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ABSTRACT

The combustion of puiverized coal leads to emissions of nitrogen
oxides through both the fixatiqn of'atmosphéric nitrogen (thermal_NOX)
and ﬁhe:oxidation of chemically bound nitrogen in the fuel (fuel NOX).
The purpose of this research was to identify and investigate those fac-
tors which influence NOx formation in self-sustaining, pulverized coal
flames. The research concentrated on three specific areas which were
found to constitute a major gap in the knowiedge of NOX formation in
pulvérized coal flames: the relative proportions of thermal and fuel
NOX formed in practice under normal operating conditions; the dependence
of fuel nitrogen ponversion on local oxygen concentration, flame tempera-
ture, and fuel composition; and the fraction of fuel-nitrogen conversion
resulting from vélatile nitrogen Qkidation°

The approach was ekperimental, utiiizing a 6" x 76" refractory
tunnel furnace to study 6 1b/hr, self-sustaining, pulverized coal flames.
The flue gas was sampled with a water-cooled, stainless steel probe and
continuously monitored for NO, CO, COZ’ 02, and 802. AFuel NO was
isolated by comparing the emissions from~combustibn with-air to those
fiom_combustion in Ar/OZ/CO2 under similar aerodynamic and thermal condi-
tions. Special experiments involving ammonia and nitric oxide addition
to the fuel stream produced data used tq_eStimate the importance of char

and volatile fuel nitrogen in producing fuel NO emissions. -

XV



xvi

The combustion characteristics of three bituminous coals
(Colorado, Pittsburgh, and Western Kentucky), one sub-bituminous coal
(Montana), and one coal char (FMC—COED) were‘investigated. Both the
relatively slow fuel/air miking characteristic of tangentially fired
systems and the rapid mixing of wall-fired systems were simulated from an
NOx emission-point of view.

It was found that fuel nitrogeﬁ oxidation is the primary source
of NO emissions from pulverized.coal flames. Variations .in burner
design, primary air, air preheat, swirl, and thfoat velocity did not
alter that conclusion éince, under all cénditions examined, fuel NO con-
tributed at léast 75% of the totél NO emissions.

‘Total and fuel NO emissioms increase only slightly as the fuel
nitrogen level increases because the pefcent conversion of fuel nitrogen
decreases. Oxidation of cheﬁically bound nitrogen is the primary NO
formation mechanism_regaidiéss>of coal composition orAcdal rank., Fuei
nitrogen speciation, coal rank, and other composition variables are of
second-order importance.

Furthermore, the results showed that fuel NO formation is insen-~
sitive to combustion Zzone temperature over a wide range typical of
industrial practice. Thermal NO, however, exhibits an exponential
temperature dependence. At low temperatures, the total NO emissions
approach the (constant) fuel NO value, and the thermal NO asymptotically
approaches zero. At ektxemely high temperatures, the fuel NO emissions
undergo a dramatic increase, probably due to ; radical change in the
physical behavior of.thé coal particles és they are suddenly exposed to

an extremely hot environment.



xvii

Early mixing of fuel and oxygen was the most important factor
determining the ultimate fuel nit?ogen conversion to NO. This large
effect was due enfirely to changes in the fraction of volatile nitrogen
converted. Early mixing can be achieved by detaching the flame from the
burner and it results in large increaées in volatile NO. Oxidation of
char nitrogen, however, is relatively insensitive to changes in early
oxygen concentration or'combustion hardware; Volatile NO, which consti-
tutes the major portion of fuel NO under normal combustion conditions, is
amenable to abatement by combustion modificafions, but abatement of char
NO may be extremely difficult. Thus, unless the char/volatile nitrogen
distribution can be altered in the combustion process, there may exist a
lower 1limit on the NO emission level whichrcan be achiefed through

combustion modifications.



CHAPTER 1
BACKGROUND

1.1 Intrbduction

For sevérai centuries man has relied -on the combustion of coai
to‘provide one bf his most fundamental needs, energy. In 1920, coal pfo-
&ided'some 80 percent of the nation's energy, but by 1974 this dependehce
héd dropped to only 18 percent, largely because of economic, operational,
and environmental advantages associated with oil and natural gas. How-
‘ever, iﬁ recent montﬁs the steadily declining reserves of these fuels and
'increased feliance on foreign sources have led to the realization that
domestic coal resources offer one of the principal means to achieve a
desirable level of energy self-sufficiency (U. S. Congress, 1975).
Ultimately, gasification and/or liquification may be the dominant coal
‘utilization processes; however, for at least the next twenty years, the
1major utili?ation will be through diréct combustion. It is, therefore,
important that technology be developed which allows combustion of the
national coal resefves in an envirommentally acceptable manner.

Direct combustion of pulverized coal is a complicated physico-

. chemical process involving both homogéneous and heterogeneous chemical
reactioh; multicomponent mass transfer; and conductive, convective, and
radiative heat transfer. In addition to releasing energy, coal combus-
tion results in significént amounts of atmospheric pollutants, including
particulates, sulfur oxides (SOX), and nitrogen oxides (NOX). This work

1



focuses on the ebatement of ni;rogen oxides by combustien modification,
with special emphasis on the role of chemically bound nitrogen in the
fuel. - The overall goal was to identify and investigate those factors
which are important in the formation of nitrogen oxides in self-
sustaining, pulverized coal flames. eAlthough little such informetiOn'is
presently aVailable, the‘mechanisms of coal combustion -and the formation
of nitrogen oxides in "clean".systems (gaseous fuels) have both been
extensively investigated end are reviewed in the following sections of
this chapter. VInsight into the physical and chemical processes iﬁvolved
in. coal combuetion is useful becauee they influence both the fate of
‘nitrogen chemically bound in thevcoal and the formation ofrnitrogen
oxides in general. Section 1.2 contains a detailed discussion of the
pertinent combusfion mechanisme and is arranged in the order in which a
coal particle is believed.to'burn. Sections 1.3 and 1.4 review the cur-
rent knowledge of nitrogen oxide formation mechanisms and highlight the
current absence of information regarding peollutant formation from coal

combustion.

1.2 Mechanisms of Coal Combustion

1.2.1 Overview

In most large, coal-fired process furnaces and boilere, pulverized
coal is carried with air into a hot combustion chamber where the particles
are heated at a rate of 10° °C/sec or more (Field et al., 1967). The
coal particles ere heated by radiation from the luminous flame and by the

hot combustion gases which are recirculated into the combustion zone



(Beer, 19625. Almost immediately the particles decompoée and reaét.
(Meﬁtser et al., 1974), producing géses, termed '"'volatiles," which are a
mixture of combustibles; carbon dioXide, and water vapor. The volatiles
then burn homogeneously éfter which the remaining solid char slowly burns
'oﬁt heterogeneously. Thus, the combustion process is logically divided
v’inté three conceptual parts: 1) pyrolysis-volatile evolution, 2) vola-
tile combustion, aﬁd 3) combustipn of solid residue. Each is discussed
in detail in the following sections because each part can potentially
. affect the fate of chemically bound nitrogen and the local combustion
conditions. It should be noted, however, that while this conceptual
division is desirable for discussion éurposes the regimes of volatile
évolution and combustion, and char burnout, both interact énd partially
overlap in actual flameé. vFurthérmoré; it is incorrect to think of coal
as being composed of well-defined amdunts of volatile métter and fixed
carbon (Field et al., 1967). In fact, as Saji (1954) has shown, in cer-
tain jet flames substantial amounts of volatile matter may remain in the

coal particles even after traveling through a major part of the furnace.

1.2.2 Pyrolysis (Volatile Evolution)

The rate of evolution and chemical compbsition of the volatile is
~strongly dependent on the composition of the ériginal coal; however, coal
is a very complex substance. In addition to wide variation in chemical

composition, coals from different gedgraphic locations often exhibit
gross differences in physical behavior (Essenhigh, 1974) with regard to
plaStic behavior, melting, and swelling characteristics. Even samples

from the same coal seam may exhibit variability in particle size and



4
shépe due to irregular breakage or nonhomogeneity with regard to maceral
and mineral distribgtions. Further, ény given coal sample is a hetero-
geneous mixture of mineral species and a multitude of'complek organic
molecules whose structure is not weli—established. Figure 1 showé the
structure of two '"'typical" coal molecules proposed by Fuchs and Sandhoff
(1942).

The dotted lines in Figure 1 indicate the points of initial bond.
rupture as proposed by Fuchs and Sandhoff. They used thermodynamic argu-

ments to deﬁermine that, in the pyrolysis of coal, aliphatic carbon-
carbon linkages break first, that carbon-hydrogen linkages are severed
next (near 600°C), and that aromatic carbon-carbon linkages break last
beécause of résonance stabilizétion. In the temperature range from 400 to
700°C, oxfgen—containing compleies and other heterocyclic structures bréak
off and, in the case of carbonization, these liberated radicals transform
into more stable products, especially aldehydes which, in turn, decompose
into nitrogen bases, phenols, hydrocarbons, CarBdn mbnokide; water, and
hYdrogen. Finally, Fuchs and Sandhoff noted the ekistence of a straight-
line relation between pyrolysis temperature and volatile yield.

The amount and composition of the volatiles are also dependent on
the time/temperature history of the particle, i.e., the rate of tempera-
ture rise, the final temperature attaiﬁed, and the duration of decomposi-
tion at that temperature. Unforfunateiy, there is a scarcity of data at
heating rates typical of pulverized coal firing. Loison and Chauvin
(1964) studied the pyrolysis products from seven coals of different rank

and although their heating rate was somewhat low (103 °C/sec), and their
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quench technique possibly ambiguous (Field et al., 1967),_their'data give
an indication of volatile composition. They found that pyrolysis of a 31
weight percent volatile coal at 1500 °C/sec and to 1050°C resulted in 35
weight'percent volatiles (measurement of volatiles is described in .
Chapter 4, Table 2). They analyzed the volatiles and found 72 percent

~ condensable tars, 15 percent H . 5 percent CH,, 4 percent CO, and

4°
-1 percent CO2°

Mentser et al. (1974) devolatized four coals by pulse-heating at
a raté of 8250 °C/sec. When a high volatile Pittsburgh bituminous was
heated to 1000°C, a volatile yield of 36.percent was obtained. They also
analyzed the volatiles (by mass spectroscopy) and found 53 percent con-

densable tars, 31 percent H,, 6 percent CO, 6 percent CH,, 3 percent C2

2J 4’

to C4, and 1 percent CO,. Mentser et al. also found that as the pyrolysis

5"
temperature was increased above 1000°C the condensible tars decreased and
CO increased (as did the total volatile yield).

Recent work by Biair, Bartok, and Wendt (1976) has shown that at

4 o

high heating rates (up to 2-& 10" °C/sec), and high pyrolysis tempera-

tures (1800°C), about 40 percent of the volatiles consisted of very high
boiling point fractions, with the remainder consisting of CH4,

Furthermore, the species distribufion in the vola-~

€0, C0,,

"CZHZ,_C2H4, and C,H,. ‘
' tiles was a §trong function of coal composition and pyroiysis temperature,
but not of heating rates when:these were greater than 500 °C/sec.

Badzioch and Hawksley (1970) have determined the kinetics of
pyrolysis for ten bituminous coals at temperatures up to 1000°C and

heating rates to 5 x lO4 °C/sec. Although they did not chemically

analyze the volatile matter, they found the total amount of volatiles to



be sensitive to the heating rate; under rapid heafing conditions, the

yield of volatile products waé 1.3 to 1.8 times higher thanvtherdifference

in volatile matter between the prokimate analysisrof the coal and the char.
Anthony et al. (1975) have studied the rapid deyolatization of

Pittsburgh and Montana coals at temperatures up to 1100°C and heating
4 o

rates to 10 C/sec. Both coals devolatized so‘rapidly,‘even under

inert conditions, that most of the weighfvloss occurred during heat-up
(even in the cases with a 104 °C/sec heating ratio). For the Montana
1ignite, devblatization was found to be independent of’ﬁressure, heating
rate, aﬁd particle size (50-1000 um); but for the bituminous coal it
increased with decreasing pressure, decreasing particle size, and, to a
small extent, increasing heating rate. These workers also found that the
kinetics and yields of the primary decomposition could be deécribe& by a
set of independent first-order, parallel reactionsArépresented by a
Gaussian distribution of activation energies around a mean of 51 kcal/mole
for the bituminous coal at elevated pressure. Again, no attempt was made
to determine the actual volatile speciation.

Howard and Essehhigh (1967) experimentally investigated the
pyrolysis of a Pittsburgh bituminous coal in an actualioneédimensional
flame. These.ﬁorkers found that ignition occurs at a temperature of
about 1100°C on the solid surface and it precedes significant volatilé
evolution. During the period of rapid volatile evolution (beginning soon
after ignitiqn), particles larger than about 65 microns are surrounded by
a reaction zone which is removed from the solid surface, thus preveéenting

heterogeneous reaction. Particles less than about 65 microns in size
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(approximately half of the standard céal grind) simultaneously experience
both rapid, gas phase volatile combuStién and heterogeneous combustion.
Finally, they noted that pyrolysis occurs as though the volatile matter
exists as two-different components, one evolved very rapidly and the
Other:felatively slbwly. The slowly évolving component appears to'repre;
- sent about 15 percent of fhe total volafile matter. |

The evolution of nitrogeneous_specie during coal pyrolysis has
recently been investiggted by Pohl and Sarofim (1975), Akworthy (1975),
and Blair et al. [1976). This work is discussed in Section 1.4 in the
contekt of NO formation méchanisms.

Thus, although a detailed mechanistic description of volatile
evolution is not available, certain facts are discernible. Volatile
evolution is.dependent on fuel-coﬁposition and, un&er certain conditions,
heating rate. The volatiles contain significant heavy condensibles in
addition to the HZ’ CH4, CZHk’ CO, and GO2 which are probably evolved

early.

1.2.3 Volatile Combustion

The volatiles themselves may burn in either of two regimes of \
: combgstion (Sternling and Wendt, 1972). In the first regime, the coal
undergdes rapid heating, causing the release of large quantities of vola-
tiles with a high velocity relative to the pa;ticle (in the-limit, the
particle may even rupture). In this case, the volatiles and oxygén are
mixed, though imperfectly, prior to combustion and the burning occurs in

turbulent flame fronts which can engulf clouds of particles. In this



regime, evolving nitrogen species may be répidly oxidized by available
oxygen if the local stoichiometry is-fuel lean.

~ The second regime occurs when the rate of vaporization is slow
enough to allew a diffusion flame to attach itself around or behind the
particle (Lilley and Wendt, 1976).7 Here, most of the combustion occurs
in a flame sheet surtounding the particle and its wake, this reaction
environment being quite different from that of the premiged case. In
particular, there are hot fuel-rich regions where precombustion pyrolysis
can occur; and thus in the flame front the "fuel™ may differ from the
material fed into the furnace. Precombustion pyrolysis in fuel-rich
zones may also enhance the formation_of molecular nitrogen from the bound
nitrogen specie.

~ Volatile combustioﬁ iﬁ this second regime is rapid. Field et al.
(1967) have estimated‘that, for armean volatile ﬁolecular weight of 100,
it would take'approkimately 10 msec for the volatiles from a 50 um
particle to be consumed.at 1000°C under conditions typical of the sécond'
regime. | |

Further clarification is néeded to define which of these regimes

of volatile combustion will be dominant for any particular coal or set of

furnace conditions.

1.2.4 Char Bufnout o : ' .

The last regime of combustion is the char burnout regime
.(Sternling and Wendt, 1972) and although it may overlap with the volatile
evolutioﬁ-and combustion to some degree’(Howard and Essenhigh, 1967), it

is clear that the char burnout is generally of much longer duration
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(Mulcahy and Smith, 1969). Because of strong heating, the remnant éf the
coal particle containing the heavy ends 1s strongly pyrolyzed and comn-
rvefted into a char. While volatile combustion times are of the order of
10 mséc, char burnout is generally greater than 300 msec.

Beer and Essenhigh (1960) were among fhe first to indicéte the
importénée of both diffusion and reaction in this regime. Iﬁitially, the
overall reaction process was viewed as three steps in sequence: trans-
port of okygen (and other reactants) to the surface of the parficle,
reactionvwith thé surface, and transport of the products away. Clearly,
the latter step is unlikely to be controlling (Fieid et al., 1967)
because there is no evidence -that the chemical reaction rate is inhibited
by the presence of combustion products at temperatures above 1000°K and
because the products will not significantly alter the diffusion rate of
oxygen through what is largely inerF diluent nitrogen. Howard and
Essenhigh'(1967) reported that during the initial rapid voiatile evolu-
“tion the heterogeneous combustion rate was suppressed; however, in
general, they found the rate of heterogeneous reaction to beé chemical
ieaction controlled.

. Anson, Moles, and Street (1971) used high-speed, cine photography
and microscopic analysis to.study the §tructura1 changeé of bituminous
coal particles during rapid.heating in air. They found that, in general,
ﬁollow spheres were formed and these burned both externally and internally
at approximately constant diameter until, at an advanced‘stage, they
fragmented. Smith (1971) studied. the rate of reaction of size-graded

fractions of petroleum coke, anthracite, and char from a swelling
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bituminous coal. He also foﬁnd constant density burning, but noted some
particle shrinkage. His*results suggested that combustion rates were
limited by the combined effects of diffusion into the pores of the

i pértiéles and by chemical reaction OQ the pore walls. Subsequently,
Smith and Taylor (1972) made measurements on the.structural.properties of
pulveriied semi—anthracife particles at various stages‘of combustion.
Their results showed that ﬁacropores developed during reaction and that
the micropore volume was reduced. Smith and Taylor also detgrmined that
the system was oniy completely kinetically controiled for very small
particles.

Mulcahy and Smith (1969) found that the char is primarily oxidized
by’Oz,,not by C02'as had been previously suggested. They also sﬁggested
‘that surface reactions’bétween carbon and OH rédicals might be of impor-
‘tance. Ayling and Smith (1972) subsequéntly used two—wavélength radia- |
- tion pyrometry to determine the.temperatures of bufnihg semi-anthracite
particles. From their results they inferred that the combustion produced
only .carbon monoxide in the vicinity of the particles. . This CO is then
subsequently homogeneously oiidized to CO2 somewhere in the particles’
neighborhood (Field et al., 1967).

In summary,.preéent data suggest that char burnout is slow rela-
tive to volatile combustion. Chemical interactions between char and
volatile nitrogen specie are, -therefore, not likely. High flame zone
temperatures and larger coﬁbustion volumes may also be required for
fi:ing'coai char directiy in a coal system. Current information further

suggests that the char burnout regime is characterized by heterogeneous
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external and internal oxidation-of carbon by okygen to form carbon
monoxide which is subsequently homogeneously okidized to carbon dioxide.
Thus, char nitrogen is likely to be evolved in a fqel—rich regime where
Convérsion to N2 may be favored. The marked difference between char
bufnout and volatile combustion strongly suggestsrit should be possible

to alter NO emiésionsvby éhanging the distribution of nitrdgen between-

the char and volatile phases.

1.3 Thermal NO Formation

During- the combustion of fossil fuels, nitrogen okides are formed
by'the‘high temperature, thermal fi&ationrof molecular oXygen and nitro-
gen presént in the combustion air. NO is the favored oxide form because
the residence time in ﬁost stationary combustion processes is too short
for the okidation of NO to NOZ,‘even though NO2 is thermodynamically
favored at lower temperatures (Bartok et al., 1964). NO, howeﬁer, does
oxidize in the atmosphere to N02,>which is a primary participant in
photochemical smog. NO resulting'from'the oxidation of atmospheric nitro-
gen,-Nz, is defined as thermal NO.

. To date, there has been no definitive work on thermal NO forma-
tian in pulverized coal flames because of‘fhe ekperimental complexities
assdciated with feeding, stabilizing, and measuring of coal flames.
However, considerable information has been obtained in premixed and
diffusion flames with gaseous fuels and it ié relevant to the homogeneous

formation of thermal NO in c¢oal flames.
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For many years it was generally assumed that the thermal fixation
:of NO occurred according to the mechanism suggested by Zeldovich,
Sadovnikov, and Frank-Kamenetskii (1947):

0 + N2 =NO + N

N + Oé =NO + O
plus the ieaction

N+OH=NO +H
taken together with the assumption that the combustion reactions have’
équilibrated pfior to the onset of nitric oxide formation. The data of
Fenimore (1971), Harris et.al; (1970), and others (Bowman, 1973; Pershing
~and Berkau, 1973) supporf this simplifiéd picture for post combustion
zone:formation; however, Fenimore (1971) noted a substantial amount of,

"prompt" NO.which formed very rapidly in the flame front of methane-air

and ethylene-air flames and which could not be rationalized based on the

N ~

extended Zeldovich mechanism with equilibrium radical concentrations.
Prompt NO has subsequently been observed ekperiménfally in gaseous systems
by Bowman and Seery (1972), Bartok et al. (1972), Halstead and Munro
(1é7lj, Thompson, Beer,_and Brown (1971), Lange (1971), Sarofim and Pohl
- (1973), Iverach, Basden, and Kiroy (1973), Wendt and Ekmann (1975), and .
| Malte.and Pratt C1975). | .

At present there is still no generdal agreement about the
mechanism foi prompt NO production. Fenimore (1971) and Iverach et al.
(1973) have attributed it to reactions other than those of Zeldovich.
Oﬁher ihvestigatorS'(Marténey, 1970; Edelman énd Eéonomos, 1971; Bowman,

1971; DeSoete, 1972; Engleman et al., 1973) have suggested prompt NO is
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the consequence of ﬁonequilibrium radical concentrations in the vicinity
of the combustion zone. Thompson et al. (1971) and Sarofim and Pohl
(1973) used a partial equilibrium to predict radical concentrations and,
subsequently, NO congeﬁtrations successfully. More recently, Mitchell
and Sarofim (1975), Malte and Pratt (1975), and Bowman (1975) have

'ekperimentally obsé?ved ”supér‘équilibrium” radical concentrations; how-
ever, even the measuréd concentrations were not sufficient to explain the
'NO formation in methane/air combustion (Malte and Pratt, 1975) and in
propane/air combustion (Takagi et al., 1975). In addition, Cernansky and
Sawyer (1975), Shoffstall C197Sj, énd Merryman and Levy (1975) have
observed the ekistence.of‘significant NOé; particularly on the fuel-rich

side of gas flames. To date, however, neither prompt NO or NO, has been-

2
explicitly measured in pulvérized,coal flames.

In summary, thermal NO formation in gaseous flames occurs through
the extended Zeldovich mechanism and the same is believed likely for coal
flames. This means that thermél NO is largely formed through a relatively
slow, véry temperatﬁre-dependent reaction, wheré the resultant thermal NO
emissions are likely to depend on the time-temperature history throughout
the entire length of a combustor. With light hydrocarbons, the Zeldovich
mechanism is also almost certainly boupled to the hydrocarbon chemistry
indirectly via the nonequilibrium radi;al concentrations and is probably
coupled directly via some type of Fenimore reaction (CN). With coal, the
situation is far more complek. Fenimore type reactions may be signifi-

cant because of the large number of hydrocarbon radicals present. The
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importance of nonequilibrium O and OH concentrations is unclear because

‘of the uncertainty regarding the controlling combustion regime.

'154, Fuel NO. Formation

1.4.1 Imporéénce of Fuel NO
For many years it was éssumééuthét NO was formed oniy by high

temperature fikation of,atmospheric'nifrogen and o%ygen; recent expéri-
mental Studigs, however, have indicated that the conversion of bound
nitrogen in the fuel to NO is potentially of equal or greater importance
in the formation of NOx during éoal and residual oil combustion.. In an
early EPA [NAPCAj evaluation of fuel additives in a émall experimental
furnace, Martin, Pershing, and Berkau‘(l971) noted that certain nitrogen-
containing additives, notably varion amines.and nitrates, increased NOX
remissions through approkimately 50 percént conversion of the nitrogen in
the additivé to NO.

| To date, there has been no definitive study on the absolute impor-
tance of fuel nitrogen conversion in. self-sustaining pulverized coal
flames, but considerable related informatibn is available. As shown in
Table 1, a number of good experimental studies have been conducted on the
addition of typical nitrogeneous compounds to flat, laboratory flames.
The data in Table 1 indicate that fuel nittogen is a large potential
source of NO emissions and that the oxidation of many nitrogen-containing
compoundé to NO is rapid, occurring on a time-scale comparable to that of
the combustiéh reactions (Bowmén, 1973). For example, Akworthy (1975)
found that above a stoichioﬁétric ratio of 0.8 more than 50% of.the inlet

nitrogen appeared as NO in.the exhaust.



Table 1. Studies on the addition of nitrogeneous compounds to flat, laboratory flames.

N compounds

Inyestigator. Fuel
Shaw and Thomas (1968) co pyridines, amines, cyanides
Wendt and Sternling (1974) CH4 NHS‘
Axworthy (1975) CH4 ' HCN, NH3, NO
DeSoetev(197S)‘ | CH4, C-2H4 C2N2, NHS’ NO
Sarofim et al. (1975) GH4 _ NH;, NO, pyridine, methylamine
Sawyer (1975) CSHS CZNZ’ NHS’ NO
- Haynes, Iverach, and Kirov (1975) C2H2, C2H4, C3H8’ CH4, HZ CN species, NO, NH
Merryman and Levy (1975) CH-4 methylamine, pyridine, piperidine

91
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Sternling'and Wendt (1972) have considered the fate of‘chemically
bound nitrogen and point out that the situatibn is more complex than sug-
gested by the gaseous combustion studies juét_described. They note that,
in addition to fﬁel NO from the gas phase combustion of volatiles, there
'existslthe pOféntial fbr significant ''chiar NO" if a substantial portion
of the original coal nitrogen reméins in the coal particle until the char
burnout regime. Recent experimental work by Pohl and Sarofim (1975) and -
Blair et al. (1976) has shown that significant amounts of nitrogen (about
70% at 1750°C) may remain in the char after devolatilization and detailed
analytical modeling of the cﬁar burnout regime (Wendt and Schulze, 1976)
dembnstrated that-Nvarom this source could be potentially significant.

Several investigators have attempted to infef the importance of
fuel nitrogen conversion in practical systems by investigating the
emissions from distillate and residual oils doped wifh typical nitrogen
compounds. Turner, Andrews, and Siegmund (1972) measured NO emissions
from a package boiler burning oils doped with twenty nitrogen additives
. and measured 40 ﬁé 80% conversions under normal operating coﬁditions.
Martin and Berkau (1972) used a small experimental furnace to determine
tﬁe amount of NO produced from burning a distillate oil doped with
pyridine, quinoiine, and piperidine; conversions ranged from 20 to 70
percent. Appleton and Heywood (1973) studied the NO formation from
kerosene doped with pyridine in a one-dimensional spray combustor. With
rapid initial mixing, they obtained almost complete conversion of the
bound ﬁitrogen to NO. Peréhing, Martin, and Berkau (19753) buined a low

sulfur residual oil in argon/oxygen and thereby inferred that
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approximately half of the total NO measured under normal combustion
conditions was the result of fuel-nitrogen okidation.

. The most définitive work on fuel NO from coal combustion has been
éarried out in low temperature fluid bed combustors and may not, there-
~ fore, be dirgctly'applicabie to pulverized coal flames. Jonke et al.
(196Qj observed 580 fpm NO while operéting a 1300°C coal-fired fluid bed
with both NZ/OZ and Ar/OZ. This corresponds to approximately 25 percent
fuel nitrogen conﬁersion and suggests that the emissions are essentially
all fuel NO (at 1300°K). Recent work by Pereira et al. (1975) confirmed
the importénée‘of fuel NO (relative to thermal NO) in fluid bed combus-
tors and disclosed that above .800°C the NO formed from volatile combus-.
tion became'the main NO source.

At present, the only information on the importance of fuel nitro-
gen conversion in actual self—sustéining pulverized .coal flames is
indirect. Based on a study of the influence of burner parameters on NO
formation, Heap, Lowes, and Walmsley (1973) postulated that fuel NO
accounts for the major portion of the NOX formed in wall-fired units.
Dykema and Hall (1975) conducted‘é statistical analysis of NO emiséions
from field units and.estimated that, for a "typical' wall-fired boiler,

- 500 ppm of the»58Q total ppm (3% 02) NO result from fuel nitrqgen. | |
Habelt and Howell (1976) used field emission data and a thermal NO model
to conclude that in coal-fired tangential boilers fuel nitrogen conver-
sions were very low (10 percent at 15 percent excess air). Pershing gt"
al. (1975) partially Verified the initial hypothesis of Heap bylburning

pUlVerizéd coal in both air aﬁd'argon/okygen. This work was not
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absolutely definitive, however, because of the increased temperature
associated with argoﬁ/okygen flames. Thus, while tﬁe’potential'of fuel
' nitrogen conversion - as a major NO source is well-éstablished, its actual
importance (reiaﬁive to thermal NO) haS ﬁot yef been defined‘ Further,
as described in thé’folloWing three sectioms, its dependence on combus-
fion parameteré is largely unknown. This is of particular importance
because control technology, which has been shown to be extremely effeétive
in controlling thermal NO formation in natural gas flames; may acfually

increase emissions from coal-fired boilers because it increases fuel NO.

1.4.2 Oxygen Dependence

Available evidence indicates‘that ihcreasea_okygen.availability
results in increased fuel nitrogen conversion. FigUre'Z is a ébmposite
plot of the work of Bartok et al. (1972), Wendt and Sternling (1974),
~ Axworthy (1975), and_Sarofim et al. (1975) on the addition of nitrogen
additives‘(NHS; HCN, (CN)Z, and NOj to jet-stirred combustors and flat
flames. The data indicate that, in fremixed systems, nearly quantitative
conversion to Nd is achieved at conditions typical 6f most furnaces and

boilers (stoichiometric ratio of 1.1 to 1.4). Substoichiometric condi-

Y

tions (€ 1.0), however, resulted in_éignificantly reduced conversions.
Appleton’ and Heywood.(1973) fouﬁd that, in aﬁ'actual combustor, imperfect
fuel-air mixing causes inhomogeneities and, consequently,.the average
fuel nitrogen conversion is determined by local stoi;hiometry; Their
data indicated that imperfect mixing results in lower fuel nitrogen con-
versions and a much smaller dependence on overall stoichiometry than sug-

gested by the premixed ekperiments. The data of Martin and Berkau (1972),
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.and Turnéf et al. (1972) further demonstrate the importance of local
oxygen concentration in fuél~NO prddﬁcti§ﬁ du¥ing 0il combustiﬁn.' No:
direct measurements on the okygen dependeﬁce'of fuel NO formation have
: beén made in coai—fired systems. The dependence is potentially complex:
if NO formation ‘Ffrom both cﬁar and volatiie nitrogen is significant
- beé#use eéch could ekhibif a different oXYgen.dependeﬁce due to differ;

ences .in combustion regime.

1.4.3 Composition Dependence
| Cénsiderable data are availabie on.the influence of nitfogen
compound type on conversion baéed on stu&ies with prototype compounds.
As Figure 2 indicates, there is only a very slight dependenée on compound
type based on premiied,gaseous expériments withvspecies which may be
typical of volatile nitrogen compounds. This Supports the hypothesis of
'Flégan, Galant, and Appleton (1974) that the fOrmation of NO from. organic
»fﬁel'nitrogen can be represented by a rate;constrainéd,»partial equilib-
fium.: Data on oil flames show a similar insensitivity to speciaiioﬁ.
Mértin and -Berkau (1972), invéstigating both unsaturated singlerring and_
saturated multi-ring nitrogén coﬁpouﬁds,-prerved’only a slight effect of
composition on fuel nitrogen-conVersign inrdistilléte 0il flames. Turner
'ét al. (1972) tested 20 diffefent nitrogen-containing additives,
 inc1uding 1°, 2°, and 3° amines and heterocyclics with similar results.
At present,'no difect evidence on the influence of ;omposition on
conversion 1is avaiiable for coal systéms. Nitrogen speciatioﬁ in coal
-may'ﬁe significant because it maf determine whether the nitrogen is

evolved with the volatiles or remains in the char. As previously
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disduséed; these regimes‘are significantly different and hence.the fate
of nitrogen s?ecie is likewise differenf. Overéll coal composition could
drémétically affect the physical propertiés (é.g., swelling and plastic
behaVidf) of thé coal and hence the combustioﬁ characteristics and fuel
‘nitrogen conversion. . Coal particles whiéh-rupture due to high volatile
>evoiutioh fétes fof.ekample coul& potentially iesuit in very high fuel
'nitrogen,conﬁérsions. |

In addition to speéiation, the amount of nitrogeﬁ chémiCallyv'
bound in the fuel is believed to bevimportant and indirect evi&ence sug-
gests that nitrogeﬁ ¢OnVefsion to NO'decréases withlincreasiﬁg nitrogen
content. This has been predicted bésed on theoretical analysis of the
"diffusion éharacter of the‘flame (Sternling and Wendt, 1974) and experi—
mentally observed for protbtype ﬁitrogen compounds (Martin ahé Berkau,
1972; Turner etnai., 1972). Habelt and Howell (1976) repofted tOtai NO
emission daﬁarfrom full—scale tangential boilers firing coals with 0.6 to
: 2;1 wt percent fuel nitrogeﬁ. Their data show only a small increaée (15
percent/1 percent N), suggééting a small effect of compound type.and
decreésed éonversion with increased nitrogen content (if fuel NO is

assumed to be significant in tangential firing).

1.4.4 femperature Dependence

At present, there is no definiti?e’data on the influence of flame
témpérature on fugl nitrogeﬁ conversion and. the indirect evidence is
1imited>and inconclusive. Based on a theoretical analysis of the char
- burnout regime, Wendt and Schulée (1976)1predict a weak température

dépendencé, DeSoete (1975) measured a small effect of temperature on the
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oxidation of,(CN)z and NHS'invpremiXed hy&roéarbon flames. However,
Heap, Tyéon, and Lowes (1975) réport a signifiéant influence of air pre-
heat and wall temperature on totai NO emissions from actualipulverized
.coal flames. They attributéd this either to thermal NO formation (which
is known to be éktremely temperature sensitivé) or to the influence of
heatihgvrénge on the‘fate of coalrnitréggn compounds. Pohl and Sarofim’
(1975) réported‘that the nifrogen content in the char decreased with
increasing eiposurevtime and temperatufe. At very high temperatures,
certain coals méy have an increased tendency to rupture, causing a
dramatic increase in fuel nitrogen convérsion. |

In summary; the fundamental, experimental, and analytical résults'
to daté,demonstrate‘the potential of substantial fuel NO formation; both
frqm:gas'phase'okidationrof volatile nitfogen species and from combined

homogeneous/heterogeneous okida#ion of char nitrogen. Unfortunately,
héwevér, uncertainties in the controliing kinetic mechanisms, fundamental
réte constants,rand actual chér burﬂout énvirdnment do(not allow defini-
tive quantitative results.to b¢ predicted. Pilot-scale testing has |
demonstrated the importance of fuel nitrogen in o0il combustion and fluid
bed. studies suggest its importance with coal. Indiréét'iﬁformation from
pilot- and full-scale, pulyerized coal testing'is inconclusive. Thus, at
present, there is no definitive.daté available on the absolute importance
of fuel nitrogénvconversion in pulverized coal-fired furnaces and
‘boilers. o

Furthér, the influence of operating variables is uncertain
because the dependenée of converéion to NO on oxygen concentration, coal

- composition, and flame temperature is not known. . Control technology
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‘cannot be confidently applied because of this overall lack of general

understanding of the controlling pollutant formation processes.



CHAPTER 2
SCOPE

The overall objective of this work was to identify and investi-
.gate those factors_which are important in thé>foxmation of nitrogen
oxides in self-sustaining, pulverized cbal flames. The research concen-
trated on three_specific.areas which were found to constitute a major
gap in the knowledge ovaOX formation in pulverized coal flames:
1. What are'the relative pfopdrtions of thermal and fﬁei NOX formed‘
under normal operating conditions?
2. How does fuel nitrogen conversidn depend on local oxygen concen-
tration, flame temperature, -and fuel composition?
3. If fﬁ61 nitrogen conversion is,significaﬁt, what fraction is the
result of volétile nitrqgen.okidation and héw do hardware and

combustion parameters alter this fraction?

The approach was basically ekperimental, utilizing a laboratory
combustor to study éélfasustaining; pulverized coal flames in detail. As
described in Chapter 1, pést work had been 1argely confined to fundamental
investigations of poténtially important’phenoména and full—scale field
testing. This study provided a bridge between these extremes by
utilizing an ekperimental system which was iarge~enough to stabilize a
self—sustaining flame under industrial combustion conditions, yet small
enough that the.coﬁtrolling phenomena could be identified;

25



26
BecéuSe éfrthe aerodynamic and physicochemical_complexities of

the coal combﬁstion process, a useful aﬁd still rigorous theoretical
analysis of pollutant formatiqn from'céal flames is not currehtly 
'feésible. Rather, it was felt fhat a ?aluable confribution'to the over-
all understénding of the problem could be made usingia combination of
'fhndamehtal analysis;-empiricism; and s?ecial experimentation. In this
way, a quantitative understanding of the overall mechaﬁisms of'NOX forma-
tion in actual coal flaﬁes could be obtained and utilized bdfh'to prdvide
general insight applicable to pollution coﬁtrol in practical combustion
systems and to identify those areas whichrfequire further investigation‘

through basic studies.



CHAPTER 3

COMBUSTION FACILITY

3.1 . Design Criteria

"The combustion‘facility was designed fo meet the following

criteria which were developed based on the research objectives and past

operating experience:

1.

‘using standard pressured cylinders.

The furnace had to'cohtain the salient features of real combus -
tion hardware so that the results would be'acceptable in the

industrial community; i.e., it had to be capable of burning 75

percent minus 200 mesh coal*'in a swirling turbulent diffusion

flame with inlet air Velocities near 100lft/sec and about 600°F
preheat; |

It had to be large enough to allow utilization ofvproven screw
feeding.technology.and to insure that the flame would be self-
sustaining.‘ HoWévér; it also had to be small ‘enough that syn-
thétic oxidizer atmospheres could be applied at reasonable cost
The'combustion chamber had to be veifical so that the coalvfeedef
could bevmounted directly above'it and feeding problems, there-

fore, minimized.

*Industrial installations normally pulverize their coal so that

approximately 75 percent of the particles will pass through a 200 mesh

screen.

27
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‘l 4.ﬂ The facilitw‘had-to be flexible' In addition.to:a Variety of
pulverized coals, 1t had to be sultable for studylng the combus—
tion of re51dual 0115, solld (pulverlzed) wastes, low Btu gas,
crude oll,:char, 011 shale, etc.

5. It had to be_versatile sorthat oniy hinor modifications were
required to convertcit from the classical tunnel chamber to
aiternate'coufigurations." |

The'design described ih the‘foliowing sections was developed from these
.criteria° It is 51m11ar to that used by Howard and Essenhlgh (1966) but

, has a hlgher 1n1t1a1 combustlon 1nten51ty._1'—

73§2,,Furnace

The experimentai.furnace.is illustrated in Figure 3. The verti-
cal combustlon chamber is 76" 1ong and 6" in dlameter 1n51de The over-
all outer dlameter is approx1mate1y 27", In the lower half of the |
furnace, ‘the walls consist of an outer steel shell, 1/4" of roll board
1nsu1at10n, 8" of Harblson~Wa1ker nghtwelght 26 1nsulat1ng castable
(2600 F max. serv1ce temperature) and 2" of Harblson-Walker Castolast G
‘3200 F castable refractory In the upper half of the furnace; the walls
consist of_6" of 1nsu1atrng castable and 4" of the high temperature
Castolast:G,V This casting patternrwas used so that the furnace would be
capable of withstanding very'hotACOmbustiou conditions (coal in
argon/oXYgen)'and yet haye.minimal heat loss. Appendix A_describes the
-heat'transfer"calculations which were used to'determine the casting

. pattern.
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At thé fullvload firing rate of 85,000 Btu/hr (6.6 1bs coal/hr),
the-cylindrical cémbustion chamber provides a nominal residence_time of
approximatelf dne second. This firing rate corres?onds to a-makimum
combustion intehsity (heat’reiease per unit volume) of about 68,006
Btu/hr-/ft3 and is somewhat higher than was origindally planned. Initial ,
experimeﬁtation revealed, howe&er, that the flame was more stable and
symmetric at this higher firing rate, probébl& because of a more uniform
coalvfeed'énd‘a.higher upper zone wall temperature.

There are four 6" wide x 10” 1ong dbservation ports and three 2"
diameter—ports'spaced down the iength of thé furnace for flame ﬁhoto-
graphy, visual 6bservation, and optical wall tem?érature measurements.

 VFue1 ana air'enter'the combustion chamber at the top via a water-
cooled burn%r described in detail‘below. The combustion gaseé leave the
furnace through a 6“7diémeter ekhaust port and flow through approximately
forty feet of air and water double pipe heat eﬁchangers. After the
exchangers, the flue has a temperature of less than 300°F and is
exhausted into a flume dﬁct.

To—sfart the system up initially, an 18" Eclipse ektended pilot
is used. The pilot is ﬁositioned in a horizontal port in the refractory
about 5" below the top of the furnace. It normally ektends approximately
halfway through the refractory wall and is a long, infernally spark
ignited pilot burner. During ignition, power is turned on to the ignitor
and the pilot air and gas valves opened in sequence. The gas is ignitedb
by the electric spark after‘wﬁich the power to thé ignitor is turned off,

. The pilot produces a long, horizontal flame directly across the outlet of
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the main burner. When fhe gas flow to the fuel injector in the main,r
‘burner (main gas) is then started, it ignites immediately and the pilot
air and gas are then turned off. Once the furnace wails are above
approximately 1900°F, the maiﬁ gas is turned off and the coal flow begun.
The coal flame ignites directly via radia@ion and convectipn from the

walls..

3.3 Multifuel Burner

The specially designed water-cooled burner is illustrated in
Figure 4. It has separate akiél and swirl air inlets and is similar'té
that used in previous Studies by Pershing et al. (1975). The akial air
- enters through two 1/2" éngled pofts into the center pipe. Swirl air
enters a vaned swirl chamber via two tangentiai ports 186 degrees opposed
and‘passeé through eight>0,100” curved swirl vanes as shown in Figure 5. |
The inside diaﬁeter‘of the burner itselfAis 1.38"; however, several
burnef inserts were préPared so~that-fhe secondary air velocity (axial)
could be maintained at 60 ft/sec for a Variéty of mass flows, air pre-
heats, etc. (Thus, when the inlet air temperature was increased from
530°R to lO60éR,_the-burn¢r throat area could also be doubled to maintain
‘a constant velocify.). The burner throat is water-cooled and the exit is‘
' fittéd witﬁ a 30 degree_réfractory (Castélast G) quarl that.Has an L/D
ratib of 1. The top of the Burnér.has a remOvable collar designed to
accept a variety of £Ue1 injectors for natufal gas, fuel oils, and

pulverized coals.
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3.4 Fuel Injectors

The fuel injectors used in this study are shown in Figﬁre 6.
Both_injectors were fabricated from 3/4'" stainless steel tubes with
welded end plugs. The first contains three 11/64" holes angled to dis-
tribute the coal away from the axis of the furnace and is characterized
as a rapid miking injector because it produces a -short buiboug flame. If
was designed to be similar to the "coal spreader’ system employed in many
commérical systems (Armento and Sage, 1975). The second injector con-
tains a single, 19/64" center hole with an area equal to‘that,of tﬁe
three holes in the divergent injectpr. It produces felatively slow
" mixing between the primary and secondary air streams and hence givés a
long, Very thin flame. The two injectors are, thus, somewhat representa-
tive of two different classes of coal combustion equipment -- one with
intense mixing common in wall-fired units, the other with slow mixing

common in tangentially fired units (Habelt and Howell, 1976).

3.5 Air Supply System

The air supply syétem for the furnaée is shown in Figure 7. Under
normal operating conditions, a 100 psig air compressor provides the
combustion air. After being filtered and partially dried, the air goes
through tﬁo high volume regulatofs where the pressure is stepped down o
approximately 30 psig. Fof special tests; the air is enriched or replaced
with varying amounts of,carbén dioxide (COZ)? argon (Ar),_and/or okygen
(02), all of which are supplied from 250 cubic feet high pressure

cylinders. In each case there is an appropriate two-stage high volume
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régulatoi to step fhe pfesSure down to aﬁproximately 50 psig and a needie
Valvévfor finé'control, | |

Once the preséure has- been reduéed, the air (or artificial
oxidizer mikture) gbes through a 3/4" micro-needle Valvegrfor,tétal flow
control, and a laminéf flbw element. VThé preésure drop acroSs tﬁe lami—:
. nér‘flow elémenf i;»measufed.by a 10" HZO inc¢lined manometer. In‘this‘ |
way a felatively'ACCuréte measurement Bf the iﬁlef oxidizer flow is
obtained; -Neit, fhé air is s?lit into fhree.séﬁarate streams: the
_ pilpt air, the primary air, and the secondary air. On startup thevpilot '
- ai:ugoe5 through a.regﬁlgtor to step the Pfessure déwn to 10" HZO'an& |
then to an'Eclipse blastbpilot mixer where it is combined with the pilot
gas stream. Once the main flame has been.ignited, the pilot air is shuf
;off, |

The primary air stream is used to tranéport the coal from the
screw feeder to the.burner. The flow is COntroiled'by a needle valve and
is metered with a célibrated rotémeter. The primary air system also con-
tains a solenoid’vélve'which cloées automaticaily after a flame-out. At
, present; the primary air is nbt preheafed prior to the burner.
| | After the pilot énd primary air streams are split off, the
| remaining flow.gbes to the preheatihg system. Here, the temperature is
?aised'from 70°F;to the desired level. This’is accompiished by first
passing'it.through the shell side'of a double pipe heat ekchanger. (The
inner pipe contains the hot combustion gases from the furnace.) In this
ex;haﬁger fhe air is preheated‘to»approkimately 300°F. The final pre-

heating and température control is accomplished with a 9 Kw Chromalox
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circulation heater;' Thé'heétef was'coﬁstructed with a 304 stainles§
steel shell and incoloy elements so preheats up to 1000°F can be obtained.

Whenvdesired, filtered’flue gas can be recYcled‘from‘thé outlet
of the heat'exchangef_(;200°F) and éddéd into fhe secondary air stream
via anféjector prior to the heat ékchangéf or via a pump just prior to
the electric preheater;r Inrbbth cases the recircuiatéd‘gasés go through
the electric preheater and enter the burner at the same temperature as
the secondary air. - Recircuiation of flue gases is common industrial
practice, and has béen shown to be an éffective NOX abatement measure‘for
gas-firéd flames.

Once the secondary air has the desired temperature and composi-
tibn, it is split into axial and sWirl air sﬁreams? The flpw in eéch
line_is cpﬁtrolled with a high temperature globe valve and metered with a
célibrated orifice."Two .036" ekposed bead irdn-constantan thermocotples
jﬁst prior to the bufnér inlefs_arevused bofh for estimating the tempera-
turevof each stream and for the inpﬁt to the proportional temperature

controller on the electric preheatér;

3.6 Fuel.belivery System
The coal delifery system was designed to be totally enclosed to
minimize dust and safety pfoblems.T First the coal is.loaded into émall
steel barrels (18" dia-k 36" high) outside the facilify. Thé barrels are
then closed, brought inside, and positioned above'the feeder. After the-
appropriate cénnectioﬁs are tightened, gate valves on the bottom of the

barrels are opened and the coal flows into the feeder hopper.
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The pulverizedICO51 isbmetefediwith a twin-screw Acrison Mode1 
105 feedéi and the flow Taté”confrolled with a.mechanical ﬁariabieZSPéed N
arive° rDétailedrcoai-flpw.célibfations are in AppendiX.B; Flow probiems,
were minimiied'ﬁy mﬁuntiﬁgithe éntire‘feeding systém directly abové the 7
burner. Based on pést'ekperience and visual observation of the flow from
'thg feeder, it was initially feit that coal pulsing Was_going to be a
major problem. In an attempt to overcome this, a variety of in;liﬁe
.mixing_schemes~weré tried. Ultiﬁately, howevér, the best approach.proved
to be a direcf, vertiqél conniection from the feeder to.the fuel injector
(no mixing deviée). vFlow'uniformity was further improved by operating
‘the feeder at'makimum Tpm and by intr@ducing fhe primary air as a high
velocity air jet just‘opposite the screw outlet. | |
Natural gas is ﬁged for bringing the furnace'uﬁ to temperature
'and maintaining thermal equilibrium when coal is hot5being firéd. In
ordef to obtain a stable_lite~off on coéi; it is hecessary that the wall

temperature in the upper section of the furnace be above about 1900°F.

3f7v_Santy/Contfol System.

The furnace:is_equipped with an electrical interlock safety sys-
tem to insure both safe startupvand proper shut down in éase of a V&Tiet&
of operational pféblems.' The system was designed so that the fécilify
could be operated without an attendant for long periods of time (nights,
weekends, etc.) and thereby maintain thermal steady state. It monitors
the outlet temperature and flow'of the various cooling loops to insure
system integrity. In the event of a poor or unstable flame for any

Teason it automatically shuts off all fuel flow. The system also
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monitors the inlet air and in the event of a compressor fallure shuts |
- down both the furnace and electrlc air preheater (to protect the 1ncoloy
elements from70verheating),'

Before power is.available for startup and operation, the following
electrical switches must be closed:. |
1. Low pressure limit switch on the combustion air.
2. Remote shutdown toggle switch.
3. High temperature limit on the burner cooling water.
4, High temperature limit on the mindow cooling water;
5. Flow switch on the main cooling water. |
6. Mainvpower switch.
7. High temperature limit with sensor positioned above burner.
S. High temperature limit on flue cooling water. |
Once these switches.are all closed (as indicated by a series of green
lights on the control panel), startup-can be.initiated. The natural  gas
system consists»of the following control components:
i. Total gas solenoid valve‘(MaXon) which requires manual opening
after it is activated'electronically;
2. Pilot gas ball valve.

. 3., Pilot air solenoid valVe—interlocked with the ignition trans-
former so that ignition cannot be attempted without‘pilot air
flow. |

4., Main gas control valve.
5. Main gas solenoid valve.

6. Ignition~switch and high voltage transformer.
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The'éoal delivery system haéié similarvsét of coﬁtfol components:
1. Main coal feeder:switch. |
2. .Primary air solenoid'vélvé.
3. Coal feeder start relay and push—ﬂutton.
For both fuels, the systems are designéd-so that in the event of a shut-
down for any reason the o?erator must mahually either reopen the gas
valve of push the feéder startrButton‘again before the fuel flow will
begin. |
The coal, main gas, and pildt gas flames are all monitored by a
Honeywell ultraviolet flame detector. In the event of a flame-out (or
very poor flame), this.fléme detector-shuts the system down. Détails of

the startup procedure are contained in Appendix C.

3.8 Analytical System

The'analytical system was designed so that continuous monitoring

of NO, NO,, co, €O,, 0,, and SO, could be achieved. Figure 8 shows a .

29
schematic of the sémpling and analyéis system. The flue gas is withdrawn
from the stack throughva 3/8" water-cooled stéinless steel probe. During
the initial shakedowh'testing, fhe water—cooled stainless‘steeI pfobe was -
compared with bofh cooled and uncooled qﬁartz probes. No difference in
»the measuréd NO was néted, eveﬁ With CO and unburned carbon present. It
should be noted, however; that the flue gas has cooled to below 1000°F at
the point of'sampling and there is>always atnleast 0.5% oxygen present in
the sample.

| Sample conditiéﬁing(consists.of a refrigerated dryer (water con-

denser), two glass wool filtefs, a 60u stainless steel filter (50°F), a
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sfainless/Teflon sampling pump, and a 7u stainless filter. All sample
lines are 1/4" Teflon and all fittings 316 stainless steel.

| The analysis sysfem cqnsists of the:following equipment:

1. Beckman Model F3 Paramagnetic Oxygen Analyzer.

2. Beckman Model 864'N6ndispersive Infrared CO Analyzer.

3.rvBeckman Model 864 Nondispérsive Infrared C02 Analyzer.

4. fhermo Electron Model 40 Pulsed Fluqiescent 802 Analyzer.

5. Beckman.Model 715 Polarographic Oxygen Analyzer.

6. 'Thermo Electron Model 10AR Chemiluminescent NO—NOX Analyzer with

Mode1‘300 Molybdénum Convertor.

All instruménts are calibrated with zero and span gas at least eVery
three hours. Details regarding the zero and span.gases are contaiﬁed in

Appendix B.



CHAPTER 4
PRESENTATION OF RESULTS

4.1 Description of Results

This investigation examined the combustion of four pulverized
coals, a pulverized.coal’char, and oatural gas at a total of over 500 .
combustion conditions. The next seven chapters contain both the ekperi-
mental results and the ensuing discussion on each topic where the topics
are itemized according to the phenomena inveétigated. Each chapter deals
'with a single phenomenological area and closes with a summary of this
investigation's confributions to the understanding of that particular
topic.

Appendik D contains a complete tabulation of the experimental
results for éach fuel tested. In general, for each test condition,
Appendix D contains the metered fuel and oxidizer inputs, the oxidizer
composition and temperatufe, and the outiet flue gas composition,

including NO, SO

23 Cco, C02, and O2 concentrations.

4.2».Fuel Analyses

The composition of the solid fuels used in this study are given
in Table 2. (These data are based on the chemical‘analysis results from
an independent laboratory.) The Colorado coal is the same coal used by
Armento and Sage (1975). The Colorado, Pittsburgh No. 8, and Western
Kentucky are all medium volatiie bituminous coals, while the
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Table 2. Pulverized fuel compositions.

Pittsburgh

Montana-Powder

Western FMC coal
Colorado #8 Kentucky River Region char
Ultiﬁatg ahalysis (%, dry)
€ | 73.1 77.2 73.0 67.2 72.8
H 5.1 5.2 5.0 4.4 0.9
T U O
s i1 e R 55
0 9.7 5.9 9.3 14.0 .7
Ash | 9.8 7.9 8.2 11.7 21,2
Heating value (Btu/lb, wet) 12,400 13,700 12,450 8,900
Proximate analysis (%, wet)
Volatile* o 38.9 37.0 36. 1 30.5 3.6
Fixed carbon - 52.6 54.0 51.2 39.0 73.8
Moisture 3.3 1.2 4.8 21.2 1.8
Ash' ' .8.9 7.8 7.8 9,2 20.8

*As determined by the ASTM volatile analysis procedure in which the weight loss due to
pyrolysis at 950°C for more than 3 minutes is measured.

Sy
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Montana-Powder River Region coal is a sub-bituminous containing signifi-
cant moisture. The coal char originated from the FMC-COED coal gasifica-
tion process. Unfortunately, nothing is known about thelcomposition of
the parent coal.

Figure 9 shows the particle size distribution of the solid fuels
used in this study. The coals were all pulverized prior to shipment to
Arizona. The coal char was received partially pulverized and was ground
to the appropriate mesh size with a rotating plate mill.

Figure 10 is a cumulative size distribution plot and indicates
that while all of the coals were pulverized to the normal industrial
standard of approkimately 75 peréent minus 200 mesh, the Colorado coél
contained somewhat less fines than thevothers. The '"pulverized char' was
only 50 percent minus 200 mesh, but it did contain appfokimately as many
fines as the coals. The unpulverized char (as received) was only 25
percent minus 200 mesh.

The natural gas was commercial grade with approkimately 90 per-
cent CH4, 2 percent N A

hydrocarbons.

99 6.5 percent ethane, and the balance higher

4.3 Definitign of Terms

Before considering the actual experimental results, it is impor-

tant to explicitly define the terminology used. Stoichiometric ratio

(SR) is the ratio of the inlet okygen to the amount of oxygen needed to
completely burn the fuel to CO2 and HZO’ Hence, a stoichiometric ratio
greater than 1.0 is fuel lean, while'one less than 1.0 is fuel rich.

Excess air is the industrial term for defining the stoichiometiric ratio;
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Figure 10.
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it is a measure of the amount of inlet okygen which is in excess of that
required for complete combustion and is equal to (SR - 1.0)*100%.

In general, all of the emission data, unless otherwise noted, are
reduced to ;toichiometric conditions (STOICHI), i.e., they are corrected
for dilution by excess combustion air. In particular, the NO emission
data (PPM NO, STOICHI) are presénted as parts per million NO; by volume;
dry, reduced to stoichiometric. |

- Primary air is that air used to transport the pulverized coal
from the screw feeder to the furnace. As such, it is premixed with the
coal prior to the burner and enters the combustion chamber through the

fuel injector. Primary percentage and primary stoichiometry refer to the

percent of the stoichiometric air requirement which is used as primary
air,

Secondary air is that air not premixed with the coal prior to the

burner. As previously described, it enters the combustion chamber
through axial ports or tangential swirl vanes in the burner. The percent
Eﬂiil is defined as the ratio of the volumetric flow of air introduced
through the swirl vanes to the total secondary air volumetric flow rate
(swirl plus axial) times one hundred percent. -

éigggreheat refers to the temperature of the secondary_air. The
prihary air is not preheated prior to the burner.

The secondary air velocity is the axial velocity component of the

total secdndary air in the burner throat. Note that the axial velocity
does not vary with the swirl percentage because it is based on the total

secondary air going through the burner throat.
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Flue gas recirculation (FGR) is defined as:

_ - std. ft3 recirculated
std. ft3 inlet air + std. ft3 recirculated

x 100% (4-1)

and is only added to the secondary air.
Finally, inlet "air," secondary "air," etc. are used in a general
sense to refer to the incoming oxidizer streams. ,At'the-baseline condi-

tions, the oxidizer streams are truly air (21% O,, 79% Nz) from the high

2’
pressure air compressor. However, as noted later, during certain tests,
the inlet ''air'" was really a synthetic oxidizer containing,Oz, N2, or Ar, -
and perhaps COZ, NO, or NHS‘ Oxygen envichment refers specifically to

tests in which pure oxygen was added to the compressed room air to

‘increase the inlet oxygen percentage. Ar/02/C02 replacement refers to

tests in which the compressed room air was completely shut off and the
furnace operated with a synthetic oxidizer containing argon, oxygen, and

perhaps carbon dioxide.



CHAPTER 5
FACILITY VALIDATION

5,1__Reproducibility

To establish the reproducibility of theiexperimental data,'fen
sets of data were taken at ”identical”_combustion con&itions over arsixé
month peribd. The "baseline' operating conditions for the Western
Kentucky coal were used for these tests because they are most representa-.
tive of industrial practice. Baseline conditions are: full load, 5.9
1b coal/hr; 44% swirl; 650°F secondary air preheat; 14% primary air; 60
ft/sec secondary air velocity; and divergent coal injector. Figure 11
shows these results és a fuﬁction of stoichiometric ratio and indicates
that reproducibility is good, approximately + 6% in the range of interest
(SR = 1.1 to 1.2). Unless otherwise noted, these data were used directly
to establish the error bars shown in subsequent figures. Due to the
complexity 6f many of the figures, error bars are explicitly shown oniy
when required for proper interpretation of the’results.

CcO emissiOns were also measured during these tests and, in
general, they were at or below the detection limit of the anélyZer (400
~ppm). The low CO levels and the good agreement obtained between,the'O2
and CO2 analysis and the measured fuel and air inputs indicate'that the
- coal was being completely burned under the baseline conditions. Below
about 7% exceés'air, hoWever, the CO emissions start to increase and by
2% excess there was approximately 0.5% CO in the flue.
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NO2 measurements were made at a limited number of conditions.
Levels ranged from 5 to 25 ppm (STOICHI) and were, in general, less than

5% of the total NOk emission.

5.2 Simulation of Wall Firing

The burner/fuel injector systems used in fhis investigation were
designed to simulate the initial coal/air miking characteristies of wall-
fired.and tangentiélly fired watertube boilers since they represent more
than 75 percenf of the coal-fired units (Mason and Shimizu, 1974). In a
wall-fired uﬁit,'the burners are mounted in'arrays on either the ffOnt
‘wall*br on both the front and back wall (horizontally opposed firing).
The burners typically employ a '"coal spreader"‘in'the end of the fuel
- tube to'prOvide rapid initial miking and hence flame stability and fiame
attachment;' The cqal spreader is an impellerAwith'circular ﬁanes set at
a 45-degree anglé of divergence from the centerline to disperse the coal
‘radially into fhe secondary air stream. The divergent fuei injector usedAA‘
in this investigation was designed to provide a similar radial velocity
component.

Figure 12 shows the baseline data for the Colorado and Western
_>Kentucky.coals with the divergent injector plotted with field test
‘results from nine wall-fired utility boilérs (Crawford, Manny and éartok,
1974; Crawford et al., 1975). {(Note that the NO emission daté have been
converted to a 3 percent 0, basis since this is the usual point of refer-
ence'for’field testing results.) Figure 12 indicates that, while there

is considerable variation in actual field emission levels, the data
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reported herein on an 85,000 Btu/hr laboratory furnace with a divergent

injector are consistent in both magnitude and trend with full-scale data.

5.3 Simulation_of Tangential Firing

In a~tangentia11y fired watertube boiler, the fuel and air enter
rthe firebox through rectangular ducts in the corners of the furnace. The
bulk of the-combustion occurs in a rotating "fireball" in the center of
the furnace chamber° (This is in marked contrast to a wall-fired unit
where there.are‘individual flames éttached to eéch burner.) Figure 13
presents'the baéeline data for the Western Kentucky coal with the'akial
fuel iﬁjectorlalong with the field test reSﬁits (Crawford et al., 1974;
Crawford et al., 1975; Lachapelle, 1976) on sik tangentially fired field
boileré, Tﬁe aXial fuel injector was designed to prpduce the relativel&
slow mixing between the primary air/coal stream and the secondary air
stream which is characteriétic 6f tangentiaily fired units. As Figure 13
indicates, the data obtained in fhis study have the proper ekcess air
dependénée although the absolute emission levels are slightly higher than
those obtained from most field units. Thus, it appears that the axial
fuel injection system may provide a viable methodology for subscale
simulation of NO, formation in a slowly mixed boiler.

In summary, the initial results demonstrated that it was possible
torobtain reproducible data on NOX formation in a small, self—sustainihg
pulverized cdal flame and that with appropriate fluid dynamic changes the
system could simulate the NO formation trends for each of the two major

classes of full-scale combustion equipment.



THIS WORK
1200 CRAWFORD ET AL. (1974, 1975)

1000

400

200

1.0 I 1.2 1.3
STOICHIOMETRIC RATIO

Figure 13. Comparison with field data (tangential firing).



CHAPTER 6
IMPORTANCE OF FUEL NITROGEN

6.1“Methodology Eyaluation

 By comparing the NO emissions at a particular set of operafing
conditions to those from the same fuel burning in an atmosphere con-
taiping no N2, it is, in principle, possible to establish fhe fuel NO
emissions and, by difference,jthe thermal NO emissions. In previous
studies, an Ar/O2 atmosphere haé beeﬁ used (Jonke et al., 1969; Pereirarr'
et al., 1975; Pershing et al., 1975); however, replacemeht of N2 with Ar
results in a theoretical £1ame temperaQuré increase of approximately
400°F. Therefore, in this study, a synthetic dkidizer atmosphere con-
29 18% C02, and the balanée,Ar, was used. Figure 14 indi-

cates, in addition to being free of N

taining 21% O
‘ s the Ar/OZ/CO2 atmosphere allows
matching of theoretical flame temperature between the air and Ar/OZ/CO2
cases. (For a detailed discussion of the theoretical flame temperature
calculétions see Appendik E.)

The Ar/02/002 replacement method does, however, suffer from at-
least three potential weaknesses: |

1. Addition of CO2 could have'a chemical effect and, hence, change
the NO kinetics. |

2. Since the Ar, 0,, and C02 are commercial grade, they could con-

2
tain significant impurities (é.g., N2 or NO) which would invali-
date the results.
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3. If the furnace were not either leak tight or under positive
pressure everywhere, there could be signifiéént N2 present from

the room air.

To evaluate the first of these potential problems, a test series
ﬁas conducted in which theoretical flame temperature was maintained
- constant with and without-lS%_CQZ in the inlet air. Figure 15 shows these
'resuits and demonstrates thaﬁ the presence of small amounts of COZ in the
_iniet air ddes not have any'chemical effect on NO formationm.

To evaluate the possibility of éontamination-ofkthe Ar, 02, and
'C02, and to demonstrate that there were no air leaks in the system, tests
were run with 2-propanol and distillate oil. Under all conditions the
emissions with Ar/Oz/CO2 were less than 12 ppm, the bulk of which is
probably due to the nearly complete oxidation of the small amount of fuel
nitrogen in the distillate oil (Martin and Befkau, 1972). Thus, it
appears thathr/OZ/CO2 feplécement is a valid methodology for determining

fuel NO emissions:

6.2 Determination of Fuel NO

Data on fuel and thermal NO emissions as a function of stoichié-
petric ratio are shown in Figure 16 for the Western Kentucky coal with
both the divergent (rapid miking) and axial (slow mixing) fuel injectors.
rin:ééch case, the upper line represents the emissions frdm the coal
‘burning in air (total NO) aﬁd the lower line the emissions from the coal
burrning in Ar/OZ/CO2 (fuel NO). Thermal NO is defined as the difference

between total NO and fuel NO, on the assumption that thermal fikation of



Figure

(STOICHI.)

PPM N

15.

WESTERN KENTUCKY COAL

1200

1000

800 -

o
o
o

400

200

10 1

o 120°F, Air

O 6I15°F, 18% CO02,
21% 02, bai N2

1.2 1.3

STOICHIOMETRIC RATIO

Absence of chemical effect due

theoretical flame temperature). --

divergent injector.

to CO2 addition (constant
Western Kentucky coal,

60



1200 W KENTUCKY COAL W. KENTUCKY COAL

DIVERGENT INJECTOR AXIAL INJECTOR

1000
~ THERMAL
z NO
o 3800 THERMAL NO
l_
<

600
S
E 400

FUEL NO
FUEL NO
200
10 12 1.3

STOICHIOMETRIC RATIO

Figure 16. Thermal and fuel NO emissions. -- Western Kentucky coal, 650°F preheat.



62
atmospheric nitrogen does not inhibit fuel nitrogen conversion. (Thislis
justifiable because of significant differences in the relative time
scales. Fuel nitrogen oxidation is believed to occur concurrent with the
hydrocarbon oiidation and hence prior to thermal NO formation.) The
divergent‘injactor data (650°F preheat, 45% swirl, 14% primary air, and
70 ft/sec throat velacity) cleaily-show that under tﬁese conditions over
80% of the fotal NO resulted from the oxidation of bound nitrogen in the
fuel. Variations in primary air percentage, secondary air swirl, and
burner throat velocity did not change this finding, and under all condi-
tions examined, fuel NO aontributed at least 75% of tha,total NO
emissians (Pershihg and Wendt, 1975).

Data from the single hole axiai injector (650°F preheat, 45%
swirl, 8% primary’air)Ashow that slow miking significantly reduced total
NO emissions. This is in agreement with pilot data (Heap et al., 1975)
and field_data oﬁ tangentially fired units‘(Crawford et al., 1975). How-
ever, it is clear that this reductioa was due to a decrease in fuel NO
emissions which again compfisedkapprokimately 80% of the total.

Decreased earlyvmixing bétween secondary air and nitiogenous
volatiles is probably the reason fuel nitrogen conversion is signifi-
cantly lower with the axial injector than with the divergent.injeCtor-

It has been postulated that in the axial case the flame sheet shields a
substantial portion of‘the coal particles from the secondary air stream
(Heap et al., 1973; Wendt and Sternling, 1974). This would cause the
evolution of Volatiie nitrogen specie to occur in a fuel rich environment

and hence favor the formation of N2 over NO.
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In summary, the data on fuel NO indicated that although slow
mixing, as in tangentially firéd systems, gives lower total NO emissions,
the dominant NO producing mechanism in all cases was still throughrfuel

nitrogen oxidation.



CHAPTER 7

COAL COMPOSITION

7.1 Total and Fuel NO

The four pulverized coals tested during this iﬁvestigation repréf
sent a cross-séction of chemical and physical properties. Ultimate
analysesrare given in Table 2 (Chapter 4). The Colorado, Pittsburgh, and
‘ Wéstern Kentucky are bituminous coals with heating’values ovef 12,000
Btﬁ/lb; the Montana coal is a sub-bituminous with a heating value of
8,900 Btu/1b. The Colorado, Pittsburgh, and Montana have statistically
identi;al fuel nitrogen contents of 1.3 + 0.05 percent (dry, ash free),
representative of many United States coals, while the Western Kentucky
coal is a relatively high nitrogen coal (1.52 percent). Thus, in addi-
tion to considering the effect of total nitrogen percentage, this work
focussed on the effect of coal rank for coals with the saﬁe nitrogen con-
tent. It is to be ekpected that coal rank will affect the physical and
cﬁemical processes likely to occur during volatization anq combustion.
The importance of total sulfur content was also considered; the Pittsburgh
and Western Kentucky are‘high'sulfur (> 2.5 percent) eastern coals, while
the Coloradb énd Montana are western coals with only approkimately one
percent sulfur.

Figure 17 summarizes the ‘baseline total, fuel; and (by differ-
| ence),thermal.NO emission data for the divergent iﬁjector with all four
éoals, In each case; the fuel flow was‘maintained at approximately
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6.2 1bs/hr, the primary air at 14 percent of stoichiometric, the second-
ary air swirl at 44 percent, and the air preheat at its maximum. The
upper curve in each plot is data obtalned while burnlng the coal with air
(total NO emissions) and the lower curve is with Ar/02/C02 (fuel NO
emissions)}. Over 75 percent of the total NO emissions are the result of
fuél nitrogen oxidation for each of the four coals tested. |

| Figure 18 is.the analogous ﬁlot for tﬁe akial fuel injector with'
the Western Keﬁtucky and Montana coals. {(The Colorado and Pittsbu;gh
coals were not tested witﬁ the akial injector because its conception and .
fabrication oécuried subsequent'tortheir_tésting.) Again the results |
indicate that thé importance of fuel NO is not diminished by change of
coal composition.-

Figure 19 is a composite plot of the divergent injector data on
the—threé bituminods'coals at a constant set of operating conditions:
520°F secondary air Preheat, SR = 1.15, 44 percent swirl, full load
(80,600 :;4,300 Btu/hr gross heat\inbut), and 14’percent primary air.

The data indicate that at these equivalent operating conditions, both

the total and fuel NO emissions increase only slightly as fuel nitrogen
increases. This is particularly surprising because the coals are known
to have significantly different éhemical and physical properties and
because they ekhibited diffefent combustion characteristics. For
example, the Pittsburgh coal is a coking coal; many of the particles meltr
upon héatingAand a'fused-cérbonaceéus residue and ash forms ceﬁbspheres.
during combustion. The Pittsburgh coal flames Were also generally less

stable than the Colorado or Western Kéntucky flames; i.e., 'the number of
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test conditions where a self-sustaining, éttached flamé could be achieved
was much smaller for the Pittsburgh coal. |

Figure 20 is a composite plot of the divergent'injector data
obtained with the Montana sub-bituminoﬁs éoal compared to that from
Western Kentucky coal. All of the data in Figure 20 were obtained with
the divergent injecfor, a stoichioﬁetric rafio of 1.15, approximately
550°F secondary air preheat, 14 percent primary'sfoichiometry, 44 percent
swirl, and 75 percenf load.(SS,OOO Btu/hr) Eecauée this was the maximuﬁv
heat input the coal feeder system could deliver with the Montana coal
(due to thé largé amouﬁt of ash and moisture). The emissions again
varied only slightly with increasing fuel nitrogen content, even though
the comBﬁstion characteristics changed dramatically. The band of stable
operating conditions was much reduced in the case of the Montana coal,
perhaps because of its large moisture content (21 percent).

The iack of a first-order effect by the composition parameters on
tdtal and fuel NO formation supports a recent observation by Blair et al.
(1976) that vdlatile nitrogen evolution during particle pyrolys;s is not
a sfrong function of coal composition, even though the total mass
volatized varies -widely from one coal to another. It is also consistent
with the Hypothesis of Flagan et al. (1974) that volatile fuel nitrogen
conversion.méy be controlled by a rate_coﬁstrained partial equilibrium-

and, hence, relatively independent of speciation.

7,2, Fuel NO Conversion

Figure 21 is a composite plot of the fuel nitrogen conversion (to

NO) data for the divergent fuel injector with each of the four coals at
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SR = 1.15, 44 percent swirl, 520°F secondary air preheat and 14 percent
primary stoichiometry. (The ﬁumber_associated with each point is the
actual fuellNO emission in ppm (STOICHI) from which the conversion was
~calculated.) As noted in the previous section, the data indicate that
none of the composition parameters has a first-order effect on NO emis-
sions. The maximum difference in‘fuel NO emissions is 135 ppm (Western
Kéntucky vs. Colorado) which is less than half of the 290 ppm difference
between divefgent and axial injector fuel NO emissions (Western Kentucky
coal). This indicates that hardware changes are more important than coal
composition changes. (See Chapters 6 and 11 for.discussioné on fuel |
injector effects.).

As Figure 21 indicates, the reason the fuel NO emissions do not
change significantly as nitrogen content increases is that the corre-
sponding percentage conversion decreases simﬁltaneously, In addition, to
relate the fuel nitrogen conversion to the actual ppm emission level, one
must consider not only the fuel nitrogen content, bﬁt also the total fuel
composition (particularly the carbon/hydrogen/ash ratio). For the four
coal tests, the baseline 6onversio#s ranged from twenty-three percent to
twenty-eight percent and this is in good agreement with calculations from
field results (Habelt and Howell, 1976; Dykema and Hall, 1975) aﬁd with
recent definitive fundamental studies by Pohl and Sarofim (1975).

Figure 21 also shows two second-order effects which should be
noted. First, it indicates that fuel nitrogen conversion (and hence fuel
NO) is dependent, albeit only slightly, on composition parameters other

than total fuel nitrogen content. The Pittsburgh and Colorado are both
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bituminous coals with 1.29 percent fuel nitrogen. The difference in fuel
nitrogen conversion (which is outside ekperimental.error bounds) must,
therefore, be attributed to composifion parameters other than total nitro-
gen content and coal rank. The decreaséd conversion with theé Colorado
coal could be the result of its low sulfur content since sulfur oxidation
has been shown to enhance fuel NO'formation in oil flamés.(Wendt and |
Corley, 1976). It might also be the result of small differences in the
nitrogen speciation, the physical behavior of the coals, or the particle
size distribution.

Secondly, the Colorado and Montana are both western, low-sulfur
coals with nearly equal fuel nitrogen contents. Comparison of their
conversions indicates that coal rank also appears to have a small

influence on fuel NO emissions.

7.3 Summary

The experimental-résults from the four coals lead to the
following general conclusions:

1. Fuel nitrogen oXidation is the primary NO formation mechanism in
.pulverized coal combustion regardless of chemical composition or
rank of the coal.

2. Total anq fuel NO emissions are only slightly dépendent upon
composition parameters. The wideivariation in emissions from
actual field units cannot be attributed to differences in fuels.

3. Total and fuel NO emissions increase qnly slightly as the fuel
nitrogen level increases because the percent con?ersion of fuel

’

N to NO simultaneously decreases.
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Composition parameters other than total nitrogen content (e.g.,
sulfur content, nitrogen speciation, eté.) may‘be of second-order
significance when comﬁaring Various'coéls. |

Coal rank has a major effect on combustion characteristics but

a second-order effect on either total or fuel NO emissions.



CHAPTER 8
TEMPERATURE DEPENDENCE

8.1 Preliminaries

A variety of ekperimental tests were conducted to investigate the
overall'temperafure dependence of both the thermal and fuel NO formation
meqhanisms. Four separaté methods were used to change'the local flame
temperatuie without altering the overall stoichiometry, swirl, primary
air flow rate or load:

1. Reducing secondary air preheat.

2. Récirculating flue gas.

3. Partiallyrreplacing the N2 (or Ar) with COZ’

4. Slightly'enriching the inlet air with 02.
Burner sleeves were available to ensure that inlet velocities and, there-
fore, flow patternsVCOuld also be approiimately matched, but our pre-
liminary tests (Pershing and Wendt, 1975) indicated that they were not
fequired since small variations in'secondary air velocity had negligible

effect on NO emissions.

8.2 Air Preheat
Figure 22 shows the results of reducing the>setondary air preheat
from 660°F to 110°F with the divergent injector and Western Kentucky
coal. The NO emissions,decreaéed by about 200 Ppm’to approximately the
level previogsly.determinéd to be the fuel NO (dotted line). This type
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testing was not successful with the other coals due to combustion
instabilities at the low preheat condition, again demonstrating the

“influence of fuel composition on combustion characteristics.

8.3 Flue Gas Recirculation

Recyéling'of combustion products (FGR) from the boiier exhaust
back into the main combustioﬁ chamber is'a common industrial tecﬁnique to
aéhieve superheat temperature control and reduce NO emissions from gas |
and oil firing. rFigure 23’shows the data obtained in_this work when
various amounts of flue gas were recy;led to the furnace while burning
the Western Kentucky coal with the divergent injector. Eveﬁ with large
quantities of flue gas recirculation it was not poséible to reduce the
total NO emissions below the fuel NO level, within experimehtal erroT.

Similar testing with the Colorado and Pittsburgh coals resulted
in even smalier reductions. With the Colorado coal, 12 ?ercent FGR
resulted in'a.3;5 percent decrease in total NO emissions and with the
Pittsburgh cqal 14 percent FGR gave a 9.6 percent decrease (at a stoichio-
metfic.ratio of 1.15). Flue gas recirculation was not attempted with

the Montana coal due to anticipated combustion instabilities.

8.4 Okidant Heat Capacity

Figure 24 shows data taken during the combustion of the Colorado

coal with varying amounts of CO, in the inlét air. The heat capacity of

2
the inlet air was increased by replacing a portion of the nitrogen
(di-atomic) with C-O2 (tri—atdmic); in all cases, the inlet oxygen was

maintained at 21%. (Of all the temperature variation methods,
p
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-replacement of NZ by Cozrisrperhaps the best because it does not change -
either the mass or volumetric flow rate of the oxidizer significantly.)
rAs Figure 24 indicates, decreasing the flame temperature by increasing
the.oxidizer specific heat again réduces fhe NO eﬁissions toward the fuel

NO level.

8.5 ;Composite

In attempting to'correlate the results of the’flame temperatufe
étudies, a single temperature parameter was needed. No acﬁuél tempera-
ture measurements were attempted because of the diffiéulty in measuring
in the:hot, corrosive, particle laden énvironment. ’Furthermofe, the pul-
Verizedvcoal'flameé ekamined in this study were turbulent diffusion
flames withvlafge internal tempefature gradients and turbulent fluctua-
‘tions, Since they were, thérefore, chéracterized by temperatures which
weie functions of both spatial.position and time, the:adiabatic flame
temperature was chosen as the parameter correlating flame temperatﬁre.
Clearly, the actual peak temperatures were significantly lower.

Figure 25 showé the results for the divergent injector with the
" Western Kentucky and Colorado coals. All of the data are for a stoichio-
metric ratio of 1.15 and caje was taken to minimize purely aerodynamic
'Variations.' The numbers aésociatéd with the data points refer to Table 3
which describes how each condition Was achieved. In general, it waé not
possible to obtain data at exactly 1.15 stoichiometric air; £herefore,
the points in Figure 25 are nearly all interpolated values.

Tbtal NO emissions increased'eXPOnentially with theoretical flame

temperature, but at low temperatures they approached the (constant) fuel
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Table 3. Experimental conditions (Figure 25).

: Westerp.Kentucky‘COal

1 ‘ o 666°F preheat (baseline) air
2 . ,b 110°F preheat air;, |

3 . | 690°F preheat air with 10.6% FGR

4 ~ 685°F preheat air with 14.1% FGR

5 : 705°F preheat air with 19.0% FGR

6 : - 690°F preheat 21% 0,, 11.6% CO, in N,
7 | ) - 540°F preheat 22.6% 0, in N,

8 - 110°F preheat 19.3% 0,, 16.0% CO, in Ar
9 . 110°F preheat 21.3% 0,, 18.7% C0, in Ar
10 - 110°F preheat 21.4% 0, 11.4% o, in Ar
11 -' 475°F preheat 21% 0, in Ar

12 435°F. preheat 23.0% 0, in Ar

Colorado Coal

13 : 505°F preheét air

14 : 515°F preheat 20.9% 0,, 7.7% CO, in N,
15 . - 530°F preheat.20.7% 0,, 11.8% CO, in N,
16 | 215°F preheat 21% 0,, 18.7% COz’in'Ar
17 | 475°F preheat 21% 0, in Ar

18 481°F preheat 23.8% O, in Ar

2




. s
NO vélué and the tﬁermal NO éSymptotically approached zero. Furthermofe,
within the accuracy of the ekperiment, the émiésions were nét dependent -
on the method for reducing temperaturé. Therefore, so long as the flﬁid
dynamics remain unchanged, flue gas recirculation.(or any température
reddction‘technique) will dnly decrease the thermal NO formation and is,

‘hence, of somewhat 1imited value for pollutant (NOX) control wiéh pul-

- verized coal. This had been suggested previously by Pershing; Brown, and -

; Berkaul(1973), and by Armento and Sage (1975), based on pilot scale data.

The ineffectiveness of FGR for NO, control of pulverized coal firing was

. recently demonstrated on a full-scale unit by Thompson (1976).

As Figure 25 indicates, fuel NO emissions Were found to be
femarkably insensitive to temperature over a wide range applicable to
pfesent combustion technology. For the Pittsburgh coal, only fwo :
temperatures were tested, but the fuel NO was essentially identical --
685 ppm at both 3820°F and 4080°F (SR = 1.15). As shown in Figure 25,
fuel NO from the Western Kentucky coal was nearly constant between 3600°F
and 3900°F. For the Colorado coal, fuel NO emissions were essentially
constant over a theoretical temperature range éf 3600°F through 4100°F
and a wall temperature (measured by optical pyrometer) range of 1850°F
through 2150°F. Furfher, this insensitivity to temperature appears to bé
independent of the excess air level, as shown in_Figure 26.

At very high temperatures, however, fuel NO emiséions from the
Colorado and Westein Kentucky coals underwent a significant increase, and
fhis wag observed to occur at a slightly different temperature for each

coal. This sudden increase in. fuel NO emissions may be the result of a
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markéd change in the physical behavioer of the coal particles. For
example, the volatile evolution rate may have become large enough to .
cause a significant fraction of the particles to rupture, thus_ekposing
fresh'nitrogen volatiles to secondary air.

Emissions from the Pittsburgh coal did not iﬁcrease prior tp thé :
highest condition (4080°F). . The Montana coal did not allow investigation
at the temperature extremes due to_combustion instabilities which were:
believed to be related to the large moisture content.

Figure 27 is a ﬁlot of the thermal Nd measured for natural gas
with that measu:ed for the various coal flames. .(Therﬁal NO was defined
to be the difference between total NO and fuel NO, as determined with
Ar/OZCOZ') The(&ata indicate that the thermal NO values for coal are in
line with those obtained for gas, in this combustor, for the same injec-
tors and under similar aerodynamic and thermal conditions. Thislindi— |
cates that interactions between fuel and thermal NO are nét of first-
order importance and it suggesté that the controlling thermal mechanism
may be similar toAthat.in gas flames. It also provides an inexpensive

means for estimating thermal NO formation in larger units.

8.6 Summary

In summary, the temperature experimentation revealed that:

1. Fuel NO formation is rélatiVely insensitive to flame temperature
over a wide range of practical interest.

2. Thermal NO formation in coal flames behaves similarly to NO

formation in natural gas flames under similar conditioms.
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3. All temperature reduction schemes have approximately the same
small effect on total NO emissions in that only the thermal NO

is reduced.

It appears that without changes in aerodynamics and mixing there
is very litfle opportunity toviower total NO emissions below the (con-
stant) fuel NO level and still maintain stable flames.

At ektreme temperatures, it is clearly possible to éignificantly
increaée.fuel NO formation. This might be due to particle heating rate
- changes due to high initial heat flukes to the particle, or to a second,

high temperature mechanism for fuel nitrogen oxidation to NO.



CHAPTER 9
INFLUENCE OF LOCAL OXYGEN CONCENTRATION

9.1 Introduction

Previous fundamental fesearch on prototype fuel nitrogen com-
pounds (Chapter 1) has shown that in premixed gaseous.systems approxi-
mately 100 percent conversion of fuel nitrogen to NO occurs under fuel
lean conditions (local SR > 1.0). If the local stoichiometry becomes
fuel rich (SR < 1.0), however, the conversion will decrease dramatically.
Similar data are not presently available for pulverized coal flames
because a practical combustion system contains a distribution of local
stoichiometrics due to imperfect fuel/air miiing. Consequently, a series
of ekpériments was conducted in an effort to infer the dependence of both
fuelrand thermal NO formation on local okygen concentration. In addi-
tion, the ekperimentation was designed to help define the cause of cer-
tain effects which were thought to be due to hardware.

In general, the local stoichiometry distribution can potentially
be altered by changing the oxygen input to a particular region and by
aitering the pfimary/seéondary miking. In this work, local stoichiometry
was changed by changing:

1. Overall excess air.

2. Primary air flow rate.

3. Primary o&ygen éoﬁcentration.
4. Secondary air swirl.
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5.7 Flame stabilization and ignition times.

6; Inlet oxygen percentage.
Unfortunately, in no case was it possible to alter only 1o§a1 stoichio-
mefry in a direct fashion. Further, detailed analyses of turbulent
mixing and'combustion fluid dynamics were beyond the scope of this work;
rafher,”the'work éttembtéd to address specific questions and hypotheses
with a view to interpreting large-scale data and defiﬁing éreas of future

research.

9.2 Overall Stoichiometry

As was noted in Chapter 5 (Figure 11), NO emissions increased
significahtly as the overall combustion stoichiométry {excess air) was
increased. Further, as Figure 17 indicates, both total and fuel Nd
increased’with increased combustion air for all four coals tested. This:A
dependence ﬁas been previously observed by others.in pilot-scale studies
(Armento and Sége, 1975; Heap et al., 1975; Pershing et al., 1975) and in-
fﬁll-scale field tests (Crawford et al., 1974; Dykema and Hall, 1975;
Lachapelle, 1976). Increased combustion stoichiometry is believed to
increasé local oxygén concentrations and, hence, favor the formation of
both fhermal and fuel NO. It is clear, however, that due to miXing
1iﬁitations the actualnlocal stoichiometry in the pyrolysis and combus-
tion zomes is much more fuel rich than the overall stoichiometry would
suggest. If»this were not so, theh fuel nitrogen conversions would tend

toward 100 percent as noted in Figure 2 based on premixed data.
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9.3 Fuel NO Correlation

Figure 28 is a composite plot of all of the divergent injector
fuel NO data versus stoichiometric ratio. All four coals exhibited the
same excess alr dependence and the actual fuel NO emission levels for the
- Pittsburgh, Western Kentucky, and Montana coals were essentially identi-
cal measured eithgr‘on a dry, correctéed volumetrié bésis 0r as emission
. factors (0.82 1_0.02 lbs N02/106 Btu at 15% ekcess-air).' As the lower
line in Figure 28 indicates, the Colorado coal gave slightly lower fuel
NO emissions. |

To quéntify,the stoichiometric ratio depéndeﬁce, the concep£ of a
dimensionless emission coefficient, ¥, was introduced. It was defined to
be the ratio of the NO emissions measured at a particular stoichiometry
to those measured at 15 Percent ekceSs air:

_ ' ppm NO (STOICHI)
¥ = 5pm NO (STOICHI) € SR = 1.15

(9-1)

.The stoichiometric ratibil.ls was selected as the reference point because
if was approximately midway between the normal testing limits (SR = 1.02
to 1.3). Figure 29 ié a composite of all the baseline fuel NO emission
data from the four coals énd the coal char (to be discussed in Chapter 10)
in terms of the dimensionlesé emission coefficient, ¢y. These data were
all obfained'at aﬁprdﬁimately 550°F preheat and the baseline primary air
for each injector: 14'percént of stoichiometric with the divergent
injector and 8 percent of stoichiometric with the axial injector.

Between SR = 1.02 and 1.28, the data can be characterized by the linear

equation
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Figure 29. Correlation of fuel NO emissions with stoichiometric ratio.
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Ll e

— = 2*SR - 1.32 - (9-2)
1.15 :

with a statistical correlation coefficient of 0.95; This demonstrates
that the oxygen dependénce can be decoupled‘from hardware and composition

parameters.

9.4 ‘Primary Air Flow Rate

of particular interest in the area of local okygen studies was
the role of "early oiygen," that okygen which is intimately mixed |
with -the coal'during volatile combustion. It may be the result of
external premiking'priorjto the furnace (primary air); early mixing
 (primary/secondary interactions within 1 to 2 burner diameters) or
primary entraiﬁment prior to ignition. The early;okygen is present
during thebeVOIUtidnrdf fresh nitrogen Volatilés (0.5 to 5 msec) and,
hence, could have a significant influenée on volatile NO.

In the first early oiygen test series, the flow rate of primary
" air was varied while the total fuel and air flows (and hence stoichio-
metric ratio) were held cénstant. Figure 30 shows the results of these
tests with the Western Kentucky coal for both the divergent and akial
fuel injectors° In each case the upper line is data obtained in air
(total NQ)Tand theblower‘line is data from combustion in Ar/OZ/CO2 (fuel
NO). As fhé primary air flow rate is increased,‘the primary velocity
increases and ultimately the flame 1ifts off the iﬁjeétor'and stabilizes
at some point downstream (due to the hot.refractory walls). For ekample,
with the axial injector and 14 percént primary air, the flame was stabi-

lized (luminous zone begins) approkimately 9 1/2'" below the injector.
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It has been postulated (Heap et al., 1973), based on total NO
emission data, that the increasevih'NO emissions associated with flame
' détachment is due to.incrgased early'miking prior to ignition. The
resulté'shown in Figure 30 indicate that the increase is due to increased
fuel NO and this further substantiates the hypothesis of Heép because
- oxidation of fuel nitrogen,in prototype compounds'iS'éxtrémely stoi-
‘ chiometry sensitive.v It mﬁst be noted, however, that.flame detachment
also dramatically alters the particle heating rate and, hence, poten-
tiaily both the amount and evolution history of the nitrogen volatile.
' (Thisis discussed further in Chapter 11.)
| At low primary air flow rates, visuél observation of the flames
revealed that the swirl character of the secondary air appeared to
dominate the fluid dynamics. The coal jet(s) lost their integrity almost
immediately and the coal appeared to be burning in a large, swirling
bushy flame.A Thus, the increased total and fuel NO emissions at low
primary flow rates may have been due to early miking but of another

type ~- swirl induced.

9.5 Primary Oxygen
Direct interpretation of primary air flow rate data is difficult
because an increase‘ih primary air flow rate has at least four potential
effects: |
1. For a fixed fuel injector size, it increases the priméry air
velocity.
2. It increases the.primary stoichiometry tratip of air/fuel in the

pfimary jet). -
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3. It may significantly alter the primary/Secondary mixing.
4., When it causes the flame to 1lift off, the particle heating rate

and pyrolysis time are significantly altered.

To definitively test the hypothesis that the increased NO forma-
tion at high primary air flow rates was the result of increased early
oxygen, a spec1a1 test series was conducted in which the early oxygen was
raltered dlrectly and 51ngu1ar1y (other relevant parameters were held
constant). In these testS'with the Western Kentucky coal, the primary
stoichiometry was variéd from 0 to 20 percent of the stoichiometric
oxygen requirement by adding either CO2 or pure dz-to the primary stream.
At the 0% condition, the coal was being éonveyed by ?ure COz. In all
cases, the volumetric flow (and hence primary jet velocity) was maintained
constant at 1.8 SCFM (62 ft/sec) to minimize changes injthé flame fluid
dynamics. The preheat and stoichiometric ratio were also held constant
at 580°F and 1.15, respectiﬁely.

- Figure 31 shows the results of these early,bxygen tests compared
directly with the previously discussed data obtained by varying the flow
rate for both fuel injectors. . The data indicate thaf with the divergent
injector primary oxygen has little effect on total NO emissions below

‘approximatelf 15 percent 5f the stoichiometric a’ir'requirement° Thus,
this amount of.primary air is being used for early hydrocarbon combustioﬂ
and not volatile nifrogen.okidation. The»sigﬁificant NO emission? even
with a pure CO, pri@arf, is a reflection of the divergent fuel injector
design which causes the’;oal to come into rapid contact with the secondary

air.
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Inrcontrast'to NO emissions, however, flame stability and igni-
tion cnaracteristlcs were signlficantly affected by decreasing‘the inlet
O2 concentratlon in the prlmary air. This supports the nypothesis of
Blair et al. (1976) that those very early volatiles necessary for 1gn1;

7 tlon do not contaln appreclable fuel N ultimately converted to NO; how—.
. ever, the subsequent volatlles, evolved durlng m1x1ng w1th secondary air,
“do COntaln appreciable fuel N of_whlch a portion is converted»to NO.

For the arial injector (loWer graph), the primary orygen_concen-‘
tration was varied from 21 volume percent (alr) to 40 volume percent by
addlng-pure oxygen to the prlmary stream. Th;s resulted in an increase }
in the prlmary stomchlometry from 14 to 26 percent -but sincedthe primary
fIOW'rate was malntalned constant ' there was no change in the primary
veloc1ty, (The overall st01ch10metry was also held ‘constant - at SR 1. IS
by‘decreaSLng the secondary air flow )} As Figure 31 1nd1cates, this had
relatlvely llttle effect on total no emissions. These data imply that
elther ‘the early oxygen hypothe51s.1s incorrect or the early non-nitrogen
volatiles require more than 26 percent of the stoichiometric air for
combustion. |

In summary , these testlresults do not definitively establish the
'role of early orygen.iglt appears that much of the“volatile nitrogen is
being evolved late in the VOlatization process and the conversion of this
nitrogen is strongly'dependent on the amount ofvokygen available: HOWer
ever,»further»testing under well-defined fluid dynamic conditions .is

required to provide complete understanding of this phenomena.



99

9.6 -Role of Early Mixing

In the process of conducting the experimental studies for this
program, significant changes in the ﬁrimary/secoﬁdary mixing were |
achieved bf two other means. While the effects were not considered in
detail because they were outside the scope of the program, they are note-
worthy because they piovide additional proof that early mixing must bé |
retarded té minimize NO emissions.

| Figure 32 shows the effect of‘secondafy air swirl on total NO
emissioﬁsifor the Pittsburgh and Western Kentucky coals. In both cases,
dfamatic increases iﬁ NO emissions were observed when the gwirl was
reduced to the point where the flame was no longer stable on thé fuel
injector, again demonstrating the importance of eérly ﬁixing.

Figure 33 showslfhat reducing the secondary air preheat from
510°F to 155°F ‘had a very unﬁsual effect on the NO emissions from the
Colorado coai° Above approkimately 25% ekcess air, the emissioné
decreased slightly és the temperature was lowered. This is consistent
with the data-reported in earlier sections on the other coals and with
the data of Armento and Sage (1975) and Heap et al. (1975). At the lower
excess air levels, the 155°F preheat data are considérably higher than
the baseiine cése aﬁd it was noted Qisually that the "flame' was
completely detached froﬁ the burner, in which case ignition took place at
" some distaﬁce:down in the cylindrical chamber. This may have occurred
becguse at the-low ekéess air levels and low air preheat, devolatization
was.insufficient to maintain a stable, attached flame. ‘The apparent

increase in NO emissions is, therefore, probably due to a major change
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associated with flame detachment rather than the‘decreased air preheat
temperature. 

Figure 34 shows the total NO emissions as a function of stoichio-
metric rafio‘for both attached and lifted Western Kentucky coal flames.
Again,_the significantly different character of the lifted flame may be
dﬁe tovthe order of magnitudé increase in particle heating time or to

_entrainment of considerable secondary air prior to combustion. Resolu-
tion of this question will require further research in a system with -

well-defined fluid dynamics.

9.7 -Inlet Okygen

In an effort to e&tend the total and fuel NO temperature studies
beyond the preheating ability of the ekperimental systems, tests were
condﬁcted wheré the oxygen éoncentration in the inlet air Qas enriched
with pure oxygén; Figure 35 is a composite of the results obtained
at SR = 1.15 fdr Westerﬁ Kentucky coal with the divergent injector. The
" data obtained with both _a‘ir.'and'Ar/O2 are‘shown with that from the other
temperature studies; (Table 4 describes the ekperimental conditions in
detail.) With air, the flame color changed from the typical yellow-
orange tolaimost white as the inlet oiygen concentration was increased
fibﬁ‘ZI to 30 percent. The skin temperature df the furnace alsé rose
and, ultimately,vavfuel injector tip was melted. 4Thus, there can be
little doubt that the bulk flame zone temperature did increase as
theoretically predicted.

B In'thése-fests the primary air flow rate and overall stoichio-

‘metric ratio were held constant; therefore, the primary stoichiometry
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Table 4. Experimental conditions (Figure 35). -- All

data are for 15% excess air, Western Kentucky
coal, and the three hole divergent injector.

Point No. Conditiéns
-1 (Baseline)
660°F preheat
- 21% O2 in NZ (al?)
2 110°F preheat
21% O2 in N2
3 690°F preheat
10.6%‘FGR
4 685°F preheat
14.1% FGR
5 705°F preheat
19.0% FGR
6 690°F preheat
% % i
21% 02, 11.6% COZ in N2
7 110°F preheat
19.3% 02, 16.0% CO2 in Ar
8 110°F preheat
21.4% 02, 11.4% CO, in Ar
2
9 540°F preheat
22.6% O2 in N2
10 540°F preheat
25.8% O2 in N2
11 535°F preheat
$28.8% 0, in N,
12 475°F preheat
21% 02 in Ar
13 475°F preheat
24.1% 02 in Ar
14 485°F preheat

26.7% O:

5 in Ar'
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Table 4--Continued.

Point No. : . Conditions
15 S 450°F preheat
29.9% 02 in Ar
16 S 435°F preheat
: - 23.0% O2 in Ar
17 _ : . 550°F preheat
: | - 24.9% 02.1n N2
18 : 110°F preheat

21.3% 02, 18.6% CO2 in Ar
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increased wifh the inlet'okygen concentration. Yet even though tempera-
ture and primary stoichiomefry.increased significantly, boch thermal and_
fuel NO emissions remained relatively constant. This was particularly
surprising in view of the fact that thermal NO was shown to increase with
' temperature.(Chapter 8) and fuel NO was showﬁ to increase with increasing
primary stoichiometry. Assuming these-previous concIueionsrare correct, -
it must'ce concluded that the combination of increased oxygen parcial
pressure and elevated temperature also somehow enhance the formation of
N2 from nitrogen specie, thus cancelling the other effects.

To confirm the ekisteﬁce of this- phenomena, ektensive tests were
conducted at a variety of stoichiometrics with both enriched air and
Ar/O2 as the dkidizer. Figures 36 and 37 show these results on total
and fuel NO emissions, respectively. Again, all the data were for the
Western Kentucky coél with the divergent injector and constant primar}
air lew~rate. As before, boch total aﬁd fuel NO emissions were rela-
tively insensitive to inlet okygen concentration. Further.testing with
well-defined fluid dynamic conditions is needed to provide complete

understanding of this phenomena.

9.8 Summary

The local okygen studies confirmed the‘observatioh cf:other
’inVestigatorsithat increasing the overall eXcess air increases the totél
NO emissions. Special testing, however, revealed the following new
results: '
1. Fuel NO emisSions can be lineerly correlated using a dimension—

less emission coefficient for all fuels and injectors tested.
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Thus, the stoichiometry dependence can be decoupled from the |
hardware and compoéition parameters; |
Below a certain level, furthér reduction of primary oxygen has
little effect on NO emissions.but dramatically fedUces ignitioﬁ‘-
stability. Thus, the'eériy volatiles may notléontain a signifi-
cant amount of the voiatilé nitrogen‘ultimately conferted'to NOQ
-Increased éarly miking;.pérticularly as a result of flame
detachment, dramaticélly increaﬁes both total and fuel NO emis-
sions. This is probably the result of increased early ox&gen
availability, althodgﬁ this was not definitively coﬁfirmed.
Enrichment of thé combustion air with pure oxygen has only a
slight effect on either thermal or fuei NO emissions. This
phenomena is not well understood at the present time and needs

further research.



CHAPTER 10
COAL CHAR COMBUSTION

10.1 Char NO Emissions

Combustion of FMC coal char was studied to establiéh the
combustion/pollution characteristics and to provide input for estimating
the importance of char NO formation during pulverized coal combustion.
Although this char was the result of a high temperature gasification pro-
cess and contained only 3.6 percent volatiles, it cannot be assumed to be
identical to the char‘produced in an actual pulverized coél flame because
of différences in heating rate, pyrolysis time, and queﬁching effects;
Hence, thé testing was designed to provide general understanding of the
char combustion'procéss>and pollutant fofming characteristics rather than
- extensife émissionS-data; For eiample,‘the char was burned in two modes:

1. The flamé mode, in whiﬁh a turbulent diffusion flame was attached
to the injectbr with the help of a small quantity of methane (21%
of the total heat release) in the primary "air" and in which
methane simulated nitrogen free volatiles. |
2. The reactor mode, in which‘pure char without methane, burned far
from the injector and which simulated the char burnout regime of
coal after all volatiies had been éonsumed and after sigﬁificant
mixing had taken place.
These two modes of char coﬁ%ustion spanned probable conditions during the
char bu?nout regime of pulverized coal éombustion, and helped determine

111
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‘the effect of miiing and of "shielding'" by residual volatiles (Wendt and
Sternling, 1974) on fuel nitrogen)conversion to make char NO.

The - flame mdde waé achieved using the akial fuel injector; an
open 3/4" stainless steel tube.was used as the fuel injector in the
reactor mode. The data (corrected for di}ution by methane combustion
products*) are shown in Figure§38. These resulfs indicate that essen-
tially all the NQ emissions result from fuel-nitrbgen oxidation; for both
modes, the data from combustion in Ar/O2 were coincident with those in
air. |

The data also revealed that the influence of combustion mode was
relatively small; reactor mode emissions were'only 100 ppm higher than
those in the flame mode. The combust;on characteristics of the two modes
were mérk¢d1y~different, however.» Visual observation indicated that in
the flame mode combustién was essentially complete withia 4 to 6 burner
diameters from the fﬁel injector, whiie in the reactor mode the particles
burned alone (rather thah'iﬁ a flaﬁe~sheet) and ignition often occurred
farther than 10 Burner diameters from the fuel injector. Thus, particle
heating rate and pyrolysis times appear to have little effect on char NO
formgtion.

Figure 39 shows theé char data replotted with data taken under
similar combustion conditions with the Western Kentucky coal. Since the

combustion mode has a.majOr.effect with coal and yet 1little effect with

*In  tests where methane was added to the primary air, the char
emission data were corrected for dilution by the CO; present as a result
of the methane combustion and by the N7 in the air used for the methane
combustion. - '
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coal char, the difference must be associated with volatile NO formation.

(This effect is discussed in detail in Chapter 11.)

10.2 Influence of Flame Temperature

Figure 40 présenté'data taken on fuel NO.emisgionS'at'various

~ combustion temperatures for both the reactor and flame mode. Here;,

femferéture Qariations were achiefed'by altering the heat capacity and
L -

oxygen content of the okidizer. In char, as with coal, the-oxidation of

fuel nitrogen was unchanged over a broad témperature range.

Further, gince the emissions weie‘essentialiy all fuel NO,.total emis-

sions would probably also be insensitive to temperature (in marked con-

trast to coal combustion).

10‘3 Char Nifrogen Conversioﬁ

Figure 41 shows the fuel nitrogen conversions in both modes of
char combustion compared to that of the Pittsburgh coal which has approxi-
mately the same amount of fuel nitrogen. Char conversions were approxi-
mately half that of the corresponding coal which again alludes to the
importance of volatile NO formation. Although the absolute increase in
char NO with increasing stoichiometry is less than that of a corrésponding
-coal, the relative increase is essentially identical and can hence be

correlated with the coal results (see Figure 29, Chapter 8).

10.4 Summary

Figure 42 summarizes all the conversion data for the four coals
and the char (in the flame mode). These data again illustrate the two

most significant conclusions from the char studies, that:
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1. Char nitrogen conversions are approximately half those of coal.
2. Char NO is relatively insensitive to changes in fuel injectbr

tor burner) design.



CHAPTER 11

DETERMINATION OF THE FATE OF FUEL NITROGEN

IN PULVERIZED COAL FLAMES

-11.1 Introduction

An analysis of the fate of fuel nitrogen in self—sustaiﬁing, pul-
verized coal flames was conducted. The analysis uséd empirically gen-
erated information, material balances, and results from special
experiments to:

1. Deduce the relative importance of NO produced ffom the char (char

NO) and NO produced from the volatiles (volatile NO) in self- -

suStaining flames. | |

2. Deduce the effect of combustion modifications on the distribution
of the nitrogen specie between the‘char and volatile phases

(char/volatile split) and on the resulting conversions to char

and volatile NO.

ﬁescribed in the sectionsAfollowiﬁg are the combined theoretical
and experimental basis foi the semi-empirical model developed, the |
assumptions entailed theréin, and the resulting predictions. It should
be emphasized that the model consists of a data analysis procedure
requiring specific experimental inputs. The fundamentals of fuel NO
formation and pulverized coal combustion are not sufficiently well
understood to allow a more predictive and rigorous theofeticai‘anaiYsis.'
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11.2 Theory

11.2.1 Unknowns

As discussed in Chapterll,'the combustion of pulverized cbal
particles can be-visualized as the combination of two (partially over-
lapping) phenomenological parts: vblatile combustion and chér burnou§q
This conceptual picture was‘eXﬁended to ekpliéitly include the nitrogén
specie énd used as the fodndatioﬁ for the analysis. Since volatile
combustion times are of the order,of_lo msec, while char burnout
generally requires more than 300 msec, it was further assumed that the
 homogeneous conversion of hitrogen specie evolved with the coal volatiles
is not chemically coupled to the conversion of char nitrogen to NO duriﬁg
the char burnout regime.

For any set of combustion conditions the parameﬁers of interest

are:
1. Weights:
W, = weight of voiatileslevolved (DMME*) .
w, = weight of'gyar (DMMF)° |
w, = initiél weight of coal (DMMF).

2. Weight fractions:

weight fraction nitrogen in volatiles.

~<
<
I

weight fraction nitrogen in char.

<
1

V¢ = weight fraction nitrogen in original coal.

*DMMF refers to the dry, mineral matter (ash) free basis of the
weights and weight fractions.
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3. Fractional conversions of N to NO:

xV = fractional conversion of volatile N to NO.
xc = fractional conversion of char N to NO.
_xt = overall fractional conversion of fuel N to fuel NO.

The total weighf fraction nitrogen (yt) was bbtéined direétly from the
chemical analysis of the fuel. Likewise, the oVerall mean conversion of .
fuel nitrogen to NO (xt) was calculated from the measured emission level
in Ar/OZ/CO2 (fuel NO)’and the fuel composition. Finally, the calcula-

tions were per'unit weight of original coal, i.e., w, = 1.0.

11.2.2 " Balance Equations
The relevant parameters were relatéd by three mass balancé
equafions:
1. Total maés balance:

W+ W =W (11-1

2. Nitrogen mass balance:

YN, P YN, T YN (11-2)

3. NO mass balancé:
Py T XT Me T e . - (11-3)

and by empirical relatioms, described in detail in the following section.

.11.2.3 Empirical Relations
Blair et al. (1976) have studied the rapid heating and pyrolysis
of pulverized coals on an electrically heated platinum iibbon. Figure 43

shows the results these workers obtained with the same Western Kentucky
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Figure 43. Volatile evolution as a function of pyrolysis temperature. Western Kentucky
coal. — Courtesy of D. W. Blair, Exxon Research and Engineering, Linden,
New Jersey.
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coal used in the work repdrted herein (Blair, 1976). For ultimate
pytolysis tem?eratures between 800 and 1800°C, both the total volatile
fraction (w /w ) and the nitrogen volatile fraction (y W /ytwt) were
found to be approx1mate1y linear w1th temperature Slnce.the effectlve_
pyroly51s temperature in the actual coal flame was not known, the
lineariZed equations for these data were combined into a simple equation
relatiﬁg nitrogen volatiles to totai volatiles:

Y&Wv
Tt

= 1.92 w_ - 0.559 (11-4)

Pohl and Sarofim (1975) reported that heating rate, in addition to final
pyrolysis temperature, alters the amount of volatiles produéed. Blair
V et al. (1976)-foundron1y a siight dependence of volatile yield on heatingt
fate.‘_in addition, quantitative data relating heating rate to ovgrall
combustion parameters are not available. Therefore, for the pufposes of
this analysis, itrwas éssumed-that the heating rate dependence (if any)
does not alter the relative proportions of nitrogen and total volatiles,
i.e., that selective distillation does not occur.

The»experimental char results (Cha?ter 10) were used to develop
~an empirical equation for the conversion of char nitrogen to NO:

. 1 ' |
= (2.0°R - 1.30*( 75 ) (11-5)

The stoichiometry dependence was based on the linear correlation of the
fuel NO emiséions from the char and the four coals with overall stoichio-
metry“ihdependent of fuel nitrogen content (Chapter 9). It was also
assuméd that over a small range of char nitrogen contents the char con-

version dependence on nitrogen level could be correlated with a single
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coefficient, Bc,—which wés calculated directly from the.coal char data.
The reciprocal/sum dependence was selected to be consistent with the
experimental evidence on total conversion limits (Martin and Berkau,

1972) and is similar to that recommended by_Fenimore (1972). 1If the rate
limiting step is'second order in NO, equafion 11-5 becomes -an exact
representation. No hardware dependence-wae ineluded in equation‘ll-s
because the ekperimental char results (Chapter 10) demonstrated that the
influence of burner paremeteré on char NO formation was slight.

v Anvempirical equation for the volatile conversion was also

developed and'again the reciprocal/sum form was used:

x = —2Xt | - (11-6)

but in this case the conversion is etrongly coupled to both the
burner/injector design and the overall steichiometry in addition to the
nitrogen level (Chapter 10). Although homogeneous combustion data on

‘ typical nitrogen compounds (e.g., Haynes et al., 1975) further emphasize
the significance of local stoichiometry, quantitative information on the
dependence ie actual pulverized coal flames is not available. Therefore,
both hardware and stoichiometry effects were implicitly included in the
convereion coefficient, BV, by ekperimentally determining it at each test

condition.

11.3 Experiments
Ekperimental data were obtained to quantify the conversion of
volatile mitrogen to NO in an actual pulverized coal flame environment.

"Typical" volatile nitrogen compounds weré added to the primary air/coal
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stream just prior_to the fuel injector. At present, there is no general
agreemént on>volatile nitrogen speciation. Axworthy (1975) found sig-
nificant amounts of HCN were evolved during pyrolysis. Blair et al.
(1976j found the nitrogen was evolved late in the devolatization procegs \
. as heavy organics although these are almost certainly further pyrolyzed
befOre oxidation. Fundamental data discussed in Chapter 1 indicate fhaf
the dépendeﬁce of conversioﬁ on speciation is small. NH3 and NO were,
therefore, chosen as representative specie which were commercially avail-
able and could be metered accurately. In addition, NO was Believed to
Tepresent an uppef limit on volétile nitrogen conversion. Both gases
were CP grade from high preésure'cylinders. Flow was meteréd with é pfej
callbrated rotameter (see Appendlx B) and malntalned at a rate corre-
~sponding to 300 ppm (STOICHI) in the flue with total N to NO conversion.

At each test condltlon, NO emission data were taken with and
without the additive. The differenceiwas then attributed to the incre-
méntal increase in volatile nitrogen content; however, the volatile con-
version could not be calculéted directly because in either case the total
amount of volatile nitrogen was unknown. Instead, the entire system of
mass balance and empirical equations was solved for both the base and
additive cases in a coupled manner with the assumption that the incre-

, mental amount. of volatile nitrogen added did not alter the char/volatile
split or the char cohversion. Appendix F contains the numerical details

of the solution procedure and the actual computer code which was used.
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11.4 Assumptions

Thus, an analysis procedure to determine the fate of fuel nitro-

gen in the Western Kentucky coal was developed using mass balance equa-

tions and empirical relationships. For'each:Set of combustion conditions

two experimental tests were required (base and base + additive) to pro-

vide the required inputs to the model:

1.

2.

3.

4.

5.

Fuel flow rate and composition.

Fuel NO emissions.
Additive flow rate and composition.
Increase in emissions due to the nitrogen additive.

Stoichiometric ratio.

The analysis procedure then predicted:

1.

2.

Char and volatile NO.
Overall char/volatile split.

Distribution of nitrogen between the volatiles and char.

The assumptions inherent in the analysis are as- follows:
The conversion (or retention) of NH, and NO is representative of
the conversion of volatile nitrogen specie to NO in the same

environment.

The overall pyrdlysis data of Blair (1976) are applicable at all

conditions examined..
Volatile NO and char NO do not directly interact.
Addition of‘NHS or NO does not alter the char-volatile split.

The coal char results are representative of actual high tempera-

ture char burnout.
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6. Char énd volétile conversions can be fitted with (1 -+ Biyi)_l',':
over a'sméll_fange of nitrogen conternits.
The justifiéatioﬁ for each assumption has been discussed in the previous
sections. As noted, tﬁe absence of détailéd'VOlétile evolution and

combustion data makes assumptions'l and 2 the most questionable.

ll.Sl,Results

11.5.1 Baseline Conditions

The results of the char/volatile modeling are presenfed and dis-
cuésed below and on the following pages. In general, two types of
results are presented. First, thelppm NO (STOICHI), which were calculated
to result from the oxidafion of fuel nitrogen evolved with the volatiles
(volatile NO) and of fuel nitrogen remainiﬂg in the'char (char NQ), are .
presented. Since each analytical_prediction'of the char and volatile NO
is the direct reéulﬁ df'two experimental measurements (the fuel NO and
the conversion of the typical volatile additiﬁe)'at the particular condi-
tion, the analytical predictions ére'shown as points on the figures. Tﬂe
scatter in thesevpoints is a direct result of ekperimental scatter.

SeéOndly, thefénalytical predictions of the weight fraction of
the original coal which is eﬁolved as volatiles and the weight fraction
of the original ﬁitrogen'which-is contaiﬁed in these volatiles are pre-
sented. Again, fhese are COmputed"results based on the corresponding
experimental inputs. |

Ali qf the raw experimental results on which these two types of

calculations were based are contained in Appendix D.
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' Figure 44 shows the analytical results for the Western Kentucky
coal with the divergent injector at the baseline conditionms. Experimental

data were obtained with both NO and NH. as the "typical" volatiie nitrogen

3
éompounds, but as Figur¢ 44 indicates vgriations~ih compdund type had -
little effect on the'predicfed'amOUﬁts of Ehar.and volatile NO. This is
consistenfvwith laboratdry (A&worthy, 1975)>and pilot (Martih and Berkau,
1972; Turner et al., 1972) data and further confirms that»vqlatile con-
versions are iﬁsensitive to nitrogen speciation.r It also supports the 
small dependénce‘of totél NO emissions on c6a1 composition. Furthermore,
fhe_cbnversion of the added'NH3 to NO was sﬁéll (lo-to 20 percent), indi-
catingvthat the system did not behave as "premixed" in the sense of ﬁre-
mixing;NHé andlﬁrimary air alone. This was prébab1y because-ear1y
volatile hydrocarbons were evélved rapidly, prior to NH3 oxidation. ' The
low cénvgrsioﬂs of NH3 thus help justify the contention fhat NH3 behaves
as coal nitrogen volatiles entering the flame front to be oxidized.

Three replicate test series were conducted on separate days to
establish both the reproducibility of the experimental inputs and the
sensitivity of the calculations. As Figure 44 shows, the results were
quite acceptable. (NO was used for the replicate and most subsequént
testing-bééause of fouling problems with the NH3 rotameter.)

The slight increase in char NO with ihcreasing overall stoichio-
metry was built into the model (by the empirical fit éf the ekperiméntal
char results); hoWever, the analysis predicts a rélatively strong increase
in volatile NO with increasing stoichiometry. This demonstrates the

importance of kéeping,the coal and secondary air partially separated
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Figure 44. Char and volatile NO predictions (baseline conditions). --

Western Kentucky coal, divergent injector, 6000oF preheat.
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during the volatile combustion to achievé low NO emissions. The strong
dependence on overall stoichiometry also suggests that the réaction(s)
Eontrolling volatile'NO formation are slow relative to the combustion
reactions. |

Figure 45 presents the analytical predictions on thé mass frac-
tion of the original coal evolved as volatiles during the combustion pi0h
cess (char/volatile split) and the mass fraction of the original fuel
nitrogen which was.evolved with the volatiles (nitrogen volatiles). Both
'appear to be,indepéndent qf the additive used to estimate volatile con-
versions. The predictions indicate that almost 60 percént of the total
nitrogen remains with the solid bhase; thus ‘confirming the original
hypothesis 6f Sternling and Wendt (1972) regafding the poténtial impor-‘
tance of the char burnout regime. Both total and nitrogen volatiles
increased with increasing ekcess air. This'cohld be due to increased
combusfion rates at the higher stoichibmetrics which result in increased

pyrolysis temperatures and hence more volatile nitrogen evolution.

11.5;2* Okygen Enrichment
Enrichment of the combustibn'air with pure oxygen substantially
increased the flame temperature and primary oiygen, But resulted in little
réhange'iﬁ either.fuel or thermal NO (Chapter 9). In an effort fo clarifyv
this phenomena, an exper1mental char/volatlle test series was conducted
and the resultlng analytlcal predictions are shown in Flgures 46 and 47,
(The error bars in Figure 47 are based,on the experimentally induced
~ scatter observed in the replicate tests at fhis condition as shown in

Figure 45.) OXygen enrichment had little effect on either the predicted
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Figure 45. Volatile split predictions (baseline conditions). --
Western Kentucky coal, divergent injector, 600°F preheat.
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char and Volatile NO or on the amount of total and nitrogen volatiles.
Since the fuel NO is known to increase with increased primary oxygen (and
this is almost certainly due to an increase in volatile NO), it must be
conclﬁded that increasing both primary and secondary okygen (which
results in a significant temperafure rise) either increases the rate of
Né.formation or.induces a fiuid dynamic change Whicﬁ tends fd compensate

the effect of increased primary oxygen.

11.5.3 Flame Temperature
| Figures 48 and 49 show the analytical predictions resulting from |
a test series in which the flame temperature was increased by decreasing
the heét capaéity and increasing the okygen content of the oﬁcidizer°
Only a slight dependence of volatile NO and ?olatile nitrogen evolution
on temﬁerature was predicted, an apparent contradiction to the pyrélysis
and heating rate data of Pohl and Sarofim (1975) and Blair ét al. (1976).
To investigaté‘this further, a particular condition was selected (SR =
\1.20, 650°F*preheét), ekperimental emission measurements obtaiped, and a
volatile conversion coefficient, BV, calculated. The char/volatile split
" was then arbitrarily varied with the conversion coefficient held constant.
Thé char/volatile split was directly related to an increase in pyrolysis
témperature ﬁsing the data of Blair (1976) and the analytical results are
shown in Figure 50. An extreme change in pyrolysis temperature is
required to producé a significant éhange in fuel NO emissions. As
Figure 51 indicates, this is because although the nitrogen volatiles are
predicted to incréase dramatieally with increasing temperature, the vola-

tile conversion is simultaneously decreasing. Hence, changes in local
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combustion temperature which can be reasonably achieved in a full-scale
or pilot—scalé unit (500°F maximum) should ha?e only a slight effect on
fuel.NO emissions (as was observed in this sfudy)...Further, to have an
impact on volatile NO, control technology must dramatically alter particle
‘héating,and ﬁyiélysis temperatures Via flqid dynamic changes; overall
tempefatﬁre reductién methods such as flue gas recirculation are not

likely to be effective.

11.5.4 Lifted Flames

Figure 52 shows the predicted effect of flame detachment on char
and volatile NO, baséd on an'eiperimental tesf.series with 1ifted flames.
Detachment has only a siight effect on char NO which is consistent with
the experimental data on char combustiqn (Chaptér 10). However, volatile
NO emissionsbincreése dramatically when the flameAlifts off, probablf
because of increased local okygen availébility.

Figure 53 shows the total and nitrogen volatilé fractions for
lifted flames. Approximatelyv60 percent of the original nitrogen is
evoelved with the voiatiles if the flame is detached. This is in contrast
to approximately 40 percent in the attaéhed case (Figure 45). The
increasedZVOlatile evolution must be attributedrto the dramatically
, incréased pafticie heating prior tb igniﬁibn (see Figure 43).: The lack
of stoichiometry dependence further supports the hypothesis that con-

siderable premixing occurs prior to ignition.
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Figure 52. Effect of flame detachment on predicted char and volatile
NO. -- Western Kentucky coal, divergent injector, 450°F
preheat.
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11.5.5 Pfimary Air

Figures 54 and 55 show the prédicted effectvof primary air flow
with the axial injector, based on an ekperimental char/volatile testv
series; As in previous data, primary stoichiometry and mixing had little
effect on char NO; however, inéreéSed primary air flow dramatically
V incfeaéed volatile NO. This probabiy resulté'frém higher local okygen
concentrations.

Figure 55 indicates that the nitrogen volatiles increase dramati-
cally with-flame detachment. It is beliéved that this is due to a much
1ongér pérticle heatiné time pribr to igﬁition which causes a larger
voiatile nitrogen yield. The fact that the volatile nifrogen yield
increases faster than the total volatilés again supports the hypothesis
that much of the nitrogen is contained in the heavier volatile fractioms
which evolve last. Both the char/volatile NOApre&ictions and the total
and nitrogen volatile results further demonstrate the strong sensitivity

of the volatile NO mechanism to early mixing.

11.6 Summary

The following conclusions wére reached based on the char/volatile
calculations:_. |
i, At combustion conditions typical of pulverized coai systems,

appiokimatély half of both the coal and the fuel nitrogen are

evolved as volatiles. The emissions for the Western Kentucky

coal at SR = 1.15 are:
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Rapidly mixed Slowly mixed
_ systems {(divergent) = systems (axial)
char NO* : 160 ppm 155
volatile NO* 570 295
thermal NO 180 o 115

total NO emissions 910 _ 565

-

Char and volatile NO emissions are relatively insensitive to
changes in inlet oxygen concentration and flame temperature.
Volatile NO emissions can be significantly increased by increasing
primary air flow, detaching the flgme, or increasing the stoichio- -
metric rafio° Siowing the early éoél/secoﬁdary air mixing |
decréased volatile NO.

Char NO emissions appear to be relétively insensitive to changes

in combustion parameters.

*Based on the semi-empirical analysis.



CHAPTER 12
CONCLUSIONS

It is ?ossible to produce.a self-sustaining pulverized coal flame.
on'a laboratory scale (6 1bs/hf”6f coal) with a refractory furhace, With
minor burner modifications both the relatively slow fuel/air mixing
characteristics of tangentially fired systems and the rapid.mixing of
wall-fired systems can be simulated from an NOX emission point of view.
vThus; NOk formation and coal comEustion studies conducted in a well-
controlled laboratory sys?em.have general applicability to industrial
systems. /

In pulverized coal combustion, nitrogen oxides result from both
the thermal fikation of atmospheric nitrogen and the okidation of nitro-
gen chemically bound in the fuei, although the latter is by far the more.
important source under all normal combustion conditions. Both the vola-
tile and char phases contain a signifiéant fraction of the fuel nitrogeh;
however, volatile nitrogen coﬁversion to NO far ekceeds char nitrogen
conve?sion because the former occurs homogeneously in_the presence of
;onsiderable oxygen whilé the latter occurs heterogéneously, within or
near the particle. Thus, to attain significant emission reductions, con-
trol technology must be directed at controlling fuel NO and in particular
volatile NO.

Based on ekperimental test results from four coals, total and
fuel NO emiséions increase only slightly as the fuel nitrogen level

147
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increases because the percent conversioﬁ‘of_fuel ﬁitrogen'decreases..
Oxidation of chemically bound nitrogen is the primary NO formation
méchanism regardless of compositibn or coalrrank° Nitrogen speciation is
not of first¥order importance and, hence, theAva?iation in emission per-
formance of field units is noﬁ.likely the result ofifuel composition
vériations, but rather differences in combustion hardware and operating
parameters.

Fuel NO formation is remarkably insensitive to combustion zone
temperanre over a wide range typical of industrial practice. Increased
femperature fesults in.increased-volatiie nitrogen but this is almost
cdmpensated,by a decrease in volatile nifrogenrconversion. Thus, abate-
ment teéhnology which has been shown to dramatically reduce NO emissions
from natural gas-fired systeﬁs through reduced local combustioﬁ témpera—
tures (e.g,grflue gas recirculation, water injection, increased heat
removal, -etc.) will not be cost-effective for pulverized cbal units.

Both total and fuel NO emissions increase with increasing excess

air because volatile nitrogen conversion ekhibits a strong excess oxygen
dependence. In_contrasf, char NO formation is only a weak function of
overall excess air. Fuel NO emissions correlate linearity with overall
stoichidmetry if a dimensionless emission.§0effiCient'is used. Thus, the
stoichiometry deﬁendence can be decoupled from the fluid dynamic and fuel
composition parameters. | =

Below>a threshhold level, further reduction of primary oxygen has
little effect on NO emissions, indicating that early volatiles do not

contain significant volatile nitrogen. Increased primary oxygen and/or
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early mixing between the fuel and air, particularly as a result of flame
detachment, dramatically increase the volatile NO formation and hence the
fuel NO. Oxidation.of char nitrogen, however, is relatively insensitive
to changes in early okygen concentratiqn or combustion hqrdWare, Thus ,
the most effective method of controlling NO emissions from pulverized
fuel firing is to reduce the initial oxygen availability,_éither through
. aerodynamic staging or external two-stage combustion. Volatile NO appears
amenéble to abatement by combustion modifiéations but abatement oé char
NO may be extremely difficult. Thus, unless the char/volatile split can
be altered, there may exist a lower limit on the emissibn level which can
be achieved‘via combustion modifications.

Finally, thermal NO formation in puiverized coal flames behaves
similarly to NO formation in gas flames under similar conditioms. It
increases with increasing excess air and flame temperature, but it is
relatively insensitive to fuel composition. - Abatement can be accomplished
through classical temperature reduction methods; however, since therﬁal
NO is never more than 20 to 30 percent of the total emission level, the

maximum reduction in total emissions is correspondingly low.



CHAPTER 13

RECOMMENDATIONS FOR FUTURE WORK

The results of this investigation provide numerous suggestions

for future work, both fundamental and more applied. Three general areas

are particularly worthy of note:

1.

Mechanisms ofvfuel_NO formation. This investigation definitively
established the importance of the fuel NO mechanism and its
dependence on combustion zone temperature, coal compositiOn énd
rank, and exceés okygen. "It also demonstrated the significance
of char and volétile NO formatiom, but the méchanistic details
are still lacking. For ekample, What are thebreactions con-
trolling volatile NO formation? Can N2 formation be enhanced?
What actual flame conditions are required to significéntly alter
the char/volatile split? Can essentially ail of thg nitrogen be
driven off with the volatiles? |

Investigation of two-stage combustion. This work demonstrated

that the only effective means of controlling fuel and‘hence total
NO emiééions was by early séparation of the fuel from the combus=-
tion air. DefinifiVe work is needed tc'establish, under care-
fully controlled conditions, how long the separation must be, how
rich the stoichiométry should be, and what the optimal tempera-
ture is. These‘are'of particular interest because the present
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study revealed the existence of a char NO component which appears
to not be amenable to control through combustion modifications.

E1

Influence of early okygen. This investigation established that

increased early mixing, particularly as the result of flame
detachment, reéulted in markedly increased fuel and total NO
emissions. While the effect is bélieved to be the result of
early okygen, this was not defiﬁitively established. In addi--
tion,‘enri¢hment of the combustion air with pure oxygen gave
'results which could not be definitely ekplained. Thus, these
phenomena require further investigation under well-defined fluid

dynamic conditioms.



APPENDIX A
WALL TEMPERATURE ANALYSIS

A.1 :Introductioh

The walls of the eXperimenté1Vfurnace were designed based on
consideration of the following ovérail criteria:

1. The furnace was tb,bé used to study, among othef things, the
combuétion oflcoél in preheéted, enriched argon/okygen which has
a theoretical flamevtemperature-in'eicess of 4100°F. The walls,
therefore, ha& to be capable of withstanding inner surface
temperatures of approkimately 3000°F (based on past experience).

2. Tﬁe'furnace had to be capable of supporting a self-sustaining,
pulveriied coal flame and, therefore, it was necessary to mini--
mize heat losses to the makimum ektent reasonable. 18,000 Btu/hr
was established as the upper limit écceptable. (Total heat input
was designed-to-beVSO,OOQ to 60,000 Btu/hr.)

3. The steel shell temperature had to be less than 250°F to preclude
the possibility of serious personal injury. Past ekperiencé had
shown that small furnace modifications were often required during
operation and during the course of these alterations it was

impossible to avoid accidentally touching the furnace shell.

Due to the complexity of these design requirements, a mathemati-
cal model for wall heat transfer was developed and used to evaluate
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various wall thicknesses and refractory casting patterns. The following
sections describe the analysis method, the specific equations and assump-
tions, and the actual .computer code (KATHY.FOR) which were used. It
should be noted that the mo&el was developed as a design tool, not a
detailed analysis procedure and hence only first-order effects were

considered.

A.2 Derivation of Equations

Preliminary calculations revealed that a composite wall structure
was necessary to achieve the deéign criteria just described. Thus, the
inner wall was épecified as a high temperature, high density, castable
refractory capable of withstanding sustained surface temperatures of
3200°F. .This was backed by a low density, medium temperature, inéulating
castable refractory with a low fhermal conductivity. Finally, a low
temperature asbestos "rollboard"” was placed between the insulating
refractory and the steel shell to minimize thermal ekpansion problems.
The thickness of each layer and the temperature capability of the
insulating castable were defined based on'the model results.
| Figure A-1 ;hows a conceptualypicture of the composite furnace
wall and defines much of the notation used in the theoreéical development
which follows (a complete 1iéfing of nomenclafure.is contained in section
A.4). Since the inside of the furnace had a 12:1 1eﬁgth to diameter
ratio, and was essentially axi-symmetric, the heat transfer was approxi-
mated as being one-dimensional (radial). As indicated in Figure A-1, the

furnace was divided into horizontal slabs of héight AZ.
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Figure A-1l. Conceptual diagram of the composite furnace wall.
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At steady state, the heat conductlon Q R throuvh the jth compo-
site wall 1ncrement with helght AZ, is glven by:

- ) ZWAZ(TI - Ts) .
. 4n ra/ri an rb/ra znlrs/rb

( —— + ' + o~ =)
kl kz' k3 .

(A-1)

Qj = ZwAZriqi =

whefe'jSs_the total ﬁeat beihg trénsferred out of the jth.furnape zone
by éonduction‘through fhe cbmposite Wall_and where.qi is the heat flux
at the inmner surface. Thé thickness associated with the sfeellsheil was
neglected in the model because it added.only a negligible heat transfer
resistance due to the high thermal conductivity of the stéel.

The heat traésfer between the jth sectioﬁ of the oﬁter steel wall
and the ambient room air consisted of convective and radiative cdntribu-
tions, both of which were significaﬁt. The convective portibn,’Qc, was
'relatedito the surface and ambient temperatures (Ts and Tamb) by the
equation:

Qc = hS (2ﬂrSAZ)(Ts - Tamb) | \.-, (A-2)

The heat transfer coefficient, hs’ was estimated using an.empirical
correlation suggested by McAdams (1954) for heat transfer by free convec-
tion from a long cylinder:

‘2 rh C »
Nu = -igiiii = 0.5(crPr) /4 (A-3)

au
The radiative heat transfer from the jth section of the outer steel shell

was calculated using the'equation:

Qr = a(ZﬁrSAZ)F12(¢5T54 - aéTamb4) - | | (A-4)
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where ¢ is the Stefan%Boltzmann constant and F12 is the view factor (1.0.7
becausé’the.cylinder is essentially completely surrounded by thé,ambient7

air). The emissivity,,esg and the absorptivity, a_, of the outer steel

shell were both taken edual to 0.93 in accordance with the data of Hottel

in Bird, Stewart, and Lightfoot (1960).

The total heat transfer from the jth section of the steel shell
had to equal the‘sum of the radiative and cenvective cohtributions:

Q; = Qr *+ Qe | | - (A-5)
It also had to equal the rate of heat transfer through the composite

wall; hence, the previous equations were combined to give:

2mAZ(Ti - Ts)
n ra/ri n rb/ra _ fn rs/rb

( + — )
K ks kg

='{h3(2wrsAZ)(Ts - Tamb)

. o(ZwrSAZ)(eSTs4 - asTamb4)} (A-6)

Note that once é particular casting pattern and set of refractory
materials were specified only Ts and Ti were unknown in equation A-6.
Unfortunately, the heat transfer from the flame zone to the inner
refractory surface was considerably more complicated due to steep inter-
nal temperature gradienfs, the presence of coal and soot particles, and
an unknown flow field; The inner surface heat transfer was, therefore,

estimated using an empirical, power-law model:

Q; = higzﬂriAZ)(Tg“ - Ti% | (A-7)

where hi is an empirical heat transfer coefficient determined experi-
mentally and o is the power-law constant. Based on past experience with

furnaces of this type, it was known that at the furnace top (zone 1) the
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iﬂner“surfacé teﬁperature would be approkimately 2800°F fbf a coal,flémé .
with a theoretical flame témperature of 3400°F. 'Thése data were used‘to.
empirically’estiméte hi“ In genefal,‘the power-law constant, o, wés'
taken‘tb be four on the assumption that radiation from the flame and
opposing Walls‘cbntro}le&'the sﬁrface temperature of the refractory. In
a limired nﬁmber of case studies, d was set equal to one to estéblish fhe
influence of convective heat transfer control.

Finélly; the gas temperatures of adjacenﬁ Zones were related
through a simpié enthalpy balance: |

Q = wC,(Tg; - Tgj, ) - (a-8)

where w is the mass flow rate of the flue gas and ng is the flue_gas

+1
temperature'gntering the j+1 zone. Direct radiative exchange between the

rtwo’zoﬁes was,not:explicitly included in this design calculation.

A.3 Solution Procedure

The.eQuatibns just described were solved using a single pass,
forward marching procedure to calculate the five unknown temperatures
(Tg, Ti, Ta, Tb;'and Ts) and the heat loss, Qj’ for each zone..lCombus—
tidn_was assuméd to occur insfantaneously in thé first zoné and, hence,
the‘fiue gas temperafure in zone 1 was taken to be‘the theoreticél flame
temperature (which Was input). The wall temperature in zone 1 was also
input along with the power law constant, o.

The calculation procedure for the‘first zone was slightly differ-
ent than for thé subsequent zones because the refractory surface tempera-
ture was knoﬁn (based on past experimental measurements). First,

equation A-6 was solved for Ts, the outer steel shell temperature in
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zone 1, using the specified inner wall temperature and the-input dimen-
sions and thermél éonductivities. Since the equafion couid not easily’bé 
éxplicitly solvéd for Ts, it.was solved numefically using the reducing
interval method. Next, equation A-l'was used to calculate the heat -
transfer from zone 1 through the‘cpmposite wall; The flue‘gas témpéraA‘
ture entering ione 2 was théﬁ calculated using the enthalpy équétion, A-S.
'Finallyf thelinside'heat transfer coefficient, hi; was eStihated by
applyiﬁg eqﬁaﬁion A-7 to zone 1 where hi'waS'then the 6n1y unknown. This
value of thé-inside heat trénsfer chfficieﬁt was then used!fbr all the
subsequent zones. | |

The sOlufion procedure for zones 2 to.N wés as fqllows. The inlet
flue gas temperaturé in the jth‘ipne, ng, was known ffomﬂthé eﬁthalpy o
. balance on tﬁe:prévious zone. Equations A-1, A—Z?AA—4,VA—S, and A;7 were

cbmbiﬁed algebraicaily to-give:

hS l‘s grs . 4 : 4 .
{ hiri (Ts - Tamb) + P, (eSTs - a Tamb )} + {h T AR(Ts - Tamb)

o

* crsAR(esTs4 - aSTamb4)~ + Ts}" = Tg (A-9)

where

n ra/r'i n rb/ra1 in rs/rb
AR = X e " + = %
1 2 3

and where.both the heat fldw, Qj’ and the inner surface temperature, Ti,
have been eliminated. Equatioﬁ A-9”was‘solved for the only unknown, Ts,
the steél shell temperature in the jth zbne; solﬁﬁioﬁ was again by_thé
,»reduﬁing inferval methbd; Once Ts wés known, eﬁuations A-2, A-4, and A-5

were solved for Qj and equation A-1 was solved for Ti. Finally, equation
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A-8 was solved for the temperature in fhe f+l zone and the entire procéss-‘
repeated.

| At the conclusion of the entire calculafion procedure, the total

heat loss and average steel shell temperature were calculated.

A.4_ Nomenclature

Table A-1 describes the principal noménclature used both in
developing the equations and in the actual computer code. . Unless other-
wise noted,  the internal'progfam'dimensions are as follows:

feet

length

temperaturé = degrees Rankine

time = hours

énergy Btus

A.5 KATHY.FOR Computer Code

The following pages contain a complete listing of fhe Foriran
computer program KATHY.FOR which was used tb.solve the wall temperature
equatiqhs. It was written in an interactive format and Qas TUN On a
DEC-10 timesharing system. The user specifies:

1. The_inside furhécé'diameter, the thickness of both refractory
layers, and the asbestos thickness, all inrincheé, ‘
2. The theoretical flame temperature, the ambient air temperature,
énd the innef refractory temperature (zoné 1), in degrees F.
3. The flue gas power law conétant.
The program then calculates and prints out:
1,-_The éntire”temperature field in degrees F.

2. The heat loss for each zone in Btu/hr.



160

Table A-1. 'Nététionrfor wall tehpefatUre analysis.

Algebraic

Computer .
Representation Code -Definition
e E emissivity of steel shell =
0.93 '
Gr GR.. Grashof number for free
convection ‘
hi HI - empirical heat transfer coeffi-
: cient for inner surface
“h_ H -convective heat transfer
s J
: coefficient :
k. KA thermal conductivity of
air _ . .
ambient air
k) K1 thermal conductivity of high
temperature .refractory
k2 : K2 Lthermal conductivity of
insulating refractory
k3 K3 thermal conductivity of asbestos -
rollboard
Nu NU Nusselt number for heat
transfer
Pr PR Prandtl number
Q. QI rate of heat transfer through
] ' jth section of composite wall
Qc QC rate of convective heat trans-
fer from steel shell
-- QCONR Qc + Qr
Qr QR rate of radiative heat transfer
; . from steel shell
a3 - heat transfer flux at inner

surface



~ Table A-1--Continued.
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Algebraic

Computer

SIGMA

Representation Code Definition
T RA radius to outside of high
a o
_ temperature refractory
Ty " RB radius to outside of insulating ,:
V refractory '
T, RI inner radius of furnace
(.25 £ft)
T, RS outer radius of furnace shell
T T kth estimate of the steel shell
temperature in jth zone
AT DELT temperature step size
Ta TA(J) temperature of outside of high
temperature refractory
Tamb - TAMB temperature of ambient air
around furnace
Tb TB(J) temperature at outside of
insulating refractory.
Tg TG(J) flue gas temperature in jth
zone
Ti TI({J) temperature of inner refractory
surface in jth zone
Ts TS (J) steel shell temperature in jth-
, zone
Z Z(J3) distance from furnace top of
' jth zone
Az DELL height of differential element
a NP power-law constant = 4 for
’ radiative control
o}

Stefén—Boltzmanﬁ constant




nan

Yol NeoNoReReReRo R NN

110

112

120

DIMENSION TG{10),TI (10),TA(10),TB(10),
TS (10) ,Q(10) ,Z {10)
REAL K1,K2,K3

THIS PROGR@M CALCULATES THE HEAT LOSS AND REFRACTORY
TEMPERATURE DISTRIBUTION FOR A CYLINDRICAL COMBUSTOR

DATA INPUT

CONTINUE

TYPE 110 , |

FORMAT (//,' ENTER IN DIA, REF 1 TH, REF 2, ASBESTOS
TH IN IN. ?) ' :

ACCEPT 112, XID,R1T,R2T, R3T

FORMAT (U4F)

IF ( XID .EQ. 0.0) GO TO 999

RI = XID/2./12. S . .
RA = RI + RI1T/12. . .
RB = RA + R2T/12.

RS = RB + R3T/12,

TYPE 120 ‘
FORNMAT (' ENTER TADB,TAMB,TSUR,DUM IN DEG F?)
ACCEPT 112, TADB,TAMB,TI (1) ,DUM '
TG (1) = TADB + 460, _

91



TAMB = TAMB + 460,
TI(1) = TI(1) + 460,
TYPE 130 A
130 FORMAT (° ENTER FLUE GAS COOL LAW POWER-REAL NOt®)
ACCEPT 132,XNP ‘
132 FORMAT (1F)
NP = IFIX (XNP)

BEGINNING OF CALCULATIONS FOR ZONE 1
TEMPERATURES ARE IN DEG R, LENGTHS IN FT,
TIME IN HOURS, AND ENERGY IN BTUS

OO0 0

o CONTINUE
NPT = 10
D = RS*2,
K1 .= 16.0/12.
K2 3.0/12.
K3 0.4
E = 0,93
SIGMA = 0,1712E-08
PI = 3.1416
ARA = RA/RI
ARB RB/RA
ARC RS/RB .
AR = ALOG (ARA)/K1+ALOG (ARB) /K2+ALOG (ARC) /K3
T = TAMB + 5.0

ot

[T I 1

$oT



ISEoNoNe!

60

QNGO

290

OagQwao

310

DELT = 100.0
ITERATIVE CALCULATION OF STEEL SHELL TEMP

CONTINUE

CALL HCOEF(T,TANB, D,H)

H IS THE HEAT TRANSFER COEFFICIENT EOR
FREE CONVECTICN COOLING OF THE STEEL SHELL
CONTINUE

CAUTION, THESE Q'S ARE PER UNIT LENGTH (DELL=1)

QR = PI*D¥*SIGMA*E* (T#k4-ThMB¥*%Y)
QC = H¥PI*D* (T-TAMB)

QR IS THE RADIATIVE HEAT LOSS
QC IS THE CONVECTIVE HEAT LOSS
QCONR = QR + 0C

QK = 2.,0%PI*(TI{1) ~-T) /AR

IF { QK .LT. QCONR) GO TO 290
T = T ¢ DELT

GO T0 250

CONTINUE

T = T - DELT

DELT = DELT / 10.

IF ( DELT .GT. 5.0) GO TO 260
TS{T1) IS THE STEEL SHELL TEMNP
IN ZONE 1

CONTINUE

SETTING UP THE NON ﬁNIFORM LENGTH GRID
Do 310 I=1,NPT

2(T) =72, /12 *FLOAT (I) **2/FLOAT(NPT)**2
CONTINUE

298



320

sNoNeRoNeN?!

DELL = Z(1) =-0.0

Q(1) = 2.0%PI*DELL* (TI(1)-TS{1))/AR

Q(1) IS THE HEAT LOSS FROM ZONE 1 IN BTU PER HR
TG(2) = T6(1) - Q(1)/54.4/0.3

ROQO = Q{1)/2.0/PI/DELL

TA{1) = TI{(1) -ROQO*ALOG (ARA) /K1

TB(1) = TA(1) - ROQO*ALOG (ARB) /K2

TYPE 320

FORMAT (//,%Z°,5X,%TG?,6X,? P17 ,4%X,? TA® ,6X,°TB",
6X, TS ,B8X,°Q%,//)

HI Q (1) / (PI*D*DELL) / (TG{1) **NP~TTI (1) *¥*NP)

Qs = Q(1) ‘

TSS = TS(1)*DELL

W

BEGINNING OF CALCULATION FOR ZONES 2
TO NPT

X001 = 0.0

02 = 0.0

CONTINUE

NX = NPT + 1

DO 499 I = 2,NX
J=1I-=-1

VZ = Z{J)*12 .
VI6 = TG(J) =460
VII = TI(J) ~ 460.
VTA = TA (J) =-U460.

ot



VPB = TB(J) - 460.

VIS = TS{J) - 460.

VO = Q(J)

: \ 'TYPE 410,VZ,VTG,VTI,VTA,VTB, VTS VQ
410 - FORMAT(TS 1,5F7.0, 10, c)

- IF( I oEQo;NX) GO TO 499

DELL = Z(I) =-2Z(J)

T = TAMB + 5.0

[}

DELT = 100. ‘ ’ )
- C ITERATIVE CALCULATION OF STEEL SHELL TEMP
420 CONTINUE
CALL HCOEF(T, TAMB, D, H)
430 CONTINUE '

XXL = PI*D¥*DELL

OR = XXL*SIGMA¥E* (T#*4=-TAMB**4)
QC = XXL*H¥ (P-TAMB)

QCONR = QK + QC

F = QCONR

CA = HI*XXL

CB = 2.0%PI*DELL/AR

RNP = 1.0/FLOAT (NP)

XTG = (F/CA + (F/CB+T)**%NP)**RNP

IF ( I .NE., 8) GO TO 460

IF ( DUM .EQ. 1.0) GO TO 600
460 CONTINUE

IF( XTG .GT. TG(I)) GO TO 470

T =T + DELT .

GO TO 420
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470 CONTINUE
T = T - DELT
DELT = DELT/10.
IF ( DELT .GT. 0.5) GO TO 430

CPS{I) = T
0(I) = QCONR -
TI(I) = TS{I) + Q(I)*AR/{2.0*PI*DELL)
TA(I) = TI{I) - ROQO*ALOG{ARA)/K1
TB{I) = TA(I) - ROQO¥*ALOG{ARB) /K2

K =1+ 1

TG{K) = TG(I) -Q{(I)/54.4/0.3

Q5 = Q5 + Q({I)

TS5 = TSS + TS{I)*DELL
X01 = CA% (TG(I)**NP-TI(I)**NP)
: XQ2 = CB* (TG (I)~TS (I))
499 CONTINUE

TSA = TSS*12./72. - 460,
TYPE 520, QS

520 - TFORMAT(/,® THE TOTAL HEAT LOSS IS?,F8.0,?BTU/HR?)
TYPE 530, TSA

536 FORMAT (/,". THE AVE SHELL TEMP IS', F6.1,% DEG F')
GO TO 100
600 CONTINDE ‘
TYPE 610,D,HI,H,QR,0Q0C,CAh, AR, CB, DFLL, T, XTG
610 FORHAT {(/, S5E11.4,/,4E11.4,/2E11.4)
GO TO 460 ‘
999 CONTINUE
STOP
END

L91
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SUBROUTINE HCOEF{ T , TA, D,H)
REAL MU,KA,NO

THIS SUBROUTINE CALCULATES THE HEAT TRANSFER

COEFFICIENT FOR A VERTICAL CYLINDER
DUE TO FREE CONVECTIVE COOLING

MO = 0,046

CP = 0.241

G = 4.,17E08

Kk = 0.0152

TF = (T +TA) /2.0

DT = T - TA

RHO = 0,0808*492,/TF

B = 1,0/1TF

GR = D¥*D*D*RHO*RHO*G*B*DT/MU/NU
PR = CP*MU/KA

NU = 0.5% (GR*PR) *%0, 25

H = NU¥KAL/D

H HAS UNITS OF BTU/(HT~SQ FIT-DEG R)
RETURN

END

891
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3. The total heat loss through the refractory walls in Btu/hr.

4. The average steel shell temperature in degrees F.

No instability or convergence problems were encountered with the
program, even with a highly'non—uniform grid. This was probably a result
of the essential simplicity of the calculations and the‘excelleﬁtr

stability of the numerical method.

A.6 Discussion of Results

_Figure A-2 shows a set of typical temperature pfofile results;v

' This'represents a nofmal bituminous coal/air flame combusting in the :
6" x 72" furnace with composite walls containiﬁg 4" of Harbison-Walker
Castolast G 3200°F castéble refractory, 7" of Harbison-Walker Lightweight
26 insulating castable refractory and 1" of asbestos roliboara. The data'
indicate that for this case botﬁ refractories are operating well below
their makimum temperature capabilities, but the average steel shell
temperature (246°F) and total heat loss (18,800 Btu/hr) are only
marginally acceptable.

Figure A-3 shows the effect of increaéing the thickness of the
inSulating refractory and indicates that beyond approkimately 8" a sub-
stantial increase in refracﬁory thickness‘is required td achieve any sig-
nificant reduction in either total heat loss or steel shell temperature.
Therefore, 8" waé established as an upper limit on the insulating refrac-
_tory thickness.

Figure A<4 indicates that the high temperature refractory thick-

ness has little effect on either heat loss or shell temperature. Tripling
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the thickness from 2" to 6" only reduces the average steel shell tempera-
ture 13 degrees F. Closer examination of the analysis, however, reveals |
that if only 2" of high temperature refractory are used thén the upper
portion of the insulating-refractory is operating at‘2550°F, Since the
éervice limit of this material is 2600°F, fhe condition was judged
unacceptablé,'and 4" of high temperature specified for the upper half-of
the furnace.

The influence of the inside power-law constant, o, was also
studied and as the data below indicate it has little practical effect on
the design considerations. (However, this does Qgg_in any sense imply-
that it is insignificant in a scientific analysis of the heat transfer in.
a furnace.)

Average Shell’ :
Temperature Total Heat Loss

Power Law (°F) - (Btu/hr)
o = 4 (radiation control) - 246 18,800
a=1 (convection control) 265 ' 21,400

In summary; the computer analysis indicated that the upper half
of the furnace should contain 4" of the high temperature refractory while
the lower half only needed 2". The thickness of the insulating refrac-
tory was defiﬁed to be 6" and 8", respectively, to balance the high

temperature refractory.



APPENDIX B
CALIBRATION DATA

B.l Analyzers

The;continuous,‘flue gas analyéérs were zeroed and spanned at
least every three hours. The zero gas was nitrogen suppiied by a local
vendor. Thercalibration gases were from Matheson Gas Products with the
following specifications:

638 ppm NO in N2, certified standard

1.82% CO in N2’ certified standaxrd

12.42% CO2 in N2, certified standard

C - 4.32% 02 in N2, certified standard

2413 ppm 802 in N2, cértified standard

The same NO calibration gas was used throughout the testing;

B.2_ Screw Feeder

Figures B-1 through B-4 show the coal feeder calibration data for
“the Colorado, Wesfern Kentucky, and Montana coals and the FMC coal char,
respectiveiy. These data were ébtained by disconnecting the primary air
‘lines and weighing‘the amount of coal delivered by the screw feeder in a
specified period of time (usually 2 minutes). In generél, the feeder
gave a linear response which was reproducible to within + 1.4 percent as
shown in Figure B-4.
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Figure B-1. Feeder calibration, Colorado coal.
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Figure B-2. Feeder calibration. Western Kentucky coal.
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Figure B-3. Feeder calibration, Montana coal.
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9.0
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Figure B-4. Feeder calibration, FMC char.
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Initially, there was concern that the flow of the primary air
past the endaof the screw might alter the calibration of the coal feeder
under actualloperating conditions; however, no evidence of this Was
observed. Three independent measures of the inlet air flow rate were
made at each test condition. ‘Beiow are the iesults for a typical base-

liné tést point with the Colorado coal (1-11/05-4):"

Method of calcﬁlatioh fts of inlet air
Coal flow + O2 flue analysis 14.54
Metered air flow-laminar flow element : 15.79
Coal flow + CO2 fiﬁe anélysis. 14.78

This agreement (+ 5%) is well within the accuracy of the measurements and

confirms the overall system calibrations.

B.3 Volatile Additive Rotameter

The NH3 and NO which were added to the primary air as "typical"
volatile compounds (Chapter 11) were ﬁetered with a 150 mm Brooks
rotameter. Figures B-5 -and B-6 show.the calibration data obtained with
this rotameter for each gas. Theée.data were obtained by passing the
test gas through the rotameter to the bottom of a burette which contained
a small amount of soap solution. The'gas produced bubbles whose rise time
was measured. Each data point wés‘the average of at least three separate

tests; the reproducibility was approximately + 6 percent.
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Figure B-5. Rotameter calibration, NH”".
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APPENDIX C
OPERATING PROCEDURES

C.1 Furnace Warmup

On initial start-up from a cold condition it was necessaryito
preheat the furnace by firing natural gas for at 1east172 hours before
any coal testing was started: The natural gas was fired at appfoximately
the full load (cbal) condition of 85,000 Btu/hr. fThis allowed the fur-
nace to come to thermal steady state and resulted in an inside wall
temperature of approximately 1900°F as measured wiﬁh an optical pyrometer.
Due to the length of the wafmup period and the detrimental effects of
thermal cycling on the refractory, the furnace was normally fired on gas
when coél testing was not in progress; total shut-down occurred only
 during extended vacation periods and major system modifications.

The'actual start-up procedure consisted of several distinct
parts. First, aif, heated to 600°F by.the electric preheater, was passed
through the furnace for approkimately four hours to slowly bring the
fefractory temperature to over 300°F. Next, the pilot flame was ignited
with the electric $park ignitor. The main gas flame was then igﬁited
directly from the pilot flame after which the latter was turned off.

The following detailed start-up procedure was prepéred for
starting the furnace up from a cold condition. Tﬁe valve numbers refer
to Figure C-1. |
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C.1.1 Initial Warmup

C.

1.

1.

2.

1.

2.

10.

Turn air compresspf on. -

Check fo be sure the flue gas draft fan is on.
Dfain water traps.

Open high pressure air valve (#1).

Check high temperature limit switch on preheater.
Turn main power switch on..

Open secondary air control valve (#5) to give approximately

15 SCFM.

Turn on cooling water.

Set preheater controller at 600°F.

2 Pilot Ignition

Turn preheater-off,

Make sure main éaS'Valves are closed.

Check all cooling water streéms.

Open pilot gas Qalve (#25).

Turn on pilot air (solenoid #23).

Turn Maxon gas valve .switch on (solenoid #24). Gas flow will not
start until valve 24 is also engaged manually.

Depress spark ignitor button.

.” Cock and open Maxon gas valve manually. Release ignition button.

Open shutter on quartz window and visually inspect the flame,
If pilot flame is unstable or ignition does not occur, reduce
secondary air flow and, if necessary, readjust pilot air pressure

regulator (#22) (8 Qz/inz’is optimum).
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C.1.3 .Main Flame Ignition |
1. Turn on main gas switch (solenoid valve).
2. Open natural gas control valve and a&just flow to proper éetting.
3. Adjust secoﬁdary air flow to properrlevel.
4. Vlsually 1nspect flame. |
5. Close pllot gas ball valve (#25)
-6. Switch off pilot air (solenoid #23).
7. AdjuSt-preheater controller to>desired set point.
8. Chedk flue oxygen level with polarographic oXygen analyzer. 2 to
3 pércent ekcess‘oiygen is desirable. | .
9. Close window shutter. A
10. Check all cooling water streams.

11. Check flame signal strength. If necessary, adjust akial and

swirl air valves (#14 and #15) to give a stronger signal.

Three main types of problems were encountered during furnace
warmup. The first was the cqndensation of water in -the early portions of
the heat exchanger because the entire system was totally cold. To over-
éome this, the initial warmup step with preheated air was added to the
pfocedure. | |

Periodically, problems were encountered with the pilot.system due
to deposition of ash in the pilét port and the high temperature corrosion
of the outer pilot tube. Initiélly, fheSe were solved by cleaning the
pilot tip. Ultimately, afterzapproximately 6 months of operatioﬂ, it

was necessary to install a new pildt.



Sporadic problems'Were encountered in the ultraviolet flame
_ detector system. Ash and slag would dep051t in the detector port,

'.part1ally blocklng the UV rays and cau51ng a weak flame signal. The

problem was solved by 1ncrea51ng the ax1a1 air, thus 1engthen1ng the 3

flame and 1ncrea51ng the UV em1551ons in the fleld of view of - the

detector.

- C.2 Transition to Coal

The following detailed procedure was used for switching from °

natural gas to coal.

C.2.1 Preliminaries

l.errain'oil/Water trap.

2. Cleen_out‘the approprlatewcoal injector. ;

3. InStall full cylinders of Ar/O Aand/or CO if reQuired,

4., Load coal into small barrel out51de bu11d1ng

5. Seal barrel and mount above coal feeder Open gate valve on
bottompof barrel and fill feeder hopper.

6; Remove barrel and seal hopper top.

C,Z;Z Transition
1. Switeh_off main and Maxon gas valves.
2 Manuallv shut off main gasdcon-trol valve.
3. Set preheaterrcontroller to 70°F.
4. Close seeondary air control valve (#5).
- 5}':Clean quartz observation w:lndow° Replace gas injector with’

appropriate coal injector.
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6. Adjust sacdndaryréir éontrdl’&alve (#Sj té give deéifed-flow;
7. Check'swirl ahd axial air valfeé (#147and #15). Both should‘ﬁé
completely qpen.' | | |
8. -Adjust pfeheatér ¢ontrollervfo desired set point. Cheék high
.témferaﬁhrellimiﬁ’reset. ” o
9. Lotk out fiamebsafetyrgystemgvg'
10. Turn on coai féeder swifch. |
11. Turn off primary'gir'solenoid (#12) .
12, Adjustfprimary air éontféi valver(#ll)'to give.désiredflow rate.
'13. Push coai feéder start button. | |
14. Visually in§p¢Ct flameband, if necessary,'adjusf'céal injector

alignment to achieve symmetrical flame.

Duiing_thé-eight,hdnths’of experimental testing on coal, a multi-.
' tude of operatioﬁal‘problemsiwefe_enCountered andjthe thrée mosﬁ signifi-
éant are disCusséd belbw.- The‘difficulty of.conducting'coal combuStioh :
studies (compared to natural gés) caﬁnot be over-emphasized; however, no.
unsolvable problems were met. - Initially,Ait was anticipéted (baéed on
past expériénce) fhat puising of the coal féed would be a majof problem.
In an éttempt to 0verc§meﬁthi$, a variety of iniiﬁe mixing devices wére
tried. .Ultimately, fhe Best‘écheme proved to be a direét coﬁnection
betweén the feédéi.and the burner in conjunction with a high velocity
primary air jet’which was positioned opposite the screw outlet and which
sWeeﬁs the c0a1:uniformly_bffAthe SCTew.

Périodically,'bbth the'bottom of the furnace and the heét 

exchangers would become blocked -with fly ash. Ultimately,bthis situation
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~ was improved by enlarging the flue sygtem and by regular,‘bi—weekly
clegning of the furnace bottbm fromvbelow.

Even with the improved coal feeding system, sporadic coal pulses
- would occur and momentarily'ektinguish theAfiamew When this occurred, -
the flame safety system would automaficaily shut the entire furnace down
~and, hehce, interrupt the run. E#périencé sho&ed that thére was nothing
dangéréus'about a momentary flaﬁe 1apsé'be¢éuse the walls were ﬁot
enough to'directly ignite the'coai_pérticléS’once'the pulse was past.
Theiefofe, the flameSSafetybsysfem was ultimateiy BypasSeé during pefibds

of data gathéring to avoid unnecessary interruptions.

C.3 Overnight Operation

The follbwing,detailed proceduré was used for switching back_to'
natural gas from coal dufing periods when coal testing was not in
progress:

1. Push coal feeder.stop button.

2. Close primary air control valve (#11).

3. Close seéondary éir control vélve (#5).

4. Turn coal feeder éwitch off.

5. Replace coal injeétor‘with gaé injector.

6. Adjust Secondary air contrél valvé.(#ll) to give 15 SCFM.

7. Check furnace pressure. If 5" H,0 or greater, shut off secondary

2

air and clean furnace flue.

8. Start up main gas flame as previously described.
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9. Set pfeheater controller to temperature to be rﬁn in the next |
test Series.

10.. Check flame signal and cooling water streams.

C.4 Furnace Shutdown

- To shut the fﬁrnace down for.an extended periéd'of time, oné
merely turns off the méin power-switch, closes the high pfessﬁfe air
valve,-and all na?ufal gas valves.: The cOolingrwater is-not turned off
for at least four da&sbto insure that all portions of the-furnace have

had adequate time to cool down.



APPENDIX D
TABULATION OF EXPERIMENTAL DATA

D.1 Colorado Coal

' The experimental data which wéfe‘obtained‘during the Colorado

coal combustion studies are tabulated on the following pages. In

general, the following parameters were recorded:

1.

Fuel flow in 1bs per hour based on the calibration of the screw

' feeder.(Appéndix B);

Total air flow in standard cubic feet per minute (70°F). Thié
Qas measured with a laminar flow element and an iﬁcliﬁéd
manometer.

Percent swirl based on differential pressure readings across

matched orifices in the swirl and axial air lines.

Secondary air preheat temperature (°F) based on thermocouple

measurements of the swirl and axial air temperatures just prior

to the burner inlets.

-

. -Primary air flow rate in standard cubic feet per minute (70°F).

For the Colorado coal these numbers can only be considered
approximate values due to a leak in the primary air system which

was discovered after the conclusion of the tests.

2

inlet combustion air. A value of 21 implies the oxidizer was

Inlet O concentration.' This refers to the percent oxygen in the

compressed air and was assumed to contain 21 percent oxygen. Any

190



10.

11.

12.

13.

14.

15.

191
other value implies the oxygen concentration was experimentally
measured using the paramagnetic okygen analyzer.

Inlet CO2 concentration based on direct measurement of the inlet

- air with the NDIR CO2 analyzer.

. The balance of the oxidizer composition, either N, or Af;

2

Percént FGR, i.e., the amount of flue gas being recirculated
according to equation 4-1.
O2 concentration as measured by both a polarographic analyzer

(polar)'and'a paramagnetic analyzer (para).

_The stoichiometric ratio (SR) as determined from the paramagnetic _

oxygen reading if avaiiable, and from the polarographic reading‘
if not.
The percent CO ahd CO2

direct measurement by NDIR analyzers.

concentrations in the flue gas based on

NO emissions as méasured.by the chemiluminescent analyzer.

NO emissions in ppm, by volume, dry, reduced to stoichiometric.
Sozlemissions in ppm, by volume, dry, réduced to stoichiometric
based on the flue gas analysis by the pulSed—fluorescent

analyzer.



Fuel:

Run No.
Fuel flow,
Air flow, SCFM
% swirl

Sec.
Pri. air flow,
Inlet 02, %
Inlet CO2, %

Balance

% FGR

% 07 , polar

% 02, para.
S.R. by 02

% CO

% C02

NO, as meas.,
NO, 0% EA, ppm

SO2, as meas.,

COMMENTS:

Colorado Coal

#/hr

air preheat,

SCFM

ppm

ppm

30

515

2.8

21

3.40

1.194

.02

540

772

1-7 reduced swirl.

Date:

INLET PARAMETERS

30

530

2.8

21

N2

FLUE MEASUREMENTS

12.2

595

847

11/05

30

510

21

N2

1.062

12

17.6

535

0.20

1.021

.51

17.9

485

496

Injector:

18.4

30

495

1.45

1.50

1.072

.04

17.2

550

592

Divergent

1.124
.04
16.2

560

634

192

20.0
30

505

1.75

1.099

.04

740

818



Fuel: Colorado Coal Date: 11/05 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12 13
Fuel flow, Vhr 6.6 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM 22.0 20.0 19.0 20.0 20.4 20.6
% swirl 31 31 30 31 31 42
Sec. air preheat, 9F 520 510 510 500 500 555
Pri. air flow, SCFM 3.5 2.1 2.1 2.8 2.8
Inlet 02, % 21 21 21 21 21 21

Inlet CO2, % - - - - - -

Balance N2 N2 N2 N2 N2 N2

% FGR -

FLUE MEASUREMENTS

% 02, polar 3.70 2.40 1.60 -— 3.40 3.35
% 02, para. 4.20 2.75 2.10 - 3.50 3.40
S.R. by 02 1.235 1.141 1.104 - 1.188 1.181
% CO .02 .03 .04 .02 .01 O
% €02 14.8 15.4 16.2 16.8 14.8 15.4
NO, as meas., ppm 820 510 445 620 630
NO, 0% EA, ppm 1025 587 494 - 744 752

SO02 , as meas., ppm — - - —_

COMMENTS: 8-13 reduced swirl.



Fuel: Colorado Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

SO02 , as meas., ppm

0.8s

1.021

460

470

Date:

INLET PARAMETERS

21

FLUE MEASUREMENTS

0.85

1.0

1.047

490

SIS

COMMENTS: 4-11 baseline conditions.

11/04

23.2

34

2.25

2.50

1.127

16.46

580

655

35

510

21

N2

1.293

14.5

615

795

Injector: Divergent

8 10
6.6 6.6
22.8 21.3
33 33
490 470
2.8 2.8
21 21
N2 N2
1.35 0.7
2.1 0.3
1.104 -
0.04 0.21
17.18 18.32
510 -
565 ==

475



Fuel: Colorado Coal Date: 11/13 Injector: Divergent

INLET PARAMETERS

Run No. 1 2 3 4 5 6 7
Fuel flow, */hr 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM 15.0 17.4 19.0 20.5 22.6 17.8 19.8
% swirl 65 63 66 66 66 33 34
Sec. air preheat, ®F 485 475 480 485 490 495 490
Pri. air flow, SCFM 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO2, % - -- - - - -

Balance

N2 N2 "2 N2 N2 N2 N2

% FGR - - - - -
FLUE MEASUREMENTS

% 02, polar - 0.8 2.3 3.4 5.0 1.8 3.75
% 0%, para. - 1.0 2.4 3.4 4.9 2.0 3.8
S.R. by 02 1.047 1.121 1.181 1.284 1.099 1.207
% CO 0.41 0.04 0.03 0.02 0 0.01 0
% C02 17.54 18.32 16.82 15.78 14.5 17.54 15.78
NO, as meas., ppm - 495 615 680 750 580 615
NO, 0% EA, ppm 520 690 80s 965 635 740
S02, as meas., ppm - 1200 1140 1030 1310 1150

COMMENTS: 1-5 increased burner swirl.
6-7 decreased burner swirl.



Fuel: Colorado Coal

Run No. 8
Fuel flow, #/hr 6.6
Air flow, SCFM 22.5
% swirl 34
Sec. air preheat, *F 500
Pri. air flow, SCFM 2.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2

% FGR -

% 02, polar 6.75
% 02, para. 6.75
S.R. by 02 1.444
% CO 0.0

% C02 12.48
NO, as meas., ppm 610
NO, 0% EA, ppm 880
S02, as meas., ppm 950

COMMENTS : 8-9 decreased burner

Date: 11/13

INLET PARAMETERS
9

6.6

17.2

35

480

N2

FLUE MEASUREMENTS

545

585

1400

swirl.

Injector:

Divergent



Fuel: Colorado Coal

Run No.
Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 0], %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02, para.
S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm
SO2 , as meas.,

ppm

COMMENTS :

6.6

16.8

45

495

21

N2

1.035

0.12

19.16

645

1600

Date: 11/17

INLET PARAMETERS

2 3
6.6 6.6
19.2 21.2
45 46
495 505
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

1.85 3.9
2.15 4.3
1.107 1.242
0.02 0.01
17.54 15.3
765 820
845 1020
1400 1250

1-7 baseline conditions, deleted.

500

21

4.75

1.274

17.18

950

1210

1300

Injector:

490

21

N2

%

900

1015

1500

Divergent

45
480
2.74

21

465

21

N2

1.011

1.20

>20.0

370

375



Fuel: Colorado Coal

Run No.

Fuel flow, */hr

Air flow, SCFM

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

% 02, polar

% 02, para.
S.R. by 02
% CO

% C02

NO, as meas., ppm

NO, 0% EA, ppm

SO2, as meas.,

COMMENTS:

15.7

45

475

1.032

>20.0

820

845

1650

Date:

INLET PARAMETERS

9

6.6

19.7

46

505

FLUE MEASUREMENTS

1075

1310

1280

11/17

10

825

860

1700

8-11 baseline conditions, deleted.

Injector:

11

18.0

46

460

21

N2

1.197

1175

1300

Divergent



Fuel:

Run No.
Fuel flow, */h
SCFM

Air flow,

% swirl

Colorado Coal

r

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

% 02, polar

% 02, para.
S.R. by 02
% CO

% C02

NO, as meas.,
NO, 0% EA, ppm

S02, as meas.,

COMMENTS:

SCFM

ppm

ppm

45

503

2.8

21

.85

.90

1.042

16.82

510

535

1500

Date;

INLET PARAMETERS

19.1

45

506

N2

FLUE MEASUREMENTS

1.113

16.1

600

670

1220

1-4 baseline conditions.

11/18

513

N2

5.0

1.293

690

90s

1000

In]ector:

16.82

530

570

1410

Divergent



Fuel:

Run No.
Fuel flow,
Air flow, SCFM
% swirl

Sec.
Pri. air flow,
Inlet 02, %
Inlet CO2 , %

Balance

% FGR

% 02, polar

% 02, para.
S.R. by 02

% CO

% C02

NO, as meas.,
NO, 0% EA, ppm

SO2, as meas.,

COMMENTS :

Colorado Coal

*/hr

air preheat,

SCFM

ppm

ppm

5-8 23% 0°

6.6

14.7

46

105

2.8

23.0

N2

1.023

19.16

310

290

1520

in

Date:

INLET PARAMETERS

N2

FLUE MEASUREMENTS

19.16

480

460

1450

11/18

90

2.56

23.0

N2

4.5

1.237

15.78

650

740

1100

Injector:

20

23.0

N2

630

1250

Divergent



Fuel: Colorado Coal

Run No.

Fuel flow, */hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM

Inlet 02, %
Inlet C02, %
Balance

% FGR

% 02, polar
% 02, para.
S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm
SO2 , as meas.,

ppm

COMMENTS : 1-s 23% 02

6-7 21% 02

16.3

45

501

23.1

N2

1.051

19.58

585

560

1300

in N2.
in Ar.

Date: 11/19

INLET PARAMETERS

2 3
6.6 6.6
18.7 23.2
45 46
506 515
2.56 2.56
23.0 23.0
N2 N2

FLUE MEASUREMENTS

2.6 6.25
1.124 1.364
0.07 0.02
17.9 13.9
730 795
750 995 !
1200 920

680

670

1280

Injector:

20.3

45

511

2.56

23.1

M2

1.208

16.46

790

870

1100

Divergent

46

428

20.4

630
810

1050

1.121

13.0

460

540

1300



Fuel: Colorado Coal Date: 11/19 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12
Fuel flow, #/hr 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM - - - —% —

% swirl 45 46 46 46 46
Sec. air preheat, °F 470 470 470 475 490
Pri. air flow, SCFM 2.43 2.43 2.78 2.78 2.78
Inlet 02, % 20.0 19.8 20.8 21.0 21.0

Inlet C02, % - -

Balance Ar Ar Ar Ar Ar

% FGR - - - -

FLUE MEASUREMENTS

% 02, polar 1.7 0.75 1.15 3.35 5.15
% 02, para. - _ - - -
S.R. by 02 1.083 1.035 1.054 1.178 1.305
% CO 0.07 0.28 0.18 0.02 0.0
% C02 13.6 11.44 15.46 13.3 11.96
NO, as meas., ppm 415 375 440 520 555
NO, 0% EA, ppm . 475 415 470 620 735
S02, as meas., ppm 1500 1650 1580 1250 1050

COMMENTS: 8-9 21% 02 in Ar.
10-12 21% 02 in Ar.



Fuel: Colorado Coal

Run No.
Fuel flow, £/hr
Air flow, SCFM
% swirl

Sec. air preheat, °F

Pri. air flow, SCFM
Inlet 02, %
Inlet CO2, %

Balance

% FOR

% 02, polar

% 02, para.
S.R. by 02
% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm
SO2 , as meas.,

ppm

COMMENTS :

490

21

N2

525

1350

9-10 Ar/02/co02.

Date: 11/22

INLET PARAMETERS

5 6
6.6 6.6
19.1 22.1
45 46
520 540
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

1.9 4.15
1.093 1.231
530 600
900 680

4-8 baseline conditions.

Injector:

7 8
6.6 6.6
19.1 21.4
45 45
520 515
2.8 2.8
21 21
M2 N2
1.25 3.05
1.059 1.159
550 590

685
1050 900

Divergent

225

585
830

820

10

45

215

550

980



Fuel: Colorado Coal Date: 11/22 Injector: Divergent

INLET PARAMETERS

Run No. 11 12 13 14 15 16
Fuel flow, »/hr 6.6 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM - - 19.1 20.4 21.8 19.02
% swirl 45 45 45 45 46 45
Sec. air preheat, ®F 205 200 205 205 205 205
Pri. air flow, SCFM 2.45 2.43 2.8 2.8 2.8 2.8
Inlet 02, % 21.3 21.2 21 21 21 21
Inlet C02, % 18.6 18.6 - J— -
Balance Ar Ar N2 N2 N2 N2
% FGR - _
|

FLUE MEASUREMENTS

% 02, polar 1.6 0.33 0.3 2.35 3.85 0.9
% 02, para. - 0.9 2.48 4.05 1.05
S.R. by 02 1.077 1.015 1.042 1.126 1.224 1.049
% CO - - .07 .04 .04 .07
% co2 - - 18.3 16.6 14.9 18.3
NO, as meas., ppm 475 385 605 650 660 635
NO, 0% EA, ppm 510 390 - - 670
S02, as meas., ppm 1200 1420 1390 1240 1100 1350

COMMENTS: 11-12 Ar/02/C02.
13-16 Reduced air preheat.



Fuel: Colorado Coal Date:

INLET PARAMETERS

Run No. 1 2
Fuel flow, #/hr 6.6 6.6
Air flow, SCFM 19.0 20.6
% swirl 46 46
Sec. air preheat, °F 510 SIS
Pri. air flow, SCFM 2.8 2.8
Inlet 02, % 20.9 20.9
Inlet CO2, % 8.0 7.8
Balance N2 N2
% FGR -

FLUE. MEASUREMENTS

% 02, polar 1.35 2.1

% 02, para. _—

S.R. by 02 1.064 1.104
% CO —_

% C02 - -
NO, as meas., ppm 485 435
NO, 0% EA, ppm 515 590
SO?, as meas., ppm 950 1000

COMMENTS: 1-4 CO2 addition to inlet air.
5-6 FGR shakedown.

11/24

3

6.6

22.9

46

SIS

610

730

1000

520

635

830

910

Injector:

19.2

* %

N2

1.8

1.088

550 v

600

1250

Divergent

620

710

1150



Fuel: Colorado Coal

Run No.

Fuel flow, */hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

S02 , as meas., ppm

150

2.8

21

N2

1.044

17.7

740

775

Date:

INLET PARAMETERS

2

19.2

45

155

FLUE MEASUREMENTS

6.3

5.6

1.341

12.74

675

COMMENTS: 1-7 reduced air preheat.

11/26

3
6.6
19.8
46

155

21

N2

2.2
1.85

1.091

17.18
870
950

1250

155

815

1200

Injector:

6.6

22.2

46

160

1.252

15.3

650

815

1130

Divergent

625
835

1050

26.0

45

170

1.407

12.85

610

860

975



Fuel: Colorado Coal

Run No.

Fuel flow, */hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02 , para.

S.R. by 02

% CO

§ co2

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

46

175

2.8

21

7.35

1.505

11.96

610

920

Date:

INLET PARAMETERS

9

N2
15.2

FLUE MEASUREMENTS

18.32

530

560

1050

COMMENTS: 8 reduced air preheat.

9-12 FGR.

11/26

10

20.6

48

510

N2
12.4

640

750

850

1.309

13.3

640

840

740

Injector:

12

17.2

45

505

N2
8.6

7.0

1.469

0.04

11.44

610

895

950

Divergent



Fuel: Colorado Coal

Run No. 1
Fuel flow, */hr 6.6
Air flow, SCFM 19.6
% swirl 45

Sec. air preheat, eF 525
Pri. air flow, SCFM 2.8
Inlet 02, % 21
Inlet CO2, % -
Balance

% FGR -

% 02, polar _
% 02, para. —
S.R. by 02 -
% CO -
% co2 -
NO, as meas., ppm -
NO, 0% EA, ppm -

S02, as meas., ppm -

COMMENTS: 1-3 shakedown.
4 baseline conditions.
5-7 FGR.

Date:

INLET PARAMETERS

2

21.3

45

530

21

N2

FLUE MEASUREMENTS

0.11

16.82

1230

11/24

45

535

2.76

21

—-%

45

530

2.82

21

N2

1.096

16.95

585

640

1250

Injector:

535

N2
13.1

1.093

16.95

555

60S

1130

Divergent

46

540
*2.8

18.75

N2
12.5

1.159

15.78
615
715

1080

550

19.0

N2
11.6

640

770

1020

208



Fuel: Colorado Coal Date: 11/24 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12 13
Fuel flow, */hr 6.6 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM 22.6 21.8 24.5 27.2 22.2 16.2
% swirl 45 45 45 46 45 45
Sec. air preheat, °F 540 540 540 550 525 500
Pri. air flow, SCFM 2.82 2.82 . 2.8 2.8 2.8 2.4
Inlet 0], % 21.0 20.7 20.9 20.8 20.5 24.9
Inlet CO], % - 13.3 12.8 .12.2 13.0 -
Balance N2 N2 N2 N2 N2 N2

% FGR - - -

FLUE MEASUREMENTS

% 02, polar 3.9 2.05 4.3 5.7 2.2 1.1

% 0], para. - _ - -
S.R. by 02 1.214 1.101 1.241 1.349 1.110 1.043
% CO 0.02 - - - - -

% CO] 14.82 - — -

NO, as meas., ppm 680 580 560 595 540 650
NO, 0% EA, ppm 325 640 695 805 600 575
S02, as meas., ppm 1110 1000 900 800 950 1550

COMMENTS: g baseline conditions.

9-12 CO] addition.
13-14 25% 02.



Fuel: Colorado Coal Date: H/29 Injector: Divergent

INLET PARAMETERS

Run No. 15 16 17 18 19 20 21

Fuel flow, »/hr 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM 18.3 21.4 17.9 20.4 22.4 -

% swirl 45 45 45 45 46 46 46

Sec. air preheat, *F 501 521 511 516 528 421 451
Pri. air flow, SCFM  2.42 2.42 2.56 2.56 2.56 2.45 3.13
Inlet 02, % 25.0 24.6 23.1 22.9 23.0 21.0 20.5

Inlet CO], % - - - — _ _—

Balance N2 N2 N2 N2 N2 Ar Ar

% FGR - - -

FLUE MEASUREMENTS

% 0], polar 3.05 5.9 1.15 3.4 5.5 2.8 2.5

% 02, para. - - - — _—
S.R. by 0] 1.130 1.289 1.051 1.168 1.306 1.144 1.127
% CO 0.07 0.02 0.07 0.02 0.02 0.04 0.04
$ COJ 20+ 18.3 20+ 17.1 14.9 14.5 14.8
NO, as meas., ppm 720 770 600 700 755 470 655
NO, 0% EA, ppm 690 ' 865 575 755 90s 540 764
S0?, as meas., ppm 1320 1140 1480 1250 1060 1670 1670

COMMENTS: 15-16 25% 02 in N
17-19 23% 02 in N
20-21 Ar/02.



Fuel: Colorado Coal Date: 11/29 Injector: Divergent

INLET PARAMETERS

Run No. 22 23 24 25 26
Fuel flow, */hr 6.6 6.6 6.6 6.6 6.6
Air flow, SCFM 23.1 27.7 27.3 23.9 21.4
% swirl 46 46 65 46 46
Sec. air preheat, °F 461 501 508 492 481
Pri. air flow, SCFM 3.61 2.42 2.48 2.43 2.43
Inlet 02, % 20.2 20.9 20.9 23.4 23.3

Inlet CO?, % - - -

Balance Ar Ar Ar Ar Ar

% FGR - - _

FLUE MEASUREMENTS

% 02, polar 2.7 4.4 3.9 4.4 3.3
% 02, para. - - — - _
S.R. by 02 1.138 1.230 1.198 1.230 1.163
% CO 0.06 0.04 0.04 0.06 0.06
% co2 14.8 13.0 13.0 15.1 17.1
NO, as meas., ppm 980 610 620 660 715
NO, 0% EA, ppm 1175 775 765 730 735
S02, as meas., ppm 1800 1380 1400 1480 1620

COMMENTS: 22-26 Ar/C*.
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D.2 Pittsburgh Coal

The ekperimental data which were obtained during the Pittsburgh
coal combustion stﬁdies are tabulated on the following pages. In
general, the parameters which were recorded are the same as those dis-
cuésed forvthe Colofado coal (Sectioﬁ D.1). The primary flow rate data
should only be consideréd approkimate because of a leak Whiéh was dis-
Vcovered in the primary air system after the conclusion of the Pittsburgh

coal testing.



Fuel:

Run No.
Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, aF

Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %
Balance

% FGR

% 02, polar
% 02, para.
S.R. by 02

% CO

% C02

NO, as meas.

, Ppm
NO, 0% EA, ppm
S02 , as meas., ppm

COMMENTS:

Pittsburgh Coal

19 .7

45

475

645

1250

Date: 12/3

INLET PARAMETERS

2 3
20.0 21.9
46 46
475 470
2.8 2.8
21 21
~2 N2

FLUE MEASUREMENTS

2.15 3.8
1.95 3.65
1.097 1.199
0.06 0.02
17.9 16.46
680 685
745 820
1300 1150

1-7 baseline conditions.

22.9

45

490

21

N2

690

895

1050

Injector: Divergent
5 6
21.0 18.6
46 45
480 470
2.8 2.8
21 21
N2 M2
3.75 1.5
3.55 1.4
1.193 1.068
0.03 0.06
15.46 17.54
670 640
800 685
1030 1200

16.1

45

465

21

N2

0.55

1.025

18.74

590

60s

1300



Fuel: Pittsburgh Coal

Run No.

Fuel flow, Vhr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

20.0

47

470

16.1

735

860

1050

Date:

INLET PARAMETERS

46

480

21

N2 -

FLUE MEASUREMENTS

1.277

14.5

710

910

960

COMMENTS : 8-14 baseline conditions.

12/3

10

17.2
46

465

1.030

18.74
620

640

1280

11

19.0

45

465

2.55

1.131

16.82

710

805

1100

Injector:

12

19.6

45

465

16.46

690

790

1050

Divergent

13

21.1

45

480

1.248

14.82
700

870

1100

14

22.0

46

490

1.402

12.74

670

940

910



Fuel: Pittsburgh Coal

Run No. Is
Fuel flow, #/hr -
Air flow, SCFM 19. s
% swirl 45

Sec. air preheat, *F 485
Pri. air flow, SCFM 2.4
Inlet 02, % 21

Inlet CO2, % -

Balance M2

% FGR -

% 02, polar 4.25
% 02, para. 4.3
S.R. by 02 1.244
% CO 0.01
% Cc02 15.14
NO, as meas., ppm 700
NO, 0% EA, ppm 870

SO2 » as meas., ppm 1030

COMMENTS :

Date: 12/3

INLET PARAMETERS

16

FLUE MEASUREMENTS

720

820

15-16 reduced primary air flow.

Injector:

Divergent



Fuel: Pittsburgh Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, @F
Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS: 1-7 effect of swirl.

23.0

46

495

21

N2

1.158

16.46

660

765

Date:

INLET PARAMETERS

2

22.5

31

495

FLUE MEASUREMENTS

3.0

3.35

1.180

15.46

575

680

1110

12/8

3

20.0
30

490

21

N2

1.35
1.5

1.073

17.54
560
600

1300

19.8

16

500

1.083

17.9

720

780

1350

Injector:

500

21

N2

3.25

1.196

15.46

780

935

1100

Divergent

22.2
45

470

21

660
765

1280

2.9

1.152

0.02

16.1

690

795

1300



Fuel: Pitt

sburgh Coal Date: 12/8

INLET PARAMETERS

Run No. 8 9 10
Fuel flow, #/hr —_— -
Air flow, SCFM 22.3 20.7 22.3
% swirl 79 45 45
Sec. air preheat, aF 485 475 470
Pri. air flow, SCFM 2.8 2.8 3.1
Inlet 02, % 21 21 21
Inlet CO2, % - - -
Balance N2 N2 N2
% FOR @
FLUE MEASUREMENTS
% 02, polar 2.60 2.70 2.75
% 02, para. 2.85 3.05 3.10
S.R. by 02 1.149 1.161 1.164
% CO 0.01 0.02 0.02
$ C02 16.46 16.1 16.46
NO, as meas., ppm 700 670 720
NO, 0% EA, ppm 805 780 840
S02, as meas., ppm 1300 1300 1300
COMMENTS: 8 effect of swirl.

9-10 baseline conditions.
11-14 effect of primary air flow.
11,12 lifted flames.

11

21.0

45

465

21

N2

15.46

885

1055

1300

Injector:

12

20.8

44

465

>4.2

21

N2

15.78

880

1065

1200

Divergent

13

19.4
45

455

21

N2

17.35
790

840

1380

14

46

470

21.0

15.8

Ar

550

1300



Fuel: Pittsburgh Coal

Run No.
Fuel flow, */hr
Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% CO2

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

15

46

480

2.43

20.75

595

715

1170

15 Ar/02/co02.

Date:

12/8

INLET PARAMETERS

16

46

470

24.75

~2

17

45

470

24.75

N2

FLUE MEASUREMENTS

3.4

685

670

16-17 oxygen enrichment.

615

565

1450

Injector:

Divergent



Fuel: Pittsburgh Coal

Run No.
Fuel flow, */hr
Air flow, SCFM
% swirl

Sec. air preheat, °F

Pri. air flow, SCFM
Inlet 02, %
Inlet CO2, %

Balance

% FGR

% 02, polar
% 02, para.
S.R. by 02

% CO

§ co2

NO, as meas., ppm
NO, 0% EA, ppm
SO2, as meas.,

ppm

COMMENTS :

20.5

37

480

N2

14.82

560

685

1100

1-5 shakedown.
6-7 reduced swirl,

Date: 12/17

INLET PARAMETERS

2 3
19.4 18.2
36 36
480 480
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

2.70 1.55
2.65 1.50
1.137 1.073
0.05 0.08
16.1 17.35
560 500
635 535
1250 1350

injector raised 1/4"

19.2

36

N2

2.85

1.152

15.55

580

670

1250

Injector:

20.7
36

295

1150

Divergent

19.4

36

1.199

710

850

1300

18.4

37

470

1.094

17.18

685

750

1450



Fuel: Pittsbugh Coal

Run No. 8
Fuel flow, #/hr —
Air flow, SCFM 18.9
% swirl 36
Sec. air preheat, °F 485
Pri. air flow, SCFM 2.8
Inlet 02, % 21.0
Inlet CO2, \ 8.4
Balance N2
% FGR -
% 02, polar 3.5
\ 0%, para. -
S.R. by 02 -
% CO -
\ co2 -
NO, as meas., ppm 680
NO, 0% EA, ppm 815
1170

S02, as meas., ppm

COMMENTS :

8-12 reduced swirl,
9-12 FGR.

Date: 12/17

INLET PARAMETERS

9 10
18.6 18.6
36 37
490 490
2.8 2.8
21 21
N2 N2
13.2 14.1

FLUE MEASUREMENTS

4.0 2.95
1.223 1.155
0.07 0.07
14.9 15.9
660 690
807 797
1120 1190

injector raised.

N2
14.9

17.6

615

663

1280

Injector:

12

18.1
37

485

21

N2
14.0

1.189

15.0
655
779

1180

Divergent



Fel: Pittsburgh Coal

Run No.
Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, "F

Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %
Balance

% FOR

% 02, polar
% 02, para.

S.R. by 02

o°

CO

a°

co02

NO, as meas., ppm

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

1-5 warm-up.

3.2

1.158

16.1

620

720

1400

Date: 12/18

INLET PARAMETERS

2 3
21.3 19.1
39 36
490 470
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

4.75 1.55
4.65 1.35
1.269 1.065
0.04 0.18
14.5 17.9
670 525
850 560
1250 1500

6-7 baseline conditions.

1.125

16.1

610

685

1390

Injector:

21.1
38

480

15.14
640
770

1290

Divergent

1.143

16.46
695
795

1320

18.8

45

465

1.052

17.9

510

580

1500



Fuel: Pittsburgh Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, "F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

o

% 02, polar
\ 02, para.
S.R. by 02
% co

% co2

NO, as meas., ppm

NO, % EA, ppm

S02t as meas., ppm

COMMENTS : 8-10 oxygen

Date: 12/18 Injector: Divergent

INLET PARAMETERS

10

FLUE MEASUREMENTS

8 9
17.3 16.9
45 45
460 —
2.5 2.5
25 25

N2 N2
3.75 3.0
1.166 1.128
0.04 0.05
20.0 >20.0
810 780
795 737
1400 —
enrichment.

2.75

1.119

720

690



Fuel: Pittsburgh Coal

Run No.

Fuel flow, #/hr

Air flow, SCEM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

S

% 02, polar

% 02, para.

S.R. by 02

H co

% C02

NO, as meas., ppm
NO, 0% EA, ppm

SO2, as meas., ppm

COMMENTS :

17.2

45

480

2.5

24.8

N2

1.085

>20.0

690

635

1700

Date:

INLET PARAMETERS

2

17.9

45

480

24.85

N2

FLUE MEASUREMENTS

3.55

1.157

12/19

3

19.6

48

490

2.25

1.114

16.8

585

650

1490

19.5

46

490

20.85

N2

1.152

16.0

620

715

1400

Injector:

21.0

46

495

20.85

N2

1.216

15.0

600

730

1050

Divergent



Fuel: Pittsburgh Coal

Run No.
Fuel flow, #/hr
Air flow, SCEM

% swirl

Sec. air preheat, °F
Pri. air flow, SCEFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

02, polar

o

02, para.

o

S.R. by 02

% CO

o

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS : 6-8 Ar/02.

45

460

2.43

1.095

15.0

530

590

1600

Date: 12/19

INLET PARAMETERS

7 8
2.43 2.43
20.5 20.3
Ar Ar

FLUE MEASUREMENTS

Injector:

2.45 3.65
1.129 1.208
0.04 -
12.8 -

570 590
665 745
1560 —

Divergent
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D.3 Western Kentucky Coal - i
The following pages contain a compiete tabulation of the experi-

mental data obtained during the Western Kentuéky coal cdmbustion Studies;
In general, the parameters are the same as those discusse& iﬁ Section D.1
with the following exceptions: /
1. The air flow ehtryxrefefs only to the amount of éecondéry air.

It no longer includes the primary air as in the previous sectionms.
2. The primary air flow rates are correct.
3. The inlet oxygen réfers'to the oxygen concentration in both the

primary and secondary streams unless the primary oxygen concen-

tration is listed separately in which case the inlet O entry

2
refers to the secondary alone.

4. There is a second data sheet associated with each test in the
char/volatile series where NO or NHsewas added. This secondr

sheet shows the additive and the rotameter reading with the

corresponding flow rate. It also shows the point at which the

additive was introduced:

pa = primary air stream just prior to the fuel injector
(normal position),
p = stainless steel water-cooled probe at the beginning of

the flue duct,
and the point at which the flue gas sample was withdrawn:
p = stainless steel water-cooled probe at the beginning of

the flue duct (normal position),
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s = stainless steel tube at the end of the flue duct (approxi-
‘mately 30 ft downstream of the probe).
The emission data are also listed on this second sheet in ppm
(STOICHI). The measured NO is the base plus additive case. The
base (without additive) case emission is a directly adjacent test.

Conversion is based on the metered additive flow rate.



Fuel; Western Kentucky Coal Date: 1/20 Injector: Divergent

INLET PARAMETERS

Run No. 1 2 3 4 5 6 7
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCFM 13.9 12.9 12.3 13.4 14.3 14.5 12.7
% swirl 45 45 45 45 45 45 45
Sec. air preheat, *F 655 645 645 640 640 645 640
Pri. air flow, SCFM 2.15 2.15 2.15 2.15 2.15 2.15 2.8
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO2, % - - - - - - -

Balance N2 N2 N2 N2 N2 N2 N2

% FOR - - - - - - -

S

FLUE MEASUREMENTS

% 02, polar 2.70 1.55 0.95 - - 1.90
% 0], para. 2.85 1.70 0.95 - — - 2.05
S.R. by 02 1.148 1.083 1.045 — — 1.102
% CO 0 0.01 0.03 0.02 0 0.01 0.01
% C02 16.1 17.4 18.1 16.5 14.8 16.8 15.1
NO, as meas., ppm 785 740 675 — — _ 720

NO, 0% EA, ppm 910 805 710 — — — 800

502, as meas., ppm 1520 1650 1710 1580 - 1400 1600

COMMENTS: 1-6 shakedown testing.
7 baseline conditions.



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, *F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO], %

Balance

% FGR

% 02, polar

\ O], para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

502, as meas., ppm

1.198

15.14

740

895

1460

Date:

INLET PARAMETERS

9

5.9

14.5

47

660

21

N2

FLUE MEASUREMENTS

3.75

4.35

1.246

14.82

730

920

1400

COMMENTS: 8-14 baseline testing.

1/20

10
5.9
17.0
45

690

21

N2

6.0

6.3

1.403

12.74

720

1030

1290

11

5.9

13.4

45

670

21

N2

15.78

750

890

1500

Injector:

12

5.9

12.8

45

655

21

N2

860

1580

Divergent

13

11.9
45

650

795

1670

1.057

17.9

710

753

1700



Fuel: Western Kentucky Coal Date: 1/20 Injector: Divergent

INLET PARAMETERS

Run No. 15 16 17 18 19 20 21
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCEM 10.6 13.3 12.5 13.6 13.5 10.4 9.9
o swirl 44 45 32 32 25 19 44
Sec. air preheat, °F 625 640 645 655 670 660 570
Pri. air flow, SCFM 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO;, % = - - — — _ __

Balance N2 N2 N2 N2 N2 N2 N2

% FGR - - - - - - -

FLUE MEASUREMENTS

% 02, polar 0.3 3.5 3.1 4.55 4.4 1.7 1.2
% 02, para. 0.25 3.5 3.05 4.55 4.5 1.7 1.05
S.R. by 02 1.011 1.188 1.160 1.260 1.256 1.083 1.049
% Co 0.12 0.03 0.01 0.02 0 0.02 0.01
s o2 18.74 15.78 16.1 14.5 14.1 17.9 17.9
NO, as meas., ppm 560 740 680 720 880 880 645
NO, 0% EA, ppm 565 890 795 920 1120 966 680
S02, as meas., ppm 1830 1500 1500 1410 1420 1600 1550

COMMENTS: 15-16 baseline conditions.
17-21 effect of swirl.
19,20 lifted flames.



Fuel: Western Kentucky Coal
Run No. 22
Fuel flow, #/hr 5.9
Air flow, SCFM 11.4
% swirl 60

Sec. air preheat, °r 59

Pri. air flow, SCFM 2.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2

% FGR -

% 02, polar 3.2
% 02, para. 3.0
S.R. by 02 1.157
% CO 0.02
\ C02 16.1
NO, as meas., ppm 810
NO, 0% EA, ppm 946

S02, as meas., ppm 1560

COMMENTS :

Date: 1/20

INLET PARAMETERS

23

5.9

11.2

93

FLUE MEASUREMENTS

3.4
3.3

1.175

15.8

740

1570

22-23 effect of swirl.

Injector:

Divergent



COMMENTS :
7 Ar/02/C02.

Fuel: Western Kentucky Coal
Run No. 1
Fuel flow, #/hr 5.9
Air flow, SCFM 12.5
% swirl 43
Sec. air preheat, *F 110
Pri. air flow, SCFM 2.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
% FGR —

* 02, polar 1.30
% 02, para. 1.15
S.R. by 02 1.054
% CO 0.07
% C02 18.3
NO, as meas., ppm 565
NO, Ot EA, ppm 600
502, as meas., ppm 1670

1-6 NO air preheat.

Date: 1/21

INLET PARAMETERS

2 3
5.9 5.9
13.5 14.8
43 44
110 110
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

2.45 3.65
2.25 3.25
1.113 1.172
0.01 0.0
17.0 16.2
580 580
650 685
1570 1490

5.9

16.3

44

110

21

N2

570

740

1320

Injector:

805

1160

Divergent

695

1400

44

110

21.7

11.3

Ar

1710



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCEFM

% swirl

Sec. air preheat, GF
Pri. air flow, SCEFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

02, polar

oe

% 02, para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

630

718

1550

COMMENTS: 8-14 Ar/0z/COg.

10,11 lifted flames.

Date:

INLET PARAMETERS

FLUE MEASUREMENTS

1320

1/21

10
5.9
15.5
22

110

2.43

21.5

3.55

1.185

955

1115

1520

11

14.2

23

110

1.95

1.093

930

995

1620

Injector:

12

17.4

44

110

19.3

16.1

1350

Divergent

13

17.5
44

110

1.91

550
730

1280

14

17.9

44

110

19.7

16.1

1330

232



Fuel: Western Kentucky Coal Date; 1/21 Injector:

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, *F
Pri. air flow, SCFM
Inlet 02, *

Inlet CO2, %

Balance

t FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

SO2, as meas., ppm

INLET PARAMETERS

15

14.3

44

110

FLUE MEASUREMENTS

515

568

1415

COMMENTS : 15 Ar/02/C02.

Divergent



Inlet 02, %
Inlet CO2, %
Balance

% FGR

% 02, polar

$ 02, para.

S.R. by 02

$ CO

% C02

NO, as meas., ppm

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

1-7 warm-up.

44

635

Fuel: Western Kentucky Coal
Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, *F

Pri. air flow, SCFM

2.8

21

N2

1.052

17.5

510

540

1800

Date: 1/22

INLET PARAMETERS

2 3
5.9 5.9
13.4 14.0
44 44
645 675
2.8 2.8
21 21
N2 N2

FLUE MEASUREMENTS

1.6 2.5
1.6 2.6
1.078 1.133
0.03 0.02
17.1 16.1
570 610
620 695
1800 1730

1.253

14.3

640

1500

Injector:

N2

3.05

1.172

15.4

630

745

1650

Divergent

44

600

21

N2

675

1750

44

615

21

N2

1.067

17.3

600

645

1820



Fuel; Western Kentucky Coal Date: 1/22 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12 13 14
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCFM 15.0 14.9 13.1 13.5 15.9 12.0 12.1
\ swirl 44 44 44 44 44 44 44
Sec. air preheat, "F 645 695 685 665 675 660 675
Pri. air flow, SCFM 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Inlet 02, % 21 20.75 21.0 - 21 21 17.75
Inlet C02, % - 13.0 10.2 15.8 - - 3.8
Balance N2 N2 N2 N2 N2 N2 N2
% FGR - - - — - - 16.4

FLUE MEASUREMENTS

% 02, polar 4.0 3.85 2.5 2.6 4.5 1.15 1.25
\ 0%, para. 4.25 - - - 4.9 1.3 -
S.R. by 02 1.239 1.213 1.126 - 1.286 1.062 1.060
S co 0.01 - - *— 0.01 0.02 -

* C02 14.5 - - - 14.0 17.0 -
NO, as meas., ppm 640 650 670 700 70S 655 555
NO, 0% EA, ppm 804 808 760 - 921 700 590
502, as meas., ppm 1570 1250 1420 1650 1500 1800 1600

COMMENTS: 8 warm-up.
9-11 CO; addition.
14 FGR.



Fuel: Western Kentucky Coal

Run No.
Fuel flow,
Air flow,

% swirl

Sec. air preheat,

#/hr

SCFM

Pri. air flow, SCFM

Inlet 02,

Inlet CO2,

Balance

% FGR

oo

02, para

e

S.R. by e2

% CO

% co2

o
S

o

S

02, polar

NO, as meas., ppm

NO, 0% EA,

ppm

502, as meas., ppm

COMMENTS :

15-21 FGR.

°F

15

5.9

14.0

45

625

740

1440

Date:

INLET PARAMETERS

16

5.9

16.3

44

FLUE MEASUREMENTS

5.0

650

855

1300

1/22

17

N2
18.2

630

835

1200

18

12.9

44

715

N2

19.0

1.211

600

1360

Injector:

19

12.0

44

710

N2
19.0

1.160

580

680

1450

Divergent

N2
10.6

3.05

1.160

625

730

1500

N2
11.8

605

670



Fuel: Western Kentucky Coal Date: 1/22 Injector: Divergent

INLET PARAMETERS

Run No. 22 23 24 25 26
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9
Air flow, SCFM 14.7 13.2 11.6 14.6 16.5
% swirl 45 45 44 44 45
Sec. air preheat, °F 690 675 650 665 675
Pri. air flow, SCFM 2.8 2.8 2.8 2.8 2.8
Inlet 02, % 19.25 21 21 21 21

Inlet CO2, % - - - - —

Balance N2 N2 N2 N2 N2

% FGR 10.7 — - — —

FLUE MEASUREMENTS

% 02, polar 4.6 3.35 2.05 4.85 6.25
% 0%, para. — 3.9 2.35 5.4 7.1
S.R. by 02 1.264 1.214 1.118 1.326 1.480
% CO - 0.01 0.0 0.01 0.0
Pl - 14.82 16.6 13.3 11.9
NO, as meas., ppm 640 730 730 730 710
NO, 0% EA, ppm 820 895 820 985 1075
S02, as meas., ppm 1500 1600 1790 1490 1310

COMMENTS : 22 FGR.
23-26 baseline conditions.



Fuel: TWestern Kentucky Coal

Run No.
Fuel flow,
Air flow,

o

% swirl

1
#/hr 5.9
SCFM 14.4
44

Sec. air preheat, °F 665

Pri. air flow, SCFM 2.8

Inlet 02, % 21
Inlet CO2, % -
Balance N2

% FGR -

$ 02, polar 2.75
% 02, para. 2.75
S.R. by 02 1.142
% CO 0.02
% C02 16.4
NO, as meas., ppm 795
NO, 0% EA, ppm 915

502, as meas., ppm 1560

COMMENTS :

Date:

INLET PARAMETERS

5.9

13.1

44

675

21

N2

FLUE MEASUREMENTS

735

780

1710

1-3 baseline conditions.

4-7 effect of primary air flow.

1/23

16.2

44

675

21

N2

835

1060

1400

1.118

17.1

660

740

1630

Injector:

710

840

1550

Divergent

1060
1270

1500

N2

1.130

16.8

1030

1175

1580



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FOR

% 02, polar

% 0%, para.

S.R. by 02

% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS: 8-11 effect of primary air,

1.204

15.4

1120

1365

1510

Date: 1/23

INLET PARAMETERS

9

5.9

15.2

44

675

4.0

21

N2

FLUE MEASUREMENTS

1120

1480

1350

12 baseline conditions.
13-14 oxygen enrichment.

10

5.9

11.8

44

655

1025

1170

1530

lifted.

1.50

1.070

Injector:

12

13.1

43

655

1.102

795

882

Divergent

1.120

755
727

1800

14

10.2

41

630

1980



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, GF
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

o

% 02, polar

% 02, para.

S.R. by 02

% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

15

5.9

10.8

42

>20.0

695

650

1870

Date: 1/23 Injector:

INLET PARAMETERS

16 17
5.9 5.9
12.9 10.9
44 43
650 640
2.4 2.4
24.6 23.9
N2 N2

FLUE MEASUREMENTS

5.25 2.65
0.01 0

17.5 19.6 -«
810 750

875 740
1600 1800

COMMENTS: 15-17 oxygen enrichment.

Divergent



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, @F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO;, %

Balance

% FOR

% 02, polar

% 02, para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

5.9

11.4

44

636

1.8

21

1.069

17.18

710

765

1280

Date: 2/12 Injector:

INLET PARAMETERS

2 3 4 5
5.9 5.9 5.9 5.9
13.2 14.8 14.0 13.9
44 44 43 43
646 673 664 661
1.8 1.8 1.8 1.5
21 21 21 . 21
N2 N2 N2 N2

FLUE MEASUREMENTS

2.1 4.05 3.25 3.25
2.0 4.15 3.3 3.35
1.098 1.230 1.174 1.177
0.04 0.03 0.03 0.03
16.82 15.3 15.46 15.78
740 810 780 650
820 1010 925 775
1360 1400 1000 1000

COMMENTS: 1-4 baseline conditions.
5-8 reduced primary air.

Divergent

5.9
15.4

44

673

21

N2

665
850

910

1.255

14.82

700

890

890



Fuel;

Run No.
Fuel flow, #/hr
Air flow, SCFM
\ swirl

Sec. air preheat, *F

Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %
Balance

% FGR

% 02, polar
% 02, para.

S.R. by 02

a°

Cco

oo

co2

NO, as meas., ppm
NO, 0% EA, ppm
S02, as meas., ppm

COMMENTS :

Western Kentucky Coal

Date: 2/12

INLET PARAMETERS

5.9

11.8

44

FLUE MEASUREMENTS

1.067

17.54

600

645

1140

8 reduced primary air flow.

Injector:

Divergent



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCEFM

% swirl

Sec. air preheat, eF
Pri. air flow, SCFM
Inlet 02, t

Inlet CO2, %
Balance

t FGR

% 02, polar
% 02, para.

S.R. by 02

oe

co

oo

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

496

21

N2

16.82

380

420

1600

Date: 2/12

INLET PARAMETERS

10

FLUE MEASUREMENTS

3.0

1.156

15.46

430

500

1300

COMMENTS: 9-11 baseline conditions.

12-13 increased primary air,

11

18.0

44

536

21

N2

5.15

1.303

13.0

480

635

900

12

45

566

1.25

21

N2

1.220

lifted flames.

Injector: Axial

450

1100

243



Fuel: Western Kentucky Coal

Run No.
Fuel flow,
Air flow,

% swirl

1
#/hr 5.9
SCFM IS.2
51

Sec. air preheat, °F 85

Pri. air £

low, SCFM 1.0

Inlet 02, % 21
Inlet CO2, % -
Balance N2

% F.R -

% 02, polar 1.55
% 02, para. 1.35
S.R. by 02 1.064
% CO 0.14
$ C02 18.0
NO, as meas., ppm 300
NO, 0% EA, ppm 320

S02, as meas., ppm 1840

COMMENTS :

Date:

INLET PARAMETERS

5.9

15.8

51

90

1.0

21

N2

FLUE MEASUREMENTS

1.80

1.45

1.069

16.8

340

365

1850

1-5 reduced air preheat.
4-5 increased primary air.

5 lifted flame.

2/19

245

360
405

1650

1.180

14.82

410

1500

Injector:

20

1.098

16.6

360

1700

Axial

1.074

315

360

1780

365

450

1600



Fuel: Western Kentucky Coal

Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCFM -
% swirl 53

Sec. air preheat, °F 100

Pri. air flow, SCFM 0.87
Inlet 02, % 19.7
Inlet CO?, % 0.2
Balance Ar
% FGR -
% 02, polar 4.15
% 02, para. —
S.R. by 02 1.250
% CO —
% C02 —
NO, as meas., ppm 455
NO, 0% EA, ppm 615
1750

S02, as meas., ppm

COMMENTS :

Date: 2/19

INLET PARAMETERS

FLUE MEASUREMENTS

1200

Injector:

Axial



Fuel: Western Kentucky Coal
Run No. 5
Fuel flow, #/hr 5.9
Air flow, SCFM 11.0
% swirl 45
Sec. air preheat, °F 500
Pri. air flow, SCFM 1.8
Inlet 02, % 25.5
Inlet CO2, % -
Balance N2
% FGR -

% 02, polar 1.05
% 02, para. —
S.R. by 02 1.040
% CO 0.07
% C02 >20.0
NO, as meas., ppm 815
NO, 0% EA, ppm 700
S02, as meas., ppm 2450

COMMENTS :

Date:

2/20

INLET PARAMETERS

FLUE MEASUREMENTS

815

1750

(1-4 natural gas data).

5-7 oxygen enrichment.

3.45

1.149

19.58

940

920

1600

Injector:

Divergent



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

$ C02

NO, as meas., ppm
NO, 0% EA, ppm

502, as meas., ppm

5.9

14.4

45

563

1.8

24.6

N2

19.16

940

955

1500

Date:

INLET PARAMETERS

FLUE MEASUREMENTS

965

1450

COMMENTS: 8-14 oxygen enrichment.
10 NOx * 890 ppm,

0%

EA.

2/20

10

5.9

11.1

44

578

1.8

29.0

N2

1.148

>20.0

1040

875

1700

11

10.1

44

558

1.090

0.06

>20.0

745

1850

Injector:

1.069

>20.0

955

730

1900

Divergent

>20.0
815
690

1700

14

10.7

44

547

>20.0

775

615

1880



Fuel: Western Kentucky Coal
Run No. IS
Fuel flow, #/hr 5.9
Air flow, SCFM -

% swirl -
Sec. air preheat, eF —
Pri. air flow, SCFM 1.8
Inlet 02, % 30.0
Inlet C02, % -
Balance N2

% FGR -

% 02, polar 4.70
% 02, para.

S.R. by 02 1.171
% CO _

% C02 _
NO, as meas., ppm 1130
NO, 0% EA, ppm 940

S02, as meas., ppm

COMMENTS :

Date: 2/20

INLET PARAMETERS

16 17
5.9 5.9
9.7 10.6
44 44
550 558
1.8 1.3
30.5 30.0
N2 N2

FLUE MEASUREMENTS

2.95 4.05
1.099 1.144
0.06 0.03
>20.0 >20.0
1160 900
885 730
1710 1800

15-21 oxygen enrichment.

18

44

528

1.3

30.5

N2

1.082

>20.0

655

1900

Injector:

1.032

>20.0
735
555

2100

Divergent

20

44

530

1940

21

8.9

44

520

1.8

29.4

N2



Fuel; Western Kentucky Coal Date:

INLET PARAMETERS

Run No. 22 23
Fuel flow, #/hr 5.9 5.9
Air flow, SCFM 10.2 -
% swirl 44 44
Sec. air preheat, *F 525 414
Pri. air flow, SCFM 1.8 1.45
Inlet 02, % 28.5 30.5

Inlet CO;, % - -

A
Balance N2 r

% FGR - -

FLUE MEASUREMENTS

% 02, polar 4.8 2.95
\ 02, para. -

S.R. by 0; 1.187 1.099
% CO 0.06 0.14
\ co; >20.0 >20.0
NO, as meas., ppm 1015 820
NO, 0% EA, ppm 900 625
S02, as meas., ppm 1800 2030

COMMENTS: 22 oxygen enrichment.
23-27 Ar/02.

2/20

24

5.9

2.15

1.100

16.46

830

830

1900

25

44

442

22.95

1.237

13.15

830

1750

Injector:

44

434

16.8

770

1125

1700

Divergent

217

44

419

16.2

3.8

1.288

740

1255

1400

1.118

>20.0

375

1860



Fuel: Western Kentucky Coal
Run No. 29
Fuel flow, #/hr 5.9
Air flow, SCFM 11.0
% swirl 44
Sec. air preheat, °F 334
Pri. air flow, SCFM 0.77
Inlet 02, % 27.3
Inlet C02, % -
Balance N2

% FGR -

\ 02, polar 1.15
So2, para. _
S.R. by 02 1.041
% CO 0.12
% C02 >20.0
NO, as meas., ppm 420
NO, 0% EA, ppm 335
502, as meas., ppm 2050

COMMENTS: 33 NO* =

500 ppm,

0%

Date: 2/20

INLET PARAMETERS

30 31
5.9 5.9
12.2 13.8
44 45
410 496
0.77 0.77
26.9 26.3
N2 N2
1 —

FLUE MEASUREMENTS

2.3 3.75
1.087 1.154
0.08 0.05
>20.0 >20.0
520 625
445 580
1810 1620
EA.

32

10.9

44

516

27.2

N2

Injector:

33

12.3

44

528

26.7

N2

1.069

>20.0

545

460

1880

Axial



Fuel: Western Kentucky Coal Date: 2/26 Injector: Divergent

INLET PARAMETERS

Run No. 1 . 2 3 4 5 6 7
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCEFM 14.1 15.2 15.9 16.1 15.1 16.0 15.6
% swirl 45 44 44 44 43 44 44
Sec. air preheat, °F 619 624 639 654 644 654 652
Pri. air flow, SCFM 1.8 1.8 1.8 1.8 1.2 1.2 2.1
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO], % — - - — _ _ _

Balance N2 N2 N2 N2 N2 N2 N2

% FGR - - - - - - -

FLUE MEASUREMENTS

% 02, polar 1.6 2.55 3.75 3.95 2.2 3.25 3.6
% 02, para. - - — — 2.3 3.5 3.9
S.R. by 02 1.077 1.129 1.203 1.216 1.114 1.186 1.213
% CO 0.06 0.06 0.06 0.02 0.05 0.04 0.03
% C02 17.9 16.1 14.6 14.6 15.78 15.46 15.78
NO, as meas., ppm 720 770 800 790 750 800 950
NO, 0% EA, ppm 780 875 975 975 840 960 1165
SO], as meas., ppm 1700 1610 1550 1520 1700 1610 1500

COMMENTS: 1-4 baseline conditions.
5-7 effect of primary air flow.



Fuel: Western Kentucky Coal Date: 2/26 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12 13 14
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCFM 14.5 15.0 15.3 15.6 14.9 14.0 12.7
% swirl 45 45 45 45 44 46 44
Sec. air preheat, *F 646 646 646 651 646 625 621
Pri. air flow, SCFM 2.1 1.5 1.5 1.3 1.3 2.3 2.3
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO2, % — — — _ _ _ _

Balance

N2 N2 N2 N2 N2 N2 N2

% FGR - - - - - - -
FLUE MEASUREMENTS

% 02, polar 2.5 2.5 3.3 3.45 2.35 3.0 2.1
% 0%, para. 2.7 2.7 3.5 3.25 2.65 3.3 2.3
S.R. by 02 1.137 1.137 1.186 1.171 1.134 1.174 1.114
% Co 0.02 0.03 0.03 0.03 0.04 0.03 0.03
S a2 16.82 16.1 14.82 15.46 16.1 15.46 16.82
NO, as meas., ppm 915 670 690 710 700 930 940
NO, 0% EA, ppm 1050 770 830 840 800 1105 1055
502, as meas., ppm 1650 1660 1600 1680 1750 1600 1700

COMMENTS: 8-14 effect of primary air flow.



Fuel: Western Kentucky Coal
Run No. 15
Fuel flow, #/hr 5.9
Air flow, SCFM 13.2
% swirl 44
Sec. air preheat, ®F 613
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet C02, % -
Balance N2
% FGR -
% 02, polar 3.05
% 02, para. _
S.R. by 02 1.163
% CO 0.02
% C02 >20.0
NO, as meas., ppm 700
NO, 0% EA, ppm 840
s02, as meas., ppm 1520
% 02 in primary air 16.0
COMMENTS: 15-16 CO” addition.

Date: 2/26

INLET PARAMETERS
16

5.9

13.4

44

613

FLUE MEASUREMENTS

3.4

1.192

20.0

650

825

1500

11.8

Injector:

Divergent



Date: 2/27

INLET PARAMETERS

Fuel: Western Kentucky Coal
Run No. 1
Fuel flow, #/hr 6
Air flow, SCFM 14.4
% swirl 45
Sec. air preheat, eF 591
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO;, % -
Balance N2
% FGR -
Pri. 02, % 21
% 02, polar 2.75
% 0;, para. 2.6
S.R. by 02 1.131
% CO 0.02
% CO; 16.46
NO, as meas., ppm 720
NO, 0% EA, ppm 820
SO;, as meas., ppm 1600

COMMENTS :

2 3

6 6
15.1 14.8
45 43
601 621
1.8 1.8
21 21
N2 N2
21 17.3

FLUE MEASUREMENTS

3.75

3.65

1.196

15.46

740

895

1400

1-7 effect of primary 0”.

1.184

17.9

735

895

1380

840

1500

Injector:

790

1450

Divergent

15.7
45

628

21

N2

12.8

1.234

19.8

720

935

1400

15.9

44

646

21

1.243

>20.0

660

925

1100



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCEFM

% swirl

Sec. air preheat, GF
Pri. air flow, SCFM

Inlet 02, %

Inlet CO], %

Balance

i FOR

Pri. 02, %
% 0], polar
% 0], para.
S.R. by 0]

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

14.8

44

641

1.79

21

1.0

1.052

>20.0

520

615

1350

Date:

INLET PARAMETERS

9

15.6

44

638

21

N2

FLUE MEASUREMENTS

1.117

>20.0

590

740

1250

COMMENTS : 8-13 effect of primary 0”.

2/27

10

45

586

21

N2

21

3.2

1.167

16.1

775

915

1500

11

13.2

45

606

1.8

21

N2

25.8

1.215

15.78

865

1035

1550

12

11.5

42

601

17.9

910

990

1550

Injector: Divergent

13

11.7

42

601

21

N2

30.5

1065

1560



Fuel: Western Kentucky Coal

Run No. 1
Fuel flow, #/hr 5.9
Air flow, SCFM 13.3
% swirl 44

Sec. air preheat, eF 630

Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2

% FGR —

$ 02, polar 3.25
% 02, para. 3.35
S.R. by 02 1.177
% CO 0.03
% C02 15.78
NO, as meas., ppm 790
NO, 0% EA, ppm 940

502, as meas., ppm 2400

COMMENTS: 1-2 baseline.

Date: 3/24

INLET PARAMETERS

2

5.9

12.5

43

620

21

N2

FLUE MEASUREMENTS

765

870

2410

Injector:

Divergent



Fuel: Western Kentucky Coal

Run No. 1
Fuel flow, #/hr 5.9
Air flow, SCFM 13.0
% swirl 44
Sec. air preheat, @F 615
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % —
Balance N2
% FGR -
% 02, polar 3.60
% 02, para. 3.65
S.R. by 02 1.197
% CO 0.03
P¥ee) 15.78
NO, as meas., ppm 845
NO, 0% EA, ppm 1020
S02, as meas., ppm 1570
NOx (SR — 1.0) -

COMMENTS: 1-6 baseline.

Date :  3/25

INLET PARAMETERS

2 3
5.9 5.9
12.4 11.6
44 44
605 600
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

2.75 1.65
2.80 1.70
1.144 1.082
— 0.03
— 17.9
815 735
940 800
1500 1720
945 815

7 effect of primary air flow rate.

5.9

10.9

45

590

Injector:

15.14

850

1075

1400

1080

Divergent

16.0
45

630

21

N2

1.340

13.9
855

1150
1280

1165

1.234

15.14

820

1025

1400



Fuel: Western Kentucky Coal
Run No. 8
Fuel flow, */hr 5.9
Air flow, SCFM 12.5
% swirl 44
Sec. air preheat, eF 640
Pri. air flow, SCFM 1.5
Inlet 02, % 21
Inlet C02, % -
Balance N2
% FGR -

% 02, polar 2.30
H 02, para. 2.45
S.R. by 02 1.123
% CO 0.05
% co2 17.18
NO, as meas., ppm 730
NO, 0% EA, ppm 825
s02, as meas., ppm 1600

COMMENTS :

Date: 3/25

INLET PARAMETERS

9 10
5.9 5.9
14.2 13.0
44 44
640 645
1.25 1.25
21 21
N2 N2

FLUE MEASUREMENTS

3.55 2.7
4.0 2.9
1.220 1.150
0.04 0.04
15.46 16.25
810 770
1000 895
1430 1500

8-11 effect of primary air flow rate.
12-14 reduced load.

11

13.3

44

645

21

N2

1.147

16.1

825

1500

Injector:

12

11.4
44
625
1.3

21

N2

6.2
6.25

1.396

13.0
740
1055

1200

Divergent

4.20

1.237

14.82

700

615

700

1550



Fuel: Western Kentucky Coal
Run No. 15
Fuel flow, #/hr 4.4
Air flow, SCFM 9.1
% swirl 44
Sec. air preheat, eF 565
Pri. air flow, SCFM 1.3
Inlet 02, % 21
Inlet CO2, % —
Balance N2
% FGR -

% 02, polar 3.45
% 02, para. 3.50
S.R. by 02 1.187
% CO 0.03
% co2 15.14
NO, as meas., ppm 670
NO, 0% EA, ppm 804
S02, as meas., ppm 1500

COMMENTS :

15-18 reduced load.
19-21 C02 addition.

Date:

INLET PARAMETERS

16

44

565

1.8

21

N2

FLUE MEASUREMENTS

4.05

4.20

1.234

15.0

735

920

1400

3/25

17

44

555

21

N2

2.45

2.50

1.126

16.82

675

765

1500

600

650

1600

Injector:

19

5.9

12.1

44

21.25

18.6

N2

775

910

1200

Divergent

20

11.0

44

620

21.25

18.1

N2

725
805

1300

259

21

10.4

44

620

20.9

17.5

N2

620
655

1400



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar
% 02, para.

S.R. by 02

oe

co

oo

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

22

12.7

44

585

495

1900

COMMENTS: 22-25 baseline.

26-28 effect of primary air flow rate.

Date:

INLET PARAMETERS

23

13.7

44

615

1.0

21

N2

FLUE MEASUREMENTS

1.141

16.1

470

540

1800

3/25

24

5.9
14.4
44

635

21

N2

1.187

15.14

625

1750

25

15.8

44

655

21

N2

1.262

13.6

535

685

1600

Injector:

26

13.5

44

660

21

N2

Axial

27

14.9

44

660

21

N2

1.197

0.04

15.14

600

725

1650

16.46

510

590

1800



Fuel: Western Kentucky Coal
Run No. 29
Fuel flow, #/hr 5.9
Air flow, SCFM 14.4
% swirl 44
Sec. air preheat, G@®F 660
Pri. air flow, SCFM 1.2
Inlet 02, % 21
Inlet COJ], % -
Balance N2
% FGR -

% 0], polar 3.6
% 0], para. 3.5
S.R. by 0] 1.187
% CO 0.06
% co2 15.14
NO, as meas., ppm 540
NO, 0% EA, ppm 650
SO], as meas., ppm 1750

COMMENTS :

Date: 3/25

INLET PARAMETERS

30 a1
5.9 5.9
13.0 13.3
44 44
655 655
1.2 1.5
21 21
N2 N2

FLUE MEASUREMENTS

2.0 2,95
1.9 2.8
1.093 1.144
0.05 0.07
17.54 16.82
500 540
550 625
1850 1800

29-32 effect of primary air flow rate.

Injector:

32

13.2

44

3.05

15.78

Axial



Fuel: Western Kentucky Coal
Run No. 1
Fuel flow, #/hr 5.9
Air flow, SCEFM 13.1
% swirl 44
Sec. air preheat, eF 140
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
\ FGR -

% 02, polar 2.65
% 02, para. 2.65
S.R. by 02 1.135
% CO 0.02
% C02 16.6
NO, as meas., ppm 730
NO, 0% EA, ppm 835
s02, as meas., ppm 1500

COMMENTS :

Date: 3/26

INLET PARAMETERS

2 3
5.9 5.9
14.2 11.3
43 43
130 130
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

3.7 0.65
3.7 0.65
1.201 1.030
0.02 0.08
15.4 18.7
770 555
935 570
1420 1730

1-4 preheat turndown.l

5-7 oxygen enrichment.

44

120

1.8

21

N2

18.3

600

630

1660

Injector:

44

120

1.8

23.1

N2

1.101

640

1700

Divergent

44
115
1.8

23.1

N2

725
775

1560

13.1

44

115

1.256



Fuel: Western Kentucky Coal Date: 3/26
INLET PARAMETERS

Run No. 8 9 .10 11
Fuel flow, #/hr 5.9 5.9 5.9 5.9
Air flow, SCFM — — .- .

% swirl 44 44 44 44
Sec. air preheat, @®F 115 115 110 110
Pri. air flow, SCFM 1.57 1.57 1.81 3.09
Inlet 02, % 21.15 20.8 21.3 20.7
Inlet CO2, % 19.1 20.2 18.7 16.8
Balance Ar Ar Ar Ar

% FGR - - - -

FLUE MEASUREMENTS

% 02, polar 3.35 1.55 3.1 5.0
% 02, para. — — — —
S.R. by 02 1.178 1.075 1.162 1.293
% CO — — —

% C02 - - - —
NO, as meas., ppm 660 585 635 750
NO, 0% EA, ppm 780 660 735 1000

SO2, as meas., ppm - -

COMMENTS: 8-14 AT/02/C0O2, effect of

primary velocity.

Injector:

12

1.197

775

960

Divergent

44

110

20.6

19.2

635

755

14

44

110

1.0

20.4

20.0



Fuel:

Run No.
Fuel flow, #/h
SCEFM

Air flow,

% swirl

r

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

h FGR

% 02, polar

% 02, para.
S.R. by 02

% CO

$ C02

NO, as meas.,
NO, 0% EA, ppm

S02, as meas.,

COMMENTS :

SCEM

ppm

ppm

Western Kentucky Coal

15

44

110

1.13

21.5

19.1

1.252

615

755

Date:

INLET PARAMETERS

16

43

110

20.7

18.7

Ar

FLUE MEASUREMENTS

2.65

1.135

3/26

17

43

110

19.1

Ar

1.80

1.088

15-18 reduced load with Ar/02/C02.

Injector:

46

110

1.57

1.162

600

730

Divergent



Fuel: TWestern Kentucky Coal Date: 3/30 Injector: Axial

INLET PARAMETERS
Run No. 1 2 3 4 5 6 7
Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9 5.9

Air flow, SCFM - - - - - -

S swirl 43 44 42 43 44 44 44
Sec. air preheat, *F 110 110 110 115 120 115 115
Pri. air flow, SCFM 1.0 1.0 1.0 1.0 .70 .70 1.3
Inlet 02, % 20.7 20.85 21.0 20.85 21.0 20.85 21.15
Inlet CO2, % 18.7 19.2 18.7 17.4 18.3 18.3 17.4
Balance Ar Ar Ar Ar Ar Ar Ar

% FGR - - - - -

FLUE MEASUREMENTS

% 02, polar 2.55 1.6 3.6 3.75 5.55 2.7 3.25

% 02, para. — — _ _— _ __

S.R. by 02 1.131 1.077 1.193 1.204 1.189 1.138 1.169
S co —_ —_ -_— — —_— -_— p—

* o — — — — —

NO, as meas., ppm 350 335 395 410 450 430 385
NO, 0% EA, ppm 405 365 475 505 540 500 450

S02, as meas., ppm

COMMENTS: 1-4 baseline fuel NO.
5-7 effect of primary air flow.



Fuel: TWestern Kentucky Coal
Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCFM -

% swirl 44
Sec. air preheat, @®F 115
Pri. air flow, SCFM 1.8
Inlet 02, % 20.7
Inlet CO2, % l6.1
Balance Ar

% FGR -

\ 02, polar 3.45
\ 02, para. _
S.R. by 02 1.186
% Cco -

% co2 _

NO, as meas., ppm 515
NO, 0% EA, ppm 625
SO02, as meas., ppm —

COMMENTS :

8 effect of primary air flow,
9 effect of primary air flow,
10-12 baseline Ar/0O

Date: 3/30
INLET PARAMETERS
9 10
5.9 5.9
44 44
115 110
1.3 1.0
20.85 21.3
Ar Ar

FLUE MEASUREMENTS

3.35 3.25

1.178 1.168

405 400

485 465
Ar/~A".
Ar/oz2.

1.209

425

520

Injector:

12

440

540

Axial



Fuel: Western Kentucky Coal Date: 3/31 Injector: Divergent

INLET PARAMETERS

Run No. 1 2 3 4 5 6

Fuel flow, #/hr 5.9 5.9 5.9 5.9 5.9 5.9
Air flow, SCEM 12.4 10.9 9.5 9.9 8.9 8.1
% swirl 43 44 44 44 44 44

Sec. air preheat, ®F 545 535 545 540 535 520
Pri. air flow, SCFM 1.8 1.8 1.8 1.8 1.8 1.8
Inlet 02, % 22.5 23.1 25.5 25.8 28.8 28.8

Inlet CO2, % - - - - -= —

Balance N2 N2 N2 N2 N2 N2

% FGR - - - - *e

FLUE MEASUREMENTS

% 02, polar 3.2 2.45 2.5 3.65 3.8 2.45
% 02, para. — - — [T .

S.R. by 02 1.155 1.110 1.100 1.152 1.140 1.085
% Co 0.03 0.03 0.03 0.03 0.03 0.06
% co2 17.54  19.16 >20.0  >20.0  >20.0  >20.0
NO, as meas., ppm 850 830 900 980 1090 1040
NOo, 0% EA, ppm 925 845 820 950 915 830

SO2, as meas., ppm — —_— _ _ =

COMENTS: 1-6 axygen enricdhment.



Fuel: Western Kentucky Coal

Run No.

Fuel flow,

#/hr

Air flow, SCEM

% swirl

Sec. air preheat, °F

Pri. air flow, SCFM

Inlet 02, %

Inlet CO02,
Balance

% FGR

o

02, para.

oe

S.R. by 02
% CO

% C02

NO, as mea

NO, 0% EA,

S

o

©

% 02, polar

s., ppm

ppm

S02, as meas., ppm

COMMENTS :

7-13 oxygen

INLET PARAMETERS

7 8
5.9 5.9
44 44
475 475
1.8 1.8
21.6 24
Ar Ar

FLUE MEASUREMENTS

Date:

2.7 3.85
1.133 1.175
0.03 0.04
15.60 17.3
775 865
860 895

1

enrichment,

Ar/0g.

3/31

9

5.9

1.122

17.54

840

830

10

44

485

26.7

Ar

1.146

20.0

935

850

Injector:

44

460

26.7

1.106

>20.0

915

800

Divergent

12

44

455

1.181

>20.0
1030

870

13



Fuel:

Run No.
Fuel flow, #/hr

Air flow, SCFM

% swirl
Sec. air preheat,
Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

5

% 02, polar

o

02, para.
S.R. by 02

% CO

% C02

NO, as meas.,

ppm

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

°F

SCFM

Western Kentucky Coal

14

1.163

14.5

720

840

Date:

INLET PARAMETERS

15

FLUE MEASUREMENTS

1.153

14.82

680

780

3/31

16

3.9

1.218

13.6
880

1105

14-17 effect of primary air flow.

Injector:

17

44

495

20.3

Ar

1.236

Divergent



Fuel: Western Kentucky Coal Date: 4/20

INLET PARAMETERS

Run No. 1 2
Fuel flow, #/hr 5.9 5.9
Air flow, SCFM 13.2 13.4
% swirl 60 60
Sec. air preheat, °F 100 100
Pri. air flow, SCFM 1.8 1.8
Inlet 02, % 21 21

Inlet CO2, % - -

Balance N2 N2

o

FGR - -

FLUE MEASUREMENTS

% 02, polar 2.45 2.25
% 02, para. 2.65 2.50
S.R. by 02 1.135 1.12
% CO 0.06 0.03
s a2 16.8 16.8
NO, as meas., ppm 635 630
NO, 0% EA, ppm 725 715

502, as meas., ppm -_— —_

COMMENTS: 1-4 shakedown.
5-7 char/volatile tests,

13.4

60

100

21

N2

7 1.127

16.2

800

910

primary air.

60

100

21

16.8

Injector:

13.0

44

110

1.25

21

N2

590

660

Divergent

44

110
1.25

21

2.0

1.099

44

110

21

N2



Fuel: Western Kentucky Coal Date: 4/20

INLET PARAMETERS

Run No. 8 9
Fuel flow, #/hr 5.9 5.9
Air flow, SCFM 13.0 14.6
% swirl 44 44
Sec. air preheat, @F 110 110
Pri. air flow, SCFM 1.25 1.25
Inlet 02, % 21 21

Inlet CO2, % - -
Balance N2 N2

% FGR - -

FLUE MEASUREMENTS

% 02, polar 2.15 3.55
% 02, para. 2.1 3.50
S.R. by 02 1.104 1.188
% CO - 0.04
% C02 — 15.4
NO, as meas., ppm 630 665

NO, 0% EA, ppm 700 800

502, as meas., ppm —

COMMENTS: 8-14 char/volatile tests,

10

13.5

44

110

1.130

16.4

690

785

primary air.

11

5.9

14.4

44

110

1.50

21

N2

4.1

1.217

14.9

690

850

Injector:

12

13.9

44

110

21

N2

1.238

14.8

830

1040

Divergent

13

5.9

3.3

1.175

16.8

830

985

14

12.8

44

110

21

N2

1050



Fuel: TWestern Kentucky Coal
Run No. 15
Fuel flow, #/hr 5.9
Air flow, SCFM 12.8
% swirl 44
Sec. air preheat, °F 110
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % —
Balance N2
% FGR -
$ 02, polar 3.65
% 02, para. 3.65
S.R. by 02 1.197
% CO 0.02
% C02 15.4
NO, as meas., ppm 940
NO, 0% EA, ppm 1140

S02, as meas., ppm

COMMENTS :

Date:

4/20 Injector:

INLET PARAMETERS

16

5.9

12.8

44

110

1.8

21

N2

17

5.9

12.8

44

110

21

N2

FLUE MEASUREMENTS

1075

1310

15-17 char/volatile testing,

1.211

825

1010

primary air.

Divergent



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
INO due to additivex*

B conversion of add.

IR

NO

11

118

COMMENTS : *ppm (STOICHI) .

INLET PARAMETERS

NO

11

118

Pa

FLUE MEASUREMENTS

Date:

4/20

395
710
695
15
4

1.099

NO

11

118

pa

345

745

50

14

1.099

Injector:

14

135

Pra

70
18

1.169

Divergent

15
NO
11
118

Pa

345
1140
1005
135
39

1.197

16

NO

11

118

345

1310

1010

300

87

1.204



Fuel: Western Kentucky Coal

Run No. 1
Fuel flow, #/hr 5.9
Air flow, SCFM 13.8
% swirl 44

Sec. air preheat, °F 585
Pri. air flow, SCFM 1.8
Inlet 02, % 21

Inlet CO2, %

Balance N2

% FGR -

$ 02, polar 3.35
% 02, para. 3.3
S.R. by 02 1.175
% CO 0.03
% co2 15.4
NO, as meas., ppm 750
NO, 0% EA, ppm 890

S02, as meas., ppm

Date:

INLET PARAMETERS

2

5.9

13.8

44

585

21

N2

FLUE MEASUREMENTS

1.194

0.04

15.4

830

1000

4/22

3

5.9

13.8

44

585

1.8

21

N2

3.55

825

1000

COMMENTS: 1-7 char/volatile tests, baseline.

15.4

44

590

1.8

21

N2

780

1010

Injector:

44

595

1.8

21

N2

14.0

830

1080

Divergent

5.9
15.4

44

595

21

N2

4.5

1.270

13.6
835

1075

1.110

16.8

750

835



Fuel: Western Kentucky Coal
Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCFM 12.2
% swirl 44
Sec. air preheat, *F 575
Pri. air flow, SCEM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
% FGR -

\ 02, polar 1.85
% 0], para. 1.90
S.R. by 02 1.093
% CO 0.03
% co2 17.6
NO, as meas., ppm 795
NO, 0% EA, ppm 875

S02, as meas., ppm -

COMMENTS :

8-9 char/volatile tests,

Date: 4/22

INLET PARAMETERS

9 10
5.9 5.9
12.2 13.7
44 44
575 555
1.8 1.0
21 21
N2 N2

FLUE MEASUREMENTS

1.80 2.05
1.85 2.25
1.091 1.112
0.04 0.04
17.2 16.8
765 650
840 730

baseline.

10-14 effect of primary air flow.

11

14.5

44

565

1.0

21

N2

Injector:

12

13.6

44

580

1.156

15.8

705

Divergent

13
5.9
13.6

44

580

21

N2

1.168

15.5
770

910

1.187

15.2

795

955



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO witnout additive*
NO due to additive*
% conversion of add.

SR

NO

11

118

ra

345

1000

935

19

1.194

COMMENTS @ *ppm (STOICHI) .

Date:

INLET PARAMETERS

NH3

118

Pa

FLUE MEASUREMENTS

17

1.197

4/22

NN
7.6

118

Pa

345
1080
1020
60
17

1.282

NO

11

118

Pa

1075

1010

65

19

1.270

Injector:

NO
11

118

ra

19

1.093

Divergent

118

Pa

840
810

30

1.001



Fuel: TWestern Kentucky Coal
Run No. 15
Fuel flow, #/hr 5.9
Air flow, SCEFM 13.3
% swirl 44
Sec. air preheat, °F 575
Pri. air flow, SCFM 2.3
Inlet 02, % 21
Inlet CO], % -
Balance N2
$ FGR L
% 02, polar 3.05
% 02, para. 3.45
S.R. by 02 1.184
% CO 0.03
% CO] 15.8
NO, as meas., ppm 910
NO, 0% EA, ppm 1090
S0], as meas., ppm -
COMNENTS :

Date: 4/22

INLET PARAMETERS

16 17
5.9 5.9
12.5 12.0
44 44
570 565
2.6 2.6
21 21
N2 N2

FLUE MEASUREMENTS

- 3.10
3.5 - 3.0
1.187 1.156
0.03 0.03
15.4 15.9
935 945
1120 1105

15-18 effect of primary air flow.

18

11.6

44

560

21

N2

1150

19-21 char/volatile tests, lifted flames.

Injector:

19

11.2

44

550

21

N2

15.8
1115

1320

Divergent

1.9

1.093

17.1
1100

1210

1.101

17.0

1015

1125



Fuel:

Run No.
Fuel flow, #/hr
Air flow, SCEFM
% swirl

Sec. air preheat, eF

Pri. air flow, SCFM
Inlet 02, %
Inlet CO2, %

Balance

oe

FGR

% 02, polar
% 02, para.
S.R. by 02

% CO

% C02

NO,

as meas., ppm

NO, 0% EA, ppm
SO2, as meas., ppm
NOx

(SR = 1.0)

COMMENTS :

Western Kentucky Coal

22

5.9

13.3

44

450

21

N2

1.300

13.6

1005

1325

Date: 4/22

INLET PARAMETERS

23 24
5.9 5.9
13.3 13.3
44 44
450 450
3.0 3.0
21 21
N2 N2

FLUE MEASUREMENTS

5.0 5.15
5.25 5.3
1.312 1.316
0.02 0.02
13.7 13.6
1105 1040
1475 1390

44

450

21

N2

1.181

15.4

1075

1280

1320

22-27 char/volatile tests, lifted flames.

Injector:

26

5.9

10.9

44

450

21

N2

1.187

15.6

1025

1230

Divergent

1.098

17.1
1080

1195



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
NO due to additivex*
% conversion of add.

SR

19

NO

11

118

Pa

1320

1215

105

30

1.171

COMMENTS : *ppm (STOICHI) .

Date:

INLET PARAMETERS

20

NO

11

118

Pa

P

FLUE MEASUREMENTS

345

1210

1110

29

1.093

4/22

23

NO

11

118

Pa

P

345
1475
1330
145
42

1.312

118

Pa

1390

1335

55

16

1.316

Injector:

25

NH 3

118

Pa

1280

1220

60

17

1.181

Divergent

27

NH 3

118

pa

345
1120
1120
75
22

1.098



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCEM

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

o

Primary 0%, %

% 02, polar
% 02, para.
S.R. by 02

% CO

o

% C02

NO, as meas., ppm

NO, 0% EA, ppm

SO2, as meas., ppm

COMMENTS :

N2

21

16.6

640

730

1-7 shakedown.

Date:

INLET PARAMETERS

2

5.9

14.4

44

555

1.8

21

N2

21

FLUE MEASURE>ENTS

4/23

3

5.9

14.0

44

570

1.8

21

N2

24.4

3.15

13.8

44

575

1.8

21

N2

24.4

16.6

700

800

Injector:

N2

27.2

Divergent

5.9
13.6

44

N2

27.2

16.6
750

845

N2

30.0



Fuel: Western Kentucky Coal
Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCFM 12.9
% swirl 44
Sec. air preheat, °F 575
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % —
Balance N2
% FGR —
Primary 0%, % 30.0
% 02, polar 2.65
% 02, para. -
S.R. by 02 —

% CO 0.05
% C02 17.9
NO, as meas., ppm 800
NO, 0% EA, ppm 865

S02, as meas., ppm

COMMENTS =

8-9 shakedown.

Date: 4/23

INLET PARAMETERS
9

5.9

13.4

44

575
1.8

21

N2

30.0

FLUE MEASUREMENTS

Injector:

Divergent



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCEM

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

o

% FGR

Primary 0%, %

% 02, polar
% 02, para.
S.R. by 02

% CO

% C02

SCFM

NO, as meas., ppm

NO, 0% EA, ppm

s02, as meas.,

ppm

10

13.9

44

555

1.0

21

N2

21

1.134

510

585

Date: 4/23

INLET PARAMETERS

11

5.9

14.6

44

575

21

N2

21

FLUE MEASUREMENTS

3.0

540

630

COMMENTS : 10-14 enrichment of primary

12

5.9

14.0

44

605

1.0

21

N2

26.4

1.139

525

590

air.

Injector:

13

5.9

13.9

44

600

21

N2

30.5

530

580

14

14.9

44

595

21

N2

30.6

565

645

Axial



Fuel: TWestern Kentucky Coal Date: 4/23

INLET PARAMETERS

Run No. 15 16 17
Fuel flow, #/hr 5.9 5.9 5.9
Air flow, SCFM 14.2 14.2 14.1
% swirl 44 44 44
Sec. air preheat, eF 595 595 595
Pri. air flow, SCFM 1.0 1.0 0.6
Inlet 02, % 21 21 21
Inlet CO;, % - - -
Balance N2 N2 N2
% FGR - - -
Primary 0%, % 33.6 . 38.2 21

oo

% 02, para.

FLUE MEASUREMENTS

02, polar 2.9 3.0 2.9

S.R. by 02 1.141 1.144 1.149
% CO - _ __

% C02 — — _

NO, as neas., ppm 565 550 600
NO, 0% EA, ppm 620 600 695
502, as meas., ppm - h | -
COMMENTS : 15-16 effect of primary O].

17-21 effect of primary air flow rate.

18

5.9

14.8

44

N2

21

1.134

570

650

Injector:

19

15.3

44

595

21

N2

21

1.171

580

685

Axial

20

14.6

44

600

21

N2

21

21

14.7

44

600



Fuel: Western Kentucky Coal
Run No. 22
Fuel flow, #/hr 5.9
Air flow, SCFM 13.9
% swirl 44
Sec. air preheat, °F 600
Pri. air flow, SCFM 1.5
Inlet 02, % 21
Inlet C02, % -
Balance N2
% FGR -

S 02, polar 2.75
$ 02, para. —
S.R. by 02 1.140
% CO —

% C02 -

NO, as meas., ppm 540
NO, 0% EA, 620

ppm

S02, as meas., ppm

COMMENTS :

Date: 4/23

INLET PARAMETERS

23 24
5.9 5.9
13.8 14.6
44 44
610 600
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

2.55 3.55
1.129 1.189
620 630
705 760

22-28 effect of primary air flow rate.

25

14.1

44

600

730

880

Injector:

26

13.3

44

580

21

N2

720

820

Axial

217

13.5

44

585

21

N2

1.143

820

945

28

13.5

44

585

990

1180



Fuel; Western Kentucky Coal
Run No. 29
Fuel flow, #/hr 5.9
Air flow, SCEM 13.2
% swirl 44
Sec. air preheat, ®F 570
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
% FGR -
Primary 0%, % 28.0
h 02, polar 3.0
S 0], para. —
S.R. by 02 1.147
% CO ——

% C02 _
NO, as meas., ppm 650
NO, 0% EA, ppm 720

S02, as meas., ppm

COMMENTS =

29-32 enrichment of primary air,

Date; 4/23
INLET PARAMETERS
30 31 32
5.9 5.9 5.9
12.8 12.4 12.
44 44 44
570 565 560
1.8 1.8 1.8
21 21 21
N2 N2 N2
32.5 36.5 40.
FLUE MEASUREMENTS
3.1 3.1 3.1
1.148 1.145
680 720 750
730 760 770

1.141

Injector;

33

15.1

44

585

1.0

21

N2

21

555

630

lifted flames.

Axial

34

15.1

44

585

21

N2

21

550

645



Fuel: Western Kentucky Coal
Run No. 1
Fuel flow, */hr 5.9
Air flow, SCFM 11.5
% swirl 44
Sec. air preheat, °F 565
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
% FGR -

% 02, polar 1.75
% 02, para. 1.55
S.R. by 02 1.074
% CO _

% C02 -

NO, as meas., ppm 650
NO, 0% EA, ppm 700

S02, as meas., ppm

COMMENTS

1-7 char/volatile

Date: 4/28

INLET PARAMETERS

2 3
5.9 5.9
11.6 12.5
44 44
565 570
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

1.6 2.15
1.4 2.05
1.066 1.101
700 775
750 860

tests, baseline.

1.101

728

805

Injector:

13.8

44

585

21

N2

1.190

833

1000

Divergent

13.9

44

590

21

N2

1.190

880

1060

13.9

44

590

1.8

21

N2

1100

1325



Fuel: Western Kentucky Coal
Run No. 2
Additive NO
Rotameter setting 11
Add. flow (cc/min) 118
Injector location pa
Sample location P
NO total conversion* 345
NO measured* 750
NO without additive* 700
NO due to additive* 50
% conversion of add. 15
SR 1.066
COMMENTS: *ppm (STOICHI) .

Date:

INLET PARAMETERS

NO

11

118

pa

FLUE MEASUREMENTS

345

860

805

55

16

1.101

4/28

NO

11
118

pa

345
1060
1000
60
17

1.190

Injector:

NO

11

118

345

1325

1025

300

87

1.190

Divergent



Fuel: TWestern Kentucky Coal
Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCEFM 15.4
% swirl 44
Sec. air preheat, °F 595
Pri. air flow, SCFM 1.8
Inlet 02, % 21
Inlet CO2, % -
Balance N2
% FGR -

% 02, polar —

% 02, para. 4.65
S.R. by 02 1.266
% CO _

% C02 —

NO, as meas., ppm 867
NO, 0% EA, ppm 1115

S02, as meas., ppm

COMMENTS :

Date: 4/28

INLET PARAMETERS

9

15.3

44

595

21

N2

FLUE MEASUREMENTS

925

1185

8-9 char/volatile tests, baseline.

Injector:

Divergent



Fuel:

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

o

02, polar
% 02, para.

S.R. by 02

oo

co

oe

co2
NO, as meas.,

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

ppm

Western Kentucky Coal

10

13.9

44

555

21

N2

Date:

INLET PARAMETERS

11

5.9

13.9

44

555

1.0

21

N2

FLUE MEASUREMENTS

3.1

3.05

1.159

ok

510

595

10-13 char/volatile tests.

4/28

12
5.9
13.0

44

595
2.0

21

980

1135

Injector:

13

5.9

13.0

44

595

21

N2

1.150

890

1030

Axial



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, @F
Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %

Balance

o°

FGR

$ 02, polar
\ 02, para.
S.R. by 02

% co

o

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

14

5.9

12.2

44

595

2.7

21

N2

1240

1465

Date:

INLET PARAMETERS

Is

5.9

12.2

44

595

2.7

21

N2

FLUE MEASUREMENTS

1370

1625

COMMENTS: 14-18 char/volatile tests.

4/28

16
5.9
13.9

44

480

570

17

13.6

44

565

21

N2

530

625

Injector:

18

12.7

44

570

21

N2

Axial



Fuel: TWestern Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
NO due to additive*

% conversion of add.

SR

11

NO

11

118

pa

345

595

1.159

COMMENTS: “*ppm (STOICHI) .

Date:

INLET PARAMETERS

12

NO

11

118

pa

FLUE MEASUREMENTS

345

1135

1025

110

32

1.147

4/28

Is

NO

11

118

pa

345

1625

1470

155

45

1.174

Injector:

Axial



Fuel; Western Kentucky Coal

Run No.

Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar
% 0%, para.

S.R. by 02

a°

Cco

oe

co02
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

5.9

14.3

44.1

573

21

N2

4.10

1.227

700

870

1740

Date: 6/16

INLET PARAMETERS

2 3
5.9 5.9
12.3 11.0
44 44
555 545
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

2.10 0.70
2.20 0.65
1.109 1.029
600 480
670 495
1787 1857

COMMENTS = 1-3 fuel injector plugging.
4-7 char/volatile tests.

815

1788

Injector:

13."2

44

555

21

N2

1.15

1.054

725

1777

Divergent

45

573

21

N2

1.087

715
782

1750

15.3

44

596

1.8

21

N2

1.226

750

932



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, GF
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

o

02, para.

S.R. by 02

a°

Cco

oe

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

1.123

790

894

Date:

INLET PARAMETERS

9

5.9

14.5

44

596

1.8

21

N2

FLUE MEASUREMENTS

2.25

COMMENTS: 8-13 char/volatile tests.

6/16

10

5.9

13.9

44

586

21

N2

1.00

0.90

1.041

768

1713

11

15.0

44

596

1.8

21

N2

785"

1755

Injector:

12

15.4

44

593

21

N2

1.126

795
902

1703

Divergent

13

15.9

44

598

21

N2

930

1872



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
NO due to additivex*
°

% conversion of add.

SR

NO

11

118

Pa

345

894

827

67

19

1.123

COMMENTS: “*ppm (SR * 1) .

Date:

INLET PARAMETERS

9

NO

11

118

Pa

P

FLUE MEASUREMENTS

345

892

800

92

217

1.101

6/16

10

NO

11

118

ra

P

345

768

698

70

20

1.041

11

NO

11

118

pa

861

785

76

22

1.090

Injector:

12
NO
11

118

345
902
830
72
21

1.126

Divergent

13
NO
11

118

345

930

90
26

1.158



Fuel: - Western Kentucky Coal

Run No.
Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, GF

Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %
Balance

% FGR

% 02, polar
% 0], para.

S.R. by 02

o

(60)
% C02
NO, as meas., ppm
NO, 0% EA, ppm
S02, as meas., ppm

COMMENTS :

44

631

1.8

21

N2

810

1009

1745

Date: 6/17

INLET PARAMETERS

2 3
5.9 5.9
15.0 13.1
44 44
631 611
1.8 1.8
21 21
N2 N2

FLUE MEASUREMENTS

4.00 mm
4.10 -
1.226 —
_ x
880 -
1093 .
1740 e

1-3 fuel injector plugging.

4-7 char/volatile tests.

44

598

1.8

21

N2

1.164

Injector:

5.9
13.0
44
598
1.8

21

N2

770

946

Divergent

730

891

N2

1619



Fuel: Western Kentucky Coal

Run No. 8
Fuel flow, #/hr 5.9
Air flow, SCFM 11.6
% swirl 44

Sec. air preheat, °F 533

Pri. air flow, SCFM 1.8

Inlet 02, % 24.3
Inlet CO2, % -
Balance N2
% FGR -

% 02, polar 2.85
% 02, para. —
S.R. by 02 1.123
% CO -

% C02 -
NO, as meas., ppm 885
NO, 0% EA, ppm 866
S02, as meas., ppm 1664
COMMENTS :

Date: 6/7 Injector:

INLET PARAMETERS

9 10 11 12
5.9 5.9 5.9 5.9
11.6 11.6 11.6 11.6
44 44 44 44
556 588 588 588
1.8 1.57 1.57 1.57
24.3 24.3 24.3 24.3
N2 N2 N2 N2

FLUE MEASUREMENTS

2.95 2.95 2.9 3.1
1.128 1.128 1.125 1.135
— * e — —
990 900 900 900
974 885 883 892
— - — 1833

8-14 char/volatile tests, oxygen enrichment.

Divergent

44
575
1.57

24.3

N2

925
903

1612

14

5.9

990

830



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar
% 02, para.
S.R. by 02

% CO

oe

Cco02
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

15

5.9

1.101

1110

927

Date:

INLET PARAMETERS

16

44

548

28

N2

FLUE MEASUREMENTS

950

792

COMMENTS : 15-21 char/volatile tests.

6/17

17

44

548
1.35

28

N2

3.25

875
742

1018

18

5.9

44

535

21.1

538

578

1235

Injector:

19

5.9

555

583

1470

Divergent

20

44

526

1.81

2.45

1.121

612

685

1568

21

*2.20

1.107

652

717

1539



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
NO due to additive*

% conversion of add.

SR

COMMENTS: * (0% EA) .

345

946

891

55

16

1.21

Date:

INLET PARAMETERS

NO

11

118

FLUE MEASUREMENTS

345

974

875

99

29

1.128

6/17

13
NO
11

118

345

883

868

15

1.121

15

NO

11

118

pa

345

825

102

30

1.101

Injector:

16

NO

11

118

792

720

72

21

1.102

Divergent



Fuel: Western Kentucky Coal

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% PGR

% 02, polar

o

0], para.

S.R. by 02

o

co

oe

co2
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS:  22-28 char/volatile tests.

22

5.9

1.140

642

711

1529

Date:

INLET PARAMETERS

23

FLUE MEASUREMENTS

2.60

1.126

60S

662

1531

6/17

24

3.80

1.199

710

838

1416

740

878

154 2

Injector:

26

620

755

Divergent

217

5.9

44

483

1.81

600
795

1590

44

482

18.7

645

875

1861



Fuel:

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO], %

Balance

oe

FGR

% 02, polar

o

0], para.

S.R. by 02

o

co

oo

co2

NO, as meas., ppm

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

Western Kentucky Coal

29

44

544

1.81

825

858

1403

Date:

INLET PARAMETERS

30

44

549

1.81

24.0

FLUE MEASUREMENTS

750

778

1348

29-32 char/volatile tests.

6/17

31

3.00

1.174

960

1252

1696

Injector:

32

23

525

19.1

Ar

1.184

1085

1429

1580

Divergent



Fuel: Western Kentucky Coal

Run No.

Additive
Rotameter setting
Add. flow (cc/min)
Injector location

Sample location

NO total conversion*
NO measured*

NO without additive*
NO due to additive*
% conversion of add.

SR

COMMENTS: * (0% EA) .

19

NO

11

118

345

583

83

24

1.051

Date:

INLET PARAMETERS

21

NO

11

118

Pa

P

FLUE MEASUREMENTS

345

717

655

62

18

1.107

6/17

25

NO

11

118

pa

2

345

878

839

39

11

1.200

28.

NO

11

118

Pa

345

857

779

78

23

1.171

Injector:

29

NO

11

118

pa

345

858

784

74

21

1.174

Divergent
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D.4 Mbntana qoal‘

The experimental data which were obtained during the Montana coal
combustion studies are tabulated on the following pages. The terminolbgy
is identical to that described in Section D.1 except for the air flow

rate entry which now refers to only the secondary air.



Fuel; Montana Coal

Run No.

Fuel flow, t/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

\ 02, polar

% 0], para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

44

556

1.35

21

N2

1.104

17.9

670

745

Date:

INLET PARAMETERS

6.2

43

531

1.35

21

N2

FLUE MEASUREMENTS

1.15

1.10

1.051

18.74

630

665

173

COMMENTS : 1-6 baseline conditions.

7 oxygen enrichment.

3/4

6.2

10.0

44

538

21

N2

16.46

690

825

162

6.2

11.5

44

553

1.35

21

N2

1.301

14.82

700

930

150

Injector:

44

538

21

1.132

680

780

152

Divergent

21

N2

*e

6.2

43

482

1.25

24.4

N2

1.086

>20.0

600

565

160



Fuel: Montana Coal Date: 3/4 Injector: Divergent

INLET PARAMETERS

Run No. 8 9 10 11 12 13 14
Fuel flow, #/hr 6.2 6.2 6.2 6.2 6.2 6.2 6.2
Air flow, SCFM 8.2 8.4 8.5 “u -

$ swirl 43 44 45 44 44 45 44
Sec. air preheat, *F 482 485 480 344 380 394 399
Pri. air flow, SCFM 1.25 1.25 1.25 1.35 1.35 1.35 1.35
Inlet 02, % 24.2 24.2 23.4 20.6 20.4 22.8 22.4

Inlet CO2, % — - - —

Balance N2 N2 N2 Ar Ar Ar Ar

% FOR - - - - -

FLUE MEASUREMENTS

% 02, polar 3.8 4.7 4.35 3.0 4.15 4.50 2.20
% 02, para. — - — —* — —
S.R. by 02 1.170 1.220 1.208 1.156 1.234 1.224 1.099
% CO 0.05 0.02 0.02 0.06 0.03 0.03 0.03
% C02 19.16 18.32 16.82 15.46 13.75 15.14 17.31
NO, as meas., ppm 650 700 710 590 650 700 610
NO, 0% EA, ppm 670 755 785 705 840 805 635
S02, as meas., ppm 130 130 139 155 125 110 170

COMMENTS : 8-9 0] enrichment.
10 23% 02—
11-12 21% 02 in Ar.
13-14 23% 02 in Ar.



Fuel: Montana Coal

Run No.
Fuel flow, #/hr
Air flow, SCEM

% swirl

Sec. air preheat, *F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO;, %

Balance

% FOR

o

$ 02, polar

% 02, para.
S.R. by 0;

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm
502,

as meas., ppm

COMMENTS :

15

44

408

1.35

540

595

Date:

3/4 Injector: see

INLET PARAMETERS

16

6.2

45

412

.72

21

17

6.2

43

420

.72

21

Ar

FLUE MEASUREMENTS

15 axial injector, Ar/Og.

16-17 divergent injector,

Ar/02.

Comments



Fuel: Montana Coal

Run No.
Fuel flow, #/hr
Air flow, SCFM

% swirl

Sec. air preheat, *F
Pri. air flow, SCFM
Inlet 02, %

Inlet C02, %

Balance

% FGR

% 02, polar

% 02, para.

S.R. by 02

% CO

% C02

NO, as meas., ppm
NO, 0% EA, ppm
S02, as meas., ppm
NOx, 0% EA, ppm

COMMENTS =

6.2

10.0

44

550

.73

21

N2

1.094

18.11

415

455

210

455

Date: 3/10

INLET PARAMETERS

2 3
6.2 6.2
11.5 12.4
44 44
553 558
.73 .73
21 21
N2 N2

FLUE MEASUREMENTS

3.70 -5.1
3.45 -5.2
1.180 1.301
0.03 0.03

16.28 14.5

490 520
585 690
188 170

1-3 baseline conditions.

4-7 reduced primary air flow.

44

558

.50

21

N2

16.1

410

495

Injector:

10.4

44

553

.50

21

1.112

17.54

Axial

6.2

10.4

44

1.129

6.2

11.6

44

550

1.264

14.82

515

665

172

675



Fuel: Monta

na Coal

Run No. 8
Fuel flow, #/hr 6.2
Air flow, SCFM 11.1
% swirl 44

Sec. air preheat, °F 550

Pri. air flow, SCFM 1.5

Inlet 02, % 21
Inlet CO;, % __
Balance N2

% FGR —

% 02, polar 4.8

% 02, para. 4.9
S.R. by 0; 1.278
% CO 0.03
% CO; 14.82
NO, as meas., ppm 680
NO, 0% EA, ppm 885
S0;, as meas., ppm 165
NOx, 0% EA, ppm 900
COMMENTS :

Date:

INLET PARAMETERS

N2

FLUE MEASUREMENTS

1.180

16.46

660

3/10

10
6.2
9.7
43
525
.73

23.1

17.6

N2

465

520

200

8-9 increased primary air flow.
10-11 oxygen enrichment.

Injector:

11

6.2

23.25

19.6

N2

1.127

445

230

445

Axial



Fuel:

Run No.
Fuel flow,
Air flow,

% swirl

Montana Coal

7
#/hr 6.2
SCFM -

44

Sec. air preheat, °F 200

Date:

3/11

INLET PARAMETERS

Injector:

Pri. air flow, SCFM .11
Inlet 02, % 20.55
Inlet CO2, % 16.0
Balance Ar

% FGR -

% 02, polar 3.1

% 02, para. ——
S.R. by 02 1.162
% CO _

% co2 -

NO, as meas., ppm
NO, 0% EA, ppm

502, as meas., ppm

COMMENTS =

480

255

7-9 Ar/02/C02.

9 lifted flame.

8 9
6.2 6.2
— -%
43 43
193 186
.60 1.7
20.85 19.8
17.2 15.0
Ar Ar

FLUE MEASUREMENTS

3.3 3.2
1.172 1.176
360 700
430 885
200 -

Divergent



Fuel: Mont

Run No.
Fuel flow,
Air flow,

% swirl

ana Coal

#/hr

SCEM

Sec. air preheat, °F

Pri. air £
Inlet 02,
Inlet CO2,

Balance

oe

FOR

% 02, pola
% 0%, para

S.R. by 02

oe

Co

% co2

low, SCFM

S

o
S

r

NO, as meas., ppm

NO, 0% EA,

s02, as me

COMMENTS :

ppm

as., ppm

1-3 reduced
4-6 reduced

42

548

.60

21

N2

1.132

11.36

410

470

140

Date:

INLET PARAMETERS

6.2

11.0

44

543

.60

21

N2

FLUE MEASUREMENTS

4.60

4.65

1.260

14.48

490

630

150

primary air flow.
air preheat.

3/11

42

530

.60

21

N2

1.086

18.32

405

240

1.249

15.30

460

250

Injector:

44

280

.60

21

N2

Axial

44

243

.60

21

N2

»e
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D.5 FMC Coal Char

The following pages contain a complete tabulation of the experi- .

~mental data obtained during the FMC coal char combustion studies. In

general, the terminology is the same as that described in Section D.1

~ with the following exceptions:

1. In some tests a small émount of methane wasradded fb thé primary
air/char stream just prior to the fuel injector. TﬁisAgas-fiow
is reported in standard cubic feet-per minute.(70°F, 1 atm).

2. NO emission data taken during tests whéfe methane was added are
shown corrected for dilution by methané combustion products énd
assdciated inerts. | |

3. The air flow rate entry refers to seéondary air only.



Fuel: .FMC Coal Char § Methane Date: 3/15 Injector: Axial, flame mode

INLET PARAMETERS

Run No. 1 2 3 4 5 6 7
Fuel flow, #/hr 6.7 6.7 6.7 6.7 6.7 6.7 6.7
Air flow, SCFM 14.2 15.7 17.6 17.6 16.0 13.7 13.7
o swirl 45 45 45 44 44 44 44
Sec. air preheat, °F 555 565 600 600 620 620 620
Pri. air flow, SCFM 1.0 1.0 1.0 1.0 1.0 1.0 .73
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO2, % - - - - - - -

Balance N2 N2 N2 N2 N2 N2 N2
t FGR - - - - - - -
Methane, SCEM 0.50 « 0.50 0.50 0.35 0.35 0.35 0.35

FLUE MEASUREMENTS

% 02, polar 1.8 2.2 — — 4.3 2.5 2.35
% O2, para. 1.8 .2.25 4.65 5.7 4.2 2.37 2.25
S.R. by 02 1.092 1.118 1.281 1.369 1.247 1.126 1.118
% CO 0.10 0.11 0.11 0.10 0.11 0.11 0.12
% C02 16.1 15.62 13.6 13.45 14.82 16.46 16.64
NO, as meas., ppm 165 180 185 208 218 210 207
NO, 0% EA, ppm 180 200 240 285 270 235 230
S02, as meas., ppm 1300 1300 1200 1200 1250 1400 1400
NO, CH4 free 230 255 300 350 335 290 285

COMMENTS :



Fuel: FMC Coal Char 6 Methane

Run No.

Fuel flow, #/hr
Air flow, SCFM
% swirl

Sec. air preheat, °F
Pri. air flow, SCEFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

Methane, SCFM

% 02, polar
% 02, para.
S.R. by 02

% CO

o

co02
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

NO, CHj free

COMMENTS :

15.46

195

235

1200

285

Date: 3/15 Injector: Axial, flame mode

INLET PARAMETERS

9 10 1 12 13
6.7 6.7 6.7 6.7 6.7
15.7 13.9 15.6 - -
44 a4 37 37 35
635 635 220 220 160
1.4 1.4 1.0 1.0 1.0
21 21 21 20.4 21.0
- — — 13.6 11.0
N2 N2 N2 Az Ar
0.35 0.35 0.35 0.35 0.35

FLUE MEASUREMENTS

3.3 2.42 1.25 0.7 2.15
3.20 2.3 — — —
1.178 1.121 1.062 1.034 1.113
0.07 — 0.04 —
16.1 16.82 13.6 10.92
235 228 180 155 227
275 255 190 165 255
1380 1400 - 1550 1600
340 315 235 205 311



3/4"™ s. s. tube
Fuel: FMC Coal Char 5 Methane Date: 3/16 Injector; reactor mode

INLET PARAMETERS

Run No. 1 2 3 12 13 14 15
Fuel flow, #/hr 6.7 6.7 6.7 6.7 6.7 6.7 6.7
Air flow, SCFM 16.3 19.2 14.9 15.2 17.8 14.6 13.6
% swirl 44 45 44 44 44 44 44
Sec. air preheat, °F 415 450 490 435 520 580 595
Pri. air flow, SCFM 1.8 1.75 3.9 1.8 1.9 1.8 1.8
Inlet 02, % 21 21 21 21 21 21 21

Inlet COg, % — — - — - — -

Balance N2 N2 N2 N2 N2 N2 N2
% FGR - - - oo - - -
Methane, SCFM 0.40 . 0.40 0.40 0.35 0.35 0.35 0.35
FLUE MEASUREMENTS

% 02, polar - 4.35 3.65 3.15 4.55 1.85 1.3
% 02, para. 2.85 4.25 3.4 3.35 4.40 1.8 1.3
S.R. by 02 1.555 1.251 1.191 1.188 1.262 1.092 1.065
% CO 0.11 0.09 0.09 0.06 0.06 0.09 0.21
% C02 16.1 13.3 15.8 15.9 13.3 17.5 19.2
NO, as meas., ppm 260 280 295 310 330 300 300
NO, 0% EA, ppm 300 350 350 370 415 330 320
S02, as meas., ppm 1310 1290 1380 1400 1350 1600 1730
NO, CH4 free 375 435 435 455 515 405 395

COMMENTS ;



Fuel: FMC Coal Char § Methane Date: 3/16 Injector: Divergent, flame mode

INLET PARAMETERS

Run No. 4 6 7 8 9 10 11
Fuel flow, #/hr 6.7 6.7 6.7 6.7 6.7 6.7 6.7
Air flow, SCFM 16.0 15.9 20.2 17.4 15.6 20.6 15.1
% swirl 44 44 45 44 45 45 45
Sec. air preheat, °F 570 545 — 510 465 440 435
Pri. air flow, SCFM 1.8 1.8 1.8 1.8 1.8 1.8 2.35
Inlet 02, % 21 21 21 21 21 21 21

Inlet CO2* * - -- - — - _ _

Balance N2 N2 N2 N2 N2 N2 N2
% FGR - - - - - - -
Methane, SCFM 0.70 - 0.70 0.70 0.55 0.40 0.75 0.0

% 02, polar 1.75 — 0.85 — 2.0 3.0 -

% 02, para. 1.65 6.5 0.80 _ 1.8 3.0 2.85
S.R. by 02 1.084 1.444 . 1.039 - 1.092  1.165 1.155
% co 0.76 - 0.11 0.46 0.07 0.09 -

% co2 16.1 17.2 18.3 19.2 16.5 14.8 -
NO, as meas., ppm 100 — 180 - 215 190 350
NO, 0% EA, ppm 110 - 185 235 220 405
502, as meas., ppm - 1320 1400 1400 1550 1200 —
NO, CH4 free 160 _ 275 - 290 330 .

COMMENTS :



Fuel; FMC Coal Char

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, eF
Pri. air flow, SCFM
Inlet 02, %

Inlet CO;, %
Balance

t FGR

\ 02, polar
% 0], para.
S.R. by 02

% CO

oo

co02
NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS : 1 divergent injector.

44

560

1.8

21

N2

3.05

3.30

1.185

16.46

340

405

1650

Date: 3/17 Injector:

INLET PARAMETERS

2 3 4 5
6.7 6.7 6.7 6.7
12.6 16.3 11.6 10.3
44 44 44 44
540 585 580 570
1.8 1.8 1.8 1.8
21 21 21 21
N2 N2 N2 N2

FLUE MEASUREMENTS

3.25 3.00 2.05 0.50
3.55 3.25 2.25 0.55
1.201 1.181 1.118 1.026
0.07 0.06 0.07 0.14
18.61 16.1 17.54 >20.0
420 300 415 340
505 355 465 350
1810 1450 1970 2110

3 methane added at 0.35 SCEM.

3/4" s.

s. tube

reactor mode

13.2

44

555

1.251

16.28

575

1710

12.1

44

545

21

N2

17.18



Fuel: FMC Coal Char

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %

Balance

% FGR

% 02, polar

% 02, para.
S.R. by 02
% CO

% co2

NO, as meas., ppm
NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS:

6.7

11.9

44

595

1.8

21

N2

1.152

18.32

340

390

1750

Date:

3.17

INLET PARAMETERS

9

6.7

13.3

44

605

10

10.7

44

595

FLUE MEASUREMENTS

17.0

350

425

1700

1.75

1.75

1.090

19.58

340

370

1880

Injector:

3/4" s. s. tube
reactor mode



Fuel:

Run No.
Fuel flow, #/hr

Air flow, SCFM

o

% swirl

Sec. air preheat, eF

Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %
Balance

% FGR

Methane, SCFM

% 02, polar
% 02, para.

S.R. by 02

% co
a2

NO, as meas., ppm

NO, 0% EA, ppm

502, as meas., ppm

NO, CH4 free

COMMENTS :

FMC Coal Char 6 Methane

15.8

44

575

21

N2

270

1340

330

Date: 3/18

INLET PARAMETERS

2 3
6.7 6.7
17.2 19.5
44 44
620 640
1.0 1.0
21 21
N2 N2
0.35 0.35

FLUE MEASUREMENTS

3.1 3.95
3.05 3.9
1.168 1.225
0.11 0.11
16.28 15.78
250 250
290 305
1400 1390
360 380

1.152

17.9

350

405

1600

405

Injector:

1.066

17.18

280

2200

290

Axial,

245
2170

300

flame mode

1.144

15.94

265

2130



Fuel: FMC Coal Char

Run No.
Fuel flow, #/hr

Air flow, SCEM

% swirl
Sec.
Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

% FGR

Methane, SCEM

% 02, polar
% 02, para.
S.R. by 02

% CO

% C02

NO, as meas., ppm

NO, 0% EA, ppm

S02> as meas., ppm
NO, CH4 free

COMMENTS :

air preheat, GF

SCFM

6 Methane

SIS

.87

1.096

205

2200

250

Date: 3/18

INLET PARAMETERS

9 10
6.7 6.7
49 44
535 565
1.0 1.0
21.0 21.3
Ar Ar
0.35 0.35

2.35 4.1
1.124 1.240
0.04 0.04
12.74 11.44
185 195
210 240
2180 2180
255 295

1.025

>20.0

275

250

1800

Injector:

12

16.5

43

640

325

340

1800

415

Axial,

13

15.4
44

650

1.078

>20.0

310

295

1890

flame mode

14

15.3

44

615

1.163

19.16

325

330

1680

405



Fuel: FMC Coal Char

Run No.
Fuel flow, #/hr
Air flow, SCFM

% swirl

Sec. air preheat, GF

Pri. air flow, SCFM
Inlet 02, %

Inlet CO2, %
Balance

% FGR

Methane, SCEM

\ 02, polar
% 02, para.
S.R. by 02
% CO

< CO02

NO, as meas., ppm

NO, 0% EA, ppm

SO02, as meas., ppm

NO, CH4 free

COMMENTS :

§ Methane

Date: 3/18 Injector

INLET PARAMETERS

15

13.8

44

620

FLUE MEASUREMENTS

1.095

>20.0

310

1850

365

: Axial,

flame mode



Fuel: FMC Coal Char

Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, @F

Pri. air flow, SCEM
Inlet 02, %
Inlet CO2, %

Balance

% FGR

% 02, polar

02, para.

o

S.R. by 02

o

co

o

co2

NO, as meas., ppm
NO, 0% EA, ppm
S02, as meas., ppm

NOx, 0% EA, ppm

COMMENTS :

44

490

1.9

21.6

Ar

3.2

1.178

15.78

355

405

2280

Date: 3/18

INLET PARAMETERS

17 18
6.7 6.7
44 44
490 485
1.8 1.8
21.1 21.0
Ar Ar

FLUE MEASUREMENTS

1.95 0.5
1.101 1.024
0.10 0.21
16.64 17.9
320 270
350 275
2500 2750
360 —

14.82

370

445

2120

Injector:

20

3/4" s.

s. tube

reactor mode

21

44

440

27.0

395

350

22

33

170

20.7

14.8

Ar

410

505

1370



Fuel: FMC Coal Char

Run No.
Fuel flow, */hr
Air flow, SCFM
% swirl

Sec. air preheat, °F

Pri. air flow, SCFM
Inlet 02, %

Inlet CO], %
Balance

% FGR

Methane, SCEM

% 02, polar
% 0], para.

S.R. by 02

oo

co

oe

co02

NO, as meas., ppm

NO, 0% EA, ppm
S02, as meas., ppm

NO, CH4 free

COMMENTS :

5 Methane

23

*

1.113

231

1380

285

Date: 3/18 Injector: Axial, flame

INLET PARAMETERS

24 25
6.7 6.7
44 44
IS0 150
1.0 1.0
20.3 -
13.2 12.8
Ar Ar
0.35 0.35

FLUE MEASUREMENTS

1400 1450

300 —

mode
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D.6 Natural Gas

The éxperimental data which were obtained during,thé natural gas
combustion étudies are 1istedion the fblldﬁihg thfee pageé. Natural gas 
was fired through the divergent coai injector to investigate the forﬁa—
tion of thermal NO under_éonditions similar to those of a éoal flame. Im
'general, the parémeters were the same as those described in Section D.1
except that the fﬁel flow was measured in standard cﬁbic feet per minute

(70°F) and there was no primary air flow.



Fuel: Natural

Run No.

Gas

Fuel flow, #/hr

Air flow, SCFM

\ swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, *
Balance

% FGR

% 02, polar
% 02, para.

S.R. by 02

o°

Cco

o°

co2
NO, as meas.,
NO, 0% EA, ppm

S02, as meas.,

COMMENTS :

SCFM

ppm

ppm

13.4

45

100

21

N2

10.4

50

57

Date:

INLET PARAMETERS

1.2

13.2

46

100

21

N2

FLUE MEASUREMENTS

1.8

1.082

Fuel flow is in CMF at 70°F.

1/13

13.7

45

100

21

N2

3.25

3.15

1.158

Injector:

44

100

21

N2

1.234

51

64

Divergent



Fuel:

Run No.

Natural Gas

Fuel flow, #/hr

Air flow, SCFM

o

% swirl

Sec. air preheat,

Pri. air flow,
Inlet 02, %
Inlet CO2, %
Balance

H FGR

t 02, polar
\ 02, para.
S.R. by 02
% CO

% co2

NO, as meas.,

NO, 0% EA, ppm

S02, as meas., ppm

CONMENTS :

SCFM

ppm

1.0

13.0

45

610

21

N2

1.189

94

114

Date:

INLET PARAMETERS

2

12.7

45

600

21

N2

FLUE MEASUREMENTS

1.119

10.7

92

104

Fuel flow is in CFM at 70°F.

1/14

45

620

21

N2

90

98

Injector:

1.2

12.4

45

1.022

11.7

85

87

Divergent



Inlet 02, %
Inlet CO2, %
Balance

% FGR

o

02, polar

% 02, para.
S.R. by 02

% CO

% C02

NO, as meas., ppm

NO, 0% EA, ppm

S02, as meas., ppm

COMMENTS :

Fuel: Natural Gas
Run No.

Fuel flow, #/hr

Air flow, SCFM

% swirl

Sec. air preheat, °F
Pri. air flow, SCFM

10.3

44

520

24.9

N2

13.6

159

145

Date: 2/20

INLET PARAMETERS

2 3 .
1.0 1.1
10.7 10.1
45 44

525 525
24.8 29.1
N2 N2

FLUE MEASUREMENTS

4.4 4.5
1.190 1.157
0.07 0.07
12.05 18.3

175 460 I
180 395

Fuel flow is in CEM at 70°F.

Injector:

1.038

17.7

480

360

Divergent



- APPENDIX E
ADIABATIC FLAME TEMPERATURE CALCULATION

E.1 Introduction

| Thisiappendit deseribes the Fortran“COmputer program CHERYL;FOR,
which'was'develobed to calculete the theoretical flame tempefature
(adiabatic) of hydroeatbon systems. As descrlbed in Chapter 8, the
adlabatlc flame temperature was found to be a useful correlatlng parameter
Vfor thermal NO formation. |
~The program contains the required composition and enthalpy data
ifor natural éas, methane; methanol, and distillate o0il in a&dition to the
four coals and coal char used in this study. Any other fuel cen»be used
be'simply providing the appropriate physieal property data;: The o;idant
is specified in terms df the stoichiometric ratio (relative to the fuel)
and the chemical composition, i.e., relative percentages of N2, 02; Ar,
H 0 COZ’ Co, SO' and SO At preseﬁt ~only fuel-lean cases ean be rum.
The program does, however, allow variations in ox1dlzer and fuel preheat
and 1n'the amount and temperature of flue gas belng recirculated (fgr).
‘In essence, the calculation ié simply a multicompenent enthalpy
2 and H20

vapor due to the high temperature. It is, however, not a true adiabatic

balance with the allowance for equilibrium dissociation of CO

equilibrium because free radicals are not included.
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»SeCtibﬁ'E.Z of this appendix describes the overall formulation of
the enthalpy bélanée equations and Section E.3 discﬁséeé the solution
algorithm.'léecfion E;4 describes tﬁp detailed prégram structu?evand
discusse$ each of theksubroutines and functions in dépth; Section E.5
~defines tﬁe:hotation used in the actual Fortran coding.‘-A complete
_lisﬁing of-thexéiogram ié contained in Section E.6 andrééctibniﬁ,7 dis=

cusses the runs which were made to'validate the calculatién.procedure.

E.2 Fprmulation ofvKuations

The theoretical flame temperature calculation assumes that the
fuel at temperature Tf reacts adiabatically with the oxidant at tempera-
ture Ta in the presence of a specified.amOUnt of recirculated flue gas at

temperature Tr°  From an §Vera11 enthalpy balance on the system it can be.

shown that:-f
Ta Tf Tr
tn, S Cp.dT +EZn, S CpdT + I n, S Cp.dT
a T 1 £ 1T £ T 1 *
o) 0 0
. Tadb_ : . '
SAH =3 n, S Cp.dT . (E-1)
, S i
“o
where

a = reference to oxidant specie,
T = reference to recirculated flue gas specie,

f = reference to fuel specie,

f? = reference to flue specie,
n, = moles of specie i,
Cp. = molar heat capacity of specie i,
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TO = reference temperature for AHC,
Tadb = ‘adiabatic flame temperature, and
" AH_ = heat of combustion at T,-

The molar heat capa01ty of each spec1e was related to the gas temperature

by an emplrlcal power law equation (Smlth and Van Ness, 1975) :

= 2 : - '
Cpi—~i+BT+YT | ‘ cE"’Z)
‘The CO2 and,H20 equilibrium constants'were'aleo based on

empirical temperature relations from Spiers (1962):

1

1. co+—2-02=:c‘ozr - C | (E-3)
log K, = —l-+ B iog T+ v, T+ 38§ T2 v e, _ "(E-4)
1 T 1 A | 1. _
where
[COZ]
Ky = ——73
[co] [0, ]
2. H, + =0, = H,0 - | (E-5)
2 T 22T ™ o
@2 . : 2
log K2 = Té-+-82 log T + YZT + 62T * e, (E-6)
where
: [HO]
- 1/2
[H][0]

E.3 Solution Procedure

Figures E-1 and E-2 show the conceptual layout of the solution-

algorithm used to calculate the adiabatic flame temperature for a given



Figure

PROBLEM INITIALIZATION
DATA INPUT

CALCULATE INLET
AIR WEIGHT

ESTIMATE EXIT FLUE

GAS COMPOSITION CALCULATE ENTHALPY PER

LB OF OXIDIZER

CALCULATE SENSIBLE KAT
OF INLET STREAMS

FUEL PROPERTIES

DATA BANK CALCULATE SENSIBLE KAT

PER LB OF FOR

CRLCULATE KAT OF
COMBUSTION FOR FUEL

ESTIMATE FLAME
TEMPERATURE

CALCULATE SENSIBLE HEAT
PER LB OF FLUE FAS

CALCULATE SENSIBLE HEAT
OF EXIT FLUE GAS

DO OVERALL ENTHALPY
BALANCE

DOES ENTHALPY
BALANCE
\ CLOSE /

YE

FIRST ESTIMATE OF
TAC6 O0TAIKED

E-1. Algorithm for initial estimate.

ESTIMATE NEW
ADIABATIC TEMPERATURE
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Figure E-2.

FUEL PROPERTIES
DATA BANK

Algorithm for calculation of adiabatic flame temperature

\rl  AEB
FROM ESTIMATION

ESTIMATE FLUE GAS
COMPOS ITION AT Tj

CALCULATE ICAT RELEASE
PER LB OF FUEL BASED ON
NEW EXIT COMPOSITION

CALCULATE SENSIBLE HEAT
OF EXIT FLUE CAS 3 T,

DO OVERALL
ENTHALPY BALANCE

DOES ENTHALPY
BALAfCE

PRINT OUT RESULTS

CALCULATE DISSOCIATION
CONSTANTS FOR COj $ HjO

CALCULATE SENSIBLE HEAT
PER LB OF FLUE FAS

ESTIMATE NEW
ADIABATIC TEMP, T "

ESTIMATE NEW
ADIABATIC TEMP, Tu+J

(equilibrium considerations included).
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set of iﬁlet £ompositi§nsrand COnditions!,'Thé firs£ porti§n of the
" procedure (shownvin Figﬁre E—l)vassumes thét the fﬁelubﬁrﬁsrcémpletel& to
2 and HZO vapor'and uses the reducing intervalrﬁethod to'iteratively

determine the theoretical flame témperature at which the overall enthalpy

Co

balénce is‘satisfied.‘ This femperature is then used as the initial esti—-
mate for the mainj;aléﬁlation (Figure E-2) in whiéh thé»énthalpy balaﬁce
is coupled with consideration of the CO2 and HZQ eqﬁilibrium.
The mainvalgorithm has both inner and-outer iteiativé lodps as

‘shown in Figure E-2. First, the equilibrium exit éoﬁpoéition is
calculated‘for thé jth overall adiabatic tempefaturé estiméte, Then, the
enthalpy balance:is iteratively solved (using the reducing interval
method) for‘this.particular ekit composition. If the iterative solution
of therenthaipy balance results.in a temperature within + 2°F of the
temperature Tj’ on-whiéh the eqﬁilibrium compositidﬁ was based, the -

system is considered converged. If not, a new temperature estimate,

Tj+1’ is calculated and the cycle repéated.

E.4 Detailed Program Description

E.4.1 Main Program |

The.main pfograh of the CHERYL.FOR éomputer cbde-functions pri-
marily as the eXecﬁtive’system for the calculations. Ex;ept‘for the
~ final heat balance and new parameter éstiﬁatés, all detailed calculationé
are done in specifié subroutineé. Initially, the main progfam calls a

user-supplied subroutine to direct the data input. In this way, the user.
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is required to input only those pafameters he wishes to vary, all others
aré set by the subroutine itself.

All'éf the majér subroutines and functions which were used in
this ihveétigation are described in the following sections. The program
does; howe?er, coﬁtain'features Which>Were developed by the author for
usé‘iﬂ othér'studies. These ére iﬁﬁluded in the piogram liStiﬁg, but not

discussed in detail.

E.4.2 Subroutines
DREAD. This subroufihe handles the problem initialiiation; It
directs the user'specification ofﬂcalculétion,typefénd fuel. Fuel
composition and the defauit oxidizér cgmposition_arrays are.also defined.
Eggg} This subroutine difects the data input forrfhe calcula-
tions used in this investigation. The user must supply the secondafy air

preheat (°F), the stoichiometric ratio, the O, and C02 mole fractions,.

2
the type of inert (N2 or Ar), and the fraction of flue gas recirculated.
The primary percentage, primarY'air,température,‘and flue gas recircula-
tion témperature-aré autométically setvby the subroutine.

§§IM§.' This subroutiﬁe controls the specie mass balances. Based
on the inlef fuel and oxidizer c0mposi£ions, it calculates thé exit flue
gas cémposition assuming complete combﬁstion,to CO2 and HZO vapor. All
calculations and concentrations are on a mass basis;

INHET. This subroutine controls the calculation of the sensible

heat of the inlet'fuel, oxidizer, and fgr, i.e.:
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T T. T

. Ta _ £ : T
Zn, S Cp.dT'+ En, S Cp.dT + £ n, [ Cp.dT
a * T, ' £ttt ot *

‘o o}
ﬁhefe the Syﬁbolé afe definéd with equatioﬁ E-i in Section E.2.

§§§9§, ,This'subroﬁfine is called by‘INHET to calculate fhe
enfhal§y~change, in Btu/hr, associated with inéreasing the temperéture of
a épecified gas stream from thé'féferencé temperature t25°C)'t6 the
S?ecifiéd temperature. VNoté that this same subroutine isvthus called .
4séparate1y for the iﬁlet oxidizer{ the reciréuiéted flue gas, and the
exit flue gas, each with a different temperaturé and perhaps ¢omposition.

OFTS. This data subréutiné containsvﬁhe.physical property data
'oh,fhe fuels.w‘ | o |

gzggg:vrThis subroutine calculates the heat release dus to the
combustion proceés.

CONV. This subroutine converts a weight fraction array into a |
- mole fraction array.

. BEQQE’ This,subroutiﬁe’converts a moie fraCtion afray into a

weight fractibn-ariay. |

EK&E. This subroutine calculaté§'the equilibrium constants for
the CO, and HéO rgaptions.

2

REC. ‘Thisrsubroutine controls the flue gas recirculation mass
balance and interrelates the various definitions of percent flue gas
recirculation.

DPRT. This subroutine controls the print-out of the results.
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E.4.3 'FUnctions
AIRWT. This function subprogram calculates the weight (in 1bs)
_ ofréir required to burn one 1b of the specified fuel at the stoichiometxry
- specified.
OUTHT. This functionAcéleulates_the sensible heat conteﬁt of
the exit flue gas stream at the jth estimate of the adiabatic fléme

temperature, i.e.:

Taab |
2 n, [ Cp.dT
£ T T, *

E.5 Nomenclature -

Table E-1 defihes the méjor Fortran parameters used in the
CﬁERYL.FOR program. In genéral,>gaseous streams are specified by a total
weight (1bs) and a‘weight fraction array with a consistent set“of
ihdices. The fugl stream is specified by a mass fraction array and is
taken to be unit mass {1 1b).

E.6 CHERYL.FOR Computer Code

]

The following pages contain a complete listing of the Fortran

cbmputer program CHERYL.FOR, which was used for the adiabatic flame
témpeféture calculation. The code is currently in aﬁ interactive con-
figuration and was run on a DEC-10 timesharing system during the investi-
gation; however, it has also been run in the batch mode on an IBM 360-65

system.
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ATEMP

Table E-1. Notaﬁioﬁ for adiabatic flamé teﬁperature calculations.
Cbmputer o »
Code Description
ACOMP (T) weight.ffaction of.épecie_I in iﬁlet oxidizer:
-1 = nitrogen
2= okygen
3= arg§n
Vo4 =‘water vapor
5 =;C02
6 = CO
7 = $02
8 = SO3 | |
API if the fuel is an oil this is the API gravity, if.a non-
oil this is é fuel index: |
1= Colorado coal
2 = natural gasi
3 = Propane
4 = methane
5 = methanol
6= Piétsburgﬁ coal
7 = Wéstern.Kentucky coal
8 = Montana coal
9 = FMC coal char

" mean temperature of oxidizer (°F)
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Table E-1--Continued. -

Computer
Code Description
AWT weight (in 1bs) of oxidizer required for one 1b of fuel
at specified stoichiometry
ECOMP (I) ' weight fracfioﬁ of specie I in flue gas stream:
1 to 8 = same as ACOMP(I)
9 = NO
10 = H2
EXAIR stoichiemetric ratio (SR)
FC - fuel c¢ode -- input by user; FC uses same numerical code.
as API e e
. . v_:;.. 1‘,‘:-
HCONT - HCONT is the sensible heat (in Btu/lb)'required to heat
a gas stream from 77°F to a specified temperature
KA equilibrium constant:
. | 1 i
| co f 5-02 = CO2
KB equilibrium constant:
1, + Lo, =m0
2 2 72 2
OCOMP (1) weight fraction of specie I in fuel:

1 = carbon
2= hydrogen=:
3= nitfogen
4 #>su1fure
5 % 0xygeﬁ
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‘Table E-1--Continued..

Computer .

Code - o o Descriﬁtion
6 = ash
7 = water
OTEMP E | iﬁlet temﬁeratﬁre of fuel (°F)
PC o ‘ problem code -- sfeéifies which user subfoutine will be
called to direét data input
PREC ~ recirculation fraction: |
- PREC = 1bs fgr'+'lézsafgr+'ib$ fuelfi
PRIP o : K primary sféichiémetry.fraction
PRIT - | primary air temperature (ff)
RTEMP temperature of fgf (°P
SAT : ; temperature of secondary air (°F)
T . current estimaterof adiabatic flame temperature (°F)
TEWT | total ekit flue gés weight in 1bs-
THG ‘ , heat generated due to combustion
THI . sensible heat of reactants
THO _ sensible heat of flue gas stream
VAL minus heat of combustion (Btu/1b)

XINC _ temperature increment in interaction loop (°F)
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DIMENSION EMF (15)

REAL KA,

COMMON/
COMMON/

COMMON/
" COMMON/

COMMON/
COMNON/
COMMON/
COMMON/
COMMON/
COHMON/
COMNON/
COMNON/

KB, NUREC
INPUT / NRU, NWU
TITL / TITLE(20)

AIR / ACOMP(15), ATEMP, EXAIR, ADEN

WT / AWT, AHMASS, FGWT, ADWT, OWT

RES / VOF, TAU, FR, XLBG, TLOSS

QUEGAS / INDQ,QCOMP (15) o ‘
FUEL / OCOMP (15), OTEMP, API, OVISC, CVAL, ADCOMNP (15)
FLUREC / ECOMP(15), AMCOMP{15), RTEMP, PREC, F

HEAT ,/ AHC, RHC, AMHC, OHC.

MOL / SUMN, SUMA, SUMNM, SUMNO

FARMIX/ FPMCOMP {15), FMMASS,CHFUEL

XNU / NUREC

NAMELIST/XMAIN/ACOMP, ECONP, AWT, TEWT, THO, THI,THG
DATA YES/1HY/ Co ‘ ' :

DWP ~ SUPER ADIABATIC FLAME PROGRAMN
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10

NRU = 5
NHU =5
NDU = 31
CONTINUE

CALL DREAD(NP)

IF { NP .EQ. 0) 60 TO 999

CONTINUE ’ ' .

'IF ( NP .EQ. 1) CALL BLAIR( RTEMP,EXAIR,PREC)

IF (NP.EQ.2) CALL SHOFF (NB,ATEMP,RTEMP,EXAIR,PREC)

IF(NP .EQ. 3.0) CALL JOST{ ATEMP,EXAIR,PREC,OTEMP)

IF( NP .EQ. 4.0) EXAIR = 1,15

IF(NP.EQ.5,) CALL ERDA(ATEMP, EXAIR,DGLR,RTEHP, ACONP)

IF (NP .EQ. 5.0) CALL REC (DGLR, 1,PREC)
NN = 0 ' '

IF ( RTEMP oEQo -100) GO TO 1

DXA = 0.0
CONTINUE
D=1.0

AWT= AIRWT (D)
CALL ESTMS({TEWT)

TEWT IS LBS OF AIR + FUEL + FGR
IF (TEWT.GT.10.E5 )-GO 10 900
CALL INHET (TEWT, THI)

CALL HTGEN { TEWT, THG )
T = 1000,0 ,
XINC = 50000

CONTINUE =

DO 50 I=1,10

THO = OUTHT (T, TEWT,ECONP)

6g¢
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50
55

oo

oMy

Zz = THO - THI - THG
IF (2) u8,48,55
CONTINUE .

T = T + XINC
CONTINUE

CONTINUE N

T = 7P - XINC

. XINC = XINC / 16.0
T = T # XINC

IF ( XINC .LE. 1.0 ) GO TO 60
GO TO 10
CONTINUE

OLDT = T

THIS IS THE END OF THE FIRST CALCULATION PASS. NOW WE MUST
ACCOUNT FOR THE HIGH TEMPERATURE DISSOCIATION OF H20 AND CO2.

IF (T .GT. 3600.0 ) T = 3580.0
IF (OLDT .GT. 5000.0) T = 4100,0 | :
THIS IS TO INSURE THE FIRST ESTIMATE GF THE CO LEVEL IS NOT TOO
HIGH FOR THE LOOP TO CONVERGE
NIT = 0
GO TO 400

ove



200

_210

. 250

255

260

280
282
28Q
300
900

400
100

CONTINUE :

CALL HTGEN(TEWT,THG)
T =T - 1000.0
XINC = 500.0
CONTINUE
DO 250 I=1,10
THO = OUTHT (T ,TEWT,ECOMP)
Z = THO - THI - THG

"IF ( 2 .GT. 0.0 ) GO TO 255

T =T + XINC
CONTINUE

CONTINUE

T = T - XINC

XINC = XINC / 10.0
T = T + XINC

IF ( XINC .LE, 0.1 ) GO TO 260
GO TO 210

CONTINUE
DELT = ABS{ T - RT)
IF ( DELT .LT. 2.0) GO TO 300
IF ( NIT .GE. 30) GO TO 280
GO TO 100
CONTINUE ~
WRITE(5,282) T, RT, OLDT
FORMAT { 3F10.0)
READ (5,284) T
FORMAT (1F)
GO TO 100
CONTINUE
CALL DPRT (T,OLDT)
CONTINUE
GO TO 3
CONTINUE
CONTINUE
NIT = NIT + 1

v



IF (NIT .GE.S LAND. NIT .LT. 30) T-{T+RT)/2 0
RT = T ;
DO 410 I=1,15

EMF (I) = ECOMP (I)

" CONTINIIE

. 410

430

440 .

450

920
999

CALL CONV (EMF)
CALL KVAL(T, KA, KB)
NOW WE CALCULATE NEW CO AND H2 CONC
XC02 = EMF (5)

X02 = ENF(2) ‘ .

IF{ X02 .LT. 0.0001) X02 = 0.0001.

EMF (2) = X02 :

XCo = XCOZ/KA/XOZ**O 5

XH20 = EMF (4)

XH2 = XH20/KB/X02%%0.5 :

NOW WE NORMALIZE THE NEW MOLE FRACTION
ARRAY AND CONVERT ITBACK TO WEIGHT FRACTIONS
EMF (6) = XCO

EMF (10) = XH2

SUM = 0,0 '

DO 430 I=1,11

SUM = SUM + ENF(I)

CONTINUE

DO 440 1 = 1,11

EMF(I) = EMF(I)/SUM

CONTINUE -

CALL RECON (EMF)

DO 450 TI=1,11

ECOMP {I) = EMF (I)

CONTINUE

GO TO 200

FORMAT (U4ET4.4)

CONTINUE

STOP

END
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SUBROUTINE DREAD ({NP)

COMMON/ INPUT / NRU, NWU-

COMMON/ TITL / TITLE(20) a _

COMMON/-AIR / ACOMP(15), ATEMP, EXAIR, ADEN

COMMON/ RES / VOF, TAU, FR, XLBG, TLOSS

COMMON/ QUEGAS / INDQ,QCONP(15) o

COMMON/ WT / AWT, AMMASS, FGWT, ADWT, OWT

COMMON/ FUEL / OCOUP(15), OTEMP, API, OVISC, CVAL, ADCOﬁP(15)

COMMON/ FLUREC / ECOMP(15), AMCOMP(15)F RTEMP, PREC, F
- NAMELIST/XREAD/OCOMP, OTEMP, API, OVISC, ACOMP, ATEMPU EXAIR,
" $ADEN, RTEMP, PREC,ADCONMP, QCOMP CVAL o .

C
c THIS SUBROUTINE HANDLES THE PROBLEM INIALIZATION
C
WRITE(S 10)
10 FORMAT (/, "ENTER PROB CODE, FUEL CODE?)
READ (5,12) PC,FC
12 FORMAT (2F)
- NP = IFIX(PC) -
IF (.NP .EQ. 0) RETURN
API = FC
DO 20 I=1,15
OCOMP(I) = 0.0
ACOMP({I) = 0.0
QCOMP(I) = 0.0 \
20 CONTINUE -
IF ( FC .EQ. 1.0) GO TO 100
IF ( FC -EQ. 2.0) GO TO 260
"IF( .FC .EQ. 4,0) GO TO 400
IF { FC -EQ. 5.0) GO TO 500
IFC = IFIX(FC~5.0) -
GO TO (600,700,800,900),IFC
IF{ FC .EQ. 36.0) GO TO 3600
RETURN ‘
100 CONTINUE

eve
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400

COAL NO 1 - COLORADO
B&W ANALYSIS
OCOHP (1) =0,731

OCOMP (2) = 0.051
OCOMP (3) = 0,012
OCOMP(4) = 0.011
OCOMP (5) = 0,097
OCOMP (6) = 0,098
OTEMP = 70.0

G0 .TO 1200
CONTINUE

NATURAL GAS IS ASSUMED TO BE CHU4 -

WoR-T, CHEMICAL COHPOSITION ONLY
HoRoT. CHEMICAL COMPOSITION ONLY!

OCOMP (1) = 0.75
OCOMP(2) = 0.25
OTENP = 70.0

GO TO 1200
CONTINUE
METHANE

4%



500

. 3600

- 600

OCOMP(1) = 0.75
OCOMP (2) = 0.25
OTEMP = 70.0 -
GO TO 1200
CONTINUE -
METHANOL
OCOMP (1) = 0.375
OCOMP(2) = 0,125
OCOMP (5) = 0.500
OTEMP = 70.0
GO TO 1200
CONTINUE
DISTILLATE OIL
OCONMP (1) = 0.868
OCOMP(2) = 0,131
OCOMP (#) = 0,001
OFEMP = 70.0.
GO TO 1200
CONTINUE ,
COAL NO 2 - PITTSBURGH
OCOMP (1) = .7723
OCOMP(2) = .0515
OCOMP{3) = .0123
OCOMP (4) = .0259
OCOMP(5) = 0587

- OCOMP({6) = 0793
OTENP = 70,
GO TO 1200

spg



700 CONTINUE

c - COAL NO 3 - WESTERN KENTUCKY
N OCOMP(1) = .6948

OCOMP {2) = 0479 .

OCOMP (3) = .0129

OCOMP(4) = .0297

OCOUP (5) = .0882

0COMP(6) = .0783

OCOMP(7) = .0482
OTEMP = 70.0

G0 TO 1200

800 CONTINUE -

C COAL NO 4 - MONTANA

: OCOMP(1) = .5285

OCOMP{2) = 0347
OCOMP(3) = .0138
OCOMP (4) = .0072
OCOMP(5) = .1104
OCOMP(6) = .0920
OCOMP({7) = .2132"
OTEMP = 70.0
GO TO 1200

co '

900 CONTINOE :

C COAL NO 5 - FMC CHAR
OCOMP(1) = .728
OCOMP{2) = .0088
OCOMP(3) = .0099
OCOMP (4) = .0347
OCOMP(5) = .0066

obs



. 1200

OCOMP{6) =

OTEMP = 70,

GO TO . 1200
CONTINUE
RCOMP (1)
ACOMP (2)

o

ATEMP = 77.

RETURN
END

0212
0

C.768

0,232 _

0

AZ
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SUBROUTINE ERDA( ATEMPOLXAIR DGLR,RTENP, ACOMP)
REAL LBS :
DIMENSION ACOMP (15)

THIS SUBROUTINE CONTROLS THE DATA INPUT

= RTEMP
OAT = ATEMNP

OEA = EXAIR

WRITE (5,10)

FORMAT (* ENTER SEC PREHEAT, EXAIR?)
READ (5,12) SAT, EXAIR |
FORMAT (2F)

‘PRIP = 0.18
PRIT = 75.0
IF( EXAIR . EQ. 0.0) 'EXAIR = OEA
ATEMP = ({(EXAIR-PRIP)* {SAT+460.) + PRIP*(PRIT+Q60 }) /EXAIR ~460.
IF( SAT .EQ. 0.0) ATEMP = OAT
RTEMP = SAT
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15

20

30

40

IF{ SAT .EQ. 0.0) RTEMP = ORT

DO 15 I =
ACOMP(I)
CONTINUE
X02 = 02M

Eo

1,15
0.0

WRITE (5,20) o ,
FORMAT ( ° ENTER MOLE FRAC 02, MOLE FRAC CO2° )

READ (5,12) O2MF,CO2F
IF( O2MF .EQ. 0.0) O24F = X02
WRITE (5,30) '

FORMAT {

[

IF ARGON RUN ENTER 1.07)

READ (5,12) ARG
IF { ARG -EQ. 1.0) GO TO 40
THIS IS THE NITROGEN LOOP

A
B
Cc

i

il

ACOMP (1)
ACOMP {2)
ACOHMP (5)
GO TO 50
CONTINUE

oW oH

02MF*32.0

(1.0 - O2MF-CO2F) *28.16
CO2F*U4h.011

LBS = A + B + C

"B / LBS
A / LBS
C/LBS

6v¢



50

52

A = 02MF % .32.0 C
B = (1.0 -~ O02MNF - COZF)*39 95 .
C = CO2F*44.011

LBS = A ¢+ B + C

ACOMP(1) = 0.0

ACOMP(2) = A / LBS

ACOMP(3) = B / LBS

ACOMP (5) = C/LBS

CONTINUE

WRITE {5,52)

FORMAT (? ENTER.DGLR FRAC, NO REREAD OPT, 1)
READ (5,12) DGLR

RETURN

END .
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SUBROUTINE ESTMS( TEWT)

DIMENSION EWT (15)

COMMON/ ®WT / BAWT, AMNMASS, FGWTV ADWT, OWT :
COMMON/ FLUREC / ECOMP(15) , AMCOMP{15) , RTEHNP, PRECU F 
COMMON/ AIR / ACOMP(15), ATEMP, EXAIR, ADEN ’ :
COMMON/ FUEL / OCOMP(15), OTEMP, API, OVISC, CVAL, ADCOMP (15)
NAMELIST/ XEX/ AWT, BXT, EWT, ECOMNP, EXAIR, OCOMNP

THIS IS THE MASS BALANCE SUBROUTINE

D = 1 00 '
AWT = AIRWT (D) |
IF (EXAIR LT, 1.0) WRITE (5,XEX)
CONTINUE '
EWT (1) = ACOMP(1)*AWT
EWT(2) = OCOMP(5) + ACOMP (2) *AWT - oconp(z)*32 0%0,25/1.008 -

2 OCOMP (1) ¥32.0/12.011 - OCOMP(Q)*BZ 0/32.066 - OCOHP(B)*32 0*0 5/1

34,008
- EWT(3) = ACOHP(3)*AWT
EWT(4) = OCOMP{2)*18.016*0.5/1. 008 + ACOHP(Q)*AWT + OCGﬁP(?)
EWT (5) = OCOMP{1)*44.011/12.011 ¢ ACOMP(S)*AWT '
EWT {6) = ACOMP (6)*AUT
BUT(7) = OCOMP(4)*64.066/32.066 + ACOMP(?)*AWT
EWT(9) = OCOMP(3) *30.008/14.008
IF(EWT{9) .LT. .05) GO TO 4
EWT(9) = 0.0 ‘ - :
EWT (1) = ACOMP(1) * AWT + OCOMP(3) * 1.0 - :
EWT (2) = OCOMP (5) + ACOHME (2)*AWT = OCOMP(2) *32.0%0. 25/1 008 -

2 OCOMP (1) %32, 0/12 011 - ocomp(u)*32 0/32. 066

CONTINUE

15¢



DO 5 I= 10, 15
EWT(I) = 0.0
CONTINUE

CONTINUE

TEWT = 0.0

DO 10 I=1,15 |
TEWT = TEWT + EWT(I)
CONTINUE. ‘

D0 15 I = 1,15 |
ECOMP(I) = EWT(I) / TEWT
CONTINUE

BXT = TEWT

TEWT= BXT/(1.0~- PREC
FGWT = TEWT :
RETURN

END
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SUBROUTINE INHET (TEWT, TTHI)
DIMENSION XCOMP(15)
DIMENSION DEC {15)
DIMENSION DAC {15)
' COMMON/ FLUREC / ECOMP(15), Amcomp(15)g RTEMP” PREC, F
- COMMON/ AIR / "ACOMP(15), ATEMP, EXAIR, ADEN '
COMMON/ QUEGAS / INDQ,QCOMP(15)
COMMON/ HEAT / AHC, RHC, AMHC, OHC
COMMON/ FUEL / OCOMP(15), OTEMP, API, OVISC, CVAL, ADCOMP(15)
NAMELIST/ XINHT/ AHC, OHC, RHC, THI, XCOMP =~

THIS SUBROUTINE CALCULATES THE SENSIBLE HEAT
CONTENT OF THE INLET STREANMS

anmaaan

T = ATENP
Do 10 1I=1,8
DAC(I) = ACOMP (I)
10 CONTINUE
bo 15 1I=9,15
DAC{I) = 0.0
15 . CONTINUE
CALL GHCON( T, DAC, HCON)
D ":‘ '100 !
TA = AIRWT(D)
AHC = TA*HCON , '
c AHC IS THE HEAT CONTENT OF THE INLET AIR STREAM IN

c - BTU BASED ON 77 DEG. F -

17 CONTINUE
IF ( API .LT. 10.0 ) GO TO 20
XAI = API ' .
CALL OFTS{ 1, XAI, SPG)

T = OTEMP
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21

OHC = ( 0,388% (T-77, ; + 0000225*(T**2 77 **2))/SPG**O 5

OHC IS THE HEAT CONTENT OF THE OIL IN BTU/LB BASED
O a 77 DEG., F BASELINE TEMP. .

GO TO .30

CONTINUE

T = OTEMP

API = 1.0 FOR COLORADO COAL

API = 2,0 FPOR NATURAL GAS

API 3,0 FOR PROPANE
API = 4.0 FPOR METHANE
API = 5.0 FOR METHANOL
API = 6.0 POR PITTSBURGH COAL
API = 7.0 FOR WESTERN KENTUCKY COAL .
API = 8.0 FOR MONTANA COAL ‘
API = 9,0 FOR FMC COAL CHAR

 IF{ API .GE. 6.0 .AND. API .LE. 9.0) GO TO 21

IF ( API .NE. 1.0) GO TO 23 :
CONTINUE \ |

ACT = {{(T~77.0)/1.8 ¢+ 0.0)

OCP = 0.20 + 0,00088%ACT + 0.0015%38
THE 38 IS WT. PERCENT VOLATILE MATTER -

THIS FORMULA IS FROM 3-217 PERRY

OHC =0CP* (T=77.0)

GO TO 30
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24

25
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110

CONTINUE .

IF(API. NE.2.0) GO TO 24
OHC = 0.5335% (I-77.0)
GO TO 30

CONTINUE

IF{API.NE.3.0) GO TO 25
DHC = 0.390% ( T-77.0)
GO TO 30

CONTINUE

IF(API.NE.4.0 ) GO TO 26
OHC = ,526 * (T = 77.0)
GO TO 30

- CONTINUE

OHC = ( 0.388% (T-77.) + 3000225*(T**2 -77. **2;)
CONTINUE

THIS NEXT PART CALCULATES THE ENTHALPY OF THE =

- RECIRCULATION AIR AND SUMS THE HEAT INPUT
CONTINUE '

RWT = PREC * TEWT

Do 110 1 = 1, 15

DEC (I) = ECOMP(I)

CONTINUE :

CALL GHCOHN (RTEMP, DEC, HCON)

RHC = HCON * RUWT '

RHC IS5 THE HEAT CONTENT OF THE RECIRCULATED FLUE GAS

IN BTU
THI . = AHC ¢ OHC + RHC
TTHI = THI '
RETURN
END
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SUBROUTINE GHCON (FTEMP COMP ,HCON) ‘ ‘
DIMENSION A(11), B(11), C(11), MH(11), comp(15)a AD(11)H BD (11) ,
2 CD{(11), MWD (11), HCT{11)

REAL MW, MWD

DATA A/ 6,524, 6.418,4.954,7. 2560 6,214, 60Q20,'7o1160 60077” 7;02

20, 6,947, 3.381/ ‘ :
v DATA B/ 1,250, 3.102, 0.0, 202985 10.396, 1.665, 9,512, 23.537,
2 -0,370, -0,200,18.044/ o
DATA C/ ~-0.001, =0.923, 0.0, 0.283, -3.545, -0.196, 3.511, -0.687,
2 213,5“6'[7 OOL}810 "403/
.DATA MW/ 28.016, 32.0, 39,944, 118,016, u4.011, 28,011, 64,066,
2 80,066, 30.008, 2,016 , 16,034/ .
NAMELIST/ XXGC/ AD, BD, CD, MWD, MW

oss
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20

30

30

THIS SUBROUTINE CALCULATES THE ENTHALPY CHANGE WHEN
A SPECIFIED GAS IS HEATED FROM 77 TO FTEMP DEG F.

DO 20 I=1,11
AD(I) = A(I)
BD {I)=B (I) /1800,
CD{I)=C(I)/3.24E+06
MWD (I) = MW(I)
CONTINUE
BL=536.7
T = 459.7 + FTEMP
po 30 1I=1,11
HCO = AD(I)*(T -BL) ¢ BD(I)/2 0*(T**2-BL**2) + CD(I)/3 0% ( T#%3-BL%

. 2% 3)

HCO IS THE HEAT CONTENT OF THE SPECIE IN BTU/ LB MOLE
HCT(I) = HCO*COMP({I)/MWD(I) .
CONTINUE

HCON = 0.0 ‘

DO 40 I=1,11

'HCON = HCON + HCT{I)

CONTINUE '

HCONT = HCON ‘

NOTE THAT 77 DEG IS THE BASELINE TEMPERATURE

HCONT IS IN BTU/LB

RETURN

END

LSS



oNoNY]

10

200

210

SUBROUTINE OFTS {IX, API, VAL )

DIMENSION SPG{50), HCONT{50) S _ *

DATA SPG/ 29%0.9, 0.8762, 0.8708, 0.8654, 0.8602, 0.8550, 0.8498,
2 0.,8448, 0.8398, 0.8348, 0.8299, 0.8251, 10*0.7/

DATA HCONT/ 29%18000,, 18250., 18280., 18310., 18330., 18360.,

1 18390., 18410., 18430., 18460., 18480., 18510., 10*18600./

THIS SUBRQUTINE CONTAINS-THE FUEL DATA

SPG{12) = (.9861

HCONT(12) = 17620,

SPG(19) = .9402

HCONT (19) = 17900,

SPG(23) = -.91586

HCONT {23) = 18030.0

Z = IX. - 1

IF {2) 10, 10, 200

CONTINUE

N = IFIX{API)

VAL = SPG(N)

RETURN

CONTINUE ’ : '
IF CVAL IS GIVEN, THIS PORTION OF THE SUBROUTINE WILL NOT BE CALLED.
Zh = IX-2 ‘ ‘

IF(Za) 210, 210, 300

~CONTINUE o

N = IFIX(API)
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300

VAL = HCONT(N)

API = 1.0 IS COAL

APT = 2,0 IS NATURAL GAS
API = 3.0 FOR PROPANE.
API = 4,0 FOR METHANE

IF ( APT .EQ. 1.0) VAL = 12540.0
IF { API EQ. 2.0) VAL = 20500.0
IF(API.EQ.3.0) VAL = 19930,

" IF ( API .EQ. 4.0) VAL = 21502.0

IF{ API.EQ.5 ) VAL = 8575,

IF{ APT .EQ. 6.0) VAL = 13397.
IF( API .EQ. 7.0) VAL = 11985,
IF (API .EQ. 8.0) VAL = 8400.

THESE ARE NET HEATING VALUES
HCONT IS THE HEATING VALUE OF THE FUEL
RETURN o

CONTINUE

RETURN
END

Il BTU/LB
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SUBROUTINE. HIGEN (- TEWT” TTHG)

- REAL NOW,NOH

COMMON/ FUEL / OCOMP(IS)F OTL&PV API, OVISC, CVAL, ADCOHNP(15)
COMMON/ FLUREC / ECOMP(15), ANCOMP(15), RTEMP, PREC, F
NAMELIST/ XHTG/ ECOMP, SO02H, NOH, THG, EXAIR, HCONT, H2H, COH, CH

THIS SUBROUTINE CALCULATES THE ENhRGY RELEASED
DUE TO THE COMBUSTION

" XAT = API

HCONT = CVAL
IF(CVAL.GT.1.0) GO TO 10
CALL OFTS { 2, XAI, HCONT)
CONTINUE

XTEWT= (1,0-PREC) * TEWT

. COW = XTEWT * ECOMP(6)

SO2W = XTEWT*ECOMP (7)

NOW = XTEWT * ECOMPE(9)

H2W = XTEWT * ECOMP (10)

CW = XTEWT * ECOHP{(11)

COH = -4343,6%COW

SO2H = ((70.94%453,6)/ (64:066%3.97))*S02W.
NOH ={(-21.60%453.6)/(30.008+*3.97)) *NOW

([T}

i

CH2H = =51571. 4*H2H
"CH = =-14086.8*CH

THG = HCONT + H2H + COH ¢+ CH < SOZH + ‘NOH

‘TTHG = THG

RETURN
END
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SUBROUTINE CONV (&)

REAL MW -

DIMENSION A(15), MW (12), B(12) . '

DATA MW / 28.016, 32.0, 39.944, 18.016, 44.011, 28.011, 64,066,
29066¢,3060080 200160»120011n 32,064/ ’

THIS SUBROUTINE CALCULATES THE HMOLE FRACTIONS FRON
THE WEIGHT FRACTION DISTRIBUTION

aaacaca

SB = 0,0
DO 10 I=1,12
B(I) = A(I) / MW(I)
. SB = B(I) + SB
10 CONTINUE '
- DO 20 I=1,12
. “A({I) = B{I) / SB
20 CONTINUE
RETURN
END

80
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SUBROUTINE RECON (8)

REAL MW ,
DIMENSION A(15), B(11), MW (11)
DATA MW/ 28.016, 32.0, 39,944,

18,016,

2 80,066, 30,008, 2.016, 12.011 /

44,011,

28,011,

THIS SUBROUTINE CONVERTS A HNOLE FRACTION ARRAY

INTO A WEIGHT FRACTION ARRAY

SB = 0.0
Do 10 I=1,11

B(I) = A(I) * MU (I)

SB = SB *+ B (I)
CONTINUE

DO 20 I=1,11
A(I) = B{I) / SB
CONTINUE

RETURN

END

64,066,
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-SUBROUTINE KVAL{ TF, KA, KB ) .
REAL KA,KB

THIS SUBROUTINE CALCULATES THE DISSOCIATION CONSTANTS
FOR THE CO0O2 AND H20 REACTIONS

(TF = 32.0) /1.8 + 273,15
69894, 4/TK + U4.1470%ALOGT0 {TK)

Wi

- TK
XA

1 ¢+ 0.378%TK/1000.0 -0.0972*%(TK/1000,) **2 -
2 36.0u4838

KA = EXP (2.303%XA/4.571)
TK1 = TX/1000.0
XB = 57111, 1/TK - 2.6135%AL0OG10 (TK) . 84834 *TK1

1. + 0.19602%TK1*%2 - 2.96716

KB = EXP{(2.303%XB/4.571)
RETURN
END
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SUBROUTINE REC{ DGLR, NE, XPR)
REAL MWF,MNF,MA .
REAL OMW, MW

"DIMENSION OMW{15), MW (15)

1

DIMENSION X(11), Y{11), Z2(11)
COMMON/ MOL / SUMN, SUMA, SUMM, SUMO ,
COMMON/ FUEL / OCOMP(15), OFEMP, API, OVISC, CVAL, ADCOHP (15)
COMMON/ FLUREC / ECOMP(15), AMCOMP(15), RTEMP, PREC, F
COMMON/ AIR / ACOMP(15), ATEMP, EXAIR, ADEN
COMMON/ WT / AWT, AMMASS, FPGHT, ADWT, OWT
NAMELIST/ XMOLES/X, Y, SUMA, SUMN, SUMO,SUMM
DATA MW /28.016,32.0,39,944,18.016,44. 011,28.011,64.066,
80.066,30.008,2. 016, 12,011, 4%1. /

- DATA 0MW/12°0?15 1g008” 28,016, 32.064, 32.0, 100oOg 18.016, 8*1./

THIS SUBROUTINE DOES THE RECIRCULATICON MASS BALANCES

IF( NE .EQ. 1) GO TO 100

SOMO- = 0,0
SUMA = 0.0
SUMR = 0.0

FGRW = PREC* (AWT + 1.0)/(1.0 - PREC)
FGRW IS THE LBS OF FLUE GAS RECIRCULATED
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40

43

100

Qoo

140

DO 40 I = 1,11 T

- X¢{I) = OCOWNP{(I) / OMH(I

Y{(I) = ACOMP(I) * AWI/ MW {I)

Z(I) = ECOMP(I) *FGRW/MH{I)
- CONTI NUE

DO #3 I = 1,11

SUMO = SUMO + X(I)
SUMA = SUMA ¢ Y(I)
SUMR = SUMR *+ 2 (I)
CONTINUE
DGLR = SUMR/(SUMR + SUMA)
RETURN -
CONTINUE

CALL ESTHMS (XX) .
AWT = AIRWT (1.0)
SUMA = 0.0

SUMB = 0.0

o

DO 140 I=1,11

' = ECOMP {I) /MH (I)
Y(I) = AWT*ACOMP {I) /M¥ (I)
= . SUMA + Y (I)

B = SUMB + X (I)
CONTINUE

MWF = 1.0/SUMB

MA SUMA

MF
F = MP*MUF -

PREC = F/ ( AUT + 1.0 ¢ F)
XPR = PREC

RETURN

END

w

<

=

=2}
|

it

WA *(DGLR/ (1,0-DGLR))
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SUBROUTINE DPRT(T,OLDT)
REAL NUREC

DIMENSION BCOMP {15)

DIMENSION CCOMP(15) o
DIMENSION WACOM{15), WECOM(15), WAMCOM (15)
DIMENSION OXY (15), SN{15), RATIO{(15) '

COMMON/
COMMON/
COMMON/
COMHON/
COMMON/
COMMON/
COMMON/
COMHON/
COMMON/
COMMON/
CONMON/
COMMON/
XANT =

INPUT / NRU, NWU

TITL / TITLE(20) : o
AIR / ACOMP(15), ATEMP, EXAIR, ADEN
WT / AWT, AMMASS, FGHT, ADWT, OWT
RES / VOF, TAU, FR, XLBG, TLOSS
QUEGAS / INDQ,QCOMP{15)

FUEL / OCOHP (15) , OTEMP, API, OVISC, CVAL, ADCOMP(15)

FLUREC / ECOMP(15), AHCONP{15), RTEMP, PREC, F
HEAT / AHC, RHC, AMHC, OHC

MOL ,/ SUMN, SUMA, SUMM, SUMO

FARMIX/ FHCOMP(15), FHMASS,CHFUEL

XNU / NUREC
AWT

THIS SUBROUTINE DIRECTS THE OUTPUT OF RESULTS

99¢



900

910

915

920

GO .TO 900

CONTINUE
WRITE(5,910) ATEMP, RTEMP, EXAIR,PREC
FORMAT {/,2F10.0,2F 10, 3)

ATC = (ATEMP-32.0) /1.8

RTC {RTEMP-32.0)/1.8

CALL REC( DGLR, 2, XXX)
WRITE(5,915) DGLR

FORMAT (2F10.4) :

TK = (T-32.0) /1.8 ¢ 273,15

CALL CONV (ECONP)

OTK = (OLDT -32.0) /1.8 + 273,15
WRITE (5,920) T, TK,OTK,ECOMNP (6)
FORMAT (3F10.0,E14.4)

RETURN

END

L9¢



SUBROUTINE WETDRY ( COMP)
DIMENSION COMP (15)

VOL= 1,0- COMP(4)

DO 5 I= 1,11

COMP(I)= CONP(I)/VOL
CONTINUE 4

COMP (8)= 0.0

RETURN

END

89¢
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12

10

12

SUBROUTINE BLAIR (KlBuy,BEXALK uumu;

EXAIR =
RTEMP =

1.15
350.0

WRITE (5,10)

FORMAT (
READ {5,

' ENTER PREC FRAC?)
12) PREC

FORMAT {1F)

RETURN
END

SUBROUTINE JOST( ATEMP,EXAIR,PREC OTEﬁP)

EXAIR = 1.045

PREC = 0.0

WRITE(5,10)

FORMAT{/, °ENTER INLET TEMP?)
READ{5,12) ATEMNP

FORMAT { 1F)

OTEMP = ATENP

RET URN

END

69¢
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FUNCTION AIRHT (D)

CONMHMON/ FUEL / OCOMP({15), OTEMP, API, OVISC, CVAL, ADCOMP (1))

COMMON/ AIR / ACOMP({15), ATEMP, EXAIR, ADEN
NAMELIST/ XAIR / OCOMP, ACOMP, TO, TA

THIS FUNCTION CALCULATES THE WEIGHT OF AIR
REQUIRED TO BURN ONE LB OF FUEL

F =D

CO = OCOMP {1)*32.0/12.011
HO = OCOMP(2)*32,0%.5/2.016
SO = OCOMP(4) *32.0/32.06U
PO = CO + HO + SO ~OCOMP(5)

TA=TO*EXAIR/ACONMP (2)

-ATRHWT =-TA

RETORN

‘TA IS THE TOTAL AIR NEEDED IN LBS
END

0L¢g
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30

FUNCTION OUTHT (XT, TITEWT, COWP)
DIMENSION COMP(15)

DIMENSION DEC{15)

NAMELIST/ XO0UT/ DEC, T, HCON, TEWT

THIS FUNCTION CALCULATES THE SENSIBLE HEAT OF THE
EXIT STREAMS AT TEMPERATURE XT

TEWT=TTEWT

DO 10 I=1,15

DEC(I)= coup(I)

CONTINUE - .

DEC(11) = 0.0

T = XT ‘

CALL GHCON{( T, DEC, HCON)
PHC = 0,0 .

T = 0,0

2D = COoMP({({ 11)

iF ( 2D -.LT. .00601) GO TO 30
CONTINUE :

THE FOLLOWING LOOP CALCULATES THE HEAT CAPAACITY OF

THE CARBON PARTICULATE IN THE FLUE GAS.

DELH = 0, 1844% (T-77.0) + .000204% (T*%2 - 77,0%%2)
WT = TEWL*DEC (11) |

PHC = DELH*WT

CONTINUE

OUTHT = HCON*{(TEWT - WT) + PHC

RETURN
END

L8
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E.7 Program Verification

To insure that the program was functioning properly, test cases
were run and the results compared with literature values from Martin
(1975). These results .are shown below. They indicate that the CHERYL. FOR -

code does indeed calculate adiabatic flame temperature properly.

remperatuze Taqp Calculated
.  (from Martin, 1975) by CHERYL code
~ Conditions . (B B
1. Distillate oil 3423 ' 3424
"HHV = 19,700 Btu/1b -
SR = 1.15
air temp = 77°F
0il temp = 70°F |
2. Methanol 3201 3208
HHV = 9,760 Btu/1b
SR=1.15
air temp =_77°F
~ fuel temp = 70°F
3. Methanol 2962 | 2966
same as 2; 10% fgr - |
4. Methanol 2706 | 2709
same as 2; 20% fgr

5. Methanol 2442 2443

same as 2; 30% fgr-



APPENDIX F
COMPUTATIONAL DETAILS OF THE CHAR/VOLATILE MODELING

- F.1 Introduction

This appendix deséribes the numérical.details of the combined .
theoretical/ekperimental analysis oflthegfate of fuel nitrogen in self-
sustaiﬁing,'pulverized céal flameé,, Tﬁe basis for the analysis, the
derivation of thé equations and the ultimate resﬁits were all discussed
in Chapter 11; hence, Appendix F focusses on the finallsystém of equa-
tions and the analytical solution thereof. |

Conceptually, the coal combustion process was divided:into two
pafts:‘ volatile combustion and char burnout. Each was initially assumed
to contribute a significant amount of fuel NO; however, to obtain
-quantitative predictiéns, it was necessary to apply a set of material
balance equations>and empirical relations twice, in a coupled manner, to

the results from a series of special experiments.

F.2 Nomenclature

- Table F-1 describes the principal nomenclature used both in
developing the equa£ions (Chapter 11) and in the actual- computer code,
~ LYNN.F4. Unless otherwise noted, all variables are based on a unit mass
of original coal, dry and mineral matter free (DMMF). Primed variables
refer épecifically kp the cases where a small amount of volatile nitrogen

was added to the fuel stream.
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Table F-1. Notation for char/volatile analysis.
Algebraic Cbmputer
Representation Code Definition
B BC .empirical char nitrogen con- -
. version coefficient '
Bv " BV empirical volatile nitrogen
conversion coefficient ‘
w ,A WADD weight of volatile N additive'
add
' used .
W WC weight of char (DMMF)
W, WT initial weight of fuel (DMMF)
wt' "WTA weight of fuel in additive
case (coal + add)
w& WV weight ‘of volatiles evolved
(DMMF)
X, XC fractional conversion of char
N to NO ‘
X, XT overall mean conversion of
' fuel N to fuel NO
xt‘ XTA overall mean conversion of all
fuel N to NO in additive case
X, XV fractional conversion of
volatile N to NO
x," XV2 fractional conversion of vola-
: tile N to NO in additive case
Yadd YADD weight fraction nitrogen in
volatile additive
Ye YC weight fraction nitrogen in
char
Ye YT weight fraction nitrogen in

original fuel



Table F-1--=Continued.
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Algebraic Computer
Representation Code Definition
yt' YTA total weight fraction nitrogen
in fuel-additive case
Yy YV weight fraction nitrogen in'
volatiles
yv' Yv2 weight fraction nitrogen in

volatile~additive case
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. F.3 System of Eqﬁations

F.3.1 Knowns

The following parameters were known at the beginning of a case
- study: |
B_ = 540 : fromvan-empiricai fit of char data

discussed in Chapter 10.

Woqq = 3-75E - 3(NO) from the metered additive flow per unit

= 2.12E - SCNHS) mass of coal (DMMF).
W, = 1.0 . ‘ : unit wéight of initial coal.
x, = NO_ where FNO is the measured fuel NO in 'ém

t 2941 e Y - P
(STOICHI).
FNO + ANO ' . . :
xtf = 337 where ANOAIS the measured ppm due to
' addition of additive.

yaddb=~.4667 (NO) based on additive composition.

= .8235 (NH,)
Ve = 0.0148 based on fuel analysis (DMMF).
yt' = 0.0165 - based on additive flow rate and

composition.

F.3.2 Unknowns
Ten other parameters were completely unknown at the start of the
. . o ' ‘ ,
calculation: Bv, W Wels W Xoo Xop XS Vs Yoo and Yy These were

determined by solving the ten simultaneous equations described in the

next section.



F.3.3 Equations
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Six independent mass balance equations were written for each pair

of test conditions:
1. Tofal mass balance:
base: » .: W, = W + W
base + a&d: W, '=w,_ +w
2. Nitrogen balance:
base: , YW, = YWy + yv W

».-base + add: Yt & yv'(Wv + wadd) + Y.

=
[0}

3. NO mass balance:

ase: = + X
base xtytwt vavwv 'xcycwc

o ty 1 [ - Ty 1
base + add: X 'YW x,'Yy (wv+wadd) XYV

These equations were supplemented with four empirical relations:

1. Char conversion:

o = 28R - 1.32
c 1 f chc

2. Volatile conversion:

base: X = : 1

v TV Ry,
base + add: x," =7 +:é' :
: vy

(F-1)

(F-2)

(F-3)

(F-4)

(F-5)

(F-6)

(F-7)

(F-8)

(F-9)

(F-10)
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F.4 Solution Procedure

The ten equations just described were rearranged and combined
into a set of nine équations which'could.be solved progressively, based
on an initiél estimate of the weight of VOlatiles; w,. First equation
- F-10 was rearrangedf_

: 0.559 ‘
y, = yt*(1°92 - = ) (F-11)

v

and equations F-1 and F-3 combined:

YW, - YW
y, = Y (F-12)
Ve = Yy
'_ 28R - 1.32
X, B o (F-7)
¢ L+ chc :
Equations F-1 and F-5 were also combined:
XYW, - XY *W_ -w)
Xv: _tt't‘_. cc t v (F-13)
_ YWy

and equation F-4 was rearranged using F-3 and the definition of yt' to

give:
YW Y LW
yv( = v_x‘ ; zdd add (F-14)
‘ v add
Equation F-8 was solved for B\}:
1 - x -
B = —— (F-15)
v Xy
v v : ,
while equation F-9 remained unchanged:
1 - -
| .- S -
Xy 1+ By , (F-9)
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Finally, equation,F§6 was rearranged using the definition of yV' and

solved for the volatile weight, W

T fy ) A ] . -
v = e Ve Yo T X Vaad"add T XMt
: B :
v X'v yv xcyc

(F-16)

where'wt’ is known from equation F-2:

[ — ="
We T We ¥ Yada (F-2)

This system was solved using the half-interval numerical proce-
dure. The initial guess for the weight of the volatiles was 0.5 based on
the.physics'of‘the‘system which demand 0 < w < 1.0. In general, con-

vergence was rapid and the method stable.

F.5 LYNN.F4 Computer Code

The following pages contain a complete listing of the Fortran
computer code LYNN.F4 which was used to solve the syétem of char/volatile
equations. It was written in an interactive formate and was run on a

‘DEC-iO timeshafing system. The user specifies:
1. The fuel NO emissions in ppm (STOICHI), the additive used and
‘éhevincréaselin émissions associated with it in ppm (STOICHI),
and the~stoi¢hiometricﬂfatio of the test condition.
2. Bcland the volétile.evolutién model parameters (1.92 and 0.559
for the Western Kentucky coalj.
3. An initial guess for wv ({usually 0.5).
The program then solves the system of equations. and prints out:
1. The welghts: 'wv,lwc, and W |
2. The weight fractions: 'yv, Yes and Y-
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3. The fractional conversions: Xys Xgo Xgo

4. The char and volatile NO in ppm (STOICHI).

The program is equipped with a "reread" option so that successive
runs can be made in which the user changes only input lines of interest,
i.e., it is not necessary to re-enter all the inputs to only change one

parameter.
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THIS PROGRAM SOLVES THE CHAR/VOLATILE SYSTEM
OF EQUATIONS USING THE HALF-INTERVAL METHOD

" DIMENSION NCOHP(2), YADD (2) , WADD (2)

INTEGER 0OID

DATA
DATA

DATA
DATA

DATA

{T/0.0148/

WADD (1) ,WADD (2) , XADD(1) YADD(2)/3 75E=3, 20123—30
0.4667,0. 8235/

NCOMP (1) , NCOMP (2) / 2HNO , 3HNH3/

IYES/1HY/

INPUT SECTION

I8¢



61

52

53

62

71
54
55

63

L DO ==

WRITE (5, 51)

" FORMAT(///.1X,70(1H*) ,///,1X,27THENTER FUEL NO IN PPM STOICo,

/1X,25HADDITIVE NO IN PPM STOIC.,
/1X,26HADDITIVE CODE; NO~-1, NH3-2
/11X, 11HSTOIC RATIO)

OFNO = FHO
OEX = EXAIR
OANO = ANO
0ID = ID

READ(5,61) FNO,ANO,ID, EXAIR

FORMAT (2F,I,F)

IF(FNO .EQ. 0.0) FNO = OFNO

IF( ANO .EQ. 0.0) ANO = OANO

IF( FNO .EQ. 0.0) ID = 0ID

IF( EXAIR .EQ. 0.0) EXAIR = OEX
WRITE(5,52) FNO, ANO, NCOMP (ID) , EXAIR
FORMAT (1X,2610. 3,145,610, 3)
WRITE(5,53)

- FORYAT (1X,42HENT ER CHAR SLOPE, MODEL PARAMETERS XM1 XH2)

0BC
OM1 = XH1

oM2 = XM2

READ (5, 62) BC, XH1,XM2
FORMAT ( 10F)

IF ( BC .NE. 0.0 ) GO TO 71

BC

iouou

BC = 0BC
XH1 = OM1
X#u2 = OM2
CONTINUE

WRITE (5,54)BC,XM1,XM2

FORMAT (1X,10(G10.3,3%))

WRITE (5,55)
FORMAT (1X, UHOK ?)
READ(5, 63) 10K’

FORMAT (A1)
IF(I0OK.NE.IYES)GO TO 1

z8s
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INITIALIZATION AND ORGINAL VOLATILE WEIGHT
ESTIMATE

XT=FNO/2941.

HT=1.

X TA=(FNO+ANO) /3276.
WTA=WT+WADD (ID)

YTA=0.0165

WRITE(5,56)

FORMAT (1X,31HENTER GUESS WEIGHT OF VOLATILES)
OWV = WY

READ(5, 62) WV

IF ( WY .EQ. 0.0) WV = OWV
WRITE {5,54) WV

" WRITE(5,55)

READ{(5,63) IOK
IF {IOK. NE.IYES)GO TO 2

£8¢
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SOLUTION OF EQUATIONS

N=1

WVOLD=0,

IF (N.GT.50) GO TO 4

TF (WV.LE. 0. 7) YV=YT* (XH1-XH2 /W)

IF(HV.GTs0.7) YV=0,98*YT*WT/HY

YC= (YT*UT-YV*WV) / (HT=WV) :

PHI = 0.02% (EXAIR-1.0)*100. +0.68

XC = (1.0/(1.0 + BC*YC)) *PHI

XU= (XTH*YTH*WT=XC*YC* (WT-WV) ) / (YV*UV)

Yv2= (YV*WV+YADD(ID)*WADD(ID))/(WV+WADD(ID))

BV= (1-XV) / (XV*YV)

XV2=1/( 1+BV*YV2)

WYNEW= {XTA*YTA*WTA~-YADD (ID)*WADD (ID) *XV2=-XC*YC*HT) /
(XV2%YV-XC*YC)

CALCULATION OF THE NEXT ESTIMATE OF‘THE
VOLATILE WEIGHT BY HALF-INTERVAL METHOD.

DEV=ABS (WVNEW-HYV) |

IF {DEV: LT.0,000001) GO ToY

IF(WYNEW.GT.WV) WVNEXT=WV-ABS (WV-WVOLD) 0.5
IF (WYNEW.LT.WV) WYNEXP=WV+ABS (WV-HVOLD) *0.5
WVOLD=WV

WV=HYNEXT

N=N+1

GO TO 3

8¢
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59

UTE WRN O DU £ WA - ‘

CALCULATION OF CHAR AND VOLATILE NO

HC=WT=-WY
CHNO=XC*YC*WC*FNO/ (XT*YT*WT)
YNO=XV* YVkHV*FNO/ (XT*Y T*{T)

"PRINT OUT OF RESULTS

WRITE(5,59) WV, HVNEW ,WC, T, ¥V, YC,YT, XC, XV, XT,CNO, YNO,FNO
QFORMAT(///31XH13HFINAL RESULTS,

//¢ 1X, 48HQUESSED VOLATILE WEIGHT

/s VX, 48HCALCULATED VOLATILE WEIGHT

/o, TX;48HCHAR WEIGHT

/s 1X,48HTOTAL FUEL WEIGHT . - ‘

/o, 1X,48HNITROGEN WEIGHT FRACTION IN VOLATILE

/o VX, 48BHNITROGEN WEIGHT FRACTION IN CHAR

/s 1X,4BHNITROGEN WEIGHT FRACTION IN FUEL

/s 1X,48HFRACTIONAL CONVERSION OF N TO NO IN CHAR
/s 1X, 48HFRACTIONAL CONVERSION OF N TO NO IN VOLATILES
/21X, 48BHOVERALL MEAN CONVERSION :
/., 1X,48BHNO FROM- CHAR

/o 1X,48HNO FROM VOLATILES

/01X, 48HNO FRON TOTAL FUEL

GO TO 1

STOP

END

LI T O T OO 1 {1 1 O VYO T I |

,G14.7,
,G14.7,
26148.7,
G14.7,
G4, 7,
G187,
61,7,
G147,
,G14,7,
614,77,
,G14.7,
G14.7,

,G14.7)

S8¢ .
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