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ABSTRACT

Interactions between certain fuel sulfur compounds and nitric 

oxide (NO) in turbulent gaseous and distillate oil diffusion flames were 

experimentally investigated utilizing a 75,000 Btu/hr laboratory combust 

tor. Aerodynamics, air preheat conditions, and overall excess air condi

tions were varied to determine their role on any such interaction.

Results indicated that addition of sulfur dioxide (SO^) to 

natural gas.flames could enhance or inhibit NO emissions. Local flame 

stoichiometry and temperature, which were influenced by fuel injector 

type, determined which effect was observed and the extent to which it 

occurred.

Thiophene (C^H^S) and pyridine (C^H^N) were added to #2 diesel 

oil to determine effects of fuel sulfur on conversion of chemically bound 

fuel nitrogen to NO. No discernible effect was observed at "zero" air 

preheat conditions. NO emissions were enhanced at high air preheat 

conditions.

Addition of SC^ to natural gas flames doped with ammonia (NH^) 

produced a significant increase in conversion of NH^ to NO at high air 

preheat conditions.

Inhibition effects were explained in terms of homogeneous cataly

sis of recombination reactions by SO^. Hydrogen abstraction reactions 

involving reduced sulfur species and other oxidation reactions involving



xii
S02, or a reduced form, were considered to explain the enhancement 
effect.



CHAPTER 1

BACKGROUND

1.1 Introduction 

The combustion of many fossil fuels gives rise to emissions of 

sulfur oxides and nitrogen oxides. Control of these pollutants will 

become increasingly important with the anticipated increase in usage of 

coal and low-grade residual oils, since significant amounts of chemically 

bound sulfur and/or nitrogen are usually present. The potential increase 

in usage of low-Btu fuels, derived from coal gasification, for on-Site 

energy needs, may also result in increased interest in abatement tech

niques of sulfur and nitrogen oxides since, in the absence of hot gas, 

cleanup processes, substantial amounts of ammonia and hydrogen sulfide 

may remain in the gas.

Sulfur oxide pollution may be abated by either fuel desulfuriza- 

tion or stack gas scrubbing. The choice of abatement method is usually 

dictated by economic considerations^ However, in calculating cost effec

tiveness of various sulfur oxide abatement strategies, it is important to 

determine the extent to which the technology used has an adverse effect 

on other pollutants, such as nitrogen oxides (NO^). Should sulfur 

compounds in the flame front have an inhibition influence on the forma

tion of NO (Wendt and Ekmann, 1975), this would indicate that fuel 

desulfurization might require additional NO^ abatement methods to be
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implemented, and that this would involve additional costs which would not 

occur with stack gas scrubbing, where the sulfur species, ate removed 

after the combustion process.

This work focuses on the possibility of interaction of fuel, sul^ 

fur with nitrogen oxide (NO) formation in gaseous and distillate oil tur

bulent diffusion flames. " The project should, therefore, be viewed as an 

extension of previous work (Wendt and Ekmann, 1975), which showed that 

high levels of fuel sulfur did inhibit thermal NO formation in premixed 

gaseous flames. The goal here was to determine whether fuel sulfur did 

influence the formation of NO in turbulent diffusion f1ames. In the 

event that an interaction between fuel sulfur and NO formation was 

observed, the objective was to identify and investigate those factors 

which were important in the interaction.

The formation of nitrogen oxides in "clean" systems (gaseous 

fuels) has been extensively investigated and is reviewed in sections 1.2 

and 1.3. Information concerning fuel sulfur is presented in section 1.4.

1.2 Thermal NO Formation 

During the combustion of fossil fuels, nitrogen oxides are formed 

by the high temperature, thermal fixation of molecular oxygen, and nitro

gen present in the combustion air. NO is the favored oxide form because 

the residence time in most stationary combustion processes is too short 

for the oxidation of NO to NO^, even though NO^ is thermodynamically . 

favored at lower temperatures (Bartok et al., 1964). NO, however, does 

oxidize in the atmosphere to NO^, which is a primary participant in
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photochemical smog. NO resulting from the oxidation of atmospheric 

nitrogen, N^, is defined to be thermal NO..

For many years, it was generally assumed that the thermal fixa

tion of atmospheric nitrogen to produce NO occurred according to the 

mechanism suggested by Zeldovich, Sadovnikov, and Frank-Kamenetskii 

(1947):

0 + N2 - NO + N

N + 0o = NO.+ 0  '

plus the reaction

N + OH = NO + H

taken together with the assumption that the combustion reactions have 

equilibrated prior to the initiation of nitric oxide formation. Although 

the data of Fenimore (1971), Bowman (1973), and Pershing and Berkau 

(1973) support this simplified equilibrium Zeldevich mechanism scheme for 

post combustion zone formation of NO, it does not allow absolute predic

tion of NO emissions, especially under fuel-rich conditions, and does not 

agree with measured profiles near the flame front.

Fenimore (1971) found a substantial amount of "prompt" NO which 

formed very rapidly in the flame front of methane-air and ethylene-air. 

This prompt NO could not be explained based on the extended Zeldovich 

mechanism with equilibrated radical concentrations. Prompt NO has sub

sequently been observed experimentally in gaseous systems by Bowman and 

Seery (1972); Iverach, Basden, and Kirov (1973); Wendt and Ekmann (1975); 

and Malte and Pratt (1975). It has been suggested that prompt NO is the 

consequence of nonequilibrium radical concentrations in the vicinity of



the combustion zone (Bowman, 1971; Sarofim and Pohl, 1973; de Soete,

1972). Mitchell and Sarofim (1975), Malte and Pratt (1975), and Bowman 

(1975) have experimentally observed "super-equilibrium" radical concen

trations in gaseous systems. The inclusion of nonequilibrium free 

radical concentrations in the Zeldovich mechanism improves the agreement 

between predicted and measured NO profiles under fuel-lean conditions. 

Wendt and Ekmann (1975) indicated that the rapid rate of formation of NO 

in the flame, i.e., prompt NO, can be attributed to super-equilibrium 

oxygen atom concentrations under fuel-lean conditions. However, the 

inclusion of nonequilibrium radical concentrations does not explain the 

observed rate of formation of NO in fuel-rich hydrocarbon flames 

(Engleman, 1976).

Fenimore (1971) and Iverach et a!. (1973) have attributed prompt

NO to reactions other than those in the Zeldovich mechanism. In

particular, a cyanide mechanism was proposed in which the cyanide radical

(CN) was an intermediate. Considerable evidence exists which indicates

that under fuel-rich conditions reactions of N^ with methyl radicals can

cause rupture of the nitrogen bond (NeN) and lead to the formation of NO

with hydrogen cyanide (HCN) as an intermediate (Haynes, Iverach, and

Kirov, 1975; Engleman, 1976). A reaction scheme in which the controlling 
reaction is:

N2 + CH + HCN + N

together with the nonequilibrium Zeldovich mechanism has produced kinetic 

predictions which are in agreement with data from an adiabatic well- 

stirred reactor (Engleman, 1976).
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To summarize, thermal NO formation in gaseous flames may occur

via the extended Zeldovich mechanism and/or via the prompt NO mechanism. 

In the post flame region, NO formation is adequately explained by the 

equilibrated Zeldovich scheme. This means that post flame NO is formed 

through a relatively slow, very temperature-dependent reaction, where the 

resultant NO emissions are likely to depend upon the time-temperature 

history throughout the entire length of a combustor. Near the flame, or 

in the flame, NO formation occurs via the prompt NO mechanism. The non- 

equilibrium Zeldovich mechanism is important in this region. For hydro

carbon flames and under fuel-rich conditions, the cyanide, mechanism is of 

great importance in prompt NO formation.

1.3 Fuel NO Formation 

It was assumed for many years that NO was formed only by high 

temperature fixation of atmospheric nitrogen and oxygen; recent experi

mental studies, however, have indicated that the conversion of chemically 

bound nitrogen in the fuel to NO is potentially of equal or greater 

importance in the formation of NO^ during coal and residual oil combus

tion. Martin, Pershing, and Berkau (1971) noted, in art evaluation of 

fuel additives in a small experimental furnace, that nitrogen-containing 

additives, notably amines and nitrates, increased NO^ emissions through 

approximately 50 percent conversion of the nitrogen in the additive 

to NO.

A number of experimental studies have been conducted on the addi

tion of various nitrogeneous compounds to flat, laboratory flames (Wendt 

and Stemling, 1974; Axworthy, 1975; Sarofim et al., 1975; de Soete,



1975; Sawyer, 1975; Haynes et al., 1975; Merryman and Levy, 1975). The 

data indicate that fuel nitrogen is a large potential source of NO emis

sions, and that the oxidation of many nitrogen-containing species to NO 

is rapid, occurring on a time scale comparable to that of the combustion 

reactions (Bowman, 1973). Axworthy (1975) found that, above 80 percent 

of stoichiometric air requirements, greater than 50 percent of the fuel 

nitrogen was converted to NO.

Investigators have also attempted to determine the importance of 

fuel nitrogen conversion to NO in practical systems by examining emission 

data from distillate and residual oils doped with typical nitrogen 

compounds. Turner, Andrews, and Siegmund (1972) measured NO emissions 

from a package boiler burning oils doped with twenty nitrogen additives 

and measured 40 to 80 percent conversions under normal operating condi

tions . Martin and Berkau (1972) used a small experimental furnace to 

determine the amount of NO produced from burning a distillate oil doped 

with pyridine, quinoline, and piperidine; conversions ranged from 20 to 

70 percent. With rapid initial mixing, almost complete conversion of the 

bound nitrogen to NO was observed by Appleton and HeywoOd (1973) in 

studies conducted on kerosene doped with pyridine in a one-dimension al 

spray combustor. Pershing, Martin, and Berkau (1975) burned a low-sulfur 

residual oil in argon/oxygen and inferred that about half of the total NO 

measured under normal conditions was the result of fuel nitrogen 

oxidation.

Available evidence indicates that increased oxygen availability 

results in increased fuel nitrogen conversion. In premixed systems,
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nearly quantitative conversion to NO is achieved for fuel-lean condi

tions. Substoichiometric (i.e., fuel-rich) conditions, however, result 

in significantly reduced conversions. Appleton and Heywood (1973) found 

that imperfect fuel-air mixing causes inhomogeneities and, consequently, 

the average fuel nitrogen conversion is determined by local stoichiom

etry. The data of Martin and Berkau (1972), and Turner et al. (1972) 

further demonstrate the importance of local oxygen concentration in fuel 

NO production during oil combustion.

Data from premixed gaseous experiments (Sarofim et al., 1975) 

indicate there is only a slight dependence of conversion on the type of 

nitrogeneous compound. Data on oil flames show a similar insensitivity 

to speciation. Martin and Berkau (1972), investigating both unsattirated 

single-ring and saturated multi-ring nitrogen compounds, observed only a 

slight effect of composition oh fuel nitrogen conversion in distillate 

oil flames. Turner et al. (1972) tested twenty different nitrogen- 

containing additives, including 1°, 2°, 3° amines and heterocyclics with 

similar results.

The amount of nitrogen chemically bound in the fuel is also 

believed important in determining the conversion to NO. Evidence indi

cates that nitrogen conversion to NO decreases with increasing nitrogen 

content. Martin and Berkau (1972) and Turner et al. (1972) experimentally 

observed this phenomenon for prototype nitrogen compounds.

Although the experimental studies conducted indicate that fuel 

nitrogen contributes substantially to NO emissions, and to some extent 

those factors which influence conversion of fuel nitrogen to NO, the
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mechanisms of fuel nitrogen oxidation are presently quite imperfectly 

understood. Various nitrogeneous species have been identified in 

experimental studies conducted on the combustion of gaseous fuels doped 

with typical nitrogen compounds: HCN, NH^ (Fenimore, 1976); CN (Appleton

and HeywoOd, 1973); NH, CN (Merryman and Levy, 1975); NH^, NH (DuXbury 

and Pratt, 1975). However, how such species are formed or participate in 

NO formation is still under discussion with little agreement.

1.4 Fuel Sulfur Formation of S0X and 
interaction with NO Formation

Although oxidation of chemically bound sulfur in the fuel can 

result in significant sulfur oxide emissions, there is little or no data 

concerning the pertinent mechanisms involved. The combustion of H^S has 

been studied extensively (Levy and Merryman, 1965; Merryman and Levy,

1967; Sachyan, Gershenzon, and Nalbandyan, 1967). There is good agreement 

on the mechanisms involved in forming SO^ from H^S and concerning the 

sulfur species present at different stages of the combustion process.

The limited data available on combustion of organic sulfur compounds 

indicate the presence of sulfur species identified in the combustion of 

HIS (Cullis and Mulcahey, 1972). Due to the general lack of data, it 

would appear necessary to treat bound sulfur in the fuel as if it were 

H^S to analyze the possible interactions with NO formation.

The possibility of interactions between sulfur and nitrogen 

oxides at low temperatures is not new (Wendt and Stemling, 1974). This 

interaction results in the catalysis, by NO, of the oxidation of S02 to 

SOg. At higher temperaturesi typical of combustion conditions, free



radicals are produced in super-equilibrium concentrations. Since free 

radicals are important in NO formation> and since it has been shown 

(Durie, Johnson, and Smith, 1971) that sulfur dioxide is an effective 

catalyst in reducing super-equilibrium free radical concentrations,. it is 

reasonable to expect that sulfur dioxide, and possibly other fuel sulfur 

compounds, inhibit the formation of NO in flames. Indeed, Wendt and 

Ekmann (1975). found that the addition of SOg or H^S to premixed, flat, 

methane-air flames inhibited thermal NO formation significantly. The 

inhibition effect was attributed to the catalysis of super-equilibrium 

oxygen atom recombination reactions by SO^,

Literature on flame interactions between species derived from 

fuel sulfur and fuel nitrogen in the flame front is quite meager. Due to 

the uncertainties in the mechanisms of fuel nitrogen oxidation, and since 

the role of super-equilibrium oxygen atoms in these mechanisms is 

unclear, only speculative remarks are possible concerning the effect of 

fuel sulfur on fuel NO formation. However, recent work by Flagan,

Galant, and Appleton (1974) indicates that super-equilibrium concentra

tions of atoms and free radicals may play a role in the formation of NO 

from bound nitrogen. It may, therefore, be tentatively speculated that 

sulfur dioxide may have an inhibitory effect similar to that observed by 

Wendt and Ekmann (1975) for thermal NO. Preliminary indications from 

studies conducted by Wendt and Ekmann (1975) on fuel sulfur interactions 

with fuel NO formation are that, although the effect is not significant 

under fuel-lean conditions, it may, under fuel-rich conditions, have a 

marked influence on the rate at which fuel NO is formed.



CHAPTER 2

COMBUSTION FACILITY

2.1 Introduction

The facility used in this study was designed and constructed by 

D. W. Pershing for studies of pulverized coal combustion. Details can be 

found in Pershing and Wendt (1976).

2.2 Furnace

The experimental furnace is shown in Figure 2.1. The vertical 

combustion chamber is 76” long and 6" in diameter inside. The overall 

outer diameter is approximately 27", In the lower half of the furnace, 

the walls consist of an outer steel shell, 1/4" of rollboard insulation,

8" of Harbison-Walker Lightweight 26 insulating eastable (2600°F maximum 

service temperature), and 2" of Harbison-Walker Castolast G 3200°F 

castable refractory. In the upper half of the furnace, the walls con

sist of 6" of insulating castable and■4" of the high-temperature 

Castolast G. This casting pattern was used to provide the capability of 

working at very hot combustion conditions (fuel in argon/oxygen), but at 

the same time having minimal heat losses.

There are four 6" wide x 10" long observation ports and three 2" 

diameter ports spaced down the length of the furnace for flame photography 

and visual observation.

10
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Fuel and air enter the combustion chamber at the top via a water-

cooled burner to be described in detail below. The combustion gases

leave the furnace through a 6" diameter exhaust port and flow through

approximately forty feet of water and air, double pipe, heat exchangers.

The flue gas temperature is less than 300oF upon exiting the exchangers.

The gases are then exhausted into a fume duct.

System start-up is initiated with an 18" Eclipse extended pilot.

The pilot is located in a horizontal port approximately 5" below the top

of the furnace. It normally extends about halfway through the refractory

wall and is a long, internally spark-ignited pilot burner. A long,

horizontal flame is produced directly across the main burner when the

pilot is ignited. When either the main gas or the fuel oil is turned on,

ignition occurs immediately and the pilot is turned off.

2,3 Multifuel Burner 

The specially designed water-cooled burner is illustrated in 

Figure 2.2. It has separate axial and swirl air inlets. The axial air 

enters through two 1/2" angled ports into the center pipe. Swirl air 

enters a vaned swirl chamber via two tangential ports 180 degrees opposed 

and passes through eight 0.100" curved swirl vanes as shown in Figure 

2.3. Tho inside diameter of the burner itself is 1,38"; however, several 

burner inserts were prepared so that axial air velocity could be main

tained at 60 ft/sec for a variety of mass flows and air preheats. The 

burner throat is water-cooled and the exit is fitted with a 30-degree 

refractory (Castolast G) quarl that has an L/D ratio of unity. The top 

of the burner has a removable collar designed to accept fuel injectors 

for natural gas and fuel oils.
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Figure 2.2 Multifuel Burner. - From Pershing (1976).
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Figure 2.3 Swirl Vanes. - From Pershing (1976).



2.4 Fuel Injectors 

The fuel injectors used in this study are shown in Figures 2.4 

and 2.5. Both injectors were fabricated from stainless steel tubing with 

end plugs/ The natural gas injector allows the fuel to be introduced in 

a radial or an axial direction. Such an arrangement permits comparisons 

between rapidly mixed short flames and long, poorly mixed flames, respec

tively. The total area of the six holes for the radial case is equiva

lent to the area of the single-hole, axial case.

The oil injector used in this study was water-cooled. Prelimi

nary calculations indicated a potential temperature rise in the oil of 

about 150°F. Two problems were anticipated due to a temperature increase 

of this size:

1. Significant changes in the kinematic viscosity with corresponding 

effects on the Santer mean diameter of the oil droplets.

2. Fuel vaporization within the injector.

Further calculations, assuming the Santer mean diameter to be propor

tional to kinematic viscosity to the .25 power (Perry, Chilton, and 

Kirkpatrick, 1963), showed a possible reduction of 15% in the mean drop

let diameter. As the droplet size could possibly influence the results 

obtained, it was concluded that the oil injector would have to be 

water-cooled. »

2.5 Air Supply System 

The air supply system for the furnace is shown in Figure 2.6. 

Under normal operating conditions, a 100 psig air compressor supplies 

the combustion air. After being filtered and partially dried, the air
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Figure 2.4 Schematic of Natural Gas Fuel Injector.
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Figure 2.5 Schematic of Distillate Oil Fuel Injector.
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Figure 2.6 Air Supply System.
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passes through two high-volume regulators where the pressure is stepped 

down to approximately 30 psig.

Once the pressure has been reduced, the air passes through a 3/4" 

micro-needle valve for total flow control and a laminar flow element.

The pressure drop across the laminar flow element is measured by a 10"

H^O inclined manometer. Relatively accurate measurement of the inlet 

flow is thus obtained.

After the pilot stream is split off, the remaining flow goes to 

the preheater. The temperature is raised from 70°F to the desired level. 

This is accomplished by first passing it through the shellside of a 

double pipe, heat exchanger (the inner pipe contains hot combustion gas 

from the furnace). The air is about 300°F at the outlet of this,- 

exchanger. A 9 Kw Chromalox circulation heater is used to provide the 

final preheating and temperature control. The heater was constructed 

with a 304 stainless steel shell and Incoloy elements so that air pre

heats of up to 1000°F would be feasible.

Once the air has the desired temperature, it is split into axial 

and swirl air streams. The flow in each line is controlled with a high- 

temperature, globe valve and metered with a calibrated orifice. Two

0.036" exposed bead, iron-constantan thermocouples, located just before 

the burner inlets, are uSed for measuring the temperature of each stream 

and for the input to the proportional temperature controller on the 

electric preheater.

For special tests, the air or natural gas may be doped with SC^. 

The SO^ (Matheson, C. P.) is supplied from a 250 cubic feet high



pressure cylinder. A calibrated rotameter is downstream of the SC^ 

cylinder. Unfortunately, the 0-rings of this rotameter deteriorated and 

introduced large errors in the measured SO^ flow rates. As a result, 

desired SO- levels were achieved by moaitoring flue emissions. Discus

sion of the accuracy of the SO^ flue measurements can be found in 

Appendix A.

2.6 Fuel Oil/Additive System 

The fuel oil/additive system (see Figure 2.7) was designed to 

facilitate doping of a representative #2 diesel oil with accurately 

measured amounts of nitrogen and/or sulfur compounds without changing the 

total liquid fuel flow rate. A Harvard Apparatus model 915, multispeed 

syringe pump was selected for addition of the doping agents. Flow rates 

were accurate to +..5%. It was decided that 200 cc B-D Luer Lok syringes 

would be used with this pump as the drive mechanism had been designed for 

such syringes. Stainless steel #13 needles were welded to 1/8" stainless 

steel tubing to connect the syringes to the 1/4" Teflon lines.

Twelve gearbox settings permit flow rates of 0.024 to 120.0 

cc/min to be selected when the 200 cc syringes are used. The sulfur or  ̂

nitrogen compound may be added separately by disengaging one of the 

syringes from the drive mechanism or the compounds may be added simul

taneous ly at identical flow rates.

After passing through a 60 y, stainless steel filter, the fuel 

mixture is fed to the furnace by a Webster model 2M34CB-3 oil pump. The 

discharge pressure of this pump is factory set at 100 psi. An important
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Figure 2.7 Fuel Oil/Additive System.



feature of the system is that total flow rate remains constant whether or 

not additives are present.

Monarch nozzles rated at 0.5 gph at 100 psi were used to achieve 

mechanical atomization of the fuel. Figure 2.8 shows the internal con

struction of a typical high-pressure, oil atomizing nozzle; the spray 

cone pattern of the nozzles used in this study is also shown. The 

majority of the tests were conducted with 30°R solid cone nozzles. This 

reduced impingement of the fuel spray on the walls of the furnace and on 

the quarl. A maximum error of +10% in the flow rate is possible 

according to the manufacturer.

2.7 Analytical System

The analytical system was designed to provide continuous moni

toring of NO, NO£, GO, COg.,. Og, and SOg. Figure 2.9 shows a schematic 

of the sampling and analysis system. The flue gas was withdrawn from the 

stack through a 3/8" water-cooled, stainless steel probe. During the 

initial shakedown testing, both cooled and uncooled quartz probes were 

compared to the water-cooled, stainless steel probe. No difference in 

the measured NO was observed, even with the presence of GO and unbumed 

carbon. However, the flue gas had cooled to below 1000°F at the point of 

sampling.

Sample conditioning consisted of a refrigerated dryer (water 

condenser), two glass wool filters, a 60 y stainless steel filter (50°F), 

a stainless/Teflon sampling pump and a 7 y stainless steel filter. All 

sample lines were 1/4" Teflon and all fittings were 316 stainless steel.
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Figure 2.8 Typical High-Pressure, Oil Atomizing Nozzle and Resulting 
Spray Cone Pattern.
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The analysis system consisted of the following instrumentation:

1. Beckman Model F5 Paramagnetic Oxygen Analyzer.

2. Beckman Model 864 Nondispersive Infrared CO Analyzer.

3. Beckman Model 864 Nondispersive Infrared GO^ Analyzer.

4. Thermo Electron Model 40 Pulsed Fluorescent SO^ Analyzer.

5. Beckman Model 715 Polarographic Oxygen Analyzer.

6. Thermo Electron Model 10AR ChemiLuminescent NO-NO^ Analyzer with 

Model 300 Molybdenum Convertor.

All instruments were calibrated with zero and span gas every four hours. 

Details regarding the zero and span gases are presented in Appendix B.

2.8 Safety Control System 

The furnace is equipped with an electrical interlock safety 

system to insure both safe start-up and proper shutdown in case of a 

variety of operational problems. The facility was designed so that it 

could be operated continuously without an attendant and thereby maintain 

thermal steady state. It monitors the outlet temperature and flow of the 

cooling loops to insure system integrity. In the event of a poor or 

unstable flame, it automatically shuts off all fuel flow. The system 

also monitors the inlet air and in the event of a compressor failure 

shuts down both the furnace and the electric preheater (to protect the 

Incoloy elements from overheating).



CHAPTER 3

DEFINITION OF TERMS

The material presented in this chapter is a necessary background 

for Chapters 4 through 6.

3.1 Fuels

The compositions of the #2 diesel oil and natural gas used in 

this study are shown in Tables 3.1 and 3.2, respectively. Physical 

properties as well as heat of combustion data are included. The fuel oil 

was selected on the basis, of low sulfur content.

5.2 Data Reduction 

The data presented and discussed in Chapters 4 through 6 are 

listed in Appendices C and D. The emission data are reported as parts 

per million (ppm) by volume on a dry basis and reduced to stoichiometric 

conditions (zero percent excess air).

Variations in the composition of a fuel due to the addition of 

doping agents were taken into account when reducing the emission data to 

stoichiometric conditions. In calculating theoretical air requirements, 

the following combustion products were assumed: 1) CO^, 2) HgO, 3) SO^,

4) N2, and 5) C y
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Table 3.1 #2 Diesel Oil Composition.*

C 86.78 wt %

H 12,91 wt %

S 0.30 wt %

N: total 106 ppm by weight

basic 41 ppm by weight

0 300 ppm by weight

Ash ,001 wt %

HgO 214 ppm by weight

Gravity: 36.3 6API

Heating value (Btu/lb, dry): 18308

*Analysis conducted by Gulf Research and 
Development Company, Pittsburgh, Pennsylvania.
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Table 3.2 Natural Gas Composition.

Specie Mole %

Methane 89.72

Iso^butane .09

n-but ane .16

Ethene 6.4

Propane 1.31

Iso-pentane .02

n-pentane .02

He .02

. C02 .35

N2 1.91

3Heating value (btu/ft ): 1047, wet

1064, dry

Specific gravity: .615

Vo1ati1e sulfur. content : 0.07 grains/100 ft^
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5.3 Additives

Thiophene (reagent grade; Matheson, Coleman # Bell) and pyridine 

(reagent grade; J. T. Baker) were selected for use in this study as both 

are representative of classes of sulfur and nitrogen compounds in petro

leum and synthetic fuels (Martin and Berkau, 1972; Turner et al.* 1972; 

Satterfield, Model1, and Mayer, 1975), Thiophene is an aromatic five- 

membered heterocyclic compound: C^H^S. It behaves like extremely reac

tive benzene derivatives. Pyridine is a six-membered aromatic hetero

cyclic compound: C^H^N. The electronegativity of nitrogen makes

pyridine uhreactive toward electrophilic substitution but highly reactive 

toward nucleophilic substitution.

Thiophene is about 39% sulfur by weight; pyridine is about 18% 

nitrogen by weight. The use of these compounds as doping agents allowed 

investigation of significant levels of sulfur and nitrogen in a fuel oil 

without requiring the injection of excessively large amounts of either 

additive.

Sulfur dioxide and NH^ (Matheson, C. P.) were used to simulate 

fuel sulfur and fuel nitrogen in the natural gas studies. The selection 

of S02 as a doping agent was based on the desire to compare the results 

of these turbulent diffusion flame studies to the results of premixed 

flame studies conducted by Ekmantt (1974). Since NH^ has been used 

extensively in premixed studies (Wendt and Stemling, 1974; Stemling and 

Wendt, 1974; Fenimore, 1972; and others), it was selected as the model 

fuel nitrogen compound in these studies. Safety factors also dictated 

the use of only semitoxic compounds.



• 5.4 Definitions of Miscellaneous Terms 

To avoid confusion, it is necessary to explicitly define ter

minology used in this study:

1. Percent swirl is the ratio of the volumetric flow of air intro

duced through the swirl vanes to the total volumetric air flow

(swirl plus axial) times one hundred percent.

2. Air preheat is a weighted volumetric average of the swirl and

axial air temperatures; percent swirl is used to weight the 

respective temperatures.



CHAPTER 4

"THERMAL" NO

This chapter is concerned with the effect of fuel sulfur on 

"thermal" NO emissions from turbulent gaseous and distillate oil diffu

sion flames. "Thermal" NO denotes the nitrogen oxide emissions resulting 

from the thermal fixation of molecular oxygen and nitrogen present in the 

combustion air.

4.1 Introduction

In work already published (Wendt and Ekmann, 1975), it was shown 

that, in a laboratory premixed methane-air flat flame, the addition of 

SO2 (6400 ppm SO2 in the exhaust) or H^S (6300 ppm SO^ in the exhaust) to 

the fuel inhibited the formation of thermal NO. The inhibition was sig

nificant at all air/fuel ratios and especially at high air preheats 

(464°F). This form of inhibition was attributed to catalysis of oxygen 

atom recombination reactions by SO^.

However, there are distinct differences in the premixed environ

ment investigated in that work and the environment controlling NO forma

tion in turbulent diffus ion f1ames. In a premixed flame, the fuel and 

oxidizer are mixed prior to ignition. The physical processes of convec

tion and diffusion are important, since a substantial amount of back 

diffusion into the unburned gases is crucial in allowing a stable flame 

front to be maintained and in allowing ignition to occur.

3 V
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In a turbulent diffusion flame, the fuel and oxidizer are usually 

injected separately, mix, and subsequently reacts The turbulent flame 

structure consists of macroscale-sized regions composed of fuel, of 

oxidizer, or of combustion products, and of thin interfacial zones in 

which the combustion reaction occurs. Since concentration gradients 

leading to the reaction zone are determined by turbulent mixing, the 

local oxidant levels within the flame will be affected by the degree of 

turbulence.

The present study, therefore, examines the effect of fuel sulfur 

on thermal NO formation in more practical turbulent diffusion gaseous and 

oil flames in order to determine whether a similar adverse effect on. 

thermal NO, as was established for premixed flames, would be observed 

under typical furnace combustion conditions.

4.2 Natural Gas Axial Injector

The axial injector permits a long, poorly mixed, gaseous tur

bulent diffusion flame to be studied; the extent of mixing can be 

inereased by increasing the percent swirl. At low percent swirl values, 

this flame should have characteristics similar to tangentially fired fur

naces which are also poorly mixed.

This particular set of experiments was designed to investigate 

the effect of SO^ on thermal NO formation as well as to provide insight 

into how physical hardware and flame parameters affected the results.

For this latter reason, SO- was also injected into the air. The 

rationale was that information concerning how to model the kinetic 

environment important in a turbulent diffusion flame could be gained.
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4.2.1 .Effect of SO2 on Thermal NO 
at "Zero" Air Preheat

To insure that the observed effects on thermal NO were due to the 

presence of fuel sulfur and not to transients caused by the introduction 

of SOg, efforts were made to maintain all other conditions constant* The 

baseline point was first determined at a particular excess air condition 

as indicated by the percent oxygen in the flue. SO^ was then injected 

into the air stream. The natural gas rotameter was checked to determine 

that the fuel flow rate had not changed. The CO^ and 0^ monitors were 

used to verify that the fuel rate remained constant; these monitors also 

permitted minor adjustments in the natural gas rate to be made to give 

identical readings as the baseline point. SO^ was then added to the 

natural gas and similar checks and adjustments were made. Finally, the 

original baseline point was checked to determine that it had not changed. 

Checks were also made of the air temperature and the percent swirl.

Figure 4.1 shows the effect of SO^ addition at "zero" air pre

heat and a moderate percent swirl. From this data it can be concluded 

that 3000 to 4000 ppm SO^ in the exhaust can inhibit thermal NO formation 

by 10 to 20 percent. The inhibition effect is more pronounced when SO^ 

is added to the air (the fuel-lean side) even though the level of SO^ is 

lower.

It would also appear that the inhibition effect of SO^ becomes 

less when added to the fuel as stoichiometric conditions are approached. 

Since, in this case, the SO^ is present on the fuel-rich side of the 

flame front, it is not unreasonable to assume that the SO^ is at least 

partially reduced to species such as H^S. Wendt and Ekmann (1975) report
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that HgS must be converted to SO^ before inhibition is important and that 

this occurs rapidly under fuel-lean conditions. This point is consistent 

with the data reported on Figure 4.1 as the curves showing the effect of 

SO2 addition approach one another as excess.air increases. It is 

reasonable to expect oxygen concentration on the fuel-rich side of the 

flame front to increase with increasing excess air due to greater driving 

forces for diffusion. Fuel-rich eddies are also broken up by the higher 

dir velocities associated with increasing excess air. An increase in the 

oxygen level would decrease the reduction of SO^ or increase the conver

sion of H^S to SO^. Therefore, the inhibition effect would be greater at

high excess air conditions than near stoichiometric when SO is present
y . . *•

in the fuel.

The inhibition effect of SO^ on thermal NO formation can still be 

attributed to the catalysis of oxygen atom recombination reactions by

The inhibition effect of SO^ was further examined by varying the 

percent swirl at a fixed excess air condition (11.4% excess air). The 

findings are shown in Figure 4.2. At high percent swirl values, it makes 

little difference whether SO^ is introduced in the fuel or in the air 

stream. Since mixing is rapid at these conditions, the SO^ concentration 

may not be significantly higher on either the fuel-lean or fuel-rich side 

of the flame front. However, the concentration of SO^, as measured in

the exhaust, is 40 percent greater when added to the fuel than whenx
added to the air. That a greater effect was not observed, for this high 

percent swirl value when SO^ was added to the fuel, probably indicates
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the continued existence of fuel-rich zones within the flame where reduc

tion of SO^ can take place. Extrapolation of the curves to 60 percent 

swirl shows that the higher concentration of SO^ present in the gas 

would have a greater effect than the SO^ added to the air.

At low percent swirl values, the "normal" situation is reversed 

and S02 addition to the fuel has a larger effect than SO^ in the air. 

Under these conditions, the bulk of the NO may be fuel-rich induced 

prompt NO, in which case a large concentration of SO^ in the fuel would 

be expected to have a larger effect. However, at these low percent 

swirl values (less than 30 percent swirl), recirculation eddies were 

observed; these recirculation zones extended the length of the furnace. 

With the greater mixing generated by such recirculation> fuel-rich 

regions within the flame should be rapidly broken up. Also, the concen

tration of S02 should not be significantly greater on either the fuel- 

rich or fuel-lean side of the flame. Since the level of S02 is higher 

for addition to the fuel, it would be expected that a larger effect 

should be observed.

4.2.2 Effect of SO2 on Thermal NO 
at High Air Preheat

The results of studies conducted at high air preheats and 

moderate percent swirl values are shown in Figures 4.3 and 4.4. A 

comparison of the baseline data in these two figures indicates an 

apparent discrepancy of 50 ppm NO, over the entire excess air range, for 

similar air preheats and percent swirl values. However, the data in 

Figure 4.4 was taken about six months after the data shown in Figure 4.3.
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During the interim, other studies on coal combustion caused deposition of 

slag on the furnace walls; the effective diameter of the lower half of 

the furnace was, therefore, reduced. The gas firing fate for the data in 

Figure 4.4 was about 51,000 Btu/hr, as compared to 49,000 Btu/hr for the 

data in Figure 4.3.

More significant than the changes in physical hardware and the 

differences in firing rates were the radically dissimilar flames produced 

in each investigation. The flame associated with the data presented in 

Figure 4.3 was short, bushy, and luminous. The yellow color of this 

flame is produced by the pyrolysis and incomplete combustion of hydro

carbon species. The color, therefore, indicates the presence of locally 

substoichiometric conditions within the flame which indicates that the 

flame is poorly mixed. This flame was located in the top two feet of the 

combustion chamber. V

In contrast, the flame associated with the data in Figure 4.4 was 

long, narrow, and jetlike in the top section of the furnace. The jet 

expanded and produced intense mixing in the lower two-thirds of the fur

nace. The bright, blue-violet color of this flame indicates near- 

stoichiometric combustion conditions within the flame. This flame was 

better mixed as compared to the flame associated with the data of 

Figure 4.3.

Although there is no immediately obvious reason for the differ

ences in the flame shapes, the changes in local flame stoichiometry, as 

indicated by color, and in local flame temperatures, induced by the
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differences in aerodynamics, could readily explain the higher baseline 

data reported in Figure 4.4.

Figures 4.3 and 4.4 indicate an apparent anomaly for the high air 

preheat studies. The addition of SO^ to the fuel causes an increase of 5 

to 20 percent in thermal NO emissions. The enhancement is greater for 

the short, bushy flame than for the long, narrow, jetlike flame. Since 

the air preheats, the percent swirl values, and the levels of SO^ added 

to the fuel are almost identical, it can be inferred that the differences 

in local flame stoichiometry and, therefore, the local flame temperatures 

are responsible for the disparity observed in the extent to which this 

enhancement effect occurs in these flames.

The fact that this enhancement effect is greater for the flame

with locally substoichiometric conditions may indicate that S0o in theJL

fuel increases the formation of fuel-rich induced prompt NO. Since it 

would be expected that SOg would be reduced more in a fuel-rich flame 

than in a flame near stoichiometric conditions, it is possible that the 

observed increase in NO emissions is due to the interaction of reduced 

species, such as SH or S, with the prompt NO formation mechanism.
This enhancement effect at high air preheat provides an alterna

tive explanation for the "zero" air preheat data presented in section 

4.2.1. In that case, the addition of SO^ to the fuel decreased NO emis

sions, but not as much as when SO^ was added to the air, even though the 

level of SOg was higher in the fuel. The flame associated with the data 

in Figure 4.1 was short, bushy, and luminous. It may be that a competi

tion exists between inhibition of thermal NO and enhancement of fuel-rich
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induced prompt NO. Since the inhibition effect of S0o in the fuel

' ■ ■■.■■: . ■ 2 . ■ ' decreased as overall stoichiometric conditions were approached, it can be

inferred that the subsequent decrease in local flame stoichiometry is 

also an important factor. If SO^ is reduced to species which then inter

act with the prompt NO mechanism, it is reasonable to expect SO^ to be 

reduced to a greater extent as the overall stoichiometric ratio 

approaches unity.

Although an increase in NO emissions was observed when S0o was 

added to the fuel, the addition of SO^ to the air, as Figures 4.3 and

4.4 show, produced a decrease in NO emissions. For the luminous flame, a 

constant reduction of 11 ppm NO was observed over the entire excess air 

range investigated. The reduction in NO emissions for the jetlike flame 

ranged from about 10 ppm NO at 5 percent excess air to about 15 ppm NO at 

25 percent excess air.

The data presented in this section for SO^ addition to the fuel 

appear to be inconsistent with the results reported by Wendt and Ekmann 

(1975) for S02 or H^S addition to premixed methan-air flat flames. 'Over

all NO emissions were reduced by the presence of SO^ or H^S; the inhibi

tion was observed at all fuel/air ratios and was especially significant 

at air preheat conditions (464°F air preheat). The inhibition of thermal 

NO was observed for levels of SO^ or H^S addition, producing levels of

SOg in the exhaust similar to those of this study (3200 to 3300 ppm SOg

in the exhaust as compared to 3400 to 3600 ppm SO2 in the exhaust). The

inhibition effect was more significant at flue S02 levels approximately

double those of this study. It may be that differences in aerodynamics.
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local flame temperatures, local flame stoichiometries, and heat losses 

are responsible for the disparity in effects observed in these different 

flames.

However, Wendt and Ekmann (1974) also present results for the 

effect of S02 or H^S on prompt NO formation. Their findings indicate SO^ 

inhibits prompt NO formation at all fuel/air ratios and to a greater 

degree at high air preheat. In contrast, the addition of H^S inhibits 

prompt NO to a greater extent for near stoichiometric or fuel-lean condi

tions . Below approximately 90 percent of stoichiometric requirements, 

there appears to be little effect or a slight enhancement of prompt NO 

formation as conditions become more fuel-rich. From this information, it 

can be inferred that for sufficiently fuel-rich regions in a flame 

reduced forms of SO^ can enhance the formation of prompt NO. If the 

enhancement were large enough, it would be expected that overall NO 

emissions would also increase.

The effect of SO^ addition was examined further in this study by 

varying the percent swirl value while maintaining a constant excess air 

value (15.0% excess air). The results are shown in Figure 4.5; this data 

was taken with the jetlike flame. The inhibition or enhancement effect 

of SOg remains roughly constant for the range of swirl values investi

gated. The increase in NO emissions as the percent swirl value decreases 

is probably due to longer residence times at a higher local flame 

temperature, since the decreased residence time in the furnace reduces 

radiative heat losses. The flame was detached below 30% swirl and was 

severely distorted above 50% swirl.
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4.3 Natural Gas -- Radial Injector

The radial injector permits a more highly mixed turbulent diffu

sion flame than that produced by the axial injector to be studied. The 

flame produced using this injector should have similarities to some high 

efficiency burners.

This set of experiments was designed to determine whether the 

effect of SOg on thermal NO formation would be dependent on the type of 

fuel injector used. Insight into how physical hardware and flame param

eters affected the results was also sought. To provide information con

cerning how to model the kinetic environment, important in a turbulent 

diffusion flame, SO2 was also injected into the air.

The same cycling procedure that was employed with the axial

injector was used to insure that the observed effects were due to SO2 and 

not to transients or other phenomena introduced by the addition of SO2 . 

The CO2 and ©2 monitors were used to verify that the fuel flow rate did

not change when SO2 was added.

4.3.1 Effect of SO2 on Thermal NO 
at "Zero" Air Preheat

Figure 4.6 shows the results of the study at "zero" air preheat 

and a moderate percent swirl value. The flame associated with this data 

was short and conical in shape. Near-stoichiometric local combustion 

conditions in the flame were indicated by the intense blue-violet color 

of the flame.

. It can be concluded from Figure 4.6 that the addition of SO2 , to 

produce about 4000 ppm SO2 in the flue, inhibits thermal NO formation by
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20 percent. The reduction is approximately constant, 12 to 14 ppm NO, 

over the entire range of excess air conditions investigated. As can be 

seen, it makes no difference whether SO^ is added to the air or to the 

fuel. This point indicates that mixing is rapid in this flame.

Another indication of rapid mixing between air and fuel streams 

is the shape of the excess air curve. At excess air conditions above 10. 

percent, NO emissions decrease. Rapid mixing would result in more 

entrainment of air at higher excess air conditions. Local temperatures 

in the flame would decrease due to dilution resulting from greater 

entrainment of air. Since thermal NO is very temperature sensitive, it 

would be expected that emissions would decrease as flame temperature also 

decreased. The curvature noted is, therefore, an indication of "rapid" 

mixing.

the effect of SO^ on thermal NO was further examined by varying 

the percent swirl value at a fixed excess air condition (15.9% excess 

air). The results are presented in Figure 4.7. The curve is similar in 

shape to that observed for the axial injector (see Figure 4.2) except 

here mixing was sufficiently rapid to eliminate any differences between 

the addition of SQ^ to the air or to the fuel. The decrease in NO emis

sions with increasing percent swirl can be attributed to the increase of 

air entrainment which reduces local flame temperatures. The decrease in 

NO as the percent swirl value falls below 40% swirl may be due to 

increased radiative heat losses which also would decrease local flame 

temperatures.
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4.3.2 Effect of SO2 on Thermal NO 
at High Air Preheat

Figure 4.8 presents the results of the study at high air preheat 

conditions and a moderate percent swirl value. At low excess air condi

tions, the addition of SO,, to the fuel has a smaller effect than when SO^ 

is added to the air. The differences in the inhibition effect decrease 

with increasing excess air; at 20 percent excess air there is no differ

ence in the inhibition effect. The reduction in thermal NO caused by the 

presence of SO^ in the air decreases with increasing excess air. In con

trast, the reduction in NO emissions increases with increasing excess air

when SO is added to the fuel.
2 ■ V
The decrease in inhibition, as excess air increases, when S0o is . ... ,2 

added to the air stream may be due to an increase in the concentration of

oxygen atoms at the higher excess air conditions. An alternative 

explanation is that at higher excess air conditions local SO^ concentra

tions are lower than for low excess air conditions, due to dilution.

The decrease in the inhibition effect, as excess air conditions 

decrease, when SO^ is added to the fuel may indicate that mixing is less 

rapid compared to kinetics at high air preheats. Slower mixing, as 

compared to NO formation kinetics, could affect the availability of SO^ 

in the region of the flame where oxygen atom recombination is important. 

The resulting lower local concentrations of SO^ would have less of an 

inhibition effect on thermal NO.

/ There is another explanation for this phenomenon. Since SOg is

added to the fuel-rich side of the flame front, it is possible that an 

enhancement of fuel-rich induced prompt NO is responsible for the
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decrease in inhibition of NO emissions. Locally fuel-rich conditions in 

the flame may partially reduce SO^ to species which then interact with 

the prompt NO mechanism. As excess air increases, the oxygen concentra

tion on the fuel-rich side of the flame front should also increase due to 

an increased driving force for diffusion. The higher air velocities 

associated with higher excess air conditions should promote the break-up 

of fuel-rich zones. It could, therefore, be expected that SO^ would not 

be reduced to as great an extent as at lower excess air conditions and, 

therefore, SO2 in the fuel would have the same inhibition effect as when 

added to the air.

4.4 Distillate Oil 

The effect of fuel sulfur on thermal NO emissions from distillate 

oil flames was examined by doping the oil with thiophene, which is a 

representative fuel oil sulfur compound. Onuma and Ogasawara (1975) con

ducted studies on the structure of a spray combustion flame. Their 

results indicate that a typical spray combustion flame may be considered 

to consist of three regions. In the first region, which is located near 

the nozzle, a heterogeneous mixture containing many droplets bums. It 

may be that the droplets do not b u m  individually but that the vapor 

cloud formed by the evaporation of the droplets b u m s  like a turbulent 

gaseous diffusion flame. In the second region, only combustible gas fed 

from the first region b u m s  steadily. The final region b u m s  the 

remaining combustible gas from the second region intermittently. A gas 

diffusion flame was observed in the second and third regions where drop

lets are very few.



; ' ' ’ 52
Since it appears that droplets first evaporate before combustion 

occurs, the rate at which evaporation takes place may be an important 

parameter. Local stoichiometry could possibly be affected if the evapo

ration rate is slow or rapid. If fuel sulfur remains in the droplet for 

relatively long times, subsequent interaction with the thermal NO forma

tion mechanism could be affected. It is also possible that pyrolysis- 

type reactions increase in importance in a spray combustion flame.

The distillate oil used in this study contained some chemically 

bound nitrogen. The maximum contribution to NO emissions, if all fuel 

nitrogen were converted to NO, would be 13 ppm NO.

4.4.1 Effect of Fuel Sulfur on Thermal 
NO at "Zero" Air Preheat

The injection of a doping agent such as thiophene could possibly 

affect the NO emissions by changing local stoichiometry or by changing 

the physical properties of the fuel. Changes in physical properties 

could affect the size distribution of droplets, the burning properties, 

and the rate of evaporation of droplets. Therefore, any effect on the NO 

emissions would not necessarily have to be due to the chemical interac

tions with sulfur. For these reasons, it was first determined that 

replacement of distillate oil by an aromatic compound, such as benzene, 

had no effect on thermal NO emissions. As Figure 4.9 shows, the injec

tion of benzene, at the same flow rate as was later used for thiophene 

addition, has no effect on thermal NO emissions. Since the volume of oil 

displaced by benzene was the same as that displaced later by thiophene.
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these data indicate that thiophene should only have an effect on NO 

emissions by virtue of its sulfur content.

Figure 4.10 presents the results of the study of the.effect of 

thiophene addition to distillate oil on NO emissions. A reduction of 12 

to 15 percent in emissions was observed; the reduction was of the order 

of 10 ppm NO. It can be seen that the effect was .essentially independent 

of excess air conditions which indicates mixing is less rapid than 

kinetics. The flame associated with these data was bushy and luminous. 

These findings indicate that fuel desulfurization may have an adverse 

effect on NO emissions regardless of whether the fuel is introduced as a 

spray or in a gaseous state. The level of thiophene addition produced 

about 2000 ppm SO^ in the exhaust.

4.4.2 Effect of SO2 Addition to the 
Air at High Air Preheat

To gain information concerning how to model the kinetic environ

ment, important in a turbulent distillate oil diffusion flame, SQ^ was 

added to the air stream. Figure 4.11 shows the results of this study at 

310°F air preheat and a moderate percent swirl value. A reduction of 10 

to 15 percent in NO emissions was observed when the SO^ level was 3000 

ppm 50^ in the exhaust. The inhibition was approximately 10 ppm NO over 

the entire excess air range investigated. The flame was bushy and 

luminous. v
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CHAPTER 5

FUEL NO-FUEL SULFUR INTERACTIONS

The effect of fuel sulfur on "fuel” NO (i.e., NO emissions 

resulting from the oxidation of chemically bound fuel nitrogen) in tur

bulent oil and gaseous diffusion flames is presented in this chapter. 

Thiophene addition to mixtures of pyridine and distillate oil was 

examined to determine possible interactions in oil flames. Addition of 

SO2 to an ammonia-natural gas mixture was examined to determine possible 

effects in gaseous fuels.

5.1 Introduction 

The data presented in the previous chapter indicated that fuel 

sulfur could significantly affect thermal NO emissions from turbulent 

gaseous and oil diffusion flames. A potentially more significant problem 

is the possibility of similar type interactions between fuel sulfur and 

fuel NO, since most fuels that contain sulfur also contain chemically 

bound nitrogen. The possibility that fuel sulfur may inhibit or enhance 

fuel NO formation would be important in deciding whether to desulfurize 

the fuel before combustion, or to use stack gas scrubbing to remove the 

resulting SO2 after combustion. Determination of possible interactions 

between fuel sulfur and fuel NO is also important, since fuel desulfuriza- 

tion can be accomplished without removing an equivalent amount of 

chemically bound nitrogen.

57
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Wendt and Ekmaim (1975) conducted studies with premixed methane- 

air flat flames doped with cyanogen (C2N2) or NO to determine the effect 

of fuel sulfur, introduced as SÔ ,, on fuel NO emissions. The results 

obtained were inconclusive due to phenomena occurring in the uncooled 

quartz sampling probe under fuel-rich conditions. However, preliminary 

indications were that, although the effect of fuel sulfur on fuel NO 

emissions was not significant under fuel-lean conditions, fuel sulfur 

might, under fuel-rich conditions, have a marked influence on the rate at 

which fuel NO is formed.

The present study examines the effect of fuel sulfur on fuel NO 

formation in more practical turbulent oil and gaseous diffusion 

flames. Since the mechanisms of fuel nitrogen oxidation are presently 

quite imperfectly understood, and since the role of super-equilibrium 

concentrations of atoms and free radicals in these mechanisms is unclear, 

it is not possible to speculate whether fuel sulfur may have effects on 

fuel NO similar to those observed with thermal NO under typical combus

tion conditions.

5.2 Distillate Oil

The addition of thiophene to a pyridine-distillate oil fuel mix

ture was used to investigate the effect of fuel sulfur on fuel NO emis

sions . For the majority of studies conducted, the fuel sulfur level was 

2.05 wt % S, corresponding to about 1100 ppm S02 in the exhaust for 

complete conversion; the fuel nitrogen level was .78 wt % N, corre

sponding to approximately 960 ppm NO in the flue for complete conversion.
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These levels are representative of fuel sulfur and fuel nitrogen contents 

of low-grade crudes or residual oils.

The oil firing rate.was about 70,000 Btu/hr. The fuel was 

mechanically atomized after passing through a water-cooled injector. The 

same injector was used for all studies although the nozzle was changed 

before each study. The flames produced were short, bushy, and luminous. 

These flames were attached to the nozzle about 1/4" above the orifice of 

the nozzle. For the majority of studies, 30°F solid cone nozzles were 

used.

To insure that the observed effects on fuel NO were due to the 

presence of fuel sulfur, and not to transients introduced by the addition 

of thiophene, efforts were made to ascertain that all other conditions 

remained constant. As a result of the relatively long lag times involved 

in the feed line (about 15 minutes), the cycling procedure used with the 

thermal NO studies was not employed. Also, thiophene is itself a fuel 

and changes in the stoichiometric air requirements would be expected when 

it was introduced into the pyridine-oil fuel mixture. The following 

procedure was therefore employed in these studies:

1. Baseline thermal NO data were taken over the excess air range of 

interest without the presence of pyridine.

2. Pyridine was added to the fuel and excess air conditions were 

varied over the range of interest.

3. Thiophene was added to the pyridine-oil mixture and NO measure

ments were made over a? range of excess air conditions.
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4. Thiophene addition was stopped and NO measurements were again 

taken for the pyridine-oil mixture at selected excess air 

conditions.

5. Finally, pyridine addition to the oil was stopped, and thermal NO 

readings were taken to compare with the original baseline data.

The most important problem encountered in the studies conducted 

with #2 diesel oil was coke formation on the oil nozzles. The severity * 

of coke formation increased with air preheat, decreasing excess air 

conditions, and when fuel nitrogen was present. A reduction in coking 

was observed when thiophene was added to the pyridine-oil mixture. Since 

the presence of SO^ or I^S in premixed and diffusion flames has been 

found to reduce carbon formation (Cullis and Mulcahey, 1972), this is not 

unexpected.

Carbon formation on the nozzles caused variations in the flow 

rate of the fuel; this was indicated by the CO and CO^ monitors and the 

oxygen monitor. The angle of the spray was also restricted and in severe 

cases a single stream of fuel was observed. It was also noted that 

coking caused exhaust measurements of NO to be insensitive to changes in 

the inlet air flow rafe, i.e., excess air conditions.

To minimize coking in these studies, 30°R solid cone npzzles were 

used. A burner insert was used in the preheat cases to increase the 

axially directed air velocity. Both measures were taken to prevent 

recirculation of fuel or combustion gases to the relatively cooler region 

about the nozzle. Even with these modifications, it was still necessary
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to physically jar the coke from the nozzles by rapping on the oil 

injector.

It was also necessary to change oil nozzles before each run as a 

result of fouling caused by carbon formation. Variations of 5 to 25 

percent in baseline NO levels, with pyridine in the fuel were observed for 

the same operating conditions. These effects may have been caused by 

differences in the atomization characteristics of the nozzles. However, 

similar relative effects on fuel NO emissions due to the presence of fuel 

sulfur were observed regardless of the baseline data.

5.2.1 Effect of Fuel Sulfur on Fuel 
- NO at "Zero" Air Preheat .

: The experimental procedure used in these investigations estab

lished that only minor changes in operating conditions (i.e., the 

temperature history of the furnace, the air preheats, and the percent 

swirl value) would be observed for the entire duration of a particular 

run. These changes in operating conditions did not influence the NO 

emissions observed with and without thiophene and/or pyridine. However, 

it was still necessary to establish that the introduction of thiophene, 

which causes a change in fuel composition, did not affect the NO emis

sions due only to the anticipated changes in local flame stoichiometry. 

Also, the introduction of a more volatile specie to the pyridine-oil 

mixture could affect the mass flux of pyridine to the gas phase as the 

droplets in the spray evaporate. This is a potential problem since the 

evaporation of a multicomponent droplet is analogous to multi component
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distillation (Newbold and Amundson, 1973); the saturated vapor pressure 

of pure thiophene is two to three times that of pyridine.

Therefore, before determining any effects of fuel sulfur on NO 

emissions, benzene addition to the pyridine-oil mixture was investigated. 

The saturated vapor pressure of pure benzene is about ten times that of 

thiophene. Figure 5.1 shows the results of the benzene addition study at 

"zero" air preheat and a moderate percent swirl value. Scatter in data 

is due to coking. It is apparent that benzene has no influence on the 

NO exhaust emissions. Since benzene was introduced at the same flow rate 

as thiophene was later, these data indicate that any effect of thiophene 

on fuel NO emissions should only be related to the presence of fuel sul

fur. The fact that the introduction of a compound with a vapor pressure 

twenty to thirty times that of pyridine did not affect the overall NO 

emissions may indicate rapid vaporization of the droplets, or that the 

evaporation process occurs on a much shorter time scale than fuel NO 

formation kinetics.

Figure 5.1 also indicates that the introduction of fuel sulfur as 

thiophene has no discernible effect on overall NO emissions at zero pre

heat. However, it has previously been demonstrated that fuel sulfur as 

thiophene reduces thermal NO emissions from turbulent oil diffusion 

flames. Although it may, therefore, be postulated that fuel sulfur 

causes a small increase in fuel NO emissions, which is then compensated 

for by a reduction in thermal NO, the scatter in the data does not permit 

conclusive inferences to be drawn. Also, the sulfur level in the thermal 

NO study was higher than that with this fuel NO study (approximately
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■ ■ -  v ; : v  ^  642200 ppm S02 in the exhaust compared to 1100 ppm SC>2 in the exhaust).

The reduction in thermal NO was about 10 ppm NO; it is apparent that the 

resolution of data in this fuel NO study would not permit such small 

effects to be observed.

It should be noted that the apparent discrepancies in weight per

cent nitrogen in the fuel reported on Figure 5.1 are due only to dilution 

when benzene or thiophene is introduced to the pyridine-oil mixture. The 

pyridine flow rate was constant throughout. It should also be noted that 

the scatter in the data is due to coke formation on the nozzle.

Further substantiation of the finding that fuel sulfur has little 

or no effect on NO emissions, at "zero" air preheat and a moderate per

cent swirl value, is provided in Figure 5.2. For the same fuel nitrogen 

and fuel sulfur contents, but slightly different air preheat and percent 

swirl value, it is again concluded that there is no discernible effect Of 

fuel sulfur at these operating conditions. Since different nozzles were 

used, the NO emissions in Figure 5.2 are different than those in Figure 

5.1. The slight scatter in the data is due to some coke formation.

- Figure 5.3 shows that for fuel sulfur and. fuel nitrogen contents 

more typical of coals the presence of fuel sulfur has no effect on over

all NO emissions. The data presented on this figure also allow compari

son between NO emissions resulting from two nitrogen levels. Such a 

comparison indicates that approximately doubling the fuel nitrogen con

tent does not produce the same doubling in NO emissions. This implies a 

decrease in conversion with increasing fuel nitrogen content and is
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consistent with the findings of other workers (Pershing et al., 1975; 

Martin and Berkau, 1972; Fenimore, 1971, 1976; Sarofim et al,, 1975).

Although the data presented show that fuel sulfur has little 

effect on fuel NO emissions, it may be that at different operating Condi

tions the results would be different. For this reason, the phenomenon 

was further investigated by varying the percent swirl value while main

taining a constant excess air condition (15.1% excess air). Figure 5.4 

indicates that fuel sulfur has little or no effect on fuel NO emissions 

over a large range of percent swirl values. A minimum in NO emissions 

occurs at about 40 percent swirl; at greater percent swirl values, NO 

emissions increase. Since the extent of mixing between air and fuel 

streams is expected to increase for these operating conditions, the 

increase may be associated with increasing local oxidant levels within 

the flame. The increase in NO exhaust levels as the percent swirl value 

approaches zero may be caused by a decrease in residence time (Myerson, 

1975; Martin and Berkau, 1972). Since local flame temperatures should 

also increase with decreasing percent swirl values, as a result of lower 

radiative heat losses, the observed increase in overall NO emissions may 

be caused by this temperature increase.

5.2.2 Effect of Fuel Sulfur on Fuel 
NO at High Ait Preheat

•The next series of studies were undertaken to determine whether 

fuel sulfur would have any effect on fuel NO at a moderately high air 

preheat. Since coke formation increased with increasing air preheat, it 

was necessary to select an air preheat at which coking did not seriously
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interfere with the determination of possible interactions between fuel 

sulfur and fuel NO. A burner insert Was used in these studies to 

increase the axially directed air velocity and, therefore, to reduce the 

extent of coke formation. The resulting velocity increase was about two^ 

and"one-half times that for the "zero'' air preheat studies.

To determine that changes in the fuel composition, with resulting 

changes in local flame stoichiometry, as well as the introduction of a 

more volatile specie, did not affect overall NO emissions, benzene was 

again added to the pyridine-oil mixture. Figure 5.5 shows that benzene 

addition does not effect NO emissions at high air preheat and a moderate 

percent swirl value. These results indicate that any effects on NO 

emissions observed when thiophene is added to the fuel should only be 

caused by virture of its sulfur content.

Figure 5.6 shows the results of the study conducted at a high air 

preheat and a moderate percent swirl value. It appears that increases of 

30 to 50 percent in NO emissions can occur due to the presence of fuel 

sulfur. The increase is about 150 ppm NO at 10 percent excess air and 

decreases to about 120 ppm NO at 24 percent excess air. It should be 

noted that this flame was luminous which indicates locally substoi- 

chiometric conditions within the flame. Since at higher excess air 

conditions the break-up of fuel-rich regions is promoted, and since the 

enhancement effect decreases with increasing excess air, it may be 

postulated that fuel sulfur interacts with fuel nitrogen to enhance NO 

emissions in fuel-rich regions within the flame. Note that the fuel
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Figure 5.5 Distillate Oil: Benzene Does Not Affect Fuel NO at High Air
Preheat (44% Swirl; 315°F Air Preheat; 30°R Nozzle).
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sulfur and fuel nitrogen levels are the same as those used for the "zero" ' 

air preheat studies.

Since an increase in NO emissions due to the presence of fuel 

sulfur was not anticipated, because of the findings at the "zero" air 

preheat conditions, this run was repeated. Figure 5.7 shows that an. 

increase in NO emissions of 10 to 20 percent occurs due to the presence 

of fuel sulfur. The increase is about 60 ppm NO at 10 percent excess air 

and decreases to about 40 ppm at 24 percent excess air. Although the 

enhancement effect is less than that previously observed, it still 

occurs. The differences in the extent to which fuel sulfur enhances NO 

emissions may be partly due to different atomization characteristics of 

the nozzles used. Also, the data in Figure 5.7 were taken about 2 months 

later than those in Figure 5.6; there may have been subtle changes in the 

physical hardware which could have affected the results. It should be 

noted that the baseline data for the pyridine-oil mixture are 25 to 30 

percent higher in Figure 5.7 than the values reported in Figure 5.6.

To gain information on the kinetic environment important in fuel

NO formation, SO^ was added to the air stream. It was also desired to

determine whether SO^.introduced to the fuel-lean side of the flame would

have a similar enhancement effect on NO emissions as was observed when

thiophene was added to the pyridine-oil mixture. Figure 5.7 shows the

results of this study when SO^ was added at a level to produce 3000 ppm

SO2 in the exhaust. As can be seen, the addition of SOg to the air

causes an increase in NO emissions. Since it has already been shown that

the addition of S0„ reduces thermal NO for almost identical conditionsl



PP
M 

NO
 

(S
T

O
IC

H
)

700 73

6 0 0  -

5 0 0  -

4 0 0  -

3 0 0  -

200 -

100 -

0 &
0

O  Pyridine (.783 Wt %  N)
A Pyridine (.776 Wt %  N); 

A  Thiophene (2 .05  Wt % S) 
SOg in Air ( 3 0 0 0  ppm 

V  SOg in f lu e )

t SOz in Air ( >  5 0 0 0  ppm 
SO2 in f lue )

□  Base: Thermal N0%

n "Ch

12 18 

P E R C E N T  EXCESS AIR
24 3 0

Figure 5.7 Distillate Oil: Fuel S and Fuel N Interactions of High Air
Preheat (44% Swirl; 315°F Air Preheat; 30°R Nozzle).



\ : . 74

(see section 4.4;2), it can be inferred that the enhancement is due to 

interactions of SO^, or a reduced form of SOg, with the fuel NO formation 

mechanism.

The enhancement effect observed when SO^ is added to the fuel- 

lean side of the flame front is about one-half that observed when thio- 

phene is added to the pyridine-oil mixture. This is significant inasmuch 

that the SO^ level was 3000 ppm SO2 in the exhaust as compared to 1100 

ppm SO2 in the flue when thiophene was used to simulate fuel sulfur. It 

may indicate that SC^ must first diffuse to the fuel-rich side of the 

flame front before it, or a reduced form, can interact with fuel NO 

formation.

The SOg level, was increased in order to determine what levels of

• SO2 on the fuel-lean side of the flame front would produce similar

increases on fuel NO exhaust levels as when thiophene was added. As

Figure 5.7 shows, it was not until the flue measurements were greater

than 5000 ppm SO^ as measured (the upper limit of the SO2 analyzer) that 

similar increases occurred. These SO2 levels are at least four times 

greater than those achieved when thiophene was added to the pyridine-oil 

mixture. Since SO2 in the air reduces thermal NO, and since the 

increased concentration of SO2 should generate an increased concentration 

on the fuel-rich side of the flame front because of a greater driving 

force, it can be inferred from these data that fuel sulfur interacts with 

fuel NO formation on the fuel-rich side of the flame front. Since SO2 

achieves similar effects on fuel NO as chemically bound sulfur, these
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data indicate that SO^, or a reduced form of SC^, is important in the 

interaction.

The effect of fuel sulfur on fuel NO at high air preheat condi

tions was further investigated by varying the percent swirl value at a 

fixed excess air condition (21.3% excess air). As Figure 5 .8 shows, fuel 

sulfur increases fuel NO emissions over the entire range of percent swirl 

values investigated. The increase was about 60 ppm NO and was fairly 

constant. The flame was detached below 35 percent swirl.

5.3 Natural Gas

To determine whether the effect of fuel sulfur on fuel NO at a 

high air preheat condition was peculiar to turbulent distillate oil 

diffusion flames, a study was conducted with natural gas doped with NH^ 

and S02. The axial gas injector was used; the flame produced was long, 

narrow, and jetlike. The color of the flame was an intense blue-violet 

which indicated near-stoichiometric combustion conditions within the 

flame. To gain information concerning the kinetic environment important 

in fuel NO formation, SO^ was also added to the air stream.

The results shown in Figure 5.9 indicate that the presence of SO^ 

in the fuel to make 3350 ppm SO^ in the exhaust significantly increases 

fuel NO emissions. However, part of the increase can be attributed to an 

increase in thermal NO as SO^ in the fuel has already been shown to 

increase thermal NO at a high air preheat for the axial injector condi

tion. It was shown in section 4 .2.2 that for the same type flame with 

the same operating conditions and firing rate the increase in thermal NO 

was about 15 ppm NO. Therefore, even allowing for an increase in thermal
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NO, the addition of SO^ to the fuel causes an increase of about 120 ppm

NO for the entire range of excess air conditions investigated. Fuel

nitrogen conversion to NO almost doubles when SO is added to the fuel.
. . 2  .

When S02 is added to the air, there is also an increase in fuel

NO emissions. Since thermal NO is reduced by 10 to 20 percent when SOd 

is present in the air, the effect on fuel NO is probably greater than 

that indicated by the data in Figure 5.9. The smaller enhancement effect 

than when SO^ is added to the fuel may be due to the lower SO^ level. 

Since the flame color indicates locally near-stoichiometric conditions 

within the flame, and since this is an indication of fairly rapid mixing 

between the air and fuel streams, these data may indicate that SO^ inter

acts with NH^ conversion to NO in locally substoichiometric regions 

within the flame.

The above data indicate that in both turbulent gaseous and oil 

diffusion flames the presence of fuel sulfur enhances fuel NO formation 

at high air preheat conditions. The data also indicate that the inter

action of fuel Sulfur with the fuel NO formation mechanism takes place on 

the fuel-rich side of the flame front as was found for the distillate oil 

study. That increases were observed in fuel NO emissions even though the 

fuel nitrogen was introduced as different compounds, NH^ and pyridine, 

may indicate that fuel sulfur is interacting with the same intermediary 

in both cases.



CHAPTER 6

FUEL NITROGEN CONVERSION TO NO

This chapter discusses overall conversion of fuel nitrogen to NO 

in turbulent distillate oil and gaseous diffusion flames• Factors which 

influenced the conversion of fuel nitrogen are also presented. Compari

sons between the results of this study and those obtained by other 

investigators are made in order to demonstrate the consistency of the 

data acquired in the present study with that already published in the 

literature. Further information concerning the kinetic environment 

important in fuel NO formation is gained by contrasting the conversion 

data presented here with that for premixed flame studies.

6.1 Distillate Oil

In this particular study, only the fuel nitrogen content of the 

fuel was varied. Excess air conditions were maintained constant at 15.0 

percent excess air. The study was conducted at a "zero" air preheat 

condition and a moderate percent swirl value. A 30°R, solid cone nozzle 

was used; the flame produced was short, bushy, and luminous. Locally 

substoichiometric conditions within the flame were indicated by the 

luminous nature of the flame.

The results of this study are presented in Figure 6.1. It is 

apparent that as the fuel nitrogen content increases from .166 wt % N to

1.55 wt % N the percent conversion decreases. Conversion was
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approximately 50 percent at the lowest fuel nitrogen level and decreased 

to about 20 percent at the highest fuel nitrogen level. Although the 

percent conversion decreased as the fuel nitrogen content increased, the 

fuel NO emissions increased as the weight percent nitrogen in the fuel 

increased. At .166 wt % N, 100 ppm NO was measured, and at 1.55 wt % N, 

about 380 ppm NO was produced. The decrease in percent conversion of 

fuel nitrogen as the weight percent nitrogen increases and the increase 

in NO emissions with increasing weight percent nitrogen are consistent 

with the findings of other investigators working with oil (Turner et al., 

1972; Martin and Berkau, 1972). However, the observed increase in NO 

emissions with increasing fuel nitrogen content is in contrast with 

recent data (Pershing, 1976) on coal in which it was found that NO emis

sions did not change significantly for different fuel nitrogen contents.

In calculating the percent conversion at. various fuel levels of 

nitrogen, the thermal NO reading was subtracted from the overall NO 

emission data when pyridine was present. Since the mechanisms of thermal 

NO and fuel NO formation are additive and independent (Martin and Berkau, 

1972), the resulting NO figure represents the contribution due to fuel 

nitrogen conversion. The fuel nitrogen levels used in this study 

.166 wt % N, .398 wt % N, .783 wt % N, and 1.55 wt % N, could produce the 

following fuel NO levels for complete conversion: 203 ppm NO, 488 ppm

NO, 966 ppm NO, and 1926 ppm NO, respectively.

In Figure 6.2, fuel nitrogen conversion data from the present 

investigations (solid symbols) is compared to that of several other 

workers. All data presented in this figure were obtained from studies



Figure 6.2 Comparison of Nitrogen Conversion to NO with That of Other Workers. 
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with oil fuels. As can be readily seen, the decrease in fuel nitrogen 

conversion with increases in weight percent nitrogen in the fuel, and the 

extent of conversion of fuel nitrogen at a given weight percent nitrogen 

are at least qualitatively in good agreement with the data reported by 

others. More specific comparisons cannot be made, since the firing 

configurations, air preheats, and excess air conditions are not known for 

the data obtained by the other investigators.

Figure 6.2 also shows fuel nitrogen conversion data from a number 

of Studies conducted at .78 wt % -N, The data were taken at 15.0 percent 

excess air conditions, moderate percent swirl values, and both "zero" and 

high air preheat conditions. Since different 30°R, solid cone nozzles 

were used for each run, the effect of. changing oil nozzles on fuel nitro

gen conversion is also illustrated. In studies with kerosene doped with 

pyridine, Appleton and Heywood (1973) showed that atomization and initial 

fuel-air mixing were important in determining the conversion of fuel 

nitrogen to NQ. It may, therefore, be that differences in atomization 

characteristics of the nozzles used with subsequent affects on fuel-air 

mixing are responsible for the variations in conversion observed. It is 

apparent that differences in the nozzles could be more significant than 

air preheat conditions.

As was shown in Chapter 5, the presence of fuel sulfur increased 

fuel NO emissions at high air preheat and a moderate percent swirl value. 

The solid triangles on Figure 6 .2 represent data taken with the same oil 

nozzle, but with and without fuel sulfur. A comparison shows that fuel
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nitrogen conversion increased from 36.8 percent to 42.1 percent due to 

the presence of fuel sulfur.

Feuimore (1972, 1976) investigated NO emissions from premixed 

C^H^-O^-inert flames doped with pyridine. For fuel-lean conditions, 

almost quantitative conversion of fuel nitrogen to fuel NO was observed. 

Conversion levels similar to those obtained in the present study of 

distillate oil flames doped with pyridine were observed for equivalence 

ratios of 1.5 to 1.7, i.e., about 60 to 70 percent of stoichiometric air 

requirements. Studies conducted on CH^-air combustion in a j et-stirred 

combustor (Bartok et al., 19 72) also indicate that fuel-rich conditions 

are necessary to obtain fuel nitrogen conversion data similar to those 

obtained in the present study. It can, therefore, be inferred that fuel- 

rich regions in turbulent distillate oil diffusion f1ames are important 

in the conversion of fuel nitrogen to fuel NO. Martin and Berkau (1972) 

draw the same inference from their data.

The data in Chapter 5 indicate a fairly strong dependence of fuel 

NO emissions and, therefore, fuel nitrogen conversion on excess air 

conditions. As the excess air is increased, the average driving force 

for oxygen diffusion also increases. An increase in air volume occurs 

with increasing excess air conditions, promoting turbulent mixing and 

aiding in dispersing fuel-rich regions within the flame. Since local 

oxidant levels are increasing, it is expected that conversion of fuel 

nitrogen to fuel NO should increase.



6.2 Natural Gas

A comprehensive study was not conducted on fuel nitrogen conver

sion to fuel NO in turbulent gas diffusion flames. However, limited data 

are available from the study on fuel sulfur effects on fuel NO (see

section 5.3). The data were taken at 430°F air preheat and 44 percent

swirl. The flame associated with these data was the near-stoichiometric, 

jetlike flame. Fuel nitrogen was simulated by NH^.

, At 1.08 wt % N in the fuel and 15.0 percent excess air, the con

version of fuel nitrogen to fuel NO was 11.4 percent. The exhaust 

measurements indicated 165 ppm fuel NO produced as compared to 1450 ppm 

NO for complete conversion of the fuel nitrogen. The dependence of fuel 

nitrogen conversion on excess air conditions was not as prominent as that 

observed for the distillate oil studies. At 12 percent excess air, con

version is 10 percent, while at 24% excess air the conversion is 15 per

cent . Since the flame associated with this natural gas-NH^ data had 

near-stoichiometric regions within the flame, while locally substoi- 

chiometric regions were present in the distillate oil flame, an increase 

in excess air conditions may not have increased local oxidant levels to as 

great as an extent.

The effect of fuel sulfur on fuel nitrogen conversion to fuel NO 

is to increase conversion. At 15 percent excess air, the addition of SO^ 

to the air stream (1900 ppm SO^ in the exhaust) increases conversion from

11.4 percent to 14.5 percent. The addition of SO^ to the fuel causes an 

increase in fuel nitrogen conversion to 20.4 percent.
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Some insight as to where in the turbulent gaseous diffusion flame

fuel NO formation occurs may be gained by comparing the conversion data 

of this study with the data available in the literature on premixed flame 

studies. Wendt and Stemling (1974) investigated GH^-air flames doped 

with ammonia. For approximately .9 wt % N in the fuel conversion levels 

Similar to those obtained in this study occurred beldw 80 percent of 

stoichiometric are requirements. Sarofim et al. (1975) Investigated both 

premixed and diffusion CH^-air flames doped with ammonia. Again, conver

sion levels of fuel nitrogen, for the same weight percent nitrogen as was 

used in this study, that were similar to the results reported here 

occurred only for substoichiometric conditions. It was also found that 

conversion of fuel nitrogen was less in diffusion flames than in premixed 

flames. It can be inferred from these data that fuel NO formation occurs 

in locally substoiehiometric regions within turbulent gaseous diffusion 

flames.



CHAPTER 7

DISCUSSION.

This chapter discusses reaction sequences which may be of 

importance in the interactions between fuel sulfur and thermal or fuel NO 

production. However, there is a lack of data and/or agreement concerning

the kinetic mechanisms involved in the formation of SO- or NO from the
' - ' - %

combustion of organic sulfur or nitrogen compounds, respectively. It is, 

therefore, necessary to stress the speculative nature of the material 

presented.

7.1 Thermal NO

From the data presented in Chapter 4, it can be concluded that 

the effect of fuel sulfur on NO production in turbulent gaseous diffusion 

flames is dependent on local flame stoichiometry and local flame tempera

ture. At "zero" air preheat and moderate percent swirl values, the 

addition of SO^ to the fuel or to the air resulted in a decrease in NO 

emissions. Although this inhibition effect was observed for both the 

radial and axial injector studies, it was also observed that when SO^ was 

added to the fuel in the axial injector study the decrease in NO emis

sions was not as great as when a smaller amount Of SO^ was introduced • 

into the air stream. The flame produced by the axial injector was 

luminous, which is an indication of the presence of locally fuel-rich 

regions within the flame. Since Wendt and Ekmann (1975) concluded that
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the inhibition effect of fuel sulfur on thermal NO production was due to 

mechanisms involving S02, a significant reduction of the SOg added to the 

fuel in the axial injector study could be anticipated to result in a 

decreased inhibition of NO formation.

However, in combustion studies of HgS, it has been found that, 

even at 80 percent of stoichometric air requirements, 90 percent of the 

sulfur is present as SO^ with the remainder almost entirely SO (Cullis 

and Mulcahey, 1972). It has also been determined that super-equilibrium 

hydrogen atoms in fuel-rich propane flames depress the concentrations of 

H^S, HS, and below their equilibrium values (Cullis and Mulcahey,

1972); there is a corresponding increase in the concentrations of SO^,

SO, and S within the flame. From these data, it would appear that the 

decreased inhibition of NO formation, when SO^ is added to the fuel in 

the axial injector study, cannot be attributed to a significant reduction 
of SOg. These data do not preclude the possibility that the decreased 

inhibition effect is due to lower SO^ concentrations in the regions Of 

the flame important for NO formation via a Zeldovich-type mechanism.

At high air preheat conditions and moderate percent swirl values, 

* an enhancement of NO production was observed for the axial injector 

studies when SO^ was added to the fuel. The increase was more signifi

cant for the flame with locally substoichiometric conditions. It was 

also observed that a decrease in the inhibition of NO formation occurred 

in the radial injector study, when SO^ was added to the fuel, as overall 

stoichiometric conditions were approached.
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The production of thermal NO may be due to the fixation of 

molecular oxygen and nitrogen present in the combustion air or to fuel- 

rich induced prompt NO, Since the prompt NO mechanism is more important 

in fuel-rich hydrocarbon flames, and since Wendt and Ekmann (1975) report 

that the inhibition effect of SO^ on NO formation, via the Zeldovleh 

mechanism, is more significant at high air preheat conditions, it can be 

inferred that the enhancement of NO production is due to the interaction 

of fuel sulfur with the prompt NO mechanism. It can a.lso be inferred 

that a reduced form of SO- is important in the interaction, since the 

enhancement is more pronounced in the flame with locally fuel-rich 

regions.

The possibility that fuel sulfur may enhance fuel-rich induced 

prompt NO formation provides an explanation for the results obtained with 

the axial injector at "zero" air preheat conditions. The fact that the 

addition of SOy to the fuel did not produce as great a decrease in NO 

emissions as when a smaller amount of SO^ was added to the air stream may 

be an indication of a slight increase in the formation of fuel-rich 

induced prompt NO. However, it is also possible that, with the lower 

local,flame temperatures expected at "zero" air preheat, the inhibition 

of NO formed via the Zeldovich mechanism is kinetically favored over the

enhancement of prompt NO. Therefore, the presence of SO on the fuel4
side of the flame may promote prompt NO formation while still acting to 

reduce thermal fixation of molecular oxygen and nitrogen present in the 

combustion air.
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Although the addition of SO^ to the fuel resulted in an enhance

ment or inhibition of overall NO formation, which depended upon the local 

flame stoichiometry and temperature, the addition of S0_ to the air
■7 2stream, the fuel-lean side of the flame front, always produced an inhibit 

tion of NO formation. The decrease in NO emissions occurred for both 

the radial and axial injector studies at all operating conditions 

investigated: "zero" and high air preheats; various percent swirl values;

various overall excess air conditions; and for locally fuel-rich or near- 

stoichiometrie flames. It seems reasonable to attribute this inhibition 

effect to the homogeneous catalysis of free radical recombination reac

tions by SO^ (Wendt and Ekmann, 1975). The radicals involved are 

import ant in the Zeldovich mechanism Or directly affect species which are 

important. The reactions which take place are as follows:

502 + 0 + M = SOg + M (7.1)

503 + 0 = S02 + 02 (7.2)

H + S02 + M = HS02 + M  (7.5)

HS02 + OH = H 20 + S02 (7.4)

Even though the inhibition effect of SO^ on NO formation can be 

readily explained in terms of the above reactions, it still remains to 

provide a reasonable explanation of the enhancement effect. It has been 

postulated that reduced SO^ Species affect the formation of fuel-rich 

induced prompt NO. The key to prompt NO production, as indicated by 

Wendt (1976), is:

CH + N2 -> HCN + N (7.5)
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However, productton of HCN is only the initial step in prompt NO forma

tion (Haynes et al., 1975)V  Merryman end Levy (1975) indicate that CN or 

NH is the principal source of prompt NO; Fenimore (19 72) postulated that 

CN does not directly form NO but forms NH„, NH, or N, which then are 

oxidized to form NO. r  , . '

The decay of HCN to products more likely to directly form NO may 

be as follows:

■ ■ : HCN + H = CN + H 2 ' (7.6)

CN + 02 = OCN + 0 ’ (7.7)

CN + C02 = OCN + CO ; :: (7.8) ;

OCN + H = CO + NH. (7.9)

OCN + H 2 = CO + NH2 (7.10)

Studies• conducted at Rocketdyne (1975) show that OCN is probably the 

intermediate involved in NO formation from HCN for fuel-lean and fuel- 

rich conditions.

It appears that for S02 , or reduced SO2 species, to enhance 

prompt NO formation the concentrations of H, H^, 02, and C02 in the flame

must be influenced. Another potential path would be an enhancement of

the formation rate of CH, which is the key to prompt NO formation.

Results of H2S combustion studies Show an inhibition of H 2 combustion due 
to the relatively stable SO radical (Sachyan et al., 1967). Since Cullis 

and Mulcahey (1972) indicate that within 1 millisecond after completion 

of the primary flame reactions the distribution of sulfur species is the 

same whether SO2 or H^S is added to the flame, the delay in H^ combustion
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may also apply to this study. The SO radical becomes more stable with

increasing flame temperature (Cullis and Mulcahey, 1972) and may, there

fore, be more important at the high air preheat conditions. It can be 

seen that at least reaction 7.10 would be affected by an increase in H - .

Bauer et al. (1971) studied the oxidation of CO to CO^ by SO^. 

The following reaction scheme was proposed:

2C0 + S02 = 2C02 + S(g) (7.11)

Another reaction path also exists for the oxidation of CO to CO^:

502 + S02 -> S03 + SO (7.12)

503 + CO ^ C02 + S02 (7.13)

SO + CO > C02 + S(g) (7.14)

Regardless of which reaction mechanism actually takes place, it is 

immediately apparent that the concentration of C02 could be increased. 

Fuel sulfur may, therefore, increase the formation of the intermediate 

OCN (reaction 7.8).

Since the enhancement effect is more significant for the locally 

fuel-rich flame, reduced S02 species, such as SO or S, may be of 

importance. It is known that species such as SH or S are excellent 

hydrogen abstractors. It might, therefore, be anticipated that an 

increase in CH formation is caused by their presence. Reactions which 

might proceed are as follows:

CH3 + S = CH2 + SH (7.15)

CH2 + S = CH + SH (7.16)
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CH2 + SH = CH + H 2S (7.17)

Preliminary kinetic investigations indicate that reaction 7.17.could 

readily explain the increase in NO formation. The enhancement increased 

dramatically with increasing temperature.

The ability of S or SH to participate in hydrogen abstraction 

reactions may also be of importance in considering NO formation from NH 
or NH2 species produced in reactions 7.9 and 7.10. Sarofim et al. (1975) 

indicate that hydrogen abstraction reactions are important in the produc

tion of NO from NH^. It would seem reasonable to also assume the impor

tance of such reactions in the reduction of NH to N atoms or NH2 to NH 

and, subsequently, N atoms.

The above discussion has been mainly concemed with indicating 

how the rates of reactions 7.5 to 7.10 could be affected by fuel sulfur. 

However, species such as S or SO may provide alternate reaction paths for 

the formation of NO or directly oxidize species such as N atoms to 

produce NO. Other reactions which may contribute to the enhancement

effect of fuel sulfur on prompt NO are:

S + CN SC + N (7.18)

S + NH -> SN + H ' (7.19)

S + HN -> SH + N (7 .20)

N + OS NO + S (7.21)

0 + NS -> ON + S (7.22)

The material presented (reactions 7.5 through 7.22) indicates 

possible ways in which the addition of S02 to the fuel could promote the 

formation of fuel-rich induced prompt NO. The reactions are listed in
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Table 7.1; the rate coefficients are presented along with the activation 

energy for each reaction. For comparative purposes> the. rate coeffi

cients are evaluated at 2000°K. ' ' •

The data for distillate oil turbulent diffusion flames may also 

be explained by the mechanisms described above. When thiophene was added 

to the fuel at "zero" air preheat, and when SO^ was introduced into the 

air stream at high air preheat, an inhibition of overall NO formation 

was observed. This inhibition effect can be attributed to the homo

geneous catalysis of the recombinatibn of super-equilibrium atoms -- 0 , 

OH, H atoms.

A1though there are no data at high air preheat conditions for 

distillate oil doped with thiophene, it might be anticipated that an 

enhancement effect would be observed. Since fuel-rich regions are likely 

to occur in sprays, it could be expected that fuel-rich induced prompt NO 

would be important. Also, SO has been identified in diffusional flaffles 

of organic sulfur compounds; the optical spectrum is emitted more 

strongly in fuel-rich hydrocarbon flames containing sulfur compounds 

(Cullis and Mulcahey, 1972). With the introduction of species such as SO 

or S, it is not unreasonable to assume that an enhancement would take 

place. ■

7.2 Fuel NO

From the data presented in Chapter 5, it can be concluded that 

the effect of fuel sulfur on fuel nitrogen conversion to NO is a function 

of local flame temperature. The data also indicated that the interaction 

with the fuel NO mechanism occurred in fuel-rich regions of the flame.



Table 7.1 Summary of Proposed Reactions.

W ^ x p [-Ef/RT] (=) 3cm /gm-mole-sec

Reaction Ko n Ef (=) Kcal/gm-mole Kf 2000°K Source

OH + N2 ->• HON + N (7.5) 132.0x10 o 48.0 l.JL4xl08 Wendt (1976)

HON + H = ON + -H " (7.6) 139x10 0 21.2 4.:S4X1011 MuiviMil and 
Philips (1975)

9xl012 0 22.6 3.05X1010 Mulvihill and
Philips (1975)

ON + 0o = OCN + 0I (7.7) 6xl013 0 1.67 3;()4xl013 Mulvihill and 
Philips (1975)

ON + COL = OCN + CO L (7.8) 3.7xl012 0 ~0 3.: 127x10 Haynes et al. 
(1975)

OCN + H = CO + NH (7.9) 1 %2x10 0 0 2x1013 Mulvihill and
Philips (1975)

OCN + H2 = CO + NH2 (7.10) ~ -

2C0 + S02 = 2C02 + (7.11) - -- --

so2 + so2 -> so3 + SO (7.12) — - --

S03 * CO + C02 + S02 (7.13) — -

SO +.00 **• C02 + (7.14) — -- --
ID01



Table 7.1 Summary of Proposed Reactions. Continued.

K^K^T^exp [-E^/RT](=)cm3/ gm-mole-sec

Reaction Ko En £ (=) Kcal/gm-mole Kf 2000°K Source

CH, + S = CH2 + SH (7.15) 6.04x1014 0 29.0 4.06X1011 Estimated

CH? + S = CH + SH (7.16) 3.35xl014 0 12.96 1.28X1013 Estimated

CH2 + SH = CH + H2S (7.17) 3.21x1014 — — 9.79 2.73xl013 Estimated

S + CN -> SC + N (7.18) 6.51x1011 .5 ' o 2.82xl013 Benson et a!. 
(1975)

s + NH -> SN + H (7.19) 6.31X1011 .5 0 2.82x1013 Benson et al. 
(1975)

s + HN ■> SH + N (7.20) 6.31xl0X1 .5 8.0 3.77x1012 Benson et al. 
(1975)

N + OS + NO + S (7.21) 116.31x10 .5 8.0 3.:77X1012 Benson et al. 
(1975)

0 + NS -> ON + ?S (7.22) 6.31x1011 .5 8.0 3.77xl012 Benson et al. 
(1975)

ON



At "zero" air preheat conditions, the addition of thiophene to a 

pyridine^oii fuel mixture had no discernible effect on fuel NO emissions. 

Although it has already been determined that thiophene does inhibit 

thermal NO formation in distillate oil turbulent diffusion flames, the 

scatter in the data does not permit definite conclusions to be drawn 

concerning the effect of fuel sulfur on fuel NO at "zero" air preheat 

conditions.

However, at high air preheat conditions, the addition of thio

phene to the pyridine-oil fuel mixture did significantiy affect fuel 

nitrogen conversion to fuel NO. The extent of the observed enhancement 

was a function of the initial atomization of the fuelV Fuel sulfur, 

introduced as SOg, was also shown to enhance fuel NO formation in natural 

gas flames doped with NH^.

Before considering the ways in which fuel sulfur may interact 

with the fuel NO mechanism, some comments need to be made concerning the 

fate of chemically bound fuel nitrogen in flames. In studies conducted 

by Axworthy (1975).on the pyrolysis products of pyridine, it was found 

that above 1100°G all of the fuel nitrogen was recovered as HCN. This 

suggests that at higher temperatures typical in actual combustion pro

cesses most of the volatile fuel nitrogen may form HCN before reaching 

the flame front. These data.also indicate that HCN is a likely precursor 

to formation of fuel NO in flames.

Work by Fenimore (197.6) on premixed fuel-rich flames shows "that 

fuel nitrogen fed as pyridine, and not yet converted to NO or N^, exists 

in large part as HCN" (Fenimore, 1976, p. 250). Merrymari and Levy (1975)
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studied flat methane flames doped with pyridine. The presence of CN and 

NH species was spectroscopically determined. A thermally stable inter

mediate was produced during oxidation which was rapidly consumed in the 

O-atom region of the flame; it was postulated that HCN and NH^ were 

likely compounds for the intermediate.

Fenimore (1976) also conducted studies of premixed fuel-rich 

flames doped with NH^. It was again concluded that the fuel nitrogen not 

converted to NO or N^ existed in large past as HCN. Since HCN is 

manufactured by the partial combustion of rich NH^-hydrocarbon mixtures, 

this finding was not unreasonable. De Soete (1975) also studied flat 

premixed hydrocarb on/oxygen-afgon (or helium) flames doped with NH^. It 

was determined that the relative importance of HCN as an intermediate in 

the fuel NO mechanism increased according to the following sequence of 

primary fuel nitrogen compounds: ammonia, cyanogen, and molecular

nitrogen.

The above discussion indicates the feasibility Of considering the 

possible interactions of fuel sulfur with mechanisms producing NO from 

HCN or NHg. It has already been stated that the SO radical is present in 

fuel-rich hydrocarbon flames containing sulfur compounds, Experimental , 

evidence has also been presented (section 5.2.2) that indicates SO^, or a 

reduced form of SO^, produces similar increases in fuel NO formation as 

fuel sulfur introduced as thiophene. Since HCN and sulfur species such 

as SOg, SO, and S are probably present in the flame, it would appear 

reasonable to assume that similar interactions as were noted for prompt



NO should be applicable in explaining the enhancement of fuel NO by fuel 

sulfur (see reactions 7.6 through 7.22 and discussion in section 7.1).

Further insight into how fuel sulfur interacts with fuel NO for

mation is provided by examining the fuel nitrogen, data of this study in 

terms of a simplistic reaction mechanism for NO formation. Fenimore 

(1972) proposed the following reaction scheme:VNT + Ox ... -► NO + (7.23)

■ ■ ' v  , ' ■ ■ ■ :NO + NI ... +.N2 + ' (7.24)

In this model, nitrogen compounds are assumed to yield nitrogeneous 

intermediates (NI) which react with oxidants (Ox) to form NO. The same 

or similar intermediates also participate in reactions which reduce NO 

to N2 .

Using the same assumptions as Fenimore, the following equation 

may be developed:

[NO] = ct{l - exp(- ■W ^ .J H I )} (7.25)

where

[N] = nitrogen compound added expressed as ppm NO if all N 

formed NO;

[NO] = ppm NO actually formed from the additive; and 

d ? (K^/Kg)[Ox], a constant.

Fenimore (1976) indicates that the local value of a remains constant 

through a considerable thickness of gas.
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Calculations show that when thiophene is added to the pyridine^ 

oil fuel mixtupe (315°F air preheat, 15.0% excess air) the value of a 

increases from 470 to 600. The addition of SO^ to the ammonia-natural 

gas mixture (430oF air preheat, 15.0% excess air) also causes an increase 

in the value of a from 166 to 315. Since a is directly proportional 

to the local oxidant level, it would appear that fuel sulfur acts to 

increase the oxidant levels within the fuel. Although [Ox] has been 

tentatively identified with the concentration of 0-atoms or 0^ (de Soete, 

1974), it is known that SO^ reduces 0-atom concentrations within the 

flame. It would appear more reasonable to assume that reduced sulfur 

species such as S or SO, which are oxidizing species, are responsible for 

the observed increase in the values of a.

Such a conclusion would be consistent with the hydrogen abstrac

tion reactions attributed to sulfur species such as S or SH. It was

observed that the conversion of NH- to NO increased from 11.4% without3 -

fuel sulfur to 20.4% when SOg was added to the fuel. If reactions such 

as:

NH + S = NH . + SH (7.26)m m-1
*or

NHm + SH = NHni_1 + H 2S (7.27)

were taking place, the increase in species such as NH or N, which are 

readily oxidized to NO, could readily explain the increase in conversion 

observed. It should be noted that reactions 7.26 and 7.27 are oxidation 

reactions.
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The increase in local oxidant levels could also be attributed to 

the SO radical which is more stable at the higher air preheat conditions. 

It is reasonable to assume that the SO radical could directly oxidize N 

atoms to NO (see reaction 7.21) and, therefore, also enhance the forma

tion of NO. The oxidation of species such as NH by S or SH might also
m

influence the rate of NO formation by lowering concentrations of species 

which participate in reactions as the following to reduce NO to N^:

... NH2 + NO = N2 + H 20 ■ (7.28)

NH + NO = N2 + OH (7.29)

By examining fuel nitrogen conversion to NO in terms of a .... 

simplistic reaction scheme, information has been gained concerning the 

effect of fuel sulfur on fuel NO formation. Fuel sulfur introduces 

oxidizing agents which are not already present in the flame. These 

oxidizing species may participate in hydrogen abstraction reactions or 

act to directly oxidize nitrogeneous species to NO. The participation of 

S02 or SO in oxidizing CO to C02 may also be of importance in determining 

the enhancement effect of fuel sulfur (see reactions 7.11 to 7.14 and 

reaction 7.8).



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The addition of SO^ to turbulent gaseous diffusion flames may 

enhance or inhibit thermal NO formation. The particular effect observed 

and the extent to which it occurs is dependent upon the local flame 

stoichiometry and the local flame temperature.

Inhibition of thermal NO formation was observed for flames with 

rapid mixing between fuel and air streams. The introduction of S0„ into 

the air stream, i.e., the fuel-lean side of the flame front, also pro

duced an inhibition of thermal NO formation. This particular effect can 

be attributed to the homogeneous catalysis of free radical recombination 

reactions, in particular super-equilibrium oxygen atoms, by SO^.

The addition of SO^ to the fuel produced an enhancement of NO 

formation for flames with poor mixing between fuel and air streams. The 

effect was observed at high air preheat conditions and was more signifi

cant fqr the flame with locally substoichioffletric.regions within the 

flame. The enhancement can be attributed to the interaction of SOg and 

reduced SO^ species, such as SO and S, with the fuel-rich induced prompt 

NO mechanism.

The addition of thiophene, to simulate fuel sulfur, to turbulent 

distillate oil diffusion flames resulted in an inhibition of thermal NO 

formation at "zero" air preheat conditions. Again, the inhibition can be

1 0 2  ■
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attributed to the homogeneous catalysis of super-equilibrium oxygen atom 

recombination reactions by SO^.

The presence of thiophene in turbulent distillate oil diffusion 

flames doped with pyridine indicated that fuel sulfur had no discernible 

effect on fuel NO formation at "zero" air preheat conditions.

An enhancement Of fuel NO formation was observed at high air 

preheat conditions when thiophene was added to the pyridine-distillate 

oil mixture. The extent of the increase varied from 10 percent to 20 

percent in less fuel-rich flames to 30 percent to 50 percent in more 

fuel-rich flames. The enhancement effect can be attributed to the inter

action of SOg and reduced SO^ species, such as SO and S , with the 

mechanism for NO formation from HCN. The apparent local oxidant level 

increases with the addition of fuel sulfur. Oxidizing agents resulting 

from fuel sulfur —  SO^, SO, and S -- may reduce nitrogeneous inter

mediates to species readily oxidized to NO or directly oxidize 

nitrogeneous species to form NO.

The addition of SO^ to a turbulent gaseous diffusion flame doped 

with NHg resulted in a significant enhancement of fuel NO formation at 

high air preheat conditions. The increase can be attributed in part to 

the ability of reduced sulfur species to participate in hydrogen abstrac

tion reactions importnat in the formation of NO from NH^.

The conversion of fuel nitrogen to NO decreases as the weight 

percent nitrogen in the fuel inCreases; the actual NO emissions increase 

with increasing weight percent nitrogen in the fuel. Conversion of fuel 

nitrogen to fuel NO demonstrates a strong dependence on excess air
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conditions. The conversion to fuel NO is also a function of the 

atomization characteristics of the oil nozzle which affect the initial 

mixing between the fuel and the air stream. The resulting changes in 

local oxidant levels can significantly change levels of conversion.

The experimental results are especially significant from a prac

tical point of view. Fuel desulfurization may have an adverse effect on 

thermal NO emissions for systems with rapid mixing between fuel and air 

streams. For systems with relatively poor mixing between the fuel and 

the air streams, fuel desulfurization may have a beneficial effect on 

thermal NO emissions.

However, of more importance are the results concerning possible 

interactions between fuel sulfur and fuel NO formation. Staged combus - 

tion has been proposed as an abatement technique for decreasing fuel NO 

formation. The experimentai results of this study indicate that for 

fuel-rich flame conditions fuel sulfur can enhance fuel NO production.

It can, therefore, be seen that fuel desulfurization should have a 

decidedly beneficial effect on fuel NO emissions from staged combustion 

processes. . .

The experimental results obtained in this study suggest several 

areas of future research on fundamental and practical levels. Three 

general areas which should be particularly important are:

1. Kinetic mechanisms: This work established that fuel sulfur could

enhance prompt NO and fuel NO formation. The effect was 

influenced by local flame stoichiometry and temperature. Labora

tory studies need to be conducted to determine the mechanisms for



this interaction. Theoretical studies should be conducted in 

conjunction with the experimental work to test hypotheses and 

provide further insight into the processes. Questions which 

should be answered are: How does the effect depend on Sulfur

concentration? What stoichiometries reduce the interaction? At 

what flame temperatures does the interaction become important? 

Which sulfur species are involved?

Turbulence: To apply the results of research concerning kinetic

mechanisms to practical combustion processes, turbulence must be 

accounted for. However, there is a lack of data about the role 

of turbulence in flames. Fundamental research needs to be under

taken to characterize the important features of turbulence as 

applied to combustion processes. Questions which would hopefully 

be answered are: How can turbulence be quantitatively related to

the mixing phenomenon occurring in a flame? How does turbulence 

influence kinetic mechanisms in the flame?

Pilot combustor studies: The present research was concerned with

fuel sulfur interactions on thermal and fuel NO formation in 

single-stage combustion processes. The possible interactions of 

fuel sUlfur with fuel NO formation under staged combustion condi

tions should also be investigated to determine whether similar 

effects would be observed. Studies could also be conducted in 

conjunction with the fundamental research proposed above. The 

results could be used to evaluate turbulence models or to



calibrate theoretical models. Such investigations could hope 

fully provide the bridge between laboratory flame studies and 

practical combustion processes.



APPENDIX A

S02 FLUE MEASUREMENTS

For those studies in which SO^ was introduced into the natural 

gas stream, the level of SO^ added was selected on the basis of flue gas 

S02 emissions. The Thermo Electron Model 40 Pulsed Fluorescent S02 

Analyzer was used to monitor SC>2 levels in the flue gas. However, in 

coal combustion studies conducted with the. combustion facility, large 

discrepancies were found between SC>2 emissions measured with the analyzer 

and S02 emissions predicted for complete conversion of fuel sulfur in the 

coals to S02 . The validity of using the S02 analyzer to fix S02 addition 

levels in the natural gas studies was, therefore, questionable.

However, in the distillate oil studies, accurately measured 

amounts of a sulfur-bearing compound, thiophene, were added to the fuel. 

By comparing SC>2 emissions measured by the SC>2 analyzer at particular 

excess air conditions with the S02 emissions predicted for complete con

version of the fuel sulfur to S02 at the same excess air conditions, a 

quantitative indication of the validity of the technique used in the 

natural gas studies could be obtained.

Figure A.1 indicates good agreement between measured and pre

dicted SC>2 emissions. The off-diagonal lines represent errors of +15 

percent and -15 percent from exact agreement. The points included on 

this figure were extracted from data taken over a six-month period.
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Since the data on this figure were obtained with six different oil 

nozzles (all nozzles were 30 R, solid cone nozzles rated at 0.5 gph), 

minor variations in fuel flow rate probably contributed to the errors 

observed. The average error for the data plotted is -9.84 percent.

It can be concluded from this analysis that the levels of SO^ 

reported for the various natural gas studies are within 10 percent of the 

true values. It can also be seen that the use of the SO^ monitor to fix 

SC>2 addition levels is valid and does not introduce large errors.



APPENDIX B

CALIBRATION OF ANALYZERS

The continuous, flue gas analyzers were zeroed and spanned at 

least every four hours. The zero gas was nitrogen supplied by a local 

vendor. The calibration gases were from Matheson Gas Products with the 

following specifications:

1. 638 ppm NO in N^, certified standard.

2. 1.82% CO in Ng, certified standard.

3. 12.42% CO2 in Ng* certified standard.

4. 4.32% €>2 in Ng, certified standard.

5. 2413 ppm SO^ in N^, certified standard.

The same NO calibration gas was used throughout the testing.

1 1 0



APPENDIX C

EXPERIMENTAL DATA —  NATURAL GAS

The data presented and discussed in Chapter 4 and 5 concerning 

"thermal” and "fuel" NO formation in turbulent gaseous diffusion flames 

are listed in this appendix. The figure number included on each set of 

data indicates that the data listed correspond to the data plotted in 

that particular figure.

The following terminology is used throughout the listings:

1; EXAIR -- excess air conditions.

2. %C0> %C0^, %0^ —  the volumetric percentage of each specie in the 

flue gas.

3. 0% EA —  values reported are data reduced to stoichiometric 

conditions.

4. as meas. —  values reported are as measured experimentally.

5. para. —  %0^ measured by Beckman Model F3 Paramagnetic Oxygen 

Analyzer.

6. SA —  SOg added to inlet air.

7. SG -- SO2 added to natural gas.

8. NG —  NHg added to natural gas.

Ill
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Date: 10-25-75 Injector: Axial Reference Figure: 4.1

INLET PARAMETERS

Run No. 1-A 1-B 1-C 1-D 2-A 2-B 2-C 2-D

Fuel flow, cfra .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 8.32 8.76 8.76 8.76 8.25 8.25 8.25 8.25
% Swirl 37 37 37 37 37 37 37 57

Air preheat, °F 120 120 120 120 120 120 120 120

Additive compound 
and position — SA SG -- -- SA SG --

Additive flow, can -- 490 590 -- -- 428 536 --

IVt % N -- — — -- -- —

Wt % s — -- 6.17 — — 5.67

FLUE MEASUREMENTS

% 0,, para. 4.50 • 4.50 4.50 4.50 3.15 5.15 3.12 5.16

EXAIR by C>2 1.245 1.246 1.246 1.245 1.159 1.159 1.158 1.159

% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02

% C02, as meas. 8.2 8.2 8.2 8.2 8.8 8.8 8.9 8.8

NO, as meas., ppm 63 53 56 62 65 58 61 65
NO, 0% EA, ppm 78.5 66.1 69.8 77.2 75.3 67.2 70.6 75.4
NO^, 0% EA, ppm 78.5 67.3 68.6 77.2 75.3 67.2 70.6 76.5

S02, 0% EA, ppm -- 3360 4050 — — 2960 3700 --
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Date: 10-25-75 Injector: Axial Reference Figure: 4 -1

INLET PARAMETERS
Run No. 3-A 3-B 3-C 3-D 4-A 4-B 4-C 4-D
Fuel flow, cfm .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 8.02 7.94 7.94 7.94* 7.66 7.61 7.61 7.54
% Swirl 37 37 37 37 37 37 37 37
Air preheat, °F 120 120 120 120 100 100 100 100
Additive compound 
and position -- SA SG — — SA SG —

Additive flow, ccm — 450 587 — — 446 578 --
Wt % N -- -- — -- -- -- -- --

Wt % S — — 6.13 — -- 6.05

FLUE MEASUREMENTS

% ©2, para. 2.35 ■ 2.35 2.35 2.37 1.55 1.55 1.55 1.55
EXAIR by 0 1.113 1.114 1.114 1.114 1.072 1.072 1.072 1.072
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 9.5 9.2 9.3 9.4 10 9.6 9.7 9.7

NO, as meas., ppm 67 58 64 68 67 57 64 68

NO, 0% EA, ppm 74.6 64.6 71.3 75.8 71.8 61.1 68.6 72.9

NO^, 0% EA, ppm 75.7 65.7 72.4 75.8 72.9 61.1 68.6 72.9
S02, 0% EA, ppm -- 3120 4070 — -- 3110 4020 --
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Date: 10-25-75 Injector: Axial Reference Figure: 4.1, 4.2

INLET PARAMETERS

Run No. 5-A 5-B 5-C 5-D 6-A 6-B 6-C 6-D
Fuel flow, cfm .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 7.34 7.34 7.34 7.34 7.95 7.95 7.95 7.95
% Swirl 37 37 37 37 37 37 37 37
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound 
and position -- SA SG — — SA SG --

Additive flow, ccm — 467 600 —— - — 433 570 -  -

Wt % N -- -- — — -- — — -- — —
Wt % S — 6.25 — -- — • 5.99 — —

FLUE MEASUREMENTS

% 02, para. .75 • .75 .75 .75 2.35 2.35 2.35 2.35
EXAIR by 0^ 1.033 1.033 1.034 1.033 1.113 1.114 1.114 1.113
% CO, 0% EA <.02 <.02 <.04 <.02 <.02 <.02 <.02 <.02
% CO^, as meas. 10.2 10.1 10.2 10.1 9.7 9.6 9.5 9.5
NO, as meas., ppm 63 53 61 65 68 59 65 68
NO, 0% EA, ppm 65.1 54.8 63.0 67.2 75.7 65.7 72.4 75.7
NOx, 0% EA, ppm 65.1 55.7 64.0 67.2 75.7 65.7 72.4 74.6
S02, 0% EA, ppm — 3260 4190 — — 3010 3950 --
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Date: 10-25-75 Injector: Axial Reference Figure: 4.2

INLET PARAMETERS

Run No. 7-A 7-B 7-C 7-D 8-A 8—B 8-C 8-D
Fuel flow, cfm 6.13 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 7.95 7.95 7.95 7.95 7.95 7.95 7.95 7.95
% Swirl 54 54 54 54 21 21 21 21
Air preheat, °F 100 100 100 100 100 100 100 100

Additive compound 
and position — SA SG -- — SA SG -

Additive flow, ccm -- -- -- — — — —
IVt % N -- -- -- — — -- — --
Wt % S — — — — -- -- —

FLUE MEASUREMENTS

% 02, para. 2.35 • 2.35 2.35 2.35 2.35 2.35 2.35 2.35
EXAIR by 07 1.113 1.114 1.114 1.113 1.113 1.114 1.114 1.113
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C07, as meas. 9.7 9.5 9.6 9.6 9.7 9.6 9.7 9.6
NO, as meas., ppm 41 34 33 43 46 37 29 42
NO, 0% EA, ppm 45.6 37.9 36.8 47.9 51.2 41.2 32.3 46.8
NÔ ,, 0% EA, ppm 46.7 37.9 36.8 47.9 51.2 41.2 32.3 45.6

S07, 0% EA, ppm — 3120 3790 — -- 3120 3900 —
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Date: 10-27-75 Injector: Radial Reference Figure: 4.7

INLET PARAMETERS

Run No. 1-A 1-B 1-C 1-D 2-A 2-B 2-C 2-D
Fuel flow, cfm .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 6.48 6.48 6.41 6.41 6.35 6.35 6.35 6.35
% Swirl 38 38 38 38 60 60 60 60
Air preheat, °F 110 110 110 110 110 110 110 110
Additive compound 
and position — SA SG — -- SA SG —

Additive flow, can 60S 596 -- — 605 60S
Wt % N -- — -- — -- —
Wt % S — — 6.22 — — -- 6.30 --

FLUE MEASUREMENTS

% 02, para. 3.15 • 3.15 3.15 3. IS 3.15 3.15 3.15 3.15
EXAIR by 0^ 1.159 1.160 1.160 1.159 1.159 1.160 1.160 1.159
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
'5 C02> as meas. 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5
NO, as meas., ppm 48 38 39 50 26 20 19 26
NO, 0% EA, ppm 55.6 44.1 45.2 57.9 30.1 23.2 22.0 30.1
N0x, 0% EA, ppm 55.6 44.1 45.2 57.9 30.1 23.2 23.2 30.1
S02, 0% EA, ppm — 4170 4120 — -- 4170 4170 --
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Date: 10-27-75 Injector: Radial Reference Figure: 4.7

INLET PARAMETERS
Run No. 3-A 3-8 3-C 3-D
Fuel flow, cfm .613 .613 .613 .613
Air flow, scfm 6.35 6.35 6.35 6.35
% Swirl 15 15 15 15
Air preheat, eF 110 110 110 110
Additive compound 
and position -- SA SG --

Additive flow, ccm -- — -- --
IVt % N -- -- —
Wt % S — -- 5.99 --

FLUE MEASUREMENTS

% C>2, para. 3.15 • 3.15 3.15 3.15
EXAIR by 0. 1.159 1.160 1.160 1.159
% CO, 0% EA <.02 <.02 <.02 <.02
% C02, as meas. 9.5 9.5 9.5 9.5

NO, as meas., ppm 38 30 28 38
NO, 0% EA, ppm 44.0 34.8 32.5 44.0
N0x> 0% EA, ppm 44.0 34.8 32.5 44.0
S02, 0% EA, ppm -- 4170 3940 --
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Date: 10-28-75 Injector: Radial Reference Figure: 4.6

INLET PARAMETERS
Run No. 1-A 1-B 1-C 1-D 2-A 2-B 2-C 2-D
Fuel flow, cfm .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 7.27 7.27 7.27 7.27 6.89 6.89 6.89 6.89
% Swirl 38 38 38 38 38 38 38 38
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound 
and position — SA SG — -- SA SG —

Additive flow, ccm — 582 564 — -- 578 565 —
IV t % N — — — -- — — —
Wt % S — — 5.93 — — 5.93 —

FLUE MEASUREMENTS

% 02, para. 5.70 • 5.70 5.70 5.70 4.55 4.55 4.55 4.55
EXAIR by 0 1.335 1.337 1.337 1.335 1.249 1.250 1.250 1.249
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 8.8 8.8 8.8 8.8 9.5 9.5 9.5 9.5
NO, as meas., ppm 37.0 28 28 36.5 43.0 33.5 33 44.0
NO, 0% EA, ppm 49.4 37.4 37.4 48.7 53.7 41.9 41.2 55.0
N0x, 0% EA, ppm 49.4 37.4 37.4 49.4 53.7 41.2 42.5 55.0
S02, 0% EA, ppm — 3970 3850 — 3960 3880 --
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Date: 10-23-75 Injector: Radial Reference Figure: 4.6

INLET PARAMETERS
Run No. 3-A 3-B 3-C 3-D 4-A 4-B 4-C 4-D
Fuel flow, cfm .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 6.39 6.39 6.39 6.39 .586 5.86 5.81 5.81
% Swirl 38 38 38 38 38 38 38 38
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound 
and position -- SA SG -- — SA SG --

Additive flow, ccm — -- -- — -- — -- —
Wt % N — -- — — -- — -- --
Wt % s 5.97 — -- 5.92 --

FLUE MEASUREMENTS

% C>2, para. 3.20 ■ 3.20 3.20 3.20 2.10 2.10 2.10 2.10
EXAIR by 02 1.162 1.162 1.162 1.162 1.100 1.100 1.100 1.100
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 10.2 10.2 10.2 10.2 10.9 10.9 10.9 10.9
NO, as meas., ppm 53 40 41 53 58 44 46 58
NO, 0% EA, ppm 61.6 46.5 47.7 61.6 63.8 48.4 50.6 63.8
N0x, 0% EA, ppm 61.6 46.5 47.7 60.4 63.8 48.4 50.3 63.8
S02, 0% EA, ppm -- 4070 3930 -- — 4070 3910 --
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Date: 10-28-75 Injector: Radial Reference Figure: 4.6

INLET PARAMETERS
Run No. 5-A 5-8 S-C 5-D 6-A 6 — 8 6-C 6-D
Fuel flow, cfa .613 .613 .613 .613 .613 .613 .613 .613
Air flow, scfm 5.54 5.54 5.54 5.54 5.52 5.48 5.48 5.46
% Swirl 38 38 38 38 38 38 38 38
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound 
and position — SA SG -- — SA SG

Additive flow, ccm -- 600 580 -- — 592 592 - -
Wt % N — — — -- — -- — —
IVt % S — — 6.07 — — 6.19 --

FLUE MEASUREMENTS

% C>2, para. 1.05 • 1.05 1.05 1.05 .35 . 35 .35 .35
EXAIR by 0^ 1.047 1.048 1.048 1.047 1.015 1.015 1.015 1.015
% CO, 0% EA <.02 <.02 <.02 <.02 <.061 <.061 <.25 <.061
% CO,,, as meas. 11.6 11.6 11.6 11.6 11.9 11.9 11.7 11.9
NO, as meas., ppm 61.0 47 48 61.0 60 46 48 58
NO, 0% EA, ppm 63.9 49.2 50.3 63.9 60.9 46.7 48.7 58.9
N0x, 0% EA, ppm 63.9 50.3 51.4 63.9 60.9 47.7 48.7 58.9
SO,,, 0% EA, ppm -- 4190 4040 -- -- 4140 4140 --
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Date: 11-6-75 Injector: Axial Reference Figure: 4.3
-----------------------------------------------------------------------------------------------

INLET PARAMETERS
Run No. 1-A 1-B 1-C 1-D 2-A 2-B 2-C 2-D
Fuel flow, cfm .768 .768 .768 .768 .768 .768 .768 .768
Air flow, scfm 10.5 10.5 10.5 10.5 9.40 9.40 9.34 9.31
% Swirl 40 40 40 40 40 40 40 40
Air preheat, °F 440 440 440 440 440 440 440 440
Additive compound 
and position — SA SG — — SA SG -■

Additive flow, ccm -- 538 605 — -- 549 631 --
Wt % N — -- -- — -- — -- —
Wt % S -- — 5.17 — — — 5.37 —

FLUE MEASUREMENTS

% 02, para. 4.50 • 4.30 4.30 4.30 2.60 2.60 2.60 2.60
EXAIR by 0^ 1.232 1.232 1.232 1.232 1.127 1.128 1.128 1.127
% CO, 0% EA <.02 <.02 <.02 <NOV <.02 <.02 <NOV <.02
% C02, as meas. 8.8 8.8 8.8 8.8 9.7 9.7 9.7 9.7
NO, as meas., ppm 89 80 100 88 85 76 105 83
NO, 0% EA, ppm 109.6 • 98.6 123.3 108.4 95.8 85.7 118.4 93.6
N0x, 0% EA, ppm 109.6 98.6 123.3 107.2 95.8 84.6 118.4 93.6
S02, 0% EA, ppm — 2960 3530 — 3040 3500 --



122

Date: 11-6-75 Injector: Axial Reference Figure: 4.3

INLET PARAMETERS
Run No. 3-A 3-B 3-C 3-D 4-A 4-B 4-C 4-D
Fuel flow, cfm .768 .768 .768 .768 .768 .768 .768 .768
Air flow, scfm 8.95 8.95 8.95 8.92 8.73 8.73 8.70 8.70
% Swirl 40 40 40 40 40 40 40 40
Air preheat, °F 440 440 440 440 440 440 440 440
Additive compound 
and position — SA SG — — SA SG —

Additive flow, ccm — 546 634 — -- 577 643 --
IV t % N -- -- — — -- -- — --
Wt % S — 5.39 -- -- — 5.46 —

FLUE MEASUREMENTS

% 02, para. 1.80 1.80 1.80 1.80 1.20 1.20 1.20 1.20
EXAIR by 0^ 1.084 1.085 1.085 1.084 1.054 1.055 1.055 1.054
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 9.9 9.9 9.9 9.9 10.2 10.2 10.2 10.2
NO, as meas., ppm 79 70 102 79 75 65 97 75
NO, 0% EA, ppm 85.7 75.9 110.6 85.7 79.1 68.6 102.3 79.1
N0x, 0% EA, ppm 86.7 75.9 110.6 86.7 80.1 68.6 103.4 79.1
S02, 0% EA, ppm -- 3040 3520 -- — 3220 3590 --
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Date: 11-6-75 Injector: Axial Reference Figure: 4.3

INLET PARAMETERS

Run No. 5-A 5-B 5-C 5-D 6-A 6—B 6-C 6-D
Fuel flow, cfm .768 .768 .768 .768 .768 .768 .768 .768
Air flow, scfm 8.50 8.50 8.50 8.50 9.17 9.17 9.17 9.17
% Swirl 40 40 40 40 40 40 40 40
Air preheat, °F 440 440 440 440 440 440 440 440
Additive compound 
and position -- SA SG — -- SA SG —

Additive flow, ccm — 573 669 -— —- 519 651 --
IV t % N — — -- -- -- -- — --
Wt % S -- — 5.66 — — — 5.52

FLUE MEASUREMENTS

% 02, para. .75 • .75 .75 .75 2.60 2.60 2.60 2.60
EXAIR by 0^ 1.033 1.033 1.034 1.033 1.127 1.128 1.128 1.127
% CO, 0% EA <.04 <.04 <.04 <.04 <.02 <.02 A O N) <.02
% C07, as meas. 10.5 10.5 10.5 10.5 9.6 9.6 9.6 9.6
NO, as meas., ppm 70 59 88 69 79 70 98 78
NO, 0% EA, ppm 72.3 61.0 90.9 71.3 89.0 78.9 110.5 87.9
N0x, 0% EA, ppm 74.4 64.0 93.2 72.3 90.2 80.1 109.4 87.9
S02, 0% EA, ppm — 3200 3740 — -- 2880 3610 --
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Date: 11-7-75 Injector: Radial Reference Figure: 4.8

INLET PARAMETERS
Run No. 1-A 1-B 1-C 1-D 2-A 2-B 2-C 2-D
Fuel flow, cfm .768 .768 .768 .768 .768 .768 .768 .768
Air flow, scfm 8.96 8.96 8.90 8.90 8.32 8.32 8.32 8.26
% Swirl 42 42 42 42 42 42 42 42
Air preheat, °F 440 440 440 440 440 440 440 440

Additive compound 
and position — SA SG — — SA SG --

Additive flow, can -- 503 525 — — 517 558 --
Wt % N -- — -- -- — — --
Wt % S — — 4.55 — — 4.81 --

FLUE MEASUREMENTS

% 07, para. 3.90 • 3.90 3.90 3.90 2.90 2.90 2.90 2.90
EXAIR by C>2 1.205 1.206 1.206 1.205 1.144 1.145 1.145 1.144
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
?i CO^, as me as. 8.5 8.5 8.5 8.5 9.0 9.0 9.0 9.0
NO, as meas., ppm 76 64 64 76 85 71 72 85
NO, 0% EA, ppm 91.6 77.2 77.2 91.6 97.3 81.3 82.4 97.3
NO^, 0% EA, ppm 91.6 77.2 77.2 90.4 97.3 81.3 83.6 97.3
SO^, 0% EA, ppm — 2770 2890 -- 2860 3090 --
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Date: 11-7-75 Injector: Radial Reference Figure: 4.8

' INLET PARAMETERS
Run No. 3-A 3-B 3-C 3-D 4-A 4-B 4-C 4-D
Fuel flow, cfm .768 .768 .768 .768 .768 .768 .768 .768
Air flow, scfm 7.96 7.89 7.89 7.89 7.55 7.55 7.55 7.55
% Swirl 42 42 42 42 42 42 42 42
Air preheat, °F 440 440 440 440 440 440 440 440
Additive compound 
and position -- SA SG -- — SA SG —

Additive flow, ccm -- 565 571 — — 580 570 —
Wt % N -- — -- — -- — —
Wt % S -- — 4.91 — — -- 4.90 --

FLUE MEASUREMENTS

?i 02, para. 2.00 2.00 2.00 2.00 1.30 1.30 1.30 1.30
EXAIR by 07 1.095 1.095 1.095 1.095 1.059 1.060 1.060 1.059
% CO, 0% EA <.02 <.02 <NOV <.02 <.02 <.02 <.02 <.02
% C02, as meas. 9.5 9.5 9.5 9.5 10.0 10.0 10.0 10.0
NO, as meas ., ppm 94 76 80 93 97 79- 86 96
NO, 0% EA, ppm 102.9 83.2 87.6 101.8 102.8 83.7 91.1 101.7

NO^, 0% EA, ppm 102.9 83.2 87.6 100.7 102.8 83.7 91.1 101.7
S02, 0% EA, ppm — 3140 3180 -- — 3230 3180 --
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Date: 11-7-75 Injector: Radial Reference Figure: 4.8

INLET PARAMETERS
Run No. 5-A 5-B 5-C 5-D
Fuel flow, cfm .768 .768 .768 .768
Air flow, scfra 7.29 7.29 7.29 7.29
% Swirl 42 42 42 42
Air preheat, °F 440 440 440 440
Additive compound 
and position -- SA SG --

Additive flow, can — 618 600 —
Wt % N -- — -- —
Wt % S -- -- 5.13 —

FLUE MEASUREMENTS

% 07, para. .40 .40 .40 .40
EXAIR by 0^ 1.018 1.018 1.018 1.018
% CO, 0% EA <.02 <.02 <.02 <.02
% C0-,, as raeas. 10.4 10.4 10.4 10.4
NO, as meas., ppm 99 80 90 98
NO, O'S EA, ppm 100.7 81.4 91.6 99.7
NO^, 0% EA, ppm 100.7 81.4 91.6 99.7
S0?, 0% EA, ppm — 3460 3360 —
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Date: 5-27-76 Injector: Axial Reference Figure: 4.4

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 11.9 11.5 11.1 10.8 10.5 10.3 10.0 9.77

% Swirl 44 44 44 44 44 44 44 44

Air preheat, °F 430 430 430 430 430 430 430 430

Additive compound 
and position — -- -- — — — — --

Additive flow, can -- — — — -- — —
Wt % N -- -- — -- -- — — —
Wt % S — — -- — -- -- —

FLUE MEASUREMENTS

% 02, para. 4.72 • 4.25 3.63 3.07 2.47 2.20 1.70 1.20
EXAIR by 0 1.261 1.228 1.188 1.154 1.120 1.105 1.079 1.054
% CO, 0% EA -- — — -- — — — —
% C02, as meas. -- — -- — — — — --
NO, as meas., ppm 128 131 134 136 136 135 132 129
NO, 0% EA, ppm 161.4 160.9 159.2 157.0 152.3 149.2 142.5 136.0
N0x, 0% EA, ppm -- -- — — — — — —
S02, 0% EA, ppm — — -- — — -- — --
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Date: 5-27-76 Injector: Axial Reference Figure: 4.4

INLET PARAMETERS
Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 9.56 11.9 11.7 11.7 11.9 11.7 11.4 11.2
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position — -- SA SA SA SA

Additive flow, can -- -- — -- 471 503 524 542
IV t % N — — -- — — -- -- --
IVt % S — — — — -- —

FLUE MEASUREMENTS

% 02, para. .95 4.50 4.02 3.80 4.60 4.10 3.67 3.15
EXAIR by 0? 1.043 1.245 1.213 1.199 1.253 1.219 1.191 1.159
% CO, 0% EA — —— — —— •— —— - - ■ —
% C02, as meas. — — — —- — — — --
NO, as meas., ppm 124 130 131 130 119 122 124 126
NO, 0% EA, ppm 129.3 161.9 158.9 155.8 149.1 148.7 147.7 146.1
NO^, 0% EA, ppm — — -- -- — — — —
SO,,, 0% EA, ppm — -- -- 2510 2680 2800 2900
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Date: 5-27-76 Injector: Axial Reference Figure: 4.4

INLET PARAMETERS

Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A 24-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 10.9 10.6 10.3 10.0 9.72 11.0 11.9* 12.1
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position SA SA SA SA SA SA SG SG

Additive flow, ccm 555 558 570 574 588 539 639 641
Wt % N -- — — — — -- — —
Wt % S — — -- — — — 5.28 5.29

FLUE MEASUREMENTS

% C>2, para. 2.90 • 2.65 2.00 1.47 .95 3.05 4.05 4.40
EXAIR by 0^ 1.145 1.130 1.095 1.068 1.043 1.153 1.216 1.239
% CO, 0% EA — — — -- — -- — --
% C02, as meas. -- — — — — — — —
NO, as meas., ppm 127 128 126 122 119 126 140 135
NO, 0% EA, ppm 145.4 144.7 138.0 130.3 124.1 145.3 170.2 167.3
N0x, 0% EA, ppm — — — — -- -- -- --
SO.,, 0% EA, ppm 2980 3000 ' 3070 3100 3180 2880 3400 3410
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Date: 5-27-76 Injector: Axial Reference Figure: 4.4

INLET PARAMETERS
Run No. 25-A 26-A 27-A 28-A 29-A 30-A 31-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 11.6 11.4 ii. i 10.9 10.5 10.2 9.94
% Swirl 44 44 44 44 44 44 44
Air preheat, °F 430 430 430 430 430 430 430
Additive compound 
and position SG SG SG SG SG SG SG

Additive flow, can 645 643 639 636 640 641 650 •

Wt % N -- — — — — — —
IVt % S 5.32 5.30 5.28 5.25 5.28 5.29 5.35

FLUE MEASUREMENTS

% 02, para. 3.60 ■ 3.25 2.85 2.45 2.15 1.40 1.05
EXAIR by 0^ 1.187 1.165 1.142 1.119 1.103 1.064 1.048
% CO, 0% EA -- — -- — -- --
% C02> as meas. — -- -- — -- — —
NO, as meas., ppm 139 140 141 140 139 135 132
NO, 0% EA, ppm 165.0 163.2 161.0 156.7 153.3 143.7 138.3
N0x, 0% EA, ppm -- — — — -- —
S02, 0% EA, ppm 3440 3440 3420 3410 3440 3460 3510
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Date: 5-28-75 Injector: Axial Reference Figure: 5.9

' INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 12.1 11.8 11.5 11.0 10.5 — 12.4 12.1
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position — — — — — -- NG NG

Additive flow, can — — -- -- -- — 270 270
Wt % N -- — — -- — — 1.076 1.076
Wt % S — — -- — -- -- — --

FLUE MEASUREMENTS
% 02, para. 4.40 • 4.10 3.62 3.00 2.25 2.90 4.75 4.40
EXAIR by 0^ 1.238 1.218 1.188 1.150 1.108 1.144 1.263 1.238
% CO, 0% EA — -- — — -- — -- —
% C0o, as meas. -- — —- — — — --
NO, as meas., ppm 130 132 134 136 134 125 287 285
NO, 0% EA, ppm 161.0 160.8 159.1 156.4 148.5 143.0 362.5 353.0
N0x, 0% EA, ppm — — -- — -- -- -- —
S02, 0% EA, ppm -- — — — — -- --
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Date: 5-28-76 Injector: Axial Reference Figure: 5.9

INLET PARAMETERS
Run No. 9-A 10-A 11-A 12-A 13-A 14-A 1S-A 16-A
Fuel flow, cfin .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 11.8 11.4 11.2 10.8 10.5 10.3 10.1 12.1
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position NG NG NG NG NG NG NG NG

Additive flow, ccm 270 270 270 270 270 270 270 270
Wt % N 1.076 1.076 1.076 1.076 1.076 1.076 1.076 1.076
Wt % S — -- — — — — — --

FLUE MEASUREMENTS

% 02, para. 4.00 • 3.40 3.00 2.65 2.07 1.62 1.30 4.30
EXAIR by 0? 1.212 1.174 1.150 1.130 1.098 1.075 1.059 1.232
% CO, 0% EA -- — -- — — -- -- —
% C02, as meas. — — -- — — — —
NO, as meas., ppm 290 285 280 275 262 250 238 285
NO, 0% EA, ppm 315.4 334.5 322.0 310.7 287.8 268.8 252.1 351.0
N0x, 0% EA, ppm — — — — — —
S02, 0% EA, ppm -- — -- -- — — — —
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Date: 5-28-76 Injector: Axial Reference Figure: 5.9

INLET PARAMETERS

Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A 24-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 12.1 12.1 12.4 11.9 11.6 11.2 10.9 10.5
% Swirl 44 44 44 44 44 44 44 44

Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position NG NG.SG NG.SG NG.SG NG.SG NG.SG NG,SG NG.SG

Additive flow, ccm 270 270,614 270,640 270,648 270,636 270,622 270,635 270,647
Wt % N 1.076 .968 .964 .962 .964 .966 .964 .962
Wt % S — 5.03 5.22 5.28 5.19 5.09 5.18 5.27

FLUE MEASUREMENTS

% 02, para. 4.25 • 4.15 4.40 3.95 3.50 2.80 2.55 2.00
EXAIR by 02 1.228 1.222 1.239 1.209 1.180 1.139 1.125 1.095
% CO, 0% EA — — -- -- — -- — --
% C02, as meas. -- — — — — — —
NO, as meas., ppm 285 390 392 400 390 390 390 385
NO, 0% EA, ppm 350.1 476.7 485.8 483.7 460.4 444.2 438.7 421.6
N0x, 0% EA, ppm — - - • — -- — -- —
S02, 0% EA, ppm 3240 3370 3420 5360 3300 3370 3450
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Date: 5-28-76 Injector: Axial Reference Figure: 5.9

' INLET PARAMETERS

Run No. 25-A 26-A 27-A 28-A 29-A 30-A 31-A 32-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 10.3 ' 10.1 11.2 12.2 11.9 11.6 10.4 11.0
% Swirl 44 44 44 44 44 44 44 44

Air preheat, eF 430 430 430 430 430 430 430 430

Additive compound 
and position NG.SG NG.SG NG.SG NG.SA NG.SA NG.SA NG.SA NG.SA

Additive flow, ccm 270,650 270,654 270,617 270,356 270,344 270,345 270,350 270,365
Wt % N .962 .961 .967 1.076 1.076 1.076 1.076 1.076
Wt % S 5.29 5.32 5.05 — — — — —

FLUE MEASUREMENTS

% 07, para. 1.45 • 1.30 2.97 4.25 4.00 3.50 3.17 2.87
EXAIR by 0^ 1.067 1.060 1.149 1.229 1.212 1.180 1.160 1.143
% CO, 0% EA — — — — — -- -- --
% C07, as meas. — -- — -- -- -- — —
NO, as meas., ppm 370 365 390 310 310 315 315 315
NO, 0% EA, ppm 394.8 386.7 448.0 380.9 375.7 371.8 365.5 359.9

N0x> 0% EA, ppm -- -- — -- — — --

S02, 0% EA, ppm 3470 3500 3270 1880 1820 1830 1860 1940
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Date: 5-28-76 Injector: Axial Reference Figure: 5.9

INLET PARAMETERS

Run No. 33-A 34-A 35-A 36-A 37-A
Fuel flow, cfm .792 .792 .792 .792 .792
Air flow, scfm 10.6 10.3 10.7 11.4 12.1
% Swirl 44 44 44 44 44
Air preheat, °F 430 430 430 430 430
Additive compound 
and position NG.SA NG,SA NG.SA NG.SA NG.SA

Additive flow, ccm 270,373 270,381 270,394 270,339 270,336 I
IVt % N 1.076 1.076 1.076 1.076 1.076
Wt % S — — -- — --

FLUE MEASUREMENTS

% C>2, para. 2.20 ■ 1.55 1.20 3.20 4.20
EXAIR by 02 1.106 1.072 1.055 1.162 1.225
% CO, 0% EA -- — — -- —
% CO.,, as meas. — — -- -- --
NO, as meas., ppm 310 292 277 318 315
NO, 0% EA, ppm 342.7 313.0 292.1 369.5 386.0
N0x, 0% EA, ppm — — — — --
S02, 0% EA, ppm 1990 2040 2110 1800 1780
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Date: 5-31-76 Injector: Axial Reference Figure: 4.5

INLET PARAMETERS
Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 11,2 . 11.4 11.4 11.2 11.3 11.2 11.4 11.4
% Swirl 44 39 35 31 44 52 46 44
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position — — — — — -- -- --

Additive flow, can — — — — — — — —
IV t % N — — — -- -- -- — --
Wt % S — — — — — — -- —

FLUE MEASUREMENTS
% 02, para. 3.00 • 3.00 3.00 3.00 3.00 3.00 3.00 3.00
EXAIR by 0 1.150 1.150 1.150 1.150 1.150 1.150 1.150 1.150
% CO, 0% EA -- — — — -- — --
% C02, as meas. — -- -- -- — -- — —
NO, as meas., ppm 136 148 162 151 129 125 127 130
NO, 0% EA, ppm 156.4 170.2 186.3 173.6 148.3 143.7 146.0 149.5
N0x, 0% EA, ppm -- — — — — -- — --
S0?, 0% EA, ppm — — — — — — — —
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Date: 5-31-76 Injector: Axial Reference Figure: 4.5

INLET PARAMETERS
Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, cfm .792 .792 .792 .792 .792 .792 .792 .792
Air flow, scfm 11.7 11.8 12.1 11.9 11.7 11.6 11.6 11.7
% Swirl 44 40 36 33 44 51 44 40
Air preheat, °F 430 430 430 430 430 430 430 430
Additive compound 
and position SG SG SG SG SG SG SA SA

Additive flow, ccm 591 604 602 602 818 595 333 300
Wt % N -- -- — — -- -- — —
Wt % S 4.92 5.01 5.00 5.00 6.56 4.95 -- —

FLUE MEASUREMENTS

% 02, para. 3.00 • 3.00 3.00 3.00 3.00 3.00 3.00 3.00
EXAIR by CL 1.150 1.150 1.150 1.150 1.150 1.150 1.150 1.150
% CO, 0% EA -- — — -- — — — —
% C02, as meas. — — — -- — — — —
NO, as meas., ppm 141 149 171 171 135 129 122 135
NO, 0% EA, ppm 162.2 171.4 196.7 196.7 155.3 148.4 140.3 155.3
NO^, 0% EA, ppm — — -- — — — —
S02, 0% EA, ppm 3160 3230 3220 3220 4370 3190 1730 1610
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Date: 5-31-76 Injector: Axial Reference Figure: 4.5

INLET PARAMETERS
Run No. 17-A 18-A 19-A 20-A
Fuel flow, cfm .792 .792 .792 .792
Air flow, scfm 12.0 11.4 11.4 11.6
% Swirl 36 33 44 51
Air preheat, °F 430 430 430 430
Additive compound 
and position SA SA SA SA

Additive flow, ccm 279 290 311 330 •

IV t % N -- -- —
Wt % S — -- — --

FLUE MEASUREMENTS

% C>2, para. 3.00 • 3.00 3.00 3.00
EXAIR by 02 1.150 1.150 • 1.150 1.150
% CO, 0% EA — — — - -

% C02, as meas. -- — — —

NO, as meas., ppm 152 145 115 120
NO, 0% EA, ppm 174.8 166.8 132.3 138.0
N0x, 0% EA, ppm — — —
S02, 0% EA, ppm 1500 1550 1670 1770



APPENDIX D

EXPERIMENTAL DATA -- #2 DIESEL OIL

The data presented and discussed in Chapters 4 through 6 con

cerning "thermal" and "fuel" NO formation in turbulent distillate oil 

diffusion flames are listed in this appendix. The figure number included 

on each set of data indicates that the data listed correspond to the data 

plotted on that particular figure.

The following terminology is used throughout the listings:

1. EXAIR --excess air conditions.

2. %C0, %C0^, —  the volumetric percentage of each specie in the

flue gas.

3. 0% EA —  values reported are data reduced to stoichiometric 

conditions.

4. as meas. -- values reported are as measured experimentally.

5. para. -- measured by Beckman Model F3 Paramagnetic Oxygen 

Analyzer.

6 . P, T, B , —  pyridine, thiophene, and benzene, respectively.

7. SA -- SOg added to inlet air.
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Date: 12-4-75 Nozzle: 80°R Reference Figure: 4.9

INLET PARAMETERS
Run No. 1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 14.3 14.3 14.3 14.3 14.3 14.3 13.5 13.5
% Swirl 59 59 59 59 59 59 59 59
Air preheat, eF 100 100 100 100 100 100 100 100
Additive compound — B — — B — — B
Additive flow, can — 2.4 -- -- 2.4 — — 2.4
Wt % N — — — -- — — —
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.65 4.55 4.47 4.48 4.50 4.60 3.73 3.67
EXAIR by 0^ 1.256 1.250 1.244 1.244 1.246 1.253 1.195 1.191
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 12.0 12.0 12.1 12.1 12.1 12.1 12.7 12.7
NO, as meas., ppm 77.5 80 84 85 87 87 86 87
NO, 0% EA, ppm 97.4 100 104.5 105.8 108.4 109.0 102.7 103.6
NO^, 0% EA, ppm 97.4 100 105.9 105.8 108.5 109.0 103.4 104.2
S02, 0% EA, ppm 120 110 120 120 120 120 120 130
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Date: 12-4-75 Nozzle: 80°R Reference Figure: 4.9

INLET PARAMETERS

Run No. 3-C 4-A COTf- 4-C 5-A 5-B 5-C 6-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 13.5 12.7 12.7 12.7 11.7 11.7 11.7 11.2
% Swirl 59 59 59 59 59 59 59 59
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound — B -- -• B
Additive flow, can -- -- 2.4 — " 2.4 — — - ™
IVt % N — — -- — •• — — ••
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 3.72 2.60 2.57 2.70 1.65 1.65 1.72 .66
EXAIR by 0^ 1.194 1.127 1.126 1.133 1.077 1.077 1.080 1.029
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% CO-,, as meas. 12.7 13.6 13.6 13.6 14.5 14.5 14.5 15.2
NO, as meas., ppm 88.5 86.5 87 86 82 82 80 74
NO, 0% EA, ppm 105.7 97.5 98.0 97.4 88.3 88.3 86.4 76.2
NO^, 0% EA, ppm 105 97.5 98.5 97.4 88.3 88.9 86.4 76.2
S07, 0% EA, ppm 120 120 130 140 140 140 140 140



142

Date: 12-4-75 Nozzle: 80°R Reference Figure: 4.9

INLET PARAMETERS

Run No. 6—B 6-C
Fuel flow, can 32 32
Air flow, scfm 11.2 11.2
% Swirl 59 59
Air preheat, *F 100 100
Additive compound B —
Additive flow, can 2.4 --
Wt % N — —
Wt % S .3 .3

FLUE MEASUREMENTS

% 02, para. .63 .60
EXAIR by 0^ 1.028 1.026
% CO, 0% EA <.02 <.02
% C02, as meas. 15.1 15.2

NO, as meas., ppm 75.5 68

NO, 0% EA, ppm 77.6 69.8
NO^, 0% EA, ppm 78.1 69.8
SO,, 0% EA, ppm 140 140
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Date: 12-9-75 Nozzle: 80°R Reference Figure: 4.10

INLET PARAMETERS

Run No. 1-A 1-B 1-C 2-A 2-B 2-C 3-A 3-B
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfra 14.5 14.6 14.6 13.3 13.2 13.2 12.2 12.1
% Swirl 60 60 60 60 60 60 60 60
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound -- T — -- T — -- T
Additive flow, ccm -- 2.4 — — 2.4 — — 2.4
Wt % N — -- -- — —* — —
Wt % S .3 3.81 .3 .3 3.81 .3 .3 3.81

FLUE MEASUREMENTS

% 02, para. 6.70 6.65 6.80 3.72 4.80 3.75 2.75 3.47
EXAIR by 0^ 1.422 1.419 1.432 1.194 1.268 1.196 1.136 1.179
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 11.6 11.6 11.6 12.9 11.9 12.9 13.6 13.0
NO, as meas., ppm 59 52.5 59 69 63 71 72.5 63
NO, 0% EA, ppm 83.9 74.5 84.5 82.4 79.9 84.9 82.3 74.3
N0x> 0% EA, ppm 83.9 75.2 84.5 82.4 79.9 85.5 81.8 74.3
S07, 0% EA, ppm 140 1700 140 120 1840 120 110 1940
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Date: 12-9-75 Nozzle: 80eR Reference Figure: 4.10

INLET PARAMETERS

Run No. 3-C
Fuel flow, can 32
Air flow, scfm 12.1
% Swirl 60
Air preheat, ®F 100

Additive compound —
Additive flow, can —
Wt % N

Wt % S . 3

FLUE MEASUREMENTS

% 02, para. 2.35
EXAIR by 0^ 1.114
% CO, 0% EA <.02
% C02, as meas. 13
NO, as meas., ppm 75
NO, 0% EA, ppm 83.5
N0x, 0% EA, ppm 83.5
S02, 0% EA, ppm 110
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Date: 2-18-76 Nozzle: 30°R Reference Figure: 5.3

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfin 10.8 9.44 8.68 12.7 11.0 11.0 9.97 9.47
% Swirl 44 44 44 44 44 44 44 44
Air preheat, *F 100 100 100 100 100 100 100 100
Additive compound P,T P,T P,T P,T P,T P P P
Additive flow, can 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4
Wt % N 1.52 1.52 1.52 1.52 1.52 1.55 1.55 1.55
Wt % s 3.75 3.75 3.75 3.75 3.75 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 3.45 1.95 1.00 6.50 5.00 4.20 2.45 1.30
EXAIR by 0^ 1.178 1.093 1.045 1.406 1.283 1.226 1.119 1.060
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as raeas. 13.0 14.0 14.6 10.4 11.7 12.3 • 13.8 14.6
NO, as meas., ppm 840 750 600 890 890 850 880 760
NO, 0% EA, ppm 989.6 819.5 627.2 1252 1142 1040 985 805.3
N0x, 0% EA, ppm — — — — — -- -- --
S07, 0% EA, ppm 1880 2080 2190 2000 2050 150 140 160
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Date: 2-18-76 Nozzle: 30°R Reference Figure: 5.3

INLET PARAMETERS
Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfin 11.6 12.6 . 9.90 9.28 11.4 10.4 — 11.1
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 100 100 100 100 100 100 100 100
Additive compound P P P P P P P P
Additive flow, can 2.4 2.4 2.4 2.4 1.2 1.2 1.2 1.2
Wt % N 1.55 1.55 1.55 1.55 .783 .783 .783 .783
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.65 5.80 1.95 .80 3.62 2.15 .45 3.50
EXAIR by 0^ 1.257 1.345 1.093 1.036 1.188 1.103 1.020 1.180
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 12.1 11.1 14.3 15.2 13.0 14.2 -- 12.9
NO, as meas., ppm 870 890 770 620 550 495 355 560
NO, 0% EA, ppm 1094 1197 841.2 642.2 653.4 545.9 362.0 661.1
NO^, 0% EA, ppm -- • — — -- 659 — — —
S02, 0% EA, ppm 160 130 160 190 160 180 — 160



1 4 7

Date: 2-18-76 Nozzle: 30°R Reference Figure: 5.3

INLET PARAMETERS
Run No. 17-A 18-A 19-A 20-A 21-A 22-A
Fuel flow, can 32 32 32 32 32 32
Air flow, scfm 11.3 10.7 10.2 12.3 12.7 13.6
% Swirl 44 44 44 44 44 44
Air preheat, °F 100 100 100 100 100 100
Additive compound — — — — --
Additive flow, can -- — -- -- — —
Wt % N — — -- - - -- ——
Wt % S .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 2.95 1.90 .90 3.95 4.45 5.15
EXAIR by 0^ 1.147 1.090 1.040 1.209 1.242 1.293
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02
% C07, as meas. 13.0 13.9 14.8 12.3 11.8 11.1
NO, as meas., ppm 88 82 77 81 76 71
NO, 0% EA, ppm 101.0 89.3 80.1 97.9 94.4 91.8
N0x, 0% EA, ppm — — — —
S07, 0% EA, ppm 180 210 230 180 170 170
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Date: 2-23-76 Nozzle: 30°R Reference Figure: 5.2

INLET PARAMETERS
Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 12.9 12.0 11.1 10.0 12.5 11.7 11.3 10.3
% Swirl 43 43 43 43 43 43 43 43
Air preheat, °F 110 110 110 110 110 110 110 110
Additive compound P,T P,T P»T P»T P,T P,T P,T P,T
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .776 .776 .776 .776 .776 .776
Wt % S 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05

FLUE MEASUREMENTS

% 02, para. 6.80 5.70 4.35 2.87 6.00 5.30 4.55 3.10
EXAIR by 0^ 1.433 1.337 1.236 1.143 1.362 1.305 1.250 1.156
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C09, as meas. 10.7 11.4 12.4 13.6 11.1 12.0 12.3 13.4
NO, as meas., ppm 510 545 540 460 500 525 530 500
NO, 0% EA, ppm 730.7 728.5 667.5 525.8 680.7 685.1 662.5 578.2
NO^, 0% EA, ppm 770 -- — — -- -- -- —

, S02, 0% EA, ppm 860 920 940 1040 970 980 990 990
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Date: 2-23-76 Nozzle: 30°R Reference Figure: 5.2

INLET PARAMETERS

Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A
Fuel flow, can 32 32 32 32 32 32 32
Air flow, scfm 9.69 9.01 12.2 11.5 10.7 10.2 9.82
% Swirl 43 43 43 43 43 43 43
Air preheat, °F 110 110 110 110 110 110 110
Additive compound P,T P,T P P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .783 .783 .783 .783 .783
V/t % s 2. OS 2.05 .3 .3 .3 .3 .3

FLUE MEASURB1ENTS

% 02, para. 2.10 1.17 5.65 4.50 2.95 1.95 1.35
EXAIR by 0^ 1.100 1.053 1.332 1.246 1.148 1.092 1.062
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02> as meas. 14.2 15.0 11.5 12.2 13.5 14.5 14.8
NO, as meas., ppm 470 415 510 510 475 400 350
NO, 0% EA, ppm 517.2 437.1 679.4 635.5 545.0 436.9 371.7
N0x, 0% EA, ppm -- — — — — -- --
S07, 0% EA, ppm 1000 1020 230 160 150 180 200
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Date: 3-8-76 Nozzle: 30°R Reference Figure: 5.4

INLET PARAMETERS
Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 10.2 10.4 10.6 10.6 10.3 9.84 10.5 10.0
% Swirl 43 51 58 67 36 28 0 42
Air preheat, °F 110 110 110 110 110 110 110 110
Additive compound P,T P»T P,T P.T P.T P.T P.T P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .776 .776 .776 .776 .776 .783
Wt % S 2.05 2.05 2.05 2.05 2.05 2.05 2.05 .3

FLUE MEASUREMENTS

% 02, para. 3.00 • 3.00 3.00 3.00 3.00 3.00 3.00 3.00
EXAIR by 0^ 1.151 1.151 1.151 1.151 1.151 1.151 1.151 1.150
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 CMOV

% CO.,, as meas; 13.4 13.4 13.4 13.5 13.4 13.3 13.4 13.6
NO, as meas., ppm 270 291 330 368 274 305 352 248
NO, 0% EA, ppm 310.7 334.8 379.7 423.4 315.3 350.9 405.0 285.3
NO^, 0% EA, ppm — -- -- — — — -- --
S0o, 0% EA, ppm 950 970 920 940 950 1060 1010 230
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Date: 3-8-76 Nozzle: 30°R Reference Figure: 5.4

INLET PARAMETERS

Run No. 9-A 10-A 11-A 12-A 13-A
Fuel flow, can 32 32 32 32 32
Air flow, scfm 10.1 10.3 9.96 10.6 10.8
% Swirl 51 58 64 0 21
Air preheat, eF 110 110 110 110 110
Additive compound P P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783
V/t % s .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 07, para. 3.00 3.00 3.00 3.00 3.00
EXAIR by 0 1.150 1.150 1.150 1.150 1.150
% CO, 0% EA <.02 <.02 <.02 <.02 <.02
% C02, as meas. 13.4 13.6 13.4 13.5 13.5
NO, as meas., ppm 263 295 301 320 291
NO, 0% EA, ppm 302.5 339.4 346.3 368.1 334.8
N0x, 0% EA, ppm -- — -- — --
S0o, 0% EA, ppm 220 180 170 170 170
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Date: 3-14-76 Nozzle: 30°R Reference Figure: 6.1

INLET PARAMETERS
Run No. 1-A 2-A 3-A 4-A
Fuel flow, can 32 32 32 32
Air flow, scfm 10.6 10.6 10.6 10.5
% Swirl 42 42 42 42
Air preheat, °F 100 100 100 100
Additive compound P P P P
Additive flow, can 1.2 .6 .24 2.4
Wt % N .783 .398 .166 1.55
IVt % s .3 .3 .3 .3

FLUE MEASURB1ENTS
% 02, para. 3.00 3.00 3.00 3.00
EXAIR by 0^ 1.150 1.150 1.150 1.151
% CO, 0% EA <.02 <.02 <.02 <.02
% C02, as meas. 13.6 13.6 13.5 13.5
NO, as meas., ppm 315 243 173 419
NO, 0% EA, ppm 362.4 279.5 199.0 482.1
N0x, 0% EA, ppm — — -- —
SO-,, 0% EA, ppm 110 120 130 130
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Date: 4-12-76 Nozzle: 30°R Reference Figure: 5.1

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A
Fuel flow, can 32 32 32 32 32
Air flow, scfm 13.9 13.5 13.2 13.4 13.8
% Swirl 43 43 43 43 43
Air preheat, °F 120 120 120 120 120
Additive compound — — -- — --
Additive flow, can -- -- -- — —
Wt % N — — — -- —
Wt % S .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 3.60 2.35 1.60 2.65 3.35
EXAIR by 0^ 1.186 1.114 1.074 1.130 1.171
% CO, 0% EA in0V* <.04 <.025 <.035 <.05
% C02, as meas. 13.2 13.9 14.5 13.8 12.8
NO, as meas., ppm 74 72 77 79 77.5
NO, 0% EA, ppm 87.8 80.2 82.7 89.3 90.8
NO^, 0% EA, ppm — -- — -- —
S02, 0% EA, ppm 120 130 150 150 150
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Date: 4-14-76 Nozzle: 30°R Reference Figure: 5.6

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 13.5 13.0 12.5 12.2 11.9 11.6 14.4 13.8
% Swirl 40 40 40 40 40 40 40 40
Air preheat, °F 310 310 310 310 310 310 310 310
Additive compound P,T P,T P,T P,T P,T P»T P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .776 .776 .776 .776 .783 .783
tvt % S 2.05 2.05 2.05 2.05 2.05 2.05 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.47 4.00 3.37 2.80 1.70 1.30 6.35 5.80
EXAIR by 0^ 1.244 1.213 1.173 1.139 1.080 1.060 1.391 1.344
% CO, 0% EA <.025 <.04 <.04 <.035 <.025 <.045 <.03 <.03
% CO.,, as meas. 12.1 12.4 13.0 13.4 14.3 14.6 10.7 11.1
NO, as meas., ppm 425 440 455 440 415 370 405 410
NO, 0% EA, ppm 528.8 533.5 533.6 501.2 448.0 392.0 563.4 551.2
N0x, 0% EA, ppm — — — — — --
S02, 0% EA, ppm 750 840 900 950 970 960 180 170
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Date: 4-14-76 Nozzle: 30°R Reference Figure: 5.6

INLET PARAMETERS

Run No. 9-A 10-A 11-A 12-A 13-A 14-A 1S-A 16-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 14.1 13.5 14.1 13.8 13.2 12.9 12.5 12.1
% Swirl 40 40 40 40 40 40 40 40
Air preheat, °F 310 310 310 310 310 310 310 310
Additive compound P P P P P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783 .783 .783 .783
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.75 4.55 4.60 4.30 3.50 3.80 3.55 2.10
EXAIR by 0^ 1.264 1.250 1.253 1.232 1.180 1.199 1.184 1.100
% CO, 0% EA <.04 <.04 A O <.05 <.025 <.025 <.04 <.045
% C02, as meas. 11.9 12.2 12.0 12.3 13.0 12.7 13.0 14.0
NO, as meas., ppm 370 360 340 325 310 320 310 280
NO, 0% EA, ppm 467.6 449.9 426.1 400.5 365.9 383.8 366.9 308.1
NO^, 0% EA, ppm — -- — — -- —
S02, 0% EA, ppm 160 160 170 170 180 170 170 190
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Date: 4-14-76 Nozzle: 30°R Reference Figure: 5.6

INLET PARAMETERS
Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A
Fuel flow, can 32 32 32 32 32 32 32
Air flow, scfra 12.5 12.9 13.4 13.6 13.9 14.3 14.8
% Swirl 40 40 40 40 40 40 40
Air preheat, °F 310 310 310 310 310 310 310
Additive compound P P P P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783 .783 .783
Wt % S .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS
% 02, para. 2.80 3.30 4.00 4.50 4.45 5.00 6.25
EXAIR by 02 1.139 1.168 1.212 1.246 1.243 1.282 1.382
% CO, 0% EA <.05 <.035 <.025 <.04 <.025 <.03 <.03
% C02, as meas. 13.4 13.1 12.6 12.2 12.2 11.7 10.8
NO, as meas., ppm 305 320 330 337 350 355 345
NO, 0% EA, ppm 347.3 373.8 400.1 419.9 434.9 455.1 476.9
NO^, 0% EA, ppm — -- — — — — —
S02, 0% EA, ppm 180 180 180 170 170 170 170
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Date: 4-21-76 Nozzle: 30°R Reference Figure: 5.1

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 13.9 14.7 13.6 13.1 13.3 14.7 14.2 13.7
% Swirl 44 44 44 • 44 44 44 44 44
Air preheat, °F 130 130 130 130 130 130 130 130
Additive compound — - - — - - — P,T P.T P.T
Additive flow, can -  - - - - - - - —— 1.2 1.2 1.2
Wt % N — - - — — — .776 .776 .776
Wt °o s .3 .3 .3 .3 .3 2.05 2.05 2.05

FLUE MEASUREMENTS

% 02, para. 3.85 4.02 3.05 2.35 2.80 4.43 4.02 3.35
EXAIR by 0_ 1.202 1.213 1.153 1.114 1.139 1.242 1.214 1.172
% CO, 0% EA <.02 <.02 <.02 <.02 <.02 <.02 <.02 <.02
% C02, as meas. 12.9 12.3 13.1 13.6 13.3 12.2 12.4 13.0
NO, as meas., ppm 73.5 73.0 73.5 74 75 432 425 440
NO, 0% EA, ppm 88.4 88.6 84.8 82.4 85.4 536.4 515.9 515.5
NO^, 0% EA, ppm - - — — — - - — — - -

S02, 0% EA, ppm — — — — — - - - - - -
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Date: 4-21-76 • Nozzle: 30°R Reference Figure: 5.1

INLET PARAMETERS
Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, ccm 32 32 32 32 32 32 32 32
Air flow, scfm 13.3 12.9 12.4 13.3 14.1 14.1 14.4 13.5
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 130 130 130 130 130 130 130 130
Additive compound P,T P,T P,T P,T P,T P P P
Additive flow, ccm 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .776 .776 .776 .783 .783 .783
Wt % S 2.05 2.05 2.05 2.05 2.05 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 2.90 2.55 1.90 3.20 3.95 3.57 3.80 2.97
EXAIR by 02 1.145 1.125 1.090 1.162 1.209 1.185 1.199 1.149
% CO, 0% EA <.025 <.025 <.025 <.025 <.025 <.025 <.025 <.025
% CO.,, as meas. 13.3 13.6 14.1 13.2 12.4 12.9 12.8 13.2
NO, as meas., ppm 410 385 330 390 425 390 410 390
NO, 0% EA, ppm 469.3 433.1 359.6 453.3 514.0 402.1 491.7 448.0
NO^, 0% EA, ppm -- — -- — — — --
SO.,, 0% EA, ppm — -- — — * — — — —
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Date: 4-21-76 Nozzle: 30°R Reference Figure: 5.1

INLET PARAMETERS
Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A 24-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 13.1 13.9 14.7 13.6 13.1 12.8 14.2 14.2
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 130 130 130 130 130 130 130 130
Additive compound P P P P P P P P B
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783 .783 .783 .782
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 2.80 3.55 4.05 3.10 2.67 2.10 3.55 3.67
EXAIR by 0^ 1.139 1.184 1.216 1.156 1.131 1.100 1.184 1.191
% CO, 0% EA <.025 <.025 <.04 <.04 <.025 <.025 <.04 <.025
% CCU,, as meas. 13.4 12.9 12.4 13.3 13.6 14.1 12.9 12.9
NO, as meas., ppm 350 410 370 390 425 420 450 430
NO, 0% EA, ppm 398.6 485.3 449.8 450.9 480.9 462.1 532.6 512.2
N0x, 0% EA, ppm -- — -- -- -- -- --

8 0 <jv
° 1 — — -- — -- -- — --
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Date: 4-21-76 Nozzle: 30°R Reference Figure: 5.1

INLET PARAMETERS

Run No. 25-A 26-A 27-A 28-A 29-A 30-A
Fuel flow, can 32 32 32 32 32 32
Air flow, scfm 14.7 13.6 13.2 12.6 14.8 13.9
% Swirl 44 44 44 44 44 44
Air preheat, °F 130 130 130 130 130 130
Additive compound P,B P,B P.B P.B P.B P.B
Additive flow, ccm 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .782 .782 .782 .782 .782 .782
Wt °i S .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 0-,, para. 4.15 3.40 2.90 2.37 4.55 3.72
EXAIR by 0^ 1.222 1.174 1.145 1.115 1.250 1.194
% CO, 0% EA <.04 <.04 <.025 <.035 <.025 <.025
% C02, as meas. 12.4 13.0 13.3 13.8 12.1 12.9
NO, as meas., ppm 435 395 400 385 420 415
NO, 0% EA, ppm 531.8 463.9 457.9 429.2 524.9 495.7
NO^, 0% EA, ppm — -- — -- - ——
S02, 0% EA, ppm -- — --
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Date: 5-18-76 Nozzle: 30°R Reference Figure: 5.5

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 14.7 18.3 13.6 13.2 15.0 14.7 . 14.1 13.8
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound — — -- — P,B P, B P,B P,B
Additive flow, can — — — — 1.2 1.2 1.2 1.2
Wt % N — — — .782 .782 .782 .782
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.00 3.52 2.97 2.55 4.97 4.80 4.20 4.47
EXAIR by 0 1.212 1.181 1.148 1.124 1.280 1.268 1.226 1.244
% CO, 0% EA — -- — — -- -- -- --
% CO^, as meas. — -- — -- — — — —
NO, as meas., ppm 75.5 77 76.5 76.0 440 465 470 445
NO, 0% EA, ppm 91.5 91.0 87.9 85.5 563.2 589.5 576.1 553.7
N0x> 0% EA, ppm 91.5 — -- -- — — —
SO^, 0% EA, ppm 110 120 140 170 120 110 120 130
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Date: 5-18-76 Nozzle: 30°R Reference Figure: 5.5

INLET PARAMETERS

Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 13.3 12.8 12.6 12.1 11.2 12.1 13.7 12.9
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P,B P,B P.B P.B P.B P.B P.B P.B
Additive flow, com 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
IVt % N .782 .782 .782 .782 .782 .782 .782 .782
IVt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.05 3.55 3.50 2.60 2.23 2.60 5.00 3.50
EXAIR by 0^ 1.216 1.184 1.181 1.128 1.107 1.128 1.282 1.181
% CO, 0% EA -- -- -- -- - — — — -  —
% C02> as meas. — — — -- --
NO, as meas., ppm 445 460 450 440 420 420 455 450
NO, 0% EA, ppm 541.1 544.5 531.3 496.2 465.1 473.6 583.5 531.3
NO^, 0% EA, ppm — — -- -- — — — —
S0o, 0% EA, ppm 130 130 140 140 140 140 130 140
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Date: 5-18-76 Nozzle: 30°R Reference Figure: 5.5

INLET PARAMETERS

Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A 24-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 12.5 12.9 13.4 13.7 14.0 14.0 14.3 13.6
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P,B P,B P.B P.B P.B P P P
Additive flow, can 12. 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .782 .782 .782 .782 .782 .783 .783 .783
Wt % s .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 2.20 3.23 3.85 4.35 4.50 4.30 4.75 3.95
EXAIR by 0^ 1.106 1.164 1.203 1.236 1.246 1.232 1.264 1.209
% CO, 0% EA -- -- -- -- — — — —
% C0o, as meas. — — — -- — --
NO, as meas., ppm 420 440 455 460 450 450 445 440
NO, 0% EA, ppm 464.4 512.2 547.3 568.6 560.9 554.6 562.4 532.0
NO^, 0% EA, ppm — — — - - -• — --
S0o, 0% EA, ppm ISO 150 140 140 140 150 150 140
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Date: 5-18-76 Nozzle: 30°R Reference Figure: 5.5

INLET PARAMETERS
Run No. 25-A 26-A 27-A 28-A
Fuel flow, can 32 32 32 32
Air flow, scfm 13.1 12.7 21.0 13.1
% Swirl 44 44 44 44
Air preheat, °F 315 315 315 315
Additive compound P P P P
Additive flow, can 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783
Wt % S .3 .3 .3 .3

FLUE MEASUREMENTS
% 02, para. 3.60 3.10 2.25 3.60
EXAIR by 0^ 1.187 1.156 1.108 1.187
% CO, 0% EA — — — --
% C02> as meas. -- — --
NO, as meas., ppm 440 430 400 440
NO, 0% EA, ppm 522.1 497.2 443.3 522.1
NO^, 0% EA, ppm — — -- —
S07, 0% EA, ppm 150 160 160 160
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Date: 5-20-76 Nozzle: 30°R Reference Figure: 5.7

INLET PARAMETERS
Run No. 1-A 2-A 3-A 4-A 5-A 6-A 7-A 8-A
Fuel flow, ccm 32 32 32 32 32 32 32 32
Air flow, scfm 14.5 15.1 15.5 16.1 16.5 " 16.5 16.0 15.4
% Swirl 44 44 44 44 44 44 44 44
Air preheat, *F 315 315 315 315 315 315 315 315
Additive compound — — -- — — P,T P,T P,T
Additive flow, ccm — — — — — 1.2 1.2 1.2
Wt % N — — — — .776 .776 .776
Wt % S .3 .3 .3 .3 .3 2.05 2.05 2.05

FLUE MEASUREMENTS

% 02, para. 2.20 2.60 3.20 3.60 4.30 4.70 4.52 4.15
EXAIR by 0^ 1.105 1.127 1.162 1.186 1.232 1.260 1.248 1.222
% CO, 0% EA -- — -- -- -- -- -- - -
% C02> as meas. -- — — — — -- -*
NO, as meas., ppm 100 102 100 95 93 470 460 480
NO, 0% EA, ppm 110.5 115.0 116.2 112.7 114.6 592.5 574.0 586.8
N0x, 0% EA, ppm — — -- -- — — — --
SO.,, 0% EA, ppm 180 170 170 180 170 890 900 920
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Date: 5-20-76 • Nozzle: 30°R Reference Figure: 5.7

INLET PARAMETERS

Run No. 9-A 10-A 11-A 12-A 13-A 14-A 15-A 16-A
Fuel flow, ccm 32 32 32 32 32 32 32 32
Air flow, scfm 14.7 14.1 13.3 12.8 14.4 14.1 14.8 13.8
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P,T P,T P,T P,T P,T P,T P,T P,T
Additive flow, ccm 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt °o N .776 .776 .776 .776 .776 .776 .776 .776
Wt % S 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05

FLUE MEASUREMENTS

% 02, para. 3.40 3.15 2.40 1.50 3.53 3.90 4.50 3.45
EXAIR by 0? 1.174 1.159 1.117 1.070 1.183 1.206 1.246 1.178
% CO, 0% EA - -- — — — — —  » —  • -  -

% C02, as meas. ~ -- -- • — -- - —
NO, as meas., ppm 470 475 450 420 470 450 450 455
NO, 0% EA, ppm 552.0 550.7 502.4 449.2 555.8 542.7 560.9 535.8
N0x, 0% EA, ppm — — — — -- — — --
S02, 0% EA, ppm 940 950 960 970 960 950 980 970
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Date: 5-20-76 Nozzle: 30°R Reference Figure: 5.5

INLET PARAMETERS
Run No. 17-A 18-A 19-A 20-A 21-A 22-A 23-A 24-A-
Fuel flow, cent 32 32 32 32 32 32 32 32
Air flow, scfm 15.0 14.4 13.8 13.4 14.2 14.9 15.7 14.4
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P P P P P P P P
Additive flow, ccm 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783 .783 .783 .783
Wt % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.25 3.60 3.00 2.30 3.20 3.60 4.50 3.35
EXAIR by 0^ 1.229 1.187 1.150 1.111 1.162 1.187 1.246 1.171
% CO, 0% EA — -- - - — — -- -- —
% CO,,, as meas. — — — -- — -™ —
NO, as meas., ppm 430 400 370 375 380 385 415 415
NO, 0% EA, ppm 528.5 474.7 425.6 416.6 441.6 456.9 517.1 486.1
NO^, 0% EA, ppm — — -- — -- — ••
SO-,, 0% EA, ppm 170 170 170 170 170 170 160 160
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Date: 5-20-76 Nozzle: 30°R Reference Figure: 5.7

INLET PARAMETERS
Run No. 25-A 26-A 27-A 28-A 29-A 30-A 31-A 32-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfra 13.9 -- 15.4 14.5 13.7 13.3 12.4 12.4
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P P P P P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt -i N .783 .783 .783 .783 .783 .783 .783 .783
V/t % S .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 2.90 2.50 4.40 3.20 2.80 2.05 1.40 1.10
EXAIR by 0^ 1.145 1.122 1.239 1.162 1.139 1.098 1.064 1.050
% CO, 0% EA -- — -- — — — -- --

% C02, as meas. — — — — — — —
NO, as meas., ppm 420 390 440 415 405 370 370 350
NO, 0% EA, ppm 480.7 437.5 545.2 482.3 461.2 406.1 393.8 367.4
NO^, 0% EA, ppm — -- — — — -- — --
S02, 0% EA, ppm 170 170 150 150 ISO ISO ISO ISO
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Date: 5-20-76 Nozzle: 30°R Reference Figure: 5.7

INLET PARAMETERS

Run No. 33-A 34-A 35-A 36-A 37-A 38-A 39-A 40-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 15.4 15.4 15.4 15.4 14.5 13.3 12.4 15.4
% Swirl 44 44 44 44 44 44 44 44
Air preheat, °F 315 315 315 315 315 315 315 315
Additive compound P P.SA P.SA P.SA P.SA P.SA P.SA P.SA
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .783 .783 .783 .783 .783 .783 .783 .783
Wt % s .3 .3 .3 .3 .3 .3 .3 .3

FLUE MEASUREMENTS
% 0^, para. 5.00 4.40 4.90 4.20 3.10 2.15 1.10 4.70
EXAIR by 02 1.282 1.239 1.275 1.226 1.156 1.103 1.050 1.260
% CO, 0% EA -- -- -- — -- —— ” — -  —
% C02> as meas. — — — — - - -- -- - -
NO, as meas., ppm 430 490 470 455 430 410 375 480
NO, 0% EA, ppm 551.3 607.2 599.1 557.6 497.2 452.2 393.7 604.9
NO^, 0% EA, ppm -- — — — -- — -- --
S02, 0% EA, ppm 150 >6200 >6400 2880 2800 2980 3040 >6300
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Date: 5-24-76 Nozzle: 30*R Reference Figure: 4.11

INLET PARAMETERS

Run No. 1-A 2-A 3-A 4-A 5-A 6-A
Fuel flow, can 32 32 32 32 32 32
Air flow, scfm 12.7 12.7 12.0 12.0 11.4 11.4
% Swirl 44 44 44 44 44 44
Air preheat, °F 310 310 310 310 310 310
Additive compound — -- -- — -- --
Additive flow, can — -- — - - — --
Wt % N -- — — — — —
Wt % S — -- -- — -- —

FLUE MEASUREMENTS
% 02, para. 3.90 3.90 3.20 3.20 2.35 2.17
EXAIR by 0 1.206 1.206 1.162 1.162 1.114 1.104
% CO, 0% EA — — -- — —
% C02, as meas. — — -- -- — —
NO, as meas., ppm 84 84 82 81.5 77.5 76.5
NO, 0% EA, ppm 101.3 101.3 95.3 94.7 86.3 84.4
N0x, 0% EA, ppm — — — — — --
SO,,, 0% EA, ppm — — — — — --
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Date: 5-24-76 Nozzle: 3o°R Reference Figure: 4.11, 5.8

INLET PARAMETERS

Run No. 8-A 9-A 10-A 11-A 12-A 13-A 14-A 15-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 12.7 12.7 12.0 11.4 13.5 12.7 12.8 12.7
% Swirl 44 44 44 44 44 44 37 44
Air preheat, °F 310 310 310 310 310 310 310 310
Additive compound SA SA SA SA SA P,T P,T P»T
Additive flow, can -- — — — - - 1.2 1.2 1.2
Wt % N -- — -- -- — .776 .776 .776
Wt % S — — — — 2.05 2.05 2.05

FLUE MEASUREMENTS

% 02, para. 3.75 3.85 3.25 2.25 4.35 4.00 4.00 4.00
EXAIR by 0^ 1.196 1.202 1.165 1.108 1.235 1.213 1.213 1.213
% CO, 0% EA — — -- -- - - — —
% C02, as meas. — -- -- -- - —
NO, as meas., ppm 76 76 73 67.5 74.5 501 452 500
NO, 0% EA, ppm 90.9 91.4 85 74.8 92.0 607.5 548.7 606.3
N0x, 0% EA, ppm — — — -- -- — — —
SO,, 0% EA, ppm 3310 2950 3030 3100 2780 890 920 930
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Date: 5-24-76 Nozzle: 30°R Reference Figure: 5.8

INLET PARAMETERS
Run No. 16-A 17-A 18-A 19-A 20-A 21-A 22-A 23-A
Fuel flow, can 32 32 32 32 32 32 32 32
Air flow, scfm 12.6 12.2 12.1 12.3 12.8 12.8 12.7 12.4
% Swirl 55 66 40 52 41 46 51 59
Air preheat, °F 310 310 310 310 310 310 310 310
Additive compound P,T P,T P,T P,T P P P P
Additive flow, can 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Wt % N .776 .776 .776 .776 .783 .783 .783 .783
Wt % S 2.05 2.05 2.05 2.05 .3 .3 .3 .3

FLUE MEASUREMENTS

% 02, para. 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
EXAIR by 0, 1.213 1.213 1.213 1.213 1.212 1.212 1.212 1.212
% CO, 0% EA -- -- — -- — — — --
% C02, as meas. -- — ■- — -- —
NO, as meas., ppm 500 473 475 494 439 446 448 444
NO, 0% EA, ppm 606.3 573.6 576 599 532.2 540.7 543.1 538.3
NO^, 0% EA, ppm — — — — -- — - -- -  —
SO.,, 0% EA, ppm 930 930 940 930 160 160 150 150
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Date: 5-24-76 Nozzle: 30°R Reference Figure: 5.8

INLET PARAMETERS
Run No. 24-A 25-A
Fuel flow, can 32 32
Air flow, scfm 12.3 12.3
% Swirl 63 44
Air preheat, °F 310 310
Additive compound P P
Additive flow, ccm 1.2 1.2
Wt % N .783 .783
Wt % S .3 .3 .

FLUE MEASUREMENTS

% 02, para. 4.00 4.00
EXAIR by 0^ 1.212 1.212
% CO, 0% EA — --
?i C07, as meas . — --
NO, as meas., ppm 429 450
NO, 0% EA, ppm 520.1 545.5
N0x, 0% EA, ppm — --
S07, 0% EA, ppm 150 150
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