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FOREWORD

This report summarizes the results of Phase I of a study on
the "Definition of the Mechanism and Kinetics of the Formation of NO,
and Other Pollutants under Normal and Combustion Modification Conditions".
This study was conducted by Exxon Research and Engineering Company under
Contract 68-02-0224 funded by the Environmental Protection Agency.

The helpful comments and suggestions of Messrs. W. S. Lanier,
G. B. Martin, and D. W. Pershing, project officers for this contract,
are gratefully acknowledged. The skillful assistance of Messrs. F. D. Remyn
and R. M. Buono in conducting the laboratory portion of this program is
also acknowledged.



SUMMARY

The objective of this study was to investigate the mechanism
and kinetics of the formation of NOy and other pollutants in combustion.
A combined experimental and theoretical study was undertaken for this
purpose. This report covers Phase I, the study of combustion under
unmodified conditions and calculations using the best available kinetic
data from the literature.

A jet-stirred combustor was used to extend the range and accuracy
of data taken in previous studies. Since precise measurements of
concentrations and temperatures are critical to allow meaningful results
in combustion calculations for a well-stirred reactor, additional studies
on the combustion of hydrogen, carbon monoxide, methane, and propane
with air were made. These studies of coupled combustion/pollutant
formation indicated substantial heat loss from a conventional stirred
reactor and the need for the development of an adiabatic stirred combustor.

A furnace capable of studying combustion under adiabatic
conditions (called the multiburner because it was designed for multifuel
firing capability in the same combustion zone) was further refined for
these studies. This unit is an electrically-heated furnace with a
zirconia muffle tube that is capable of attaining temperatures up to
about 2500°K. Premixed flames of the flat-flame and focused-flame type
as well as laminar and turbulent diffusion flames were studies using
methane and propane as fuels. These studies included both adiabatic
and heat-loss conditions. In addition, a few runs were made with wall
temperatures above the adiabatic flame temperatures.

Both stirred reactor and plug flow calculations were made.
Stirred reactor calculations indicated the need for more detailed
kinetics in hydrocarbon-air combustion for the prediction of NOy formationm.
Plug flow calculations (with kinetic data available from the literature
at the time) indicated strong coupling between combustion reactions and
NOyx formation in the flame zone. However, since no reaction rate data
were available to test the direct coupling between hydrocarbon fragments
and nitrogenous species, further elucidation of the kinetics is required
to determine the importance of such reactions for NOy formation.
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1. INTRODUCTION

Under Contract No. 68-02-0224, sponsored by the Environmental
Protection Agency, Exxon Research and Engineering Company conducted a
study to relate the kinetics and mechanism of pollutant formation reactions
and those of hydrocarbon reactions. The emphasis in this program was
placed on NOy formation and destruction reactions as they relate to
hydrocarbon combustion. This program was performed in two phases. This
report covers the work in Phase I which included studies of unmodified
combustion in a non-adiabatic stirred combustor and a plug flow combustor
capable of adiabatic operation. Preliminary kinetics calculations based
on the most complete kinetic data available from the literature at the
time were also conducted in Phase I. Phase II, which is covered in a
companion report, included experimental studies of modified combustion in
a plug flow system as well as studies in a newly developed adiabatic
stirred combustor. Kinetics calculations, using updated literature
information as well as estimates for potentially important reactions not
available from the literature, were also performed.

The purpose of these studies was to provide further understanding
of the coupling between combustion reactions and pollutant formation (with
emphasis on NOy) leading to the capability to perform accurate predictive
calculations on complex combustion systems. The ultimate aim of this and
other fundamental combustion research studies being conducted for the
Combustion Research Branch of the Industrial Environmental Research
Laboratory of EPA is developed control technology for stationary sources.

Clearly, in a practical system, there will be interactions
among chemistry, fluid mechanics and heat transfer. However, without
an understanding of the basic chemistry of combustion, agreement between
theory and experiment in a particular case may be fortuitous and will not
allow application of the same theory to a new system. Thus, the theory
becomes merely an empirical correlation. These studies on the chemistry
of combustion/pollutant formation were therefore undertaken, in order to
progress towards a theory of general applicability to a wide variety of
combustion systems. These studies were oriented toward studying combustion
under idealized conditions, either controlled by chemical kinetics or
with minimum, or well-defined fluid mechanic and heat transfer interactions.
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2. EXPERIMENTAL PROCEDURES AND RESULTS

Two experimental devices were used in the experimental portiomn
of this study: (1) the jet-stirred combustor--non-adiabatic stirred
reactor capable of operating under kinetically-limited combustion conditions
and (2) the multiburner--plug flow reactor, with interchangeable burners,
capable of operating under adiabatic conditions. This section covers the
experimental portion of the study, while the theoretical consideratioms
will be discussed in the following section.

2,1 Jet-Stirred Combustor

The jet-stirred combustor used in this program is a modification
of the Longwell-Weiss reactor (2-1) with hemispherical geometry. This
device was selected because it has been used extensively in fluid mechanic
and combustion modeling and because the combustion rates are limited by
chemical kinetics as opposed to transport effects (2-2). The apparatus
used was described in the Final Report for the preceding program (conducted
under Contract No. CPA 70-90, Reference 2-3) whose purpose was to investigate
the basic factors affecting nitric oxide formation in the combustion of
fossil fuels. The reactor (Figure 2-1) consists of an outer shell of
fire-brick shaped as two halves of a sphere three inches in diameter.

The upper hemisphere is solid with the exception of the hole through which
the reactants are brought to the injector. The lower hemisphere is
hollowed out to a reaction zone of 1.5 inch diameter. The insulating
shell has twenty-five holes of 0.125 inch diameter, through which the
burned mixture exits,

Fuel and air are metered separately through calibrated rotameters,
preheated to the desired inlet temperature and then mixed before entering
the combustor. The temperature of the fuel/air stream is measured
immediately before injection. The fuel-air mixture enters the reaction
zone through a stainless steel injector which is a hemisphere into which
are drilled forty radial holes of 0.020 inch diameter. The reactants
enter the reaction zone as small sonic jets which stir the reactor
contents and produce a mixture of essentially uniform temperature and
composition in a characteristic time which is short compared with the
average residence time. The combustion experiments were conducted at
atmospheric pressure with a range of residence times from 1-1/2 to 4
milliseconds.

2-1 Longwell, J. P. and Weiss, M. A., Ind. Eng. Chem. 47, 1634 (1955).

2-2 Hottel, H. C., Williams, G. C., and Miles, G. A., Eleventh Symposium
(International) on Combustion, p. 771, The Combustion Institute, 1967.

2-3 Bartok, W., Engleman, V. S., and del Valle, E. G., Laboratory Studies
and Mathematical Modeling of NOy Formation in Combustion Processes,
Final Report EPA Contract CPA 70-90, December 1971.
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Gas temperatures were measured up to temperatures slightly in
excess of 2000°K with a Pt/Pt-10% Rh thermocouple 0.010 inches diameter.
Radiation corrections were found to be negligible because of the intense
stirring in the combustion zone (see Appendix C). Duplicate runs were
made with silica coated and uncoated thermocouples in selected cases to
check for catalytic effects on temperature measurements. No measurable
differences were found. The thermocouple was movable so that traverses
could be taken during a run. It was found that the temperatures were
quite uniform throughout the reaction zone although slightly cooler in
the immediate vicinity of the injector sphere and in the immediate
vicinity of the outer wall when the thermocouple was drawn back into its
port.

The combustion gases were sampled through a water-cooled
stainless steel probe, 0.125 inches outside diameter and 0.033 inches
inside diameter similar to that used by Longwell and Weiss (2-1). The
probe was placed through a port in the shell of the combustor. The
quenched gases were pumped through a diaphragm pump to the combustion
gas analyzers. The most important species analysis in this study was
the measurement of NOx concentrations. During the preceding program
(CPA 70-90, Reference 2-3) these analyses were performed primarily with
the Envirometrics Multigas Analyzer although cross-checks were made with
the DuPont Photometric NOx analyzer. During the present program
(68-02-0224) a Thermo Electron Chemiluminescence Analyzer was used and
the results of both programs served as cross-checks of the data. Care
had to be taken when using the Envirometrics analyzer in the presence
of CO, although since the response time to CO is slower than the response
time to NOy, CO concentrations of up to 5~107 could be handled with
minimum interference by cyclic sampling/purge techniques which took
advantage of the different response times for NOx and for CO.

The hydrogen was Linde extra dry grade with a stated minimunm
purity of 99.95%, the carbon monoxide was Matheson C.P. grade with a
stated minimum purity of 99.5% and the propane was Matheson C.P. grade
with a stated minimum purity of 99.0%. The air was Baker dry grade
manufactured by mixing nitrogen and oxygen with a typical argon concentration
of 450 ppm. The oxygen concentration of each cylinder was measured and
was generally found to be 21.0%.

Precise experimental measurements of concentrations and temperature
are extremely critical for achieving meaningful results in combustion
calculations for a well-stirred reactor. To assure the precise nature
of the measurements made in the preceding program (reference 2-3) and
to extend those measurements to include those parameters necessary for
kinetic calculations for the assessment of the importance of combustion
intermediates in coupled combustion/pollutant formation, further studies
were made with the jet-stirred combustor for hydrogen, carbon monoxide,
methane, and propane.

Temperature measurements for methane/air combustion are shown
in Figures 2-2 and 2-3. Figure 2-2 shows temperature vs. mixture ratio
with the solid line being the same one indicated in reference 2-3. The
dotted line is the extension of this line to fuel-rich conditions with
the peak indicated at about 907 stoichiometric air. In reference 2-3
temperature measurements were taken only under fuel lean conditions at
these flow rates. An indication of the temperature uniformity within the
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FIGURE 2-2
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jet-stirred combustor with methane is given in Figure 2-3. Temperature
is plotted against (r/Ro)3, a normalized volumetric parameter, indicating
the portion of the reactor volume at a given temperature. It can be

seen that the temperatures are quite uniform throughout the combustor.
Near the injector sphere the temperature apparently drops off but this

is probably caused by a combination of convective cooling by the cool
inlet jets in the vicinity of the injector sphere and radiative cooling
of the thermocouple bead by the injector sphere. The temperatures used
for kinetics calculations are indicated by the horizontal dashed lines.

The NOy emissions from the jet-stirred combustor with methane/air
are indicated in Figure 2-4. It should be noted that peak NOx formation
occurs under slightly fuel-rich conditions. These data were measured
with a Thermo-electron NO/NOyx chemiluminescence analyzer and are in very
good agreement with the results obtained in reference 2-3 using Envirometrics
electrochemical analyzers and a DuPont photometric analyzer.

The oxygen results were obtained with a polarographic oxygen
analyzer. They are shown in Figure 2-5 and compare favorably with those
reported in reference 2-3 which were taken with a paramagnetic oxygen
analyzer. The results are in good agreement with calculated values of
residual oxygen in a well-stirred combustor.

The effect of the water-cooled sampling probe on the temperature
of the jet-stirred combustor is dramatic if species probe traverses are
attempted. As long as the probe is outside the volume of the reactor
(up to a position flush with the wall) the temperature in the reactor
remains fairly constant. As the probe enters the reaction zone, the
temperature begins to drop, and it drops more than 100 K by the time
the probe is three fourths of the way to the center of the reactor. This
is illustrated in Figure 2-6 for which the uncooled thermocouple probe

was held in a fixed position while the cooled species sampling probe was
inserted into the reactor.

Temperature measurements for carbon monoxide/air combustion are
shown in Figures 2-7 and 2-8. Figure 2-7 shows temperature vs. mixture
ratio with the solid line being the one calculated on a theoretical
basis as indicated in the paper presented at the Fourteenth Combustion
Symposium and shown in Appendix C. The data have been extended on the
fuel rich side beyond the data available at the time of writing the
Combustion Symposium paper. The temperature uniformity in the combustion
zone for carbon monoxide air is also good as indicated in Figure 2-8.

The temperatures used for kinetics calculations are indicated by the
horizontal dashed lines.

The NOx emissions for CO/air are shown in Figure 2-9 and were taken
with a chemiluminescence analyzer. The agreement with the results reported
in reference 2-3 is quite good on the lean side. There is some disagreement
under fuel rich conditions between 50 and 65% stoichiometric air but
the present results should be considered more reliable because the CO
content in the exhaust exceeds 10%. That high a concentration is difficult
to eliminate as an interference with the NOx Faristor (even with the
special cyclic sampling techniques developed (2-3)) when the NOx level
is below 50 ppm; the chemiluminescent analyzer does not have such a CO
interference.
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The oxygen concentration is shown in Figure 2-10 and is in
good agreement with theoretical calculations indicated by the solid line.

Careful temperature probing of the reaction zone was accomplished
and a study of the effect of preheat on NOx formation was undertaken for ]
propane. Data were also taken with hydrogen fuel for better characterization
of the flame temperature vs. mixture ratio for this system in the jet-stirred
combustor, and to obtain more accurate NOy measurements under extremely lean
and extremely rich conditiomns.

The NO, measurements for the propane-air system are presented
in Figure 2-11. The agreement with data taken previously is good in the
case of no preheat. The NOx peak appears to occur on the slightly
fuel-rich size (at about 90% stoichiometric air).

The results for preheat in Figure 2-11 indicate only a slight
effect on NOx formation. However, temperature measurements show that
only at 150% stoichiometric air conditions did the combustion temperature
reflect fully the nominal amount of preheat. At 135% stoichiometric
air the difference in combustion temperatures was only half of the
preheat and there was no difference in combustion temperatures under fuel
rich conditions. This lack of recovery of prehat temperature in the
combustion zone is directionally consistent with adiabatic equilibrium
calculations in which higher preheat causes dissociation at high temperatures
and some of the sensible heat is converted to latent heat. At 150%
stoichiometric air the difference of about 100°C in combustion temperature
results in a NOx increase by more than a factor of two. This behavior
is in line with theoretical predictions of well-stirred reactor performance.

Temperature and oxygen measurements for the propane/air system
are shown in Figure 2-12, The difference between theoretical adiabatic
well-stirred reactor temperatures and experimentally increased temperatures
indicates a heat loss on the order of 30-40 cal./sec. over the conditions
studied. The measured oxygen concentrations match the calculated oxygen
concentrations for a well-stirred reactor operating at the measured
temperatures.,

Probing of combustor temperature profiles showed that temperatures
were quite uniform in the jet~stirred combustor for propane-air. The
temperatures are plotted in Figure 2-13 against (r/Ro)3. As discussed
before, this parameter represents the fraction of total volume in a
given zone of the combustor. The temperatures were found to be quite
uniform throughout the combustor from the vicinity of the injector to
within a short distance of the wall. Temperature probing was performed
both with bare metal thermocouples and with thermocouples coated with
silica. Because of the intense stirring and the apparent lack of catalytic
effects on the thermocouples under the conditions studied, no difference
was observed between the measurements obtained with coated and uncoated
thermocouples.

Measurements were also made in the hydrogen-air system. The
measurements were made under fuel-rich conditions around 40% stoichiometric
air and under fuel lean conditions between 140% and 250% stoichiometric
air. The chemiluminescence analyzer permits more accurate analysis of
combustion gases at low NOy; levels than we were able to achieve during
the previous investigation (2~3) which employed Envirometrics electro-
chemical analyzers.
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FIGURE 2-11
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Calculations were performed to show that the jet-stirred
combustor operates as a well-stirred reactor for '"clean" combustion
systems (hydrogen and carbon monoxide) and calculations have been performed
on propane to test a quasi-global combustion model for calculatioms of
NOx formation. The results (2-4) of this study are reported in Appendix C.
The calculations have been valuable to our current program to point out
critical areas for experimentation and further kimetic studies. As
discussed in detail in Appendix C, the theoretical analysis based on a
simplified quasi-global approach failed to produce predicted NOy
concentrations in agreement with the experimental results for the
propane/air system. This lack of agreement was particularly pronounced
under fuel-rich conditions. Therefore, it was concluded that the
investigation should be broadened to a detailed treatment of the kinetic
data and also, that further experimental results should be obtained under
conditions which eliminated heat loss as well as mixing limitations for
comparison in theoretical predictions.

2.2 The Multiburner

Studies in the multiburner were undertaken to allow investigation
of combustion reactions with well-controlled heat loss. The multiburner
was operated as a flow reactor for this portion of this study with both
hot and cold walls. The multiburner studies conducted indicated the
need for the development of a new combustor capable of behavior as a
well-stirred reactor under adiabatic conditions. These complementary
studies with stirred reactors and flow reactors provide data on a range
of conditions from well-mixed combustion controlled by chemical kinetics
to diffusion flames controlled by fluid mechanics.

2.2.1 The Multiburner Furnace

The multiburner (so-called because it was designed to burn gas,
0il or coal in the same idealized combustion zone) is an electrically-
heated furnace with a zirconia muffle tube that is capable of attaining
temperatures up to about 2500°K. The furnace is shown schematically in
Figure 2-14. The furnace heating zone has tungsten mesh heating elements
and molybdenum radiation shields and is purged with gettered argon to
extend furnace component lifetimes. High temperature gasketing for the
furnace is composed of zirconia felt. Temperatures inside the furnace
are monitored with tungsten-rhenium thermocouples which also serve as
the input to the temperature controller for the furnace when operating
in the automatic mode. Wall temperatures can also be monitored by optical
pyrometry through three sight ports provided in the side of the furnace.
The power supply is a 25 KVA AC unit which is also equipped with a thermal
watt converter for input to the controller in cases where it is desirable
to control power input rather than strictly the temperature of the furnace.
The controller on the power supply is also capable of operating in a
"manual" mode, in which case current input to the furnace is controlled.

2-4 Engleman, V. S., Bartok, W., Longwell, J. P,, and Edelman, R. B.,
Fourteenth Symposium (International) on Combustion, p. 755, The
Combustion Institute, 1973.
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The muffle tube in the furnace has a heated length of 15
inches and the 'constant temperature section'" of the heated zone is
uniform within + 10°C under combustion operation conditions. The muffle
tube is quite stable at high temperatures and can be exposed to varying
thermal environments in the temperature range above 1300°C. However,
extreme care must be exercised in heating up and cooling down the furnace
since the zirconia is most sensitive to thermal shock in the temperature
range around 900°C.

The multiburner can be operated with the combustion zone wall
temperature at any desired level and at the extremes it can either be
used to add heat to the combustion zone or, if desired, to remove heat.
Thus, the multiburner can operate with all of the flexibility of a
laboratory combustor without the high heat loss generally found in
small scale devices. This permits the use of the multiburner under
combustion conditions that would not be possible with the typical
small scale combustor.

2.2.2 Burner Design

The burners used in this part of the study were designed to
be simple examples of the following types of burners:

e premixed flat flame
e premixed focused flame
e diffusion flame — with interchangeable fuel nozzles

The simple design of each of these burners (shown in Figures 2-15, 16
and 17) was aimed at ease of comparison with analytical calculations.
Each of the burners was readily interchangeable with the others because
they were all built into the same size water jacket, which served to
maintain constant burner temperatures during combustion experiments.
Even though the burners produced three different basic flame types,

the total burner face area, through which combustion gases pass, was
maintained constant for all three types.

The flat flame burner has a porous stainless steel disc across
its face which provides a flat velocity profile for the combustion gases
entering the furnace. The gases are mixed immediately before entering
the burner body and pass through a pair of mixing/calming plates before
exiting through the porous disc. A diagram of the flat flame burner
is given in Figure 2-15.

The premixed focused flame burner used in this study is char-
acteristic of a commercial gas furnace burner; the burner has a single
center hole and eight pilot holes to stabilize the flame. As in the
flat flame burner, the fuel and air are mixed immediately before entering
the burner body and pass through mixing plates before exiting from the
burner face. A diagram of the premixed focused flame is given in
Figure 2-16.
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FIGURE 2-15

FLAT FLAME BURNER
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FIGURE 2-16

PREMIXED FOCUSED FLAME BURNER
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FIGURE 2-17

DIFFUSION FLAME BURNER
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The diffusion flame burner is of the concentric type with the
fuel flowing through the inner tube and the air flowing through the outer
one. Two types of fuel injector were tested; one with a single fuel
jet and the other with an orifice plate containing six 0.020 inch
diameter holes covering the fuel jet to produce turbulence and increase
mixing. The latter, called the "stabilized" diffusion burner was found
to give better performance. The single fuel jet burner was tested in
two different configurations; one in which the fuel jet diameter was
kept constant when changing fuels from methane to propane allowing the
velocities to change between the fuels, and one in which the fuel velocity
was kept constant for the two fuels by changing the fuel jet diameter.

A diagram of the diffusion flame burner is given in Figure 2-17.

2.2.3 Sampling and Gas Analysis

Combustion gas samples were extracted through a cooled quartz
probe drawn to a nozzle tip. The sampling probe was cooled to 65°C to
prevent water condensation in the probe. The Teflon sampling lines were
also heated to prevent water condensation before the water knockout. The
sample touched only quartz and Teflon lines until it was cooled sufficiently
to prevent furtger reaction at which point stainless steel lines were used.

The combustion gases were analyzed for NO and NOx with a
Thermoelectron Model 10A Chemiluminescence analyzer. The analysis for
NO is accomplished directly while the analysis for NOx is accomplished
by converting NOs (and under certain conditions other nitrogenous
compounds) to NO and then analyzing for NO.

Analyses for CO and CO2 were performed with two MSA 303 Analyzers,
both of the NDIR type. Stacked cells each with a dual range switch allowed
full scale ranges from 0.1%7 to 157 for CO and from 0.5% to 25% for CO2.

Oxygen analysis was performed with a Beckman Model 742
polarographic oxygen analyzer with full scale ranges from 1% to 25%.

Hydrocarbon analyses were performed with a Beckman Model 400
flame ionization analyzer with full scale ranges calibrated from 50 ppm
to 5% hydrocarbon as methane.

2.2.4 Data Reduction

Experimental data as taken were coded onto computer input forms
and were reduced to measured species concentrations by a data reduction
program. The data produced in this phase of the program are presented
in the Appendix. A further subroutine can also be called to plot the
results on a printer plot. The data plots are also found in the Appendix.

A summary of runs completed in this phase is presented as

Table 2-1. The table is divided into three sections; section A covers
the cold wall tests, section B the hot wall tests on premixed flames,
and section C the hot wall tests on diffusion flames. For each of the
runs in the table fuel type, burner type, firing rate, mixture ratio,
and type of probing are given. Wall temperature is shown for the hot
wall tests. The experimental findings on premixed flames are discussed
in Section 2.2.5 and the findings on diffusion flames are discussed in
Section 2.2.6.



TABLE 2-1

SUMMARY OF RUNS MADE WITH MULTIBURNER (PHASE I)

A. Cold Wall Tests

Run No. Fuel Type Burner Type Firing Rate Mixture Ratio Probing*
SCFM Air 7% Stoich Air
101 Propane Flat Flame 0.854 83 1/0
98 1/0
120 1/0
102 Propane Flat Flame 0.546 101 AX
106 AX/RD
103 Propane Flat Flame 0.546 103 AX/RD
122 AX/RD
104 Propane Flat Flame 0.546 94 AX/RD
83 AX/RD
105 Methane S. Diff#x 2.172 101 AX/RD
106 Methane S. Diff 2.172 101 AX/RD
107 Methane S. Diff 2.172 120 RD
108 Methane S. Diff 2,172 120 AX/RD
109 Methane S. Diff 0.264 107 AX/RD
128 AX/RD
110 Methane S. Diff 0.264 145 AX/RD
86 AX/RD
111 Methane Flat Flame 0.546 104 AX/RD
112 Methane Focused Flame 2,067 96 AX/RD
113 Methane Focused Flame 2,067 115 AX/RD
114 Methane Focused Flame 2,067 76 AX/RD
116 Methane Flat Flame 0.481 119 AX/RD
80 AX/RD
119 Propane Flat Flame*#*#* 2.094 110 AX/RD
132 AX/RD
88 AX/RD
141 Methane Flat Flame 0.481 101 AX/RD
* 1/0 = Input/Output %%  Stabilized Diffusion
AX = Axial *%% High Velocity Flame (Lifted)
RD = Radial

..gz_



TABLE 2-1 (CONTINUED)

SUMMARY OF RUNS MADE WITH MULTIBURNER (PHASE I)

B. Hot Wall Tests - Premixed Flames

Wall

Run No. Fuel Type Burner Type Firing Rate Mixture Ratio Probing Temp.
SCFM Air % Stoich Air °c

115 Methane Flat Flame 0.481 161 RD 1703

141 RD 1853

60 RD 1783

117 Methane Flat Flame 0.481 161 AX/RD 1703

119 AX/RD 1703

80 AX/RD 2098

118 Propane Flat Flame 0.481 161 AX/RD 1723

61 AX/RD 1838

120 Propane Focused Flame 0.481 156 AX/RD 1768

121 Propane Focused Flame 0.481 125 AX/RD 2068

101 1/0 2068

101 1/0 2138

82 1/0 2138

117 1/0 2068

78 I/0 2068

95 1/0 2068

117 1/0 2138

95 1/0 2138

78 1/0 2138

101 1/0 2138

130 Methane Flat Flame 0.481 140 AX/RD 1858

131 Me thane Flat Flame 0.481 120 AX/RD 2043

78 AX/RD 2043

111 AX/RD 2138

101 AX/RD 2218

._i7z_.



TABLE 2-1 (CONTINUED)

SUMMARY OF RUNS MADE WITH MULTIBURNER (PHASE I)

B. Hot Wall Tests - Premixed Flames (cont'd)

Wall

Run No. Fuel Type Burner Type Firing Rate Mixture Ratio Probing Temp .
SCFM Air %Z Stoich Adir °c

131 (cont) Me thane Flat Flame 0.481 111 1/0 2218

120 1/0 2218

131 1/0 2218

140 1/0 2218

151 1/0 2218

91 1/0 2218

80 1/0 2218

132 Methane Focused Flame 0.481 160 AX/RD 1713

133 Methane Focused Flame 2.094 160 AX/RD 1713

140 AX/RD 1863

134 Me thane Focused Flame 0.481 140 AX/RD 1858

65 AX/RD 1873

135 Propane Focused Flame 0.481 139 AX/RD 1898

136 Propane Focused Flame 2.094 141 AX/RD 1883

137 Propane Focused Flame 2.094 121 AX/RD 2068

138 Propane Focused Flame 0.481 121 AX/RD 2068

139 Methane Focused Flame 0.481 120 AX/RD 2043

140 Methane Focused Flame 2.094 120 AX/RD 2048

—gz_



TABLE 2-1 (CONTINUED)

SUMMARY OF RUNS MADE WITH MULTIBURNER (PHASE TI)

C. Hot Wall Tests - Diffusion Flames

Wall

Run No. Fuel Type Burner Type Firing Rate Mixture Ratio Probing Temp .
SCFM Air % Stoich Air °C
122 Methane S. Diff 2.094 160 AX/RD 1723
123 Methane S. Diff 2.094 140 AX/RD 1863
120 AX/RD 2048
80 AX/RD 2098
124 Methane S. Diff 2.094 160 1/0 2228
140 1/0 2228
120 1/0 2228
100 1/0 2228
80 I/0 2228
100 AX 2228
125 Propane S. Diff 2.094 160 AX/RD 1698
126 Propane S. Diff 2.094 141 AX/RD 1883
127 Propane S. Diff 2.094 114 AX/RD 2143
80 AX 2143
128 Methane Large Single Hole 2.09 160 AX/RD 1713
140 AX/RD 1863
129 Methane S. Diff 2.094 140 RD 1863
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2.2.5 Results for Premixed Flames

Species profiles have been obtained for premixed flames of
methane-air and propane-air in the multiburner with hot and cold walls.
Two types of premixed flames were studied: (1) the flat flame in which
the flame zone is flat across the burner face and the flame is essentially
one-dimensional, and (2) the shaped flame which is more representative of
premixed furnace burners although much more complex than the flat flame
in a fluid mechanical sense. The cold-wall runs are listed in Table 2-1(B).
The data listings for these runs are presented in Appendix F. The NOx
plots for the individual runs are presented in Appendix D and the plots
for CO/C02/HC/02 are presented in Appendix E. A summary of the types of
data obtained on premixed flames will be presented in this section while

the comparisons with theoretical calculations will be discussed in
Section 3.

Centerline species profiles (CO, C02, 02, NO and NOx) for a -
premixed flat flame of methane/air at 104% stoichiometric air are presented
in Figure 2-18, While the hydrocarbons are not plotted in this figure,
about 20,000 ppm were measured within 0.05 inches of the burner face,
but the concentration had dropped off to 70 ppm at 0.10 inches, and to
essentially zero at 0.50 inches. The oxygen profile drops rapidly from
about 77 within 0.05 inches to about 2.47 at 0.10 inches, and to 1.5% at
1 inch, settling at about 0.87 at greater distances. It was not possible
to probe close enough to the burner face to permit observation of the
increasing portion of the CO profile, but the decreasing portion is
plotted from a distance of 0.1 inches outward with only minor concentrations
of CO measurable after 5 inches. The C02 concentration increases rapidly,
reaching 90% of its ultimate value within 0.5 inches of the burner face.
The NOx plot exhibits substantial curvature in the region up to about
two inches from the burner face and increases only gradually thereafter.

It is interesting to note that the NO measurements are only
about 2/3 of the NOx measurements up to one inch and about 3/4 of the NOx
measurements up to two inches. At 10 inches the NO is about 907 of the
NOx. There are a number of possible interpretations for this early NO2
peak.* One possible interpretation is that during the quenching process
in the probe, a portion of the oxygen atoms combine with the NO to form
NO2. Calculations indicate that, with instantaneous quenching to 300°K
and assuming no heterogeneous reactions, 100 ppm of NO and 1000 ppm of
oxygen atoms react to form 38 ppm of NO2 and 62 ppm of NO (allowing all
possible reactions between species containing nitrogen and oxygen but
ignoring species containing carbon or hydrogen). Such a calculation,
while oversimplified by the idealized quenching and limitation of species,
should still be somewhat conservative because of the probable underestimation
of oxygen atom concentration in the flame zone.

* Cernansky, N. P., and Sawyer, R. F., '"NO and NOp Formation in a Turbulent
Hydrocarbon/Air Diffusion Flame", Fifteenth Symposium (International)
on Combustion, The Combustion Institute, Pittsburgh, 1974; Merryman, E. L.,
and Levy, A., "Nitrogen Oxide Formation in Flames: The Roles of NO; and
Fuel Nitrogen', Fifteenth Symposium; Fenimore, C. P., "Ratio of Nitrogen
Dioxide to Nitric Oxide in Fuel-Lean Flames', Combustion & Flame,
volume 1, page 85, 1975.
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To give an idea of the results of NO probing at other
stoichiometries, premixed flat flame data for methane/air are plotted
in Figure 2-19. At each stoichiometry on this plot, curvature can be
observed in the first inch or so from the burner face. As the stoichiometry
changes from 1117 stoichiometric air to 160% stoichiometric air, the
temperature drop is sufficient to decrease post-flame NOy formation
despite increasing oxygen concentrations. This factor is accentuated
by the unheated walls. At 1047 stoichiometric air, NOy is formed more
rapidly near the burner face, but the concentration flattens out after
about two inches so that the concentration at seven inches from the
burner face is lower than that for 111% stoichiometric air. The
combination of lower oxygen concentration in the post-flame zone and the

temperature drop caused by heat losses result in this lower post-flame
concentration,
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FIGURE 2-19
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Heated walls change the post-flame picture, as would be expected.
With the walls maintained at the adiabatic flame temperature at each
stoichiometry, peak NOy concentrations at 500 -msec residence time are
observed at 100% stoichiometric air as shown in Figure 2-20. NOx concentra-
tions appear to approach zero at about 70% and at 150% stoichiometric air
when the walls are maintained adiabatic. However, if the walls are
maintained at a constant temperature of 2220°K, only minor differences
are noted on the fuel rich side (very little post-flame NOX formation) while
major differences appear under fuel lean conditions. Because of the sub-
stantial concentrations of oxygen present under fuel lean conditions, the
high temperature encourages the formation of post~-flame NO  and rather than
dropping off, the NO, levels increase on the fuel lean side, approaching
2000 ppm at 150% stoichiometric air and 500 msec residence time. This
indicates that if substantial air preheat were used, high NO_ levels would
result on the fuel lean side. However, high preheat on the fuel rich side
does not have the same effect in a premixed flame. With interstage heat
removal to allow burnout at lower temperatures, after a fuel-rich first
stage, the NO_ levels resulting from high-temperature, high-oxygen operation
would be avoided.

2.2.6 Results for Diffusion Flames

Limited data were taken with diffusion flames to investigate
their behavior under a variety of heat loss conditions. Some investigations
were also made into the effect of fuel jet velocity on NOyx formation.

The detailed data and centerline species plots are presented
in the Appendix. Only illustrative highlights will be covered in this
section. Under adiabatic wall conditions (wall temperature maintained
at the adiabatic flame temperature) the NO concentrations as a function
of stoichiometry are similar to those for premixed flames far downstream
of the burner face. 1In Figure 2-21 it can be seen that methane/air exhibits
a peak NO level of 1000 ppm at 1007% stoichiometric air for 150 msec residence
time for adiabatic wall condition. Adiabatic flame temperatures vary with
stoichiometry. At 100% stoichiometric air, the adiabatic flame temperature
is about 2220°K, while at 60% stoichiometric air it is 1784°K and at 160%
stoichiometric air it is 1709°K for methane/air combustion. With the walls
heated to 2220K, the higher oxygen level at higher excess air causes more
rapid post-flame NO formation at a constant temperature. For a residence
time of 150 msec, peak NO, is shifted from 100% stoichiometric air to 120%
stoichiometric air when the walls are maintained at 2200K. As the residence
time is increased further towards the 500 msec residence time used with the
flat flame (with walls at 2220°K), the peak would shift toward leaner
mixtures, and the diffusion flame NO curve in Figure 2-21 would look more
and more like the flat-flame NO curve in Figure 2-~20,

A comparison between the NOx levels for turbulent diffusion
flames of methane/air and propane/air with adiabatic walls is illustrated
in Figure 2-22. The NOyx levels for propgne/air are somewhat higher which
could be attributed in part to the higher adiabatic equilibrium temperature
for propane/air and in part to differences in flame chemistry. The curves
are similar in shape and behavior.
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FIGURE 2-20
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FIGURE 2-21
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FIGURE 2-22
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A comparison of results for different fuel jet velocity and
induced turbulence yields some interesting results. Three types of fuel
jets were used in the same basic burner., All fuel jets had strictly
axial injection with no induced swirl. The fuel jet of the stabilized
burner had a 0.250 inch inside diameter which was covered with an end-plate
with six 0.020 inch holes drilled in a circular pattern. The fuel jet
of the large single hole burner had a 0.250 inch inside diameter fuel
jet with no end plate and the small single hole burmer had 0.156 inch
inside diameter fuel jet with no end plate. The latter two fuel jets
were sized so that the velocity of the methane from the large jet matched
the velocity of the propane from the small jet at the same stoichiometry.

Table 2-2 shows that for methane/air under excess air conditions
the stabilized jet yields lower NO_ results than either the large single
hole or small single hole burners 3nd the results drop off more rapidly as
the excess air level is increased. This is probably caused by the rapid
breakup of the multiple individual jets, resulting in behavior similar to
that found in a premlxed flame. For the small single hole fuel nozzle the
measured NOx levels are essentially independent of excess air levels on an
'as measured" basis. This behavior seems to indicate that the fuel jet from
this burner maintains its integrity for a long distance downstream so that
stoichiometry plays a smaller role in NOx level.

Propane/air gives higher NOx levels than methane/alr for the
stabilized jet and for the small single hole, as expected from the higher
flame temperature. But the large single hole burner gives much lower NO
levels than either of the other two burners. This fuel/jet combination
gives the lowest jet velocity and may provide an explanation for the
results since in this case, the fuel velocity is smaller than the air
velocity. The low velocity fuel jet would cause lack of penetration of
the fuel into the air stream and recirculation of the surrounding air jet
to mix with the fuel stream near the burner face. This could cause
locally fuel rich combustion to yield results similar to that of staged
combustion. This subject was not pursued extensively at this time since
the major objective of this study was the understanding of the chemistry
rather than the fluid mechanics. However, it is noted as a possible area
for future investigation.



Burner

Stabilized
(6 Hole)

Large
Single Hole

Small

TABLE 2-2

DIFFUSION FLAME NO/NO MEASUREMENTS
P2y

NO/NO.., ppm

Methane Propane
Percent Stoichiometric Air Percent Stoichiometric Air
120 130 140 110 125 150
30/35 16/18 5/10 55/60 25/30
40/45 25/30 15/20 35/37 10/15
45/55 45/50 40/ 45 68 60/65 48/50

Measurements taken after 100 msec residence time.

Velocity of methane from large single hole burner matches velocity of propane
small single hole burner at same stoichiometry. Air velocity constant.
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3. THEORETICAL CALCULATIONS

Theoretical calculations have been undertaken to obtain com-
parisons between experimental data obtained under well-defined conditions
and detailed chemical kinetics calculations. In addition, consideration
has been given to the significance of chemical reactions for which data
are available and the potential significance of reactions for which data
are not available. This section contains a discussion of the thermochemical
and kinetic calculations that have been performed thus far.

3.1 Equilibrium Calculations on Premixed Flames

Equilibrium calculations have been performed using the NASA
CEC71 computer program with the thermochemical information from the
JANAF Thermochemical Tables, Second edition (NSRDS-NBS 37). Equilibrium
compositions for the adiabatic flame temperature at one atmosphere for fuel/
air compositions with initial conditions of 298°K at one atmosphere have been
calculated for methane/air, propane/air, hydrogen/air, and carbon monoxide/
air. The information is presented in Tables 3-1 through 3-4. Only species
for which concentrations exceeded 5 ppm are included in the tables; species
considered in the calculations that did not exceed 5 ppm are listed at the
bottom of the table. Input air is considered to be dry and to contain
appropriate percentages of argon and carbon dioxide.

3.2 SBurvey of Coupled NOy/Combustion Kinetics

A survey of kinetic data for methane/air combustion was initiated
during this phase of the study. The status of the study at the end of this
phase is described below. An updated version of the survey will be found in
Reference 3-1.

The 25 species considered along with those species eliminated from
primary consideration are listed in Table 3-5 along with the factors that
went into making the species selections. The reactions included in this
portion of the study were those involving the 25 primary species for which
experimental or theoretical information was available in the literature.

A prescreening of the literature indicated that such information existed for
142 reactions. Thus, these reactions were numbered from 1 to 142*% on an
interim basis. During the detailed reaction data accumulation it was
determined that there was not sufficient information in the literature to
vield a numerical estimate for some of these reactions (although the informa-
tion on some of them was sufficient to ascertain that the rates were slow).
It was also decided not to maintain separate headings for unimolecular
reactions of differing order. Thus, numerical data were available only on
127 of the 142 reactions of the interim list.

3-1 Engleman, V. S., Survey and Evaluation of Kinetic Data on Reactions
in Methane/Air Combustion, EPA-600/2-76-003, January, 1976.

% This interim numbering differs from the final numbering system in
Reference 3-1 which runs from 1 to 322. A cross-reference will be
found in Appendix A.



TABLE 3-~1

EQUILIBRIUM COMPOSITION OF PRODUCTS IN METHANE/AIR COMBUSTION

P=1 ATM

INITIAL TEMP., = 298°K

PCT STOICH AIR 60 80 100 120 140 160
TEMP, DEG K 1784 2097 2226 2045 1861 1709
PRODUCTS PRODUCT MOLE FRACTIONS

AR 0.00709 0.00787 0.00837 0.00856 0.00867 0.00875
Cco 0.09824 0.05328 0.00898 0.00086 0.00011 0.00002
co2 0.03488 0.05757 0.08541 0.07955 0.06969 0.06165
H 0.00011 6.00057 0.00039 0.00004 0.00000 0.00000
H2 0.11459 0.03529 0.00364 0.00037 0.00006 0.00001
H20 0.15114 0.18548 0.18296 0.15890 0.13859 0.12261
NO 0.00000 0.00006 0.00197 0.00333 0.00264 0.00183
NO2 0.00000 0.00000 0.00000 0.00000 6.00000 0.00000
N2 0.59395 0.65948 0.70061 0.71569 0.72502 0.73195
0 0.00000 0.00000 0.00021 0.00016 0.00005 0.00001
OH 0.00001 0.00036 0.00286 0.00197 0.00082 0.00033
02 0.00000 0.00001 0.00459 0.03057 0.05434 0.07285

MOLE FRACTION LESS THAN 0.000005

c(s) ¢ CH CH2 CH20  CH3 CH4 CN
C2H  C2H2 C2H4 C2N C2N2 €20 c3 €302
HCM  HCO HNO HO2 H20(S) H20(L) H202 N
NH3 N2C N2H4 N20 N204

CN2
Ch
NH

c2
C5
NH2



TABLE 3-2

EQUILIBRIUM COMPOSITION OF PRODUCTS IN PROPANE/AIR COMBUSTION

P=1 ATM

INITIAL TEMP. = 298°K

PCT STOICH AIR 60 80 100 120 140 160
TEMP DEG K 1822 2140 2254 2076 1888 1732
PRODUCTS PRODUCT MOLE FRACTIONS

AR 0.00728 0.00805 0.00852 0.00870 0.00879 0.00886
co 0.12308 0.06366 0.01183 0.00132 0.00017 0.00003
co2 0.04098 0.07233 0.10341 0.09667 0.08471 0.07484
H 0.00013 0.00065 0.00042 0.00005 0.00001 0.00000
H2 0.09554 0.02699 0.00316 0.00037 0.00037 0.00001
H20 0.12281 0.15342 0.14841 0.12285 0.11232 0.09926
NO 0.00000 0.00010 0.00232 0.00366 0.00291 0.00201
NO2 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
N2 0.61016 0.67431 0.71307 0.72702 0.73510 0.74096
0 0.00000 0.00001 0.00028 0.00020 0.00006 0.00002
OH 0.00001 0.00047 0.00301 0.00205 0.00086 0.00034
02 0.00000 0.00002 0.00555 0.03111 0.05501 0.07367
MOLE FRACTION LESS THAN 0.000005

c(s) ¢ CH CH2 CH20  CH3 CH4 CN  CN2 2

C2H C2H2 C2H4 C2N C2N2 c20 c3 €302 ¢4 C5

HCN HCO HNO HO2 H20(S) H20(L) H202 N NH NH2

NH3 N2C N2H4 N20 N204

_68_



TABLE 3-3

EQUILIBRIUM COMPOSITION OF PRODUCTS IN HYDROGEN/AIR COMBUSTION

INITIAL TEMP. = 298°K

P=1 ATM

PCT STOICH AIR 60 80 100 120 140 160
TEMP, DEG K 2183 2349 2383 2216 2037 1884
PRODUCTS PRODUCT MOLE FRACTIONS

AR 0.00625 0.00707 0.00762 0.00792 0.00810 0.00824
co 0.00016 0.00013 0.00005 0.00001 0.00000 0.00000
co2 0.00005 0.00009 0.00019 0.00024 0.00026 0.00026
H 0.00219 0.00349 0.00181 0.00029 0.00004 0.00001
H2 0.1866, 0.07954 0.01534 0.00223 0.00044 0.00010
H20 0.28061 0.31478 0.32991 0.29115 0.25801 0.23054
NO 0.00004 0.00038 0.00260 0.00453 0.00404 0.00308
NO2 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
N2 0.52359 0.59194 0.63717 0.66067 0.67661 0.68872
0 0.00000 0.00007 0.00055 0.00049 0.00020 0.00007
OH 0.00045 0.00239 0.00687 0.00539 0.00272 0.00127
02 0.00000 0.00012 0.00483 0.02707 0.04957 0.06770
MOLE FRACTIONS LESS THAN 0.000005

c(s) ¢ CH CH2 CH20 CH3 CH4 CN CN2 €O

c2 C2B C2H2 C2H4 C2N c20  C3 €302 c4

c5 HCN HCO HNO HO2  H20(S) H20(L) H202 N NH

NH2 NH3 N2C N2H4 N20

_.017_



TABLE 3-4

EQUILIBRIUM COMPOSITION OF PRODUCTS IN CARBON MONOXIDE/AIR COMBUSTION

P=]1 ATM

INITIAL TEMP. = 298°K

PCT STOICH AIR 60 80 100 120 140 160
TEMP, DEG K 2306 2417 2384 2285 2151 2009
PRODUCTS PRODUCT MOLE FRACTIONS

AR 0.00626 0.00704 0.00754 0.00787 0.00809 0.00824
co 0.18884 0.09379 0.04226 0.01582 0.00472 0.00124
co2 0.28016 0.30186 0.29690 0.27914 0.25497 0.23023
NO 0.00052 0.00292 0.00511 0.00589 0.00545 0.00442
NO2 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
N2 0.52382 0.58815 0.62909 0.65637 0.67485 0.68785
0 0.00009 0.00070 0.00106 0.00083 0.00044 0.00018
02 0.00031 0.00555 0.01804 0.03407 0.05148 0.06785

_."[-37_

MOLE FRACTION LESS THAN 0.000005

C(S) C CN CN2 (2 C2N C2N2 (€20 €3 (302
Ch C5 N N2C N20 N204
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TABLE 3-5

SPECIES CONSIDERED FOR KINETICS SURVEY ON METHANE/AIR COMBUSTION

éPECIES PRIMARY SECONDARY LOG K FACTORS INCLUDED IN
AT 2000 CONSIDERATION
C X -10 possible role in soot formation
CH X X -10 hydrocarbon radical
CHN X X -2 possible role in prompt NO
CHO X X +3 stable radical
CHy X X -8 hydrocarbon radical
CH»0 X X +1 combustion intermediate
CH3 X X -5 hydrocarbon radical
CH30 X X possible role in ignition
CHy X X -3 starting material
CN X X -6 possible role in prompt NO
CNO X possible role in NO/HC interaction
co X +7 combustion product
COy X +10 combustion product
Co X -12 possible role in soot formation
CoH X -6 YC2 intermediates possibly
CoHy X -3 important for
CoHj X ; fuel rich combustion of
Caly X -3 methane or higher
C2H5 X hydrocarbons
CoHg X #
€0 -1 difficult to form from CO
o -10 possible role in soot formation
Cy -15 more likely from higher
Cs -14 hydrocarbons
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TABLE 3-5 (CONTINUED)

SPECIES PRIMARY SECONDARY LOG K FACTORS INCLUDED IN

AT 2000K CONSIDERATION
H X X -3 combustion intermediate
HN X X -8 possible role in prompt NO
HNO X X =5 possible role in prompt NO
HO X X 0 combustion intermediate
HO2 X X -3 combustion intermediate
Ho X X 0 combustion product
HoN X -6 possible intermediate
HyNo -12 not likely for methane/air
Hy0 X X +4 combustion product
Hy09 possible role in ignition
H3N X =5 possible role fuel rich
H3No not likely for methane/air
HyN» ~-14 not likely for methane/air
N X X -9 important role NO formation
NO X -2 of prime interest
NO2 X X -4 oxidation of NO
NO3 X -10 higher oxidation state of NO
N9 X X 0 starting material
N9O X X -6 possible role in prompt NO
N, 0, -15 not likely for methane/air
N20s -18 not likely for methane/air
0 X X -3 combustion intermediate
07 X X 0 starting material
04 X -7 possible role in ignition
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The interim recommended rates for the reactions used in this
portion of the study are included here as Table 3-6. More up-to-date
recommendations will be found in Reference 3-1. All reactions included
in the table are covered by rate constants and/or comments. The rates
are also calculated for temperatures of 300°, 1500°, and 2500°K in the
direction indicated (F for forward and R for reverse). Where five asterisks
appear in the comments section, only limited estimates are available and
should be regarded with caution. It should be realized that recommended
rates are evolutionary. As further kinetic and thermochemical data become
available, recommendations require updating. Thus, any recommended rates
should be considered as subject to further evaluation.

Additional reactions can be written involving these species in
unimolecular and bimolecular reactions, some of which could prove to be
significant in the mechanism of methane combustion with pollutant
formation. Thus, a listing has been made of all the possible unimolecular
and bimolecular reactions among 25 species in the methane/air combustion
system. The listing (Appendix A) contains notations indicating the type of
reaction for those included in the survey. An evaluation of the potential
importance of each of these reactions in methane combustion will be found
in Reference 3-1. The 322 reactions in this "master list" are numbered
both with their interim reaction numbers, where applicable, and sequentially,
with "X" numbers which cross-reference this list to the complete survey in
Reference 3-1.

3.3 Kinetics Calculations

Kinetics calculations during this phase of the program were
performed using the version of the CKAP* program modified for use on an
IBM 370 computer. Difficulties were encountered in attempting to
prevent negative concentrations in plug-flow cases. The rate of disappearance
of hydrocarbons is so rapid as their concentrations approach zero that
concentrations of these substances frequently go negative instead of
leveling off near zero. By taking special care with step size control and
relative error criterion, the problem could be alleviated in most cases.,

The initial set of calculations for reaction screening and data
comparisons have been run under isothermal conditions at the adiabatic flame
temperature in the region between 80 and 1207 stoichiometric air at atmo-
spheric pressure. The isothermal approach offers a number of advantages:
computer time is shortened, screening is facilitated since the rate para-
meters are held constant, and ignition is easily accomplished. Additional
runs have been made for the case of adiabatic dignition.** These runs
indicate the same qualitative behavior as the isothermal runs and basically
similar proportions of reaction intermediates are computed, even though the
absolute concentrations are not identical for the two cases.

* Supplied by EPA for use in this program. Developed for detailed kinetic
analysis by Ultrasystems under EPA contract 68-02-0220.

®% Such runs were accomplished by allowing a small amount of initial
reaction to occur at high temperature. After a temperature rise of
about 200°K, the system was dropped back to the lower temperature
(initial temperature + temperature rise) and ignition was allowed to
proceed.



TABLE 3-6
INTERIM RECOMMENDED RATES

RECOMMENDED RATES 1500=2500K 9/730/73
TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
IFe CH + CHN = CH2 + CN 1145 Oe6 8 33 % W3 NOTE B. T2 122 1246 1248
BASED ON T1 (J=P)
2Fe CH + CHO = CH2 + CO 1045 Qa7 le R NOTE B. 1145 1246 127 1248
BASED ON T1 (J=P)
3Fe CH + CH20 = CHZ + CHO 1140 Qe7 be Lk NOTE B 948 126 1245 13.0
BASED ON Tl (J=P)
4F¢ CH + CH3 = CH2 + CH2 11.1 Ce? 5 e NOTE B 92 1246 129 130
BASED ON T1 (J=~P)
SFe CH + CH4 = (CHZ + CH3 1le4 Oe7 e HHHKR NOTE B 848 127 131 1343
BASED ON T1 (J=P)
6Fe CH + C02 = CHO + CO 10.0 Os5 6a LA S ks NOTE A 69 1007 110 11le.2
BASED ON T1 (EST)
7Fe CH + H = CH2 1147 Ceb O BASED ON T1 (EST) 1249 1343 134 134
USE THIRD ORDER
SEE B8F»
B8BFe CH + H + M = CH2 + M NO DATA
WILL ESTIMATE
ORe CHZ2 + N = CH + HN 118 Qeb67 4065 ERx¥ NOTE A =1640 840 9eb6 105
BASED ON M8 (J=P)
10Fs CH + HMN = CN + H2 NO DATA
PROBABLY SLOW
9R FASTER THAN 10F
31R FASTER THAN 10R
11Fe CH + HNO = CH2 + NO 11.8 De5 Qe W33 H NOTE A, 1340 1344 1345 1345

BASED ON T1 (EST)

NOTE A - BEST ESTIMATE AVAILABLE, USE WITH CAUTION
NOTE B - ONLY ESTIMATE AVAILABLE, USE WITH CAUTION
NOTE C - LIMITED EXPERIMENTAL DATA AVATLABLE, USE WITH CAUTION

_g{7-



TABLE 3-6 (CONTINUED)

._917—

RECOMMENDED RATES 1500=2500K 9/30/73
TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
12Fs CH + HO = CHO + H 1167 045  10s  %xxxs NOTE As 5.7 118 1243 1245
BASED ON T1 (EST)
13Re CHZ + O = CH + HO 11e3  0a7 264  *®xxx NOTE B. =549 947 1048  1le4
BASED ON M8 (J=P)
14Fe CH + HO = CO + H2 NO DATA
PROBABLY SLOW
13R FASTER THAN 14F
14R UNFAVORABLE
15Fs CH + HO2 = CHO + HO 117 045 Ba  REARR NOTE As Beb  12e4 1247 1249
BASED ON T1 {EST)
16Fs CH + HO2 = CH2 + 02 1040  0e5  15s  *#xk¥ NOTE B. 043 Se4 1040 1044
BASED ON T1 (EST)
17Re CH2 + H = CH + H2 1145 0e7 264  *uxux NOTE B -547 949 1140 1146
BASED ON M8sT1 (J=P)
18Re CH2 + HO = CH + H20 1147 0.5 bo  HEEERE NOTE As Bab 1244 1247 1249
BASED ON T1 (EST)
19Fe CH + N = CN + H NO DATA
WILL ESTIMATE
20F. CH + NO = CHO + N NO DATA
PROBABLY SLOW
21Fe CH + N2 = CHN + N NO DATA
SPIN FORBIDDEN
22Fe CH + O = CO + H 1147 045 Ge  HEEEX NOTE A 1060 127 1249 1340
BASED ON Tl (EST)
23Fs CH + O + M = CHO + M 16e =045 Os  *¥unx NOTE Ae 1408  l4e4 1443 1443
BASED ON T1 (EST)



24F o

25F

26R

27R

28R

29R.

30R.

31F .

32F

33Re

34R e

RECOMMENDED RATES

REACTION
CH + 02 = CHO + 0
CH + 02 = CO + HO

CN + H + M= CHN + M

CH20 + CN = CHN + CHO

CH3 4+ CN = CHN + CH2
CH4 + CN = CHN + CH3
CHO + CN = CHN + CO

CHN + H = CN + M2

CHN + HO = CN + H20

CN + HN = CHN + N

i

CN + HNO CHN + NO

LOG A

117

1645

11.1

11.0

1145

11e3

1le4

113

11.0

11e6

TABLE 3-6 (CONTINUED)

07

Q7

Oe7

1500-~2500K

G

Qe

3

3e

5

O

18,

S5

2

O

9/3Q/73

COMMENTS

¥* 3 3% %% NOTE A
BASED ON T1 (EST)

NC DATA
PROBABLY SLOW

EHHRK NOTE A,
BASED ON T1 (EST)

* R NOTE A
BASED ON T1 (J=P)

2HAHR NOTE Ae
BASED ON Tl (J=P)

%%

BASED ON T1 {(J=P)
XPT 100X J=P 300K
REQUIRE A=1345 OR
REQUIRE E=0.

¥ 3 %% ¥ NOTE A
BASED ON T1 (EST)

XN NOTE B,
BASED ON T1 (J=P)

Ll NOTE A,
BASED ON Tl (J=P}

bl NOTE A,
BASED ON T1 (EST)

bl NOTE Ao
BASED ON T1 (EST)

300

846

15.3

1046

1065

946

1245

Jel

10.8

1248

TEMPs KELVIN

1500 2000
LOG K
1244 127
1449 1448
1249 13.1
1248 1340
13.0 13.3
1249 13.0
110 11e7
1245 127
123 12.4
13.2 1343

2500

1249

1448

1342

13.1

13464

13.0

1242

1249

1245

1343

_L{7...



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500=2500K 9/730/73
TEMPy» KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
35Fe¢ CHN + O = CN + HO 115 Q7 17 W3 3 NQOTE B 0.8 11e2 1240 12644
BASED ON T1 (J=P)
36Fe¢ CHO + M = CO 4+ H + M 20e  =1,5 1668 SRI ESTIMATE 4/11/73 b4aol 13,2 1346 1348
BASED ON HINSHELWOOD
=-LINDEMANN THEORY
XPTL REF Bé5 GIVES
Az12¢39B=0e54E=29,
NOT SENSITIVE XPT
37Fe CHO + CHO = CH20 + CO 11e2 Oe5 Oe W3 K NOTE As 12¢4 128 129 129
BASED ON T1 (EST)
38Fs CHO + CH2 = CH3 + CO 1045 Ca7 le ¥ 33 % NOTE A, 11e5 1246 12.7 1248
BASED ON T1 (J=P)
39Fe CHO + CH3 = CH2 + CH20 11e2 087 G X 33 H NOTE Bo 1040 1248 13.1 1342
BASED ON T1 (J=P)
40Fe CHO + CH3 = CHM4 + CO 1165 Cs5 Oe * 34 NOTE A 1247 1361 1362 1342
BASED ON T1 (EST)
41Fe CHO + CH4 = CH20 + CH3 1149 Deb Se "3 %% NOTE Be 68 1245 1249 1342
BASED ON Tl (J=P}
42Re CHZ + O = CHO + H 117 05 b ¥* 3% 3¢ 3 3% NOTE A. 1040 1247 1249 1340
BASED ON T1 (EST)
43Re CH20 + M = CHO 4+ H + M 3349 =445 BT SRI ESTIMATE 4/11/73 =4046 649 945 11.0
BASED ON HINSHELWOOD
~LINDEMANN THEORY
44F e CHO + H = CO + H2 1065 1o Os  SRI ESTIMATE 4/6/73 1360 1347 1368 1349

REF T1 ESTIMATES
A=12¢29B=0e59E=00

...8*7—



TABLE 3~6 (CONTINUED)

RECOMMENDED RATES 1500=~2500K 9/30/73
TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K

45Fe CHO + NO = CH20 + NO 11e5 0a5 Qo ¥ ¥ 36 % 3 NOTE A 127 1361 1342 1362
BASED ON T1 (EST)

46Re CH20O + O = CHO + HO 11,3 le o4 BASED ON D22sNT7eM27 10486 1348 l4a1 1443
USING B = 1
FIT MODIF ARRHENIUS
D22 BEST HI T
N7 & M27 BEST LO T

47Fe CHO + HO = CO + H20 1065 le Qe SRI ESTIMATE 4/6/73 13,0 137 1348 1349
XPT l4s AT 2000K
OTHER ESTS 1245
AT 2000K

48Re CH20 + H = CHO + H2 1061 le 3¢2 BASED ON W32 10e2 1248 131 1342
USING B = ]
NO OATA ABQOVE 1000K

49Re CH20 + HO = CHO + H20 945 le le SRI ESTIMATE 4/6/73 1142 125 127 12+8
AGREES WITH REF T1

50Fe CHO + N = CO + HN 113 De5 2e LA NOTE A 11ls1 1246 1247 128
BASED ON T1 (EST)

51Fe CHO + NO = CO + HNO 113 O«b 2 * k% NCTE A. 11la1 1246 12.7 1248
BASED ON T1 (EST)

52Fs CHO + 0O = CO + HO 1145 le Os5 SRI ESTIMATE 3/28/73 1346 1446 1447 14.9
OTHER ESTS 12.8

53Fe CH2 + CH4 = CH3 + CH3 1241 D7 204 3 A% NOTE A, “0e7 11le4 122 12.7
BASED ON T1 (J=P)

S54Fs CH2 + HNO = CH3 + NO 118 Q65 Os %% N NOTE A. 1340 134 1345 135

BASED ON T1 (EST)

.-6+7-



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500~2500K 9/30/73
TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
55Fe CH2 + MO = CH3 + O 11e7 Ce5 Ge * 3% % NOTE A 8e6 124 1247 1249
BASED ON T1 (EST)
56Re CH3 + H = CH2 + H?2 113 Ou7 3 * 3% % NOTE B 1048 1361 133 134
BASED ON Tl (J=P}
57Re CH3 4+ HO = CHZ + H20 108 Oe7 2» * R R NOTE B 11le1 127 1249 1340
BASED ON Tl (J=P}
58Fe CHZ + 02 = CH20 + O 117 05 T ¥ NOTE Ae T8 123 126 128
BASED ON T1 (EST)
56Re CH3 + O = CH20 + H 1243 Qe5 =043 BASED ON M25,022 1348 13.9 1440 1440
USING B = 0.5
M25 LO T D22 HI T
991Re CH30 + M = CH20 + H + M 4066 =745 22¢6 SRI ESTIMATE 4/11/73 56 135 13e4 13.1
BASED ON HINSHELWOOD
=L INDEMANN THEORY
NOTE A
60Re CH3 + 02 = CH20 + HO 1345 Oe 304 BASED ON D22 -84 9e1 10e2 1049
SRI RECOMMENDS
C = 30
D22 GIVES C=10
FOUR CENTER
61Re CH&4 + M = CH3 + H + M 15 Os 104, BASED ON H32 =608 02 346 569
FIRST ORDER
173 O B7¢5 BASED ON H32 -46 04 4e6 Te7 97
SECOND ORDER
RECENT XPT
62Fs CH3 + HNO = CH4 + NO 117 0e5 Qe 3 3 NOTE A 1269 13.3 13e¢4 1344

BASED ON T1 (EST)

_Og_



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500=2500K 9/30/73
TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
63Re CH4 + O = CH3 + HO 10 la 8 BASED ON W25¢H25 6e6 12.0 1244 127
USING B = 1l
64Fe CH3 + HO2 = CH4 + 02 11.0 O0e5 e W3 3% % NOTE As Te9 117 1240 1242
BASED ON T1 (EsT)
65Re CH4 + M = CH3 + K2 1047 ls 10 BASED ON W30 59 1244 1249 1362
USING B = 1o
AGREES W/ OTHER
XPT AND EVAL
66Re CH4 + HO = CH3 + H20 1345 Oe 5e BASED ON W31 99 1248 1340 13.1
EVAL 300-2000K
AGREES G18» 300-500K
992Fe« CH3 + 02 = CH30 + O Sed le 28¢5 SR] ESTIMATE 4/11/73 -89 Bel Feb 103
BASED ON EARLIER EST
USING B = 1.
67Fe CN + NO = CO + N2 11le5 Ooe Os L NOTE Ce 115 11le5 115 115
BASED ON B78 (XPT)
993Fe CN + O = CO + N 12 Qe Os BASED ON B78s R5 1240 120 1240 1240
ASSUME C = 0
DATA 300~-700K
68Fs CN + C2 = CO + NO 11e5 Os Qe LE Ak NOTE (o 1145 1145 11e5 1145
BASED ON B86 (XPT)
UPPER LIMIT
69Fe CO + HNO = CO2 + HN 110 0e5 T W3 % NOTE Ae Tel 11le6 11.9 1241
BASED ON T1 (EST)
70Fe CO 4+ HO = CO2 + H 9eb Oe5 Qe BASED ON TRANS STATE 10.8 112 1l.3 1l.3

PARAMETERS H = =1,

S = =30y CP = =3

LOG K = 11« AT 300K
BETTER FIT TO DATA
WITH A=54998=2¢9Cz=~1]



T1F

T2R

73R

T4F o

T5F o

T6R

77R

78F o

T9R e

80F

RECOMMENDED RATES

REACTION
€O + HO2 = C02 + HO
C02 + H2 = CO + H20
Co02 + N = CO + NO
€O + NO2 = CO2 + NO

CO + N20 = CO2 + N2

€02 = CO + 0O

€02 + M= CO + 0 + M

€0 + 02 = CO2 + O

H2 + M H+H+ M

H + HN HZ2 + N

Hi

LOG A

11,

940

113

1245

11.0

15

13,

1463

118

TABLE 3-6 (CONTINUED)

O

Os

Qs

Os

1500=2500K $/30/73
C COMMENTS
10e5 SRI ESTIMATE 9/11/73

15

25

30,

23

100,

60

96

8

REF L11 RECOMMENDS
A=1249B=20e9C=1645

HH AR NOTE A
BASED ON T1 (EST)

BASED ON T1

WITH HIGHER C
PROBABLY SLOW
SPIN FORBIDDEN

BASED ON B47s J6
LIMITED OLD DATA

* 3 3% % NOTE C.
BASED ON L9 (XPT)

USE THIRD BODY
SEE 77Re

BASED ON (264 O1
COMPLEX REACTION
SLOW DISSOCIATION
RECENT DATA

BASED ON D22
MINIMUM E=50

HI T DATA FAIR AGRMT

BASED ON B88
M = AR
BEST RECENT EVAL

SRI ESTIMATE
QPR NOs 2y 2/15/73

BASED ON TRANS STATE

PARAMETERS H = 7
S = =224 CP = =3

300

“579

-30.7

=5546

TEMPs KELVIN

1500 2000
LOG K
9.5 9¢9
8ol 90
92 10«2
8ol 92
Teb 8e5
Osts Gal
443 XX
0«3 3.8
122 1246

2500

10,1

e

1048

90

663

Te8

549

1248

_Zg_



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500=2500K 9/30/73
TEMPs KELVIN
REACTION LOG A 8 C COMMENTS 300 1500 2000 2500
LOG K

81Fs H + HNO = HN + HO 1163 O0eb 13, ¥ 3t 3¢ 3t % NOTE A. 3¢l 1160 11e5 119
BASED ON T1 (EST)

82Fe H + HNO = H2 + NO 13, O 2¢5 BASED ON H31 11l.2 126 1247 12.8
FIT DATA 200=2000K

B3Fe H + HO = H2 + O e 9 1ls T BASED ON B88 Te3 12.1 12.4 1247
CRIT EVAL 400=2000K

B4Re H20 + M = HO + H + M 1545 Os 105 BASED ON B8S =510 Oe2 440 63
M = N2
CRIT EVAL 2000=6000K
DIFFICULT TO STUDY

85Fe H + HO2 = HO + HO l4de4 O 1¢9 BASED ON BS88 1340 14,1 1442 1442
CRIT EVAL 290-800K

B6Fe H + HO2 = H2 + 02 13e4 Os Oe7 BASED ON BS8S8 1249 133 1343 1343
CRIT EVAL 290~800K

87Fe H + HOZ2 = H20 + O 1340 Coe le BASED ON L11 123 129 12.9 1249
EVAL 300-1000K
LOWER THAN REC Bg&s
1249 AT 293K

88Re HO + HZ = H + H20 13.4 O 5¢2 BASED ON BS8S8 9eb 1246 1248 1249
EVALs AGREES XPT

8B9Fe H + N + M = HN + M 16e5 =045 Qe * % % % NOTE A 1543 149 1448 1448
BASED ON T1 (EST)

90Re HN + O = H + NO 11.8 0¢5 Os SRI ESTIMATE 1340 13e4 1345 1345

QPR NOs 29 2/15/73
BASED ON TRANS STATE
PARAMETERS H = =1

S = =22y CP = =3

_gg-



91R.

92F «

F3R

FG4F o

95R

96F o

9T7R e

HNO + O

H + NOZ2

HN + N

H + N20

HNO + N

RECOMMENDED RATES

REACTION

HO + N = H + NO

H + NO + M = HNO + M

it

H + NO2

]

HO + NO

H + N2

H

HN + NO

it

H + N2O

H

LOG A

118

1643

1047

1445

118

1140

1047

TABLE 3-6 (CONTINUED)

Ooe

0e5

1500~2500K 9/30/73
C COMMENTS
Be SR1 ESTIMATE

Qe

Ce

O

30

QPR NOs 2s 2/15/73

BASED ON TRANS STATE

PARAMETERS H = 7

S = =22y CP = =3

K = 1345 AT 320K
BASED ON REF (8
WOULD REQUIRE C = 0

ALSO USE C=0 FOR SCR
GIVES 13445 AT 2000K

BASED ON C20y H1O
AT 300K

USING B = 0s C = 0
M = H2

DATA 200~700K INDIC
SLIGHT NEGATIVE E

*HHF R NOTE A
BASED ON T1 (EST)

BASED ON B9O
300=600K
NO DATA ON REVERSE

SRI ESTIMATE
QPR NOs 2+ 2/15/73

BASED ON TRANS STATE

PARAMETERS H = =1
S = =22y CP = =3

W RER NOTE A
BASED ON T1 (EST)

3 % NOTE Ae
BASED ON T1 (EST)

300

1643

1149

1344

1340

TEMPs KELVIN
1500 2000
LOG K
122 1246
163 163
123 1244
1443 1443
1344 1345
8e2 b4
119 1240

2500

128

1663

12«4

l14e4

1345

10s1

1261



G8F,

G9F o

100R

101F .

102F

103F,

104F «

105R

106F

107F e

RECOMMENDED RATES

REACTION

H + N20 = HO + N2

H + 0+ M= HO + M

HO + 0 = H + 02

H+ 02 + M= HOZ2 + M

HN + HN = H2 + N2
HN + HO = HZ + NO
HN + HO = H20 + N
HNO + N = HN + NO
HN + NO2 = HNO + NO
HN + N20 = HNO + N2

LCG A

1349

1549

1344

1542

117

1140

11.3

110

TABLE 3-6 (CONTINUED)

O

O

O

05

05

Qe5

1500~2500K 9/30/73

154

O

Oe

le

2e

2a

5e

3.

COMMENTS

BASED ON BSO
CRIT EVAL 700=2500K

BASED ON S30
LIMITED DATA
REF B88 GIVES NO REC

BASED ON B88,y W31
NOTE REF B88 REC'S
FOR 100Fe A= l4ae4y
B = Qss C = 1648
CRIT EVAL 300=2000K

BASED ON B8S8
M = AR

FOUR CENTER

PROBABLY SLOW

D8 GIVES 14 AT 2000K
BAHN CITES 13 FROM
REF M8 (ERROR)

FOUR CENTER
PROBABLY SLOW

K NOTE Ao
BASED ON T1 (EST)

%% 2 % NOTE As
BASED ON T1 (EST)

g NOTE A,
BASED ON T1 (EST)

A RR NOTE As
BASED ON T1 (EST)

300

340

1549

1344

1445

115

1048

101

TEMP s KELVIN
1500 2000
LOG K
117 123
1549 1549
1344 13.4
15.1 1561
1340 13.1
123 12.4
12.2 1244
1262 1243

2500

1246

159

1344

1541

1342

1245

126

l2¢4

_.gg_



108F

109F»

110R.

111R.

112R.

113Fs

114Fs

115Fs

116Re

RECOMMENDED RATES

REACTION

HN + 0 = HO + N

HN + O + M = HNO + M

HNO + O = HN + 02
H02 + N = HN + 02
HO + N + M = HNO + M
HNO + HO = H20 + NO
HNO + NO = HO + N2O
HNO + 0 = HO + NO

H2 + 02 = HO + HO

LQAG A

11.8

1660

1140

11,

1540
1440
12

1263

117

12e4

TABLE 3-6 (CONTINUED)

1500«2500K 9/30/73
B C COMMENTS
Oe5 84 SR1 ESTIMATE

=05 O.
Oe5 Te
Os Qe

=065 Ce
0. O.
O le
Os 260
Oeb Oe
Da 3G,

QPR NOs 29 2/15/73
BASED ON TRANS STATE
PARAMETERS H = Ty

S = =22y CP = =3

Lk NOTE A
BASED ON T1 (EST)

RN NOTE Ae
BASED ON T1 (EST)

% 3% K3 NOTE C.
BASED ON K25 (XPT)
LOWER LIMIT

*oe Rk nn NOTE A.
BASED ON T1 (EST)

BASED ON H31
SRI ESTIMATE 3/28/73

BASED ON W23
REEXAMINATION OF
EXISTING M2=NO DATA

1000=1300K
A KRR NOTE A
BASED ON T1 (EST)
BASED ON R2
1400=2500K

REF B88 INDICATES
R2 PROBABLY VALID
BUT MAKES NO REC

300

1448

11.0

1348

14.0

1143

~606

1249

=1640

TEMPs KELVIN
1500 2000
LOG K
1242 126
l4a4 1443
1146 11.9
11le0 11.0
1344 1343
1440 1440
119 1149
8e5 Ge5
133 13¢4
67 8e1

2500

1248

1443

1241

11.0

133
1440
11.9

1040

1344



117F

118F,

119F.

120R.

121R.

122R.

123F.

124R e

125F »

RECOMMENDED RATES

REACTION
HO + HO = H20 + O
HO + HO2 = H20 + 02
HO 4+ NO = HOZ2 + N
HO2 + NO = HO + NO2
HO2 + M = HO + O + M
HO2 + 0O = HO + 02
H2 + NOZ2 = H20 + NO
N2 + M= N+ N+ M
N + NO = N2 + O

LOG A

1248

13,

124

1546

1347

2146

1342

11.8

TABLE 3-6 (CONTINUED)

B

Os

O

O»

~-1lsb

Oa

1500=2500K 9/30/73
C COMMENTS 300
le BASED ON B88 1241
EVALUATION 300~2000K
1. BASED ON L11 1243
H37 INDIC 14 AT 300K
B88B SUGGESTS 1248 AS
LOWER LIMIT AT 300K
NO DATA
WILL ESTIMATE
3. SRI ESTIMATE 3/28/73 Se8
LOWER THAN J12sN&
WITHIN LIMITS L11
64 SRI ESTIMATE 4/6/73 ~3447
NO VALID DATA (B88)
le BASED ON L11 13.0
300=1000K
LIMITED INFO
SLOW
K=3e5 AT 700K
225 BASED ON B90 -14643
M = N2
Oe BASED ON B9O 1342
CRITICAL EVALUATION
Ce SRI ESTIMATE 1340

QPR NOe 29 2/15/73
BASED ON TRANS STATE
PARAMETERS H = =14

S = =22y CP = =3

TEMPy KELVIN
1500 2000
LOG K
127 1247
1249 129
11e6 11.7
le5 3.7
1346 1346
=16¢3 =843
1342 1362
13¢4 1345

2500

127

1249

1147

449

1346

=345

13.2

1345

_Lg_.



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500=-2500K 9/30/73

TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
126Fe N + NO 4+ M = N20O + M STABILIZ NOT LIKELY
PROBABLY GOES TO
N2 + O
$30=NO EVIDENCE

127Fe¢ N + NO2 = NO + NO 1246 O O BASED ON P10O 1246 1246 1246 1246
USING B = 0y C = 0
B90 INDICATES
P10 UPPER LIMIT
PROB 245X LOWER

128Fs N + NO2 = N2 + O + O 1242 Oe Os BASED ON P10 1242 122 1202 1292
USING B = 0 C =0
UPPER LIMIT

129F« N 4+ NO2 = N2 + 02 1240 Qs Qo BASED ON P10 1240 1240 1240 1240
USING B = 03 C = 0O
PROBABLY UPPER LIMIT

130F¢ N + NO2 = N20 + O 1267 O Qe BASED ON P10 1267 1247 127 1247
USING 8 = O C = 0

131F« N + N20 = NO + N2 87 Os 104 HHHRK let 762 746 748
BASED ON B19 (SEL)

132Re NO + M

i

N+ 0 + M 2066 =145 150 BASED ON B90 ~-92s4 -5e0 =07 2¢4
M = ARy N2s 02
CAUTION RECOMMENDED
14a.1 Oe 148 BASED ON M26s M = AR =9347 ~Te5 =2l 1e2
(O} FORMATION MEAS.

133Fe N + 02 = NO + O 9¢8  1a 603 BASED ON B90 Te7  12e1 1244 1246
EVALUATION 300=3000K
11e8 045 8s  SRI ESTIMATE Te2 1262 126 1248

QPR NOes 29 2/15/73
BASED ON TRANS STATE
PARAMETERS H = 7

S = =229 CP = =3

_8g_



TABLE 3-6 (CONTINUED)

RECOMMENDED RATES 1500-2500K 9/30/73

TEMPs KELVIN
REACTION LOG A B C COMMENTS 300 1500 2000 2500
LOG K
134F« NO + NO

B

N2 + 02 SPIN FORBIDDEN
PROBABLY SLOW
OLD DATA DID NOT
MEASURE THIS RX
ACTUALLY MEAS 135F

135Re N20 + O

1]

NO + NO 1440 O 284 BASED ON B9O =60k Fe9 1049 1le6
EVAL 1200=2000K
SAME RATE AS 141R

136F« NO + NO2

N20 + 02 NO TRANSITION STATE
NO EXPTL EVIDENCE
1240 Oe 60 BASED ON B19 (EST) =31e7 3.3 54 6e8

137F« NO + N20

u

NO2 + N2 123 Qe 4Q0 BASED ON K30 =168 695 Te9 848
USING A = 1243
NO RECENT DATA

138Re NO2 + M = NO + O + M 1640 Coe 654 BASED ON B90s T4 ~31e4 6e5 Be9 1043
M = ARy 02
1400=2400K

139Re NO2 4 O = NO + 02 13, Os le BASED ON B53 1243 1249 129 1249
CRIT EVAL 300=-600K
NO HI T DATA

140Re N20 + M = N2 + O + M l4a Os 50 APPROXIMATE =224 67 845 9e6
COVERS LIMITED DATA
IN 1500=2%500K RANGE

141Re N20 4+ O = N2 + 02 14, O 28 BASED ON B90 “6e& 9e9 1049 1146
REC 1200~2000K
SAME RATE AS 135R

142Re 02 + M = 0O + 0O + M 18¢4 =1s 118¢7 BASED ON Jbs M = AR  =70s6 =21 241 beb
1964 =1s 118e¢7 BASED ON J&s M = 02 =6946 =~lel 546
CRITICAL EVALUATION
WIDE TEMP RANGE
1000=8000K FOR 02
300-15000K FOR AR

"non

[ I
.
—

...6g...
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In the screening studies, reactions could be eliminated for one
of three reasons:

1. The reaction itself is too slow to play a major
role for any species.

2. The reaction is part of a loop which merely returns
its starting material.

3. A species involved in the reaction is of no
importance in either combustion or pollutant
formation.

These practical considerations must be handled with some caution since
reaction elimination based on species could vary with the goals of the
screening procedure. For example, calculations oriented primarily toward
heat release and combustion efficiency could easily ignore NO forming
reactions since these reactions play a very small role in that respect.

At peak NO formation rate, the NO forming reactions are involved in only
about 0.01% of the O atom appearance or disappearance reactions. Since NO is
of prime interest in these calculations, such reactions must be carefully
retained. On the other hand, since soot is not likely to form in methane/air
combustion unless substantial concentrations of hydrocarbons remain at the
end of the combustion zone, reactions precursor to soot formation can probably
be ignored with a fair degree of safety as long as calculations are restricted
to the region of 80%-1207% stoichiometric air at atmospheric pressure.

While progress toward the definition of a 'minimum reaction set”
is an ultimate goal it is more important initially to appreciate the chemistry
of the coupled reactions. With 322 possible unimolecular and bimolecular
reactions which can be written for the 25 species in the kinetics survey,
it is entirely possible that some reaction beyond those 142 reactions for
which rate information was reported in the literature might be of importance.
While many of the reactions not reported in the literature are not elementary
reactions an evaluation of the potential importance of each of the remaining
reactions will be undertaken as a step towards the complete evaluation of
the combustion/pollutant formation mechanism for the 25 species considered.
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3.4 Results of Theoretical Caleculations for Methane/Air

Screening calculations have been performed, using the interim
(September 1973) recommended rates for the kinetics survey, to gain insight
into the major reaction paths and major reactions in the coupled combustion/
pollutant formation for methane/air. The interim rates have since been
superseded by the recommended rates given in Reference 3-1 but the results
obtained from these calculations are instructive for the overall features
uncovered. However, the reader should be aware that the quantitative details
would be different if the revised rates were used and that the reaction set
used for these calculations was not complete. Therefore potentially impor-
tant paths for NOx formation have been omitted from these calculations.

Most of the calculations were accomplished under isothermal con-
ditions at the adiabatic flame temperature as discussed earlier. These iso-
thermal calculations result in temperatures and reaction rates in the early
combustion zone which are higher than those observed experimentally. There-
fore, the calculations indicate a hydrocarbon burnout rate which is more
rapid than for the case of an adiabatic flame. However, the essential
features of the combustion are preserved as indicated by comparison with
calculations of adiabatic ignition from room temperature. The concentrations
calculated for the intermediates remain basically the same. The concentra-
tion levels are sufficiently close for screening purposes although the over-
shoots tend to reach higher concentrations (but for shorter times) in the
isothermal case.

Concentrations of selected species as a function of time for plug
flow reaction at stoichiometries of 80%, 100% and 1207% stoichiometric air
are given in Tables 3-7, 3-8 and 3-9 respectively. It should be emphasized
that these are only preliminary calculations based on the limited number
of reactions reported in the literature. Such calculations are highly
informative but must be followed by more complete calculations for further
elucidation. The reaction times selected for these tables are illustrative
of some of the zone divisions to be discussed in Section 3.5. At this point
a discussion of the species concentrations themselves will be presented.

3.4.1 80% Stoichiometric Air

In Table 3-7 for 80% stoichiometric air, the first column of
concentrations indicates the initial conditions corresponding to zero time.
After 35 usec (assuming no ignition delay) the methane is essentially gone.
The CO has built up to essentially its maximum concentration and some of
the CO has already reacted to form CO2. Before CO reaches its peak,
substantial concentrations of hydrocarbon intermediates as well as CHO and
CH20 are observed but these have dropped off by the time CO has peaked.
Concentrations of the radical intermediates H, HO, and O reach their peaks
at about the same time as CO, with H being 1.2 mole %, HO being 1.1% and
O being 0.4%. Molecular hydrogen has also reached a high level (2.3%)
although water is much higher at 18.0%. NO has not yet formed to a
substantial extent, being on the order of 0.2 ppm but its rate of formation,
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as indicated in Table 3-7, is quite high. Two species (N and NO2) present

in very low concentrations have quite different orders of importance.

Atomic nitrogen plays a major role in NO formation* through N + 02 and

N + OH and it is formed almost exclusively by the reaction N2 + O —> NO + N.
Thus N concentration is essentially determined by the O concentration.

On the other hand, NO2 never builds up to any substantial extent in the
combustion zone and, almost as quickly as it is formed, it returns to NO.

After 600 psec CO and CO, have almost reached their ultimate
concentrations. Species H, HO and 0, while having decreased in concentration,
are still substantially above their equilibrium values. The concentrations
of Ho and H90 have essentially leveled off while NO is still increasing
but at a much slower rate.

After 4.6 msec, species concentrations remain fairly constant,
and although O and N atom concentrations are still somewhat above equilibrium,

they are not high enough to cause substantial incremental NO formation.

3.4.2 100% Stoichiometric Air

Table 3-8 summarizes the kinetics calculations for 100%
stoichiometric air. After 12 usec (no ignition delay) methane has
disappeared and CO has reached its peak. Some of the CO has already reacted
to CO2. Concentration of Hy has reached 2% and H90 has reached 13.6%.
Atomic nitrogen is over 0.l ppm, a high mole fraction for this intermediate,
while NO has just started to form, being slightly in excess of 1 ppm.
Molecular oxygen has dropped from its initial concentration of 197 to
about 47 on its way to 0.5%. The rate of NO formation, at this point, is
extremely high (320,000 ppm/sec) but is dropping off quite rapidly as the
concentration of oxygen atom decreases. By the time 300 psec have elapsed
the rate of NO formation has dropped to 90,000 ppm/sec and about 50 ppm of
NO has formed.

After 10 msec, CO and COp concentrations have leveled off at
about 17 and 87 respectively. The concentrations of radical intermediates
have dropped off to within 1507 to 200% of their equilibrated values and
the NO formation rate has dropped off to 7,000 ppm/sec. The calculated
concentration of 200 ppm represents an average formation rate of 20,000
ppm/sec, compared to an average formation rate of 150,000 ppm/sec up to
0.3 msec, and an average formation rate of 5,500 ppm/sec up to 100 msec.
At the 100 msec point the instantaneous formation rate has dropped to less
than 4,000 ppm/sec. The rapid initial formation of NO, even though probably
overpredicted because of the high initial temperature, bears many resemblances
to what might be called "prompt NO" (3-2).

It should be noted that recommended rates were not available at the

time of these calculations for additional reactions, which are potentially
important for NO formation. Therefore, the inferences made here should

be regarded as preliminary and subject to further refinement.

(3-2) Fenimore, C. P., 13th Symposium (International) on Combustion,
P. 373, The Combustion Institute, 1971.
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TABLE 3~7

KINETIC CALCULATIONS FOR PLUG FLOW CH,/AIR COMBUSTION AT 807 STOICH AIR
4

T = 2097°K

Branching Zone

Relaxation Zone

Post-~Flame Zone

Species t =0 35 U sec 600 u sec 4.6 msec 10 msec
CH, 11.6% 14 ppm - - -
co - 9.47% 5.4% 5.3% 5.3%
CO2 - 1.3% 5.7% 5.8% 5.8%
H - 1.2% 0.4% 0.07% 0.06%
——gb - 1.1% 0.2% 0.05% 0.04%
HZ - 2.3% 3.5% 3.5% 3.5%
H20 - 18.0% 18.3% 18.67% 18.6%
N - 2.7x10 2 ppm | 1.0 x 1072 ppm 1.6 x 107 ppm | 1.2 x 107> ppm
NO - 0.2 ppm 4.8 ppm 5.7 ppm 5.9 ppm
NO, - 107 ppm 1073 ppm 10™* ppm 5% 107 ppm
) — 0.4% 0.02% 0.0007% 0.00047%
02 18.6% 1.4% 0.04% 0.0027% 0.001%
défo) - 32,000 ppm/sec 1,600 ppm/sec 39 ppm/sec 36 ppm/sec

Note:

See

Section 3-~5 for discussion

of "zones'.
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TABLE 3-8

KINETIC CALCULATIONS FOR PLUG FLOW CHA/AIR COMBUSTION AT 100% STOICH AIR

T = 2222°K

Branching Zone Relaxation Zone Post~Flame Zone

Species t =0 12 y sec 300 u sec 10 msec 100 msec
CH4 9.5% 5 x lO'2 ppm - - -

co - 7.7% 3.1% 1.0% 0.8%

co, - 1.1% 6.1% 8.4% 8.6%

H - 2.0% 0.7% 0.06% 0.04%

HO - 2.0% 1.1% 0.47% 0.3%

Hz - 2.0% 1.4% 0.47 0.3%

HZO — 13.6% 16.1% 18.2% 18.4%

N - 0.11 ppm 0.06 ppm 0.02 ppm 0.01 ppm

NO -— 1.4 ppm 49 ppm 200 ppm 550 ppm

NO2 - 0.0004 ppm 0.02 ppm 0.04 ppm 0.09 ppm

o - 1.4% 0.4% 0.03% 0.02%

0, 19.0% 4.1% 1.9% 0.6% 0.5%

ééggl - 320,000 ppm/sec | 90,000 ppm/sec 7,000 ppm/sec 3,700 ppm/sec
Note: See Section 3.5 for discussion of "zomnes'.
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TABLE 3-9

KINETIC CALCULATIONS FOR PLUG FLOW CHA/AIR COMBUSTION AT 1207 STOICH AIR

T = 2044°K

Branching Zone

Relaxation Zone

Post-Flame Zone

Species t = 12 u sec 900 U sec 40 msec 500 msec
CH4 8.0% 8 ppm - — -
co - 6.7% 0.9% 0.09% 0.08%
co, e 0.8% 7.1% 7.9% 7.9%
" — 1.6% 0.2% 0.004% 0.004%
_-;b — 1.6% 0.7% 0.2% 0.2%
H, —— 1.3% 0.4% 0.047% 0.047%
HZO - 12.27% 15.1% 15.9% 15.9%
N - 0.02 ppm 0.008 ppm 0.0009 ppm 0.0009
NO — 0.3 ppm 22 ppm 86 ppm 483 ppm
N02 -— -= - - -
0 —-— 1.5% 0.2% 0.02% 0.02%
02 19.3% 6.3% 3.6% 3.2% 3.2%
déﬁO) — 85,000 ppm/sec 12,000 ppm/sec 1,000 ppm/sec 900 ppm/sec
Note: See Section 3.5 for discussion of "zones".
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3.4.3 120% Stoichiometric Air

At 1207% stoichiometric air (Table 3-9) the basic features of
the concentration profiles are the same as with lower air supply, except
that the N atom concentrations are lower and NO is produced more slowly.
At the 12 psec point it can be seen that the concentrations of H, HO, and O
are almost the same as in the 100% stoichiometric air case, yet the N atom
concentration is lower by a factor of 5. As will be discussed later,
N atoms are produced primarily by the reaction Ny + O —> NO + N which
has a 75 kcal activation energy and, therefore, proceeds more slowly at
2044°K than it does at 2222°K. By the same token, NO is produced more
slowly, and again its concentration is lower by a factor of 4 to 5 throughout.
If the temperature were increased to 2222°K, one might expect more rapid NO
formation at 120% stoichiometric air than at 100% stoichiometric air.
Indeed, this is observed experimentally (see Section 3.5).

3.5 Discussion

Theoretical calculations based on the recommended rates from
the kinetics survey of methane combustion indicate that, at all mixture
ratios studied, the combustion process under plug flow conditions can be
divided into three zones. For identification and convenience, these zones
will be called the branching zone, the relaxation zone and the post-flame
zone. The basic charagteristics of each zone are as follows: (it should
be noted that the reaction times, provided for reference would vary with the
temperature profile. The features discussed are valid for the general
combustion case.)

(1) The Branching Zone (10-100 usec duration following ignition
delay, if any):

- 1is the zone in which the hydrocarbon is consumed.

~ the hydrocarbon goes primarily to CO and H20 although some
COy and Hy are formed in this zone,

- the most important feature of this zone is that the radical
intermediates such as 0, H, HO, etc., build up to extremely
high concentrations and N atoms are substantially in excess
of equilibrium although at low absolute concentrations.

-~ the individual intermediates do not appear to reach maximum
concentrations at precisely the same time, but the point at
which methane concentration has reached a low level (on the
order of 1 ppm) coincides roughly with the peak concentrations
of the intermediates.

- because of the short times involved, the NO concentration at
the end of the branching zone is quite low (on the order of
1 ppm) but the rate of NO formation is at its peak because
of the high concentrations of the intermediates.

~ while very little NO is produced in this zone, it is the high
concentrations of intermediates which set the stage for rapid
NO formation and, therefore, the kinetic details of this zone
are extremely important.
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(2) The Relaxation Zone (5-50 msec duration):

- 1s the zone in which the concentrations of intermediates
approach their ultimate values at the specified temperature.

- the end of this zone is more difficult to define because the
approach to equilibrium is asymptotic. However, the precise
definition is not critical since it is an arbitrary
separation to distinguish this zone from the post-flame
zone in which intermediates have essentially reached
equilibrium. One possible definition of the end of the
zone is the point at which intermediate concentrations
(0, OH, H, N) have reached, e.g., 200% (or 150% or 110%)
of their equilibrium values. Another definition might
involve the rate of change of concentration of these
intermediates,

-~ in this zone, the rapid formation of NO takes place.
However, the stage has already been set by the high
concentrations of intermediates produced in the branching
zone.

- the primary NO forming reactions in this zone, using the
preliminary rate survey, appear to be Np + 0, N + 0y and
N + HO. However, the concentrations of these species
are not yet equilibrated in this zone. Thus, the rate of
formation of NO can be substantially higher than that
predicted by classical Zeldovich kinetics.

~ even without "“prompt NO" reactions, which may involve
nitrogeneous species other than atomic and molecular
nitrogen, the high concentrations of intermediates do
result in very rapid or "prompt" NO formatiom.

- it is still worth searching for "prompt NO" reactioms.
The master set of 322 reactions includes several reactions
for which rate data are currently unavailable. An evaluation

of the potential importance of each of the 322 reactions would
provide a starting point for a further screening effort.

With reasonable estimates for the resulting set, the screening
framework would provide a basis for the evaluation of reactions
of importance.

- the formation of N atoms in these calculation is found to
result almost exclusively from the reaction Ny + 0 = NO + N.
The destruction of N atoms is primarily through NO forming
reactions N + Oy = NO + O and N + HO = NO + H. Other N-forming
reactions should be sought in the extension of this kinetics

survey.

- the formation of O atoms is found to result almost exclusively
from the reaction H + 0, = HO + 0.
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-~ the formation of H atoms is found to result, in good part,
from the reaction CO + HO = COp + H. The destruction of H
atoms occurs, in good part, through the reaction H + 0y =
HO + O.

- HO is formed in the H + 0, reaction and destroyed in CO + HO
(although not exclusively%.

- to summarize the nature of the rapid NO formation observed
in kinetic calculations using the preliminary rate survey:

+ the NO formed depends primarily on the concentrations of
N and O atoms.

+ N atom formation depends on the O atom concentration
through N2 + 0 = NO + N. N atom destruction depends
on HO + N = NO + H and N + 02 = NO + O.

+ O atom formation depends on the H atom concentration
through H + 02 = HO + 0. O atom destruction is
primarily through reaction with CHO at the branching/
equilibration interface and through reaction with
H,0 at the equilibration/post flame interface.

+ the H atom formation depends on the CO and HO concen—
trations through CO + HO = CO, + H. Destruction of
H atoms occurs through recombination with HO and CHO
and by the H + 0, reaction.

+ the initial concentrations of CO, HO, H and O in the
equilibration zone are determined by reactions occurring

in the branching zone.

(3) The Post-Flame Zone (50 psec and beyond):

— the concentrations of intermediates are either equilibrated,
or nearly so, and the modified Zeldovich treatment (including
steady state assumptions) is a good approximation of the
behavior in this zone.

The above observations lead one back to questions about a quasi-
global approach in which the hydrocarbon can partially oxidize in one step
and the intermediates can burn out in a detailed manner. The behavior of
the hydrocarbon in the branching zone, at first glance, appears to be
quasi-global in nature. Hydrocarbon reacts very rapidly to produce CO and
Hy0 before a substantial concentration of NO is produced. However, in
addition to CO and H90, the hydrocarbon disappearance results in the
appearance of high concentrations of other reactive intermediates.

In the Fourteenth Symposium (International) on Combustion, a
paper by Engleman.ggugl. (3-3) demonstrated that while CO and H2 combustion
in a jet-stirred combustor could be modeled by detailed kinetics, a
quasi-global model for propane was not adequate to predict NO formation.
The global hydrocarbon step in that mechanism was

3-3 V. S. Engleman, W, Bartok, J. P. Longwell, and R. B. Edelman,
Fourteenth Symposium (International) on Combustion, p. 755,
The Combustion Institute (1973).
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(1) HC+02 ——) CO+H2

The CO and Hy) were then allowed to complete combustion by a detailed mech-

anism. It appears from detailed modeling that
is actually g that the global hydrocarbon step

(1D) HC + 02 —— CO + HZO + (reactive intermediates)
(H, HO, H,, 0)

In global step I an approximation to the true picture is made by assuming
all the hydrogen in the hydrocarbon goes through Hy, a species which can
participate actively in branching reactions.

Thus, the quasi-global mechanism for hydrocarbon combustion
achieves an approximation of the overshoot of equilibrium by making the
assumption that the hydrocarbon is converted in one step to CO and H»
(see Appendix C). The Hp then participates in branching reactions which
produce high concentrations of intermediates similar to those found in
detailed calculations. However, detailed calculations indicate that the
actual mechanism produces high concentrations of active intermediates
while the hydrocarbon is converted to CO and HyO (see Tables 3-7, 3-8,
and 3-9 for species concentrations at the end of the branching zone).
These calculations indicate that the quasisglobal mechanism does not
adequately predict the overshoot.

3.6 Reactions of Importance at the Interface
Between the Branching Zone and the Relaxation Zone

The interface between the branching zone and the relaxation
zone is an extremely important region from the standpoint of rapid formation
of NO in the flame zone. This interface has been defined in a previous
section as the location where certain combustion intermediates have reached
their peak concentrations. Reactions of importance for formation and
destruction of these intermediates and for NO will be discussed in this
section. 1t should be reiterated here (and will be discussed further in
the next section) that the events which occur within the branching zone
are very important for the establishment of the high concentrations of
intermediates. The screening that has been done thus far has been more
concerned with determining controlling reactions and less concerned with
the absolute magnitude of rate constants or the concentrations predicted
by the calculations. However, the balance among the reactants, intermediates,
products has been of major concern, since the relative concentrations help
determine the magnitude and direction of the individual reactions.

At the end of the branching zone, NO is just barely starting
to form in ppm level concentrations. At this point the concentrations
of intermediates are high and the rate of NO formation is at its peak.
It is instructive to consider some of the important reactions at this point.
It should be emphasized that while the comments in this section are based
on detailed calculation using a large number of reactions, not all possible
reactions have been included because rate information was unavailable in
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some cases. The inclusion of "prompt NO" reactions in these calculations
could result in changes in the NO mechanism under specific conditions.*
Most of the observations discussed below, however, are expected to be valid.

At the point where carbon monoxide starts to be destroyed more
rapidly than it is being produced, the primary destruction reaction is

CO+HO""-)C02+H

which accounts for 70-807% of its destruction. This reaction also produces

most of the H at this point although within the branching zone most of the
H comes from hydrocarbon fragments.

The H atoms, at this point, are being destroyed by the reaction

H-‘I-O2 ~ HO + O

which accounts for 40-50% of its destruction and also produces essentially
all of the O atoms. H is also being destroyed (25-30%) by

CO+H+M = CHO + M

and (10-15%) by

H+H20 o HO+1-12

The O atoms, as indicated above are formed entirely** by

H+ 0, =~ HO+ O

2
at the interface, and are destroyed (45-50%) by
CHO + O ™% CO + HO

and (25-35%) bywwx

H)0 + 0 = HO + HO

"Prompt NO" reactions, in this context, are those involving hydrocarbon

fragments which result in production of N atoms; e.g. CH + Nz-a N.

In the branching zone itself, some 0 atoms are formed by HO + HO — H20 + 0.

*%% 1In part of the branching zone this reaction is a producer of oxygen atoms.

x%
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Based on calculations which do not consider the role of hydrocarbon
fragments in the production of N atoms, the following observations are noted.
While O atoms are extremely important for the production of NO, the NO
reactions are relatively unimportant in determining O atom concentrations.

NO reactions account for less than 1% of the total O atom production and
destruction. The main NO-producing reaction at the interface is

N, + 0 ™3 NO + N

2

which produces about half of the NO and essentially all of the N atoms.
The reaction

N + O2 ——» NO + O

produces 25-30% of the NO and the reaction

HO + N «—3 H{ + NO

produces about 20% of the NO at the interface. It will be noted that all
of the NO reactions also involve N atoms. In fact the N atoms are pro-
duced and destroyed by these reactions almost exclusively. More than 997%
of the N atoms are produced by

N2 + 0 =N+ NO

while about 60% of the N is destroyed by

N + O2 - NO + O

and 40% is destroyed by

HO + N =% H + NO

Using only the reactions for which rate data are available, at one point
within the branching zone as much as 25% of N atoms are destroyed by
reactions with hydrocarbon fragments to produce CHN and CN. These species

do not react directly to produce NO, but produce either N atoms or N
molecules through subsequent reactions. However, the main N atom reactions
for production and destruction in these calculations were those involving NO.
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3.7 Comparison of Theoretical Calculations
with Experimental Results

The comparisons between theoretical calculations discussed
in Section 3.4 and the experimental results discussed in Section 3 are
encouraging. As expected, because of the artificial constraints placed
on the temperature in the theoretical calculations, the NO levels for
the plug~flow simulation of the flat flame are somewhat overpredicted.
However, at this point it is not certain whether the overpredictions are
more a result of the high temperatures early in the calculations or because
the rate constants used for NO formation reactions may be too high. The
latter interpretation is favored by the fact that the theoretical
overprediction continues to be observed in the post-flame zone. The
temperature profile used for reaction screening may have a less dramatic
effect than initially expected because the major portion of the reactions
involving heat release are completed before substantial NO has formed.

The theoretical-experimental comparisons under stoichiometric or
excess air conditions are the closest. Under fuel rich conditions, NO con-
centrations are underpredicted. These underpredictions could be caused by
the lack of reactions between hydrocarbon fragments and molecular nitrogen,
or the high rate of disappearance of active oxygen-containing intermediates.
The high rate of disappearance of both hydrocarbon species and oxygen-
containing intermediates would be caused by the use of isothermal conditions
in the combustion zone where experimentally the temperature is increasing
from room temperature to flame temperature.

Under stoichiometric air conditions, plug flow calculations
overpredict experimentally measured concentrations of NO in the post-flame
zone by about a factor of two. Theoretical calculations indicate 700 ppm
at 150 msec while only 350 ppm are measured; 1200 ppm are calculated at
300 msec while 600 ppm are measured. In the post-flame zone the rate of
NO formation between 200 and 500 msec is measured to be 1500 ppm/sec while
the calculated rate is about 3000 ppm/sec. The comparison between theory
and experiment, on a preliminary basis, indicate that a reduction of the
NO formation rate constants by a factor of two could bring theory in line
with experiment. However, additional theoretical analysis is required
before such reductions may be considered permissible.

A similar picture is obtained at 120 percent stoichiometric air.
Experimental measurements at 40 msec indicate concentrations in the 40-50
ppm range while calculations indicate about 90 ppm. Measurements indicate
concentrations of about 170 ppm at 500 msec while calculations indicate
about 480 ppm. The rate of NO formation is measured to be about 400 ppm/sec
between 300 and 500 msec while calculations indicate about 900 ppm/sec.

Under fuel rich conditions experimental measurements indicate
a very rapid formation of NO in the flame zone and essentially a zero
net formation rate thereafter. Calculations indicate a similar behavior,
with essentially all the NO formed in the relaxation zone, and little or
none in the branching or post-flame zones. However, the levels of NO formed
experimentally are much higher than those calculated in the screening
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studies. This is likely to be caused, in part, by the overly rapid calculated
depletion of methane and oxygen in the branching zone because of the high
temperature assumed. However, another possible explanation is because of

the lack of reactions involving hydrocarbons in NO formation in these
calculations. This possibility will be pursued further in Phase IT of this
study. Measured NO formation in the flame zone is on the order of 60 ppm,
while the calculated value is on the order of 6 ppm.
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4. CONCLUSIONS

The survey of 142 reactions appearing in the literature for 25
species in the CHi/air system resulted in recommended rates for

127 reactions to be used for reaction screening. Since 322 reactions
could be postulated for these 25 species, additional attention is
needed to determine if any of these additional reactions could be
important.

Reaction screening using only these 127 reactions or smaller subsets
indicates that between 80% and 120% stoichiometric air for methane
combustion:

- NO formation rate is controlled primarily by oxygen atom
concentration.

- Oxygen atom concentrations are substantially above equilibrium
in the branching zone before significant NO has formed.

- Oxygen atom concentrations have peaked before significant NO
has formed.

- Oxygen atom concentration controls formation of N atoms which
participate in NO reactions. N atom destruction results in NO
formation by N + OH and N + 02.

- While reaction screening for the 127 reaction set has not uncovered
reactions other than Ny + O which might produce N atoms in the
branching zone, it is still worth pursuing the search for other
N-forming reactions that might occur in the branching zone. Such
reactions might produce more substantial overshoots of N atom
concentrations which could provide more rapid NO formation early
in the flame zone.

Reaction screening from the 127 reaction set has resulted in narrowing
down the number of reactions that need be considered for NO formation
under the conditions studied. Caution must be exercised not to
extrapolate these conclusions outside the range studied without
rechecking the calculations under the new conditions. Further
screening will be required when other reactions from the 322 reaction
set (25 species) are tested for importance.

As additional reactions are studied or estimated the minimum set
of reactions may change:

— The new reaction may be added to the set by itself if it
provides a new path between two important intermediates
(can affect any zone).

- The new reaction may result in the rapid destruction of an
intermediate as it is formed, preventing overshoot from occurring.
In that case the minimum set would be reduced by eliminating
reactions of that intermediate (branching zone).

- The new reaction may result in rapid production of an intermediate

in the branching zone and corresponding overshoot in its concentration.

Thus, a new intermediate may play a role in NO formation - possibly
HN, CHN or CN (branching zone).
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Premixed flat and focused flames as well as laminar and turbulent

diffusion flames have been studied in the multiburner under both
cold-and hot-wall conditons:

~ The burners appeared to behave as idealized examples of the

types they represented. Concentrations and temperature profiles
have been measured in these flames.

-~ Under certain conditions the curvature in NO formation
(non-linear extrapolation back to the origin) could be measured.

Comparisons of isothermal plug-flow calculations at the adiabatic
flame temperature with experimental data indicate:

- NO formation is overpredicted by a factor of two in both the
flame zone and post-flame zone for fuel~lean combustion and in
the post-flame zone for stoichiometric air conditions. NO formation
is underpredicted for fuel rich combustion by an order of magnitude.

+ Overprediction in the post flame zone under fuel lean conditions,
where intermediates other than NO have reached essentially
equilibrium concentrations, indicate that the controlling NO
formation rate, No + O = NO + N, should be reduced by a factor
of two. (This reaction has a high activation energy and
therefore temperature uncertainty must be taken into account.)

+ The possible interaction between hydrocarbon species and
nitrogenous species should be investigated to determine their
possible role under fuel-rich conditions.

- Extremely high concentration gradients are predicted by the plug
flow calculations which do not include diffusion effects. In a
real system, such concentration gradients would be smoothed
somewhat by diffusion.

- TFor the purpose of the present study that concerns itself with the
chemistry of combustion and pollutant formation reactions, it would
be desirable to eliminate diffusion effects from the experimental
system. To achieve that goal, the development of an adiabatic
stirred-combustor is indicated. Development of this combustor type
which incorporates the principles of mixing in the jet-stirred
combustor and adiabatic operation in the multiburner will be
discussed in the report on Phase II of this contract study.
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APPENDIX A

REACTIONS FOR 25 ALLOWED SPECIES

CH2
CH2
CHO
CH3
CH2
CHO
CH2
CH4
CH2
CHO
CH2
CHN
CH2
CN
CHN
CHO
CH2
CH20
CN
CHO
CHZ
CH20
co
CHO
CH2
CH20
co
C02
CH2
CH3
CHO
CHZ
CH20
CH3
CH30
CHN
CN
CHN
CHO
CN
Co
CHN
CHO
CN
Co
coz2
CHN
CN
CHN
CHO
CN
CHO
co

T

+++

++ +++++

+ 4+ + 4+

N e E

+

CN
co
CH2
co
CH2
CH3
CH20
co
CH3
Cco

H2
HO
HN
NO

H20

H2
HO
02

H20
H2

H2
HO

HO
HN
02
NO
HOZ2
HNC
HN

HN
NO
N2
HKNO

H=0 EXCHANGE

O TRANSFER
H TRANSFER
H=0 EXCHANGE

N TRANSFER

N TRANSFER
C TRANSFER

(HO) TRANSFER
He=N EXCHANGE

{(HO) ADDITION

(HO) TRANSFER
H=0 EXCHANGE
C=H EXCHANGE

{H2) ADDITION
O TRANSFER

(HO)
{H2)
{420)
N ADDITION

TRANSFER
TRANSFER

N TRANSFER

H=N EXCHANGE
He=0Q EXCHANGE
N. TRANSFER

O TRANSFER

He=N EXCHANGE
H=0 EXCHANGE
C=N EXCHANGE

H=N EXCHANGE
N TRANSFER
O TRANSFER
HeN EXCHANGE

ADDITION
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CH

CH

CH

CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
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02
02
02

CHO
CH?
CH20
CH3
co
H

H
HN
HNO
HNO
HO
HO
HO
HO
HO2
HO2
HO2
H2
H2
H20
H20
H20
H20

NO
NO
NO?2

02
02
02
Q2

CHO
CHO
CH2
CH20
CH20
CH3
CH3
CH30
CH30
CH4
CH4

[ U I [ N BN (N SO (I | I O N O { O N | O | (N | NN L OO T T AN ¢ AN (N | N TN N L O (TN SN N © N N T OO { N { T SN N < N T T N 1 O | N T 1}

REACTIONS
CHO + O
CO + HO
coz2 + H
CN + M
CH20 + CN
CH3 + CN
CH30 + CN
CH4 + CN
CHO + CN
CHZ2 + N
CN + HZ
CHZ2  + N2
CH2 + N20O
CH20 + N2
CHO + HN
CHZ + NO
CH20C + N
CN + H20
CHO + HNO
CH2 + NOZ
CH20 + NO
CH2 + HN
CH3 + N
CHZ2 + HNO
CH20 + HN
CH3 + NO
CH30 + N
CN + HN
CHO 4+ N2
CN + HNO
CHO + N20O
CHO + N
CN + MO
Co + HN
CHO <+ NO
CN + HO2
co + HNO
CO02 + HN
Cco + H
CH2 + CO?
CH20 + CO
CH3 <+ CO
CH3 + CO2
CH30 + CO
CH2 + CH20
CH4 + CO
CH20 + CH20
CH4 + CO2
CHZ2 + CH3O
CH20 + CH2
CHZ2 + O
CH20

CcoO + H2

FOR 25 ALLOWED SPECIES

C TRANSFER

H TRANSFER

H=N EXCHANGE

H=N EXCHANGE
H=N EXCHANGE
N={HO) EXCHANGE
N=0 EXCHANGE
H=N EXCHANGE
N={HO) EXCHANGE

N=0 EXCHANGE
H=N EXCHANGE
Ne=(HO) EXCHANGE
H=N EXCHANGE

N={H2) EXCHANGE
H=N EXCHANGE

N={HO) EXCHANGE
N={H2} EXCHANGE

CH TRANSFER
N=Q EXCHANGE

Ne~Q EXCHANGE
N=0 EXCHANGE

O=(HN) EXCHANGE
N=0 EXCHANGE

H TRANSFER
O=(HN) EXCHANGE
C TRANSFER

H=0 EXCHANGE

H=0 EXCHANGE
H TRANSFER

H TRANSFER
H=0 EXCHANGE
H=0 EXCHANGE

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
T4
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
9S4
95
96
97
98
99
X100
X101
X102
X103
X104
X105
X106
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CHO
CHO
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CHO
CHO
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CHO
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cH2
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CH2
CH2
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CH2
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HN
HN
HN
HNO
HNO
HO
HO
HO
HO
HO?2
HO?2
H2
H2
M2
M2 + M
H20
H20
H20
H20
N

N
NO
NO
NO
NG2
N2
0

0
02
02
CH20
CH30
CH4
Cco2

HN
HNO
HNO
HNO
HO
HO
HO + M
HO2
HO2
HO2
H2

H20
H20
H20
H20
NO
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REACTIONS FOR 25 ALLOWED SPECIES

CH?
CH20
CN
CH2
CH20
CH2
CH20
co
co2
CH20
co2
CH2
CH20
CH3
CH30
CH2
CH20
CH3
CH30
CN
o
CN
co
Co2
Co2
CN
Cco
coz2
Cco
Co2
CH4
CH20
CH3
CH20
CH3
cH3
CH20
CH3
CH30
CH20
CH3
CH30
CH20
CH3
CH30
CH3
CH4
CH20
CH3
CH30
CH4
CH20
CN
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NO
N
H20
NO2
NO
02
0
H20
H2
02
H20
HO
H

0

HO2
HO
02
0

H=0 EXCHANGE

H TRANSFER
N={(HO) EXCHANGE
H=0 EXCHANGE

H=0 EXCHANGE

H=0 EXCHANGE
H TRANSFER

H=0 EXCHANGE
H=0 EXCHANGE

O=(H2) EXCHANGE
(H2) ADDITION
H=~0 EXCHANGE
O=(H2) EXCHANGE
(H21) TRANSFER
N=(HQO) EXCHANGE
Ne{HO) EXCHANGE

H=0 EXCHANGE
H=0 EXCHANGE
Ne{(HO) EXCHANGE

H=0 EXCHANGE
H TRANSFER
H=0 EXCHANGE
{H2) TRANSFER
H TRANSFER

TRANSFER
ADDITION
TRANSFER
TRANSFER

CcIxrTxITo

{HO) TRANSFER
O TRANSFER

(HO) ADDITION
O TRANSFER
H TRANSFER
(MO) TRANSFER

{42} ADDITION
O TRANSFER

(HO) TRANSFER
(HH2) TRANSFER

O TRANSFER
N={H2) EXCHANGF

X107
X108
X109
X110
X111
X112
X113
X114
X115
X116
X117
X118

X119
X120

X121

X122

X123

X124

X125

X126

X127
X128
X129
X130

X131

X132

X133

X134

X135

X136

X137

X138

X139

X140

X141

X142

X143

X144

X145

X146

X147

X148

X149

X150

X151

X152

X153

X154

X155

X156

X157
X158

X159
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NO
NO?2
N2O
0 + M
O
02
02
02
+ M
CH20
CH4
H
H + M
HN
HN
HNQ
HNO
HO
HO
HO?2
H2
H2
H2
H20
H20
H20

02
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REACTIONS FOR 25 ALLOWED SPECIES

CN
CH20
CH20
CH20
Co
CH20
Cco
co2
Cco
CH4
CH3
CH3
CH30
CH3
CH30
CH3
CH30
CH3
CH30
CH30
CH3
CH30
CH4
CH3
CH30
CH4
CN
co
co2
co2
CH30
CH4
CHa
CH30
CH4
CH30
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CH4
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CH4
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H20
NO
N2

H2

]

H20

H2

H2 + M
co2

CH30

0

NO
N
NC2
NO
02
0
02
HO
H

0
HO2
HO
02
H20
H20
H2
H20
Cco

N
HN
NO
H
0
HO
02
H
H2
O
N
NO
N2

0

0
NO
NO2
02
HO
HO2

N={H2) EXCHANGE
O TRANSFER
0 TRANSFER
O ADDITION
O=(H2) EXCHANGE

O=(H2} EXCHANGE

C TRANSFER

{H2) ELIMINATION
{(H2)=-(02)

H TRANSFER

H ADDITION
H=0 EXCHANGE
H TRANSFER
H=0 EXCHANGE
H TRANSFER

H TRANSFER

H TRANSFER

H=0 EXCHANGE

H TRANSFER
O=(H2) EXCHANGE
H=0 EXCHANGE

H TRANSFER
O=({H2) EXCHANGE
C TRANSFER

(H2) TRANSFER
O=(H2) EXCHANGE
O={(H2) EXCHANGE
O TRANSFER

H TRANSFER
O TRANSFER

O TRANSFER

O TRANSFER

(e}

TRANSFER

TRANSFER
TRANSFER
TRANSFER
ADDITION
TRANSFER
H=0 EXCHANGE
H=0 EXCHANGE
H=0 EXCHANGE
H=0 EXCHANGE
H=0 EXCHANGE
H=0 EXCHANGE

[eNsRONORS,

EXCHANGE

X160
X161
X162
X163
X164
X165
X166
X167
X168
X169
X170
X171
X172
X173
X174
X175
X176
X177
X178
X179
X180
X181
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X184
X185
X186
X187
X188
X189
X190
X191
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X193
X194
X195
X196
X197
X198
X199
x200
X201
X202
X203
X204
X205
X206
x207
x208
X209
X210
X211
X212
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0 + M
02

H + M
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HO + M
HO?2

HO?2

HO?2

H20

NO
NO + M
NO
NO?2
NO?2
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HN
HN
HNO
HO
HN
HNO
HO
HO2
HN
HN
HNO
HO
HO
HO
HO2
H2
H2
H20
H2
H20
HNO
H2
H20
HNQ

++ +++++ 4+

+
+
+

+

+++ 4+ 4+

+++ 4+

S T E EEEE
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HN
HNO
HN
N2
N20
N2
N
NO
N
HN
H
HO
H2
N
NO
N2

0

N
HO
NO
N
0

HO
02
0]

H2

N2
N2O
N2
NO

HO
NO2
NC
H2

N=0
NeO
C=H

N=C
C=N
N=0

SPECIES

EXCHANGE
EXCHANGE
EXCHANGE

EXCHANGE
EXCHANGE
EXCHANGE

C TRANSFER

H=N EXCHANGE

N TRANSFER

H=N EXCHANGE

H=N EXCHANGE
H=N EXCHANGE

O TRANSFER
H=N EXCHANGE

H=0

EXCHANGE

O TRANSFER

X213
X214
X215
X216
X217
X218
X219
X220
X221
X222
X223
X224
X225

X226

X227

X228

X229

X230

X231

X232

X233

X234
X235

X236
X237

X238
X239

X240

X241

X242

X243

X244

X245

X246

X247

X248

X249

X250

X251

X252

X253

X254

X255

X256

X257
X258

X259

X260
X261

X262

X263
X264
X265



Al05.,
A .
Al06.

A .
Al107.
Al09.
Al08.
All0.
A .
Allle
Allz.

All3.
A .

Alls4,
A .

All5.
A .
A .
A .
All6.
All7.
All8.

Al19.,
Al20e.
A .
Al21.
Al22.

Al23.
A .

Al24,
Al25.
Al26
Al27.
Al2Ges
Al130.
Al3l,
Al32.
Al33,

Al34.
Al35,
Al36.
Al37.
Al38.

HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HO
HO
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MASTER LIST OF

NO
NO
NO?2
NO?2
NO?2
N20O
0 + M
0
02
02
1004

HNO
HO
HO
HO?2
N
NO
NO
NO2
0

0
02
02
HO
HO
HO2
H20
NO
NO2
N20

02
NO
NO?2
N20O

02

NO
NO + M
NO?2
NO?2
NO?2
N20O

02

02 + M
NO

NO

NOC?2

N20O
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REACTIONS FOR 25 ALLOWED SPECIES

HNO
HO
HNO
HO
HO2
HNO
HNO
HC
HNO
HO
HO2
HO
H20
H2
H20
H20
HO
HO
HO?2
HO2
HO
HO2
HO
HO2
H2
H20
H20
HO2
HO2
HO2
HO2
HO2
HO2
H20
H20
H20
H20
H20
N2
N2
N20
NO
N2
N20O
NO
NO
NO
NO2
N2
N20
N20
NO?2
NG2
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N
N2
NO
N20
N2
N2

N

0
NO
N

N
N20
NO2
NO
NO?2
N2
N20
N2
N20O
NO
N
NO2
NO
02
0
02
H2
N
NO
N2

0
N
NO
N2

0
¢}

NO
02
0

N2

0]

Q2
Q

02
N2

H=N EXCHANGE

NeQ EXCHANGE
H=N EXCHANGE

H=0 EXCHANGE
H=N EXCHANGE
H=0 EXCHANGE

H=0 EXCHANGE
N TRANSFER

N=O EXCHANGE
H=N EXCHANGE

N=0 EXCHANGE

H=0 EXCHANGE
H TRANSFER

H=0 EXCHANGE

O TRANSFER

O TRANSFER

O TRANSFER

(H2} ADDITION
O TRANSFER

N ADDITION

X266
X267
X268
X269
X270
X271
X272
X273
X274
X275
X276
X277
X278
X279
X280
X281
X282
X283
X284
X285
X286
X287
X288
X289
X290
X291
X292
X293
X294
X295
X296
X297
X298
X299
X300
X301
X302
X303
X304
X305
X306
X307
X308
X309
X310
X311
X312
X313
X314
X315
X316
X317
X318



MASTER LIST OF REACTIONS FOR 25 ALLOWED SPECIES

A139s NO + Q2 = NC? + 0 X319
Al4Qe N2 + 0 + M = N20 + M X320
Alale N2 + 02 = N20 + O X321
Al42. O + 0 + M = 02 + M X322
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APPENI'IX B

CROSS-INDEX OF REACTIONS FOR 25 SPECIES

As an aid to seeking competitive reactions between the same
species or reactions between a given species and competitive partners,
a complete sorting of the reactions for each species is provided in
this section. For example, if one were seeking reactions to break the
N=N bond in molecular nitrogen, all the reactions of Nj are listed to-
gether. 1If one were seeking reactions to produce N atoms, all the
reactions involving N atoms are listed together. These lists are also
useful in determining the probable relative importance of competing
reactions as well as determining whether the relative rates used for
competing reactions are reasonable.

The species covered in this Appendix are:

CH HN
CHN HNO
CHO HO
CH2 HOZ
CHZO H2
CH3 HZO
CH3O N
CH4 NO
CN N02
Co N2
CO2 N20
H

0



REACTIONS OF CH

A

l.
2.
3.
4.
5.
6.

T.

13.
l4.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH

CH

+

+

CHN

CHO

CH20

CH20
CH3
CH30
CH30
CH30
CH4
co2
H

HN
HN
HN
HNO
HNO
HNO
HNO
HNO
HO
HO
HO
HO
HD2

HO2

i

CH2
CH2
CHO
CH3
CHZ2
CHO
CH2
CH4
CH2
CHO
CH2
CHN
CH2
CN
CHN
CHO
CH2
CH20
CN
CHO
CH2
CH20
co
CHO

CHZ

CN
co
CH2
Co
CH2
CH3
CH20
Co
CH3
Co

H2
HO
HN

NO

H20

H2
HO

02



REACTIONS OF

A

A

A

26.
217.
28.
29.
30.
31.
32.
33,
34,
35.
36,
37.
38.
39,
40.
4l.
42.
43,
44,
45.
46.
47.
48.
49,

50.

CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH

CH

CH

HO2
HOZ2
HO2

H2

NO
NO
NO
NO
NO2
NO2
NQ2
NO2
NO2
N2
N2
N20
N20

[

CH20 + O
co + H20
C02 + H2
CHZ + H
CH3

CHO + H2
CH2 + HO
CH20 + H
CH3 + O
CH30

CHN

CN + H
CHN + O
CHO + N
CN + HO
co + HN
CHN + 02
CHO + NO
CN + HO2
co + HNO
C02 + HN
CHN + N
CN + HN
CHN + NO
CHO + N2



REACTIONS OF CH

A 51.
A 52.
A 53,
A 54.
A 55.

A 56.

CH
CH
CH
CH
CH
CH

+ N20

+

+

0
0]
02
02
02

+
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M

CN
CHO
Cco
CHO
CO
co2

HNO

HO



REACTIONS OF CHN

~
[

A

36.
57.

1.
58.
59.
60.
6l.
62.
12.
63.
64.
65.
66.
67.
15.
68.
69.
70.
71.
72.
73.
T4.
75.
76.

7.

CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN

CHN

HN
HNO
HNO
HD
HO
HO
HO
HO
HO2
HO2
HO2
H2
H2

H20

CH
CN
CH2
CH20
CH3
CH30
CH4
CHO
CH
CH2
CN
CH2
CH2
CH20
CH
CHO
CH2
CH20
CN
CHO
CH2
CH20
CHZ2
CH3

CH2Z

CN
CN
CN
CN
CN
CN

HN

H2
N2
N20
N2
HNO
HN

NO

H20
HNO
NO2
NO

HN

HNO



REACTIONS OF CHN

A

78.
79.
80.
47.
81.
49,
82.
83.
84.
38,
85.
86.
87.
42.
88.
89.
90.

Sl.

CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN
CHN

CHN

H20
H20
H20
N

N
NO
NO
NO

NO2

02
02
02
02

02

]

1}

CH20
CH3
CH30
CH
CN
CH
CHO
CN
CHO
CH
CHO
CN
co
CH
CHO
CN
Co

Co2

+

+

HN

NO

N2
HN
N20
N2
HNO
N20

NO

HO
HN
NO2
NO
HOZ2
HNO

HN



REACTIONS OF CHO

C 52.
A 92.
B 2.
B 58.
A 93.
A 94,
c 3.
A 95,
A 96.
A 97.
C 6.

A 98.

A100.
Al101.
Al102.
A103.
C 62.
C 10.
C 20.
Al104.
A105.
Al106.
C lé6.

C 68.

CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHOD
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO

CHO

HN

HN

"

"

CH
Cco
CH2
CH20
CH2
CH20
CH
CH3
CH3
CH30
CH
CH2
CHe4
CH20
CH4
CH2
CH20
CHN
CH
CH
CH2
CH20
co
CH

CHN

Co
CN
co2
co
CH20
co
co2
co
CH30
CH20
Cco
CH20
Co2
CH30
CH3
Co
co2

HO

H2
HNO

HO



REACTIONS OF CHO

Al07.
Al108.
Al109.
c 72.
All0.
Alll.
C 24.
All2.
All3.
Alls4.
All5.
Allé6.

All7.

()

31l.
All8.
All9.
Al20.
Al21.
Al22.
Al23.
Al24.
Al25.
< 39.
C 85.

Al26.

CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO

CHO

+

+

HN
HN
HN
HNO
HNO
HNO
HO
HO
HO
HO
HO
HO2
HOZ2
H2
H2
H2
H2
H2
H20
H20
H20

H20

L

]

]

CH2

CH20

CH2
CH20
co
Co2
CH20

oz

CHZ2
CH20
CH3
CH30
CH2
CH20
CH3

CH30

NO

H20
HO2
NO2
NO

HO?2

02

H20
H2
02
H20
H20

HO

HO2

HO

02

NO

HO



REACTIONS OF CHO

Al27.
C 43.
C 8s.
Al2s8.
Al29.
Al30.
Al31.
C 50.
C 82.
Al32.
C 84.
C 54.
Al133.
Al34.,
Al35.

Al36.

CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO

CHO

+

L 3

N
NO
NO
NO
NO
NO
NO2
N2
N2
N2
N20

02

02
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L]

]

Co
CH
CHN
CN
co
Co2
coz2
CH
CHN
CN
CHN
CH
Co
coz2
Co

co2

HN
ND2
02
HO2
HNO
HN
HNQO
N20
NO
HNO
ND2
02

HO

HOZ2

HO



REACTIONS OF CH2

C ll.

B 59.

Al37.

(@]
0
.

clo02.
Al38.

Al39.

c 2.
C 93.
Al40.
c 29.
Alé4l.
C 75.
Als2.
c 77.
Al43,
Ala4.
Al4aS5.

c 32.

CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CHZ2
CH2
CH2
CH2
CH2

CH2

coz

co2

HN
HN
HNO
HNO
HNO
HNO

HO

L]

CH
CH3
CH
CH3
CH
CH
CHO
CH4
CH
CHO
CH20
CH3
CH
CH
CHO
CH20
CH
CH3
CHN
CH3
CHN
CH20
CH3
CH30

CH

+

CN
CH20
co
CH3
CH30
CH3
co
CH4
CH4
CH3
CH3
CHN
CHO
CHO
CO

H2

H2

H20

HN

NO

H20



REACTIONS OF

Clls.
Alab.
Al47.
Al48.
Cl22.
Al49.
Al50.
Al51.
Al52.
Al53.
Al54.
Al55.
Al156.
Al57.
C 13.
C 63.
Al58.
c 17.
C 69.
cio7.
Al59.
Al160.
C 73.
Cl10.

Alé6l.

CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2

CH2

+

cH2
HO
HO
HO
HO
HO2
HO2
HO2
HO2
H2
H2
H20
H20
H20

H20

NO
NO
NO
NO
NO
NO2
NO2

NO2
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]

CHO +
CH20 +
CH3 +
CH30
CHO +
CH20 +
CH3 +
CH30 +
CH3 +
CH4
CH20 +
CH3 +
CH30 +
CH4 +
CH +
CHN +
CN +
CH +
CHN +
CHO +
CH20 +
CN +
CHN ¢+
CHO +
CH20 +

H2

H20
HO

02

H2

HO

HN

H2
HNO
HO

HN

H20
HO2
HNO

NO



REACTIONS OF CHZ2

C 65.
C 66.
Al62.
c 21.
Clo04.
Al63.
Alé64.
C 25.
Cllz2.
Al65.
Alé6b.

Al67.

CHZ2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2
CH2

CH2

+

+

N2
N20

N20

c O O O

02
02
02
02

B-12

CHN
CHN
CH20
CH
CHO
CH20
co
CH
CHO
CH20
Co
Co2

+

+

+

HN
HNO
N2

HO

H2
HO2

HO

H20

H2



REACTIONS OF CH20

< 22.
C105.
Clé63.
Al68.
B 3.
B 4.
B 60.

B 96.

CH20
CH20
CH20
CH20
CH20
CH20D
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20
CH20

CH

CHN
CHO
CHO
CH2
CH2
CH2
CH20
CH20
CH3
CH3
CHa
CN
co
co

CH
CHO
CH2
Co
CHO
CH3
CH30
CH3
CH30
CH
CHO
CH4
CHO
CH4
CHO
CH2
CH3
CHN
CHO
CH2
CH
CHO
CH2
CH3

CH30

CH2
Co
CN
coz2
Co
CH30
CH3
Co
CH30
co2
CHé
CH30
CH30
CHO
CHO
co2
H20
H2

HO

+



REACTIONS OF CH20

C 78. CH20 + HN = CHN + H20
Cle3. CH20 + HN = CH2 + HNO
Al173. CH20 + HN = LH3 + NO
Al174. CH20 + HN = CH30 + N
A175. CH20 + HNO = CH3 + NO2
Al76. CH20 + HND = CH30 + NO
Cl123. CH20 + HO = CHO + H20
Cl49. CH20 + HO = CH2 + HO2
Al177. CH20 + HO = CH3 + 02
A178. CH20 + HO = CH30 + O
A179. CH20 + HOZ2 = CH30 + 02
C154. C(CH20 + H2 = CH2 + H20
Al180. CH2D + HZ2 = CH3 + HO
Al8l. CH20 + H2 = CH30 + H
Al82. CH20 + H2 = CH4 + 0
A183. CH20 + H20 = CH3 + HOZ2
Al84. CH20 + H20 = CH30 + HO
Al185. CH20 + H20 = CH4 + 02
C 18. CH20 + N = CH + HNO
C 70. CHZ20 + N = CHN + HD
Cio8. CH2D + N = CHO + HN
Cl159. CH20 + N = CHZ + NO
Al186. CH20 + N = CN + H20
C 74. CH2D0 + NO = CHN + HDZ2

Clll. CH20 + NO = CHO + HNO
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REACTIONS OF CH20

Clél.
C 67,
Cleé2.
C 26.
Cll3.
Cl65.
AlB7.
Al88.
Clles.

Al89.

CH20 + NOD
CH20 + N2
CH20 + N2
CH20 + O
CH20 + O
CH2D + D
CH20 + D
CH20 + O
CH20 + 02

CH20

CH2
CHN
CH2
CH

CHO
CH2
Cco

co2
CHO

co2

NO2
HNO
N20
HO2
HO
02
H20
H2
HOZ2

H20
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REACTIONS OF CH3

C 30. CH3 + M = CH + H2
Cl4l. CH3 + M = CH2 + H

B 5. CH3 + CH = CHZ2 + CH2
B 61« CH3 + CHN = CH4 + CN

D 6. CH3 + CHO = CH + CH30
B 98. CH3 + CHO = CH2 + CH20
B 99. CH3 + CHO = CH4 + CO

D 9. CH3 + CH2 = CH + CH4
D103. CH3 + LCH20 = CHO + CH4
D138. CH3 + CH20 = CH2 + CH3D
Cl39. CH3 + CH3 = CH2 + CH4
C170. CH3 + CH30 = CH20 + CH4
C 59. CH3 + CN = CHN + CH2
C 4. CH3 + CO = CH + CH20
C 95 CH3 + CO = CHO + CH2
C 96, CH3 + CO2 = CHO + CH20
A190. CH3 + CO02 = CH30 + CO
«152. CH3 + H = CH2 + H2
Al9l. CH3 + H + M = CH4

Al92. CH3 + HN = CH4 + N
Al193. CH3 + HNO = CH30 + HN
Al94. CH3 + HNO = CH4 + NO
<155, CH3 + HO = CH2 + H20
C180. CH3 + HO = CH20 + H2

Al35. CH3 + HO = CH30 + H
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REACTIONS OF CH3

A196. CH3 + HO = CH¢ + O
C183. CH3 + HD2 = CH20 + H20
A197. CH3 + HO2 = CH30 + HO
A198. CH3 + HO2 = CH4 + 02
A199. CH3 + H2 = CH4 + H
A200. CH3 + H20 = CH30 + H2
A201. CH3 + H20 = CH4 + HD
C 76. CH3 + N = CHN + H2
Cl42. CH3 + N = CH2 + HN
C 79. CH3 + NO = CHN + H20
Cl44. CH3 + NOD = CH2 + HNO
C173. CH3 + NO = CH20 + HN
A202. CH3 + NO = CH30 + N
Cl175. CH3 + NO2 = CH20 + HNO
A203. CH3 + ND2 = CH30 + NO
A204. CH3 + N20D = CH30 + N2
C 3¢, CH3 + O = CH + H2D
Cl20. CH3 + O = CHO + H2
Cl47. CH3 + O = CH2 + HO
Cl171. CH3 + O = CH20 + H
A205. CH3 + D + M = CH30

Cl24. CH3 + 02 = CHO + H20
C150. CH3 + 02 = CH2 + HO2
C177. CH3 + 02 = CH20 + HO

A206. CH3 + 02 = CH30 + O



REACTIONS OF CH30

C 35.
c121.
C148.
c172.
£205.
B 6.
B 7.
B 8.
B100.
B101.
Dlo2.
B138.
D170.
C 60.
c 97.
C190.
C156.
C18l1.
C195.
A207.
C193.
A208.
A209.
C184.

ci97.

CH30
CH30
CH30
CH30
CH3D
CH30
CH3D
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30
CH30D
CH30

CH30

HN

HN

HNO

HO

HO
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[1

L]

L]

CH
CHO
CH2
CH20
CH3
CHO
CH2
CH4
CH20
CH4
CHO
CH20
CH20
CHN
CHO
CH3
CH2
CH20
CH3
CH4
CH3
CH4
CH4
CH20

CH3

H20
H2

HO

CH3
CH20
co
CH20
coz
CH4
CH3
CH4
CH20
CH20
Co2
H20
H2

HO

HNO
NO

NO2
H20

HO2

x

T = =x
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REACTIONS OF CH30

A210. CH30 + HOD = CH4e + 02
C200. CH30 + H2 = CH3 + H20
A211. CH3D + H2 = CH4 + HO
A212. CH30 + H20 = CH4 + HO2
C 80. CH30 + N = CHN + H20
Cl45. CH30 + N = CHZ + HND
Cl74. CH30 + N = CH20 + HN
C202. CH30 + N = CH3 + NO
Cl176. CH30 + NO = CH20 + HNO
C203. CH30 + NO = CH3 + NO2
C204. CH30 + N2 = CH3 + N20
Ci125. CH30 + O = CHO + H20
Cl151. CH30 + O = CH2 + HO2
Cil78. CH30 + O = CH20 + HO
C206. CH30 + O = CH3 + 02

Cl79. CH30 + 02 = CH20 + HOZ2



REACTIONS OF CHé4

Cl53.
c191.
B 9.
Bl102.
B103.
Bl139.
Bl170.

c 6l.

CH4
CH4
CH4
CH4
CH4
CHa
CHa
CH4
CH4
CHa
CH4
CH4
CHa4
CH4
CHa
CH4
CH4
CH4
CH4
CH¢
CH4
CH4
CH4
CHa

CH4

CH
CHO
CHO
CH2
CH20
CN
co

Co
co2
co2

HO
HO

HO2

NO
NO

NO2
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CH2
CH3
CH2
CH2
CH20
CH3
CH3
CHN
CH
CHO
CH2
CHO
CH20
CH3
CH3
CH30
CH30
CH3
CH3
CH30
CH30
CH2
CH20
CH3

CH30

CH3
CH30
CH3
CH3
CH30
CH3
CH30
CH3
CH20
CH30
CH20
H2
H20
H2
H20
HN
HNO
HN
HNO
H20
H2

HO



REACTIONS OF CH4
Cl185. CH4 + 02
C198. CH4 + 02

C210. CH4 + 02

R-21

CH20 + H20
CH3 + HO2

CH30 + HO
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REACTIONS OF CN

D 62. CN + CHO = CHN + CO
D 1. CN + CH2 = CH + CHN
D 58. CN + CH20 = CHN + CHO
D 59. CN + CH3 = CHN + CH2
D 60. CN + CH30 = CHN + CH20
D 61. CN + CH4 = CHN + CH3
C 37. CN + H = CH + N

C 57. CN + H + M = CHN

C 48. CN + HN = CH + N2
C 8l. CN + HN = CHN + N

C 51. CN + HNO = CH + N20
C 83. CN + HNO = CHN + NO
Ci32. CN + HNO = CHO + N2
C 40. CN + HO = CH + NO
C 86. CN + HO = CHN + O
Cl26. CN + HO = CHO + N
A213. CN + HO = CO + HN
C 44. CN + HOZ2 = CH + ND2
C 89. CN + H02 = CHN + D2
Cl128. CN + HO2 = CHO + NO
A2l4. CN + HO2 = Ca + HNO
A215. CN + HO2 = C02 + HN
C 14. CN + H2 = CH + HN
C 64. CN + H2 = CHN + H
Cl158. (N + H2 = CH2Z + N



B-23

REACTIONS OF CN

C 19. CN + H20 = CH + HNO
C 7l. CN + H20 = CHN + HO
Cl09. CN + H20 = CHO + HN
C160. CN + H20 = CH2 + NO
Cl186. CN + H20 = CH20 + N
A216. CN + NO = CO + N2
A217. CN + NO2 = CO + N20
A218. CN + NO2 = C02 + N2
A219. CN + 0 = CO + N
A220. CN + 02 = CO + NO

A221. CN + 02

W

C02 + N



REACTIONS OF CO

B 62.
D 10.
D 2.
D 94.
D140.
D 4.
D 95.
D 97.
D190.
D 8.
D 99.
D137.
C 53.
C 92.
C 4l.
C 87.
clzav.
cz213.
C 45.
C 90.
c129.
C2l4.
A222.
C 55.

Cl33.

Cco
co
co
Co
co
co
Co
co
co
co
co
co
Cco
Co
Co
Co
Co
co
Cco
co
co
Co
co
co

Co

+

+

CHN
CHO
CH2
CH20
CH20
CH3
CH3

CH30

HN
HN
HN
HN
HNO
HNO
HNO
HNO
HNO
HO

HO

H

L]

CHO
CH
CH
CHO
CHZ2
CH
CHO
CHO
CH3
CH
CHO
CH2
CH
CHO
CH
CHN
CHO
CN
CH
CHN
CHO
CN
co2
CH

CHO

CN
co2
CHO
CHO
co2
CH20
CH2
CH20
coz2
CH30
CH3

CH20

HO
NDO2
02
NO
HO2
HN

02



REACTIONS OF CO

A223.
C135.
A224.
C 23.
Cl0e6.
Clé4.
Cles.
¢ a7.
Clls.
Cléb6.
ci87.
A225.
c219.
£220.
A226.
A227.
C2l6.
ca217.
A228.
A229.

A230.

co
co
Cco
co
Co
Co
Co
co
Co
Co
co
Co
co
Cco
Co
co
Co
co
co
co
Cco

+

+

HO
HO2
HO2
H2
H2
H2
H2
H20
H20
H20
H20

H20

NO
NO
NO2
N2
N20
N20

02
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L}

Co2
CHO
co2
CH
CHO
CH2
CH20
CH
CHO
CH2
CH20
coe
CN
CN
Co2
Coz
CN
CN
co2
co2
co2

02
HO

HJ

HO2
HO
02

H2

02

NO

NO

NO2

N2
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REACTIONS OF CO2

C229. CO2 + M = CO + 0

B 10. C02 + CH = CHO + CO

D 93. CD2 + CH2 = CHO + CHO
B140. C02 + CH2 = CH20 + CO

D 96. C(C02 + CH3 = CHO + CH20
B190. CO02 + CH3 = CH30 + CO
D101. C0O2 + CH4 = CHO + CH30
D169. CO02 + CH4 = CH20 + CH20
C 56. C02 + H = CH + 02
Cl34. (02 + H = CHO + O
C223. C02 + H = CO + HO

C 46. C(C02 + HN = CH + NO2
C 91. C02 + HN = CHN + 02
C130. CO02 + HN = CHO + NO
C215. C02 + HN = CN + HOD2
C222. C02 + HN = CO + HNO
Cl31. C02 + HNO = CHO + NO2
C136. C02 + HO = CHO + 02
C224. CO02 + HO = CO + HO2
C 28. CD2 + H2 = CH + HO2
Cl15. C02 + H2 = CHO + HO
Cl67. (02 + H2 = CH2 + 02
clss. CD2 + H2 = CH20 + O
c225. CD2 + H2 = CO + H20

Cl17. CO02 + H20 = CHO + HO2
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REACTIONS OF C0D2

Ci89. (02 + H20 = CH20 + 02
C221. CD02 + N = CN + 02
C226. CO2 + N = CO + NO
C227. C02 + NO = CO + NO2
C218. (02 + N2 = CN + ND2
C228. C02 + N2 = CO + N20

€230. C02 + O
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REACTIONS OF H

B 11. H +CH +M = CH2

D 12. H + CHN = CH + HN
B 63. H + CHN = CH2 + N
B 64. H + CHN = CN + H2
D 20. H + CHO = CH + HO
Bl04. H + CHO = CHZ + 0
B10S. H + CHO + M = CH20
Bl106. H + CHO = CO + H2
D 29. H + CH2 = CH + H2
Bl4l. H + CH2 + M = CH3

D 33. H + CH20 = CH + H20
D119. H + CH20 = CHO + H2
Dl46. H + CH20 = CH2 + HO
B171. H + CH20 = CH3 + O
Bl172. H + CH20 + M = CH30
D152. H + CH3 = CH2 + HZ2
Bl19l. H + CH3 + M = CH4

D156. H + CH30 = CH2 + H20
Dl8l. H + CH30 = CH20 + H2
D195. H + CH30 = LH3 + HO
B207. H + CH30 = CH4 + 0
D199. H + CH4 = CH3 + H2
D 37. H + CN = CH + N
DS7. H +CN + M = CHN

D 53. H + CO = CH + 0



REACTIONS OF H

D 92.
D 56.
D134.
D223.
A231.
A232.
A233.
A234.
A235.
A236.
A237.
A238.
A239.
A240.
A24].
A242.
A243.
A244.
A245.
A246.
A247.
A248.
A249.
A250.

A251.

H

H

+

+

coe2
coe2

co2

HN
HNO
HNO
HNO
HO
HO
HOZ2
HO2
HO2

H20

NO
NO
NO
NO2
NO2
NO2
NO2
N2

N20

CHO
CH
CHO
Cco
H2
H2
HN
H2
H20
H2
H20
HO
H2
H20
HO
HN
HN
HNO
HO
HN
HNO
HO
HD2
HN

HN

02

HO

HO

NO

HO

02

H2

02

NO

NO



REACTIONS OF H

A252.
A253.
A254.
A255.

A256.

H

+

+

+

N20
N20
0
02
02

HNO
HO
HO
HO

HO2

+

N

N2



REACTIONS OF HN

C242.
B 12.
B 13.
B l4.
B 65.
D 16.
D 68.
Bl07.
B108.
8109.
D 75.
Blae2.
D 78.
Dl43.
B173.
Bl74.
Bl92.
D193.
B208.
D 48.
D 8l.
D 4l.
D 87.
Dl127.

D213.

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

HN

B-31

]

H

CHN
CH2
CN
CH2
CH
CHN
CH2
CH20
CN
CHN
CH3
CHN
CH2
CH3
CH30
CH4
CH3
CH4
CH
CHN
CH
CHN
CHO

CN

H2
N2
HNO
HO

NO

H20

H2

H20

HNO

NO

HNO
NO

N2

NO

HO



REACTIONS OF HN

D 46.
D 91l.
D130.
D215.
D222.
B232.
A257.
A258.
A259.
c233.
A260.
A261.
A262.
A263.
A264.
A265.
C250.
£251.
A266.
A267.
A268.
A269.
A270.
A2T71.

C243.

HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN
HN

HN

+

+

coz

HN
HNO
HNO
HO
HO
HO
HO2
HD2
HO2

H20

NO
NO
NO
NO2
NO2
NO2
N20

B-32

H

[}

]

CH
CHN
CHO
CN
co
H2
H2
H2

H20

H2
H20
HNO
H2
H20

HNO

HNO
HO
HNO
HO
HOZ2

HNO

NO2
02
NO
HO2

HNO

N2
N20
N2
HNO

NO

HO
NO2
NO
H2
N2

N20

N2
NO
N20
N2
N2

NO
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REACTIONS OF HN

A272. HN + 0 + M = HNO

A273. HN + 0 = HO + N
C246. HN + 02 = H + ND2
A274. HN + 02 = HNO + O
A275. HN + 02 = HO + NO

A276. HN + D2 H02 + N

L]



REACTIONS

C244., HNO
C272. HNO
A277. HND
B 15. HNO
B l6. HNO
B 17. HND
B 18. HNO
B 19. HNO
B 66. HNO
B 67. HND
D 72. HNO
Bl110. HNO
Blll. HNO
D 77. HNO
Bl4a3. HND
Bl44. HNO
Bl145. HNOD
B175. HNO
B176. HNO
B193. HNO
B194. HND
B209. HNO
D 51. HND
D 83. HND
D132. HND

OF HNOD

CH
CH

CH
CH
CHN

CHN

B-34

"

»

[}

"

]

HN
HO
CHN
CHO
CH2
CH20
CN
CH2
CH20
CHN
CH2
CH20
CHN
CH20
CH3
CH30
CH3
CH30
CH30
CH4
CH4
CH
CHN

CHO

NO

HO
HN

NO

H20
N20
N2
HO2
NO2
NO
H20
HN

NO

NOZ2
NO
HN
NO
NO2
N20
NO

N2
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REACTIONS OF HNO

D 45.
D 90.
D129.
D214.
B222.
Dl3l.
B233.
B234.
B235.
B258.
B259.
A278.
C2e62.
A279.
A280.
A281.
C265.
ges2.
C266.
A282.
£268.
A283.
A284.
A285.

ca271.

HND
HNO
HNO
HNO
HNO
HND
HNO
HNJ
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HNO
HND
HNO
HNO
HNO
HNO
HNO
HNO
HNO

HNO

+

+

Co
<o
co
Co
Co
coz

HN
HN
HNO
HO
HO
HO
HO2
H2

NO
NO
NO
NO2

N2

CH
CHN
CHO
CN
coz
CHO
HN
H2
H20
H2
H20
H20
HN
H2
H20
H20

HN

HN
HO
HN
HO
HO2
HOZ2

HN

NO2
02
NO
HO2
HN
NO2
HO

NO

N20O
N2
N2O
HO2
NO2
NO
NO2
H20
N20
NO
N2
NO2
N20
N2
N20

N20
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REACTIONS OF HNOD

C247. HNO + O = H + NO2
C274. HNO + O = HN + 02
A286. HND + D = HD + NO
A287. HNO + O = HO2 + N

A288. HNO + 02 = HO + NO2

A289. HND + 02 = HO2 + NO



REACTIONS OF HO
C254. HO

B 20. HOD + CH
B 21« HOD + CH
8 22. HO + CH
8 23. HO + CH
15 HO + CHN

68. HO + CHN

@® w O

69. HO + CHN

w

70. HO + CHN

[+ 4]

7l. HO + CHN
D 24. HD + CHO
Bl12. HO + CHO
B1l13. HOD + CHO
Bli4. HO + CHO
B1l15. HO + CHO
D 32. HO + CH2
Dl18. HO + CH2
Bl46. HO + CH2
Bl47. HO + CH2
B148. HO + CH2
0123. HO + CH20
Dl149. HO + CH20
B177. HO + CH20
B178. HO + CH20

D155. HO + CH3

B-37

]

CHO *
CH2
CH20
co
CH
CHO
CH2
CH20
CN
CH
CH2
CH20
co
co2
CH
CHO
CH20
CH3
CH30
CHO
CH2
CH3
CH30
CH2

H2
HNO
HN

NO

H20
HO2

02

H20
H2
H20
H2

H20
HOZ2
02

H20



REACTIONS OF HO

D180.
Bl95.
B196.
D184.
D197.
B210.
D201.
D21l.
D 40.
D 86.
Dl26.
B213.
D 55.
D133.
B223.
D136,
D224.
B236.
B237.
D233.
B260.
B261.
D262.
B279.

B280.

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

+

+

CH3
CH3
CH3
CH30
CH30

CH30

CN
CN
co

co

HN
HN
HN
HNO
HNO

HNO

L]

[}

CH20
CH30
CHa
CH20
CH3
CH4
CH3
CH30
CH
CHN
CHO
Co
CH
CHO
co2
CHO
Co
H2

H20

H2
H20
HN
H2

H20

H2

H20

HO2

02

H20

H2

NO

HN

02

02

HOZ2

HNO

NO

HO2

NO2

NO
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REACTIONS OF HO

£238. HO + HO = H + HO2
A290. HO + HO = H2 + 02
A291. HO + HO = H20 + O
A292. HO + HOD2 = H20 + 02
C241. HO + H2 = H + H20
A293., HO + H20 = HO02 + HZ2
C245. HO + N = H + NO
C273. HO + N = HN + 0
C277. HO + N + M = HNO

C248. HO + NO = H + ND2
C275. HO + NO = HN + 02
£286. HO + NO = HNO + O
A294., HO + NO = HD2 + N
£288. HO + NO2 = HNO + 02
A295. HO + NO2 = HOZ2 + NO
€253. HO + N2 = H + N20
£267. HO + N2 = HN + NO
c282. HO + N2 = HNO + N
C269. HO + N20 = HN + NO2
c283. HO + N20 = HNO + NO
A296. HO + N20 = HO2 + N2
C255. HO + 0 = H + 02
A297. HO + 0 + M = HOZ2

A298. HO + 02 = HJ2 + O



REACTIONS OF HO2

C256.

cz297.

B

24.
25.
26.
27.
28.
72.
73.

T4,

Bllé6.

Bll7.

Dl22.

Bla9.

B150.

Bl51.

B179.

Dl183.

B197.

Bl98.

D2l2.

D

D

44,

89.

Dl2s.

B21l4.

HO2
HO2
HO2
HO2
HO2
HO2
HOZ2
HO2
HO2
HO2
HO2
HO2
HO2
HO2
HO2
HOZ2
HOZ2
HO2
HOZ2
HO2
HO2
HOZ2
HO2
HO2

HOZ2
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]

HO
CHO
CH2
CH20
Cco
coz2
CHO
CH2
CH20
CH20
coe2
CHO
CH20
CH3
CH30
CH30
CH20
CH30
CH4
CH30
CH
CHN
CHO

Cco

02

HO

02

H20
H2
HNO
NO2
NO
02
H20
H20
HO

02

02
H20
HO
02
H20
NO2
02
NO

HNO

+

M



REACTIONS

B215. HO2
D135. HO2
B224. HO2
B238. HO2
B239. HO2
B240. HO2
B262. HO2
B263. HO2
B264. HO2
B281l. HO2
B292. HO2
C293. HO2
C249. HO2
c276. HOZ
C287. HO2
C294. HOZ
£289. HO2Z
C295. HO2
C270. HO2
C284. HO2
C296. HO2
C285. HO2

g£e98.

HO2

B-41

OF HOZ2

+ CN
+ CO

+ CO

+ HN
+ HN
+ HN
+ HNO
+ HO

+ H2

+ NO
+ NO
+ N2

+ N2

+ N20

+ 0

]

o2
CHO
Coe2
HD

H2

H20
HNO
H2

H20
H20
H20

HO

HN

HNO

'HO

HNO

HO

HN

HNO

HO

HNO

HO

HN
02
HO
HO

02

HO
NO2
NO
NO2
02
H20
NO2

02

NO
02
NO2
NO2
NO
N20
NO2

02
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REACTIONS OF H2

C231. H2 + M = H + H

B 29. H2 + CH = CH2 + H

B 30. H2 + CH + M = CH3

B 75. H2 + CHN = CH2 + HN
B 76. H2 + CHN = CH3 + N

D 31. H2 + CHO = CH + H20
8118. H2 + CHO = CH2 + HO
Bi119. H2 + CHO = CH20 + H
Bl120. H2 + CHO = CH3 + 0O
B121l. H2 + CHO + M = CH30

B152. H2 + CH2 = CH3 + H
B153. H2 + CH2 + M = CH4

D154. H2 + CH20 = CH2 + HZD
8180. H2 + CH20 = LH3 + HO
Bl8l. H2 + CH20 = CH30 + H
B182. H2 + CH20 = CH4 + O
B199. H2 + CH3 = CH4 + H
D200. H2 + CH30 = CH3 + H20
B2ll. H2 + CH30 = CH4 + HO
D l4. H2 + CN = CH + HN
D 64. H2 + CN = CHN + H
D158. H2 + CN = CH2 + N

D 23. H2 + CO = CH + HO
D106. HZ2 + CO = CHO + H
D164, H2 + CO = CHZ + 0O



REACTIONS OF H2

Dleés.
D 28.
D115.
Dle67.
Dlas.
D225.
D265.
D241.
D293.
ca232.
C234.
C260.
A299.
C263.
ca27s.
A300.
c257.
c258.
A301.
C236.
A302.
C239.
C290.

A303.

H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2

+

+

co

co2
o2
co2
Coe2
Co2
HNO
HO

HO2

NO
NO
NO
NO2
ND2
NO2
N2
N20
N20

02
02

02
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CH20
CH
CHO
CH2
CH20
Co

HN

HO

HN
H20
HN
HNO
H20
HN
HN

H20

H20

HO

H20

HOZ2
HO

02

H20
H20
H20
H20
HN

HNO

HO

HO2
HO
NO
HN
HNO
N2

HO

HO2

HO



REACTIONS OF H20

c237.

c302.

B

31.
32.
33.
34,
35.
7.
78.
79.

80.

B122.

Bl23.

Bl24.

Bl1l25.

Bl54.

B155.

Bl156.

B157.

Bl83.

Bl84.

Bl85.

B200.

B201.

B212.

H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20

H20
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H

fi

H2
CHO
CH2
CH20
CH3
CH30
CH2
CH20
CH3
CH30
CH2
CH20
CH3
CH30
CH20
CH3
CH30
CH4
CH3
CH30
CH4
CH30
CH4

CH4

HO

H2

HO

HNO
HN

NO

HO2
HO

02

H2

HO

HO2
HO
02
H2
HO

HO2



REACTIONS OF H20

D 19.
D 71.
D109.
Dle0.
D186.
D 27.
Dl14.
Dlé6.
D187.
B225.
D117.
D189.
B241.
B265.
B293.
€c235.
c26l.
€c299.
C264.
c280.
C300.
cz28l.
C259.
c3ol.

ca278.

H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20
H20

H20

+

+

CN
CN
CN
CN
CN
Co
co
co
co
Co
o2
o2

HN

HO

NO
NO
ND
NO2
N2
N2

N20
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CH
CHN
CHO
CH2
CH20
CH
CHO
CH2
CH20
coz2
CHO
CH20
HO
HNO

HO2

HN
H2
HN
HNO
H2
HNO
HN
H2

HNO

HNO
HO
HN

ND

HO2
HO

02

H2
HO2
02

H2

‘H2

H2
HNO
HO
NO
HO2
HO
NO2
HO2
HNO
N20

HNO
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REACTIONS OF H20

C240. H20 + O = H + HO2
C291. H20 + 0 = HO + HO
C303. H20 + O = H2 + 02
C292. H20 + 02 = HO + HOZ2
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REACTIONS OF N

B 36. N + CH + M = CHN

B 37. N + CH = CN + H

D 47. N + CHN = CH + N2
B 8l. N + CHN = CN + HN
D 39. N + CHO = CH + ND
D 85. N + CHO = CHN + O
Bl26. N + CHO = CN + HQO
B127. N + CHO = CO + HN
D 13. N + CH2 = CH + HN
D 63. N + CH2 = CHN + H
B158. N + CH2 = CN + H2
b 18. N + CHZ20 = CH + HNO
D 70. N + CH20 = CHN + HD
D108. N + CH20 = CHO + HN
D159. N + CH20 = CH2 + NO
B186. N + CH20 = CN + H20
D 76. N + CH3 = CHN + H2
Dl42. N + CH3 = CH2 + HN
D 80. N + CH30 = CHN + H20
D145. N + CH30 = CH2 + HND
D174. N + CH30 = CHZ20 + HN
D202. N + CH30 = CH3 + NO
D192. N + CH4 = CH3 + HN
D21%9. N + CO = CN + 0
D221. N + C02 = CN + 02
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REACTIONS OF N

D226. N + (02 = CO + NO
B242. N + H + M = HN

0250. N + HN = H + N2
D252. N + HNO = H + N20
D266. N + HNO = HN + NO
B282. N + HNO = HO + N2
D245. N + HO = H + NO
D273. N + HO = HN + 0
D277. N + HO + M = HNO

D249. N + HOZ2 = H + NO2
D276. N + HO2 = HN + 02
D287. N + HO2 = HNO + O
D294. N + HO2 = HO + NO
D232. N + H2 = H + HN
D235. N + H20 = H + HNO
D261. N + H20 = HN + HO
D299. N + H20 = H2 + NO
A304. N + N + M = N2

A305. N + NO = N2 + 0
A306. N + NO + M = N20

A307. N + NO2 = NO + NO
A308. N + NO2 = N2 + 02
A309. N + NO2 = N20 + O
A310. N + N20 = NO + N2

A3l1l. N + 0 + M = NO
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REACTIONS OF N

]

A312. N + 02 NO

A313. N + 02 + M = NO2
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REACTIONS OF NO

C311l. NO + M = N + 0

B 38. NO + CH = CHN + O

B 39. NO + CH = CHO + N

B 40. NO + CH = CN + HO
B 41. NO + CH = CO + HN
D 49. NO + CHN = CH + N20
B 82. NO + CHN = CHO + N2
B 83. NO + CHN = CN + HND
D 43. NO + CHO = CH + NO2
D 88. NO + CHO = CHN + 02
B128. NO + CHO = CN + HOZ
B123. NO + CHO = CO + HND
B130. NO + CHO = C02 + HN
D 17. NO + CHZ2 = CH + HNO
D 69. NO + CH2 = CHN + HO
D107. NO + [H2 = CHO + HN
B159. NO + CH2 = CH20 + N
B160. ND + CH2 = CN + H20
D 74. NO + CH20 = CHN + HO2
D11l. NO + CTH20 = CHO + HNO
D161. NO + CH20 = CH2 + NO2
D 79. NO + CH3 = CHN + H20
Dl44. NO + CH3 = CH2 + HNO
D173. NO + CH3 = CH20 + HN

8202. NO + CH3 = CH30 + N



REACTIONS OF NO

Dl76.
D203.
D194.
D208.
B21l6.
D220.
B226.
D227.
B243.
B244.
B245.
D251.
B266.
B267.
D268.
B283.
B284.
D248.
D275.
D28é6.
B294.
D289.
D295.
D234.
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REACTIONS OF NO

B299.
D264.
D280.
0300.
B305.
B306.
C307.
A3ls4.
A31l5.
A3lé6.
c31lo0.
A317.
C31z.
A3l8.

A319.

NO
NO
NO
NO
NO
NO
NO
NO
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NO
NO
NO
NO
NO
NO

+

+

H2

H20
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NO
NO
NO2
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N20
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C313.
C318.
B 42.
B 43.
B 44.
B 45.
B 46.
B B84.
8131.
D 73.
D110.
Blel.
D175.
B203.
D209.
B217.
B218.
B227.
B246.
B247.
B248.
B249.
B268.
B269.

B270.

NO2
NO2
ND2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
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ND2
NO2
NO2
NO2
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NO2
NO2

NO2
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CH3

CHa
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HN
HN

HN
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REACTIONS OF ND2

B285.
D288.
B295.
D263.
D279.
B300.
D281.
B307.
B308.
8309.
B3le.
c31v.

C319.

NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
NO2
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NO2
NO2
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REACTIONS OF N2

C304.
B 47.
B 48.
D 50.
D 82.
Bl32.
D 65.
D 67.
Dle2.
D204.
D216.
D218.
D228.
B250.
D271.
D253.
D2s67.
D282.
D270.
D284.
D296.
D257.
D259.
D30l.

D310.

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
N2

N2

co2
coz2

HNO
HO
HO
HO
HO2
HO2
HOZ2
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H20
H20
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CHN
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N20
N20
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NO
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REACTIONS OF N2

D317. N2 + NO2 = NO + N20
C305. N2 + 0 = N + NO

A320. N2 + 0 + M = N20

£308. N2 + D2 = N + ND2
C314. N2 + 02 = NO + NO

A321. N2 + 02 = N20 + O



REACTIONS OF N20

C306.
C320.
B 49.
B 50.
B 51.
D 84.
D 66.
Ble2.
B204.
D217.
B228.
B251.
B252.
B253.
8271.
D269.
D283.
B296.
D285.
D258.
B301.
D278.
B310.
B317.

C309.

N20
N20
N20
N20
N20
N20
N20D
N20
N20
N20
N20
N20
N20
N20
N2O
N2O
N20
N20
N20
N20
N20
N20
N20
N20
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CH
CH
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CH2
CH2
CH3
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Cco
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HO
HO
HO
HO2
H2
H2

H20

NO
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REACTIONS OF N20
C315. N20 + O = NO

C321. N20 + O = N2

C316. N20 + D2 NO

+ NO2
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REACTIONS OF O

B 52. O + CH + M = CHO

B 53. O + CH = CO + H

D 38. O + CHN = CH + NO
B 85. O + CHN = CHO + N
B 86. O + CHN = CN + HO
B 87. O + CHN = CO + HN
D 54. O + CHO = CH + 02
B133. O + CHO = CO + HO
Bl34. O + CHO = C02 + H

D 21. O + CH2 = CH + HO
D104. O + CH2 = CHO + H
Bl63. O + CH2 + M = CH20

Ble4. O + CH2 = CO + H2
D 26. O + CH20 = CH + HO2
D113. O + CH20 = CHO + HO
D165. O + CH20 = CH2 + 02
B187. O + CH20 = CO + H20
B18s8. O + CH20 = C02 + H2
D 34. O + CH3 = CH + H20
D120. O + CH3 = CHO + H2
D147. O + CH3 = CH2 + HO
D171. O + CH3 = CH20 + H
B205. O + CH3 + M = CH30

D125. O + CH30 = CHO + H20
D151. O + CH30 = CH2 + HO2
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REACTIONS OF O

D178. O + CH30 = CH20 + HO
D206. O + CH30 = CH3 + 02
D157. O + CH4 = CH2 + H20
D182. O + CH4 = CH20 + H2
D196. O + CH4 = CH3 + HO
D207. O + CH4 = CH30 + H
B219. O + CN = CO + N
B229. O + CO + M = C02

D230. O + C02 = CO + 02
B254. O + H + M = HO

D243. O + HN = H + NO
B272. 0 + HN + M = HNO

B273. O + HN = HO + N
D247. O + HNO = H + NO2
D274. O + HNO = HN + 02
B286. O + HNO = HO + NO
B287. O + HNO = HO2 + N
D255. O + HO = H + 02
B297. O + HO + M = HDZ2

0298. O + HO2 = HO + 02
D236. O + H2 = H + HO
B302. O + H2 + M = H20

D240. O + H20 = H + HO2
D231. O + H20 = HO + HO
D303. O + H20 = H2 + 02
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REACTIONS OF O

8311. O + N + M = NO

D312. O + NO = N + 02

B318. O + NO + M = NO2

D319. O + NO2 = NO + 02

D305. O + N2 = N + NO

B320. O + N2 + M = N20

D309. O + N20 = N + NO2
D315. O + N20O = NO + NO

D321. O + N20 = N2 + 02

A322. O + 0 + M = 02



REACTIONS OF 02

c322.
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56.
42.
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CH3
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REACTIONS OF 02

D210. 02 + CH¢4 = CH30 + HO
B220. 02 + CN = CO + NO
B221. 02 + CN = C02 + N
8230. 02 + CO = €02 + 0
B255. 02 + H = HO + 0
B256. D02 + H + M = HO2

D246. 02 + HN = H + NO2
B274. 02 + HN = HNO + O
B275. 02 + HN = HO + NO
B276. 02 + HN = HO2 + N
B288. 02 + HNO = HOD + NO2
B289. 02 + HNO = HOZ2 + NO
B298. 02 + HO = HD2 + O
D239. 02 + H2 = H + HO2
D290. D02 + H2 = HO + HO
B303. 02 + H2 = H20 + O
D292. 02 + H20 = HO + HO2
B312. 02 + N = NO + 0
B313. 02 + N + M = NO2

8319. 02 + NO = ND2 + 0O
D308. 02 + N2 = N + NO2
D314. 02 + N2 = NO + NO
B321. 02 + N2 = N20 + O
D316. 02 + N20 = NO + NO2
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APPENDIX C

KINETIC DATA ANALYSIS FOR JET-STIRRED COMBUSTOR

As an approach to testing kinetic models which couple nitric oxide
formation to combustion reactions, the jet-stirred combustor was used to
study NOy formation under kinetically controlled combustion conditions.

The experimental data were compared with kinetic calculations performed by
General Applied Science Laboratories for a well-stirred reactor. The agree-
ment between theory and experiment was quite good for the combustion of
hydrogen/air and carbon monoxide/air for which detailed mechanisms were
used. A quasi-global mechanism for the combustion of propane/air resulted
in substantial underprediction of NOy formation. The results described here
were presented at the Fourteenth Combustion Symposium (C-1).

The kinetic mechanism used in this study is based on a building-
block approach. The mechanism for hydrogen combustion is the basic ele-
ment. Additional reactions are included for carbon monoxide combustion
and a rate-limited global step for hydrocarbon reaction to carbon monoxide
and hydrogen is included to handle hydrocarbon combustion. The overall
mechanism for hydrocarbon combustion is based upon a ''quasi-global' con-
cept originally developed to represent the combustion characteristics of a
variety of hydrocarbon fuels (C-2). The reactions for the oxidation of nitro-
gen are included in the model and are coupled to the combustion reactions
through common intermediates.

The mechanism for hydrogen combustion, given in Table C-1lA, con-
gsists of four exchange reactions and four dissociation/recombination
reactions. The values of the rates for these reactions were taken, when
available, from Reference (C-3).

Three reactions were added for carbon monoxide combustion
(Table C-1B); the carbon monoxide exchange reactions with hydroxyl radical
and molecular oxygen, and the dissociation/recombination reaction leading
to carbon dioxide.

The global step for hydrocarbon consumption

n m
CnHm + E-Oz —» > H2 + nCO

is assigned a rate of
8 1/2
5.52 x 107 T exp(—lZéOO/T)(CnHm) (02)(p)

in accordance with Reference (C-2), as noted above.

-0.825

The principal reactions for the formation of nitric oxide in this
study were the Zeldovich exchange reactions

0+ N2 = N + NO

kp = 1.36 10M* exp(-37700/T)



TABLE C-1

RATE PARAMETERS FOR KINETIC MODEL

kf = ATb exp (-E/RT)

REACTION A b E/R Ref
A. Hydrogen Combustion
OH + H, = H,0 + K 2.19 x 10°3 0 2590 c-3
OH = OH = 0 + H,0 5.75 x 1012 0 393 c-3
0+ H, = H+OH 1.74 x 1013 0 4750 c-3
H+0,=0+O0H 2.24 x 10 0 8450 c-3
O+ H+M =0, +N 1 x 10° 0 0 C-4
0+0+M=0, +N 9.38 x 10M 0 0 c-5
Ho+ H+ M= Hy + M 5 x 107 0 0 C-4
H+ OH + M= H0+M 1 x 107 0 0 c-3
B. Carbon Monoxide Combustion (additional reactions)
CO + OH = H + €O, 5.6 x 107 0 543 c-3
CO + 0, = €O, + 0 3 x 1012 0 25000 c-6
CO + 0 + M =CO, + M 1.8 x 10°° -1 2000 c-7

Reverse reaction rate, kr’ is obtained from kf and the equilibrium constant, Kc'
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and
NO + 0 = O2 + N

kf = 1.55 x 10° T exp(-19450/T)

The values for the rate constants were taken from Reference (C~3). Other re-
actions involving nitric oxide such as

NO+M=N+0+M

and

NO + 02 = NO2 + 0

as well as NO oxidation reactions of interest in atmospheric studies are
available in the model (C-2) for completeness but are not important under the
conditions of this study. The reaction (C-8)

N+ OH=0N0O+H

k=4x lO13

was not included in the basic calculations; however, under fuel rich condi-
tions where H and OH concentrations became substantial, additional calcula-
tions including this reaction were made to test its importance.

The most crucial experimental measurements for this study were
the mixture ratios, the reaction temperatures and the concentrations of NOy.
The mixture ratios could be determined to + 2% with calibrated rotameters.
The reaction temperatures could be determined to + 10°K with consideration
given to radiant heat losses and reproducibility. The nitrogen oxide mea-
surements could be made to + 2 ppm with either the Enviometrics or Du Pont
analyzers (a Thermo Electron chemiluminescent analyzer now in use in our
laboratory can give results better than + 1 ppm). Cross-checks have been
run with these instruments in selected experiments.

The temperatures for the calculations were determined in the
following manner. The measured temperatures were compared to the calculated
heat losses in a well-stirred reactor at the measured temperature. The
heat loss was converted to an overall heat transfer coefficient

H = mC(T_ - T/ (T - T.)

where C is dQ/dT, T, is the temperature of a well-stirred reactor operating
without heat losses, Ty is the measured temperature, and T, is the ambient
temperature. The heat transfer coefficients so determined were averaged
and the average value was used to calculate a smoothed temperature curve
through the data. These temperatures were given by

T = (BT + mCT )/(H + mC)
a (o]



The calculated temperature was found to be relatively insensitive to the
actual value of the heat transfer coefficient with a 107 difference in H
corresponding to about a 10°K difference in temperature. Because of this
insensitivity to H, it was decided to assume a constant H for all cases.
This method of temperature determination allows the calculations to be
performed at pre-selected mixture ratios while utilizing all the temperature
measurements for a given combustion system. Furthermore, in cases where
the combustion temperature exceeded the limits of measurement for a Pt/Pt
107 Rh thermocouple (2040°K), the heat transfer coefficient was used to
determine the experimental temperature. The measured (open symbols) and
calculated (solid symbols) values of the combustion temperatures for hydrogen
carbon monoxide and propane, respectively, with air are shown in Figure C-1.

The measurements of NOy for the three fuel/air combinations were
taken at mixture ratios ranging between about 50% and 1607 stoichiometric
air. Temperatures were measured, where possible, simultaneously with
species measurements. The NO, measurements are believed to be within the
2 ppm error limits previously stated, with the exception of the hydrogen
data between 75% and 1057 stoichiometric air, where the temperatures were
above those allowable for continuous operation of the combustor. The
uncertainty within this range of mixture ratios for hydrogen/air is assigned
at + 207 because of the shortened duration of testing at a given setting.
The results for the three fuel/air combinations are presented in Table C-2.

The NOx results for hydrogen/air are shown in Figure C-2. The
experimental results are reported on an "as measured" basis with water
removed to a 1% concentration. The calculated results plotted in the same
Figure were also corrected for water removal. The agreement between the
measured values and calculated values is good, with the calculated values
slightly higher than the experimental on the fuel-lean side and slightly
below the experimental on the fuel-rich side.

The results for carbon monoxide/air are shown in Figure C-3. To
aid combustion, hydrogen was added to the combustion zone at a constant
rate amounting to about 17 (volume) of the carbon monoxide rate at 1507
stoichiometric air and about 0.57 at 857 stoichiometric air. Although the
carbon monoxide was ''moist', the correction for water is negligible. The
agreement between the experimental and calculated values of NOy is quite
remarkable considering the state of knowledge of the combustion reactions
and the temperature sensitivity of the NOy, formation rates.

The agreement between the experimental values and the calcula-
tions is less satisfactory for propane/air (Figure C-4). The calculations
under-predict the measurements by about a factor of four on the lean side
and about an order of magnitude on the rich side. As will be discussed
later, since the mechanism used for propane combustion depends on the
mechanisms of hydrogen and carbon monoxide combustion, it is significant
that these values are low.



FIGURE C-1

REACTOR TEMPERATURES
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FIGURE C-1 - REACTOR TEMPERATURES FOR HYDROGEN/AIR, CARBON
MONOXIDE /AIR AND PROPANE /AIR IN THE JET-STIRRED
COMBUSTOR. OPEN SYMBOLS INDICATE EXPERIMENTAL
TEMPERATURES. SOLID SYMBOLS INDICATE TEMPERATURES
AT WHICH CALCULATIONS WERE MADE.
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TABLE C-2

COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
FOR THE JET-STIRRED COMBUSTOR

Per Cent Temperature NO, NOx
Stoichiometric (calc from H) measured calculated
Air (k) (ppm) (ppm)

Reaction Volume = 14.5 cm

Fuel: Hydrogen Air rate: 0.70 l/sec T, = 300°K

I

60 2030 - 1.5
65 2080 13

65 2080 15

70 2120 20

70 2120 20

75 2165 25

77 2180 35

85 2210 —_ 34
90 2210 60

99 2175 45
105 2140 - 70
111 2090 40
120 2000 - 40
135 1880 - 16
140 1830 7
150 1730 - 3
162 1640 0
190 0

Fuel: Carbon Monoxide Air Rate 0.61 l/sec T. = 450°K

I

76 80

76 110

85 2100 - 140

87 2100 118

87 2100 120

98 2080 97
105 2030 - 105
118 1965 80
120 1960 - 70
135 1870 - 30
146 1820 20

150 1805 - 16



TABLE C-2 (Cont'd)

Per Cent Temperature NO, NOy
Stoichiometric (calc from H) measured calculated
Air (k) (ppm) (ppm)
Reaction Volume = 14.5 cm3
Fuel: Propane Air Rate = 0.61 1/sec T, = 300°K
52 7
60 1800 49
60 1800 50 1
60 1800 55
71 1900 100
71 1900 102
78 1965 118
78 1965 119
85 2010 - 13
87 2015 120
87 2015 120
87 2015 110
99 2005 105
99 2005 920
105 1970 - 30
111 1925 70
111 1925 60
111 1925 50
120 1840 - 11
131 1750 40
131 1750 29
135 1715 - 3
150 1600 - 1
155 1570 8

155 1570 6
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FIGURE C-2
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FIGURE C-2 - COMPARISON OF EXPERIMENTAL AND THEORETICAL CONCEN-
TRATIONS OF NOX IN THE JET-STIRRED COMBUSTOR FOR
HYDROGEN/AIR.



FIGURE C-3
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FIGURE C-3 ~- COMPARISON OF EXPERIMENTAL AND THEORETICAL CONCEN-
TRATIONS OF NO,. IN THE JET-STIRRED COMBUSTOR FOR
CARBON MONOXIDE/AIR.
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FIGURE C-4

PROPANE - AIR
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FIGURE C-4 -COMPARISON OF EXPERIMENTAL AND THEORETICAL
CONCENTRATIONS OF NOy IN THE JET-STIRRED COMBUSTOR
FOR PROPANE/AIR.
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The results of the calculations for hydrogen and carbon monoxide
combustion with air indicate that nitric oxide formation can be predicted
with good accuracy, even in a flame zone, provided the concentrations of
combustion intermediates can be calculated. The NOy; values are under-pre-
dicted using a quasi-global treatment for propane. It should be stressed
that the values for the rate constants used in this study were pre-selected
and were not adjusted to give best fit to the data. The purpose of this
study was not to determine rate constants but to test the capabilities of
kinetic modeling and validate the use of the jet-stirred combustor for
testing kinetic models.

In the mechanisms used for this study, the reactions of primary
importance for nitric oxide formation are the exchange reactions of the
Zeldovich mechanism. However, the concentration of the oxygen atoms is not
assumed to be in equilibrium with molecular oxygen; it is determined by the
detailed kinetic mechanism. In fact, in the intensely backmixed system
with chain branching reactions occurring throughout the combustion zone,
the oxygen atom concentration can be substantially above that in equilibrium
with the molecular oxygen concentration.

"Superequilibrium" oxygen atom concentrations have been a matter
of discussion in the recent literature. In the case of this study, that
term is not unambiguous. There are two '"types" of equilibrium concentra-
tions for oxygen atoms that can be considered. One is a "total" equilibrium
concentration calculated by minimization of free energy of the total system;
the other is a "partial" equilibrium concentration determined by combining
the measured or calculated molecular oxygen concentration with the equili-
brium constant for oxygen dissociation. In a well-stirred reactor, fresh
reactants are continuously mixed with products in the combustion zone.

Thus the concentration of molecular oxygen is above the value for total
equilibrium, especially under fuel-rich conditions where the concentration
of molecular oxygen can exceed the total equilibrium concentration by
orders of magnitude. TFor the purpose of this discussion the partial
equilibrium oxygen atom concentration will be used as the reference point.

Thus, under fuel-lean conditions, the well-stirred reactor
calculations indicate that oxygen atom concentrations exceed the partial
equilibrium value by up to a factor of 12 for hydrogen and up to a factor
of 100 for propane. Under fuel-rich conditions (60% stoichiometric air)
the oxygen atom concentrations exceed those calculated from K(02) 1/2 by
a factor of 1.2 for hydrogen and about a factor of 50 for propane. The
calculated concentrations of molecular and atomic oxXygen are shown in
Figure C-5.

The discussion of "superequilibrium" oxygen concentrations has an
interesting extension under fuel-rich conditions for propane-air combustion
in the jet-stirred combustor. The concentrations of nitric oxide observed
experimentally at 60% stoichiometric air are more than an order of magnitude
above those that would be calculated if the system were in "total"
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FIGURE C-5

CALCULATED OXYGEN CONCENTRATIONS
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C-5 - CALCULATED CONCENTRATIONS OF MOLECULAR AND ATOMIC
OXYGEN IN THE JET-STIRRED COMBUSTOR FOR HYDROGEN,
CARBON MONOXIDE AND PROPANE COMBUSTION.
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equilibrium at the specified temperature. However, since both molecular

and atomic oxygen are also above their "total" equilibrium concentrations

by five and four orders of magnitude respectively under fuel rich conditions,
there is still a driving force to produce more nitric oxide. The model does
predict an NO level above that for "total" equilibrium at 60% stoichiometric
air for propane but still under-predicts the observed level by about an order
of magnitude. Thus, if a plug flow reactor were placed in series with the
jet-stirred combustor and sufficient residence time at combustion tempera-
ture were allowed for the combustion gases to approach equilibrium, the
concentration of nitric oxide would decrease to approach equilibrium.

In the case of hydrogen and carbon monoxide combustion, the ex-
change reactions of the Zeldovich mechanism (coupled to the combustion
reactions which determine the oxygen atom concentrations) appear to be
adequate for the prediction of nitric oxide formation. Under fuel rich
conditions for hydrogen, the measured values are somewhat higher than the
predictions suggesting that additional reactions may be required in the
model. 1In fact, when the reaction

N+ OH =NO + H

was included for hydrogen combustion under rich conditions, the formation
of NO increased by up to 20%. The inclusion of this reaction in the propane
mechanism had about the same percentage effect under fuel-rich conditions.

As discussed earlier, a quasi-global mechanism was used for pro-
pane combustion. In this quasi-global mechanism, the hydrocarbon is oxidized
in a rate-limited single step to carbon monoxide and hydrogen, and the com-
bustion of these intermediates is then described by the same mechanism as
was used for carbon monoxide and hydrogen combustion. While substantial
oxygen atom concentrations are predicted by the model, the predictions for
nitric oxide formation fall below the measured values by about a factor of
four under lean conditions and about a factor of ten under rich conditions.

Alternatives to the quasi-global approach to propane combustion
coupled to the Zeldovich exchange reactions are possible. A more complete
mechanism for propane combustion might lead to better agreement between
calculations and experiments. Intermediates in the combustion mechanism
might alter the balance of atomic oxygen and atomic nitrogen and such inter-
mediates certainly exist throughout the reaction zone of the jet-stirred
combustor. However, under fuel-rich conditions for propane, it does not
appear likely that changes in oxygen atom concentration would be sufficient
to account for an order of magnitude in NOy production. Thus, the influence
of additional reactions directly involved in the formation of NO or perhaps
in the formation of readily oxidizable nitrogenous intermedjates cannot be
dismissed at this time. One must, however, exercise great caution to avoid
adjusting parameters to fit existing data. Reactions which have little
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significance in the overall combustion scheme may be of importance in NO
formation under specific conditions. The valuation of the reactions signi-
ficant for the characterization of gross combustion phenomena is a formidable
task by itself. The numerous additional reactions which may be significant
under specific conditions for the formation of parts per million of nitric
oxide presents even more difficult problems. The jet-stirred reactor data
will provide a comparison point for parametric studies of the reaction

rates included in the kinetics evaluation described elsewhere in this report.

The comparison of NOy concentrations between experiment and cal-
culation for the case of hydrogen/air combustion in the jet-stirred combustor
indicates that the mechanism of coupled combustion and NOyx formation is
fairly well determined. Under fuel-rich conditions the inclusion of the
reaction

N+ OH=NO+H

in addition to the Zeldovich exchange reactions improves the agreement
between theory and experiment.

Good agreement is also found in the case of carbon monoxide/air
combustion. In both the hydrogen and carbon monoxide cases, substantial
oxygen atom concentrations are calculated and accounting for their presence
is apparently sufficient to allow prediction of nitric oxide formation.

For propane/air combustion, although substantial oxygen atom con-
centrations are also predicted, the use of a quasi~global mechanism for
hydrocarbon combustion results in underprediction of nitric oxide by about
a factor of four under fuel-lean conditions and about an order of magnitude
under fuel-rich conditions. It is not clear at present whether a more de-
tailed combustion mechanism would resolve the differences or whether
additional reactions for the formation of nitric oxide are required. How~
ever, it does not seem likely that an order of magnitude difference under
fuel rich conditions could be resolved by changes in oxygen atom concentra-
tion alone. It is clear that a quasi~global approach, which has been found
to be useful for the representation of combustion characteristics of a
variety of hydrocarbon fuels, is not adequate for the prediction of nitric
oxide formation.

In the jet-stirred combustor under fuel-rich conditions with
propane, the nitric oxide concentrations can be above those calculated
for total equilibrium at the specified mixture ratio. This NO "overshoot"
can be understood in terms of the model, in part by the "superequilibrium'
concentrations of molecular and atomic oxygen in a well-stirred reactor
under fuel-rich conditions. These "superequilibrium” molecular oxygen
concentrations are caused by the continuous mixing of fresh reactants with
products in the reaction zone.
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The jet-stirred combustor, operated in a manner that approaches
a well-stirred reactor, provides highly non-equilibrium behavior in a well-
defined system and, therefore, provides a severe test for any kinetic model.
As kinetic mechanisms become more complex, critical evaluation of the
component reactions becomes increasingly important. The coupling of kinetic
modeling with sophisticated fluid mechanic and heat transfer modeling is

ultimately required for application to pollutant formation in practical
combustion systems.
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Run Number 104, Premixed Flat Flame Burner (Laminar), Propane Fuel,
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Run Number 105, Stabilized Diffusion Flame Burner (Turbulent),
Methane Fuel, 101% Stoichiometric Air, Cold Wall
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Run Number 108, Stabilized Diffusion Flame Burmer (Turbulent),
Methane Fuel, 120% Stoichiometric Air, Cold Wall
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Run Number 109, Stabilized Diffusion Flame Burner (Laminar), Methane
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Run Number 110, Stabilized Diffusion Flame Burner (Laminar), Methane
Fuel, 86Z Stoichiometric Air, Cold Wall
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Run Number 112, Premixed Furnace Burner (Turbulent), Methane Fuel,
96% Stoichiometric Air, Cold Wall
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Run Number 113, Premixed Furnace Burner (Turbulent), Methane Fuel,
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Run Number 114, Premixed Furnace Burner (Turbulent), Methane Fuel,
76% Stoichiometric Air, Cold Wall
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Run Number 116, Premixed Flat Flame Burner (Laminar), Methane Fuel,
119% Stoichiometric Air, Cold Wall
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Run Number 116, Premixed Flat Flame Burmner (Laminar), Methane Fuel,
80% Stoichiometric Air, Cold Wall
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Run Number 117, Premixed Flat Flame Burner (Laminar), Methane Fuel,
1617 Stoichiometric Air, Hot Wall 1430C
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Run Number 117, Premixed Flat Flame Burner (Laminar), Methane Fuel,
119% Stoichiometric Air, Hot Wall 1430C
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Run Number 118, Premixed Flat Flame Burner (Laminar), Propane Fuel,
61% Stoichiometric Air, Hot Wall 1565C
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Run Number 119, Premixed Flat Flame Burner (Turbulent), Propane
Fuel, 110% Stoichiometric Air, Cold Wall
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Run Number 119, Premixed Flat Flame Burner (Turbulent), Propane
Fuel, 132% Stoichiometric Air, Cold Wall
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156% Stoichiometric Air, Hot Wall 1495C

Run Number 121, Premixed Furnace Burner (Laminar), Propane Fuel,
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Run Number 122, Stabilized Diffusion Flame Burner (Turbulent),
Methane Fuel, 160% Stoichiometric Air, Hot Wall 1450C
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Run Number 123, Stabilized Diffusion Flame Burner (Turbulent), H
Methane Fuel, 1207% Stoichiometric Air, Hot Wall 1775C
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Run Number 124, Stabilized Diffusion Flame Burner (Turbulent),

Methane Fuel, Stoichiometric Air, Hot Wall
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Run Number 126, Stabilized Diffusion Flame Burner (Turbulent),
Propane Fuel, 141% Stoichiometric Air, Hot Wall 1610C
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Run Number 127, Stabilized Diffusion Flame Burner (Turbulent),
Propane Fuel, 807 Stoichiometric Air, Hot Wall 1870C
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Run Number 128, Stabilized Diffusion Flame Burner (Turbulent),
Methane Fuel, 140% Stoichiometric Air, Hot Wall 1590C
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Run Number 128, Stabilized Diffusion Flame Burner (Turbulent),
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Run Number 130, Premixed Flat Flame Burner (Laminar), Methane
Fuel, 140% Stoichiometric Air, Hot Wall 1585C
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Run Number 131, Premixed Flat Flame Burner (Laminar), Methane
Fuel, 1207% Stoichiometric Air, Hot Wall 1770C
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Run Number 131, Premixed Flat Flame Burner (Laminar), Methane
Fuel, 787 Stoichiometric Air, Hot Wall 1770C
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Run Number 131, Premixed Flat Flame Burner (Laminar), Methane
Fuel, Stoichiometric Air, Hot Wall
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Run Number 133, Premixed Furnace Burner (Turbulent), Methane
Fuel, 140% Stoichiometric Air, Hot Wall 1590C
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Run Number 135, Premixed Furnace Burner (Laminar), Propane Fuel,
139% Stoichiometric Air, Hot Wall 1625C
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Run Number 136, Premixed Furnace Burner (Turbulent), Propane
Fuel, 141% Stoichiometric Air, Hot Wall 1610C
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Run Number 137, Premixed Furnace Burner (Turbulent), Propane
Fuel, 121% Stoichiometric Air, Hot Wall 1795C
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Run Number 139, Premixed Furnace Burner (Laminar), Methane Fuel,
1207 Stoichiometric Air, Hot Wall 1770C
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Run Number 141, Premixed Flat Flame Burner (Laminar), Methane
Fuel, 1017 Stoichiometric Air, Cold Wall
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APPENDIX E

CQ/C02/HC/02 DATA PLOTS

Run Number 102, Premixed Flat Flame Burner (Laminar), Propane Fuel,
106% Stoichiometric Air, Cold Wall

Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

Run Number 103, Premixed Flat Flame Burner (Laminar), Propane Fuel

1037% Stoichiometric Air, Cold Wall

Normalized Species Concentratioms CO3/15, CO/5, 0,/10, HC/5

Legend - Carbon Dioxide = D, Carbon Monoxide = M, Oxygen = O, Hydrocarbon = H
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Concentration (Normalized Percent)

E-3

Run Number 103, Premixed Flat Flame Burner (Laminar), Propane Fuel, 1227%
Stoichiometric Air, Cold Wall

Normalized Species Concentrations €02/15, CO/5, 0,/10, HC/5
Legend -~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=
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Concentration (Normalized Percent)

E-4

Run Number 104, Premixed Flat Flame Burner (Laminar), Propane Fuel,
947 Stoichiometric Air, Cold Wall

Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H

10E

9t

8E

7€

6E

5E

4E

3k

2E

1t

13

=1

-1

LI N

L I

Z o o o o ¢ o 8 o 8 6 0 ¢ Tle o 0 ¢ o 2 o o s »

» a0

LI A

-* L] L] ¢« & & o s » & o L 2 » & & & & * & & * @ *. & @ . & * & & & & L N * & o & » @ L * ® o @

-

L)

L]

-
HO.....’Q.................

2

L N

LN )

*se0

LU N

* s 00

- - e & & © & » * & @& . e .« ® & o o *® & © & » * & & & » ® & & # & & & & O - ¢ e ¢ . o ¢ & & &

3

LR N

LB A )

LI N 3

® e 0D

L s o *® & & o o ”* o e * ® * & & & o * & & & » .« & & & @ . & & o = * » & ® . ® o & . & * ® © o

4

€0,/15, €0/5, 02/10, HC/5
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Concentration (Normalized Percent)

E-5

Run Number 104, Premixed Flat Flame Burner (Laminar), Propane Fuel,
837 Stoichiometric Air, Cold Wall
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-6

Run Number 105, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 101% Stoichiometric Air, Cold Wall

Normalized Species Concentrations C02/15, C0/5, 05/10, HC/5

Legend ~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-7

Run Number 106, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 101% Stoichiometric Air, Cold Wall

Normalized Species Concentratioms C02/15, CO/5, 05/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-8

Run Number 108, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 1207 Stoichiometric Air, Cold Wall

Normalized Species Concentratioms C€O02/15, CO/5, 05/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-9

Run Number 109, Stabilized Diffusion Flame Burner (Laminar), Methane
Fuel, 107% Stoichiometric Air, Cold Wall

Normalized Species Concentrations C02/15, CO/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H

10F =1 00000800000 ELN0ELORN0EEICOIIUCEINLLIEESORNGEEBLOEIEGOLEOOLEOIESTS
. . . . . . . . . . '

. . . . . N . . . . .

. . . . . N N . . . .

. . . . . . . . . . .

9E -1 “....“............."................‘...........
. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . H . . . . . . . .

8E =1 seseoMHoevossssscssscstsensosstsssrasssosnstsstosonanes
. . . H . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . .

T7E =1 P9 0000050800000 08 0008000080 000sbebsbosussNOROSEOBOROII)
. . . M . . . . . . .

. . . . . . . . * . .

. . . . . . . . . . .

. . . . . D . . . . .

6E -1 50 6000006000 00060a80s800600s80c800 0860800006000 0000000808
. . G . D . . . . . .

. . . . . . . . . . .

[ ] L[] M ] [ . L L] [ ] L] L]

. . . . . . N . . . .

SE "'1 (AN TS YR EEE NN NI IS S AN N NI SN A I A O BN B B BN O N B N N I NI N )
. . . . . . . . . » .

[ ] ] L ] L ] L] L] L] L ] . L[] [ ]

. . . . . . . . . . .

. . . . . . . . ® . .

4E -] esesescsessossscssssssMisetosessesvecossssstertosance
. . . . . . . . . . .

. . . . . . . . . . .

. . D . . . . » . . .

. . . . . M . . . . .

3E —l ....‘.......‘..D....H.'.....‘.."...".‘...‘.......
] [ ] [ ] O L] L ] L] L] * L[] .

. . . . . . . . [ . .

. . . . 0 . . . . . .

. . . . . . . . . . .

2E =1 essesssssssssescssrvecsosscissesssvsesesnssssssssnvee
. . . . . o] . . . . .

. . . . . . . . . . .

. . . . . . . . . . o}

. . . . . . . . . . .

lE —1 .....‘..I...........‘.......‘.."......“..........
. . N . . . . » . . .

. . . . . . . . . . M

® M . . . . . . . . .

. . . . . . . . . . M

OE ‘1 .‘.........‘................'........'........‘....
0 1 2 3 4 5 6 7 8 9 10

Axial Distance (Inches)



Concentration (Normalized Percent)

E~10

Run Number 109, Stabilized Diffusion Flame Burner (Laminar), Methane
Fuel, 1287 Stoichiometric Air, Cold Wall
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-11

Run Number 110, Stabilized Diffusion Flame Burner (Laminar
Meth
Fuel, 1457 Stoichiometric Air, Cold Wall ( ar), Methane

C02/15, co/5, 02/10, HC/5

Normalized Species Concentrations

Legend - Carbon Dioxide=D,
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Concentration (Normalized Percent)

E-12

Run Number 110, Stabilized Diffusion Flame Burner (Laminar), Methane
Fuel, 862 Stoichiometric Air, Cold Wall

Normalized Species Concentrations C02/15, €0/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-13

Run Number 111, Premixed Flat Flame Burner (Laminar), Methane Fuel,

104% Stoichiometric Air, Cold Wall

Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-14

Run Number 112, Premixed Furnace Burner (Turbulent), Methane Fuel,
96% Stoichiometric Air, Cold Wall

Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-15

Run Number 113, Premixed Furnace Burner (Turbulent), Methane Fuel
115% Stoichiometric Air, Cold Wall

Normalized Species Concentrations C02/15, CO/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-16

Run Number 114, Premixed Furnace Burner (Turbulent), Methane Fuel,
76% Stoichiometric Air, Cold Wall

Normalized Species Concentrations C03/15, C0/5, 0,/10, HC/5
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-17

Run Number 116, Premixed Flat Flame Burner (Laminar), Methane Fuel,
119% Stoichiometric Air, Cold Wall

Normalized Species Concentrations

co2/15, co/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-18

Run Number 116, Premixed Flat Flame Burner (Laminar), Methane Fuel,
80% Stoichiometric Air, Cold Wall
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon
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Concentration (Normalized Percent)

E~-19

Run Number 117, Premixed Flat Flame Burner (Laminar), Methane Fuel,
161% Stoichiometric Air, Hot Wall 1430C

Normadized Species Concentrations C02/15, €0/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-20

Run Number 117, Premixed Flat Flame Burner (Laminar), Methane Fuel,
119% Stoichiometric Air, Hot Wall 1430C

Normalized Species Concentrations. C0,/15, C0/5, 0,/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydroearbon=H
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Concentration (Normalizod Percent)

Run Number 117, Premixed Flat Flame
807% Stoichiometric Air,

E-21

Normalized Specles Concentrations

Legend - Carbon Dioxide=D, Carbon Mo
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Concentration (Normalized Percent)

E-22

Run Number 118, Premixed Flat Flame Burner (Laminar), Propane Fuel,
161% Stoichiometric Air, Hot Wall 1450C

Normalized Species Concentrations CO,/15, CO/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-23

Run Number 118, Premixed Flat Flame Burner (Laminar), Propane Fuel,
61% Stoichiometric Air, Hot Wall 1565C

Normalized Species Concentrations C02/15, CO/5, 0,/10, HC/5
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-24

Run Number 119, Premixed Flat Flame Burner (Turbulent), Propame Fuel,
110% Stoichiometric Air, Cold Wall
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E~-25

Run Number 119, Premixed Flat Flame Burner (Turbulent), Propane Fuel
1327 Stoichiometric Air, Cold Wall )» Fropane Fuel,

Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-26

Run Number 119, Premixed Flat Flame Burner (Turbulent), Propane Fuel,
88% Stoichiometric Alr, Cold Wall
Normalized Species Concentrations
Legend -~ Carbon Dioxide=D, Carbon Momoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-27

Run Number 120, Premixed Furnace Burner (Laminar), Propane Fuel,
156% Stoichiometric Air, Hot Wall 1495C
Normalized Species Concentrations
Legand - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, HydrocarboneH
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Concentration (Normglized Percent)

E-28

Run Number 122, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 160% Stoichiometric Air, Hot Wall 1450C

Normalized Species Concentrations C02/15, C0/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

£-29

Run Number 123, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 1407 Stoichiometric Air, Hot Wall 1590C

Normalized Species Comcentrations CO0,/15, CO/5, 05/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-30

Run Number 123, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 120% Stoichiometric Air, Hot Wall 1775C

Normalized Species Concentrations CO0,/15, CO/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=id
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Concentration (Normalized Percent)

E-31

Run Number 123, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 80% Stoichiometric Air, Hot Wall 1825C
Nermallzed Species Concentrations
Legend ~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-32

Run Number 125, Stabilized Diffusion Flame Burner (Turbulent), Propane
Fuel, 160% Stoichiometric Air, Hot Wall 1425C
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, HydrocarbensH

10E

SE

8E

7€

6E

5€&

4E

3t

2E

1E

(0] 3

-1

C02/15, €0/5, 0,/10, HC/5

90 0060068000082 80006000000 060060500880006082008080008000000>

L N )

L N

se0

LI N

*se

® ® 8 ® © & * & & O © " e S 6 O G O B G S eSS s s e s E s s 6 s

O......."......."..........................‘..‘..

1

ss0 0

® & & * & 9 8 6 & © S O & © ¢ 6 6 & ¢ " S & " T GG " ST S eSS L e s S e e 0>

2

L N

*o 00

[N N ]

[ N N

®e e o o 06 0 8 8 88 O o 8 06 e 06 TUs s 66 s ¢ o868 58 9 s s s o e se 0 Lo ¢ ¢ 0600 s 0080

3

L X N 1

e s e

[ XN

LR NN ]

LK

L N

LN

e 8 Oe & & & & o & & o 8 o ¢ T o o o 8 » o [Je s » & @ & ¢ & & & 2 ¢ 6 & ¢ & & o &6 » 2 0o & »

4

LW N )

L N )

L I

o @« 8 T O® v ¢ « ¢ & ¢« ¢ ¢ ¢ o » ¢ ¢ ¢ o & 3 » &8 D & & & & & 2 o 0 » & 5 & ¢ & & » ¢ ¢

[

5

se e

L N ]

[ NN ]

L ]

L3 U ]

L N

" & ®» - * & & * ® & & * » ¢ @ ”® & & ® . & & *® & & & » » o & & = & & & » 5 e v " - & 5 &

6

L

[N N1

[N N ]

(A NN

[N N 1

L A )

Axial Distance (Inches)

....-........OO‘....z.‘........OQ..........O..‘

.

7

[N ]

L N

se b

a0 08

L N

s & o - ® - o @ * ® ® & &5 & ¢ » " & & & © > @ *® & & & & & ¢ o = » * & & & - 5 » & o L] - & » o

8

® & 8 8 32 T e 8 s & & 8 e s s s e e s v e s (O s s e e T * e s s s " " e e e s e s

9

ss e

ss 0

[ NN ]

e ¢ T o o o » ®» a ® & e e e ¢ e v s e s 0 e 066 O s e e Je e s e 0 e s e e s e 8 0 e 00

600000080600 ensssvetssssisesovencsHoossosossassHoseoH

10



Concentration (Normalized Percent)

E~-33

Run Numbey 126, Stabilized Diffusion Flame Burner (Turbulent), Propane
Fuel, 141% Stoichiometric Air, Hot Wall 1610C
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E~34

Run Number 127, Stabilized Diffusion Flame Burner (Turbulent), Propane

Fuel, 114% Stoichiometric Air, Hot Wall 1870C
Nowmalized Species Concentrations
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Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon®H
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Concentration (Normalized Percent)

E-35

Run Number 127, Stabilized Diffusion Flame Burner (Turbulen

t), Pr
Fuel, 80% Stoichiometric Air, Hot Wall 1870C " opane
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Narmalized Percent)

E-36

Run Number 128, Stabilized Diffusion Flame Burmer (Turbulent), Methane
Fuel, 160% Stoichiometric Air, Hot Wall 1440C
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-37

Run Number 128, Stabilized Diffusion Flame Burner (Turbulent), Methane
Fuel, 140% Stoichiometric Air, Hot Wall 1590C

Normalized Species Concentrations C02/15, co/5, 05/10, HC/5
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, HydrocarbonsH
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Concentration (Normalized Percent)

E-38

Run Number 130, Premixed Flat Flame Burner (Laminar), Methane Fuel,
140% Stoichiometric Air, Hot Wall 1585C
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

Run Number 131, Premixed Flat Flame Bu
120% Stoichiometric Air,

Nprmalized Specles Concentrations
Legend - Carbon Dioxide=D, Carbon
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Concentration (Normalized Percent)

E~40

Run Number 131, Premixed Flat Flame Burner (Laminar), Methane Fuel,
78% Stoichiometric Air, Hot Wall 1770C

Nermalized Species Concentrations CO0,/15, CO/5, 0,/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-41

Run Number 131, Premixed Flat Flame Burner (Laminar), Methane Fuel,
111% Stoichiometric Air, Hot Wall 1865C

Normalized Species Concentrations

C0,/15, co/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E=42

Run Number 131, Premixed Flat Flame Burner (Laminar), Methane Fuel,
101% Stoichiometric Air, Hot Wall 1945C

Normalized Species Concentratilons

C0,/15, €0/5, 0,/10, HC/5

Legend ~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Fﬁrcent)

E~43

Run Number 132, Premixed Furnace Buxner (Laminar), Methane Fuel,
160% Stoichiometric Air, Hot Wall 1440C
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-44

Run Number 133, Premixed Furnace Burner (Turbulent), Methane Fuel,
160% Stoichiometric Air, Hot Wall 1440C

Normalized Species Concentrations CO03/15, CO/5, 02/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-45

Run Number 133, Premixed Furnace Burner (Turbulent), Methane Fuel,
140% Stoichiometric Air, Hot Wall 1590C

Normalized Species Concentrations CO0»/15, CO/5, 0,/10, HC/5
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E~46

Run Number 134, Premixed Furnace Burner (Laminar), Methane Fuel,
140% Stoichiometric Air, Hot Wall 1585C
Normalized Species Concentrations C0y/15, CO/5, 0,/10, HC/5
Legend ~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-47

Run Number 134, Premixed Furnace Burner (Laminar), Methane Fuel,

657% Stoichiometric Air, Hot Wall 1600C

Normalized Species Concentrations €0,/15, co/5, 0,/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E~-48

Run Number 135, Premixed Furnace surner (Laminar), Propane Fuel,

139% Stoichiometric Ailr, Hot Wall 1625C

Normalized Species Concentrations C02/15, €0/5, 02/10, HC/5

Legend -~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-49

Run Number 136, Premixed Furnace Burner (Turbulent), Propane Fuel,
141% Stoichiometric Air, Hot Wall 1610C

Normalized Species Concentrations CO2, CO/5, 0,/10, HC/5

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-50

Run Number 137, Premixed Furnace Burner (Turbulent), Propane Fuel,
1217 Stoichiometric Air, Hot Wall 1795C
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon
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Concentration (Normalized Percent)

E-51

Run Number 138, Premixed Furnace Burner (Laminar), Propane Fuel,

121% Stoichiometric Air, Hot Wall 1795C

Normalized Species Concentrations C02/15, C0/5, 02/10, HC/5

Legend ~ Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

Run Number 139, Premixed Furnace Burner (Laminar), Methane Fuel,

E-52

120% Stoichiometric Air, Hot Wall 1770C
Normalized Species Concentrations
Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-53

Run Number 140, Premixed Furnace Burner (Turbulent), Methane Fuel,
1207 Stoichiometric Air, Hot Wall 1775C
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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Concentration (Normalized Percent)

E-54

Run Number 141, Premixed Flat Flame Burner (Laminar), Methane Fuel,
1017 Stoichiometric Air, Cold Wall
Normalized Species Concentrations

Legend - Carbon Dioxide=D, Carbon Monoxide=M, Oxygen=0, Hydrocarbon=H
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FUEL
F LOW
(CFM)

De0%8
0030
Ce0413
0036
0«C36

AIR
FLOW
(CFM)

Ce854
Ce854
Qe84
Ce854
Ce854

PCT

STCIC
AIR

Q5.3
11944
£330
G963

9843

AXTAL
DIST
(IN)

10400
1200
10400
1000
1C.C0

APPENDIX F
DATA LISTINGS
RUN NUMBER 101
PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD AIR PREHEAT=NONE

RADIAL WALL NO NOX
DIST TEMP
{IN) (<) (PPM) {PPM)
000 145
C«00 50 57
000 72
0.00 145
Ce00

02

(PCT)

0.06
3040
0«04
0.C5
CsC5

co
{PCT)
0707
04003
4£e510

04599

cez2

{PCT)

1379

1173

10.73

1379

HC

{ppM)

1-4



FUEL
FLCW
{(CF)

0«021
0«021
Ce021
Ce022
Q6322
Ce022
0021
Q6021
Cel21
0«¢021
GeCP1l
CeC21
Q0.C21
Cel21
Cel21
Ce021
D.C21
D021
CeG21
Cel21
04021
0el21
0eC21

AIR
FLOW
{CFM)

Oe546
Ceb4b
04546
0e546
Oe546
De546
0+546
Ced46
De546
C05~'06
O. 5{06
Ceb46
Cedtb
OoBQb
Q0546
Oed46
0eB46
Oe546
0546
De546
0e546
De546
Oed46

PCT
STOIC
AIR

10641
1C6.1
10641
10047
1007
10C.7
106.1
106.1
10641
10661
10&.1
10641
1061
10601
1C6e1
10641
10561
1C6Hel
18641
1061
10641
10641
10641

AXIAL
DIST
{IN)

10405
5405
105
1405
0e40
Cas30
100
14090
1.00
100
1400
1.00
1400
1.C0
1.00
129

10000

1002

1C.00

10.00

10,00

1C«00

10.00

RUN NUMBER 102

PREMIXED FLAT FLAME BURNER

PROPANE
WALL~-COLD
RADIAL WALL NO
DIST TEMP
{IN) (C) (PPM)
000 g8
04CO £8
0400 75
0G0 88
000 50
0.00 40
000 63
020 T4
CetQ 65
Ce50 an
Ce80 s
~0e8D 92
=060 87
-0e&C 70
~0e23 62
0.00 66
000 108
0e20 105
0e4C 106
060 106
0.80 100
1.00 1C3
-~0e80 103

AIR PREHEAT=NONE

NOX
(PPM)

101
98
98

108
65
58
87
80
75
85
g5
97
92
g0
70
83

110

107

108

107

103

107

105

02
(PCT)
1.15

1410
1420

Cets3:

0e53
0s54
1640
135
l1e25
120
1450
1+80
140
1425
1+3C
1-45
1630
1.40
1435
155
225
1075
2410

co
(PCT)

0003
0024
0389
1e068
16269
le328
Oe4b6
Ce258
04079
C.018
C.008
0.005
0.010
0036
0159
Ce209
0+003
0+003
C.003
0003
0.003
0.003
0.003

ce2
(PCT)

13.01
13.01
12.5C
12.590
12450
l2e24
12450
12.50
13.01
1327
13.27
13.01
13427
13427
1275
12475
13.01
12.75
12.75
12.50
12450
12.24
12.24

HC

{PPM)

2
3.
2
2
2
2
254
10.
6o
Se
4e
4o
4.
3.
3e
3
2
2e
2e
2e
2
2
2

A



FUEL
FLOW
(CFW)

CeD21
0«021
QeC21
0021

AIR
FLOW
(CFM)

Ce546
04546
Oe546
0e546

PCT
STOIC
AIR

10661
10641
10661
1061

AXIAL
DIsST
(IN)

10.00
10400
1C«00
10.00

PREMIXED FLAT FLAME BURNER

RUN NUMBER 102 CONT

PROPANE
WALL=-COLD
RADIAL WALL NO
DI1ST TEMP

(IN) (C) (PPM)
~0460 106
~0e40 99
-0+20 101
000 101

AIR PREHEAT=NONE

NOX

(PPM)

108
102
103
103

02
(PCT)

1450
1440
1460
le70

co

(PCT)

0.003
04003
04003
0.003

Co2
(PCT)

12,75
1275
12475
12.75

HC
(PPM)

2
Ze
2e
2e



FUEL
FLOW
(CFM)

Ce021
Cel22
D.022
Cel22
C.022
Ca022
0sC22
Ced22
Ce022
04022
0eC22
Ce022
04022
04022
0.022
0el22
CeC22
Cel22
Cel22
0.022
Ced22
0022
0.022

AIR
FLOW
(CFM)

0e546
CeH46
Qe546
Oe54€
J.546
0+4546
Ce546
0. Sli()
Os546
04546
Ce546
0e5456
Deb46
OeS4E
00546
0+546
Ce546
0a546
Oe546
Q546
CeS546
Oe546
Ce548

PCT
STOIC
AIR

1061
10344
103 ¢4
10344
103 e4
12344
1C3 44
10344
10244
10344
1C3 a4
10364
10344
10344
1034
10364
10344
0364
10344
10344
10344
1034
1034

AXTAL
DIST
tIN)

10.00
1000
10.00
1000
10.00
1C.00
10,00
10a.20
1000
1000
1CsC0
10400
1«00
100
l1.0C
100
1¢00
100
16CC
1400
1COC
100
100

RUN NUMBER 103

PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
{IN) (C) {PPM)
0.00 103
0.CO 108
1.00 111
080 106
050 113
Ot 113
0e20 115
-0 80 113
-0e60 115
=040 113
“OOZO 111
0400 111
0eCO 60
1,00 88
Ce«80 a5
D60 65
0e4 62
0620 76
~Cs 80 o7
~0663 93
~0e40 67
=Ne2Q 75
000 75

AIR PREHEAT=NONE

NOX

{PPM)

108
116
118
113
118
120
119
120
120
120
118
118
g0
35
100
77
85
108
100
98
80
95
95

02

(PCT)

110
0.38
0e83
1430
Ce75
0e55
050
1430
0«60
050
Ce6D
0«50
1610
1«25
0«80
0«70
075
Qe85
120
0«35
Oesd
0«75
Ce73

co

{PCT)

0003
C.007
04005
04004
0.004
Q.C05
0«C06
0.004
0s004
0+0C5
0.005
0006
Ce352
Cs016
Qs026
0all3
(Ce337
040028
Ce00O9
0«036
0+199
Casy55
Cetsl

Co2

{PCT)

12475
13.01
13,01
12450
12475
13.01
1327
12.75
1301
13,01
13.01
13427
12424

13.01

13.27
13427
12.75
12450
13.01
13.27
13427
12450
12450

HC

{PPM)

2e
3e
1.
le
1.
le

1.

1l
le
1.
le
le
le
le
1.
1le
le
1.
2e
3
1l
le
lae



FUEL
FLOW
(CFM)

Ce018
0018
Ce018
0018
O0ed18
0018
G012
0«018
Cel18
Cs018

« 218
Q4018
0.018
0sC1l8
0018
0.C18
C«018
Csl18
0018
0018
04018
0018
0.018

AIR
FLOW
(CFM)

0.546
0546
Qe546
Oe546
Ceb48
Qo546
06546
0546
Dad4¢&
0a546
De346
Csbub
0e546
Oe546
0e546
CeH406
DebS06
DeS46
Oe546
0. 546
Ce546
O0e546
Q06546

PCT
STOIC
AIR

122.0
172240
12240
12240
122.C
12240
12240
12240
12240
1224C
1220
1220
122.0
1220
12240
12240
1224C
1220
122.C
1220
1220
12240
122.C

AXIAL
DIST
CIN)

100
1.00
100
100
100
1.00
1.00
1e00
1.CO
1380
10.C0
1C«00
1C«00
1000
10.00
1000
1Ce0N0
1600
10.30
1000
5400
2400
1.C0

RUN NUMBER 103 CONT
PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD
RADIAL wWALL NO
DIST TEMP
{IN) (C) (PPM)
0.00 45
0620 40
0e40 47
0«60 38
0.80 [
14CO 4]
-« 80 43
-Ne6HO 37
0ot 0 31
~0s20 37
000 50
020 50
Ge40 49
060 50
0480 47
1.00 46
=0e8C 45
~0e€Q 49
~0e40 49
~0e20 50
0«00 39
0.00 36
0.00 31

AIR PREHEAT=NONE

NOX
(PPM)

60
54
55
43
43
45
46
42
39
42
50
51
50
51
48
47
46
50
50
51
48
45
37

02
(PCT)

4400
3.90
3¢90
3490
4400
4420
4400
3¢90
3695
3495
3690
4400
4400
420
4460
4e70
500
4e30
4420
4410
4400
4410
4420

co

{PCTI

0.075
0.072
0e05¢
0025
0.004
0«003
Cs005
0+006
0.020
0.072
CeQC3
0003
0.003
04002
0«002
04002
CeQ02
04003
04003
0.003
0005
0e031
0.0686

Co2
{PCT)

10.98
11.23
10.98
1123
l1led8
11448
1148
11.48
11423
10.%8
10.98
11.23
10.98
11.23
10.73
10.98
10.73
1123
11e¢23
11.23
11.23
10.98
10.73

HC
(PPM)

1.
le
le
le
1l
l.
1,
le
le
le
le
le
1.
l.
le
3
3
e
3
Be
G
3
5



FUEL
FLOW
{CFM)

D«018
0.018

De.C18

04018
Ce018
Ce018
0018
0018
0.018
0018

AIR
FLOW
(CFM)

Qe546
Ceb52
Ced52
0552
0552
0e552
Ce546
0546
Oe546
De546

PCT
STOIC
AIR

122,90
12343
1723.3
123.3
172343
17343
127240
17220
1220
1220

AXTAL

DIST
(IN)

1.00
1.00
l.00
1.00
1400
1.0C
100
1,00
1400
1.00

RUN NUMRER 103 CONT
PREMIXED FLAT FLAME BURNER
PROPANE
WALL=-COLD AIR PREHEAT=NONE

RADIAL WALL NO NOX 02
DIST TEMP
(IN) (C) (PPM) (PPM) (PCT)
0e20 32 36 4420
0«80 31 35 440
0460 430
1.00 4460
Q0440 430
~0s2C 4e30
-Ce20 3.90
-0e40 3.90
-0.20 3090
~0«30 390

co
(pCT)

0073
C+005
CeQl4
CeQ0Q4
Ce046
CaQt4
0066
Ce023
04060
0e042

Co2
(PCT)

10.98
10.98
1C.983
10,98
10.98
10.98
10.98
10.98
10.98
10.98

HC
(PPM)

le
Te
Te
Te
T
B
Te
Te
Te
Te

9-4



04024
Cel24
Cel?4
O-O?Q
Cad24
CaC24
Cal24
0024
0024
0s024

AIR
FLOW
{CFM)

Qe546
0e546
0e546
Cab45
Q546
CeS4b
00546
Ce546
CeB46
0.546
Ce5468
0eS46
Oe546
DeS46
Ce546
CeS4b
Ge546
CeH46
CeS46
De546
Deb45
04546
CeS46

PCT

STO1IC
AIR

12240
122.0
1220
1270
12240
1220
122490
12240
1272+0
1220
12240
Q345
9345
0345
9345
Q345
G345
925
9345
9345
9345
G35
9345

AXTAL
DIST
{IN)

l1eC0O
1.C0
1.00
1.00
1.C0
100
1.CO
1.00
100
100
100
100
100
100
1400
1.00
1400
1400
1400
1e00
1.00
1400
0a70

RUN NUMBER 104

PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
(IN) (C) {PPM)
000 32
=080
“0060
~0e4C
~(3220
Ce00
0e20
0440
Ce€0
Ce 80
1.0C
1400 63
Ce80 &5
060 €0
Qe4a0 72
Ce20 93
000 78
=0420 70
=040 60
‘0060 67
=0.E0 69
000 77
C.00 73

AIR PREHEAT=NONE

NOX
{PPM)

41

02
(PCT)
3¢90

4-50
4410

3495

3497
390
4400
4e (5
4400
4420
4660
Celb
0.05
0«03
OeCa
0«08
0«07
005
003
0s04
0e23
0«08
0«09

Co
(PCT)

0.076
04004
0.006
Ce018
0aC55
0079
0,073
04046
0sC16
04006
CeCC4
1927
2012
2012
76273
2eT24
26632
24262
24C99
1e927
1421
24451
2e451

HC
{PPM)

1,
1.
2
2.
2
24
2.
2.
2
2.
2e
3.
3.

La
Lo
L
Lo
Lo
4o
Lo
40
4o

L=



FUEL
FLOow
(CFM)

046024
Ced24
Cel24
06024
Ce024
0024
CeD24
0024
0e024
Ce024
CeB24
Ce024
0s024
Cel24
Ce024
CeC24
DeC27
0«C27
0027
0027
0027
0e027
0027

AIR
FLOW
(CFM)

0,546
Ce546
0e546
0e546
005“6
04546
Qe546
Ce546
Ce546
De546
0e546
Qe546
0.546
CeS46
Ce546
Ceb46
Ceb456
Ceb546
Ce546
0e546
0e546
De546
Oe546

PCT
STOIC
AIR

9345
9345
9345
9345
0345
G345
9245
035
Q3.5
935
9345
9345
925
925
9345
9345
832
8347
8342
83e2
R3.7
8342
832

AXIAL

DIST
(IN)

0e50

0e30

Ce20

0«10

0«05
18400
1000
1000
10400
10,00
1000
1000
10.00
1000
1000
10600
1000
1C.C0
1000
1C«C0
1000
10.00
10400

RUN NUMBRER 104 CONT
PREMIXED FLAT FLAME BURNLR

PROPANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
(IN) (C) {PPM)
0.00 65
0«0C 55
0.00 48
0400 38
0.090 20
0«00 84
0e20 83
0e40 21
060 80
Ce80 70
1400 656
~0¢80 63
~0e60 80
-0 e 53
=0e2C g6
0.00 86
Ce00 61
020 62
040 64
Ce60 64
080 55
1400 56
~0.80 49

AIR PREHEAT=NONE

NOX 02
(PPM) (PCT)

Dslb
Ce24
027
Oets6
100
C.03
003
0408
0«10
050
0«50
0«80
0.20
0«07
Cs0&
0«03
0.03
0603
0«04
Q09
0440
0+38
070

co
(PCT)

24451
24451
2e54]
2e¢632
34007
14757
168413
14757
le672
14337
le421
led21
14588
1e¢757
1¢757
l1e757
4e274
44274
44158
44274
3.824
44045
34824

Co2
(PCT)

11448
1148
11.48
1123
10449
1275
12+24
1224
12.24
12e24
12«24
1224
12.24
12.24
1199
11.99

999
1024
10e24
10.24
10e24
1024

9.99

HC

{(PPM)

Lo
40
4o
80,
1200,
2o
2o
2e
2
2o
2e
20
2e
2e
2
2e
2e
20
2
2
2e
2e
2e

8~d



FUEL
FLOW
(CFM)

04027
04027
Ced27
Ce027
Ce0027
0027
0.227
Cel27
0.027
Ce27
0.027
0.027
Ce027
24027
04027
Ce027
C.027
0.027
0.027
0027
0.,027
0027
0.027

AIR
FLOW
(CFM)

0546
Ce546
04546
0546
J«546
0-5“6
04546
Qe546
0546
Q0e546
Oedlb
Cel4ut
Qe545
Ce546
00546
De546
CeB46
Ced46
Ced46
OeB46
0e546
OeS4b
Q4546

PCT
STOIC
AIR

B342
83e2
83.2
B3e7
R3e7
8342
8362
8342
8347
B3e2
8342
B3a42
8342
8342
8342
83.2
83e7
B2e2
B3s?
R342
8342
8342
83642

AXIAL

DIST
(IN)

10,00
1000
1000
10,00
10.00
100
100
1.00
1.C0
100
1.00
1.00
100
1.00
1.00
0470
0e50
0430
0e20
0¢10
0.00
0+05
0,10

RUN NUMBER 104 CONT
PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
(IN) (C) {PPM)
=0s60 65
~0e¢40 66
~0s20 65
0+00 65
0«00 63
Ge20 68
040 67
0.6C 56
(0«80 54
100 51
~0«80 54
~0s60 63
~0e40 50
”0020 65
0.00 66
0.00 62
000 59
C«00 55
000 52
0«00 46
~0.20 14
-0.20 25
-0¢20 51

AIR PREHEAT=NONE

NOX 02
(PPM) (PCT)

0.18
0.05
003
Ce02
0+01
Q.01
0.01
0«01
005
0.17
C«20
004
002
002
CeC3
0.03
0.03
Ce04
C.05
018
3,60
1e75
0.08

Co
{(PCT)

44045
44158
44158
Le2T4
44882
4.882
54011
4e391
44158
34824
34933
4e158
44391
Loe756
56011
4756
42756
4aT756
Leb32
46632
L4274
44632
44510

Co2
(PCT)

10.24
10424
10.24
10.24
9451
9451
9451
10.24
10.73
11.23
10.98
10.49
10.24
951
9451
9475
9.51
9451
9475
9451
7460
Ee54
9475

HC
(PPM)

20
2e
2o
le
le
le
2e
10.
15.
15.
Lo
5e
4o
le
le
le
le
1.
le
600
20000
8500.
550

6-a



FUEL
FLOW
{CFM)

0e225

D225

Ce?225
Ce225
Oe225
04225
0e275
De225
Ce225
Ca225
0e?25
Ce?225
Ce225
Ge225
Ce225
Ce?25
Ce225

AIR
FLOW
(CFM)

24172
2172
24172
24172
24172
24172
2.172
2172
2172
24172
24172
20172
2¢172
20172
2172
2172
2172

PCT
STOIC
AIR

1012
1012
10142
1012
1012
10142
1Cls?
101 e2
10172
101e2
1012
101.2
10162
1012
101.2
1C1ls?
10142

AXTAL
DIST
{IN)

10400
1C«00
1C+00
1000
1C.C0
1000
1000
10600
10«00
1000
10400
5600
5400
5400
500
5.00
5600

STABILIZED DIFFUSION BURNER

RUN NUMBER 105

METHANE
WALL=COLD
RADTAL WALL NO
DIST TEMP
{IN) (C) {PPM}
=003 40
0.80 28
0e60 31
0e&0 33
0«20 35
0«00 34
-0e20 33
~0e&0 33
~0e60 30
~080 26
~0e86 27
0«00 25
0.20 22
0«00 37
0e20 35
Cs40 28
060 23

AIR PREHEAT=NONE

NOX

(PPM)

44
33
35
38
41
41
47
41
38
34
34
33
30
46
42
35
27

02

{(PCT)

005
0.08
0«07
0+05
0«05
0404
004
Ce04
0«05
0406
0«07
005
0.06
le25
3.50
260
400

co

{(PCT)

06304
0s6017
0e 045
Qel47
0e204
0.304
0e285
0.304
0190
0eC73
Ce050
0+501
04501
14689
1039
0493
0+109

co2
{(PCT)

11.23
1073
10673
1C.98
1C.98
10.98
10.98
10,58
10473
10498
10.98

9499
10.24

9499
10424
10424

%e75

HC

(PPM)

1le
le
le
le
le
1.
le
1.
le
le
1le
900
300
400,
110.
2Cs
20.

01-4



FUEL
FLOW
{CFM)

04225
0e225
00225
Ce225
Ce225
0225
Ce225
Ce225
Ce225
0e225
Ce?25
Ce225
Cel25

AIR
FLOW
(CFM)

24172
2172
2e172
26172
26172
24172
24172
24172
26172
26172
26172
2172
26172

PCT
STOIC
AIR

10142
101.2
101e?7
101.72
101e2
101.2
10142
1012
10142
101.2
10142
101e2
101.2

AXIAL
DIST
(IN)

10.00
1000
10.00
10400
10.00
10.00
1C.00
1000
S5e40
5400
4400
3450
2400

RUN NUMBER

METHANE
WALL=-COLD

RADIAL WALL NO
DIST TEMP
(IN) <y (PP

0.00
0+20
0440
0.60
=0+60
=0e6:0
~0420
0+CO
0.CO
0.00
0.00
000
0«00

106 ,
STABILIZED DIFFUSION BURNER

M)

39
36
34
26
34
36
49
40
33
33

2

1

C

AIR PREHEAT-NONE

NOX
(PPM)

48
43
38
35
41
46
45
44
39
49
19

9

1

02

(PCT)

co
(PCT)

0.151
0.089
0.046
0.020
0e102
Oel24
O0el43
0el131
1068
14537
14387
0.707
0031

coz2
(PCT)

10473
10449
10.49
10424
1049
1649
10473
1073
1C.24
999
597
354
0.84

HC
{PPM)

1.

1.

le

l.

1.

le

1.

1.
200.
2000
25000.
25000.
25000,

T1-4



FUEL
FLOW
(CFM)

0s+189
Cal189
0189
0186
Csl89
Celg®
0.189

AIR
FLOW
(CFM)

2172
24172
24172
24172
24172
24172
2172

PCT
STCIC
AIR

12044
12Ce4
12064
1204
1204
12044
120 e4

AXTAL
DIST
(IN)

1G.00
10400
1C.00
10,00
10.00
10400
10.00

RUN NUMBER
STABILIZED DIFFUSION BURNER

METHANE
WALL=COLD
RADIAL WAL L NO
DIST TEMP
(IN) (Cl (PPM}
000 21
020 19
0e40 17
Ceb60 17
-~0e60 18
~0e&0 20
-0e20 20

107

AIR PREHEAT-NONE

NOX
(PPM)

27
23
21
21
24
27
23

02

(PCT)

6410
6445
655
7400
650
610
580

co
(PCT)

0006
0s005
04003
0.004
0009
0009
04009

Co2
(PCT)

8630
Be54
8430
8,07
8430
854
8454

¢1-4



RUN NUMBER 108
STABILIZED DIFFUSION BURNER
METHANE
WALL=COLD AIR PREHEAT=NONE

FUsL AIR PCT AXTAL RADIAL WALL NO NOX 02 Co coz HC
FLOYW FLOW STOIC DIST DIST TEMP

{CFM) {CFM) AIR {(IN) (IN) (C) (PPM) {PPM) {(PCT) (PCT) (PCT) {PPM)
Cel89 20172 12064 10400 0«00 20 26 5480 0.012 8478 Qe
Se189 2172 12Ce4 5.C0 0.00 23 36 4430 0e4s73 9402 2500
CeX89 24172 17064 5450 0sC0 33 46 290 N0e734 9e51 150
0129 24172 120 e4 5450 0«20 30 39 3450 Ces80 %e51 50
CelbS 24172 120e4 5450 0e40 24 28 5410 1039 8478 100,
0e189 2172 17044 5450 0460 16 24 670 0sC63 783 400,
0el89¢ 2172 120 +4 5¢50 =060 25 27 610 0.181 8430 500
C.18¢ 24172 17Ce4 5450 ~0e¢40 22 33 4450 0+291 902 500«
CeselB9 2172 12D44 550 “0e20 217 36 3470 0413 026 1000.
Ce139 2172 12064 5¢50 C«0C 34 37 3480 06374 Fe26 500
DeliRQ 2172 1204 5400 0,00 23 33 4400 06707 9402 5000
0e¢l89 24172 12044 4450 000 14 24 620 04927 Te60 15000.
0.189 2172 1204 4400 CeCO 7 14 10+50 14011 4e86 25000
J+189 24172 1204 3¢50 000 2 6 1445Q Q0e734 270 35000,
02189 2e172 1204 2400 0.CO 2 3 1750 0239 l1e25 40000
O+¢189 24172 120+4 2400 0,00 2 1 18450 0+032 Qelss 42500
0e¢189 26172 12064 100 0.00 0 1 19.00 Ce014 Qe21 400C0.
Csl189 24172 12064 100 0620 0 1 2025 0.037 0e25 4250
0el189 2172 1204 1.00 0.10 0 1 20425 04026 025 17500
Ce189 2172 12Ce4 1.C0 Q630 0 1 20400 0.026 0e62 4250,

£1-d



FUEL
FLOW
(CFMm)

QeC26
Ce026
0026
C.025
0.026
Cel26
Cel26
0026
06026
0sG26
0026
04026
0026
Ced26
Del26
QeC26
NDe326
Q.C26
Ce026
Cel26
0.025
Ca026
N0.026

AIR
FLOW
(CFM)

0264
04264
D264
De264
04264
Qe264
De264
0e264
0e264
0s264
Oe264
Cel04
Q0e.264
Ce2064
Ce264
Ce264
0264
02646
0264
Qo264
Qe264
0.264
0e264

PCT
STOIC
AIR

1065
10645
10645
1065
1065
10645
10545
106e5
10645
10645
1065
1C56e5
1065
1065
104645
10645
10645
1065
1045
10645
10645
105645
10645

AXTAL
DIST
(IN)

10.00
10.00
10.00
10.00
10.00
10400
10400
1000
5400
5400
5600
5.00
5.00
54CO
5¢C0
5.00
4400
3.00
200
100
Ce 80
Ceb60
Qe40

STABILIZED DIFFUSION BURNER

RUN NUMBER 109

METHANE
WALL=-COLD
RADIAL WALL NO
DIST TEMP
(IN) (<) {PPM)
0400 35
0.20 42
D640 40
0690 42
-0060 33
—0.40 31
=020 35
0.00 28
0.C0 26
0s20 28
0440 35
060 23
-0e60 13
~0a4Q 17
-0e20C 20
009 26
D.00 27
Ce00 12
0.00 13
C.00 7
000 8
000 6
0.00 6

AIR PREHEAT=-NONE

NOX
{PPM)

47
48
50
47
42
41
43
41
38

48
47
42
40
43
42
43
473
51
19
12
11

9

02
{(PCT)

1.50
180
2620
250
220
1.80
180
1450
1440
050
2030
3670
340
300
2450
190
2440
275
5490
17425
17425
17.00
16400

co
(PCT)

0.116
06131
0.063
Ce095
0219
O0s.172
0+194
0285
20362
3,007
1s211
04493
Qe273
Qelal6b
Os844
14597
16973
34403
2724
C.181
0.181
04209
04066

co2
(PCT)

4456
10449
9.99
10.24
9.99
1024
10449
10449
5,02
8478
Gel6
9.02
9426
9426
G651
9626
8478
4eb64
5¢15
0,73
0472
0.61
1433

HC
{PPM)

500
250
100,
1C0.
500.
250,
100C.
1000,
12500
20000.
5000
1500,
1000.
2250
3500
106000,
15000.
39000.
41500,
40000,
41500,
41500
41500.

71-4



RUN NUMBER 109 CONT
STABILIZED DIFFUSICN BURNER
METHANE
WALL=-COLD AIR PREHEAT=NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 co Co2 HC
FLOW FLOW STOIC DIST DIST TEMP

{CFM) (CFM) AIR (IN) {IN) (C) (PPM) (PPM) (PCT) (PCT) (PCT) (PPM)
0026 0e264 10645 Qe20 0+00 6 8 16450 Oellb le21 43500
0,021 0264 12746 10.00 0.00 65 66 5480 04003 Be54 O
0.021 0e264 12746 10.00 0e20 63 65 5470 04003 783 O.
0+C21 De254 12756 1000 0«40 63 65 550 0.003 B«C4 O
C.C21 0e264 12746 10.00 0+6C 62 64 6415 0003 7673 Oe
CeD21 Ce264 1275 10,00 ~0e60 " 63 65 6405 0.003 752 Oe
0021 Cel0h 12746 10.G0 =040 64 65 5465 0003 Te83 O
0e021 0s264 12746 10.00 0400 64 67 5450 C.CC3 7493 O
0.021 0264 1276 5400 0.00 b4 70 34590 0e291 8.87 50
0.021 0e264% 1275 500 Q20 61 65 4465 Ce245 8e35 75
Ce021 0.s264 12746 500 0440 54 61 5470 Ce095 8el4 15.
CsC21 0e264 127.5 5.00 060 52 58 640 04016 Te62 O
Ce021 0e264 12746 5.00 ~0e60 51 57 5470 04022 Te83 Oe
0.C21 0.264 12745 5+C0 ~0:40 52 62 5420 04065 8.14 25
O0«C21 0e284 12745 5400 =0e20 &4 67 3¢55 G245 8e56 1C00.
0.021 0264 1276 5400 0«00 59 68 3450 Ce352 8498 50
CeC21 Ce264 12746 4400 000 54 68 1.70 14783 866 2500,
CeD21 Qe264 12746 3400 0400 34 1.15 44158 Tel2 24400
C.021 De264 12746 2.00 000 10 1435 44391 6459 41500,
0,021 04266 12746 1.00 0400 7 9450 14909 3415 46500,
C.021 0264 127.6 0.80 0.C0 3 17.00 04120 1.09 38500

04021 04264 12746 0.60 0400 3 1050 14387 2448 49000

SI-d4



AIR
FLOW
{CFM)

Oe2b4
0e2064

PCT
STOIC
AIR

12746
12746

AXTAL

DIST
(IN)

0440
Oe20

RUN NUMBER 109 CONT
STABILIZED DIFFUSION BURNER
METHANE
WALL=-COLD AIR PREHEAT=NONE

RADIAL WALL NO NOX 02
DIST TEMP
(IN) {c) {(PPM) (PPM) (PCT)
2470 3 7 16450
2470 3 7 16.00

Cco
{PCT)

0.078
Cel72

HC
{PPM)

38000,
44000,

91-d



FUEL
FLOW
{CFMm)

0.019
De019
0.019
04019
04019
Ce019
04019
0.019
0.019
04019
04019
Ce019
0.019
Ce019
De019
0.019
D.019
Ce019
0.019
0Ce019
Ce019
04019
0¢019

AIR
FLOW
(CFM)

De264
0264
0e264
0e.264
De264
0.264
0.264
Q0.264
Oe264
0e266
0e264
Ce264
0.2646
0e264
0254
0e264%
Ce264
Ce264
Cs264
0e264
Ce264
0264
Des264

PCT
STOIC
AIR

14445
14445
14445
l44d5
144 ¢5
l44 65
14445
14445
14445
14445
14445
1-’#’#05
14445
14445
14465
146445
14445
14445
l44 65
14/ 5
14445
14445
l44 a5

AXTIAL
DIST
{IN)

10400
1000
10400
10.00
10.00
10000
10400
10«00
5C0
5400
500
500
5400
5.00
5«00
500
4400
3«00
24900
1«00
Ce80
Ce60
Ces0

STABILIZED DIFFUSION BURNER

RUN NUMBER 110

METHANE
WALL~COLD
RADIAL WALL NO
DIST TEMP
(IN) {(Ci {PPM)
0.00 &1
0.20 63
0e&0 63
0469 61
~0+60 60
-De40 63
=020 62
0+00 61
C«00 30
0420 33
0e40 45
060 INA
=460 56
=( et 54
0420 56
000 55
GsCO &2
0600 46
000 27
000 14
0.00 8
0.00 4
0.00 4

AIR PREHEAT=NONE

NOX
(PPM)

64
64
64
63
62
64
64
65
35
44
52
51
60
61
64
67
73

57
47
42
11
10

c2
{(PCT)

Te65
8.00
8430
8420
8440
7670
Te65
Te40
6640
6«70
Te50
8430
7460
7620
650
5490
4420
2415
3480
870
16475
16450
16425

Cco
{PCT)

0.0073
0.003
0003
0003
0,003
0003
04003
0+003
0.030
Ce026
0.013
0.004
04004
0005
0.009
04016
Cs331
2912
363202
2e¢451
0¢250
0+131
0.172

coz2
(PCT)

Te21
7410
6e79
6479
6459
6679
710
690
7.42
Tatl2
7.00
679
6.90
7410
6438
7«83
Ee77
8435
6.48
4434
letb
1.17
1.59

HC
(PPM)

O

O

O

Oe

O

O

Oe

Oe

5

O

O

C.

Oe

O

O

O

O
2500
30000.
43000
36000.
39000.
375000

L1-4



RUN NUMBER 110 CONT
STABILIZED DIFFUSION BURNER
METHANE
WALL-COLD AIR PREHEAT=NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 co cO2 HC
FLOW FLOW STOIC DIST DIST TEMP

(CFM) {(CFM) AIR (IN} {IN) (C) {pPM) {PPM) {(PCT) (PCT) {(PCT) {PPM)
0.019 De264 146445 0.20 0.00 3 9 1600 0.079 0430 44000
Ce032 Ce260 856540 10.00 C.00 19 40 165 2e724 8435 25000.
0.032 Ce264 B6eN 10.00 0.20 21 43 1448 24070 8435 17500,
0e022 Qe264 8640 10,00 De40 20 473 1450 2070 8616 175C0
22032 CeZb64 260 10.00 0e60 14 43 1475 14973 825 165CGC.
Cel32 Ca264 860 1000 =060 12 38 2075 le81l4 733 18500,
0232 0264 8540 10,00 ~0e40 13 41 225 1909 8e.14 20000
Ce032 0264 8640 1C.C0O ~-0420 14 44 1675 2.005 Be25 23000,
0.032 Qe?264 25640 10.00 0400 18 37 1465 16973 8625 2100C.
0022 Ce264 860 5.00 0.00 8 36 280 3.104 6.18 40000,
Ce032 Ca264 8640 5400 Ce20 13 43 1,60 24541 Te93 31000
0e032 04264 8640 5400 Ne40 33 L4 2430 1¢537 8435 12000,
Ce322 Oe264 8540 500 0660 22 44 290 led76 Bs1l64 1300C,
0032 Ce264 £6¢0 5600 =060 13 41 210 lebdl 446 14000.
Ce032 Nalb4 £6e0 500 -0e40 15 43 240 10417 Bel4 15000;
0.032 Cs2b4 56«0 5400 ~(0e2C 20 48 2420 1e¢567 8ehb 15000,
04032 De264 £6 0 500 0400 16 49 2430 24037 804 28C00.
Qe022 0s264 8640 4400 000 12 36 3470 3506 5477 42500

040022 0264 8640 3400 C.00 10 31 5400 34007 4485 45000,

81-4d



FUEL
FLOY

(CFM)

04054
CelH4
Ce 054
NeC54
Q6354
Ce054
04054
CeN54
Ce54
D054
CeN54
0e¢054
06054
Qed54
0elH4
G254
CelH4
Cell54
Ced54
CeCB4
04054
Ce054
0s054

AIR
FLCOW
(CFM)

0.546
0.545
Ced4d
QeS46
0546
0e546
Q546
Q0s546
04546
CeS46
C.5/o6
Je546
0e546
04546
84546
04546
GCeb46
Q546
0e546
CabB46
Ce546
Ce546
0.546

pCTY

STOIC
AIR

10443
10443
10443
10443
104,73
10443
10443
1N4 43
10443
10443
10443
10443
10443
10443
10443
10443
104473
10443
104.3
10463
10443
10443
10443

AXTAL
DIST
LIN)

10.00
10.00
10.00
1C.00
10.00
10.00
10.00
1000
5.00
5«00
500
500
500
5.0C
500
5400
4400
3.00
200
100
0450
0.C0
0410

RUN NUMBER 111

PREMIXED FLAT FLAME BURNER

METHANE
WALF“COLD
RADIAL WALL NO
DIST TEMP
(IN) (C} (PPM)
0.00 83
0.20 83
040 84
0«60 84
-0e60 T4
=0e40 75
=020 78
000 77
0.00 70
De20 67
040 67
De50 68
-0e60 70
~(0e0 64
~0.20 72
0«00 76
“0020 69
-Ne20 76
-0020 71
=020 58
-Ce20 40
=-0s20 6
-0620 16

AIR PREHEAT=NONE

NOX
(pPPM)

88
S0
90
89
78
81
84
84
82
79
T4
78
77
T4
82
87
74
91
87
79
62
15
26

02
(PCT)

O.78
Ceb65
0.80
0.90
1425
le15
Qs70
Cebb
De¢74
0«69
De65
D679
CeB3
0.83
O+85
Qe84
0«95
le10
1.20
150
160
680
2640

co

(PCT)

04004
04003
0.0073
0003
0+003
04003
0004
0004
0037
0026
0.018
0.008
0s.0C8
Ce015
0e026
0028
Q054
0099
04163
0+311
0e626
16720
14597

co2
(PCT)

10.98
11.23
10.98
10.98
10673
10.98
10.98
10.98
10.98
11.23
1123
10.98
11.23
11423
1C.98
10.98
10.98
10,73
10,73
10«24

9499

6644

.78

HC
(PPM)

5
S5e
5
5
5e
5
S5e
Se
S5e
S5e
5
54
S5
5e
5e
5e
S5e
5e
5
Se
S5e
19000.
70

61-4



FUEL
FLOW
(CFM)

Ce?225
Ce225
Ce225
Ce225
0e225
0e225
04225
Ce225
Ce225
Ce225
064225
Q6225
0e225
Je225
Qe225
Ne?225
Ce225
Cel25
De225
D225
D225
0225

AIR
FLOW
(CFM)

2067
2+C67
24067
2067
24067
24067
24067
2067
2067
2067
24067
2.C67
24067
2067
2.067
2067
2067
24067
2.067
24067

«C67
2067
2+C67

PCT
STOIC
AIR

GHe3
963
96«3
963
G643
%643
G663
0643
94563
5543
0543
9543
3643
9543
9443
Ghed
Q& e3
9643
G6e3
9643
Q643
9643
Q643

AXTAL
OIST
{IN)

10400
1C+CC
10.00
10.00
10.00
10.00
1000
10.00
5400
5400
5400
5400
5C0
5400
5400
5.00
4400
300
300
200
1.00
0e50
Qe25

RUN NUMBER 112

PREMIXED FURNACE BURNER

METHANE
WALL-COLD
RADIAL WALL NO
DIST TEMP
(IM) (1 (pPM)
0.00 33
Ce20 32
Ce2sQ 32
0e60 33
«Ns60 32
~0e40 32
"'().20 32
0e00 32
De0Q0 27
=020 26
~0+40 26
-0+60 26
Ceb60 31
0e40 28
0e20 27
0400 25
0«00 21
0«00 18
-0el7 17
-0el17 11
“0017 6
-0017 6
-0e17 7

AIR PREHEAT=NONE

NOX
(PPM)

37
38
37
38
37
37
37
37
37
38
37
37
37
37
37
37
35
35
36
33
27
27
32

02
(PCT)

1.05
1.00
100
0495
0495
1.00
1.00
1.00
1.10
1.10
110
1410
1.00
0495
1.00
1«05
115
120
1435
le60D
3455
3420
4e35

co

{PCT)

04008
0008
0007
0007
0.008
0.0038
0.008
0.008
0e155
0s181
0el155
0106
04028
Ca053
C.106
Oel151
0e229
06324
0e653
Q6872
24135
24168
2e646

Co2
{(PCT)

10.98
10.98
10.98
1C.98
10.98
10.98
10.98
10.98
10673
10473
10.73
10473
10.98
10,98
10.73
1073
10.73
10.49
10.2¢

9499

8407

783

Te1l3

HC
(PPM)

2e
2
2e
2e

2o

2

2o

3e

e

3.

3.

3

3.

3

3

3

3

3
13.
2500,
3500.
4250

0¢-4



RUN NUMBER 112 CONT
PREMIXED FURNACE BURNER
METHANE
WALL~COLD AIR PREHEAT=~NONE

FUEL AIR PCT AXTIAL RADIAL WALL NO NOX 02 Cco CQ2 HC
FLOW FLOW STOIC DIST DIST TEMP

{CFM) {CFM) AIR (IN) tIN) (c) {PPM) (PPM) (PCT) tPCT) (PCT) {PPM)
0e225 2+C67 9643 0.00 =017 10 33 1.890 1567 975 200
06225 24067 9643 ~0.20 =017 11 34 1435 14182 10.24 21

12-4



FUEL
FLOW
{CFM)

0«189
Gsl80
Cel8B9
Cs189
0el89
CelR9
2.189
Cel89
Ce189
CelRS
04189
Q0189
0s189
Cel89
De189
Cal25
Ca189
CelBY
Call9y
Celgg9
0e«189
C.186
C.189
G.189

AIR
FLCW
(CFM)

2:067
2067
26067
2067
24067
2¢067
24087
24067
24067
24067
2¢C67
2067
2067
2:067
2:067
2.067
2067
2067
24C67
2067
2,067
2.067
2067
2.067

PCT
STOIC
AIR

114a6
1145
11446
11446
11446
11646
11446
11446
11446
114456
11446
11445
li4 e
114-()
11466
11466
11446
11446
11446
11446
11446
11445
1146
11446

AXTAL
DIST
{IN)

10.00
10400
1C.00
10400
10400
10.00
10.00
10420
500
5.00
500
500
5400
500
500
500
4400
3.00
200
100
075
Ce50
Ce?25
Ce00

RUN NUMBER 113

PREMIXED FURNACE BURNER

WALL~-COLD

RADIAL
DIST
(IN)

0.00
020
0¢40
Qe60
~0e60
~0e4C
~0e20
0400
0eCO
(e20
Qe40
0«60
-0 e60
-0e&D
=020
0.0C
0409
0+CGC
0«00
0600
000
0.00
C«00
0400

METHANE

WALL NO
TEMP
(c) (PPM)

12
11

WWMNNNWRDO0 LD OO0

AIR PREHEAT=NONE

NOX
{(PPM)

13
13
13
12
12
13
12
12
12
12
11
11
11
11
12
12
12
12
12
10
10
11
12
12

Q2
{(PCT)

4495
4485
4e95
4490
4480
4490
4480
4485
4485
44E0
4450
4480
4480
Lo B0
4480
4.80
4480
4480
4490
6420
6480
6450
6420
5430

co
(PCT)

C+004
0+004
0003
0002
0002
0.003
0.003
0.002
0012
0.010
0,008
0,005
0.006
0«0CY
04012
04013
0.033
C.085
0e262
le&76
14506
14387
16269
0,983

Coz2
(PCT)

9.26
9.02
9.02
9.02
9402
F.02
9402
F.02
9.02
902
902
9.02
9.02
9402
9402
9.02
9.02
9402
BeT8
Tel3
6e67
Tel3
Te36
8,07

HC
{PPM)

2

2

2e

2

2o

2e

20

e

2e

2e

2e

2

2e

2o

2e

e

2e

2e
45,
3500
£500.
5000
3250,
1200.

¢4



FUEL
FLOW
(CFM)

0«287
0287
0e287
04287
Ce287
De287
Qe?87
0287
0.287
0+287
0287
0es287
0e287
Ce287
0287
0e287
0.287
0e?287
0287
Ce287
0e287
0.287
0e287

AIR
FLOW
{CFM)

2067
2067
2067
2:067
2067
2067
2067
2:067
2067
2067
2067
2067
2067
24067
2.C67
2067
2067
7406

2.06

2406

24067
2067
2.0#7

PCT
STOIC
AIR

7546
T5 6
7566
7556
756
T5+6
T5e6
755
7546
756
7546
T56
75486
756
7546
7546
7546
755
7546
T%e6
756
7546
7546

AXTAL
DIST
(IN)

10.00
10.00
10.00
10.00
10400
10.CO
10.00
10.00
500
500
5.00
500
500
5.00
5400
5400
4.00
2400
2.00
1.00
1450
050
0.00

RUN NUMBER 114

PREMIXED FURNACE BURNER

METHANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
(IN) (C) (PPM)
C«00 35
0e20 36
0440 36
060 35
‘0-60 35
~0e#0 35
-0e20 35
0«00 35
0«00 37
-0e20 36
-0e&0 34
=0e60 31
0660 32
040 34
020 36
0400 37
000 41
04C0 48
D400 51
0,00 1
0400 26
0.00 1
0.00 7

AIR PREHEAT=NONE

NOX 02
(PPM) {(PCT)

0.04
0.04
0.04
OQOQ
0«04
Q.04
0.04
Ce04
0«04
004
004
0e«Ct
Cel4
0.04
Cs04
0«04
0405
Q.07
0409
4.00
0.80
4420
1.60

co
{PCT)

4e632
Leb32
44756
44632
4Le632
4Le632
Heb32
4eb32
44882
4e882
40756
Le756
4eT786
4eH32
40756
4eT756
5011
5.011
56011
LeBBZ
5.276
4a756
66765

co2
(PCT)

8430
8.07
8.07
8430
8.07
B«07
8.07
8407
783
Te83
8407
Be07
8.07
8.07
B+07
7.83
7460
7460
7460
530
7e13
5436
5436

HC
(PPM)

500
500
500
550
6C0.
600.
600
600
500
575
750
850.
850
75C
550
450
350
250.
200.
18500,
3300
21000,
7500

€e-4



FUEL
FLOW
{CFM)

0031
0.031
0.031
Ce031
0+C35
Ce025
D035
04035
04025
Ce084
Ce08¢4
Ce084
0.084
0084

AIR
FLOW
{(CFM)

0e481
Ce&81
CettR1
Ces81
00481
0ets81
Ce481
Cott81
C.@Sl
Ds481
Cett81
J.481
Ce481
04481

PCT
STOIC
AIR

16140
16160
1610
1610
14047
1447
14047
14047
1607
6CeC
6040
6040
6Ce0
6C 0

AXTAL
DIST
{IN)

5«00
500
500
5400
500
5400
500
5400
5400
500
500
5400
5¢00
5400

RUN NUMBER 115
PREMIXED FLAT FLAME BURNER
METHANE

WALL~HOT
RADIAL WALL
DIST TEMP
(IN) (C)
0.00 1430
-0e20 1430
'0-40 1430
~0e60 1430
~0e60 1580
~0es0 1580
=020 1580
-020 1580
C+00 1580
0.00 1510
=0e20 15190
=0e40 1510
=0+60 1510
~0+20 1510

AIR PREHEAT=NONE

NO

NOX

02

(PCT)

Q.40
9¢40
9430
910
6490
7400
710
7+10
7410
003
Oe03
0e03
003
0«03

co
{(PCT)

0.002
0s002
0002
0003
0.003
Ce004&
00C4
04005
0+0C4
84380
84380
84186
Te996
84380

co2
(PCT)

587
5497
587
577
6e69
6479
6.90
690
6490
42l
baell
4404
4404
4el4

HC
(PPM)

8e
Be
T

e

6o

Ge

6o

Ge
1000.
780
1050,
1550,
900

72-4



FUEL
FLOW
(CFM)

De042
Ce042
Q042
Uel62
0ed42
NeC42
DeD42
De042
0042
Celit2
Ce0Q42
CGeC&2
060462
DeC42
04047
JeC63
0+063
CeCH3
04063
Ce063
D«063
Ce063
0+063

AIR
FLOW
{CFM)

Cetsfl
D.481
0.“81
Os481
Cet81
0e481
Cets81
04481
04481
00“81
Sebgl
Cee81
Dels81
CetaB1l
CetsB1
Cets81
Os481
Oe&81l
0.481
Cet81
Cets81
Cet81
0481

PCT

STOIC
AIR

1192
119.2
11642
11942
1192
1192
11942
11%.2
11542
11962
11942
119.2
1197
1192
1167
8042
80e¢2
8042
B8Ca2
80 a2
8042
8Qe2
802

AXTAL
DIST
tIN)

1000
1000
1000
10400
500
500
5400
500
2+00
1400
Ue70
0e50
043D
Oe?2D
0«10
CelD
Ce20
030
0«50
Ce70
1.00
2400
5«CO

PREMIXED FLAT FLAME BURNER

RUN NUMBER 116

METHANE
WALL=-COLD
RADIAL WALL NO
DIST TEMP
(IN) (C) {PPM)
0«00 24
~0e20 23
-0.40 23
=-0+60 23
~(e6C 21
-0atsQ 21
=0e20 21
000 21
0.00 21
0.00 18
0«00 ls
000 13
0CO 9
0400 7
Ce00 2
0«00 40
0.00C 48
D400 51
0«00 55
0.00 55
0.0C 57
0.00 59
0«00 56

AIR PREHEAT-NONE

NOX
{PPM)

25
24
24
24
22
23
23
24
25
23
21
19
15
13
10

02

(PCT)

4490

4488

4490
5+056
4450
4488
4490
4490
4488
4490
4450
4095
4490
5400
600
0s27
0407
0.06
0.05
0.06
0.05
0«05
005

co
{(PCT)

0002
0s002
0002
Q0.002
0.002
0.0072
0«003
0.002
0019
0.034
0.048
04067
Oel31
0.168
14659
36302
44045
44158
L4a274
4a2T4
46391
44391
3933

Co2
(PCT)

926
9e26
926
9.02
9426
9426
9¢26
Ge?6
9426
902
902
G402
9.02
902
Te36
10673
8478
8e54
8e54
8454
8430
807
Be78

HC
(PPM)
O

O
O
O
Oe
O
le
le
Oe

le
O
le
1250.
200.
Se
be
3
3e
be
[
3.

I TAT |



FUEL
FLOW
{CFM)

0e063
04063
Qe063
Q0e2613
06063
0063

AIR
FLOW
(CFMm)

Oe&4B1
O«481
0481
0.481
Ces81
OeB1
0.481

PCT
STOIC
AIR

BQs2
Ca2
RDe?2
8D 62
807
8042
8Ce2

AXTAL

DIST
{IN)

5400
5400
5400
1000
10400
10400
10400

RUN NUMBER 116

CON

PREMIXED FLAT FLAME BURNER

METHANE
WALL=-COLD
RADIAL WALL NO
DIST TEMP

tIm) () (PPM)
=020 54
«0e40 53
-0e60 51
~Ce60 49
=040 52
~0e20 54
0400 54

AIR PREHEAT=NONE

NOX 02
(PPM) (PCT)

0.04
0.05
0«05
Oels
007
D06
0.05

co
(PCT)

34824
24610
34506
34403
34506
3¢506
3.610

Co2
(PCT)

9.02
926
951
926
Fe26
926
9426

HC

(PPM)

1l
le
le
le
1.
le
le

9%-4



FUEL
FLOW
{CFM)

'00031
C.C31
0031
0.021
Ce031
0031
0e031
Ce031
Ce031
0.031
Ge031
CelC42
0042
Ce042
Neu?2
D042
0e042
04002
Je042
De042
Oel42
Ca042
Ce042

AIR
FLOW
{CFM)

Ce&81
Cetsf]
CeaBl
OetB1
00451
Ce&Bl
Qs481
GCes481
00481
CesyBl
Ce481
Oet81
Oet481
00481
CensRl
Oe481
Cet81
00“81
Ce4r81
Q4481
Ce&81
0481
Qet81

PCT
STO1IC
AIR

16140
161.0
16100
151.0
1610
16140
16140
1610
16140
1610
1610
1192
1192
11942
11942
119.2
11%.2
11042
11962
11G.2
1192
11%9.2
1192

AXTAL
DIST
(IND

5.00

500

5+00
50C
2400
1.00
070
De50
0.20
020
0e10
Qs10
Ce20
0e30
0a50
Q0«70
100
2¢C0O
500
5.CC
5400
500
5400

RUN NUMBER 117
PREMIXED FLAT FLAME BURNER
METHANE

WALL=-HOT
RADIAL WALL
DIST TEMP
{IN) (C)
-=0.20 1430
0«00 1430
=040 1430
=0e 60 1430
-0e20 1430
~0e20 1430
~0e20 1430
=Qe20 1430
-=0420 1430
~0e20 14390
~0e20 1430
-0e20 1439
=00e20 1430
-GCe20 1430
0620 1430
-0020 1A30
~0e20 1430
~Ce?0 1430
~0420 1430
CeCO 1430
~0e4C 1430
=0460 1430
GC.CC 1430

AIR PREHEAT=NONE

NO

(PPM)

[y
VWL OO MNWLLWWWLWW

nN
—

LN WLWLWWNRN
N OO NN WD

NOX

(PPM)

N
ONFHEHENDPPUOUME DV D

N
o

[SVRP S S T Yy
=N WONW

Sw
[ gl VA

02
(PCT)

9.00
900
9.00
900
900
G.00
9.00
S.00
146400
13.50
17.00
575
HLel5
Le75
4070
4&65
40560
4e60
4050
4450
4455
460
4e65

co

(PCT)

0002
0001
0001
0.001
0000
0.003
0.000
0057
Ce653
0.4(16
0361
lel45H
0e239
Del172
NelNB
04057
0e050
0.028
Cs010
0«.011
0.008
0.C04
0.010

Co2
(PCT)

6438
6438
6.28
6.28
6448
6.48
6448
el 8
3.31
le%2
1625
675
Bel2H
Bebl
Bettd
Eelsd
Bels6
Be40
Belbd
Be35
8s35
Be35
84635

HC
(PPM)

Os
O
O»
Qs
O
Qe
O
O«
260C0.
330CC.
35000,
80C.
26
l4e
Le
2
3
2e
2e
le
le
le
le

Lg-d



FUEL
FLOW
{CFM)

0042
Ce042
Celu2
Q0e002
Cas2
J6C42
Ced42
Qe(042
Ca042
0.542
4042
CaQ42
0e042
040563
0.063
C.CH3
04063

AIR
FLOW
(CFM)

OBl
Q.481
O.481
O.481
D681
Ce4u31
00481
Cett81
Des81
0l.481
0.481
0.481
0.481
00481
Ceu8l
0081

PCT
STOIC
AIR

11942
11942
11642
119472
11942
119+2
1192
1192
1192
119.2
11G.2
11942
11542

RQe2

80.2

BOe?

8042

AXTAL
DIST
(IN)

5600
5400
5400
500
500
5400
5400
5400
5400
5600
2.C0
1400
0e50
0«50
1.80
5400
5,00

RUN NUMEBER

117 CONT

PREMIXED FLAT FLAME BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) {C)
000 1480
000 1530
0.C0 1580
0«00 1630
0400 1680
0«00 1730
0400 1780
=0420 1780
=Cet0 1780
~0460 1780
=Ce60 1780
=0 €0 1780
=060 1780
-0420 1825
~0420 1825
~0a20 1825
0400 1825

AIR PREHEAT=NONE

NO

(PPM)

33
32
35
36
37
39
40
40
38
37
23
17
14
62
63
60
57

NOX

(PPM)

42
43
45
46
47
50
52
52
49
48
29
24
19

02

(PCT)

4466
4469
4470
4470
4472
470
L4eT5
4480
4477
4475
4470
457
4430
0«07
0.06
0«06
0«06

co

{(PCT)

04011
0012
0.013
0.015
0.016
0017
0.019
0.019
0018
C.016
0.009
0.007
0004
46158
44158
34933
34933

Co2
(PCT)

8435
8435
8435
8435
8435
Be25
8e25
Be25
8e¢25
8els
8404
Te83
Te31
Te83
7e83
Te73
Teb2

HC

{(PPM)

le
le
le
2
3.
3
3e
2e
2
2e
2
2
2e
3e
3
2e
2o

8¢~-4



RUN NUMBER 118
PREMIXED FLAT FLAME BURNER
PROPANE
WALL=HOT AIR PREHEAT=NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 CO €02 HC
FLOW FLCW STOIC DIST DIST TEMP

{CFM) {CFM) AIR {IN) (IN) () (PPM) (PPM) (PCT) (pPCT) {PCT) (PPM)
0012 0e.481 161l 500 0.00 1450 4 5 955 0.002 Tel3 Oe
0012 Q.481 1611 5400 ~0e20 1450 3 5 9460 0s002 6490 O
0.012 CetiB1 1611 500 ~0s40 1450 3 4 9450 0002 6490 O
Q0.C12 0e481 1611 500 ~Qe60 1450 3 4 9430 0002 667 Oo
C«012 Q.481 1611 2400 ~0420 1450 3 4 10.25 0+003 713 2e
Q012 0e481 1611 1.00 =0420 1450 2 4 10400 0«004 Te36 le
G012 Os481 16141 050 -Ce20 1450 1 3 13475 Cets73 Laelb 19500,
Davl2 Ces81l 1611 Ce25 =020 1450 0 1 17450 Ce250 l1e17 36500
De012 De481 161.1 Oel0 -0e20 1450 0 1 19450 0.155 Oet3 38000
D012 0+481 1611 0430 -0.20 1475 0 0 19.0C 0«168 0+61 37500
Ce012 Ceta81 161l C.10 =0.20 1500 0 0 1900 0e177 063 37500
04212 04481 1611 Os10 -0.20 1525 0] 0 18475 0«190 0e67 37500
0012 CetB1l 1611 0«10 =020 1565 0 0 18470 0el199 0s70 37500
06033 Ces8l 6Ge8 0s410 -0e20 1565 1 1025 44756 2438 42500
04033 Oeu81 60a8 0s25 -0e20 1565 33 0408 104539 5405 4500
2033 0+481 6048 0e50 -Ne20 1565 39 0.08 104539 4e95 650
De033 DehR1 638 100 ~0.20 1565 43 0«08 104539 4495 185
N+033 D.%81 60 a8 2400 =020 1565 46 0407 104304 495 90«
Ot033 00481 C‘uﬁ 500 "0020 1565 45 0007 10.07‘0 4-85 34.
Ce033 Oe481 60.8 5400 ~0+40 1565 40 0.07 94848 4e75 75
0023 Qo481 608 5400 =0460 1565 33 0«07 94408 4675 100,

04033 Oe481 6C+8 5.00 0.00 1565 48 0e07 10.074 4.85 13,

6¢-4



FUEL
FLOW
(CFM)

Ce079
G079
0079
Ce079
Ce079
0eC79
D079
0079
0079
Q079
Ce079
0076
0.07¢
06279
Ce066
Cel6AH
Cel66
Ced66
Ce066
O0e086
0066
0066
0:066

AIR
FLOW
(CFM)

2094
24094
2.G94
2¢09¢4
24094
2094
24064
2094
2094
2096
2094
24094
26094
24094
2094
2¢094
2094
24094
24094
2+09¢6
24094
2094
24094

PCT
ST01C
AIR

11042
1102
11047
1102
1102
11042
11042
11Ce2
11042
11Ce2
1102
1102
11047
11042
1318
1218
131.8
13148
131.8
131.8
13148
1318
13148

AXTAL
DIST
(IN)

1000
10.00
10.00
10.00
5«00
500
500
5:00
3«00
2400
100
0«50
Je?5
0610
010
0e25
0450
1400
2400
3400
500
5400
500

RUN NUMBER 119

PREMIXED FLAT FLAME BURNER

PROPANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
{IN) (C) (PPM)
Ne00 15
=020 16
-0 e&Q 15
-0e60 15
=-Ceb60 l4
“0040 13
=~0e20 13
0«00 12
-0020 10
-0e20 7
-OOZO 5
=0.20 4
-0e20 3
~0e20 2
-0-20 0
'0020 1
'0020 1
*OQZO l
=0420 2
=020 3
‘0020 3
0.00 3
~(e &0 3

AIR PREHEAT=NONE

NOX
{PPM)

19
18
18
18
18
18
19
19
18
17
16
16
15
13

(SR G B IRV REE E IR RS |

02
{PCT)

215
2¢15
220
215
2425
227
230
2725
237
260
2495
340
3455
3470
670
665
6480
6+3C
5480
575
5670
568
565

co
(PCT)

0005
0005
C«005
0005
0.026
CeQ44
0.076
Cell4
0e234
Qo344
06599
0e73¢4
06734
Ceb80
Ca752
OeB44
14011
0e653
00151
06046
0015
0.013
0«008

Co2
(PCT)

11,99
12+24
11.99
11.99
11.99
11699
11.96
11.99
1173
11448
1123
10.98
10473
1073
878
8e78
Be54
9.C2
S.75
9.99
9.99
9675
Q999

HC
(PPM)

Oe
Os
O
Ze
O
2e
1.
2e
2o
2.
15.
12,
2
2
50.
200
1500,
1200.
100.
5e
3
2e
2o

o¢-d



FUEL
FLOW
(CFM)

0066
CaTHH
04066
0.066
00066
Cel0Q
0+0¢9
J¢C99
C«099
Ce3929
0099
0095
0e¢039
DelS%9
06296
04099
CeC99
C«e099
Ce099

AIR
FLOW
(CFM)

24094
2.094
24094
2.05¢4
2.09¢4
20094
2094
Z24C9¢4
2094
2+0G¢4
2.0G4
24094
2+C04
2094
2004
24594
2004
2.C94
2.094

PCT

STCIC
AIR

13148
1318
131.8
131.8
12148
9840
R840
R840
86.0
8840
88.0
8240
SR eO
880
R840
8840
2840
8280
B840

AXTAL
DIST
(IN)

5400
10.00
10.00
10.00
10.00
1000
1000
10.00
10,00

500

5400

500

500

300

200

1.00

0650

0e25

Cel0

RUN NUMBER 119 CONT
PREMIXED FLAT FLAME BURNER

PROPANE
WALL=-CCLD
RADIAL WALL NO

DIST TEMP

(IN) Q) (PPM)
=0e60 3
=060 4
*0040 4
~0e20 4
0«00 4
0«00 30
=0e20 30
-0e4C 30
~-Qe60 30
~Ce60 29
~0e40 30
=020 31
NeCO 32
=020 31
~0420 31
-0420 29
=020 28
~0+20 27
-0e20 25

AIR PREHEAT=NONE

NOX

(PPM)

MW Ooy v,

o2 -
(PCT)

565
568
5466
5460
5460
Cs08
0.08
0.08
0.08
0«08
0.08
0+09
009
0ell
0e13
0622
032
037
Ce40

co
(PCT)

0«004
0.003
0.003
0.002
0.C03
36403
34403
34403
3e506
34610
34610
3+716
3e¢824
34824
3610
34403
3104
24912
24724

Co2
(PCT)

G499
999
9499
999
9+99
058
0.58
De58
0e57
0657
0e56
0«56
0e56
0456
0456
057
0+58
0+460
0460

HC
(PPM)

2o
20
Oe
O
Oe
2
2e
le
le
2o
le
le
1.
10
35.
80,
35
3e
l.

T€=-4



FUEL
FLOW
(CFM)

Q0e¢012
Ca012
0e012
D012
Cedl2

«C12
Ge012
0.012
Cel12
CeD12
Ce012
0e012
0s012
0s012
CeC12

AIR
FLOwW
(CFM)

00481
Oes81]

Jelf]
0+481
04681
Cet81
C.481
0.481
Cets81
Qe481
Cs481
0e431
D481
Ce481
Cets81

PCT
STOIC
AIR

15545
15545
15545
15545
15545
15545
15545
15545
15545
15545
1555
15545
15545
155.5
15545

AXTAL
DIST
(IN)

10«00
10400
10.00
10.00
5400
500
5400
5400
2400
100
070
0¢50
0«30
0e20
0s10

RUN NUMBER 120
PREMIXED FURNACE BURNER
PROPANE

WALL~HOT
RADIAL WALL
DIST TEMP
{IN) (C)
0400 1495
=020 1495
=) et 1495
~0e60 1495
=060 1495
=0el0 1495
~020 1495
0.00 1455
~0e20 1495
=0s20 1495
=0e¢20 1465
=020 1495
=(Cs20 1495
~-0420 1495
-0.20 1495

AIR PREHEAT=NONE

NO

(PPM)

OO NWWNWWWWPH PSS

NOX

(PPM)

O~ MNWLVLWWWLWWW R VYW

02
(PCT)

9.80
9485
9«80
9480
9470
Ge75
10.00
10400

1050

10400
10400
10.00
13450
16400
18450

co
(PCT)

0003
0+003
0,003
0004
0.003
0.0C3
Ce003
0.003
0.003
0+005
0s008
0.019
O«844
0e256
Ce285

Co2
(PCT)

6490
6490
679
6450
6469
6490
690
7400
7400
Te31
Te31
7.31
4465
2476
le17

HC
(PPM)

e
4e
3.
3.
3,
3
3.
3
3e
3
3
3
17000
35000,
38000.

(A%



FUEL
FLOW
(CFM)

De016
Oe01l6
De016
JeC1l6
Cs016
0016
0e016
04220
0020
0e024
Ced17
2025
0+021
CeCl7
0eC21
Ds025
04020

AIR
FLOW
(CFM)

Cet81
Ces81
Oets81
Ce&81
Cet81
Os481
O0e4u81
Oe&81
Ce&81
De481
Ue&s81
Qet81
Oe4ug1
Oeb8l
Cs481
0e.481
Oesu81

PCT

STOIC
AIR

12449
12449
12449
17449
1249
172449
1249
10046
10045
8148
117.0
T8 2
9562
11740
9542

7842
10046

AXTAL

D1sT
LIN)

1000
10.00
10400
1000

5400

5400

5600
1C.C0
10.00
1000
10«00
1C.00
13.00
1C.00
1C0.00
10,00
10400

RUN NUMBER 121
PREMIXED FURNACE BURNER
PROPANE

WALL=HOT

RADIAL WALL
DIST TEMP

(IN) (c)
~0+20 1795
0400 1795
~0e40 1795
=060 1795
=060 1795
~0e40 1795
~0e20 1795
~0620 1795
=020 1865
~0e20 1865
~(e20 1795
-0+20 1795
=020 1795
~0e20 1855
~0420 1865
-0s20C 1865
~0.20 1865

AIR PREHEAT-NONE

NO
(PPM)

100
98
125
160
52
55
55
182
240
70
145
64
135
235
158
55
255

NOX
{PPM)

115
108
140
175
63
64
65
192
253

150
138
255
160

260

02

(PCT)

4475
4480
4480
44890
4480
482
4490
070
0.70
0.09
3450
0.10
011
3.60
Oels
0.10
0.70

co
(PCT)

Ce037
0036
0.039
04037
0.020
04023
04021
CelS0
Ce256
5693
0s052
el
le476
04071
1357
et 4
06262

coz
(PCT)

10.49
10449
10424
10.24
10e24
10.49
1C¢49
1275
12.75

8466
11.23

793
12424
10.98
12450

8454
12475

HC
(PPM)

S5e
5
S5
S5
LY
4
5
Lo
Lo

2
3.
20
3.
3.
3.
e

ge-4



RUN NUMBER 122
STABILIZED DIFFUSION BURNER

METHANE

WALL=HOT AIR PREHEAT=NONE
FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 co co2 HC
FLOW FLOW ST01IC DIST DIST TEMP
(CFM) (CFM) AIR {IN) (IN) ey (PPM) {PPM) (PCT) {(PCT) (PCT) (PPM)
Cel37 24054 1557 1500 000 14590 64 82 7480 0.003 6.07 Be
0137 2.094 15947 10.00 0«00 1450 75 96 6450 0.028 7452 Eo
0el137 2.09¢4 1597 5400 000 1450 63 83 2480 14597 8.56 175,
Cel37 2:094 1597 3400 000 1450 3 25 9480 20646 Gell 42000,
06137 24094 15947 4400 0«CO 1450 40 59 3460 244672 7«21 7500
0e137 2.C0%4 15947 6400 000 1450 72 89 4450 Oe546 8e46 25
0e137 24094 15947 7400 0400 1450 72 95 540 0258 8eld4 5
0+137 2094 15947 5.00 000 1450 70 S0 3420 1357 Be56 200.
0137 24094 159.7 500 =20 1450 55 80 3470 14039 Bes6 250
04137 2.C%4 15947 5400 ~0e40 1450 43 67 5460 0e361 7493 300
0137 2+0%4 15947 5400 ~0¢60 1450 30 43 8430 0104 6469 150
06137 2054 15%7 4400 =0.60 1450 12 31 8485 0219 6438 300C.
Cel137 24094 15947 4400 =-0e40 1450 24 48 570 C+789 Tek2 45000
0137 2064 15947 4400 =020 1450 30 55 4430 1e816 Te93 7500,

Cel137 24094 15947 4400 0400 1450 40 60 3460 2+506 Tet2 7500

he-4



RUN NUMBER 123
STABILIZED DIFFUSION BURNER
METHANE
WALL=HOT AIR PREHEAT~NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 Co Co2 HC
FLOW FLOW STOIC DIST DIST TEMP

{CFM) (CFM) AIR {IN) {IN) (C) (PPM) (PPM) (PCT) (PCT) (PCT) {PPM)
Celd? 2094 15947 1500 0.00 1440 40 55 Be25 0009 6469 5e
J¢157 2.094 13949 15.00 0s0C 1590 130 155 5485 0037 T¢93 6e
0al57 2.0%94 139.9 1000 0eQO 1590 120 155 5420 0106 8635 He
04157 2054 13949 5¢00 0600 1590 70 95 200 2e186 Be56 500
0s157 2094 139.9 4400 0.00 1590 35 57 2450 24912 7473 5500
0e¢157 24094 139.9 3400 0«00 1590 0 17 12450 1841 3¢05 35000
0e157 2:CG4 13949 4e00 0«00 1590 35 54 2465 2817 T+73 6500,
0e157 2054 13%.9 4400 -0e20 1590 28 51 2485 20632 Te62 7500
O0e157 24094 13949 44C0 -0e40 1590 30 52 3440 1e757 8.04 3850,
06157 2054 139.9 4400 =060 1590 24 46 5660 0e455 Teb2 1750,
04157 24094 13949 5¢00 ~0e60 1590 38 58 6430 04190 Tets2 35.
0157 2.094 13949 500 ~0et() 1590 53 75 380 0955 Belb 100
CGeln7 24094 13949 5400 ~0e20 1590 59 8¢ 2450 1e357 Be.66 250
Cals7 2.094 13949 5400 0+00 1560 690 80 210 16845 8456 500
Cel57 2094 13949 7400 000 1590 95 120 370 06573 8.66 5e
Cal57 2.094 13949 9.00 0.00 1590 110 135 4485 Qel51 Be25 5e
0157 2.094 13949 900 -(e20 1590 110 1390 4495 Neldé3 8425 5
Oel’7 2084 1399 Q.00 =0elh() 1590 100 125 5625 0.120C 8els 5
0157 2094 1339 9400 ~0e60 15990 90 110 595 CeQ79 793 Se
Q«183 2094 1198 1500 0.00 1775 415 475 370 Celd3 8.87 Se
0e183 24094 11948 10.00 0.00 1775 265 315 280 0e359 9.08 5
0183 2:094 11%.8 7400 Q.00 1775 155 190 1e60 le783 8487 60.

04183 24094 1198 5+.00 0.00 1775 72 90 0479 34716 7493 1650,

Se-4



RUN NUMBER 123 CONT
STABILIZED DIFFUSION BURNER
METHANE
WALL=HOT AIR PREHEAT-NONE

FUEL AIR PCT AXIAL RADIAL WALL NO NOX 02 co Co2 HC
FLOW FLOW STOIC DIST DIST TEMP

{CFM) {CFM) AIR (IN) (IN) (C) {(PPM) {PPM) {PCT) (PCT) (PCT) {PPM)
0el83 2094 1198 4400 0.00 1775 30 67 1460 44510 6490 10000,
Oe¢183 2.0G64 1198 3.00 0eCO 1775 0 24 Fe25 24912 3425 37500
CelB3 24594 11948 4400 0.00 1775 32 58 150 44510 690 10000,
"Cel83 2094 1158 4400 «0e20 1775 28 56 1.60C 44391 7410 9000
0e183 24094 1198 4400 ~0e40 1775 41 63 1445 34104 8eld 3000
O+183 24094 1198 4400 =Ca60 1775 32 57 4430 0899 8sld 250.
GelR3 2.0%4 1198 500 ~0a50 1775 50 75 520 04440 Te73 25
04183 2094 11948 5.00 =040 1775 &5 87 200 14783 8456 300.
0e«183 24094 119.8 5.00 -0e20 1775 65 82 1.00 34506 8e04 1500,
04183 2.094 1198 5.00 0«00 1775 66 80 082 34933 Te73 2250
Ce183 24394 11948 9400 000 1775 210 240 2455 04599 9.08 6
Qel23 2094 11948 9.00 =020 1775 210 240 2065 0s599 9,08 Se
Gel23 24094 119.8 9.00 =0e&0 1775 200 240 2490 0e493 8498 S5e
Ce183 2+094 119.8 900 =060 1775 200 240 345 0304 8«87 S5e
0e275 240094 799 15.00 000 1825 1190 Cell Selibly 6428 Se
Ce275 2094 7949 10.00 0eCO 1825 100 0.1l 6elili 607 50
Ce275 2094 7949 7460 0.0C 1825 71 0e20 6765 5.87 3500
Ce275 24094 7949 5.00 0«00 1825 8 2490 64287 4465 300060,
0e275 2:094 769 4400 000 1825 c 65450 L4e 756 3454 38500,
Ce77E 24064 759 2400 0«00 1825 0 11.75 2451 l.98 42500
Ce275 24094 799 5.00 000 1825 9 2470 64931 4465 29000
0e275 2094 7949 5.00 =020 1825 5 330 6el34 4434 32000,
04275 24094 799 5400 ~0e40 1825 20 1«85 54984 5446 20000.

9¢-4d



FUEL
FLOW
(CFM)

0275
Ce275
0275
0e275
Je275
06275
Ca275
Cel275
0275
0e275

AIR
FLOW
(CFM)

2094
2094
2.094
24094
24394
2:0G4
24094
24094
2.094
2094

PCT
STCIC
AIR

7949
TG a9
799
7949
79.9
799
79.9
7949
799
7949

AXTIAL
DIST
tIND

5400
6400
6400
6400
6400
6400
10.00
10400
10400
10.00

RUN NUMBER

123 CONT

STABILIZED DIFFUSION BURNER
METHANE
AIR PREHEAT=NONE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) (C)
=0450 1825
-0e60C 1825
=0e&0 1825
=060 1825
=0.20 1825
0600 1825
0400 1825
~0e20 1825
=0e40 1825
=060 1825

NO

{PPM)

65
23
56
87
32
38
91
$2
93
94

NOX 02
(PPM) (PCT)

077
Ce28
0.72
0431
1.05
De83
Oell
Dell
Oell
Oell

co
{PCT)

44158
L4882
6287
5276
66931
60931
6e844
belblls
6287
6287

co2

(PCT)

Tel2
7610
5487
679
525
5436
6¢C7
6.07
6.18
6¢18

HC
(PPM)

4500
2250
10CC0.
3000,
14000,
11500,
50.
45
50
50.

Le~3



FUEL
FLCwW
{CFM)

0137
0.157
0e183
04219
0e275
0e219
06219

AIR
FLOW
(CFM)

2064
2.0G¢4
2.094
2.004
2009‘&
2094
2.094

PCT
STOIC
AIR

15947
13599
119.8
100.0

7349
100.0
10040

AXTAL
DIST
LIN)

15400
15400
1500
15400

5«00
1500
10.00

STABILIZED DIFFUSION BURNER

RUN NUMBER 124

METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
LIN) Q)
000 1955
000 1955
000 1955
0.00 1955
000 1955
000 1955
0«00 1955

AIR PREHEAT-NONE

NO
{PPM)

300
520
1200
930
140
%20
410

NOX
{PPM)

350
630
1300
1000

920
420

02
{PCT)

Te50
600
3430
Qa3
Qel7
0639
Oeg?

co
(PCT)

0049
0,092
04256
14845
64603
1e927
26273

Co2
(PCT)

7436
8407
S.51
3,99
644
9475
9451

HC

{PPM)

2e
44
5e
S5e
44
Ge
4e

8¢-d



RUN NUMBER 125
STABILIZED DIFFUSION BURNER
PROPANE
WALL=HOT AIR PREHEAT=NONE

FUEL AIR PCT AXIAL RADIAL WALL NO NOX 02 Cco coz2 HC
FLOW FLOW STCIC DIST DIST TEMP

{CFM) (CFM) AIR (IN) (IN) (c) (PPM) {PPM) (PCT) (PCT) {PCT) (PPM)
24055 2.004 15947 15400 0400 1425 200 235 7410 0¢043 9.02 Te
Ce055 24094 15947 10400 0400 1425 200 230 5445 04381 9.51 8e
0.05% 2.094 15947 7400 0400 1425 160 190 3¢30. 24168 9,99 250
Cs055 24094 15947 5400 000 1425 100 120 1e¢25 50412 Ee564 5000
04055 2.C94 15947 4400 0400 1425 55 .27 76627 Te13 17500
04055 2.094 15947 3400 0.C0 1425 15 35 2640 74527 5475 37500
0.055 2.054 15947 4400 000 1425 52 087 Te448 7¢13 175000
0+055 2¢064 15947 4400 -0420 1425 62 88 1.80 56142 8430 7500
Ce55 24064 15%.7 4eC -0 s40 1425 63 g5 5420 2+099 8430 1250
DeC55 20094 15947 4400 ~0e60 1425 39 65 1025 06331 6e18 350
0e055 2.06¢4 15947 5400 ~0e50 1425 49 72 11.C0 Cel181 5487 225
0+055 24064 15947 5400 -0e40 1425 £3 115 690 14211 7483 225
De05%5 2.004 15947 509 =0.20 1425 100 125 2495 34104 Bebb 1500
CeC55 2.09¢ 159.7 5.00 0.CO 1425 S0 112 140 5e412 8.14 500C.
CeCH5 2,064 15947 9.00 Ce00 1425 185 210 5410 Ca734% 5419 25
0055 2.094 15967 9.C0 ~0420 1425 170 200 6420 0e352 8466 13,
Cs055 24094 15547 9.00 -0440 1425 145 170 7490 06172 7473 10,

04055 24094 1597 9.00 =0e60 1425 105 130 9490 04049 6459 8

6e-d



RUN NUMBER 126
STABILIZED DIFFUSION BURNER
PROPANE
WALL=-HOT AIR PREHEAT=NONE

FUEL AIR PCT AXIAL RADIAL WALL NO NOX 02 co Co2 HC
FLOW FLOW STOIC DIST DIST TEMP

(CFM) {(CFM) AIR {IN] {IN) {(C) (PPM) {PPM) (PCT) (PCT) (PCT) (PPM)
04062 2:094 14047 1500 Ce00 1610 4460 495 4495 0e374 999 2e
0.062 2:094 14067 10.00 000 1610 325 350 3e45 1973 975 75
0eCa2 2.094 14047 7«00 C«00 1610 165 195 175 50142 8430 4500.
Q4062 2.09¢4 14047 5.00 0400 1610 59 0e%0 84380 5.97 32500,
04062 2.094 14347 4400 0400 1610 16 1495 8.985 4485 42500
0s.C62 2.094 14047 3.00 0e00 1610 6 5400 Tetts 8 384 46000,
0e062 24064 14047 5400 000 1610 54 0«90 54380 6407 32500,
Ca062 2.004 16047 5400 =020 1610 16 2435 5551 7431 12500,
Cel62 24064 14047 5.00 =0e¢40 1610 81 110 Te40 14659 7400 1250,
0062 2.094 14047 5400 =060 1610 49 67 13.00 0.4151 4e55 15C.
0e062 2+C9%¢4 14047 6C0 =060 1610 71 90 12425 0+190 4485 50
04062 2094 14047 6e00 =040 1610 120 150 8400 l.387 6490 450
0.052 2.094 14047 600 ~0420 1610 130 160 343C 44158 7683 4250
0a082 240904 14C7 6400 000 1610 105 1425 6eT765 7«31 13000,
Ced62 24094 14047 10.09 0+00 1610 355 380 3455 1783 9459 100
0062 24094 14047 1C.CC =020 1610 355 380 455 14269 951 35
0«Cs2 2094 14047 1C+ G0 ~0e40 1610 320 350 65e45 0573 8e54 20

0e062 24094 14047 10.00 ~0460 1610 280 305 8480 0s181 Te36 e

0v7-4



RUN NUMBER 127
STABILIZED DIFFUSION BURNER
PROPANE
WALL=-HOT AIR PREHEAT=NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 Co co2 HC
FLOW FLOW STO1C DIST DIST TEMP

{CFM) (CFM) AIR {(IN) (IN) (C) {PPM) {PPM) {PCT) {(PCT} (PCT) {PPM])
0077 2+09¢ 11640 15.00 0400 1870 975 1030 1495 1476 1098 T
Ce077 2.094 11440 10.00 0.00 1870 535 570 1e75 2472 10.24 35,
Ce077 2.09¢4 11440 700 0.00 1870 255 275 110 501642 8,78 1250.
0077 2094 11440 5.00 000 1870 98 0e55 7810 Tel3 8500.
OsC77 24094 11440 4400 0.00 1870 47 0.88 84779 5498 25000,
CeQ77 24094 114.0 3400 0+CO 1870 12 5450 64931 4404 42500
Ce077 2094 114.C 500 Q.CO 1870 95 0457 7810 6679 8000«
GaQ77 2.094 114.0 5.C0 -0a20 1870 140 120 S5et12 8.04 2750
Ce077 2:094 11440 5400 «“0s40 1870 195 203 4460 5612 8456 100.
0«G77 2094 11440 5400 =0e60 1870 150 180 830 0+172 Te73 20
0077 2.096 11440 6400 =-0e60 1870 275 250 6480 04181 8.04 15,
D077 24094 11440 600 “0e40 1870 280 300 3490 l1.506 9.08 75
Ge100 264094 304 500 -0400 1870 22 1465 9.848 boelbs 41000,
Csl09 2004 £80e4 10.00 0«00 1870 370 0.25 84578 6448 1750,
Ces109 2094 80«4 15.00 0.00 1870 800 035 66765 Te31 25
04109 2094 80«4 T+00 0400 1870 175 061 7272, 6479 12500,
0109 2.094 80.4 4400 0.C0 187¢C 30 5430 Te627 3454 50000,

0e109 2+064 8Ce4 15400 0«00 1870 900 030 64931 6+90 50

17-4



FUEL
FLOW
{CFM)

Del37
0137
Cel37
0e4137
Cel37
0+137
Cel3d7
0e137
04137
Cel37
D137
Nel37
0.137
0137
Cel37
Cel37
04137
Cel37
06157
0el157
0s157
Oe¢l57
0157

AIR
FLOW
{CFM)

2094
2094
2.C%4
2.094
2:094
2.09¢4
2+004
24094
2094
2 0091&
24394
2094
2-0?4
2.094
24094
2.0%94
20094
24094
2.094
2094
2.094
2094
2.094

PCT
STO1IC
AIR

1597
159.7
15947
15947
15547
15947
1597
15947
1597
15%«7
15947
15947
1597
15947
15947
1597
159.7
15947
139.9
13949
129.,9
13949
139.9

AXTAL
DIST
{IN)

1500
10400
700
500
4400
3.00
4400
4400
4430
4400
500
500
5400
5400
9.00
S.00
940D
900
15400
10090
T«00
5«00
4400

RUN NUMBER 128
DIFFUSION FLAME BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
(1IN {c)
000 1440
0«00 1440
0.00 1440
Ce00 1440
0«00 1440
0,CO 1440
000 14490
=020 1440
~0e40 1440
-(e60 1‘4‘#0
~0+60 1440
=“0e4( 1440
-0e20 1440
0.00 1440
0.00 1440
~0e620 14490
~DettQ 1440
=0¢60 1440
0«00 1590
0«CO 1590
Ce00 15990
Cs00 1590
0400 1590

AIR PREHEAT~=NONE

NO
(PPM)

75
66
49
30
18

6
17

@ H WU O

17

62
L5
26
14
165
g5
58
34
19

NOX
(PPM)

93
86
76
61
53
36
52
37
23
16
17
27
43
61
87
63
43
27
195
130
92
71
57

02
(PCT)

5480
580
5660
5410
L4eT5
630
4495
8480
1250
14450
14400
11475
9400
5435
5450
Be25%
11.00
13.00
3.80
445
510
3495
4430

Cco
(PCT)

0el24
Cets13
164125
1¢783
2403
26912
24335
06927
0e267
0e¢120
0.089
Cel72
0.464
14720
0626
0229
0,057
0e032
0789
164328
14597
2.788
3.203

Co2
{PCT)

807
7.60
Te36
6+90
6467
505
6.38
556
4eld
2495
3.C5
Lae2b
5066
6«79
7.21
607
5405
3.84
T7.83
Te10
6479
6.48
6.07

HC
(PPM)

5e
35.
400
2000
8500,
35000
8500,
3500
2750
2750
1750,
1400
1250,
2250,
75
145,
225
25C.
Ge
125.
800
9000,
21000.

[Arad:



FUEL
FLCW
(CFM)

Cel57
Celx7
Gel57
Celn?
04157

«157
Cels7
0157
0157
Oel57
Cel97
Gael57
0157
Cels7

AIR
FLCW
{CFM)

2094
2094
24054
20094
2004
2.09‘7
2094
2.004
2094
2094
20G4
2:004
2054
2.C94

PCT
STOIC
AIR

1399
13949
13949
139.9
1399
139.5
139.9
13949
139493
13949
1329.9
13946
13949
139+

AXTAL
DIST
(IN)

3.00
5400
5400
5¢C0
5200
5400
6090
600
6600
1600
16,00
1000
1C.00
10,00

RUN NUMBER

128 CONT

DIFFUSION FLAME BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) (c)
000 1590
04090 1590
=020 1590
~0420 1590
=060 1590
=0e60 1590
~0eti0 1590
~-0e20 1590
Ne00 1590
0«00 1590
~0460 1590
=Qet0 15990
~Ce20 1560
0«00 1590

AIR PREHEAT=NONE

NO
{PPM)

6
33
20
11

6

9
19
33
48
80
16
23
38

0

NOX
{PPM)

37
70
54
33
22
24
41
60
83
110
28
38
57

02

(PCT)

6¢55
4450
B850
12450
15400
1425
1150
8450
4o
2430
1275
12475
11090
830

co

(PCT)

32104
2¢541
1.068
Ce239
0.071
0.059
Qae172
1153
24302
24817
CeC28
0e037
0074
0262

Co2

(PCT)

L4el4&
6648
536
bell
2485
3.15
434
5677
6469
Te52
3.05
364
5405
618

HC
(PPM)

42500,
8000.
3500
1500,
7500,

900«
750
750
900

6o
350
350
150,
175

gr-a



FUEL
FLCW
(CFM)

Cel57
De157
Cel57
0el57
Cel57
Oel57
0157
DelH7
0e157

AIR
FLOW
(CFM)

2094
2004
2094
2034
24074
24094
26094
24094
2094

PCT
STOIC
AIR

13949
1399
1399
13949
13949
13%49
13949
136.9
139.9

AXTAL
DIST
(IN)

1500
1C.00
15400
15,00
15.00
15400
15400
15400
15,00

RUN NUMBER 129
STABILIZED DIFFUSION BURNER

METHANE
YALL=HOT AIR PREHEAT=~NONE
RADIAL wALL NO NOX 02
DIST TEMP
(IN) {c) {PPM) {PPM) (PCT)
0.00 1590 145 173 7420
0«00 1590 145 180 6460
0.00 1560 130 160 730
=-0.20 1590 140 150 7455
~0e40 1590 135 160 Te70
=060 1590 130 155 7450
0e2C 1590 145 160 6490
0640 1560 130 150 720
0460 1590 140 155 6495

co
(PCT)

04020
0072
Ce017
0017
0s016
0016
0.021
0.018
0.021

co2
{(PCT)

700
Te21
6490
679
669
6479
7'00
6490
7.00

HC
{PPM)

1.
l.
2o
1.
le
O
Oe
O«
O

w9-4



FUEL
FLOW
(CFM)

C«035
0035
Ce335
De035
Ce035
04035
0.035
Ce035
DeC35
Ce325
O.-’\’);

C.035
Ce035
0+035
D.035
T«035
Ca035
0.035

AIR
FLOW
(CFM)

Oes81
De481
Qo481
048]
Cei81
00481
0s481
D.481
Cets81
Cesgl
0e4281
0.481
O44R1
Ce281
00451
Ces81
Cs&81
Ces81

PCT

STOIC
AIR

14044
14044
140.&
14044
14044
14044
14044
14044
11;0.&
l1aCe 4
14004
140-4
140.“
1484
140446
14044
14C o4
14C et

AXTAL

DIST
LIN)

15610
151D
15,10
15410
1C«10
10410
1010
1C.10
5410
5410
5410
.10
310
2410
110
0«10
C.60
0435

PREMIXED FLAT FLAME BURNER

RUN NUMBER 130

METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) {C)
Ce00 1585
-0e20 1585
~Cets0 1585
=~0e60 1585
~-0+60 1585
=0e0 1585
=020 1585
0,00 1585
0.00 1585
~0e20 1585
-0e40 158%
-0460 1585
-0«2C 1585
~-0e20 158%
~0420 1585
=0s20 1585
~0.20 1585
~0e20 1585

AIR PREHEAT=NONE

NO
(PPM)

25
24
24
24
21
20
20
19
18
18
18
17
17
15
13

0

9

6

NOX
(PPM)

27
26
27
27
24
24
23
23
22
22
22
21
22
20
17

5
14
11

02
(PCT)

6485
6+80
6480
680
6485
6485
6490
6490
7090
6495
6.90
6490
700
7405
710
9.25
Tel5
7«20

Co
(PCT)

C.004
C«005
04006
Cs«005
0005
0.006
0«005
0006
0.006
0+007
0005
0.005
0.009
04012
0016
14096
Ce023
Ce050

Coz
{PCT)

6490
6490
7400
700
7.00
700
700
7.00
7410
7410
700
7.00
7«10
7410
Te21
5.:46
7621
7.10

HC
(PPM)

le
le

le
le
le
l.
le
le
1.
le
l.
l.
la
1.
7000.
6o

G=d



FUEL
FLOW
(CFM)

D242
002
Jed42
06042
Del42
Qeln2
0042
0el42
0.0h?,
De042
4047
Delup?
Cel42
0el42
04042
De042
el
04042
04042
0sC42
Cel65
CeC65
Ce065

AIR
FLOW
(CFMY

0e481
00481
0e481

0e481
Deu81
0e481
De&81
Cets&1
Cetr81
0.481
0.481
04481
Ce481
CetiB1
00481
00481
Cet8l
Qet81
D481
0e481
CetsR1
Qe481

PCT
STOIC
AIR

120.1
12041
1201

12041
12041
12061
17°Cel
12041
1202
12041
12041
12041
12041
12Ce1
12061
17201
12Ce
12C a1
1201
775
7745
7745

AXTAL
LlsT
{IN)

15410
12410
15410
15410
1010
10.10
1C«10
10«10
510
5010
510
5410
3410
2410
1.10
0s10
0e05
Ce35
Ce 60
Ce85
15410
15410
15.10

RUN NUMBER 131
PREMIXED FLAT FLAME BURNER
METHANE

WALL=HOT
RADTIAL WALL
DISY TEMP
{IN) (<)
0400 1770
=020 1770
~0e40 1770
=-Ce6C 1770
=060 1770
=0+40 1770
=020 1770
0«00 1770
0.CO 1770
~-0e20 1770
~=0e40 1770
=060 1770
=-0e20 1770
~0.20 1770
~0+20 1770
~0e20 1770
-(Ce20 1770
~0420 1770
~0e20 1770
=020 1770
0.00 1770
=0420 1770
~0e40 1770

AIR PREHEAT=NONE

NO
{PPM)

150
150
160
165
110
100
85
g0
58
60
55
53
57
52
40
4

2
17
25
32
57
57
55

NOX
{(PPM)

170
170
180
150
120
115
100
100
72
74
69
65
70
68
54
19
14
31
38
45

02

{PCT)

4400
44C0

395

3495
4400
4400
4405
4400
4615
4410
4610
4410
4420
4425
4430
4660
5400
4440
4435
4435
017
0el17
0617

co
{(PCT)

04028
0.030
06029
0.026
Cel24
0.026
J4025
04026
0e021
Ca020
0.019
0e017
C.028
Ce 040
0056
06374
1.476
Cel20
0.085
04050
Geltls
6el34
64287

coz2
{(PCT)

8el4
Be25
8eld
8ol
Bell
8¢04
Beld
Beld
8e35
8e25
8els
B8els
8s46
8446
8446
8a04
Te52
Babb
8.46
8ol
577
5677
5677

HC
(PPM)

10.
15
20
28
17
6e
2
2
2
2e
2e
2o
2e
le
l.
le
7500
b4
3
2
164
15,
38.

9%-4



RUN NUMBER 131 CONT
PREMIXED FLAT FLAME BURNER
METHANE
WALL=HOT AIR PREHEAT-NONE

FUEL AIR PCT AXIAL RADIAL WALL NO NOX 02 o co2 HC
FLCW FLOW STOIC DIST DIST TEMP

(CFM) (CEM) AIR (IN) (INd (¢} (PPM) (PPMI (PCT) (PCT) {(PCT) {PPM)
Del65 Ces81 7745 1510 ~0+60 1770 55 Cel7 6134 5066 43
Ce065 Cetgl 7745 1010 ~0«60 1770 59 Qel7 56984 5456 20,
Cel65 Ce&B1 7745 1C.10 ~Ce4C 1770 61 0e17 56984 5466 Ly
Ce065 D4Rl 775 1010 =0e20 1770 62 Q.17 5984 566 3.
04065 0.481 775 1Ce10 0.00 1770 62 Cel? 6+134 5466 2e
00065 00491 7705 5010 0.00 1770 ()7 0017 60134 5-77 20
C.f‘(>5 Oerl 775 5.10 "0020 1770 69 0017 60134 5.77 2-
06065 C.481 775 510 =040 1770 68 Oel? 56984 5466 2e
0065 Cet81 775 5010 ~0e60 1770 66 Oel7 56984 556 2e
Ce055 Ce&81 775 3410 =0+20 1770 70 Del7 64287 587 2
0eChS Ce481 7745 210 =020 1770 71 0617 Oellly 597 2e
Oo:}().r) 00‘481 7705 1010 "OOZO 1770 71 0018 6elb 4 5«97 2.
Celb65 J.481 775 Q.10 ~Q0+20 1770 23 2465 54837 4495 14000,
CeChZE Det81 775 0«35 =020 1770 62 O0s19 60287 6.18 15
Cel85 Cets81 7745 Celb =020 1770 55 0420 60134 6418 40
Cel45 Cet481 11C«7 19190 0.C0O 1868 390 430 1e65 Cell3 877 15,
0045 Ce481 11047 510 -020 1865 400 440 160 0102 Be 66 25
CedL5 D681 11Ce7 15.10 =040 1865 430 480 190 0106 Be56 55.
Je245 Ce481 11Ce7 15410 ~0.60 1865 450 490 1485 0099 Be56 65
0045 0eu81 11047 10.10 ~Ce60 1865 230 270 190 0,073 8435 55.
Cel45 De481 1107 104,10 =040 1865 218 2590 150 C«071 8435 33,
CeCus Ceu81 11C.7 10,10 -0e¢20 1865 175 210 2+CO 0«077 Bsub 4o

04045 0.481 1107 10.10 0.0C 1865 170 200 2400 0.078 8«56 3.

Ly=d



FUEL
FLOW
(CF™)

Cel45
Celu5
Cel45
0065
00045
e 045
0e045
04045
De045
Ce0590
04250
04050
0250
Cel5BC
Ce050
CeC50
Ce0RD
C+050
0.045
0042
C.022
04035
C.033

AIR
FLow
(CFm)

C.481
Cots81
Ce&81
0.481
Ce&81
N.681
0e481
Ce481
0et481
Det81l
CetiB1l
00“81
Nes8l
Ceb81
Co&3l
0481
Oetr1
0.481
Oe481
Ce481
Ce.481
00431

0.481

PCT
STOIC
AIR

110.7
11047
11047
11C.7
11C.7
11047
11Ce7
11047
1107
10C+8
i00.8
10848
10048
10C.8
10C.8
10C.8
1008
10C.8
11047
12C.1
131.0
1404
1513

AXTAL
DIST
(IN)

510
5610
510
5010
3,10
2410
1.10
0610
Ce25
1510
1510
10610
10610
510
15,10
15410
151C
15410
15410
15,10
1510
15,10
15410

RUN NUMBER
PREMIXED FLAT FLAME

METHANE

WALL=HOT

RADIAL WAL L
DIST TEMP

(IN) {c)
000 1865
=020 1865
el YY) 1865
~C+60 1865
=0.20 1865
~0+20 1865
~0420 1865
~0.20 1865
~0e20 1865
=0.20 1945
~0e60 1945
=0¢60 1945
=-C.20 1945
~-0e20 1945
000 1945
=020 1945
=-0e&0 1945
~0.60 1945
“0-20 1945
~0.20 1545
~Ce20 1945
=0e20 1945
~0.20 1945

AIR PREHEAT-NONE

NO
{PPM)

100
110
1C0
95
85
80
60
5
15
820
920

565
210
775
810
00
945
1425
1580
1725
1750
1800

131 CONT

BURNER

NOX
{PPM)

135
130
130
120
120
110

90

25

35
840
950

620
390
830
865
960
980
15C0
1750
1900
1975
2025

02
(PCT)

210
210
210
2405
2420
225
230
2470
260
0e83
Oe?7
Q.84
0.93
1.00
0.80
0480
0«80
0+75
3]
3460
5,10
6615
7430

co
{PCT)

0s059
04060
04055
0s050
0076
06092
Cals?7
06734
06267
0e285
0298
Ce250
Ce245
Cs181
0e304
0304
0.291
0291
Oel24
Ce092
0066
0054
Ce043

Co2
{(PCT)

8487
8.77
Be66
Be 6
9408
9.19
975
De26
9451
Se25
926
9426
G651
9475
9.75
9.02
8+.78
9.02
8.07
7¢83
679
6438
577

HC
(PPM)

2e
2
1.
1le
1l
2e
2
2.
2o
27
40
26
17.
bGoo
10,
13,
13
12«
10.
10,
10.
10,
10.

8-



RUN NUMBER 131 CONT
PREMIXED FLAT FLAME BURNER
METHANE
WALL=HOT AIR PREHEAT=-NONE

FUEL AIR PCT AXTAL RADIAL WALL NO NOX 02 Cco co2 HC
FLOW FLOW STOIC DIST DIST TEMP

(CFM) (CFM) AIR (IN) (1IN (<) (PPM) (PPM) (PCT) (PCT) (PCT) {PPM)
Ce055 Cen81 SCe8 1510 =020 1945 210 230 0e25 24369 Te52 Ge
Ce063 Det81 7549 15410 =0.20 1945 90 20 0e25 54142 5466 15,

6%-4



FUEL
FLCW
(CFM)

0¢031
Ce031
0.031
04031
0031
0,031
COC3l
0.031
C«031
J0.0731
Cel31
0,031
CeD31

AIR
FLOW
{CFM)

0481
Ceti81
Oe#81
Ce481
Cs481
0s.481
Ceufl
OPRS |
Ce#81
00491
04481
0e481
0e481

PCT
STOIC
AIR

15945
15945
15945
15945
159.5
15945
15Q45
15%45
15G45
15945
15945
15945
15945

AXTAL
DIST
(IN)

15400
10400
5400
3.00
2400
1.00
4400
3.50
3435
15.00
15400
15400
15400

RUN NUMBER 132
PREMIXED FURNACE BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) (cl
0.00 1440
0400 1440
000 1440
000 1440
CeCD 1640
0«00 1440
0600 1440
0.C0O 1440
De00C 1440
0.00 1440
=0e¢20 1440
~0.40 1440
-0e60 1440

AIR PREMEAT=NONE

NO

{PPM)

e OO0 OO O MN

NOX

{(PPM)

NNNNNENNO-HHENNN

02
(PCT)

8480
8.80
8.80
12.00
17.00
18,00
905
9470
10625
8495
Be95
850
8490

co
{(PCT)

0s002
0.003
04002
06304
0.076
Cs010
0022
0s155
0e219
0»003
0.003
0002
0003

coz2
(PCT)

5.66
5677
577
3.84
l.46
0.81
5465
5415
4485
5466
5666
5666
5.66

HC

{PPM)

13
17
15000,
33000
345C0.
350
4000
7000+«
25
15
10,
11.

06-4



FUEL
FLCW
(CFM)

04137
04137
Ce137

04137
04137
0a137

~ 8oL

Qel37

06157
CelS7
0157
04157
Cel157

AIR
FLOW
(CFM)

2094
2+094
24094
2094
2094
2¢3946
ZQOQ“
2004

« 294
2.09¢4
2094
2.094
24094
2-094
2.09¢4
2004
24C9¢
2 . 394
24094
2.C%4
2.094
24096
2094

PCT
STOIC
AIR

158G 7
1597
15947
159.7
1557
15947
15947
15%.7
15%7
159.7
1597
1597
19947
15947
1597
134G .9
1376
13949
13G.9
12G.9
13949
139.9
13949

AXIAL
DIST
tIN)

15.0C
10.00
5400
4400
3400
200
100
250
4450
15«00
15400
1500
15400
3¢75
3435
1500
15.00
1500
1500
10.CC
500
4400
3.00

RUN NUMBER 133
PREMIXED FURNACE BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
(IN) (<)
000 1440
0«00 1440
Ce 00 1440
D00 1440
000 1440
000 1440
000 1440
NeO 14&0
0600 1449
C.00 1440
-Nel0 1440
=N 40 1449
=060 1440
N«00 1440
0.00C 1440
-Deb60 1590
=060 1590
=0e20 1590
CaNO 1590
0.00 1590
0sCO 1590
0«00 1590
0«00 1590

AIR PREHEAT=NONE

NO

{PPM)

OUVUVM RN~~~ OONMNMNNODOODOOHHNMN

NOX

{PPM

(S
O~ ~dDOVDOONNWLLLLNNOMFKFHFNLDWW

—t

)

02

tPCcT)

8465
8470

8480

1000
1375
16400
18.00
1150
9400
8470
8.70
8470
8.60
10450
12425
660
6460
646C
6460
6460
6465
6e65
730

co
(PCT)

0.003
0«003
01042
0285
Des12
0185
0.031
00413
0.151
0.003
0.003
0,003
0,003
0.359
0429
C.002
0.007
0.008
CeD08
0.008
0.010
0.C21
0.285

597
587
5487
5.15
3.05
le64
0.69
4alkh
5466
597
5697
5.97
5697
Lebd
3.74
6.50
690
6490
6.90
6490
690
6.90
638

HC
{PPM)

O
Qe
400,
600C.
25G00.
335C0.
35000,
15500,
2100,
25
22
16,
11.
100G0.
1750C,
2o

20

2e

2e

2e

l.

15,
2500.

16-4



FUEL
FLOW
(CEV)

04157
Q4157
Cel57
Cel57
Cel57
Cel57

AIR
FLCW
{CFM)

2.094
2.094
24094
2.094
2.C94
2094

PCT
ST01IC
AIR

13349
129.9
139,90
13949
132949
1399

AXTAL
DIST
(IN)

2400
1.00
3450
2+50
2475
225

RUN NUMBER

133 CONT

PREMIXED FURMNACE BURNER
METHANE

WALL-HOT
RADIAL WALL
OIST TEM
(IN) <)
0.00 1590
0.C0 1590
0400 1590
0«00 1590
0.00 1590
0«00 1590

AIR PREHEAT=~NONE

NO

(PPM)

OO0OQON OO

NOX

(PPM)

VWU =W

02

(PCT)

13425
17.00
6460
935
8400
11.00

co

{PCT)

0816
06163
04073
Ce789
065"76
CiB4ay

co2

(PCT)

3.05
1,01
6.90
5.05
5.87
3.94

HC

{PPM)

30000
36000,
350.
12000,
6CC0.
22500

(A%



FUEL
FLOW
{CFM™M)

RIS R I I WS IR VUIRTA RV IV IS IR R B
d ~d = s UT U AN AN U UT U A W GV A

® & % & o 5 & & & & & @ & o s @
-~

COODDDOOODCTOOODOO

COOOCODDLOCONOOOD0o0

~

AIR
FLOW
{CFM)

D481
Je681
Cet21l
D.681
Cetsl
.81
D81
Cat81
J.481
0.481
0.491
Cetir1
Cats81
CetB1l
O.lbgl
Qott¥l
Oets9]
0et81
Cetr®l
DetEl
O.681
Cets81l
04481

PCT
STCIC
AIR

14044
140 ¢4
1-'#0.4
14064
160 o4
1404
14044
14C 44
14004
14064
14044
1404
6543
653
6% e3
6503
653
6563
653
6563
6Se3
6543
653

AXTAL
DIST
LIN)

15.00
15.00
15.00
15400
10.0’)
5600
4,00
300
2400
1000
0eDD
"0005
15400
1500
15.00
15.C0
10400
5400
Lo Q0
3600
4450
750
600

RUN MUMBER 134
PREMIXED FURNACE BURNER
METHANE

WALL=HOT
RADIAL WALL
DIST TEMP
LIN) (C)
0,00 1585
=0+20 1585
=040 1585
=D.60 1585
0e00 1585
0«CO 1585
0.00 1585
0.00 1585
0.00 1585
0.00 1585
D00 1585
0«00 1585
C.C0 1600
=0.20 1600
=040 1600
~=0.60 1600
NeCC 1600
0400 1600
0020 1600
0.00 1600
0.00 16C0
0.00 1600
0.00 1600

AIR PREHEAT=NONE

NO

{PPM)

10
10

DD ODDDDr b = = NN WWLWWDONOY

NOX

(PPM)

12
12
12
12

Ut O O 0

02
{PCT)

7440
7640
T35
Te35
T o4
750
Te50
7«50
750
Te25
7410
7410
Qel4
0«24
002(4.
Ce2¢
Oe24
0.71
710
1275
3450
0e23
0,23

co

{(PCT)

Ce003
0003
0004
0«004
0.003
0.003
04005
0s0QC7
0.019
0029
0e063
0e0¢8
94194
94194
94194
94194
84985
Bel86
5275
2072(4-
66765
84779
84578

co2
(PCT)

6459
6.49,
Ee59
6459
6469
6469
6e79
6679
679
690
T.00
710
Held
3.E4
3484
3«84
394
3«94
Z2elh
101%1
3625
3494
4,04

HC
(PPM)

O
Oe

0.

O

Oe

Oe

Oe

O

Oe

Qo

O.

Qs

B

Se

4o

3e
500,
12000.
375C0.
42000
32000,
2100.
4500.

t6-4



FUEL
FLOW
(CFM)

0sC14
0e014
Te014
0.014
Cel1ls
Ce01l4
04014
0.014
OlOllk
0e014
0.014
D014

AIR
FLOW
{(CFM)

QebB1
Cess81
0481
0.481
O-h?1
Detgl
Catél
Q.481
0.481
Qe4f1l
Ces81
001#81

PCT
STO1IC
AIR

138.8
13848
13949
12848
13848
133.8
13948
138.8
138.8
13548
138.8
13848

AXTAL

DIST
{IN)

15400
1500
1500
1500
10400
5400
4'30
3400
200
250
2475
2425

RUN MNUMBER 135
PREMIXED FURNACE BURNER
PROPANE

WALL=HOT
RADIAL WALL
DIST TEMP
CIN) (cy
0.C0 1625
=020 1625
=040 1625
~C.60 1625
0400 1625
1+00 1625
C.CO 1625
0.C0 1625
0.00 1625
D00 1625
0«00 1625
0.00 1625

AIR PREHEAT~NONE

NO
(PPM)
13

14
16

—
OO OCONWWOII

NOX
(PPM)
18

19
21

N
N

P W YU

02

(PCT)

770
7«70
7470
7470
Te75
Te70
770
770
16400
1100
83.50
13450

co

(PCT)

C.008
0.0C8
Os00C7
C.008
04006
0«C04
0.004
0030
0.291
0e421
06229
0es38

co2

(PCT)

Tels2
7.42
7431
7431
7«21
Tets2
Tetr2
Tet&2
237
5.326
6.79
3664

HC
(PPM)

Dw

O

O

O.

O

O

O
200.
34000.
17000,
4000.
30000.

®6-4



FUEL
FLCW
(CFV)

D062
04042
Le052
Celb2
CalH2
Ce052
Ca082
CaD52
D052
2 .C(—>2
GeC5h2
Ce052
(e052
0052
DeCB2

AIR
FLCW
(CFM)

24094
2004
24004
2 « 094
2094
24554
2 .094
24354
2+C94
2.094
2:C94
24094
2.094
2.094
2 « 094

PCT
S$TOIC
AIR

14047
1407
14047
14067
14067
14067
1407
14067
1407
1407
14C 67
14047
14067
14047
1407

AXTAL

DIsT
CIND

1500
15.0C
1500
1500
1C.00
5400
4000
3.C0
2.00
250
3425
3450
3.75
275
2490

RUN NUMBER 136
PREMIXED FURNACE BURNER
PROPANE

WALL=HOT
RADIAL WALL
DIST TEMP
LIN) (C)
Ce00 1610
~0e2C 1610
=040 1610
-0e60 1610
0.00 1610
0.00 1610
0400 1610
000 1610
0,00 1610
C.00 1510
0+00 15610
000 1610
0.00 1610
0.00 1510
2.00 1610

AIR PREHEAT=NONE

NO

(PPM)

12
12
12
12

ODONHFHROODOMNY

NOX
(PPM)

15
15
15
16
13
11
10

FPWNOO PN

02
{PCT)

6450
6450

650

X
6465
6460
660
Be25
1475
1125
800
7450
7420
10450
950

co

(PCT)

0012
0.013
CeQ1?2
04014
De011
04019
0e085
0.707
Qe734
0«899
Qe352
Qe267
0e172
04899
Qe762

co2

(RPCT)

3425
8425
8425
8425
8.110
8425
8425
7.00
3405
5.05
Te62
Te52
773
50325
5487

HC

{PPM)

Ge

8o

5e

5e

3.

2

75
7000.
34000,
25000,
&CQ0.
2500.
1000.
18000.
14000

GG-4



FUEL
FLOW
(CFM)

Ced72
Q072
Cs072
0072
06072
0eC72
0072
Ca072
072
0.Q72
0072
Ce072

AIR
FLOW
{CFM)

24094
2084
240694
2.094
2+C94
24094
24094
24094
24094
2.094
2.094
24094

PCT
ST01IC
AIR

1209
12049
172Ce9
1209
12C+9
17249
172049
12049
1209
12049
17049
12049

AXTAL
DIST
{IN)

1500
1500
15.C0
15400
15400
10400
5.00
4400
3+00
2400
1.00
0.00

RUN NUMBER 137
PREMIXED FURNACE BURNER
PROPANE

WALL=HOT
RADIAL WALL
DIST TEMP
{IN) {c)
0.00 1795
=020 1795
~3e& 1795
~(e60 1795
000 1795
0«00 1795
0«00 1795
0.00 1795
000 1795
0,00 1795
000 1795
C.00 1798

AIR PREHEAT=NONE

NC
(PPM)

T4
72
72
73
69
43
24
19
16

NOX

(PPM)

91
91
92
94
90
63
37
24
21

02

(PCT)

3480
3.85
3485
3485
3485
385
3495
4410
4930
4450
480
570

co

{PCT)

0.063
0.060
0e0564
0.C62
0.062
0+054
0e¢091
0.151
Qo245
0e374
0626
1e537

co2
(PCT)

10.98
10.98
10.73
10.68
10.98
10.98
1048
10.73
1073
10449
10.24

9.02

HC
(PPM)

3e
2
2o
L
3.
3.
l.
1.
le
2o
15
100.

96-4



FUEL
FLOW
{CFM)

CeD16
0.016
0+Cls
Cel16
0.016
Cel18
0216
Ce016
0.016
TeCls
0.016
DeQ1s
0.016

AIR
FLOW
(CFM)

00481
Cetir]
Ossp]
Oe481
Cas81
Dot}
05481
Du421
Qedil
Cesl
CesBl
Oess21
0a.481

PCT
STOIC
AIR

122.8
120.8
122.8
170.8
12C.8
120.8
120.8
120.8
12048
12C.8
173.8
120.8
12C.8

AXTAL
DIST
{IN)

15.00
1%.00
15.00
15400
10400
5400
3.00
1.00
000
200
2450
2425
1450

RUN NUMBRER 138
PREMIXEC FURNACE BURNER
PROPANE

WALL=HOT
RADIAL WALL
DIST TEMP
(IN) (C)
000 1795
~0.20 1795
=040 1795
-~0.60 1795
0sCC 1795
CeDO 1795
Ce00 1795
Ce00 1795
C.00C 1795
0.00 1795
0.C0 1795
0«00 1795
0400 1795

AIR PREHEAT~NONE

NO

{PPM)

200
170
160
1690

70

NN DD

NOX
{PPM)

240
210
200
200
95
20
16
11
6
13
13
14
12

02
(PCT)

520
5:20
5420
520
5¢40
5455
570
6e40
TedQ
595
5485
5495
620

Cco
{PCT)

0s028
0.024
0.025
0.025
0e015
Ca012
0.024
Cel39
062329
0e043
04030
0035
0.064

co2

(PCT)

9.26
9.26
925
V.26
9026
9.51
9.75
9451
%.02
9475
9.75
Ge75
9451

HC
{PPM)

2
Qe
be
S5e
2.
2o
1.

5Ce
1.
le.
1.
1.

JASY:|



FUEL
FLOW
{CFM)

De042
Celu?2
04042
L0062
06042
0+042
Ce042
Cel42
QeCu?
06042
0e042

AIR
FLOW
(CFM)

0s481
Qo481
Cats21
0s48l
0'481
Cet81
Ces81l
De421
Ces8l
0.4681
Det81

PCT
STOIC
AIR

1201
12061
12041
12Ce1
12001
170.1
12061
1701
12Ca1
17Ca1
12041

AXTAL
DIST
{IN)

15.00
15.00
15400
15.0C0
10.00
5400
320
1.00
0.00
200

145C

RUN NUMBER 139
PREMIXED FURNACE BURNER
METHANE

WALL=HOT
RADIAL WAL L
DIST TEMP
{IN) {C)
0«00 1770
-(e20 1770
=0 ¢4l 1770
~Qe60 1770
0.C0 1770
Ce0O 1770
000 1770
0400 1770
e 00 1770
CeCO 1770
0.00 1770

AIR PREHEAT=NONE

NO
(PPM)

95
95
1C0
105
31
12
11
10

11
10

NOX
{PPM)

120
120
130
130
48
23
21
20
18
19
19

02
(PCT)

4e?25
Le25
4420
4420
4635
4460
4460
4450
4430
4460
4460

Co
(tPCT)

0.019
0,017
0.021
0.021
0.010
0e012
0022
0el1l6
0el72
0.039
Ce060

Co2
{PCT)

Be54
8430
8420
8.30
8454
Q26
9.02
Ge26
926
902
G926

HC
(PPM)

5e
6

8e
Q

2o
1.
le
le
le
1
le

8G-4



RUN NUMBER 140
PREMIXED FURNACE BURNER
METHANE
WALL-HOT AIR PREHEAT=NONE

FUFL AIR PCT AXTAL RADIAL WALL NO NOX 02 Cco co2 HC

FLOW FLOW STOIC DIST DIST TEMP

(CF™) (CFM) AIR (IN) {IN) {C) {PPM) (PPM) (PCT) {PCT) (PCT) {PPM)

O¢183 24004 11948 15400 0400 1775 45 66 375 0045 9425 Ta

0.183 24004 119.8 15400 ~0e20 1775 47 67 3475 0e045 Fe2b Te

0.183 2.094 11948 15.00 ~De40 1775 49 69 3470 Ce044 9426 6o

0.183 24094 119.8 15.00 ~0e60 1775 49 70 3470 0.045 9.26 G

0+183 24094 1198 1000 0.00 1775 31 47 3475 0038 S.26 50

0,183 24004 119.8 5400 000 1775 19 31 3480 Ce063 9426 3

04183 2.094 119.8 3400 0.00 1775 15 29 3490 0e185 Se26 2e

Cell3 24004 11948 200 200 1775 10 26 4400 0e291 Fe26 3.

0.123 24094 11948 100 000 1775 4 22 4430 1011 8.78 200. 7
Cel183 20094 119.8 0.00 Ce00 1775 2 18 4425 1.068 878 5000 3



FUEL
FLOW
(CFM)

0.050
0050
C.350
CsC50C
0.C5%C
04050
0050
0e350
NDe050
CelHO
04050
Ca050
0050
04050

AIR
FLOW
(CFM)

Dets81
Deb81
Ce481
Cebr]
Las81
0e481
O0s.481
Oo’#gl
Cec1l
Cetstl
Cas431
Oetsf]
Cet81

PCTY
STOIC
AIR

10C.8
100.8
100.8
10048
1008
100687
19048
1008
10048
100.8
10CeR
100.3
1708
10G.8

AXIAL
DIST
{IN)

1260
1260
12460
1260
9460
Se60
Ge60
960
A.éo
260
1«60
0460
Ce30
0420

RUN NUMBER 141

PREMIXED FLAT FLAME BURNER

METHANE
WALL=COLD
RADIAL WALL NO
DIST TEMP
LIN) (C) {(PPM)
D.00 47
0620 49
0440 49
Ce60 49
0s60 49
Ns4C 49
Nae20 4Q
000 50
0420 55
Ce20 57
0,20 49
0e20 40
0620 23
0,20 16

AIR PREHEAT=NONE

NOX
{PPM)

48
49
49
49
49
49
49
51
56
60
60
5C
35
29

02

(PCT)

Ce53
0e36
0435
De32
0.30
0e31
De26
Q.26
Oed5
Oeb66
0«79
100
1620
125

co

(pPCT)

0219
0elgl
Cel90
Cel72
Delb3
0s¢151
04139
Cela3
0s181
03224
0e599
Ce789
0983
1,125

Co2

(PCT)

10.98
11423
11648
11.99
11.48
11623
11.48
1123
11423
10.98
10.73
10.49
10«24

G499

HC

(PPM)

5
5
Lo
4o
4.
4o
3
3
bGoo
4w
hoe
79
Lo
25

09-4
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