bank of standard K-
size cylinders. The N, and CO; were provided from Dewar cylinders of the liquefied
gases. These N, and CO- streams were passed through heat exchangers prior to blending
with the other fuels to ensure they were in the gas state prior to injection and to prevent

the freezing of plumbing lines.
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The composition of the by-product fuels reported in the literature varied based
upon feedstock and operating conditions in the generating processes. Average
compositions for COG and BFG were utilized in this study and are provided in Table 3.1.
COG typically contains trace amounts of NH; and HCN. However these impurities were
not considered as a component of COG in the main portion of this investigation. These
impurities were believed to act as fuel-nitrogen in the NO formation process and were
considered in separate NH; doping experiments. The effect of NH; addition to COG and
NG on NO, emissions, and the conversion of fuel-nitrogen in the form of NH; to NO,
were evaluated in a series of experiments that are reported in Appendix A.

COG and BFQG, as utilized in steel making operations, are saturated gases as a
result of the processes by which they are cleaned. In the experiments of this
investigation, COG and BFG were prepared from dry-gas cylinders of the most
prominent, individual components. As such these gases did not contain any moisture.
The effects of moisture in these fuels were evaluated in a separate series of experiments
reported on in Appendix A.

The NG composition showed some variation over the course of the experimental
investigation due to process fluctuations at the utility company. The variations were
monitored and accounted for in the investigation. The average main constituents of the
NG utilized in this study are also provided in Table 3.1.

Two control panels were built for regulating and mixing the individual gas
components of BFG and COG. One panel was used to control the gas mixtures provided
to the burner, and the other control panel to control the gas mixtures was used for

reburning experiments. A schematic of the panel built for the control of the primary gas
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components is provided in Figure 3.3. The individual gases were controlled by a series
of three Dwyer rotameters to allow for a wide range of flowrates. The primary panel
allowed flowrate ranges of 0 to 280 standard cubic feet per hour (scth) for Hz, 0 to 330
scfh for N>, 0 to 160 scth for CO, and 0 to 130 for CO,. Two pressure gauges were
connected with a shutoff valve in the line of each gas component, to allow for pressure
measurement and correction for the range of flows anticipated. Backpressures in the
range of 0 to 50 inches of water in the low flow rate range, and 0 to 5 pounds per square
inch, gauge (psig) at high flowrates were measured for flow correction.

The rebum fuel components were controlled by a set of two rotameters. The flow
to the rotameters was controlled through needle valves prior to combination in the rebumn
gas header. The panel allowed flowrate ranges of 0 to 100 scth for Hj, 0 to 110 scth for
N3, 0 to 60 scfh for CO, and 0 to 50 for CO,. A single pressure gauge on each of these
component lines allowed backpressure, flow correction in the range of 0 to 50 inches of
water. The NG and the NG component of COG were controlled by a separate set of
Dwyer rotameters, allowing for a range of flows of 0 to 250 scfh for NG as a primary fuel
and 0 to 25 scfh for NG as a reburn fuel.

The Dwyer Rate-Master line of rotameters was utilized in this experimentation.
The two model types used were RMC for the larger flow rate ranges and RMB for the
intermediate to low flow rates. The rotameters were factory calibrated for scth of air
flow, at the standard conditions of 14.7 pounds per square inch, absolute (psia) and 70°F.
Their use in this experimental setup required corrections for gas density and system

pressure. Factory specifications on the accuracy of these meters were 2% and 3% of
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full scale for the RMC and RMB models, respectively. The calculations for the
correction of the Dwyer rotameter readings are provided in Appendix B.

The air streams fed to the furnace were controlled by a set of linearly-graduated
Brooks rotameters. The swirl air stream was controlled by Brooks Model Number 1110-
09K3G1A, with graduated glass tube Model Number R-9M-600-1. The axial air stream
was controlled by Brooks Model Number 1110-08K2G1A, with graduated glass tube
Model Number R-8M-600-4. Each of these rotameters required a separate calibration to
establish a flowrate/rotameter reading scale. The accuracy of the readings from these
rotameters was reported by the manufacturer to be +2% of full scale. The calibration of
the Brooks rotameters is provided in Appendix B.

The flowrates of the individual gases and air were calculated from specified
combustion conditions using a Microsoft Excel spreadsheet. The caiculations were based
upon the furnace firing rate, stoichiometric conditions, and the specified fuel blend. The
individual component flowrates were based upon the specified fuel blend and the average
compositions of the by-product fuels. The control of the U-Furnace through the Excel
spreadsheet is described in more detail in Appendix C.

Flue gas samples were drawn from the furnace through a stainless steel, water-
jacketed probe of inside and outside diameter 0.295 inches and 1.05 inches, respectively.
The samples were passed through a condensate trap to remove the water ana then through
a 0.45-micron glass fiber filter to remove particulates. From there the sample was passed
to a series of on-line instruments for measurement of O, CO and CO; as percent by
volume, and CO and NO/NOx as ppm by volume. Table 3.2 provides information on the

instrument manufacturer, analytical method, and calibration range for each instrument.
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Table 3.2. Instrumentation for U-Furnace Experiments

Instrument Manufacturer Analytical Method Calibration Range
0, Yokogawa Electric Model ZA8 Zirconia electrolysis 0-21.0%
CO, NOVA Analytical Model 4280RM Nondispersive infrared 0-12.1%
CO NOVA Analytical Model 4280RM Nondispersive infrared 0-4.83%
CcO Thermo Environmental Model 48H Nondispersive infrared 0 - 500 ppm
NO/NO, Thermo Environmental Model 10AR Chemiluminescence 0 - 1,060 ppm

LE



38

Daily calibration checks and experimental data from the instruments were logged
manually in a series of notebooks and were recorded continually using Omega Bench
data acquisition software and a personal computer.

Temperatures at several points in the furnace, including the refractory wall, air
preheater and exhaust, were measured with thermocouples. In the lower temperature
regions of the furnace, 1,000 — 1,700°F, stainless steel, type K thermocouples
(Chromega/Alomega) were used. In the medium temperature regions of the furnace,
1,700 — 2,300°F, ceramic-shielded, thin wire (0.008 inch), type B thermocouples (Pt-
6%Rh/Pt-30%Rh) were used. At the hottest points of measurement within the furnace,
2,300 — 2,700°F, a suction pyrometer was used, which consisted of a thin wire (0.008-
inch), type B thermocouple in conjunction with several ceramic shields. An air eductor
was used to draw the hot gas sample into the pyrometer for readings. Data on the
calibration of the suction pyrometer and a comparison between the readings of the

pyrometer and those of the type B and type K thermocouples is provided in Appendix D.

L1500 Furnace — 5,000,000 Btuwhr

The NO, reduction concepts evaluated and experimental correlations determined
on the U-furnace were verified at large scale using a 5 million Btu/hr, pilot-scale tunnel
furnace, from here on referred to as the L1500 furnace. The L1500 is 46 feet in length,
with an internal cross-section of 42 inches square. The walls are refractory-lined to
prevent excessive heat loss and are fitted with evenly-spaced ports for gas sampling,
temperature measurement, or additional fuel/air injection.

As with the U-fumnace, the fuel and air were fed to the L1500 through a diffusion

burner. The air was preheated to 600°F, and the fuel was fed at ambient conditions. All
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of the air was fed through swirl vanes, for enhanced mixing and flame stabilization. The
diffusion burner utilized consisted of a series of concentric, schedule 40 pipe. The inner
pipe, 1.5 inches, nominaily, in diameter, was used for infrared flame detection, a;d no
fuel or air was fed through it. The first annular space, 1.5 to 3 inches, nominally, in
diameter, and second annular space, 3 to 4 inches, nominally, in diameter, were used for
gaseous fuel addition. The outer annular spaces, 4 to 6 inches, nominally, and 6 to 8
inches, nominally, were used for air addition. A schematic of the L1500 furnace and
diffusion burner are provided in Figures 3.4 and 3.5. A more detailed description of the
L1500 furnace and diffusion burner, as well as gas sampling and instrumentation are
described eisewhere (Heap et al., 1998).

Experiments performed on the L1500 utilized fuel blends of NG and nitrogen.
The NG was obtained from the local utility QUESTAR, and the nitrogen was provided
from a 40,000 cubic foot tube trailer. The nitrogen provided was in the gaseous form to
allow for the large flow rates required for scale-up of the U-fumace experiments. Two
sets of experiments were performed, one with the nitrogen introduced in the first annular

space and NG in the second annular space and one with nitrogen introduced with the air

in the third annular space, with NG in the second annuius and nothing in the first.

Modeling Capabilities

The NASA Lewis Computer Program, CET89, was used to perform equilibrium
species calculations and determined the AFTs of the various fuel mixtures investigated.
CHEMKIN, the chemical kinetics package developed by Sandia National Laboratories,
was used for kinetic modeling. CHEMKIN II with the user interface Modlink, developed

by Reaction Engineering International (REI), Salt Lake City, Utah, was used for the
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idealized flow modeling. CHEMKIN I1I, licensed by Reaction Design, was used for

sensitivity and rate of production analyses.
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Abstract

Nitrogen oxide formation from the combustion of fuel blends, including the by-
product fuels, coke oven gas and blast furnace gas from steel making operations, were
investigated. Bench-scale experiments were performed in a 30 kilowatt, down-fired U-
furnace, and pilot scale experiments in a 1.4 megawatt tunnel furnace. A wide range of
fuel blend combinations and stoichiometric ratios were investigated. The emissions of
nitrogen oxides (NO) were found to closely correlate to the theoretical adiabatic flame
temperature (AFT) despite the wide range of fuel blends and two distinctly different
combustion environments. The NO, emissions data as a function of AFT for the different
fuel blends have been compared to the literature and computer simulations utilizing
CHEMKIN. The simulations predicted the trends in the data for the low- to medium-Btu
fuel blends. However deviations were observed for the higher-Btu fuels. Rate of
formation expressions for nitric oxide (NO), based upon the Zeldovich mechanism and
some simplifying assumptions, were compared to NO profiles from CHEMKIN. Despite
taking into account some superequilibrium species concentrations, the Zeldovich
expressions could not match the rate of NO formation predicted through CHEMKIN. At
the point of the peak formation, the key reaction forming NO was found to be
N+OH<>NO+H. The rate limiting step involves the formation of N radicals from N,

through the reaction with the hydrocarbon radical CH.

Introduction
Blast furnace gas (BFG) and coke oven gas (COG) have been used as
supplemental fuels by the steel making industry since the mid-1800s. They are

commonly used with other fuel sources, natural gas (NG) and coal, to fire coke ovens,
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blast furnace stoves, annealing and reheat furnaces, and utility boilers. The use of these
by-product fuels reduces the waste gas emissions at the steel mill and reduces the
requirements for outside fuel sources. However, because these fuels are usually blended
to some extent, the resulting combustion fuels vary in composition and are atypical of
conventional fuels. As a result, nitric oxide (NO) formation is not well understood.

BFG is the dust-laden gas that emanates from the blast furnace during the
ironmaking process, where iron ore, coke, and limestone are heated and melted in a blast
furnace. This by-product gas consists of mainly nitrogen (N), with some carbon
monoxide (CO) and carbon dioxide (CO,), and trace amounts of hydrogen (H;). COG is
a by-product of the coal to coke conversion process, whereby coal is heated in absence of
oxygen to drive off the volatile components and leave behind carbon-rich coke. COG is
composed mainly of H, and methane (CHs), with some Nz, CO, and CO,. COG does
contain slight amounts of some heavier hydrocarbon fuels and can contain ammonia

(NH3;) and hydrogen cyanide (HCN) (The Making, Shaping and Treating of Steel

[MSTS]); North American Combustion Handbook [NACH)).

The large H; content of COG, and the presence of CO, result in elevated flame
temperatures relative to NG. This characteristic of COG is desirable in terms of steel
processing furnaces downstream of casting. However, this characteristic also results in
elevated NO emissions (Ho et al., 1994; Jenkins and Edmundson, 1990; Milani and Nelli,
1997). The purpose of this investigation is to develop an understanding of the
mechanism for NO formation from the combustion of these by-product fuels so that
existing models and correlations can possibly be modified for enhanced prediction in full-

scale, steel mill funaces.
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Literature in the area of low-Btu fuel combustion is focused on finding
replacements for the standard fuels, natural gas and oil, due to concerns over limited
fossil fuel resources, environmental concerns over emissions of products of incomplete
combustion, and variable costs of the standard fuels. These literature sources report that
NO emissions from the combustion of lean fuels derived from coal were closely
correlated to adiabatic flame temperatures. NO emissions were found to be predictable
by the Zeldovich mechanism for thermal NO, formation assuming equilibrium
concentrations of oxygen atom (Milani and Nelli, 1997; Shoffstall, 1977; Shoffstall and
Waibel, 1977).

Under fuel-lean combustion conditions, and in the absence of trace concentrations
of nitrogen-containing constituents, the NO formation from by-product fuel combustion

is dominated by the thermal-NO mechanism, which involves the reactions:

N, +Oe& NO+N (1)
N+0; &NO+0O (2)
N+OHe NO+H (3)

The first two reactions in this series are referred to as the Zeldovich mechanism,
which was first postulated by Y. B. Zeldovich in 1946 (Zeldovich, 1946). The third
reaction is often included with the Zeldovich reactions, and together they are referred to
as the extended Zeldovich mechanism (Flagan and Seinfeld, 1988).

The first reaction is the rate-limiting step, due to the high activation energy (75
kcal/mol) required to break the strong N, triple bond, and makes this mechanism
temperature sensitive. This activation energy was found to be constant over a

temperature range of 2,000 to 4,000 K (3,100 — 6,700°F) (Combustion Chemistry, 1984).
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At temperatures below 1,800 K (2,800°F), this reaction does not proceed to any
appreciable extent. However, as the reaction temperature increases, the rate of NO
formation increases rapidly, doubling for every flame temperature increase of 40 K
(Sarofim and Flagan, 1976).

Assuming steady-state for the concentration of N atoms, and partial equilibrium

for H atoms, by the reaction,
O+OHe 0,+H (4)

an expression for the formation of NO from thermal NO, mechanism can be derived.
This expression is dependent upon temperature, pressure and the concentrations of N2, Oz

and NO as stable species and O and OH as radical species and is as follows:

o et

i:t—q_] =2[0] k I[I:g?]
l:l + i, [02—],,_ ks [OH]]]

Details of this derivation are provided elsewhere (Westenberg, 1971).

The maximum rate of NO production occurs if the reverse reactions of the
extended Zeldovich mechanism are negligible, or equivalently the NO concentration is
much less than the equilibrium NO concentration, [NO]<<[NO]J.. The maximum NO

production rate is given by:

ANOL_ 1 o) v
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The atomic oxygen radical is difficult to measure, which prevents the use of this
equation with experimental data. However an approximation involving reaction time
scales can be used to eliminate the oxygen atom from this expression. The reactions that
involve the formation of oxygen atoms occur at times on the order of 10”° seconds or
even faster. Comparatively, the reactions that involve NO formation occur at time scales
of 10! seconds or even slower. Therefore a common assumption relative to NO
formation is that oxygen atom is in equilibrium with molecular oxygen, by the following

reaction:

%02«—’9—»0 ()
K, - [o]

) o, )

Several expressions for the equilibrium constant of this reaction have been

reported in the literature (Fossil Fuel Combustion, 1991; Thompson et al., 1972;

Westenberg, 1972; Williams, 1985; Zeldovich et al., 1985; Zeldovich, 1946). The
exponential constant, or activation energy, for the dissociation is roughly 60 kcal/mol,
which is fairly consistent among the literature reports. The temperature range over which
this activation energy remains constant was reported to be 2,000 to 5,000 K (3,100 -
8,500°F) (Zeldovich et al., 1985). Substitution into the reduced expression for the NO

formation rate leads to the following expression:
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K . of the form A —EA’S
c S RT

[o]= Kc[oz% =As exp(—;\’s J[(’z]%

d[NO]

= 2%,[0][N,]= 2k, [02% [N, ]
8]0 enf “2t s enf 222 Jo, V5l

-E .
d[NO] = Acombined exp(M)[oz lyz [N2 ]' where

dt RT
E A combined =Ea,1 +Eo5 =75+60 =135 kc%ol
Acombined =2* A *As

Similar expressions for NO formation were derived by Thompson et al. (1972)
and Westenberg (1971) noting the same NO formation dependence on temperature and
0, and arriving at a similar global activation energy. Assuming the combustion of these
by-product fuels is governed by the “thermal-NO,” mechanism, as indicated in the
literature for similar low- and medium-Btu fuels, and assuming that some simple
assumptions are correct regarding atomic species, a global expression for the rate of NO
formation should be able to predict NO concentrations that are consistent with the

experimental data.

Experimental Facilities

Combustion experiments were performed in a 30 kilowatt (kW) (100,000 Btw/hr),
U-shaped furnace and in a 1.4 megawatt (MW) (5 Million Btwhr), L1500 tunnel furnace.
Schematics of the U-fumace and L1500 furnace were provided in the previous chapter,
Figures 3.1 and 3.4, respectively. The majority of the experiments were performed in the

U-furnace, which was fired downward on the left upright. The combustion chamber was
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7.3 meters in length and 0.16 meters in diameter. The dimensions of the combustion
chamber in the 1.4 MW tunnel furnace were 14 meters in length and one meter square in
cross-section.

The walls of each furnace were refractory-lined to minimize heat loss and were
fitted with ports for gas sampling and temperature monitoring along the length of the
furnace. In both furnaces, the fuel and air were injected through a diffusion burner. The
air was electrically preheated to 315°C (600°F) to maintain elevated temperatures in the
primary combustion zone and ensure high levels NO formation. The fuel was injected at
ambient conditions. The air stream fed to the U-furnace was split into axial and swirled
components for flame stabilization. The experiments were performed with between 60
and 100% of the air fed through swirl vanes. The entire air stream fed to the L1500
furnace was passed through swirl blocks to enhance mixing and promote flame
stabilization.

The diffusion burner utilized in the U-furmace was fitted with a gas injector for
enhanced mixing of the fuel with the air. The gas injector design was adapted from
Michel (1977) and consisted of a {-inch ID, stainless steel tube injector, fitted with a
plunger device that consists of a 1/8-inch stainless steel tube that runs axially in the
injector and a 1-inch flat disk perpendicular to the gas flow at the tip of the injector. The
plunger allows for variation in the annular area of gas injection, which affects the gas
velocity and extent of mixing. The gas injector is fitted into the burner such that the air
streams (axial and swirl) flow in an annular space between the bumer walls and the
injector, until the gas and air streams are mixed in the refractory quarl of the burner. A

schematic of the diffusion burner and the gas injector were provided in the previous
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chapter, Figure 3.2. A detailed description of the gas sampling and instrumentation
associated with the U-furnace are provided elsewhere (Spinti et al., 1997; Veranth et al.,
1998).

As with the U-furnace, the fuel and air were fed to the L1500 through a diffusion
burner. The diffusion burner utilized consisted of a series of concentric schedule 40 pipe.
The inner pipe, nominally 1.5 inches in diameter, was used for ultraviolet flame
detection, and no fuel or air was fed through it. The first annular space, nominally 1.5 to
3 inches in diameter, and second annular space nominally 3 to 4 inches in diameter, were
used for gaseous fuel addition. The outer annular spaces nominally 4 to 6 inches and
nominally 6 to 8 inches were used for air addition. A more detailed description of the
L1500 furnace and diffusion burner, as well as gas sampling and instrumentation are
described elsewhere (Heap et al., 1998).

The BFG and COG used in this experimentation were simulated dry gas mixtures,
prepared from individual cylinders of Ha, CO, CO,, and N>. The NG used in the study
was obtained from the local utility company, QUESTAR, and was used for the methane
component of COG. The composition of the by-product fuels reported in the literature
varied based upon feedstock and operating conditions in the generating processes. The
average composition (% by volume) of the BFG utilized for this study was 22% CO, 20%
CO,, 3.5% H,, and 54% N,. The average composition of the COG utilized was 30% CH4
(substituted by NG), 6.5% CO, 1.7% COa, 52% H,, and 5.6% N,. COG typically
contains trace amounts of NH; and HCN, however these impurities were not considered
in this investigation. The NG composition also varied a bit due to process fluctuations

and was accounted for on a monthly basis during experimentation. The average main
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constituents of the NG utilized was 89% CHy, 6.7% C,Hs, 1.1% C3Hs, 0.7% CO,, and

1.6% Na.

Results

Screening of the NO formation from the combustion of these by-product fuels
alone and in combination was performed on the U-furnace. The typical NO, emissions
data from the combustion of these fuels at a constant firing rate are provided in Figure
4.1. NO formation was found to be the greatest when burning COG and mixtures of NG
and COG, with emissions ranging from 300-400 parts per million (ppm). The
combustion of NG alone yielded NO, emissions of 250-300 ppm. BFG, at a heating
value of 3.7 megajoules per cubic meter (MI/m), compared to 40 MJ/m® and 22 MJ/m’,
for NG and COG, respectively, was too lean to burn alone under our experimental
conditions. Therefore BFG combustion was evaluated in combination with NG or COG.
The BFG blends yielded much lower NO, emissions, in the range of 50-75 ppm.

The shape of the NO, versus stoichiometric ratio (SR) curve for 100% NG in
Figure 4.1 is indicative of the dependence of NO formation on temperature and oxygen
atom concentration. The moderate drop in NO, emissions as the SR is increased to 1.30
can be explained by the drop in AFT of the fuel/air mixture as a result of the excess air.
For NG, under the combustion conditions of this investigation, the range of AFT is from
2,300 - 2,050 K (3,680 — 3,230°F) for SRs from 1.00 to 1.30, respectively.

However as the fuel/air mixture approaches stoichiometric conditions, SR of 1.00,
the effect of increased AFT is more than counterbalanced by the limited number of
oxygen atoms. NO production by the rate limiting step of the Zeldovich mechanism,

Reaction 1, is directly dependent upon O atom concentration. So despite the increase in
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AFT, the reduction in the O atom concentration under the richer conditions results in a
reduction of the NOy emissions.

For COG, the reduction in NO, emissions for fuel/air mixtures near stoichiometric
conditions is also apparent. However under the leaner conditions near a SR of 1.30, the
drop in NOy emissions that occurs is very slight. For COG under these experimental
conditions, the range of AFT for SRs of 1.00 to 1.30 is 2,320 - 2,080 K (3,720 -
3,280°F), respectively. An equivalent reduction in NO, for COG as seen with NG at a SR
of 1.30 was expected, but was not observed experimentally. Simulations performed with
CHEMKIN utilizing idealized reactor models and both fuels show reductions in NOy at
SRs approaching 1.00 and 1.30.

The results of NO, emissions versus SR for all of the by-product fuel blends show
a drop in NO, emissions as the stoichiometric ratio approaches 1.0. However, operation
under these conditions is not realistic due to the large increase in CO emissions that
accompanies the small drop in NOy emissions. An example of this interaction is
provided in Figure 4.2. The resuits of Figures 4.1 and 4.2 show that operation under fuel
lean conditions minimizes CO production while not significantly increasing NO
emissions.

To further evaluate the NO, reduction capabilities of BFG, the fuel was blended
with primary fuels, NG and COG, and compared with N; blending with the same primary
fuels. The results are provided in Figures 4.3 and 4.4. The similarity in the results using
BFG and N; suggests that NO, reductions from blending BFG with NG and with COG
are mainly a result of thermal dilution. The fuel blending experiments were performed at

a constant firing rate of 30 kW. The results are compared based on the composition of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

UONSNQWIO)) N 10§ A1JIUWOIYII0)S JO UOHIUNY € SE O PUE QN JO UOHIRIIIU] T’y 331

oneYy JHIAUONN0)S

0¢°1 st 0Tl sl ori | 00°1
— -— : 0
- 002
# - 00¥
00 &
ON —&—
o - 009
- 008
0001

(20 %¢ @ wdd) 0D ‘ON

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"uolssiwiad noyym payigiyosd uononpoidas Jaypung “Joumo ybuAdoo 3y} Jo uoissiwiad yym paonpoiday

NOx (lbssMMBtu)

BFG addition

L ¥ T

70 80 92
% Natural Gas (as % of firing rate)

100

NOx (IbssMMBtu)

0.40

0.30

0.20

0.10

0.00

N, addition

-

-

60

70 80 90 100
% Natural Gas (as % of firing rate)

Figure 4.3. Comparison of BFG and Nitrogen Addition to NG

——1.30
& 1L15
—&— 1.00

9¢



‘uoissiwuad (noyum pajqgiyosd uononpoudas Jayung “Jaumo WyBLAdoo ayy Jo uoissiuuad yum paonpoiday

NOx (lbssMMBtu)

BFG addition N: addition

0.40 0.40
0.30 + Z 030+
-]
0.20 + é 0.20 +
£
<
S
0.10 + Z 010 1
0.00 + —+ t 0.00 4 + +
60 70 80 9% 100 60 70 80 90

% COG (as % of firing rate) % COG (as % of firing rate)

Figure 4.4. Comparison of BFG and Nitrogen Addition to COG

——1.30
- 1.15
—a— 1.00

LS



58

the fuel blends as a percentage of the firing rate. A blend of 15% BFG in COGon a
percent firing rate basis is roughly 50% BFG in COG on a volumetric basis, due to the
difference in heating values of BFG compared to COG and NG. Therefore as the BFG in
a fuel blend increases, the furnace throughput increases. However, relative to the
combined air/fuel feed to the furnace, the throughput increase with BFG blending is
minimal. For example, for the operation of the U-furnace at a constant firing rate of 30
kW and a stoichiometry of 1.15, the combined fuel and air feed for a blend of 10% BFG
in COG is 91 Ibs/hr compared to 83 Ibs/hr for 100% COG, or a throughput increase of
10%.

Combustion experiments were performed in the U-furnace utilizing a variety of
fuel blends, including COG and BFG (COG/BFG), COG/NG, COG/N,, NG/BFG, and
NG/N,, at different mixture and stoichiometric ratios. Similar experiments were
performed in the 1.4 MW tunnel furnace with the fuel blend NG and N>. The NO
emissions results have been compared based on adiabatic flame temperature. The results
of experiments performed in the U-fumace at stoichiometric ratios of 1.00, 1.15, and 1.30
are provided in Figures 4.5, 4.6, and 4.7, respectively. The emissions data follow a
smooth curve, with regression coefficients ranging from 0.89 to 0.99. These results agree
with those reported in the literature for the combustion of low-Btu fuels (Milani and
Nelli, 1997; Shoffstall, 1977; Shoffstall and Waibel, 1977), suggesting that the thermal
NO, mechanism can predict emissions from the bumning of these by-product gases.

The results of the correlation for the two experimental furnaces at a stoichiometric

ratio of 1.135 are provided in Figure 4.8. The differences in the combustion environments
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are clearly evident in the data. The L1500 furnace achieves much higher temperatures
and correspondingly higher NO, emissions as a result of the higher firing rate and
reduced heat losses. Both sets of data correlate very well to theoretical adiabatic flame
temperature, suggesting that for a given furnace, NO, emissions from by-product fuel
blends can be predicted fairly accurately from a similar correlation for that furnace.

The series of NO, emissions data taken on the U-Furmace for the variety of fuel
blends was compared to simulation results utilizing CHEMKIN. The CHEMKIN
application SENKIN, designed to predict the time evolution of homogeneous gas-phase
kinetics, was used to model the detailed chemistry. A hydrocarbon reaction mechanism
compiled by Reaction Engineering International (REI) was utilized in the simulations.
This mechanism accounts for 66 chemical species and consists of 287 reactions and their
corresponding kinetic parameters. The reaction set, referred to as REI97, is based
primarily upon the extensive NO mechanism proposed by Miller and Bowman (1989)
and includes kinetic parameter updates by Miller, Bowman and Glarborg up to 1992. A
complete listing of the reaction set, as well as the references for the parameter updates, is
provided in the Appendix E.

The U-Furmnace was idealized as a plug flow reactor (PFR) in the modeling. The
starting temperature was based on the AFT of the fuel blend. However, the initial
temperature value was reduced by a factor to account for heat losses in and around the
burner/injector. The initial temperature value used was 150 K less than the AFT to match
experimental NO, emissions from the combustion of COG. Despite being refractory
lined, the U-Furmace experienced moderate heat loss along its length. A linear heat loss

factor of 400 K/s was assumed based upon temperature profile data from the furnace.
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The residence time in the PFR modeling was set at 0.32 seconds to match the sampling
location in the U-furnace.

The results of the comparison between the U-furnace experimental data and the
CHEMKIN modeling for all fuels and blends are provided in Figure 4.9. In the low- to
medium-Btu fuel blend range, fuel blends with AFTs between 2,000 and 2,100 K, the
CHEMKIN predictions follow the trends in the experimental data. There is an offset in
the NO emissions predicted at a given AFT. However the rate of change of NO with
AFT is nearly the same. However the CHEMKIN results for the higher-Btu fuel blends,
AFTs greater than 2,150 K, show some deviation from trends of the experimental data.
CHEMKIN predicts a greater change in NO with AFT in this region. However the
absolute NO emissions predicted are close to the experimental data.

The deviation from the experimental data in this region is believed to be due in
part to increased heat losses. The initial heat loss upon ignition is believed to be larger
for these hotter burning fuels, as there is a larger difference from ambient conditions.
Therefore the initial temperature assumption of AFT less 150 K is probably not a
constant for all of the fuel blends. The deviation is also due in part to the PFR
idealization which assumes complete mixing through the cross-section of the furnace.
Mixing inefficiencies exist within the immediate burner/injector region, which may result
in more pronounced temperature variations for the richer fuels. Despite the deviations,
the main trends in NO, emissions from the combustion of the by-product fuels blends

were predicted with CHEMKIN.
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Discussion

The strong correlation of the data to AFT has been established. The extent to
which the thermal-NO, mechanism can explain the experimental data was evaluated
utilizing a detailed kinetic mechanism with CHEMKIN. In the derivation of the
simplified, global expression for NO formation by the Zeldovich mechanism, the O atom
concentration was assumed to be in equilibrium with the O, concentration. The O atom
concentration profiles for COG and NG were evaluated and show that this assumption is
not correct, as discussed below.

The results of the evaluation of the O atom superequilibrium with COG as the
fuel, with a residence time of 0.3 seconds and constant temperature, are provided in
Figure 4.10. Constant temperature conditions were chosen to facilitate calculations with
CHEMKIN. However, the time frame of the O atom superequilibrium is so small that
even the assumed linear heat loss factor of the U-furnace would result in isothermal
conditions. The figure shows data for the ratio of O atom concentration to O atom
concentration at equilibrium versus the time profile in the reactor. Clearly super-
equilibrium O atom concentrations exist. These super-equilibrium concentrations also
show the trend of increasing as the temperature decreases. The peak O atom
concentrations fall slightly as the combustion temperature decreases. However the
equilibrium O atom concentrations decrease significantly with decreasing temperature.
The net result is that the O atom concentration deviations from equilibrium increase with
decreasing temperature and introduce greater error in the assumptions involved with the

global rate expression as temperature decreases.
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An alternative means for substituting the difficult-to-measure O atom
concentration is through a partial equilibrium assumption. Assuming the combined
equilibrium of the fast H,-O, reactions along with the reaction of CO and OH, a more
accurate expression for the O atom can be derived. This partial equilibrium assumption
has been reported by Iverach et al. (1973), Nowak and Warnatz (1988), and Sarofim and
Pohl (1973), as providing agreement with experimental data on NO formation from

premixed fuel-lean to fuel-rich flames. The derivation of the substitution expression is as

follows:

O2 +H <& 0+0H (-4)
O+H, &»OH+H (6)
H2+OH <—>H20+H @)
CO+0OH &CO, +H (8)
combining Reactions (-4) and (8)
[0,][CO]
[O]=K_ Ky ——
(CO,]
-15.6 20.9
K,Ki;=A exp( RT ]*As exp(-ﬁ)
d|NO
ANOJ_ 1 fo] v
dNOJ_ , (= Ecomus |02 1COIN, ]
dr | eembined OXP "o [CO, ]

E s combined = (75 =5.3) = 70%a ,

The equilibrium constants and activation energies for the reactions combined to
form the expression for the O atom were derived from rate versus temperature data listed

in GRI Mech 3.0. More details on the derivation are provided in Appendix F.
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A rate of reaction flux analysis for these fast reactions near the point of peak NO
formation confirms the partial equilibrium assumption. The approach to equilibrium was
calculated as the ratio of instantaneous forward and reverse reaction rates, which were
determined from CHEMKIN II time integration data for a plug flow reactor, through a
modified program subroutine. At the time points of evaluation, instantaneous reaction
rates were determined from species mole fractions and the kinetic reaction information
(Djurisic, 2000).

The data for the approach to equilibrium for the combustion of 100% COG at a
SR of 1.15 are provided in Figure 4.11. The starting temperature of the evaluation was
150 K less than the AFT, and a linear heat loss of 600 K/s was assumed. An increased
heat loss was assumed here relative to other PFR simulations with CHEMKIN in order to
more closely match the NO emissions with 100% COG over the experimental residence
time. The graph shows that all four of the reactions considered in the partial equilibrium
assumption reach equilibrium at the same time, roughly 0.1 milliseconds (ms). The NO
formation rate and the key contributing reactions for 100% COG under these conditions
are provided in Figure 4.12. The data presented were determined through sensitivity
calculations in CHEMKIN, and the production rates are in gram-moles per second per
gram of feed (mol/ges). The peak NO formation rate occurs at 0.018 ms which, as
expected, occurs prior to the fast reactions reaching equilibrium. The Zeldovich reactions
do not begin to approach equilibrium until after 1 second. Therefore the partial
equilibrium assumption is believed to describe the chemistry of NO formation from the

combustion of these by-product gases.
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The expression for the rate of NO formation by the Zeldovich mechanism,
utilizing the partial equilibrium assumption for the O atom concentration, was evaluated
under the conditions of the experimental investigation. The expression was integrated to
yield NO profiles for several fuel blends. The initial temperature for the analysis was set
as the AFT less 150 K. The concentrations of the species involved in the modified global
rate (N, Oz, CO, and CO;) were assumed to be at equilibrium, because at these
temperatures combustion reactions are very fast relative to NO formation. The
concentrations of these species were assumed to follow equilibrium with the temperature
profile through the furnace. The rate of heat loss through the evaluation was taken as 400
K/s, as in the CHEMKIN analyses. The effect of vanation in this heat loss was
evaluated. The initial NO concentration was taken from the detailed CHEMKIN data, at
the point of ignition, 0.01 ms, as determined by very rapid changes in the radical
concentrations of O, H, and OH. The expression was integrated for a time of 1 second,
extending to the residence time of the experiments and beyond to evaluate the effect of
residence time on NO concentration.

The effect of variation in the furnace heat loss on the NO profile from the derived
rate expression is provided in Figure 4.13. As expected, the NO profile increases as the
heat loss decreases, from 1000 K/s to 200 K/s. The effect of variation in residence time
on the NO profile can also be seen in the figure. The NO profile at a heat loss of 400 K/s
shows that complete equilibrium is achieved at 0.6 seconds. At a residence time of 0.3
seconds, the NO concentration has achieved roughly 94% of the equilibrium value.

The NO profile generated from the evaluation of the rate expression was

compared to that generated through CHEMKIN. The comparison is provided in Figure
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4.14. The NO profile predicted from the Zeldovich-partial equilibrium expression
exhibits similar curvature and trends as the NO generation predicted by CHEMKIN with
a full nitrogen chemistry mechanism set. However the magnitude of NO is low and
appears to be related to the initial NO formation.

The less restrictive form of the NO formation rate from the extended Zeldovich

mechanism:

[ k[N, ] k=2 [NOF }

d[I;I[O]zz[O] | - [1::([3]
[‘*[k,[o;w,[onn]

was also evaluated compared to the CHEMKIN profile. The concentrations of the
molecular species and radicals were taken at equilibrium for the given temperature and
followed the temperature profile at equilibrium. This expression takes into account all
three of the Zeldovich reactions and considers reverse reactions. However the radical
species are still approximated by equilibrium. The predictions from this less restrictive
Zeldovich expression were the same as with the Zeldovich expression based upon the
partial equilibrium assumption, as shown in Figure 4.15. Both predictions match the
trends and curvature of the CHEMKIN prediction except at reduced magnitudes of NO.
The Zeldovich expressions cannot match the initial NO formation predicted by
CHEMKIN with the full mechanism.

The mechanistic flux of NO for the primary combustion of COG and NG was
evaluated with CHEMKIN II, through the modified program subroutine previously

referenced. Under conditions of adiabatic combustion with peak temperatures of AFT
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less 150 K, the ignition of COG and NG occurs at 0.018 ms and 0.16 ms, respectively.
These times correspond to peak production rates of NO, O, and OH, as depicted in
Figures 4.16,4.17, and 4.18. A schematic of the key reactions involved with NO at the
point of the peak production rate for both COG and NG is provided in Figure 4.19.

At the point of the peak NO production, 0.018 ms for COG and 0.16 ms for NG,

the key reaction forming NO for both primary fuels is:

N+OHe NO+H (3)

Reaction 3 is actually listed in Figure 4.16 in the reverse direction, corresponding to the
reaction listing in the mechanism set provided to CHEMKIN. The reaction is reversible
and under the conditions being investigated is forming NO. Therefore the reaction has
been listed in the direction of NO formation for clarity in this discussion.

Normalizing the instantaneous reaction rates by dividing through by 1x10°® gram-
moles/second (mol/s), Reaction 3 occurs at a rate of 5 for COG and a rate of 4 for NG.
The other key routes producing NO are Reaction 2 and Reaction 9, which occur at a

relative rate of 1 for both fuels.

N+O, &NO+O (2)
NH+Oe NO+H (9)

The production of NO by Reaction 1, N, +O®NO+N, the rate limiting step of the
Zeldovich mechanism, is more than an order of magnitude less than production of NO by
Reaction 3. The rate limiting step at the point of peak NO formation involves the
formation of N radicals from N, through the reaction with the hydrocarbon radical CH,

by Reaction 10.
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CH+N, & N+HCN (10)

Therefore, the rate limiting step of the Zeldovich mechanism, which forms the basis from
which the global rate of NO formation expressions were derived, is not a factor in either
the formation of NO or the formation of N at the point of peak NO production at the point
of peak NO formation, 0.018 ms for COG and 0.16 ms for NG.

As the time postignition moves forward, the production rates of NO, and those of
the radicals O and OH, fall off significantly. Figures 4.20 and 4.21 provide the key
reaction schemes for COG and NG, respectively, at times between 0.001 and 0.1 seconds.
Initially in this time window, the key reactions for the formation and removal of NO
involve the HNO radical. For both fuels, these reactions occur at rates of 0.1 relative to
those at the point of peak NO production. These are the fastest reactions. However they
occur at similar rates forming and removing NO. Thus, the net effect on NO of the
reactions involving the HNO radical is small. The reactions having the largest net effect
on NO are the reactions of the extended Zeldovich mechanism and the reaction of
nitrogen dioxide (NO,) and H, despite occurring at reaction rates less than half of that for
the reactions involving HNO.

At a time of 0.01 seconds into the combustion, the key route for the production of
NO becomes Reaction 1. The rate at which this reaction occurs is 0.006 and 0.005, for
COG and NG, respectively, relative to those at peak production. At a time of 0.1
seconds, and for the remaining NO production, Reaction 1 is the key route. However the
relative rate of this reaction has fallen off to 0.004 and 0.003, for COG and NG,

respectively, and continues to fall off.
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The information derived from the CHEMKIN simulations utilizing a complete
mechanism suggests that the derivation of a global NO formation rate expression based
upon the extended Zeldovich mechanism, with the assumption that the species involved
are at their equilibrium concentrations, is not appropriate. The simplified mechanisms
cannot account for ignition phenomena which are responsible for a large portion of the
initial NO formed. The controlling step for NO formation shifts to the rate-limiting
Zeldovich step later in the reaction time frame. The global rate expressions based on the
rate-limiting Zeldovich step thus are controlling for the bulk of the reaction time, but
cannot account for the initially formed NO and thus underpredict the total NO formed.

The general Zeldovich expression accounts for all three Zeldovich reactions and
reversibility. However this expression involves several radical species shown to be at
superequilibrium concentrations during the period of peak NO formation. Therefore this
expressions fails to match CHEMKIN data. The general Zeldovich expression may more
closely predict the NO concentration profile if the superequilibrium concentrations of the
radical species that are key to early NO formation during ignition are accounted for.
However there were some key reactions, elucidated in the CHEMKIN analysis, that are
not part of the Zeldovich mechanism.

The analysis performed by Sawyer et al. (1973), Shoffstall (1977), and Shoffstall
and Waibel (1977), for evaluating the adequacy of the simplified Zeldovich expression,
with the assumption that the O atom concentration is in equilibrium with the O,
concentration, does not apply to the experimental data of this investigation. These
researchers utilized an Arrhenius plot to measure the fit of their global rate of formgtion

expression. However, the variation in temperature along the experimental furnace of this
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investigation, the impact this variation has on the rate constant for Reaction 1, and the
concentration of the species involved in the rate expression invalidate the assumptions of
their derivations. A more complete description of the analysis performed by these

authors is provided in Appendix G.

Conclusion

Nitrogen oxide formation from the combustion of by-product fuel blends was
investigated. The NO emissions were found to closely correlate to the theoretical
adiabatic flame temperature despite the wide range of fuel blends and two distinctly
different combustion environments.

The NOy emissions data as a function of AFT for the different fuel blends have
been compared to the literature and computer simulations utilizing CHEMKIN. The U-
furnace was modeled as a plug flow reactor in CHEMKIN, and the simulations could
predict the trends in the data well for the low- to medium-Btu fuel blends, blends with
AFTs between 2,000 and 2,100 K. An offset in the NO emissions predicted at a given
AFT exists though.

For the higher-Btu fuel blends, blends with AFTs greater than 2,150 K, the
CHEMKIN simulations show some deviation from the trends in the experimental data.
CHEMKIN predicts a greater change in NO with AFT in this region. However the
absolute NO emissions predicted are close to the experimental data. The deviation in this
region is believed to be the result of increased heat losses in the immediate
burner/injector zone for these hotter burning fuels.

Rate of formation expressions for NO based upon the extended Zeldovich

mechanism and some simplifying assumptions were compared to NO profiles from
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CHEMKIN. Despite taking into account superequilibrium species concentrations, the
Zeldovich expressions could not match the rate of initial NO formation predicted through
CHEMKIN.

CHEMKIN was used to evaluate the key mechanistic steps involved in the
formation of NO from COG and NG as primary fuels. The reaction responsible for the
initial peak NO production with both fuels was N+OH&NO+H. Also the main route for
the formation of N atoms at the point of peak production was through CH radical by
reaction with N,. The rate limiting step of the Zeldovich mechanism, N, +O®NO+N,
was not found to be a factor until later stages of NO formation, at which time the
production rates had fallen off by more than three orders of magnitude. A global
expression for the formation of NO based upon the extended Zeldovich mechanism, with
the assumption that species are present at their equilibrium concentrations, does not

account for all of the chemistry occurring in the experimental system.
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Abstract

The potential use of fuel blending and fuel rebuming as a means of reducing the
emissions of nitrogen oxides (NOy) from the combustion of by-product fuels was
investigated. “By-product fuel” refers to coke oven gas (COG) and blast furmace gas
(BFQ), both exhaust gases from primary steel making operations which are used as
supplemental fuels in the steel mill. Bench-scale experiments were performed in a 30
kilowatt, down-fired, U-furnace and pilot-scale experiments in a 1.4 megawatt tunnel
furnace. In a companion investigation, NO, emissions from these fuels were found to
closely correlate to the theoretical adiabatic flame temperature despite a wide range of
fuel blends and two distinctly different combustion environments. Based on these results,
research on NO, reduction strategies was focused on reducing peak combustion
temperatures.

NO, emissions reduction strategies in the form of fuel blending and fuel reburning
were evaluated experimentally and in CHEMKIN modeling. BFG blends with COG and
NG were found to effectively reduce NOy emissions. Fuel blending was shown to have
the same effect as flue gas recirculation, reducing NO emissions mainly as a result of
thermal dilution.

COG was proven to be an effective reburning fuel, similar to the proven reburn
fuel natural gas (NG), despite the large percentage of H; in the fuel. CHEMKIN
modeling was utilized to identify the key NO, reduction routes and further compare the

use of COG as a reburn fuel to that of NG.
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Introduction

Blast furnace gas (BFG) and coke oven gas (COG) are used as supplemental fuels
by the steel making industry to reduce waste gas emissions and minimize the
requirements for outside fuel sources. BFG is a by-product of the ironmaking process
and consists of mainly nitrogen (N2), with some carbon monoxide (CO) and carbon
dioxide (CO,). COG is a by-product of the coking process and is composed mainly of
hydrogen (H;) and methane (CHy), with some N, CO, and CO;. COG does contain
slight amounts of some heavier hydrocarbon fuels and can contain ammonia (NH;) and

hydrogen cyanide (HCN) (The Making, Shaping and Treating of Steel [MSTS); North
American Combustion Handbook [NACH]). In the steel mill, BFG is typically used in

combination with natural gas (NG) and/or coal to heat the air fed to the blast furnace or to
fire auxiliary boilers for steam or power generation. COG is utilized alone or in
combination with NG to fire the coke ovens and steel processing furnaces, including
soaking pits and reheat furnaces.

Preliminary studies on the combustion of these by-product fuels, alone or in
combination with NG, have shown that nitric oxide (NO) formation is strongly correlated
to flame temperature. The large nitrogen content of BFG results in lower emissions of
NO due to the thermal dilution. The large H, content of COG, and the presence of CO,
result in higher flame temperatures relative to NG. This characteristic of COG is
desirable in terms of steel finishing, where steel slabs or ingots need to be quickly heated
for continuous processing into sheets and coils. However, this characteristic also results
in elevated NO emissions and makes these operations at the steel mill the main sources of

concem as related to the overall emissions of nitrogen oxides (NOy). These furnaces
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utilize a high proportion of COG in order to obtain the high temperatures required and,
according to one source, are responsible for up to 75% of the total NO, emissions from
the steel mill. Emissions from these furnaces can range from 0.15 pounds NOy per
million Btu (ibssMMBtu) for a reheat furnace operating with low-NO, burners to 1.5
Ibs/MMBtu for a standard reheat furnace operating with 2,000°F air preheat (Nilan,
1995). Typical NO, emissions from soaking pits are on the lower end of this range
(Geneva Steel, 1997; MSTS).

Industrially-proven process modifications designed to reduce NOy emissions have
been applied before and after combustion. The precombustion controls are focused on
reducing combustion temperatures and/or reducing oxygen content in the primary
combustion zone, both minimizing NOx formed by the “thermal-NO,” mechanism.
Precombustion control strategies include flue gas recirculation (FGR), water injection,
low-NO, bumers, and staging.

In FGR and water injection, the peak flame temperature is reduced by removing
heat from the combustion to either elevate the temperature of combustion products in
FGR, or to vaporize water in water injection. In FGR, NO, reductions in the range of 50-
75% are possible with recirculation of 10-20% by weight flue gas. Water injection of
15% by weight of the fuel/air fed to the burner has resulted in up to 90% reduction in
NO, emissions. Low-NO, burners are burners that are designed to either provide special
air staging, fuel/air mixing, or flue gas entrainment to reduce NO formation. NO,
reductions in the range of 30-50% are reported for low-NO, burners.

Staging refers to delayed air addition that allows for fuel-rich chemistry to take

place for an extended period of time in the furnace, favoring the formation of molecular
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nitrogen from fixed nitrogen species. Staging also takes advantage of both lower
combustion temperatures and low oxygen concentration to reduce NO formation.
Staging has been successfully applied in a variety of combustion systems, including
multiburner systems where a combination of rich and lean burners is used for staging.
The ease of application of staging with existing equipment has made this NO, control
strategy the most successful and most used. An estimate of the emissions reduction
potential with staging is difficult to make due to the variety of conditions and systems in
which it is applied (Feese and Turns, 1998; Garg, 1994; Milani and Nelli, 1992; Sarofim
and Flagan, 1976).

Three postcombustion control technologies have been proven effective, inciuding
fuel reburning, selective catalytic reduction (SCR), and selective noncatalytic reduction
(SNCR). These methods focus on creating a reducing environment after the primary
combustion zone whereby NO is converted to molecular nitrogen.

In fuel rebuming, a portion of the fuel from the combustion feed, or a secondary
fuel source, is introduced downstream of the main combustion zone. This fuel addition
creates a local reducing environment in the area around and just downstream from the
injection, which results in recycling or reburning NO back to fixed nitrogen species such
as HCN, followed by potential conversion of the fixed nitrogen to N;. Subsequently, air
is injected downstream of the reburn zone to produce lean conditions overall in the
furnace. This air, referred to as burnout air, oxidizes the remaining fuel fragments after
the reburn zone. Reburning results in lower peak flame temperatures in the primary
combustion zone, as some of the primary fuel is used as the reburn fuel. Reburning is

also a means of operating the main heat release zone optimally without regard to NO
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emissions and adding additional fuel downstream to reduce the NOy produced.

Rebumning has been proven with a range of hydrocarbon fuels in gaseous, liquid and solid
states, including NG, coal, wood, and oil (Bales, 1995; Chen et al., 1989; Chen et al.,
1986; Smoot et al., 1998; Stapf and Leuckel, 1996). Nonhydrocarbon fuel reburning has
also been performed with some effectiveness (Bortz and Offen, 1987; Chen et al., 1986,
Rutar et al., 1996).

The SCR process involves injecting ammonia into the exhaust gases and then
passing the mixture through a catalytic reactor. NO, emissions reductions in the range of
70-95% have been reported, depending upon the type and age of the catalyst, amount of
ammonia injected, and initial NO, concentrations. The SNCR process involves injecting
ammonia or urea into the furnace exit region. Temperature control is critical in this
process, with the optimum being in the range of 1,700-2,000°F. The process is also
dependent upon the reagent concentration relative to NO,, mixing, and residence time
within the desired temperature window. Reported NO, emissions reductions range from
25-50% (Brouwer et al., 1996; Cho, 1994; Wood, 1994).

These techniques or combinations thereof can be utilized for NO, emissions
control when utilizing by-product fuels. However some of these techniques represent
significant investments in capital equipment and/or high continual operating costs,
especially considering the hundreds of burners utilizing these by-product fuels at the steel
plant.

Fuel blending and fuel reburning have been identified as the most promising NOy
control strategies for steel making operations. The additional fuels required for these

modifications are readily available. BFG and COG are produced from primary steel
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making operations. Assuming that these fuels are utilized entirely by other steel making
operations, the additional amounts required for fuel blending or reburning, could be
substituted elsewhere with NG or a NG blend. Fuel blending and fuel reburning can be
applied with existing equipment. Some modifications will have to be made to the fuel
delivery systems and controls. However new burners, additional injectors, and/or catalyst

beds are not required, so these modifications represent low-cost alternatives.

Experimental Facilities

Combustion experiments were performed in a 30 kilowatt (kW), U-shaped
furnace and in a 1.4 megawatt (MW), L1500 tunnel furace. The fuel blending and
reburning experiments were performed in the down-fired U-furnace, in which the
combustion chamber was 7.3 meters in length and 0.16 meters in diameter. Fuel
blending results from the U-Furnace were verified on a larger scale in the L1500 furnace.
The dimensions of the L1500 furnace were 12 meters in length and 1 meter square in
cross-section.

The walls of each furnace were refractory-lined to minimize heat loss and were
fitted with ports for gas sampling and temperature monitoring along the length of the
furnace. In both furnaces the fuel and air were injected through a diffusion burner. The
air was electrically preheated to 315°C to maintain elevated temperatures in the primary
combustion zone and ensure high levels of NO formation. The fuel was injected at
ambient conditions. The air stream fed to each furnace was split into axial and swirl
components for flame stabilization. The experiments were performed with 60-100% of

the air fed through swirl vanes. Detailed descriptions of the furnaces and burners, as well
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as gas sampling and analysis are provided elsewhere (Heap et al., 1998; Spinti et al.,
1997; Veranth et al., 1998).

The BFG and COG used in this experimentation were simulated dry gas mixtures,
prepared from individual cylinders for H;, CO, CO,, and N;. The compositions of the
by-product fuels utilized in this investigation are described in more detail in the previous
chapter. The NASA Lewis Computer Program, CET89, was used to perform equilibrium
species calculations and to determine the AFT of the various fuel mixtures investigated.
CHEMKIN, the chemical kinetics package developed by Sandia National Laboratories,
was used for kinetic modeling. CHEMKIN II with the user interface Modlink, developed
by Reaction Engineering International (REI), Salt Lake City, Utah, was used for the
idealized flow modeling. The SENKIN routine in CHEMKIN II was modified to allow
for the calculation of instantaneous reaction rates at the points of interest in the kinetic
evaluation. CHEMKIN 11, licensed by Reaction Design, was used for sensitivity and

rate of production analyses.

Results
The strong correlation between AFT and NO formation was established in the
previous chapter. Bench-scale experiments performed on the U-Furnace showed that the
addition of BFG to COG significantly reduced NO formation. The resuits of the BFG
blending were found to be similar to thermal dilution with nitrogen, despite the additional
components of BFG. The large nitrogen content of BFG, which was fed at ambient
conditions with the COG, absorbs a significant portion of the heat released from the

combustion, and as a result of the thermal dependence of the NO formation, emissions
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are reduced. Clearly BFG blending can serve as a method for reducing NO, emissions
from the combustion of NG and/or COG fuels.

The use of fuel blending as a NO, control strategy was also evaluated on a large
scale with the L1500 furnace. The furnace was operated at a constant firing rate of 4
million Btwhr (1.2 MW), utilizing NG as the main fuel with N; blended in. Two
experimental series were evaluated, one with the nitrogen introduced in the NG, and one
with nitrogen introduced with the air. The first experimental series approximated that of
BFG blending, and the second experimental series, with N> addition to the combustion
air, approximated that of FGR.

The results of the experimental series run on the L1500 are provided in Figure
5.1. The data show that the nitrogen addition method, whether inside the NG feed, or
blended with the air stream, does not change the NO emissions reduction, suggesting that
fuel blending is comparable to the established NO, reduction strategy of FGR. A
comparison of the L1500 data to that of the U-Furnace data was provided in Chapter 4,
Figure 4.8. The L1500 furnace achieves much higher temperatures and correspondingly
higher NOx emissions as a result of the higher firing rate and reduced heat losses. Both
sets of data correlate very well to AFT, suggesting that for a given furnace, NO
emissions from by-product fuel blends can be predicted fairly accurately from a similar
correlation.

To further evaluate the effect of this blending, 3-D CFD modeling was performed
(Lighty et al., 1999). The gas-phase code, BANFF, was used to evaluate NO, reduction

strategies on a scaled-model of a reheat furnace under actual operating conditions. In the
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simulations, the addition of BFG at 10% of the overall firing rate to COG was found to
reduce the average NO, emissions by 33%, from 135 parts per million (ppm) (0.19
Ibs/MMBtu) to 90 ppm (0.12 1bs/MMBtu).

Rebuming experiments were performed in the U-furnace utilizing NG and COG
as the primary fuels with NG, COG, CO, and H; as the reburning fuels. The effects of
fuel type and amount, along with injection temperature and residence time, on the
formation of NO, have been investigated. Experiments were carried out at a constant
primary zone firing rate of 30 kW and stoichiometric ratio of 1.15. The reburn fuel
injection temperature was varied by changing the location along the furnace where the
reburn fuel was injected. The reburn stoichiometry (rSR) is defined here as the ratio of
the mass of air to the mass of total fuel (primary and reburn) under actual conditions,
over the ratio of the mass of air to the total mass of fuel at stoichiometric conditions.
Downstream from the reburn fuel addition, corresponding to a reburn residence time of
0.4 seconds, air was added in sufficient quantity so the overall stoichiometry was brought
back to 1.15. The resuits of experiments carried out at two different temperatures,
illustrated as NOy in Ibs/MMBtu versus reburn stoichiometry, are provided in Figures 5.2
and 5.3. The notation in the legend of the figures is Pnimary Fuel/Reburn Fuel, so
NG/COG refers to the experimental condition with NG as the primary fuel and COG as
the reburn fuel.

The results show that reburning can be used to minimize NO, emissions from NG
and COG combustion. COG was found to be effective as a rebumning fuel, exhibiting
chemistry more similar to NG than H,, despite having a volumetric composition of 52%

H, and 30% NG. The optimum reburning stoichiometry for hydrocarbon-containing
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fuels reported by Bortz and Offen (1987) and Chen et al. (1986) was 0.9. The results of
this investigation for COG and NG as rebum fuels show an optimum reburning
stoichiometry between 0.90 and 0.95. Therefore the results reported here are similar to
those previously published.

The nonhydrocarbon reburning fuels investigated were found to be less effective
in reducing NO,, consistent with previous results reported in the literature. These fuels
showed a steady NO, decrease as the reburn stoichiometry was reduced from 1.05 to
0.85. However the reduction did not proceed through a minimum. To achieve NO,
reductions similar to those of the hydrocarbon fuels, larger quantities of H, and CO fuel
have to be injected in the rebumning zone. These results match the findings of Chen et al.
(1986).

The Reburn Zone chemistry was evaluated utilizing CHEMKIN simulations. The
operation of the U-furnace with fuel rebuming was modeled as a series of three plug flow
reactors (PFR). The first reactor represented the primary combustion zone, which was
held constant at a firing rate of 30 kW and a stoichiometry of 1.15. As in the
experimental analyses, COG and NG were utilized as the primary fuels. The initial
temperature of the combustion was based on the AFT of the fuel. A factor of 150 K less
than the AFT matched the NO formation from the combustion of these fuels without
reburning. The temperature loss in the primary zone was set at 400 K/s, which
approximated the heat losses observed in the hot zones of the U-fuace. The residence
time in the primary zone was set at 0.1 seconds, which matched the experimental

residence time for the hottest injection temperature.
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The second reactor represented the Reburn Zone of the process. Reburn fuels,
COG, NG, H,, and CO, were added at ambient temperature to create a combined Primary
and Reburn Zone stoichiometry between 0.80 and 1.05, as evaluated in the U-furnace
experiments. The temperature at the point of the reburn fuel injection was set to match
that of the U-furnace experiments. The residence time in this section was set at 0.4
seconds, and a moderate temperature loss of 100 K/s was included. This temperature loss
was representative of the heat losses in the latter stages of the U-fumace.

The third plug flow reactor represented the Burn Out Zone of the process. Air at
ambient temperature was added to effect an overall process stoichiometry of 1.15. The
residence time in this zone was also 0.4 seconds with a temperature loss of 100 K/s. A
schematic of the reburning simulation is provided in Figure 5.4.

The CHEMKIN application SENKIN, designed to predict the time evolution of
homogeneous gas-phase kinetics, was used to model the detailed chemistry within each
plug flow reactor. A hydrocarbon/NO reaction mechanism compiled by REI was utilized
in the simulations. This mechanism accounts for 66 chemical species and consists of 287

reactions and their corresponding kinetic parameters (A, b, E) of the form:

k= ATbexp(i)
RT

The reaction set, referred to as REI97, is based primarily upon the hydrocarbon
mechanism proposed by Miller and Bowman (1989) consisting mainly of oxidation

mechanisms for C,-C; hydrocarbons, HCN, and NH3, with an additional set of reactions
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describing the interactions between hydrocarbon species and nitrogenous species. The
set does include kinetic parameter updates by Miller, Bowman and Glarborg up to 1992.
A complete listing of the reaction set, as well as the references for the parameter updates,
is provided in the Appendix E.

The output from the CHEMKIN simulations lists individual species as mole
fractions. Results reported in this fashion do not account for the large dilution of the
exhaust that occurs as the extent of reburning increases, which skews the interpretation of
the results. In order to account for this dilution, the results are reported as either
component moles or mass, each taking into account the total amount of fuel, air, and
exhaust input to each PFR simulating the U-fumace rebuming.

The CHEMKIN modeling resulits at a reburning injection temperature of 2,650°F
are provided in Figure 5.5. The simulation resuits complement the major conclusions
from the experimental results. COG as a reburning fuel behaves as NG. Both rebumn
fuels proceeds through a minimum, and the optimum reburn stoichiometry was
determined to be 0.90. The simulations showed that the rebum fuels, H; and CO, reduce
NO emissions. However these fuels do not proceed through a minimum. Therefore more
of these fuels are required to be added to achieve the same NO reductions at the optimal
reburn stoichiometry of 0.90, as achieved with COG or NG reburning.

Some differences exist between the simulations and the experimental results.
First, the reburning simulations do not show the same degree of difference between the
nonhydrocarbon fuels (H; and CO) and the hydrocarbon fuels (NG and COG). The
experimental reburning data at 2,650°F in Figure 5.2 clearly show a difference between

these fuel types. The hydrocarbon fuels result in a rapid NO reduction, which proceeds
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through a minimum at a reburn stoichiometry between 0.90 and 0.95. The
nonhydrocarbon fuels show a more gradual NO reduction, never quite reaching the
optimum NO reduction of the hydrocarbon fuels. These experimental results were
expected based upon the literature reports on reburning which document that the main
route for NO reduction involves hydrocarbon-derived radicals. Reburning with
nonhydrocarbon fuels has been proven, but the process is less effective.

Secondly, the simulations show that under certain conditions, COG as a rebumn
fuel outperforms NG as reburn fuel. Experimentally the performance of these fuels in
reburning was very similar. The difference in the performance of COG and NG as rebumn
fuels, as predicted by CHEMKIN, can be observed more closely by tracing the moles of
NO through the three reactors of the reburn simulation. Figures 5.6 and 5.7 provide the
NO mole profiles through the simulation for NG as the primary fuel with the four
different reburning fuels at rebum stoichiometries of 0.85 and 0.90, respectively.

In Figure 5.6, the results show that in the deep rebuming staged condition of
rSR=0.85, the molar NO profiles for COG and NG are similar. In each case a buildup of
NO occurs in the Primary Zone, resulting in a constant, initial NO amount of 1.1x10*
moles. The result of reburning with NG quickly drops the NO moles to near zero, as the
combination of hydrocarbon radicals and fuel-rich conditions reduce the NO present to
N, HCN and NH radicals. The result of reburning with COG also drops the NO moles
rapidly, reaching a final level in the Reburn Zone of roughly 1.5x10”° moles. H, and CO
do not perform nearly as well, reducing the NO by only a small extent to 9.0x107° moles

for CO and 8.0x10”° moles for H,. So through the Reburn Zone of the simulation,
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reburning with COG is not quite as effective as rebuming with NG, but is much better
than that of its other constituents, H, and CO.

The addition of air in the Burn Out Zone of the reburning simulation resuits in an
increase in molar NO levels. The oxidant added to complete the combustion resuits in a
rebound of NO, as the reduced nitrogen species from the Reburn Zone, mainly NH; and
HCN, are converted to NO. For H; and CO as reburn fuels, the increase is almost
negligible due to very limited amounts of HCN and NH; formed. However for NG and
COG, the rebound in NO levels is substantial. With NG as the reburn fuel, the moles of
NO through the Burn Out Zone increase to 1.0x10~ moles, so the net effect of reburning
with NG under these conditions is merely a reduction of 7%. With COG as the reburmn
fuel, the molar NO levels increase to 8.8x107 moles, so the overall NO reduction is 20%.
The overall NO reductions for H; and CO as reburn fuels are 27% and 20%, respectively.
Therefore, despite the large reductions achieved with NG and COG in the Rebum Zone,
the net effect of reburning with these fuels is predicted to be less effective than rebuming
with H,.

Figure 5.7 shows the effect of reburning with these fuels at a reburn stoichiometry
of 0.90. In this case, NG nearly eliminates the NO in the Reburn Zone again, resulting in
1.2x10”° moles. However, COG as the reburn fuel under these conditions behaves
similarly to H; and CO. The molar NO levels through the Reburn Zone for COG was
7.9x10°%, compared to 8.8x107° and 9.2x107 for H, and CO as reburn fuels, respectively.
COG as a reburn fuel under these leaner conditions is predicted to behave quite
differently. As in the previous case, NG outperforms the other reburn fuels through the

Reburn Zone.
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The edge in performance with COG as a reburn fuel is realized after the addition
of burnout air. The reformation of NO with NG as the reburn fuel is once again great,
due to the reoxidation of fixed nitrogen species, and NO levels rise to 8.4x10”° moles,
which amounts to a net reduction of 24%. On the other hand, the rebound in NO for
COG and the other fuels is minimal. For COG, NO after the Burn Out Zone is 8.0x107
moles, which represents a reduction of 27%. The net NO reductions for H; and CO were
20% and 15%, respectively.

Both experimentally and in modeling, the optimum reburn condition was found to
be rSR=0.9. At these conditions COG and NG prove to be better than the
nonhydrocarbon fuels. However, because the conversion of NO to HCN and NH; was
lower for COG under these conditions, the overall performance of COG was predicted to
be better than that of NG. Experimentally, the performance of these fuels was found to
be very similar. The difference between the predictions and experimental data may be
due to mixing inefficiencies between the fuels.

At a given reburn stoichiometry, the mass flow rate and momentum of the COG
reburn jet is greater than that of NG jet. For example, at a rfSR of 0.90, the mass flow rate
and momentum of the COG jet are 27% and 68% greater than that of NG jet. These
variances are due to differences in the average lower heating values of COG and NG, 509
Btu per standard cubic feet (Btu/scf) and 1,070 Btu/scf, respectively, which are
uncompensated for by differences in specific gravity, 0.377 and 0.618, at standard
conditions of 68°F and 1 atmosphere, for COG and NG, respectively. As a result, more
COG fuel is required to achieve the same reburn condition as for NG, which results in

increased injection velocities and better mixing. Therefore, experimentally the Rebum
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Zone may not be as well mixed for NG reburning as compared to COG. Subsequently,
the burn out air addition may not achieve the same mixing with the products from the
Reburn Zone to convert all of the NH; and HCN back to NO for the case of NG
reburning as for the case of COG rebumning. However in the modeling, with the PFR
idealization, mixing is assumed to be complete through the furnace cross-section, so
essentially all of the NH; and HCN are converted back to NO, for both fuels.

Tracking the total nitrogen species through the rebuming process shows that the
large decrease in NO moles that occurs in the Reburn Zone with NG and with COG at
rSR=0.85 is accompanied by a nearly equimolar increase in HCN and NH;. The molar
nitrogen increase in these species accounts for between 75-95% of the molar nitrogen
decrease associated with NO. For COG as the reburn fuel at rSR=0.90, there is an
increase in HCN and NH; with the reduction in NO, but the increases only account for
5% of the losses in NO. Overall the amount of nitrogen fed to the COG reburning
process is greater than that to the NG process due to the molecular nitrogen content of
COG (5.7%), despite the slightly greater stoichiometric air requirement for NG
combustion. However, throughout the Rebum Zone for both fuels, the molecular
nitrogen levels are relatively constant. The nitrogen-containing species, other than NO,
HCN, and NH3, remain relatively unchanged throughout the simulated process.

The mechanism for removal of NO under these rebumn conditions with NG and
COG as the reburn fuel was evaluated with CHEMKIN II. Through a modified program
subroutine, the instantaneous reaction rates of the most significant reactions relating to

the formation or removal of NO at a given time were determined. These rates were
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calculated from species mole fraction data and kinetic reaction parameters within
CHEMKIN (Djurisic, 2000).
With both reburn fuels, under conditions of rSR=0.85 and rSR=0.90, Reaction 1

is a major step in the removai of NO.

HCCO + NO & HCNO +CO (1)

The time over which this reaction is a key destruction step represents the differences
between the mechanisms.

For NG as the rebumn fuel, at times less than 1x10™ seconds into the Reburn Zone,
for both stoichiometries, Reaction 2 is the major destruction route and Reaction 3 is a

nearly equivalent formation route.

NO+HO, & NO, +0OH (2)
NO, +H & NO+OH 3)

Normalizing the instantaneous reaction rates derived from CHEMKIN to 1x10° gram-
moles per second (mol/s), Reactions 2 and 3 occur at rates of 0.05 and 0.04, respectively,
for rISR=0.85, and 0.07 and 0.06, respectively, for rfSR=0.90.

However, for reaction times greater than 1x10™ seconds, Reaction 1 is the key
rate for the removal of NO. For NG reburning at rSR=0.85, the peak removal of NO
occurs at 7x107 seconds into the Reburn Zone. The relative rate of Reaction 1 at this
time is 0.7. The key competing reaction is that of HCNO with H to reform NO by

Reaction 4 at a rate of 0.3.

HCCO+H & NO+CH, (4)
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Comparatively, for NG reburning at rSR=0.90, the peak removal of NO occurs earlier, at
5x107 seconds. The same set of reactions are important at this stoichiometry, but the
rates are elevated compared to those at rSR=0.85. Schematics of the key reaction
sequences for NG as the reburn fuel at rSR=0.85 and rSR=0.90 are provided in Figures
5.8 and 5.9, respectively.

The main route for the formation of HCCO, key to the removal of NO, is initially
from the combination of CHj; to form C;H,, followed by the subsequent abstraction of H
to yield C-H;, and finally the reaction with O to form HCCO. At the points of peak NO
removal with NG rebumning, the relative rates of this hydrocarbon radical sequence are 20
and 40 for rSR=0.85 and rSR=0.90, respectively. Clearly hydrocarbon radicals are
required for this route of removal of NO, however not through the direct reaction of a
hydrocarbon radical (CH;) with NO, but in the formation of C;Ha. The direct reaction of
CH; with NO has been reported by several researchers as one of the routes for NO
removal under some NG reburn conditions. The reaction involving CH; and NO is
occurring, but in the opposite direction, forming NO from HCNO and H (Dagaut et al.,
2000; Glarborg et al., 2000; and Glarborg et al., 1998).

Through the remaining Rebum Zone, a total time of 0.4 seconds, with NG as the
fuel, Reaction 1 is the key removal route, with Reaction 3 competing by forming NO at a
rate roughly one third of that for Reaction 1. As the time proceeds, the rates of these
reactions remain in the same ratio, but the absolute rates fall off significantly.

COG as the reburn fuel behaves similarly to that of NG up to a time of 1x107

seconds. The main route for the removal of NO with COG at both reburn stoichiometries
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is through Reaction 1. After 1x10™ seconds, a transition in the reaction sequence occurs
which differentiates the two reburn conditions. Schematics of the key reaction sequences
for COG as the reburn fuel at rSR=0.85 and rSR=0.90 are provided in Figures 5.10 and
5.11, respectively.

At atime of 1x10™ seconds, the relative reaction rate of Reaction 1 is 0.06 at
rSR=0.85 and 0.1 at rSR=0.90. Reaction 2, which removes NO through HO,, occurs at a
faster rate than Reaction 1, 0.2 for rSR=0.85 and 0.3 for rSR=0.90. However, Reaction 3,
which forms NO through nitrogen dioxide (NO), occurs at a rate equal to that of
Reaction 2, so there is no net effect on NO by these reactions. The reverse of Reaction 4,
NO+CH, < HCNO+H, also removes NO at a time of 1x10™ seconds, occurring at rates of
0.05 and 0.07 for rSR=0.85 and rSR=0.90, respectively.

As the time increases from 1x10™ seconds to 3 x10™ seconds, the differences
between the two reburn conditions with COG fuel become apparent. The main route for
the removal of NO is still the reaction with HCCO. However the relative rates of this
reaction and the hydrocarbon radical reaction sequence leading to C,H; are quite
different. At rSR=0.85, the reaction sequence leading to C;H; occur at a relative rate of
75. From C3H; there is equal competition between the formation of CH; and the
formation of HCCO at a relative rate of 8. The reaction of HCCO with NO occurs at a
rate of 0.42.

At rSR=0.90, the reaction sequence leading to C,H; occurs much faster, at a
relative rate of 125. From C;H; under these conditions there is also equal branching to

form either CH; or HCCO, except the relative rate is 60. The reaction of HCCO with NO
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then occurs at a rate of 1.6. Thus for rSR=0.90, each step of the sequence and Reaction 1
occur at a substantially greater rate.

As the time progresses to 8x10™ seconds into the Reburn Zone, the reaction rates
drop significantly and the mechanism involving NO changes for the rebum stoichiometry
0f 0.90. For rSR=0.85, the main NO reduction route remains the same. The relative rates
of the hydrocarbon radical sequence to produce C;H; range from 3 to 6. The route to
form HCCO from C,H; occurs at a relative rate of 10, with equal branching to form CH,.
The reduction of NO through Reaction 1 occurs at a relative rate of 0.5. NO is also
reduced through the reaction with H to form HNO by Reaction 5. This route occurs at a
relative rate of 0.2. The main competing route for NO formation is through HCNO and

H, Reaction 6, at a relative rate of 0.1.

NO+H+M e HNO+M  (5)
HCNO+H & NO+CH, (6)

For rSR=0.90, there is a shift in the mechanism at 8x10™ seconds, resulting in a
net formation of NO. The hydrocarbon radical sequence to produce C;H; slows
considerably to a relative rate of 0.01 to 0.04. C,H: subsequently competes to form either
HCCO or CH; at a relative rate of 0.8. The reaction of HCCO with NO is relatively
insignificant compared to the other reaction routes involving NO. The main route for the
removal of NO is through H radical by Reaction 5. However, several reactions of the
same magnitude compete to form NO. Reactions 7, 8 and 9 occur at relative rates of 0.3,

0.1 and 0.1, respectively.
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HNO+OH & NO+H,0 (7)
HNO+H & NO+H, ®)
N+OH & NO+H )]

For the remaining duration of the Reburn Zone, a total of 0.4 seconds, Reaction 1
is the main route for NO removal with COG reburning at rSR=0.85. The reaction of
HCNO and H (Reaction 6) is the main competing reaction throughout, but always occurs
at a lower rate so there is a net reduction of NO. For rSR=0.90, the net production of NO
by the reactions specified dominates between 8x10™ and 0.01 seconds. After 0.01
seconds of COG reburning at rSR=0.90, the relative rates of the key reactions shift such
that there is a net removal of NO. Reaction 5 and Reaction 7 are still the main reactions
removing and forming NO, respectively. However, the other reactions significant to the
formation of NO under rSR=0.90, Reactions 8 and 9, fall off significantly, becoming
negligible by comparison. The net reduction of NO that occurs for the reburn
stoichiometry of 0.90 at 0.01 seconds continues throughout the remaining Reburn Zone.
The micro time scale fluctuation in NO destruction and production are not visible in
Figure 5.7. The time scale of the figure is too large relative to the times at which the
chemistry of COG changes. All that is apparent is a rapid reduction in NO, followed by a
gradual decrease in the moles of NO throughout the Reburn Zone.

So for the case where COG behaves as NG, rfSR=0.85, the main route for NO
removal throughout the Reburn Zone is through HCCO by Reaction 1. The importance
of Reaction 1 as the dominant NO reducing reaction with NG reburning has been
reported by several authors (Dagaut et al., 2000; Glarborg et al., 2000; and Glarborg et

al., 1998). These authors also report that the reaction of CH; with NO is also significant
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in removing NO with NG rebumning. This reaction was not determined to be a factor
with the REI97 mechanism and under the conditions of this investigation.

At rSR=0.90, the main route for NO removal is initially through HCCO at relative
rates greater than those at rSR=0.85. However, 8x10™ seconds into the Reburn Zone, the
main route for NO removal becomes NO+H by Reaction 5. This reaction has been
identified by Glarborg et al. (2000) as the primary reaction for the reduction of NO
through reburning with nonhydrocarbon fuels.

The effects of the reburn fuel injection temperature were evaluated in more detail
through CHEMKIN simulations. Figure 5.12 provides the data from simulations of COG
reburning at temperatures from 2,100 to 2,650°F. The results show that as the injection
temperature decreases, the NO reduction minimum achieved with COG as the reburn fuel
was reduced. Also the point at which the NO reduction minimum occurs shifts from
rSR=0.90 to rSR=0.95. This shift in the reburn minimum was observed experimentally,
between reburn injection temperatures of 2,100 and 2,650°F, as shown in Figures 5.2 and
5.3. However, experimentally no reduction in the NO minimum is observed. The extent
of NO reduction at an injection temperature of 2,100°F was found to be equivalent to that
observed at 2,650°F.

After establishing some of the same trends in the reburning simulations as
observed in the experiments, several reaction mechanisms were evaluated for comparison
to the experimental data. The simulations reported on thus far have been utilizing the
REI97 mechanism. This mechanism describes the trends observed in the experimental
data, but under the leaner reburn conditions, deviations exist. The REI97 mechanism was

compared to GRI Mech 3.0 and 2.11, and to a reduced mechanism set for reburning and
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burn out proposed by Bilbao et al. (1993). A listing of the species, reactions, and kinetic
parameters for each of the mechanisms considered is provided in Appendix D. The
results of the mechanism comparison for NG as the primary fuel and COG as the reburn
fuel are provided in Figure 5.13.

In the evaluation, the GRI mechanisms were each used in all three of the plug
flow reactors modeling the U-furnace reburning conditions. The use of these
mechanisms to predict the NO formation in the primary reactor zone accounts for the
differences observed in the starting NO concentrations in Figure 5.13. The Bilbao
mechanisms are skeletal mechanisms, which specifically apply to particular zones of the
reburning application. These mechanisms cannot properly account for the formation of
NO in the primary zone. Therefore, in the evaluation of the Bilbao mechanisms, the
primary reactor conditions from the REI97 simulation were utilized, followed by the
Bilbao reburn mechanism in the second PFR, and the Bilbao burn out mechanism in the
third PFR. Therefore the Bilbao mechanism evaluation starts at the same NO levels as
that of the REI97 evaluation.

Figure 5.13 shows that the REI97 mechanism does most accurately predict the
data trends for the more fuel-rich conditions of rebumn stoichiometnies between 0.80 and
0.90. In this region, the GRI mechanisms and the combined Bilbao mechanisms fail to
predict the steady increase in NO, emissions as more reburn fuel is added. This increase
in NO, is well-established in literature reports and is due to the increased formation of
HCN in the Reburn Zone. As the NO present from the Primary Zone is nearly
completely reduced, the excess hydrocarbon radicals begin to react with molecular

nitrogen to form HCN. The total amount of HCN formed in the Reburn Zone is partially
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converted to N2, with the remainder going back to NO in the Bum Out Zone. Therefore
as the amount of HCN formed in the Reburn Zone increases, the less effective is the
overall reburning performance (Chen et al., 1986; Miller and Bowman, 1989).

In the leaner fuel region of reburn stoichiometries between 0.90 and 1.05, the GRI
mechanisms predict the experimental data better than the others. GRI Mech 2.11 very
closely predicts the NO reduction that occurs between rSR=1.05 and rSR=0.95,
exhibiting essentially the same slope. Both GRI mechanisms predict an inflection point
at or near rSR=0.95. The combined Bilbao mechanism also predict the inflection point at
rSR=0.95. However the absolute magnitude of the change in NO is significantly off.

The REI97 mechanism predicts a more gradual NO reduction in the range of rSR=1.05
and rSR=0.95 than observed experimentally. Also the REI97 mechanism predicts an
inflection point at rfSR=0.90 rather than rSR=0.95. The optimum reduction in NO
observed experimentally for NG/COG reburning at 2,650°F was 52%. REI97 and GRI
Mech 2.11 predicted net reductions of 45% and 43%, respectively.

The detailed mechanistic study of the Rebum Zone discussed earlier in this paper
was performed utilizing the REI97 mechanism. With the REI97 mechanism, CHEMKIN
predicted the transition between hydrocarbon reburn chemistry and nonhydrocarbon
reburn chemistry at a reburn stoichiometry of 0.90. At reburn stoichiometries greater
than 0.90, the NO reduction was predicted to behave more like nonhydrocarbon fuels.
Based upon the mechanistic comparison in Figure 5.13, it appears that this predicted
transition may be off. Comparison of the experimental data with the data from REI97
suggests that the hydrocarbon like chemistry should really extend to a transition at

rSR=0.95.
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As mentioned before, 3-D, CFD modeling was performed in collaboration with
REI to evaluate the effects of reburning under the realistic environment of the reheat
furnace. The multiple bumer configuration of the reheat furnace makes reburning
difficult to implement. However, by operating the burners of the different combustion
zones under varying stoichiometric conditions, the net effects of reburning were achieved
as the combustion products from the different zones interact. Two cases were evaluated,
one with all the burners in the reheat furace at a stoichiometric ratio of 1.06, and the
second case with a variation of SRs in the combustion zones. The average NO,
emissions at the outlet were reduced from 121 ppm (0.17 lbs/MMBtu) to 74 ppm (0.10
Ibs’"MMBtu), a 39% reduction, as a result of the bumer staging. A more detailed

description of this modeling is provided by Lighty et al. (1999).

Conclusions

The potential use of fuel blending and fuel rebuming as a means of reducing
nitrogen oxide emissions from the combustion of by-product fuels was evaluated
experimentally and in CHEMKIN modeling. BFG blends with COG and NG were found
to effectively reduced NO, emissions in a bench-scale and pilot-scale combustion facility.
The NO reductions observed experimentally with fuel blending were verified through
CHEMKIN modeling using a plug flow reactor model and a standard hydrocarbon
combustion mechanism. Fuel blending was shown to have the same effect as flue gas
recirculation, reducing NO, emissions mainly as a result of thermal dilution.

COG was shown to be an effective reburning fuel, similar to the proven reburn
fuel NG, despite the large percentage of H; in the fuel. Experimentally both COG and

NG were shown to result in rapid reductions in NO, with optimum performance occurring
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at reburn stoichiometries between 0.90 and 0.95. The other constituents of COG, H; and
CO, were evaluated and found to be less effective than COG and NG.

CHEMKIN modeling was utilized to identify the key NOy reduction routes and
further compare the use of COG as a reburn fuel to that of NG. The mechanism for NO
reduction with COG follows that of NG under the fuel-rich reburning conditions of
rSR=0.85. The key reaction for the removal of NO by both fuels was found to be
HCCO+NO<HCNO+CO. However the mechanism for NO removal with COG
reburning shows a transition at a reburn stoichiometry of rSR=0.90. The key route for
NO removal begins with HCCO+NO< HCNO+CO, the main reaction for NO removal
by hydrocarbon fuels. However as the time in the reburm zone proceeds, the main
removal mechanism becomes NO+H+M & HNO+M, which is the key NO removal step
for reburning with non-hydrocarbon fuels. So mechanistically, the optimum performance
of COG as a rebumn fuel lies between that of hydrocarbon fuels and non-hydrocarbon
fuels.

Fuel blending with BFG and fuel reburning with COG as strategies for
minimizing NO, emissions from steel mill operations are very promising. These by-
product fuels are readily available at the steel mill and each strategy can be implemented
with minimal costs. These technologies should not only result in reduced NO emissions,
but also a reduction of waste gas emissions and a reduction in the reliance on outside fuel

sources.
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Nomenclature

theoretical adiabatic flame temperature
3-D, CFD code developed for combustion predictions
blast furnace gas

Btu per standard cubic feet

computational fluid dynamics

methane

hydrocarbon radical, or fragment

Chemical kinetics code package

carbon monoxide

carbon dioxide

coke oven gas

flue gas recirculation

hydrogen

hydrogen cyanide

kilowatt

pounds per million Btu

The Making, Shaping and Treating of Steel
gram-moles per second

megawatt

North American Combustion Handbook
nitrogen

natural gas

ammonia

nitric oxide

nitrogen dioxide

general term given to a mixture of nitrogen oxides
plug flow reactor

parts per million on a volume basis

Reaction Engineering International

mass air,
( mass iotal fuel (Primary+Reburn ))acmal

Rebum Stoichiometry; rSR=

mass air . g .
( /n ass total fue l)s!mcluamanc

selective catalytic reduction
selective noncatalytic reduction

(’"“‘“ “%m ﬁ‘e,)actual

Stochiometric Ratio; SR=1—-— —
( A ass fu e,}-tozchxome!rxc
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APPENDIX A

EXPERIMENTATION ON COG SPECIFICS

AND FUEL INJECTION VELOCITY

The composition of the by-product fuels, COG and BFG, are vanable, depending
upon the raw materials utilized and the processes where generated. BFG is most often
utilized in combination with other fuels at the steel mill, so variation in BFG composition
does not directly affect NO, emissions. However, COG is often utilized as the main or
only fuel in high temperature operations at the steel mill. The effects of variation in COG
composition directly impact NO emissions.

The effect of variation in the composition of COG was evaluated in a series of
experiments. The average COG composition was determined by literature evaluation and
consultation with steel companies. The average composition of each of the major
constituents was varied by one standard deviation. The effect of this variation was
evaluated over stoichiometric ratios ranging from 1.0 to 1.3. The resuits of the
comparison are provided in Figure A.1.

Despite the moderate variation in composition, negligible differences in NOy
emissions were observed. In particular, the variation in the H; composition from 52 to
57% resulted in no major changes in the NO profile with stoichiometry.

Impurities in BFG and COG also vary greatly with raw material sources and

process operating conditions. Relative to NOx minimization from the combustion of
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these fuels, the main impurities of concern are NH; and HCN in COG. Typical
concentrations in “raw” COG are 1.1-1.2% by volume NH; and 0.10-0.25% by volume
HCN (Gluud, 1932; Kohl and Riesenfeld, 1985). These impurities are very effectively
removed from COG in a well-established, purification step that involves washing the gas
in a concentrated sulfuric acid bath. Typical concentrations of NH; and HCN in COG
after this purification step have not been found in the literature. Average compositions
disclosed by one steel company were 30 ppm NH; and 500 ppm HCN in unblended
COG.

The effects of these fuel nitrogen sources in COG were evaluated in NH3 doping
experiments performed in the U-Furnace. The gas line to the fuel injector was fitted with
a valve and a 1/8-inch line for the NH; doping experiments. The effects of NH; addition
to COG combustion at a firing rate of 100,000 Btwhr and stoichiometric ratios between
1.0 and 1.3 are provided in Figure A.2. The amount of fuel-nitrogen added in the form of
ammonia has been scaled to the NO, emissions without any fuel-nitrogen present. So an
N/NO ratio of 1.0 refers to the experimental condition where an equivalent amount of
fuel-nitrogen was added as emitted in the form of NO from the pure fuel combustion.

The data show a linear increase in NO, emissions with NH; addition. The offset
between the curves exists as a result of the different levels of NO produced at the
different stoichiometries. The top set of data represents the case for combustion at
SR=1.15. Closely paraliel to that series are the data for combustion at 1.30. These lines
are parallel suggesting that the conversion of NHj to NO is the same at these combustion
conditions. The bottom line represents the data for combustion at 1.00. This data series

has a flatter slope suggesting that with limited oxygen present the conversion of NH; to
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NO is not as effective. These results confirm expectations that the combustion of COG
with trace concentrations of fuel-nitrogen in the form of NH; will result in elevated NO,
emissions.

The conversion of fuel-nitrogen in the form of NH; to NO as a function of the
percentage nitrogen in fuel was also evaluated. The primary fuels, COG and NG, were
doped with varying amounts of NH; and combustion experiments were performed at a
firing rate of 100,000 Btwhr and a stoichiometry of 1.15. The data for this evaluation are
provided in Figure A.3, and the results are compared to the conversion of EPA fuel

standards for oil and coal (Fossil Fuel Combustion, 1991). At low levels of fuel-nitrogen,

and under the lean combustion conditions of SR=1.15, nearly complete conversion of
fuel-N to NO occurs. At 500 ppm fuel-nitrogen, a concentration representative of COG
fuel, which amounts to 0.08 weight percent, the conversion of fuel-nitrogen to NO is
65%. However at this point of the curve, small variations in the amount of nitrogen
present in the fuel amounts to a large change in conversion. The error associated with
delivering a small amount of NHj to the fuel makes this part of the curve uncertain. The
fuel-nitrogen conversion for 500 ppm NH; in COG is between 45 and 100%.

The conversion to NO drops off at high fuel-nitrogen concentrations under the
fuel-lean conditions of this evaluation. The conversion levels off at 15% for COG and
25% for NG. The drop in conversion with COG and NG is similar to that observed with
the EPA standards for oil and coal and is due to the fact that NO is both formed and

removed by reactions involving ammonia radicals formed from the fuel-nitrogen source.
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Three-dimensional, computational fluid dynamics (CFD) modeling was
performed in collaboration with REI to evaluate NO formation on a scaled model of a
reheat furnace. Actual operating conditions were modeled, which included COG fuel
containing 500 ppm of fuel-nitrogen in the form of NH; and HCN. Average NO,
emissions for COG were 135 ppm (0.19 lbs/MMBtu). “Thermal-NO,” and *“prompt-
NO,” mechanisms were found to be responsible for80-90% of the NO formation from
COG. The “prompt-NO,” refers to NO formation through HCN formed by the reaction
of N, with a hydrocarbon radical. The *fuel-NO,” mechanism, referring to reactions that
either form or destroy NO through either HCN or NH3, was found to contribute to the
total NO, formation, 11-15%.

This modeling investigation on NO; emissions from COG combustion under
actual operating conditions justifies the focus of this investigation on *“thermal-NO,”
formation. The majority of the NO, produced from the combustion of COG is from the
“thermal-NO,"” mechanism. The presence of fuel-nitrogen at concentrations
characteristic of COG utilization in an actual steel mill amounts to less than 15% of the
overall NO produced. This modeling investigation is described in more detail in the
companion paper to Chapter § of this dissertation, to be published.

A characteristic of the fuel injector utilized in the combustion experiments
performed in the U-Furnace was a variable injection area. A schematic of the diffusion
burner and the fuel injector are provided in Figure A.4. The plunger design allowed for
variation of the annular area through which the fuel stream was introduced to the
surrounding air stream. The majority of experiments were performed with the plunger set

at a gap of 1/8" of an inch. This setting amounted to injection velocities of 88 fi/s and
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46 ft/s for COG and NG, respectively, for the standard combustion conditions of 100,000
Btwhr and a stoichiometric ratio of 1.15.

The effect of the fuel injection velocity on NO, emissions was evaluated for COG
and NG combustion at a constant firing rate of 100,000 Btw/hr and a stoichiometric ratio
of 1.15. The results of this evaluation for COG are provided in Figure A.5. The results
show that at a given stoichiometry the NO, emissions are relatively constant for a range
of injection velocities between 25 and 88 ft/s. These results suggest that in this range of
injection velocities the fuel is well-mixed with the air stream. For injection velocities
between 15 and 25 ft/s, the NO, emissions show an increase with decreasing velocity.
These results suggest that as the effectiveness of the fuel mixing with the air stream is
decreased, NO, emissions increase. These results are consistent with reports that
premixed combustion results in lower NO, emissions than nonpremixed, diffusion
combustion. The higher NO, emissions associated with diffusion combustion is due to
temperature peaks that occur in the different zones of the fuel and air mixing (Bowman,
1992).

The results in Figure A.5 show the same ordering relative to stoichiometry as
other experimental data in this investigation. The greatest NO, emissions are associated
with combustion at a stoichiometry of 1.15, followed by the stoichiometries of 1.30 and
then 1.00.

COG and BFG, as utilized in steel making operations, are saturated gases as a
result of the processes by which they are cleaned. In the experiments of this
investigation, COG and BFG were prepared from dry-gas cylinders of the most

prominent, individual components. As such these gases did not contain any moisture. To
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study the effects of moisture in these fuels, water was injected into the furnace with the
fuel stream. Water injection was also evaluated as a means of lowering the primary zone
combustion temperature, thereby reducing NO, emissions. The fuel feed to the burner
was fitted with a water line for the water injection experiments.

The results of the experimentation on the addition of water to COG and NG fuels
are provided in Figure A.6. The presence of water in these fuels definitely has a reducing
effect on the NO, emissions. NO, emissions reductions of approximately 8% were
achieved with COG, compared to 30% achieved with NG. The effects of water addition
to COG were limited by the hydrogen content of the by-product fuel. Only limited
amounts of water could be added to COG before saturation was achieved. Therefore
water injection is not predicted to be an effective method for reducing NO, emissions
from these by-product fuels.

The data collected for the experiments reported in this Appendix are provided

with the complete set of experimental data in Appendix H.
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Abstract

The calibration of gas rotameters regulating the flow of feed gas and air in a
research combustion facility is discussed. The complicating factors in using rotameters
in a multiple gas and air feed system to a combustion furnace lies in the pressure
correction to the volumetric flow rate. Restrictions downstream or the blending of fuels
and/or air result in backpressures on the rotameter. Operation of the rotameter at
different settings is associated with different system back pressures. Calibrations were
performed taking into account the back pressure and volumetric flow rate with rotameter
reading under in-line conditions to most accurately reflect the true operation of the

combustion facility.

Introduction
Flow rate and volume measurements play an important role in the preparation of
gas mixtures. The accuracy with which the gases are mixed is directly dependent upon
the accuracy of these measurements. Therefore a thorough understanding of the factors
affecting and controliling the delivery of single gas components to a mixed gas stream is
very important. The issues associated with controlling individual gas flowrates with

variable area, volumetric gas flowmeters, or rotameters, will be discussed.

Experimental Apparatus

Combustion experiments were performed to evaluate the emissions of nitrogen
oxides (NO,) from the combustion of by-product fuels from steel making operations.
Exhaust gases from the primary operations in the steel making process are almost

exclusively utilized as supplemental fuels within the steel plant. These by-product fuels
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include blast furnace gas (BFG) and coke oven gas (COG) which contain mixtures of
hydrogen (H,), carbon monoxide (CO), methane (CHy), carbon dioxide (CO,) and
nitrogen (N;). These fuels are burned alone or in combination with natural gas to fire the
coke ovens, blast furnace stoves, utility boilers and metal working furnaces.

Experiments were performed on a 100,000 Btwhr, U-shaped furnace utilizing a
variety of fuel blends under various conditions. The flowrates of the individual gases and
air were calculated from specified combustion conditions using a Microsoft Excel
spreadsheet. The calculations were based upon the furnace firing rate, the stoichiometric
conditions, and the specified fuel blend. The individual component flowrates were based
upon the specified fuel blend and the average compositions of the by-product fuels.

Ambient air was utilized in this experimentation, delivered from a large, industrial
gas compressor. The air was passed through a filter to remove particulates and a trap to
remove oil and water. The air pressure as delivered from the compressor showed some
variation over time, so an additional pressure regulator was installed in the air line prior
to the experimental apparatus. The delivery pressure to the air control rotameters was
maintained at 105 pounds per square inch, gauge (psig).

The BFG and COG used in this experimentation were simulated dry gas mixtures,
prepared from individual cylinders for Hi, CO, CO,, and N,. Natural gas (NG) was used
for the methane component of COG and was obtained from the local utility company,
QUESTAR. The H; and CO were provided from a bank of standard K-size cylinders.
The N, and CO, were provided from Dewar cylinders of the liquefied gases. These N;

and CO, streams were passed through heat exchangers prior to blending with the other
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fuels to ensure they were in the gas state prior to injection, and prevent the freezing of
plumbing lines.

Two control panels were built for regulating and mixing the individual gas
components of BFG and COG. One panel was used to control the gas mixtures provided
to the burner and the other control panel to control the gas mixtures used for reburning
experiments. A schematic of the panel built for the control of the primary gas
components is provided in Figure B.1. The individual gases were controlled by a series
of three Dwyer rotameters to allow for a wide range of flowrates. The primary panel
allowed flowrate ranges of 0 to 280 standard cubic feet per hour (scfh) for Hy, 0 to 330
scfh for N3, 0 to 160 scfh for CO, and 0 to 130 for CO,. Two pressure gauges were
connected with a shutoff valve in the line of each gas component, to allow for pressure
measurement and correction for the range of flows anticipated. Backpressures in the
range of 0 to 50 inches of water in the low flow rate range, and 0 to 5 psig at high
flowrates were measured for flow correction.

The reburn fuel components were controlled by a set of two rotameters. The
panel allowed flowrate ranges of 0 to 100 scfh for Ha, 0 to 110 scfh for N3, 0 to 60 scth
for CO, and 0 to 50 for CO,. A single pressure gauge on each of these component lines
allowed backpressure, flow correction in the range of 0 to 50 inches of water. The NG
and the NG component of COG were controlled by a separate set of Dwyer rotameters,
allowing for a range of flows of 0 to 250 scfh for NG as a primary fuel and 0 to 25 scth

for NG as a reburn fuel.
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The air streams fed to the furnace were controlled by a set of linearly-graduated
Brooks rotameters. The swirl air stream, which usually represented 60% of the air flow
to the furnace in the combustion study, was controlled by Brooks Model Number 1110-
09K3G1A, with graduated glass tube Model Number R-9M-600-1. The axial air stream
was controlled by Brooks Model Number 1110-08K2G1A, with graduated glass tube
Model Number R-8M-600-4. Each of these rotameters required a separate calibration to
establish a flowrate/rotameter reading scale. The accuracy of the readings from these
rotameters was reported by the manufacturer to be 2% of full scale.

The Dwyer Rate-Master line of rotameters was utilized in this experimentation.
The two model types used were RMC for the larger flow rate ranges and RMB for the
intermediate to low flow rates. The rotameters were factory calibrated for scth of air
flow, at the standard conditions of 14.696 pounds per square inch, absoiute (psia) and
70°F. Their use in this experimental setup required corrections for gas density and
system pressure. Factory specifications on the accuracy of these meters were +2% and
+3% of full scale for the RMC and RMB models, respectively.

Calibration of the air and natural gas rotameters was performed utilizing dry gas
meters. The dry gas meter utilized for the air rotameter calibrations was a Singer
American Meter Division AL-800 (Serial Number 82s56188548) provided by QUESTAR
Gas. The meter is rated for 800 cubic feet per hour (cth) at % inch differential pressure
and 1,700 cth at 2 inches of differential pressure. The accuracy of the meter was reported
by QUESTAR to be +2%.

The accuracy of the Dwyer rotameter scales was verified through the calibration

of the primary natural gas rotameter. The dry gas meter utilized for the natural gas
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rotameter calibration was a Rockwell 175-S Meter CL-175 (Serial Number JP 505160),
which was rated for 175 cfh at a differential pressure of 5 psig.

The standard conditions defined for the calibration of the rotameters were a
pressure of 1 atmosphere (atm) (14.696 psia) and a temperature of 70°F. The variation in
barometric pressure corrections was accounted for in the calibrations, taking into account
the laboratory temperature and the altitude and latitude of Salt Lake City, Utah. The
laboratory temperature did not show much variation from 70°F during the calibration, so

the temperature correction to the calibration was negligible.

Discussion

The rotameters were calibrated with the dry gas meter connected in line with the
combustion apparatus. The dry gas meter was connected after the rotameter and pressure
gauge which monitors the back pressure on the rotameter. The outlet of the dry gas meter
was connected back into the existing plumbing, which included passing through a
restrictive series of electric heaters and passing into the burner prior to injection into the
furnace. Plumbing to and from the dry gas meter for the calibration were of minimal
length and of large diameter hose, % inch nominal diameter, in order to minimize
additional backpressure on the rotameter pressure gauge due to the introduction of the gas
meter. A schematic of the calibration system is provided in Figure B.2.

The use of the rotameters in the combustion apparatus of this investigation
required utilization at varying backpressures. The restriction on the air flow through the
electric heaters and into the burner/injector resulted in different backpressures for each
rotameter reading. This system pressure was an artifact of the combustion apparatus at a

given rotameter reading and was not adjusted with any valves downstream of the
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rotameter. Therefore the calibration had to take into account backpressure in addition to
rotameter reading to yield a volumetric flow rate.

A series of data were taken on each of the Brooks rotameters. The data are
provided in Tables B.1 and B.2 for the swirl and axial air rotameters, respectively. The
data consist of volume measurements over a given time period at a particular rotameter
reading. At each setting, the system pressure was noted to be included in the calibration.
Data were recorded in duplicate at each rotameter setting. The actual cubic feet per hour
(acfh) measured as the ratio of measured volume to time was corrected to standard
conditions with a pressure correction. The average of the duplicate readings, converted
to acth, was utilized for the correlation.

The correlation of the data is provided in Figures B.3 and B.4. The association of

rotameter setting to pressure was taken as follows:

‘/(P,M +P )

P

atmospheric

where P ., =14.7psia
Poame; = rotameter backpressure
P

emospheric = l0Cal atmospheric pressure

This relation takes into account the difference in actual pressure to standard
pressure, and the difference in actual system backpressure and standard conditions. Use
of this factor in the correlation of rotameter setting to flowrate in scfh yielded a linear

relation.
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Table B.1. Swirl Air Rotameter Calibration Data

2/3/99, Notebook Page 11-123, MAIN CALIBRATION

I

|

Large Rotameter at Meter (Swirl air, Brooks Model #1110-09K3G1A, R-9M-600-1, SN# 7808H53011

Patm 12.384 psia

l

Both airs, axial @ 85, 11.1psig, heater sections - 2(axial), 1(swirl), heaters @ 560-608F, incoming air P=105psig(panel)
Pmeter Pmeter Q (scth) @
Setting Prot (psig) |V (ft3) T (F) T(R) ("H20) (psia) t(s) Q (acth) Rotameter
40.0 59 15 79.0 53867| 315 13.739 83.02| 650446 597.917
40.0 5.9 15 79.0 538.67 375 13.739 8297| 650.838]  598.277
42,5 6.6 15 79.0 538.67 40.0 13.829 78.24| 690.184] 638.617
425 6.6 15 79.0 538.67 40.0 13.829 78.13|  691.156|  639.516
45.0 7.3 15 79.2 538.87 45.0 14.010 7395  730.223|  684.235
45,0 73 15 792 538.87 45.0 14.010 7399|  729.828|  683.865
475 8.2 15 79.0 538.67 50.0 14.190 70.28)  768.355]  729.519
47.5 8.2 15 79.0 53867 500 14.190 70.25| 768.683|  729.831
50.0 9.1 15 79.2 538.87 57.0 14.443 67.15| 804.170|  776.842
50.0 9.1 15 79.2 538.87|  57.0 14.443 67.26]  802.855| 775571
52.5 10.1 15 79.4 539.07 64.0 14.696 64.05| 843001 828.393
52.5 10.1 15 79.4 539.07 64.0 14.696 63.93] 844.674| 829.948
55.0 11.1 15 79.4 53007 710 14.949 61.20] 882.353] 881.889
55.0 11.1 15 79.4 539.07 71.0 14.949 61.30| 880.914|  880.450
57.5 122 15 79.4 539.07| 80.0 15.274 58.74|  919.305|  938.806
57.5 12.2 15 79.4 539.07| _ 80.0 15.274 58.80] 916964 936.414
60.0 13.4 15 79.4 539.07 89.0 15.599 5649 955921 996.978
60.0 13.4 15 79.4 539.07 89.0 15.599 56.52| 955.414]  996.449
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The correlation equation is as follows:

Rotameter Reading * J (Prnrs * Proameter) = slope* Q(scfh) + y —intercept

Paunosphcric

The use of the Dwyer rotameters for gases other than air in a gas blending
manifold required corrections for gas density and system pressure. The correction of the

volumetric flowrate for these variations is as follows:

+P

(P: ic mnm:lzr)
ana.m =QDwychndingJ ?;'an

where Qg o reaaing = flowratereading on Dwyer rotameter

SG = specific gravity of metered gas relativeto air

The accuracy of the Dwyer rotameters factory scale was tested utilizing a dry gas
meter on the primary natural gas feed to the furnace. As in the testing of the air
rotameters, the dry gas meter was connected in line with the operation of the furnace
apparatus. Because the natural gas feed was not heated, the backpressure on this
rotameter is not as great or variable as that on the air rotameters. The NG feed did flow
through restriction in the burner/injector.

The data of the calibration of the NG rotameter are provided in Table B.3, and the
results are provided in Figure B.5. The data show that the measurements made utilizing
the Dwyer scale are very close to those made utilizing the dry gas meter. In the main
operational range of the rotameter, the difference between the calibrations is between 2

and 3%. The data correlation obtained from the dry gas meter calibration was utilized for
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Table B.3. NG Rotameter Calibration Data

Natural Gas Rotameter Calibration

Notebook p. 291

Dwyer Model # RMC 103
Serial Number SO7F-8904
Temp 26.8|(correction -2.81 mmHg)
Latitude Cq 0.3
Patm 637.89mmHg  [(actual conditions 70F, 12.369psi)
Patm 0.839,atm
Patm 12.335|psia -
Ps 14.696|psia (standard conditions 70F, 14.696psi)
Ts 70|F
NG SG 0.6128 |(Specific gravity, analysis from 1/14/99)
Flowrate @ | Flowrate @ | Corrected
Rotameter| Rotameter Volume|Gas Meter Pgm| meter outiet | meter outlet | Dwyer Scale
Setting | Pr (in. H20) t(s) (ft3) (in. H20) (acth) (scth) {scfh)
87.5 59| 1028.00( 34.0 35 119.07 100.96 103.28
87.5 59 742.20f 245 35 118.84 100.76 103.28
87.5 59| 3688.20[ 1215 35 118.59 100.56 103.28
30.00 25 95.78 1.0 1.3 37.58 31.67 35.24
40.00 30 66.09 1.0 1.5 54 47 45.92 47.02
50.00 35 52.98 1.0 20 67.95 57.36 58.82
60.00 4.0 43.89 1.0 23 82.02 69.31 70.63
70.00 4.7 37.79 1.0 2.7 95.27 80.60 82.48
80.00 5.3 65.75 2.0 32 109.51 92.78 94.35
90.00 6.2 58.03 20 37 124.08 105.27 106.28
100.00 7.2 52.24 20 42 137.83 117.11 118.26
110.00 8.2 48.47 20 5.0 148.55 126.50 130.27
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the control of the NG rotameter. However the corrected Dwyer scale was utilized to

control the other Dwyer rotameters used in this investigation.

Conclusions

The calibration of gas rotameters regulating the flow of feed gas and air in a
research combustion facility was discussed. The complicating factors in using rotameters
in a multiple gas and air feed system lies in the pressure correction to the volumetric flow
rate. Pressure restrictions or the blending of fuels and/or air downstream result in
backpressures on the rotameter. The operation of the rotameter at different settings is
associated with different system back pressures. Calibrations were performed taking into
account the back pressure and volumetric flow rate with rotameter reading under in-line

conditions to most accurately reflect the true operation of the combustion facility.
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Nomenclature

atmosphere

actual cubic feet per hour
blast furnace gas

British Thermal Units per hour
cubic feet per hour
methane

carbon monoxide

carbon dioxide

coke oven gas

hydrogen

nitrogen

nitric oxide

nitrogen dioxide

general term given to a mixture of nitrogen oxides

natural gas

Standard pressure, 1 atm (14.696 psia)

Rotameter backpressure
Local atmospheric pressure

pounds per square inch, absolute

pounds per square inch, gauge

Flowrate reading on Dwyer rotameter

standard cubic feet per hour
Specific gravity relative to air
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APPENDIX C

U-FURNACE OPERATION SPREADSHEET

The flowrates of the individual gases and air feeds to the U-Furnace were
calculated from specified combustion conditions using a Microsoft Excel spreadsheet.
The calculations were based upon the furnace firing rate, stoichiometric conditions, and
the specified fuel blend. The individual component flowrates were based upon the
specified fuel blend and the average compositions of the by-product fuels.

This Appendix contains a complete listing of the spreadsheet that was used in the

experiments on the U-Fumace.
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U Furnace Flowrate Spreadsheet, NOx in Steelmaking - Geneva Steel Project

Standard Conditions (STD) 70°F and 1 atm, Actual (Local) Conditions (AC) 70°F and .85 atm
Coke Oven Gas (COG) and Blast Furnace Gas (BFG) Combustion Simulation

Constants Values Comments

STD Mol Vol,t~3/Ibmol 386

MW of Air 28.87 Air @ 60°F(db), 50% rel. humidity

% 02 in Alr 20.81%  [Source; NACH

% N2 in Alr 77.35% 78.32% N2+Ar+Others

% H20 in Air 0.88%

Density of

alr@60°Fdb, 50%rh 007607  |iym3

Density of

alr@60°Fdb,50%rh 1.218 kg/m3
{Loca! Atmos. Press.,psia 12.4

IHeat of vapor (20) @ ST0 | 969.7  [Btuyin

Gas Properties BTU/R3 Density, g/L MW, g/gmol

COG 570.00 0.4050 11.72

IsrG 96.00 1.3340 29.42

[Natural Gas 1028.67 0.7167 12.23

[air 0.00 1.2928 28.84

COG

Components Vol % Density, a/L | SG (relative to ain) | MW, g/gmol MW*Vol. % mol% | HHV (BTU/scf)

[n2 52.36 0.0898 0.070 2.02 1.06 0.0233 52.3725 325
fo2 0.47 1.4289 1.103 32.00 0.15 0.0002 0.4713 0
v 5.64 1.2507 0.966 28.02 1.58 0.0025 5.6530 0
fcna 29.71 0.7167 0.533 16.03 4.76 0.0133 29.8280 994
[co 6.53] 1.2501 0.966 28.00 1.83 0.0029 6.5466 321
fco2 1.73] 1.9768 1.517 44,00 0.76 0.0008 1.7453 0

891
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[c2H4 (est. SG) 3.34] 1.2644 0.978 28.03 0.94 0.0015 3.3832 1,576
lcame 0.00} 1.3567 1.035 30.05 0.00 0.0000 0.0000 1,742
fcan2 (est. density) 0.00] 1.4000 0.897 26.00 0.00 0.0000 0.0000 1,451
Ic3h8 (est. density) 0.00] 2.0000 1.550 44.00 0.00 0.0000 0.0000 2,476
Jcene (est. density) 0.00 2.0000 1.550 78.00 0.00 0.0000 0.0000 3,687
Total 99,78 Ave. MW 11.07 0.0445|  100.0000
[HHV (BTU/scf), calc. 541.04 LHV (BTU/scf) 517.34

HHV (BTU/scf), as LHV (BTU/scf),

biended (AB) 532.41 AB 508.7%

From the Stoichiometric Expression

H2(0.498) 02(0.00723) N2(0.0710) CH4(0.307) CO(0.0652) C02(0.0121) + 0.887402 + 3.35N2 = 0.384C02 + 1.11H20 + 3.43N2

MW of COG (Geneva Steel) 11,7200

{Mole C/mole COG 0.4131

{Mole H/mole COG 2.3692

|R_egulrement

Moles 02/mole COG 0.9555

Moles Air/mole COG 4.5913

Product

Moles CO2/mole COG 0.4131

[Moles H20/mole COG 1.1846

Moles N2/mole COG 3.6837

HHV, Btu/scf Geneva Steel

Analysis 570.0000]

{LHv, BTU/scf 546.3022

{coG 1/(ma/mf)s 0.0835

BFG

Components Vol % Density, g/l | SG (relative to air) MW, g/gmol MW*Vol. % mol mol%

H2 3.45 0.0898 0.070 2.02 0.07 0.0015 3.4539

fo2 0.07 1.4289 1.103 32.00 0.02 0.0000 0.0703]

In2 53.48] 1.2507 0.966 28.02 14.99 0.0239 53.6520}

[co 22.43] 1.2501 0.966 28.00, 6.28 0.0100 22.5074]
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fco2 20.12 1.9768 1.517 44.00 8.85 0.0090 20.3164]
Ar 0.00 1.7828 1.378 3991 0.00 0.0000 0.0000}
Total 99,55 Ave. MW 30.21 0.0445]  100.0000]
[HHV (BTU/scf), AB 83.47 LHV (BTU/scf), Al 81.91
From the Stoichiometric Expression
H2(0.0879) 02(0.00107) N2(0.472) CO(0.205) CO2(0.228)+ 0.145302 + .549N2 = 0.433CO2 + 0.0879H20 + 1.02N2
MW of BFG 29,4200
l.'jﬂ!"‘m"t
Moles 02/mole BFG 0.1294
Moles Air/mole BFG 0.6218]

Product

[Moles CO2/mole BFG 0.4282
IMoles H20/mole BFG 0.0345
Motes N2/mote BFG 1.0257
HHV, Btu/scf (Geneva
Analysis) 96.0000
fLuv, BTU/SCE 94,4386
IBFG 1/(ma/mns 1.6828
GAS ANALYSIS

Composition abtained from Mountain Fuel Company S. G. 0.6183
_phone: 324-3472 (Brigham Young) Component Component Component Component
% by Volume | % by Volume Std WV HV*Vol. % MW MW*Vol. %
COMPONENT current (3/11/99)] __average (BTU/RA3) (BTU/RA3)

[Methane (CH4) 89.5730] 89.33 1,012.00 906.48 16.04 14.37
[Ethane (C2H6) 6.7260] 6.69 1,786.00 120.16 30.07 2.02
IPropane (C3H8) 1.1720 1.10 2,522.00 29.56 44.09 0.52
[Butanes (C4H10) 0.3291 0.40 3,212.00 10.57 58.12 0.19
[Pentanes (C5H12) 0.0752 0.13 4,012.00 3.02 72.15 0.05
[Hexanes (C6H14) 0.0111 0.05 4,762.00 0.53 86.18 0.01
[Heptanes (C7H16) 0.0060] 0.00 5,414.27 0.32 100.20 0.01
loctanes (c8H18) 0.0057] 0.00 6,151.62 0.35 114.23] 0.01
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Location

Stage 1

1.15

Stage 2

1.15

Stage 3

1.15

Rebumn

1.15

1.15

[HHY, Btu/n~3 321,000}
fLmv, stu/nns 321.000}
fco 1/(ma/mns 0.404]
Hydrggren (H2)
Mw H2 2.0200]
{Mole C/mole H2 0.0000}
IMole H/mole H2 2.0000
Requirement
Moles O2/mole H2 0.5000)
IMoles Air/mole H2 2.4027
Iproduct
[Moles CO2/mole H2 0.0000}
IMoles H20/mole H2 1.0000
Moles N2/mole H2 1.9027
jHHyY, Bty/f~3 325.0000
jLHV, Bru/R~3 275.0000}
42 1/(ma/mns 0.0291]
Inert Gas (N2)
[Moles N2/mole gas {1000 |}
Firlng Rates (Btu/hr)
Total Energy (COG+BFG 100,000
stab. gas)
Primary/Reburn Fuet 100,00%
PRIMARY FUEL BLEND
%Tot. from Stab. Gas 0.00%
%Tot. from COG 77.50%
%Tot. from BFG 22.50%
9%Tot. from Inert (N2) 0.00%
9%Tot. from Gas (CO) 0.00%

[Mol 02/mol fuel,{ 0.4241
[Mot 02/mol fuey, 0.4877,
frsr 1.15

CLl
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|stabitization Gas 0
{coG Gas 77,500
|oFG Gas 22,500  |(Btu/hr/Btu/sch)*%inert
Inert Gas (N2) 0 flow based on total BFG flow at same %age
Gas (CO) 0
REBURN FUEL BLEND
9%Tot. from Stab. Gas 0.00%
%Tot. from COG 0.00%
%TYot. from BFG 0.00%
9%Tot. from Inert (N2) 0.00%
%Tot. frum Gas (CO) 0.00%
%Tot. from Gas (H2) 0.00% 91629.1764
Stabilization Gas 0 0.0000
[coG Gas o 0.0000
BFG Gas 0.0000
Inert Gas (N2) 0.0000
Gas (CO) 0 0.0000
[Gas (H2) of
Swirl/Axial Sec.:]  60.00% 40.00%
%Prim Air in Total Air 0.00%
Reburn Carrier, SCFH 0.00
FEED RATES-GAS,AIR
PRIMARY FUEL FLOW RATES, SCFH
A. Gas Flowrates setting After Stage 1 (wet) 1343.97
1. COG Nat. Gas, SCFH 50.35 After Stage 1 (drv) 1154.01
P © rot. exit, in. H20 2.50 After Stage 2 (wet) 1343.97 not correct, sub SR
Rotameter Setting] __ 42.95 After Stage 2 (dry) 115401 Jnot corret, sub SR
After Burnout Air (wet) 1343.97
2.H2Gas, SCFH|  89.24 After Burnout Air (drv) 1154.01
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P © rot. exit, in. H20 6.50
Rotameter Setting 25.47
3. N2 Gas, SCFH 155.49
P @ rot. exit, in. H20 6.50
Rotameter Setti 164.84
4. CO Gas, SCFH 71,56
P © rot. exit, in. H20 6.20
Rotameter Setting|  75.90
S. CO2 Gas, SCFH 57.90
P © rot. exit, in. H20 6.20
Rotameter Setti 76.96
6. Stabil. Gas, SCFH 0.00
P © rot. exit, in. H20 3.70
Rotameter Setting 0.43
REBURN FUEL
A. Gas Flowrates setting
1. COG Nat. Gas, SCFH 0.00
P © rot. exit, in. H20 1.80
Rotameter Setting 0.00
2. H2 Gas, SCFH 0.00
P © rot. exit, in. H20 3.00
Rotameter Setting 0.00
3. N2 Gas, SCFH 0.00

Composition of Flue Gas (dry)

Main Furnace Flue (dry)

#REF)

%C02 %02
Stage 1 15.65% 2.35%
Stage 2 15.65% 2.35%
[Burnout 15.65% 2.35%
Ammonia Injection
NO reading, ppm 360.00

NH3, NH3 flow, NH3 Rotameter N2 Flow,

N/NO Ratio ppm mi/min Setting mi/min

0.50 180.00 114.17 36.09 #DIV/0!

1 360.00 228.34 62.84 #DIV/0!

1.5 540.00 342.51 89.59 #DIV/0!

2 720.00 600.00 149.92 #DIV/0!
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P @ rot. exit, in. H20 1.00
Rotameter Setting 0.00
4, CO Gas, SCFH 0.00
P O rot. exit, in. H20 12.50
Rotameter Setting 0.00
5. CO2 Gas, SCFH 0.00
P @ rot. exit, in. H20 0.80
Rotameter Setti 0.00
6. Stabil. Gas, SCFH 0.00
P © rot. exit, in. H20 0.80
Rotameter Setting 0.00
B. Air Flowrates
Total Air Req'd.,SCFH 1000.80
1. Aux Burn Air,SCFH 0.00
P @ rot. exit, psig 0.00
Rotameter Setti 0.00
2. Sec. Alr, SCFH 1000.80
P @ rot, exit, psig 3.70
Swirl Rotameter Setting 42,90
P @ rot. exit, psig 6.80
Axial Rotameter Setti 76.47
3. B/0. Alr, SCFH 0.00
P @ rot, exit, psig 2.20
Rotameter Setting] 0.0
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TEMPERATURE CALIBRATIONS
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2445
y = 0.41879245x + 1316.70129910

2440 1 R’ = 0.81560439 A

2435 -

*
‘0
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=
S
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2400 7 T T T T
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Figure D.2. Temperature Correlation between Thermocouple and Suction Pyrometer
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APPENDIX E
MECHANISM FILES FOR CHEMKIN EVALUATIONS

REI97 Mechanism

GRI Mech 3.0

GRI Mech 2.11

Bilbao Reburn Mechanism

Bilbao Burn Out Mechanism

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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REI97 Mechanism

ELEMENTS H o] c N
SPECIES

CH4 CH3 CH2 CH CH20 HCO CO2 CO H2 H 02 O OH HO2 H202 H20

C2H C2H2 HCCO C2H3 C2H4 C2HS C2H6 CH20H CH30 H2CCCH C3H2 CH2(S)
CH2CO C C4H2 H2CCCCH HCCOH N2 NO N NH NH2 HNO HCN NCO CN N20 NNH HNCO
C2N2 NO2 HOCN HCNO H2CN NH3 CH2CHCCH CH2CHCCHZ C20 C3H4 C2 H2C40
HCCHCCH CH2CHCHCH CH2CHCHCH2 C6H6 C6H5 C3H4P C302 AR HE

END

AR HE S END

This mechanism table represents Miller/Bowman work PLUS:
Included are additions and revisions from:
Hupa, (1990)

Glarborg, (1991}
Dean, Hanson, and Bowman (1991) from J. Phys. Chem. on N chemistry

- v 4= b g tes = eee = 0=

and Miller and Melius (1992) from Comb & Flame on HC chemistry

REACTIONS
CH3+CH3 (+M) =C2H6E (+M) 9.030E+16 -1.180 654.000

LOW/3.18E41 -7.03 2762./

TROE/0.6041 6927. 132./

H2/2/ CO/2/ CO2/3/ H20/S/
CH3+H (+M) =CH4 (+M) 6.000E+16 -1.000 0.000

LOW/8.0E26 -3.0 0.0/

SRI/0.45 797. 97%./

H2/2/ CO/2/ Co2/3/ H20/5/
CH4+02=CH3+HO2 0.790E+14 0.000 56000.000 ! SKINNER ET AL 1972
CH4+H=CH3 +H2 0.220E+05 3.000 8750.000 ! CLARKSDOVE
CH4+OH=CH3+H20 0.160E+07 2.100 2460.000 ! TULLYSRAVI
CH4+0=CH3+0H 1.020E+09 1.500 8604 .000 ! TSANG
1CH4 +0=CH3+0H 1.020E+09 1.500 8604.000 ! Miller 92
CH4 +HO2=CH3+H202 0.180E+12 0.000 18700.000 ! NBS
CH3+HO2=CH30+0H 0.200E+14 0.000 0.000 ! NBS
CH3+02=CH30+0 0.205E+19 -1.570 29229.000 ! NBS
CH3+0=CH20+H 0.800E+14 0.00G0 0.000
CH20H+H=CH3+0H 0.100E+15 0.000 0.000 ! EST JAM
CH30+H=CH3+OH 0.100E+15 0.000 0.000 ¢ EST JAM
CH3+0H=CH2+H20 0.750E+07 2.000 5000.000 ¢ JAM
CH3+H=CH2+H2 7.200E+14 0.000 15100.000 ! Bowman 1991
CH30+M=CH20+H+M 0.100E+15 0.000 25000.000 ! PG
CH20H+M=CH20+H+M 0.100E+15 0.000 25000.000
CH30+H=CH20+H2 0.200E+14 0.000C 0.000 ¢ PG
CH20H+H=CH20+H2 0.200E+14 0.000 0.000
CH30+0OH=CH20+H20 0.100E+14 0.000 0.000 ! PG
CH20H+QH=CH20+H20 0.100E+14 0.000 0.000
CH30+0=CH20+0H 0.100E+14 0.000 0.000 ¢! PG
CH20H+0=CH20+0H 0.100E+14 0.000 0.000
CH30+02=CH20+HO2 0.630E+11 0.000 2600.000 ! PG
CH20H+02=CH20+HO2 0.148E+14 0.000 1500.000 ! CODATA,EA ASSUMED
CH2+H=CH+H2 1.000E+13 0.000 0.000 ! Bowman 1991
CH2+OH=CH+H20 0.113E+08 2.000 3000.000 ! JAM
CH2+0H=CH20+H 0.250E+14 0.000 0.000 ! PG
CH+02=HCO+0 0.330E+14 0.000 0.000 ! PG
CH+0=CO+H 0.570E+14 0.000 0.000 ¢ PG
CH+OH=HCO+H 0.300E+14 0.000 0.000 ! PG
CH+OH=C+H20 4.000E+7 2.000 3000.000 ! Miller 1992
CH+C02=HCO+CO 0.340E+13 0.000 690.000 ! PG
CH+H=C+H2 1.100E+14 0.000 0.000 ¢! Bowman 1991
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CH+H20=CH20+H
CH+CH20=CH2CO+H
CH+C2H2=C3H2+H
CH+CH2=C2H2+H
CH+CH3=C2H3+H
CH+CH4=C2H4+H
C+02=C0O+0Q
C+OH=CO+H
C+CH3=C2H2+H
C+CH2=C2H+H
CH2+C02=CH20+CO
CH2+0=CO+H+H
CH2+0=C0O+H2
CH2+02=CO2+H+H
CH2+02=CH20+0
CH2+02=C02+H2
CH2+02=C0+H20
CH2+02=CO+0H+H
CH2+02=HCO +OH
CH20+0H=HCO+H20
CH20+H=HCO+H2
CH20+M=HCO+H+M
CH20+0=HCO+0OH
HCO+OQOH=H20+CO
HCO+M=H+CO+M

1.170E+1S
0.946E+14
0.100E+15
0.400E+14
1.000E+13
0.600E+14
0.200E+14
0.500E+14
0.500E+14
0.500E+14
0.110E+12
0.500E+14
0.300E+14
0.160E+13
0.500E+14
0.690E+12
0.190E+11
0.860E+11
0.430E+11
0.343E+10
0.219E+09
0.331E+17
0.180E+14
0.100E+15
0.250E+15

-0.750
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.180
1.770
0.000
0.000
0.000
0.000

CcO/1.87/ H2/1.87/ CH4/2.81/ CO2/3./ H20/5./

HCO+H=CO+H2

JAM

HCO+0=CO+0H

HCO+0=C0O2+H

HCO+02=H02+CO

CO+0+M=C02+M

CO+0H=C02+H

CO+02=C02+0

HO2+C0=C02+0H

1977

C2H6+CH3=C2H5+CH4

C2H6+H=C2H5+H2

C2H6+0=C2H5+0H

C2H6+OH=C2H5+H20

C2H4 +H=C2H3+H2

C2H4+0=CH3+HCO

C2H4+0OH=C2H3+H20

CH2+CH3=C2H4+H

H+C2H4 (+M) =C2HS (+M)
LOW/6.369E27 -2.76 -54./
H2/2/ CO/2/ CO2/3/ H20/S/

C2HS+H=CH3+CH3

C2HS+02=C2H4+HO2

C2H2+0=CH2+CO

C2H2+0=HCCO+H

H2+C2H=C2H2+H

H+C2H2 (+M) =C2H3 (+M)
LOW/2.67E27 -3.5 2410./
H2/2/ CO/2/ CO2/3/ H20/S5/

C2H3+H=C2H2+H2

C2H3+0=CH2CO+H

C2H3+02=CH20+HCO

C2H3+0H=C2H2+H20

C2H3+CH2=C3H4+H

C2H3+CH2=C2H2+CH3

C2H3+C2H=C2H2+C2H2

C2H3+C2H3=CH2CHCCH2+H

0.119E+14

0.300E+14
0.300E+14
0.330E+14
0.617E+15
0.151E+08
2.530E+13
0.580E+14

0.550E+00
0.540E+03
0.300E+08
0.870E+10
0.110E+15
0.160E+10
0.202E+14
4.000E+13
0.221E+14

1.000E+14
0.843E+12
0.102E+08
0.102E+08
0.409E+06
0.554E+13

0.400E+14
0.300E+14
0.400E+13
2.000E+13
3.000E+13
0.300E+14
0.300E+14
4.000E+13

0.250

0.000
0.000
-0.400
0.000
1.300
0.000
0.000

4.000
3.500
2.000
1.050
0.000
1.200
0.000
0.000
0.000

0.000
0.000
2.000
2.000
2.390
0.000

0.000
0.000
0.000
0.000
0.0Q00
0.000
0.000
0.000

0.000
-515.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1000.000
0.000
0.000
1000.000
9000.000
500.000
-1000.000
-500.000
-500.000
~447.000
3000.000
81000.000
3080.000
0.000
16802.000

0.000

0.000
0.000
0.000
3000.000
-758.000
47688.000
22934.000

8300.000
5210.000
5115.000
1810.000
8500.000
746.000
5955.000
0.000
2066.000

0.000
3875.000
1900.000
1900.000

864.300
2410.000

0.000
0.000
-250.000
0.000
0.000
0.000
0.000
¢.000

[ I L v e v tem b=y s
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JAM, LIN
THORNE
THORNE
PG
Bowman 19591
PG
THORNE
THORNE
PG

PG

PG

JAM 2/87
JAM 2/87

PG

PG

PG

PG

PG

NBS

NBS

DEAN, CSF 1980
NBS

TEMPS
WARNATZ, WAGSBOW

HARD.$WAG.21S8T,

PG

PG
VEYRETSLESCLAUX
NBS

BAULCHSDRYS
Miller 1992
ATRI ET AL,CSF

CLARKSDOVE
WARNATZ REVIEW
PG

WARNATZ ?

PG

TULLY 1987
Bowman 1991
MICHAEL, GLANSTROE

NBS

JAM, FONT, PEETERS
JAM, FONT , PEETERS
HARDING, PHYS, 1

HOYERMANN
HOYERMANN 21ST
PG

Miller 1992
Miller 1992
MMSK

MMSK

Miller 1992
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C2H3+CH=CH2+C2H2
OH+C2H2=C2H+H20
OH+C2H2=HCCOH+H
OH+C2H2=CH2CO+H
OH+C2H2=CH3+CO
HCCOH+H=CH2CO+H
C2H2+0=C2H+0H
CH2C0+0=C02+CH2
CH2CO+H=CH3+CO
CH2CO+H=HCCO+H2
CH2CO+0=HCCO+OH
CH2CO+0OH=HCCO+H20

CH2CO (+M) =CH2+CO (+M)
LOW/3.6E15 0.0 59270./

C2H+02=C0+CO+H
C2H+C2H2=C4H2+H
HCCO+C2H2=H2CCCH+CO
H+HCCO=CH2 (S) +CO
0+HCCO=H+CO+CO
HCCO+02=C0+CO+0H
HCCO+02=C02+CO+H
CH+HCCO=C2H2+CO

HCCO+HCCO=C2H2+CO+CO

HCCO+0H=C20+H20
C20+H=CH+CO
C20+0=C0+CO
C20+0H=CO+CO+H
C20+02=C0+C0O+0

CH2 (S) +M=CH2+M
H/0.0/
CH2 (S} +CH4=CH3+CH3

CH2 (S) +C2H6=CH3+C2HS

CH2 (S) +02=CO+OH+H
CH2 (S) +H2=CH3+H
CH2 (S) +H=CH2+H

CH2 (S) +H20=CH3+0H
CH2 (S) +H20=CH2+H20

CH2 (S) +C2H2=H2CCCH+H
CH2 (S) +C2H2=CH2+C2H2

CH2 (S) +0=CO+H+H
CH2 (S) +OH=CH20+H
CH2 (S) +H=CH+H2

CH2 (S) +C02=CH20+CO
CH2 (S) +CH3=C2H4+H

CH2(S) +CH2C0=C2H4 +CQ

C2H+0=CH+CO
C2H+OH=HCCO+H
C2H+0OH=C2+H20
C2+H2=C2H+H
C2+02=C0+CO
C2+0H=C20+H
CH2+CH2=C2H2+H2
CH2+HCCO=C2H3+CO
CH2+C2H2=H2CCCH+H
C4H2+0H=C3H2+HCO
C3H2+02=HCO+HCCO
C3H2+02=HCCO+CO+H
C3H2+0H=C2H2+HCO
C3H2+CH2=H2CCCCH+H
H2C40+H=C2H2+HCCO
H2C40+0H=CH2CO+HCCO
H2CCCH+02=CH2CO+HCO

0.S5S00E+14
3.370E+07
5.040E+05
2.180E-04
4.830E-04
0.100E+14
0.316E+16
0.175E+13
0.113E+14
0.500E+14
0.100E+14
0.750E+13
0.300E+15

3.520E+13
0.300E+14
1.000E+11
0.100E+15
0.100E+15
0.160E+13
1.400E+09
0.500E+14
0.100E+14
3.000E+13
5.000E+13
S.000E+13
2.000E+13
2.000E+13

0.100E+14

0.400E+14
0.120E+15
0.300E+14
0.700E+14
0.200E+15
1.000E+14
3.000E+13
1.800E+14
4.000E+13
3.000E+13
3.000E+13
3.000E+13
3.000E+12
2.000E+13
1.600E+14
0.S00E+14
0.200E+14
4.000E+0Q7
4.000E+05
5.000E+13
5.000E+13
3.200E+13
0.300E+14
0.120E+14
0.666E+13
0.100E+14
5.000E+13
5.000E+13
3.000E+13
S.000E+13
1.000E+07
0.300E+11

0.000
2.000
2.300
4.500
4.000
0.000

-0.600

0.00G0
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

G.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.0060
0.000
2.000
2.400
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2.000
0.000

0.000
14000.000
13500.000
-1000.000
-2000.000

0.000
15000.000

1350.000
3428.000
8000.000
8000.000
2000.000
70980.000

0.000
0.000
3000.000
0.000
0.000
854.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
8000.000
1000.000
0.000
0.000
0.000
0.000
6600.000
-410.000
0.000
0.000Q
0.000
0.000
3000.000
2000.000
2868.000
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JAM
MILLER
MILLER
MILLER
MILLER
JAM

WAGNER, TEMPS ET AL
MICHAEL

MMSK

MMSK

MMSK

WAGNERSZABEL

Miller 1992
MMSK

Miller 1992
PEETERS 1985
PEETERS 1985
PEETERS
Miller 1992
JAM EST
MMSK

Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992

NBS, ADJ

NBS

NBS

NBS

NBS

JAM

Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Miller 1992
BROWNE
JAM,12/22
Miller 1992
Miller 1992
Miller 1992
Miller 1992
Bowman 1991
JAM,1/11/82
BOHLAND ET AL,21ST
PERRY
THORNE,ET AL
Miller 1992

! Miller 1992

Miller 1992
Miller 1992
Miller 1992
GUTMAN, 21ST
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! CH2CHCHCH2 +OH=CH2 CHCHCH+H20 2.000E+07 2.000 5000.000
! CH2CHCHCH2 +OH=CH2CHCCH2 +H20 2.000E+07 2.000 2000.000

! Miller 1992
! Miller 1992

H2CCCH+0O=CH20+C2H 0.200E+14 0.000 0.000 ! JAM
H2CCCH+OH=C3H2+H20 0.200E+14 0.000 0.000 ! JAM
C2H2+C2H2=H2CCCCH+H 0.200E+13 0.000 45900.000 ! MMSK
! Sooting mechanisms from Miller and Melius, 1992
{H2CCCH+CH2=CH2CHCCH+H 4.000E+13 0.000 0.000 ! Miller 1992
tH2CCCH+CH=HCCHCCH+H 7.000E+13 0.000 0.000 ! Miller 1992
'H2CCCH+CH=H2CCCCH+H 7.000E+13 0.000 0.000 ! Miller 1992
! CH2CHCCH+OH=HCCHCCH+H20 7.500E+06 2.000 5000.000 ! Miller 1992
! CH2CHCCH+H=HCCHCCH+H2 2.000E+07 2.000 15000.000 ! Miller 1992
ICH2CHCCH+OH=H2CCCCH+H20 1.000E+07 2.000 2000.000 ! Miller 1992
{H+HCCHCCH=H2CCCCH+H 1.000E+14 0.000 0.000 ! Miller 1992
tH2CCCCH+02=CH2CO+HCCO 1.000E+12 0.000 0.000 ! Miller 1992
tH2CCCCH+OH=C4H2+H20 3.000E+13 0.000 0.000 ! Miller 1992
{H2CCCCH+0=CH2CO+C2H 2.000E+13 0.000 0.000 ! Miller 1992
tH2CCCCH+0=H2C40+H 2.000E+13 0.000 0.000 ! Miller 1992
{H2CCCCH+H=C4H2+H2 5.000E+13 0.000 0.000 ! Miller 1992
{H2CCCCH+CH2=C3H4+C2H 2.000E+13 0.000 0.000 ! Miller 1992
! CH2CHCCH+H=H2CCCCH+H2 3.000E+07 2.000 5000.000 ! Miller 1992
{ CH2CHCHCH+OH=CH2CHCCH+H20 2.000E+07 2.000 1000.000 ! Miller 1992
! CH2CHCHCH+H=CH2CHCCH+H2 3.000E+07 2.000 1000.000 ! Miller 1992
IC6HE6+H=C6H5+H2 3.000E+07 2.000 5000.000 ! Miller 1992
'C6H6 +OH=C6H5+H20 7.500E+06 2.000 5000.000 ! Miller 1992
1C2H3+C2H2=CH2CHCCH+H 2.000E+12 0.000 5000.000 ! Miller 1992
1C2H2+CH2CHCHCH=C6HE6+H 2.800E+03 2.900 1400.000 ! Miller 1992
'HCCHCCH+C2H2=C6HS 2.800E+03 2.900 1400.000 ! Miller 1992
{C3H4 +H=H2CCCH+H2 5.000E+07 2.000 5000.000 ! Miller 1992
{C3H4+0H=H2CCCH+H20 2.000E+07 2.000 1000.000 ! Miller 1992
1C3H4P+H=H2CCCH+H2 S.000E+07 2.000 5000.000 ! Miller 1992
1C3H4P+H=CH3+C2H2 1.000E+14 0.000 4000.000 ! Miller 1992
1C3H4P+OH=H2CCCH+H20 2.000E+07 2.000 1000.000 ! Miller 1992
!C6HS+0OH=C6H50+H S.000E+13 0.000 0.000 ! Miller 1992
IC6H5+02=C6HS50+0 1.000E+13 0.000 0.000 ! Miller 1992
!CH2+C4H2=C5H3+H 1.300E+13 0.000 4326.000 ! Miller 1992
!CH+C4H2=CSH2+H 1.000E+14 0.000 0.000 ! Miller 1992
{CH2 (S) +C4H2=CSH3+H 3.000E+13 0.000 0.000 ! Miller 1992
tC4H2+0=C3H2+CO 1.200E+12 0.000 0.000 ! Miller 1992
IC4H2+C2H=C6H2+H 4.000E+13 0.000 0.000 ! Miller 1992
{C2H2+02=HCCO+OH 2.000E+08 1.500 30100.000 ! Miller 1992
1C2H2 +M=C2H+H+M 4 .200E+16 0.000 107000.000 ! Miller 1992
1C2H4 +M=C2H2+H2+M 1.500E+15 0.000 §55800.000 ! Miller 1992
1C2H4 +M=C2H3+H+M 1.400E+16 0.000 82360.000 ! Miller 1992
1C2H3+C2H4=CH2CHCHCH2+H 3.000E+12 0.000 1000.000 ! Miller 1992
{ CH2CHCHCHZ2 +H=CH2CHCHCH+H2 3.000E+Q07 2.000 13000.000 ! Miller 19952
! CH2CHCHCH2 +H=CH2CHCCH2+H2 3.000E+07 2.000 6000.000 ! Miller 1992

!

1
! CH2CHCHCH+H=CH2CHCCH2+H 1.000E+14 0.000 0.000 ! Miller 1992
{H2CCCCH+M=C4H2+H+M 1.000E+14 0.000 55000.000 ! Miller 1992
!  LOW/2.000E+15 0.000 48000.0/
{HCCHCCH+M=C4H2 +H+M 1.000E+14 0.000 36000.000 ! Miller 1992
! LOW/1.000E+14 0.000 30000.0/
{ CH2CHCCH2 +M=CH2CHCCH+H+M 1.000E+14 0.000 ©50000.000 ! Miller 1992
! LOW/2.000E+15 0.000 42000.0/
' CH2CHCHCH+M=CH2CHCCH+H+M 1.000E+14 0.000 37000.000 ! Miller 1992
! LOW/1.000E+14 0.000 30000.0/
tH+C6H5=C6H6 5.000E+13 0.000 0.000 ! Miller 1992
! Nitrogen and H and OH radical chemistry
H2+02=2CH 0.170E+14 0.000 47780.000
'{OH+H2=H20+H 0.117E+10 1.300 3626.000 ! D-LSW
0+0H=02+H 0.400E+15 -0.500 0.000 ! JAM 1986
O+H2=0H+H 1.500E+07 2.000 7550.000 ! Bowman 1991
H+02+M=HO2+M 0.361E+18 -0.720 0.000 ! DIXON-LEWIS

H20/18.6/ CO2/4.2/ H2/2.86/ CO/2.11/ N2/1.26/
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OH+HO2=H20+02
H+HO2=20H
0+HO2=02+0H

t 20H=0+H20
H+H+M=H2+M

H2/0.0/ H20/0.0/ CO02/0.0/

H+H+H2=H2+H2
H+H+H20=H2+H20
H+H+C02=H2+C02
H+OH+M=H20+M
! H20/5/
E+0+M=0OH+M
H20/5/
10+0+M=02+M
H+HO2=H2+02
HO2+HO02=H202+02
H202+M=0H+OH+M
H202+H=HO2+H2
H202+0OH=H20+HO2
CH+N2=HCN+N
ICN+N=C+N2
CH2+N2=HCN+NH
H2CN+N=N2+CH2
H2CN+M=HCN+H+M
C+NO=CN+O
C+NO=N+CO
CH+NO=HCN+O
CH2 +NO=HCNO+H
CH3 +NO=HCN+H20
CH3+NO=H2CN+OH
HCCO+NO=HCNO+CO
CH2 (S) +NO=HCN+OH
HCNO+H=HCN+OH
CH2+N=HCN+H
CH+N=CN+H
C02+N=NO+CO
HCCO+N=HCN+CO
CH3+N=H2CN+H
C2H3 +N=HCN+CH2
H2CCCH+N=HCN+C2H2
HCN+OH=CN+H20
OH+HCN=HOCN+H
OH+HCN=HNCO+H
OH+HCN=NH2+CO
HOCN+H=HNCO+H
HCN+0=NCO+H
HCN+0O=NH+CO
HCN+0O=CN+OH
CN+H2=HCN+H
CN+0O=CO+N
CN+02=NCO+Q
CN+OH=NCO+H
CN+HCN=C2N2+H
CN+NO2=NCO+NO
CN+N20=NCO+N2
C2N2+0=NCO+CN
C2N2+0H=HOCN+CN
HO2+NO=NO2+QH
NO2+H=NO+OH
NO2+0=NO+02
NO2+M=NO+0O+M
NCO+H=NH+CO
NCO+0=NO+CO

0.750E+13
0.140E+15 0.000
0.140E+14 0.000
0.600E+09 1.300
0.100E+19 -1.000

0.000

0.920E+17 -0.600
0.600E+20 -1.250
0.548E+21 -2.000
0.160E+23 -2.000

0.620E+17 -0.600

0.189E+14 0.000
0.125E+14 0.000
0.200E+13 0.000
0.130E+18 0.000
0.160E+13 0.000
0.100E+14 0.000

0.300E+12 0.000

0.104E+16 -0.500
0.100E+14
0.200E+14
0.300E+15
2.000E+13
2.800E+13 0.000
0.110E+1S
0.139E+13
0.100E+12 0.000
0.100E+12 0.000
0.200E+14 0.000
0.200E+14
0.100E+1S
0.500E+14
0.130E+14
0.190E+12 0.000
0.500E+14
0.300E+14 0.000
0.200E+14 0.000
0.100E+14
0.145E+14 0.000
0.585E+05
0.198E-02
0.783E-03 4.000
0.100E+14 0.000

0.138E+05 2.640
0.345E+04 2.640
0.270E+10 1.580
0.295E+06 2.450
3.000E+13 0.000
0.560E+13 (.000

0.600E+14 0.000
0.200E+14 0.000
0.300E+14
0.100E+14 0.000
0.457E+13 0.000
0.186E+12 0.000
0.211E+13 0.000
0.350E+15
0.100E+14 0.000
0.110E+17 0.000
0.500E+14 0.000
0.200E+14 0.000

0.000
1073.000
1073.000

0.000

0.000

0.000
0.000
0.000

0.000

0.000

-1788.000

0.000
0.000
45500.000
3800.000
1800.000
13600.000

0.000

74000.000
0.000
22000.000
0.000
0.000
0.000
-1100.000
15000.000
15000.000
0.000
0.000
12000.000
0.000
0.000
3400.000
0.000
0.000
0.000
0.000
10929.000
12500.000
1000.000
4000.000
0.000
4980.000
4980.000
29200.000
2237.000
0.000
0.000
0.000
0.000
0.000
0.000
8880.000
2900.000
-479.000
1500.000
600.000
66000.000
0.000
0.000

!
!
!
!
1

- o= =
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D-L
D-L
D-L

! COHEN-WEST.

D-L

D-L
! D-L

D-L

! NBS
D-L

PG, JAM

! PHILLIPS,ROTH?
PG

JAM

JAM

Bowman 1991
Bowman 1991
BERMAN 82
VINCKSDEB
JAM

JAM

JAM

JAM

PG

JAM

JAM

CRC

JAM

JAM

JAM

JAM
SZEKELY
MILLERSMEL
MILLERSMEL
MILLERSMEL
JAM

PERRY
PERRY
MILLER
WAGNERSBAIR
Bowman 1991
LOUGESHANSON
HAYNES
STANFORD
JAM

JAM
STANFORD
PHILLIPS
HOWARD

PG
JAM
JAM
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NCO+N=N2+CO 0.200E+14 0.000 0.000 ! JAM,LIFS$SFRENK
NCO+0OH=NO+CO+H 1.000E+13 0.000 0.000
NCO+M=N+CO+M 0.310E+17 -0.500 48000.000 ! LOUGE$HANSON
NCO+NO=N20+CO 0.100E+14 0.000 -390.000 ! PERRY
NCO+H2=HNCO+H 0.85S8E+13 0.000 9000.000 ! PERRY, LOUGE
HNCO+H=NH2+CO 2.000E+13 0.000 3000.000 ¢ MERTENS,JAM
HNCO+M=NH+CO 1.140E+16 0.000 86000.000 ! M&B WSS
HNCO+NH=NH2+NCO 3.000E+13 0.000 23700.000 ! M&B WSS
HNCO+NH2=NH3+NCO 5.000E+12 0.000 6200.000 ! M&B WSS
OH+HNCO=NCO+H20 2.650E+12 0.000 5540.000 ! M&B WSS
HNCO+0=HNO+CO 3.250E+12 0.000 10300.000 ! M&B WSS
NH+O=NO+H 5.500E+13 0.000 0.000 ! Bowman 1991
NH+02=HNO+O 0.100E+14 0.000 12000.000 ! NH3 CST
NH+02=NO+0H 0.760E+11 0.000 1530.000 ! HACK.ET AL
NH+NO=N20+H 1.400E+14 0.000 12700.000 ! Bowman 1991
N20+OH=N2+HO2 0.200E+13 0.000 10000.000 ! JAM,9/87
N20+H=N2+OH 0.760E+14 0.000 15200.000 ! NH3 CST
N20+M=N2+0+M 6.900E+23 -2.500 64760.000 ! Bowman 1991
N20+0=N2+02 0.100E+15 0.000 28200.000 ! PG
N20+0=NO+NO 0.100E+15 0.000 28200.000 ! PG
NH+OH=HNO+H 1.000E+12 0.500 1987.000 ! Bowman 1991
NH+OH=N+H20 S.000E+11 0.500 1987.000 ! Bowman 1991
NH+N=N2+H 6.300E+11 0.500 0.000 ! Bowman 1991
{NH+H=N+H2 0.100E+15 0.000 0.000 ! JAM
NH2 +O=HNO+H 0.663E+15 -0.500 0.000
NH2+0=NH+0OH 0.675E+13 0.000 0.000
NH2 +OH=NH+H20 0.400E+07 2.000 1000.000 ! JAM,9/87
NH2+H=NH+H2 0.692E+14 0.000 3650.000
NH2+NO=NNH+OH 0.640E+16 -1.250 0.000
NH2+NO=N2+H20 0.620E+16 -1.250 0.000
NH3+OH=NH2+H20 0.204E+07 2.040 566.000 ! LOUGE
NH3+H=NH2+H2 0.636E+06 2.390 10171.000 ¢! MICHAEL
NH3+0=NH2+0H 0.210E+14 0.000 9000.000 ! PG
NNH=N2+H 0.100E+05 0.000 0.000 ! JAM,9/87
NNH+NO=N2+HNO 0.500E+14 0.000 0.000
NNH+H=N2+H2 0.100E+15 0.000 0.000 ! JAM,9/87
NNH+OH=N2+H20 0.500E+14 0.000 0.000
NNH+NH2=N2+NH3 0.500E+14 0.000 0.000
NNH+NH=N2+NH2 0.500E+14 0.000 0.000
NNH+O=N20+H 0.100E+15 0.000 0.000
HNO+M=H+NO+M 0.150E+17 0.000 48680.000 ! NH3 CST
H20/10/ 02/2/ N2/2/ H2/2/
HNO+OH=NO+H20 0.360E+14 0.000 0.000 ! NH3 CST
HNO+H=H2+NO 0.5Q0E+13 0.000 0.000 ! NH3 CST
HNO+NH2=NH3+NO 0.200E+14 0.000 1000.000 ! NH3 CST
N+NO=N2+0 4.300E+13 0.000 1560.000 ! Bowman 1991
{N+0O2=NO+O 0.640E+10 1.000 6280.000
IN+OH=NO+H 0.380E+14 0.000 0.000 SMITH, FLOWER
! Additions from Dean, Hanson, and Bowman 1991
NO+H=N+OH 2.600E+14 0.000 50410.000 ! Bowman 1991
C302+M=C20+C0O+M 2.000E+16 0.000 63000.000 ! Bowman 1991
C20+M=C+CO+M 3.000E+16 0.000 72000.000 ! Bowman 1991
C2H6+AR=CH3+CH3+AR 1.000E+19 0.000 68120.000 ! Bowman 1991
CH4+AR=CH3+H+AR 2.000E+17 0.000 88400.000 ! Bowman 1991
CH3+AR=CH2+H+AR 2.000E+16 0.000 90600.000 ! Bowman 1991
CH3+AR=CH+H2+AR 5.000E+15 0.000 85000.000 ! Bowman 1951
CH2+AR=CH+H+AR 4.000E+1S5 0.000 83000.000 ! Bowman 1S91
CH2+AR=C+H2+AR 1.300E+14 0.000 ©59000.000 ! Bowman 1991
CH+AR=C+H+AR 1.900E+14 0.000 67000.000 ! Bowman 1991
CH3+CH3=C2H4 +H2 4.200E+14 0.000 19200.000 ! Bowman 1991
CH+CH=C2H+H 1.500E+14 0.000 0.000 t Bowman 1991
CH+C=C2+H 2.000E+14 0.000 0.000 { Bowman 1991
CH+HCN=C2H2+N 1.000E+14 0.06G0 0.000 ! Bowman 1991
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