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ABSTRACT 

The destruction of nitric oxide (NO) in overall fuel lean axial diffusion 

flames of natural gas and air doped with NO has been investigated in order to 

test the applicability of this flame type for a combined reburning and fuel 

burnout stage. Reynolds numbers, based on burner conditions, were varied 

between 500 and 3000 for the fuel stream and between 1100 and 6750 for the 

air stream, so that laminar as well as turbulent diffusion flames could be 

studied. In addition, the following parameters were also varied: concentration of 

NO in the incoming combustion air, velocity difference between the reactant 

jets, overall stoichiometry, stand-off distance, and presence of additional 

species. NO reductions of more than 70% could be observed at an overall 

stoichiometric ratio of 1.2, with only ca. 0.02% (dry) carbon monoxide in the 

exhaust. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Fossil fuel combustion is the world's dominant method to generate 

electric power. Although a shift towards more renewable sources is desirable 

from the point of view of environmental protection, it is highly unlikely that fossil 

fuel combustion will lose its great importance for power generation in the 

foreseeable future. Among the fossil fuels, coal remains a strong contender 

due to its abundance and availability. The great disadvantage of coal is that it 

combusts in a rather unclean way, compared to the other fossil fuels, i.e. 

petroleum and, especially, natural gas. 

The oxides of nitrogen, nitric oxide (NO) and nitrogen dioxide (N02), 

commonly referred to as NOx, are among the most serious air pollutants 

formed during coal combustion. A third species, nitrous oxide (N20) is formed 

in significant amounts only during the combustion of coal in pressurized 

fluidized beds and in gas turbines and is generally not included in the term NOx 

(Hayhurst and Lawrence, 1992). The NOx emissions of a combustion source 

are overwhelmingly in the form of NO, but upon release into the atmosphere, 

this species is oxidized (within minutes to hours, depending on the 

concentration of NO) to N02. Depending on the state of the ambient 

atmosphere, NOx then continues to react, leading to either acid precipitation or 
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photochemical smog, i.e. tropospheric ozone, lacrymators such as 

peroxyacetylnitrate (PAN), particulates, and even gas phase mutagens. The 

atmospheric chemistry of NOx has been thoroughly investigated and is well 

documented (Seinfeld, 1986; Irvin and Williams, 1988; Hakkarinen, 1989; Pitts, 

1993). Furthermore, NOx in itself is very toxic to humans, causing respiratory 

problems at concentrations as low as 1ppm (Badr and Probert, 1993) and 

possible death by edema of the lungs at concentrations above 200ppm (Braker 

and Mossman, 1971). 

Over the present century, NOx emissions into the earth's atmosphere 

have increased at a rate of about 3% per year and are expected to continue to 

rise at a comparable rate, as the industrialization of developing countries 

offsets the emissions reductions achieved in industrialized countries (Badr and 

Probert, 1993). In light of this development, the need for an inexpensive yet 

efficient NOx abatement technique becomes clear. A promising candidate for 

this is reburning, also called fuel staging, an aspect of which is the subject of 

this work. 

1.2 NO formation 

NO is generated predominantly by three mechanisms: Prompt NO, 

thermal NO, and fuel NO. A simplified schematic of these mechanisms is given 

in Figure 1.2. 
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The prompt NO mechanism involves the attack of hydrocarbon fuel 

radicals such as C, CH, and possibly CH2 on atmospheric nitrogen molecules 

and subsequent reactions of intermediate species thus obtained with oxygen 

(Fenimore, 1971; Hayhurst and Vince, 1980). These reactions will be 

discussed in more detail below. The prompt NO mechanism is important 

especially for fuel rich combustion of fuel with a very low content of organically 

bound nitrogen, such as natural gas, but negligible in the case of coal 

combustion. 

Thermal NO is the result of the formation of oxygen radicals in air and a 

subsequent radical chain reaction involving atmospheric nitrogen and oxygen, 

as described by the Zeldovich mechanism (Zeldovich, 1946). The extended 

Zeldovich mechanism also includes the reaction of nitrogen molecules with the 

hydroxyl radical (OH), a species abundant in combustion environments (Miller 

and Bowman, 1989). Due to the high activation energies of the reactions 

involved, thermal NO is practically absent at temperatures below 1800K. 

Fuel NO, on the other hand, is intricately intertwined with the fuel 

combustion reactions and largely independent of temperature, as it is formed 

by the reaction of rather loosely bound nitrogen contained in the fuel (Fenimore, 

1976; Haynes, 1977a and 1977b; Fenimore 1979). There remains some 

uncertainty as to which reactions are dominant in fuel NO formation, but 

replacement of Haynes's original schematic (Figure 1.2a) with the more 

detailed set of reactions depicted in Figure 1.2b seems warranted (Bowman, 
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1989; Miller and Bowman, 1989). However, this figure is still but a simplified 

and possibly incomplete summary of an undoubtedly very complex network of 

reaction pathways. In both figures, the prompt and thermal NO paths, as well 

as the reburning path described in Section 1.3, have been included as dotted 

lines. 

in the course of fuel NO formation, organically bound nitrogen in the fuel 

is very rapidly and quantitatively converted to hydrogen cyanide (HCN) and, to a 

lesser extent, ammonia (NH3). Ammonia seems to be a more important 

product if the nitrogen was originally part of an amine. HCN also is the first 

intermediate produced by the prompt NO mechanism. These NO precursors 

then continue to react with free radicals such as O, H, and OH and form free 

radical amines, i.e. NH2, NH, and N in the case of the ammonia path and NH 

and N in the case of the hydrogen cyanide path. Depending on whether the 

radical amines are exposed to an oxidizing environment or to previously formed 

NO, they are converted to either NO or N2. In a very fuel lean environment, HCN 

can form NO even without formation of radical amines in between. A very fuel 

rich combustion zone, on the other hand, will generally cause NO emissions to 

be low, but can lead to the presence of other forms of fixed nitrogen, which is 

nitrogen in molecules other than N2, in the flue gas, e.g. as NH3 or even HCN. 

Coal and heavy oils contain 0.8-2% of nitrogen by weight, part of which is 

converted to NO according to this mechanism. NO thus formed typically 

accounts for at least 75% of the NOx emissions of coal combustion (Pershing 
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and Wendt, 1976) and for about 50% in the case of oil combustion. It is 

important to note, though, that not all of the nitrogen contained in the fuel ends 

up as NO. Depending on whether or not oxygen is readily available in the 

combustion zone, a smaller or larger portion of the fuel nitrogen combines to 

form molecular nitrogen. Hence, the main parameter governing the formation of 

fuel NO is stoichiometry, or the time spent in oxidizing and reducing 

environments. Throughout this work, stoichiometry is expressed in terms of the 

stoichiometric ratio (SR), which is defined as the actual molar air to fuel ratio 

divided by the ratio required theoretically for complete combustion, i.e. under 

the assumption of perfect mixing. Therefore, SR<1 denotes a fuel rich 

environment, whereas SR>1 signifies the presence of excess oxidant. It is 

precisely this dependence of NO formation on stoichiometry that reburning 

takes advantage of. 

1.3 Reburning and other in-furnace NOx control techniques 

Reduction of NOx emissions can be achieved by modification of the 

combustion process itself or by treatment of the flue gas after NOx has been 

formed. The latter approach is not considered here. 

In-furnace techniques focus on one or both of two goals: Lowering the 

peak flame temperature and limiting the availability of oxygen. Clearly, the first 

approach aims at disabling the thermal NO mechanism and has little effect on 



fuel NO (Pershing and Wendt, 1976), whereas the second approach seeks to 

inhibit the formation of fuel NO. 

A reduction of the peak flame temperature can be achieved by less 

combustion air preheat, flue gas recirculation or even water or steam injection. 

All of these techniques are detrimental to flame stability, though, and result in 

only modest reductions of NOx emissions, as far as coal combustion is 

concerned, because thermal NO accounts only for a small portion of the total 

NO generation. The availability of oxygen can be limited only to a certain extent, 

since oxygen-and in practice even an excess thereof--is needed to oxidize, in 

other words, combust, the fuel. Scarcity of oxygen leads to emissions of carbon 

monoxide (CO) and possibly unreacted fuel molecules, i.e. hydrocarbons, both 

of which are air pollutants in their own right. Another result is inefficient 

utilization of the fuel. However, significantly lowered NOx emissions can be 

achieved along with proper fuel burnout if the reactants are introduced 

stagewise into the combustion zone, resulting in a rationing of oxygen. 

If the primary combustion zone is kept very fuel rich, then most of the 

nitrogen contained in the fuel will combine to form N2, but the fuel will not be 

oxidized completely. However, upon addition of secondary air a short distance 

downstream, the fuel will burn out completely and only very little NO will be 

formed, as very high temperatures or a fuel rich stoichiometry are necessary to 

enable attacks on molecular nitrogen. This technique, which takes advantage 

of the fact that the fuel combustion reactions are generally faster than the NO 
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formation reactions, is called air staging or overfire air. It suppresses NO 

formation, but does so at the expense of flame stability and lifetime of the 

equipment, as slagging and corrosion occur in the fuel rich primary 

combustion zone. 

Fuel staging, or reburning, on the other hand, allows the convenience of 

a hot, fuel lean and hence very stable primary combustion zone. The NO 

molecules formed in rather large amounts in this zone are subsequently 

attacked by the hydrocarbon radicals of the secondary fuel, which is usually-

but not necessarily—natural gas, injected a short distance downstream. This 

reaction was first suggested as an in-furnace NOx abatement measure by 

Wendt et al. (1973), who termed it "reburning." The product of this reaction of C, 

CH, and CH2 with NO is HCN, which then reacts identically to HCN formed from 

fuel nitrogen. Consequently, if renewed generation of NO is to be avoided, the 

reburn zone stoichiometry must be kept fuel rich. This, in turn, necessitates 

introduction of secondary air at a tertiary injection stage, so that the reburning 

fuel can burn out completely. 

This results in a fairly complex combustion zone sequence. The ideal 

combination of its parameters, i.e. stoichiometry, temperature, residence time, 

and intensity of mixing in each of the three zones, remains the subject of 

considerable research (Chen et al., 1986; Lanier et al., 1986; Kolb et al., 1988; 

Kilpinen et al., 1992; Mereb and Wendt, 1994). Nevertheless, reburning has 
-

been employed successfully in industry. NOx emissions are typically reduced 
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by 50% to 70%, and reductions as high as 90% have been achieved in 

conjunction with low NOx burners, which employ flue gas recirculation internally 

and achieve staging effects aerodynamically (Corbett and Watts, 1993). Its 

biggest drawback, though, is the fuel richness of the reburning zone, resulting 

in the deterioration of the furnace and the necessity of a tertiary injection stage 

(Glarborg, 1990). 

1.4 Motivation 

Recent research at this department (Lin, 1994) showed it may be 

possible to increase the stoichiometry of the reburning stage so that it 

becomes overall fuel lean without causing a severe loss of reduction efficiency. 

The key to this lies in the difference between a premixed flame and a diffusion 

flame. 

A premixed flame results from the ignition of a homogeneous mixture in 

which fuel and oxidant are present in combustible proportions everywhere. In a 

diffusion flame, on the other hand, fuel and oxidant are initially separated. As 

mixing by diffusion occurs at the interface between the reactants, a combustible 

mixture is formed locally. If the temperature is sufficiently high, this results in a 

flame that is bounded on one side by a region that contains too little oxygen for 

combustion and by a region that contains too little fuel on the other. Since the 

thickness of the flame is finite, there is a dramatic but continuous change in 

stoichiometry within a diffusion flame. Generally, though, the stoichiometry of 
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the flame zone is fuel rich rather than fuel lean (Hayhurst and Vince, 1980). 

Mitchell et al.(1980b) report that in an axial diffusion flame, the location where 

fuel and oxidant are present in stoichiometric proportions coincides with the 

outer, i.e. oxidant side, edge of the flame, so that the actual flame zone is 

slightly fuel rich. Consequently, the overall, or global, stoichiometry of a 

diffusion flame is of only secondary importance. 

Various bench scale and pilot scale experiments (Chen et al., 1986; 

Kolb et al., 1986; Nakamura, 1990; Kremer et al., 1990) suggested that fast and 

complete mixing is crucial in order to achieve thorough NO reductions. Mixing 

had to be complete, so that all NO molecules would come into contact with the 

reburn fuel, and it had to be fast to make sure that this contact would take place 

while the reburn fuel is still present as hydrocarbon radicals. However, these 

experiments really compared efficient and very efficient mixing. 

On the other hand, full scale reburning applications operating in the 

slightly fuel lean regime in order to avoid the necessity of secondary air 

injection revealed a more thorough NO reduction than expected. Figure 1.4 

contrasts full scale reburning data, reported by Folsom et al. (1991) with 

laboratory scale reburning data as obtained by Mereb (1992). The latter data 

agrees rather well with results reported by Nakamura (1990), while the former 

curve is confirmed by Kokkinos (1992), who also reports a linear relationship 

between NO reduction and reburn stoichiometric ratio in the range between 

SR=0.8 and SR=1.2 in a large utility boiler. A prediction by kinetic modeling 
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based on the assumption of plug flow, i.e. perfect mixing in the directions 

normal to the direction of the bulk flow, is also included (Kilpinen et al., 1992). It 

was hypothesized that this increase in reburn efficiency with increasing scale is 

due to unmixedness, a phenomenon that cannot be completely avoided in 

large industrial furnaces. 

According to a theory that has been reviewed very thoroughly by Peters 

(1984; 1986), a turbulent diffusion flame can, under some conditions, be 

regarded as an ensemble of laminar diffusion flamelets. If the Damkohler 

number for the rate limiting combustion reaction step becomes very large, 

which means that the rate of reaction is controlled by transport phenomena, 

then the reaction takes place in a very thin layer, called a flamelet. These 

flamelets are embedded in the turbulent flow. Mathematically, they are 

comparatively easy to handle. This allows a departure from the assumption of 

local chemical equilibrium that is conventionally made in the treatment of 

turbulent diffusion flames, although its validity is sometimes questionable. After 

the structure of a flamelet has been obtained, its occurrence in the turbulent 

flow is determined by probabilistic means. Peters also proposed that a steady 

laminar counter flow, or stagnation point flow, diffusion flame is the best 

representation of a laminar flamelet by a flow model. 

The extremely steep concentration gradients in the flamelets lead to 

super-equilibrium concentrations of fuel radicals on either side of the flame. 

Before the radicals on the oxidant side recombine, they might attack NO 
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molecules and convert them to HCN, which then reacts in part to form N2 as the 

main flame front of the flamelet passes through. This would happen 

independently of the overall, or global, stoichiometry. Breen et al.(1988) took 

advantage of this by developing a patented process that is based on the 

introduction of reburn fuel as pulses, rather than as a continuous flow. 

Following Peters's proposal, Lin modeled these flamelets 

experimentally using an opposed jet diffusion flame, one jet consisting of 

methane diluted with nitrogen, the other consisting of a simulated flue gas 

doped with NO. It was found that if the NO was introduced in a such a way as to 

allow it to travel for a long time along the flame front of the bowl-shaped 

opposed jet flame, NO reductions of up to 88% could be achieved within an 

overall fuel lean environment (SR=1.2). Comparison of the results yielded by 

various ways of NO introduction revealed that the bulk of the NO destruction 

took place in the co-flowing part of the flame, i.e. along the side, not in the flat 

opposed flow regions of the flame. 

The most likely mechanism appeared to be the following: NO diffuses to 

the fuel rich side of the flame, where it is attacked by fuel radicals. HCN 

molecules thus formed diffuse back to the flame front, where they undergo 

reactions with O and OH radicals, forming NHj. N atoms then mostly react with 

O or OH radicals to form NO, thus completing a cycle. But some N atoms react 

with NO to form N2, resulting in the elimination of two NO molecules. 

Considering this theory, it should be possible to achieve significant NO 
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reductions in easy-to-realize overall fuel lean axial flames, if only fuel rich and 

fuel lean zones can be maintained over a long distance, allowing many NO 

turnover cycles to take place before the reaction mixture leaves the flame. 

1.5 Scope 

This work is a continuation of the investigations conducted by Lin (1994) 

in the sense that it focuses on reburning in the flame configuration that was 

identified as most promising by that researcher, i.e. a slowly mixing axial 

natural gas air diffusion flame. These flames are also known as Type 0 flames, 

according to the nomenclature of the International Flame Research 

Foundation, or as Type A flames, according to the nomenclature of Beer and 

Chigier (1972). They are typical of the long axial flames in cement kilns and the 

flames found in tangentially fired boilers. As mixing is slowest in laminar 

flames, the most pertinent previous research on the flames that are the subject 

of this study are the pioneering paper by Burke and Schumann (1928) and the 

more recent works by Mitchell et al. (1980a, 1980b). To the knowledge of this 

author, the only previous instance where NO was introduced into a diffusion 

flame as part of the oxidant stream is the work by Sarofim et al. (1973). 

The objective of this work was to illuminate the influence of mixing and 

premixedness on the reduction of NO in such flames of an overall fuel lean 

stoichiometry. In particular, the intensity of mixing was varied by realization of 

different Reynolds numbers, by variation of the velocity differential between the 
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fuel and oxidant streams, and by introduction of helium as an inert species that 

enhances diffusion. The effect of premixedness was investigated by variation of 

the stand-off distance, i.e. the distance between burner nozzle and flame root. 

Furthermore, the overall stoichiometry of the flame was varied from SR=1.2 to 

SR=1.05. The effect of these parameters on NO reduction was measured by 

doping, or seeding, the incoming combustion air stream with NO, resulting in 

NO concentrations between 0 and 2000ppm, and analysis of integral exhaust 

samples. At this point, the data thus obtained are interpreted qualitatively. 

Quantitative modeling was not within the scope of this project. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

2.1 Furnace 

Experiments were conducted using the downfired furnace represented 

in Figure 2.1, which had been used previously by other researchers at this 

laboratory (Mereb and Wendt, 1994). The fire tube of this combustor had a 

diameter of about 0.15m (5.7in) and was formed by Carborendum silicon 

carbide castable refractory. Insulation, consisting of two layers of Zircar 

alumina silica cylinders and Kaowool insulating fiber, added up to the diameter 

of the steel enclosure, which was 0.8m (2ft 7.5in). The furnace had been 

designed to meet a thermal rating requirement of 17kW (58000 Btu/hr), but in 

the course of this work 12kW (41000 Btu/hr) were never exceeded. 

Originally, the combustor was equipped with eight utility and observation 

ports, two of which were located at the same short distance from the burner. 

Each port consists of a 2in gate valve and a union, allowing air tight connection 

of different probes, flame detectors, or quartz glass windows. In order to enable 

observation of the region immediately downstream from the burner nozzle, a 

pair of additional, smaller ports was added at the top of the furnace. They were 

connected to the fire tube, which was extended upwards in order to better 

enclose the burner nozzle, using Kaocrete refractory concrete, by means of 

Friatec high temperature ceramic tubes. These two new top ports were also 
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used for ignition employing a modified propane torch. Once a self-sustaining 

natural gas air flame was established inside the furnace, the torch was 

retracted and replaced by a window, enabling observation of the root of the 

flame. Two Honeywell flame detectors, measuring the presence of hydroxyl 

radicals (OH) by optical means, were installed to estimate the flame intensity 

and as an integral part of the safety mechanism that shuts off the gas supply if 

the flame should become extinguished. As the bottom port was used to hold 

the sample probe, the effective length of the fire tube was 1.6m (5ft 3in), 

resulting in a furnace volume of 0.028m3 (1.0 cubic ft). Flue gas was vented into 

a water-cooled exhaust pipe and ultimately into a suction exhaust vent. A gate 

valve on the exhaust pipe allowed control of the pressure inside the furnace, 

which was kept at atmospheric. In order to ensure closure of the furnace, 

Grafoil thread sealant, Fiberfrax gasket paper and Permatex high temperature 

silicone gel were employed. 

It should be mentioned that previous work performed using this furnace 

had resulted in considerable slag build-up. In the course of this work, the slag 

was redistributed down the furnace, resulting in rather prominent slag-"noses." 

Therefore, the geometry of the fire tube is cylindrical only by a rough 

approximation. 
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2.2 Burner 

In order to obtain a diffusion flame, i.e. a flame in which the reactants mix 

and react simultaneously as opposed to a premixed flame, it is customary to 

use a burner consisting of two concentric tubes that produce a central, axial 

fuel jet surrounded by an annular oxidant jet. This principle of operation was to 

be employed in this work too, but in order to enable the study of the effects of 

Reynolds number and velocity differential between gas and air streams 

regardless of flow rate and stoichiometry, a burner had to be designed and 

built specifically for this research project. 

This water-cooled stainless steel burner consisted of three 

components: The burner body, an exchangeable gas pipe, and an 

exchangeable sleeve that allowed fine-tuning of the cross-sectional area of the 

air annulus (Figure 2.2.1). Exchangeability of the latter two parts was achieved 

by threads, so that it was fairly easy to adapt the burner to different scenarios to 

be investigated. The diameter of the gas pipe was specified so that a given gas 

flow results in the desired Reynolds number for the gas stream. Then, 

selection of the velocity differential (or, more precisely, the differential between 

the average velocities of the gas and air streams) and overall stoichiometry 

determined the required inner diameter of the air sleeve. Considerable 

machining work on a lathe was still necessary to realize different scenarios. 

However, the necessity of building a new burner in its entirety was eliminated 

by use of threaded connections between burner body on the one hand and gas 
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pipe and sleeve on the other hand. Table 2.2 gives an overview of the burner 

configurations that were used in the course of this study. 

configur 
ation 

ID of gas 
pipe 

ODof 
gas pipe 

ID of air 
sleeve 

Aair^Agas (vgas~ 
Vair)/Vgas 
at SR = 
1.20 

(Vgas" 
VairXVgas 
at SR = 

1.05 
. A 0.3125 in 0.513 in 1.18 in 11.5 0 

B 0.3125 in 0.513 in 1.64 in 24.8 +0.55 
C 0.3125 in 0.513 in 0.99 in 7.3 -0.55 
D 0.4375 in 0.665 in 1.64 in 11.7 0 
E 0.3125 in 0.513 in 1.11 in 10.0 0 

Table 2.2: Burner configurations 

During operation, gas was fed into the assembled burner through a 

flexible metal hose connected to the gas pipe inlet, which extended upwards 

out of the burner body (Figure 2.2.2). Air was introduced through two inlets, 

oriented in the radial direction and opposing one another, into the air chamber 

of the burner. The inlets were equipped with spray nozzles, so as to guarantee 

thorough mixing with the doping NO, which was also fed into the air chamber. 

Doped air then exited the burner through the air annulus surrounding the gas 

pipe. The length of the air annulus is a compromise between the requirement 

of disappearance of all radial or tangential momentum and the requirement to 

avoid the formation of a fully developed parabolic velocity profile. However, no 
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honeycomb structures or meshes were employed in order to ensure uniformity 

of velocity over the entire cross-sectional area of the reactant streams. This, 

together with the slag accumulations on the inner walls of the furnace, resulted 

in flames that did have some non-axial momentum. 

The stand-off distance of the flame, and hence the amount of fuel/air 

mixing that occurred prior to ignition, was varied by mounting a flame holder at 

different distances from the nozzle of the gas pipe. The flame holder was a 

small stainless steel disc of thickness 2.5mm (0.1 in) and diameter 19mm 

(0.75in), with a 7.6mm (0.3in) diameter hole in the center. It was used only in 

conjunction with a gas pipe of outer diameter 13mm (0.5125in) and inner 

diameter 7.9mm (0.3125in), from which it was suspended by four alumel 

wires. Each of these wires was looped through a 1.6mm (1/16in) hole in the 

axial direction in the holder and an equal size hole in the radial direction in the 

pipe (Figure 2.2.3). 

The influence of the flame holder was expected to be crucial. Vigorous 

mixing induced by it would destroy some of the diffusion characteristics of the 

flame. Too little mixing at the holder, on the other hand, would leave the 

reactants too strictly separated to combust, leading to a flame that is detached 

from the flameholder. Due to the mixing that would occur in this case while the 

reactants travel from the burner nozzle to the reaction zone, the result would be 

a flame that is largely premixed. 
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Figure 2.2.3: Flame holder mounted to gas pipe nozzle 
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2.3 Supply of natural gas, air, and nitric oxide 

During operation, the furnace was supplied with natural gas, 

combustion air, and doping NO. In addition, cooling water was needed for the 

burner, the exhaust pipe, and the sample probe. 

Combustion air used in the experiments was ambient air supplied by an 

air compressor at 50psig. The air flow was measured by means of a laminar 

flow element with an inclined manometer. This instrument displays in fact the 

pressure drop across a fixed distance within a pipe filled with a fine 

honeycomb structure so as to ensure laminar flow. As expressed by the 

Hagen-Poiseuille law, this pressure difference is directly proportional to the 

volumetric flow rate. The laminar flow element was calibrated using a wet flow 

meter for low flow rates, a dry flow meter for high flow rates, and a stopwatch. 

The dry meter data agreed well with an extrapolation of the wet meter data. 

All other flows were measured with rotameters, which operate on the 

principle of a float rising to a certain height in a conical tube as a function of the 

volumetric flow rate passing through that tube. Calibration data for the 

rotameter used to monitor the flow of the natural gas was supplied by the 

manufacturer, Brooks Instruments. This volumetric flow rate versus scale 

reading data was based on pure methane as the metered fluid and had to be 

corrected to use on the natural gas, the actual composition of which was 

obtained from the supplier, Southwest Gas (Table 2.3). The true natural gas 
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flow rates were computed using the following equation, as recommended by 

Caplan (1985): 

Q = K R ~  
VP 

Q = volumetric flow rate 
K = rotameter specific constant 
R = scale reading 
p = fluid density 

Species Content by volume 
Methane CH4 94.1% 
Ethane CPHfi 2.9% 
Nitrogen N? 1.7% 
Carbon dioxide COP 0.7% 
Propane Q,HH 0.4% 
Butane C4H1f1 0.1% 
Hexane CfiH14 0.1% 

Table 2.3: Composition of the natural gas 

The flowrate of the doping NO was measured using a very small dual float 

rotameter (Matheson E300), designed for volumetric flow rates between 20 and 

850 cc air/min (0.00071 to 0.03scfm). This rotameter was calibrated by feeding 

NO, supplied in medium pressure cylinders by the Matheson Gas Company, 

through the rotameter into the burner mounted to the furnace, along with a 
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known volumetric air flow. A sample was then withdrawn and analyzed, using 

the regular sample system described in the following section. After numerous 

calibration runs, a calibration curve was obtained, the inaccuracy of which is 

about ±5%, but worse for flowrates below 34cc/min (0.0012scfm), 

corresponding to a scale reading of the lighter float of 20 on a scale from 0 to 

150. The measurement of the doping flow rate was certainly the most important 

source of errors in this experimental setup, due to the fact that steady scale 

readings of the rotameter were very difficult to obtain at low flow rates. 

Cooling water was used to cool the burner, the exhaust pipe, and the 

sample probe and was passed through these components in series in that 

order, as the burner was found to be coldest and the probe to be hottest. A 

rotameter was used in this case only to ensure repeatability, as the cooled 

sample probe inside the furnace could possibly alter the temperature of the 

combustion zone upstream. 

2.4  Sample  system 

During data collection, the sample was continuously withdrawn from the 

inside of the furnace through a water-cooled stainless steel probe at a rate of 

roughly 2.8l/min (6sc-fh). The sample probe was inserted into the bottom port of 

the furnace and unions were used to hold the probe in place and to ensure 

closure of the combustor. The complete sample system is shown in Figure 2.4. 

Upon leaving the probe the sample passed through about 2.4m (8ft) of FDA 



37 

•=» 
stainless steel 
sample probe coil 

water trap 

refrigerator 
water trap 

instrument bypass 
exhaust 

filter pump 
rotameter 

filter 

02 

filter 

NOx Analyzer 

O2 Analyzer 

CO2 Analyzer 

CO Analyzer 

data aquisition 
program 

Figure 2.4: Sample system 



38 

grade tubing, a water trap, and a cooling coil and a second water trap located in 

a refrigerator. Temperature and pressure of the sample at the outlet of the cold 

water trap were found to be around 8°C and 3.5in Hg vacuum, corresponding to 

a residual water vapor content of about 1.5% by volume. In order to maintain the 

sample flow rate recommended for the analyzing equipment, some of the 

sample stream was subsequently released into the exhaust duct. Most of it, 

however, was passed through a series of filters, the last of which was a 2 

micron filter, and distributed by means of stainless steel and Teflon tubing, as 

well as rotameters, to four analyzers that continuously measured molecular 

oxygen (02), carbon monoxide (CO), carbon dioxide (C02), and NOx 

concentrations. 

In particular, these continuous emissions monitors were a Rosemount 

Model 755R oxygen analyzer, measuring 02 by taking advantage of its strong 

paramagnetic properties; two Beckman Model 864 analyzers, one detecting 

CO, the other C02, by means of a differential measurement of the absorption of 

infrared radiation; and one Thermoelectron Model 10B NOx analyzer including a 

Molybdenum N02 to NO converter, which determines the NO concentration from 

the intensity of radiation emitted upon mixing of the sample with ozone, 

corresponding to the reaction 

NO+ 03 -» N02 + 02 + hv. 

All analyzers were calibrated daily using certified standard calibration gas 

mixtures. After many runs and recalibrations, the inaccuracies of these 
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analyzers were determined to be ±0.02% 02; ±0.01% CO; ±0.05% C02; and 

±10ppm NOx. 

During each of the 5min data acquisition runs, readings of all four 

analyzers were taken every second and logged automatically into a Labtech 

data acquisition software program. Furthermore, the temperature of the flue 

gas at the outlet of the furnace was monitored using a Type K thermocouple. 

This temperature was used to determine whether the combustion process had 

reached a steady state. It also served as a relative indicator of the temperature 

of the combustion zone. 

Unfortunately, the oxygen analyzer failed in the course of this study and 

could not be repaired in a timely manner. Consequently, many measurements 

had to be taken by means of a Bacharach Oxor II hand-held oxygen analyzer 

that determines the oxygen content of the sample electrochemically. 

Consequently, its inaccuracy was as great as ±0.2% oxygen. Whenever this 

analyzer was used, the stoichiometric ratio was determined exclusively on the 

basis of the carbon monoxide and carbon dioxide measurements. 

In the early stages of this work, soot deposition in the sample lines 

caused problems regarding the repeatability of the experiments. Therefore, a 

cleaning procedure was devised. It consisted of flushing of the sample line up 

to the cold water trap with water and subsequent drainage after each 6min run 

(no data was taken during the first minute). Also, both water traps and the first 
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filter in the path of the sample were cleaned after any five runs. The NOx 

readings were constant enough throughout each run to indicate that 

equilibrium between the gaseous phase and the residual aqueous phase in 

the sample line was established in the course of the first minute. Once this 

cleaning procedure was adhered to, repeatability was good. A total of 317 runs 

were conducted, covering 247 different parameter combinations. Of these, 70 

parameter combinations were investigated twice. The precision bounds of the 

NOx analyzer were exceeded in only 5 out of these 70 re-runs. 
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CHAPTER 3 

RESULTS 

3.1 Overview of the experiments 

The purpose of this work was to investigate the influence of various 

parameters on the reduction of NO in lean axial natural gas air diffusion 

flames. In particular, these parameters are: Concentration of NO in the 

incoming air stream, Reynolds numbers of the reactant streams, velocity 

differential between the reactant streams, stoichiometric ratio, stand-off 

distance, and admixing of helium as an inert species that enhances diffusion. 

The experiments were divided into three phases. Phase I is focused on 

the following parameters: Inlet concentration of NO, Reynolds number, velocity 

differential, and stoichiometry. In the course of this general study only one 

parameter was changed at a time. This necessitated the use of various burner 

configurations, as described in Chapter 2. Table 3.1.1 gives an overview of the 

parameter combinations that were realized as part of Phase I. In this table and 

throughout this work, "[NO]in" or "NO in" denotes the NO concentration of the 

combustion air only, not that of the entire reaction mixture. The subject of the 

experiments of Phase II is the effect of the stand-off distance. Only one burner 

configuration was used throughout the stand-off distance study. However, the 

stoichiometric ratio was inadvertently changed in the course of this study, 

resulting in accompanying changes in the velocity differential. The parameter 
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SR (Vgas" 
Vair)/VnaR 

burner 
config. 

Regas Ffeair flame 
position 

[NO]ln in ppm 

1.20 0 A 500 1100 holder 
close 

0, 1000, 1500, 2000 

800 1800 0, 500, 1000, 1500, 
2000 

1000 2200 
1800 4050 0, 250, 500, 1000, 

1500, 2000 
2250 5050 
3000 6750 

A 500 1100 nozzle 0, 1000, 1500, 2000 
800 1800 0, 500, 1000, 1500, 

2000 
1000 2200 
1800 4050 detached 0, 250, 500, 1000, 

1500, 2000 
D 350 800 nozzle 0, 1000, 1500, 2000 

500 1100 
800 1800 0, 500, 1000, 1500, 

2000 
1000 2200 
1800 4050 detached 0, 250, 500, 1000, 

1500, 2000 
+0.55 B 800 1450 holder 

close 
0, 500, 1000, 1500, 
2000 

1000 1750 
1800 3200 0, 250, 500, 1000, 

1500, 2000 
3000 5350 

-0.55 C 500 1250 holder 
close 

0, 1000, 1500, 2000 

1000 2500 0, 500, 1000, 1500, 
2000 

1800 4600 0, 250, 500, 1000, 
1500, 2000 

2250 5750 
1.05 0 E 500 1000 holder 

close 
0, 1000, 1500, 2000 

1000 2050 0, 500, 1000, 1500, 
2000 

3000 6200 0, 250, 500, 1000, 
1500, 2000 

Table 3.1.1: Overview of general study. Note: An empty cell denotes the same 
as the cell directly above it. 
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SR ( Vgas" burner 
config. 

R®gas Ffeair flame position [NO]in in ppm 

1.18 0.05 A 500 1100 nozzle (no holder) 0,1000, 1500, 
2000 

holder close 
1.07 0.14 800 1600 nozzle (no holder) 0, 500, 1000, 

1500, 2000 
holder close 

1.09 0.12 1000 2000 nozzle (no holder) 
holder close 
holder far 

1.12 0.10 1800 3800 holder close 0, 250, 500, 
1000, 1500, 
2000 

holder far 
detached (no 
holder) 

1.12 0.10 2250 4700 holder close 
holder far 
detached (no 
holder) 

1.18 0.05 3000 6650 holder close 
detached (no 
holder) 

Table 3.1.2: Overview of stand-off distance study. Note: An empty cell denotes 
the same as the cell directly above it. 

combinations of the experiments of the stand-off distance study are given in 

Table 3.1.2. Phase III of the experiments is concerned with the influence of the 

presence of helium. The effect of the presence of argon and molecular nitrogen 

was also measured. Argon, which does not change the diffusivities of fuel, 

oxygen, or NO in air significantly, was used to facilitate evaluation of the effect of 

helium, whereas molecular nitrogen was added to discover the importance of 
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prompt NO formation. Table 3.1.3 lists the parameter combinations that were 

investigated as part of the species addition study. 

species 
added to: 

species SR ( Vgas" 
Vair)/Vgas 

burner 
configu 
ration 

Refuel Reair flame 
position 

[NO]in in 
ppm 

fuel Argon 1.20 0.51 A 1800 1800 holder 
close 

0, 500, 
1000, 
1500, 
2000 

Helium 400 1800 
Nitrogen 1700 1800 

air Argon -0.08 800 2050 
Helium 800 1350 

Nitrogen 800 2050 

Table 3.1.3: Overview of species addition study. Note: An empty cell denotes 
the same as the cell directly above it. 

3.2 The effect of the Reynolds number and the NO concentration of the 
incoming combustion air 

The Reynolds numbers used in this work are 

Re„„= = | —) -vZ-D -^-s 
'gas | gas gas n ^ D ' 

• 1 ' gas x 1 ' gas 9as 

where Dgas is the inner diameter of the gas pipe and Qgas the volumetric flow 

rate of the natural gas, and 
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where Dair is the inner diameter of the air sleeve, d is the outer diameter of the 

gas pipe, and Qair is the volumetric flowrate of the combustion air. 

All Reynolds numbers reported in this work are based on the geometry 

of the burner and standard conditions, i.e. a pressure of 1atm and a 

temperature of 70°F (294K). In general, this value can be quite different from 

the actual value within the flame, mainly due to a dramatic increase in 

temperature. As the mass flux, pv, and the characteristic length, D are 

independent of temperature, the Reynolds number depends on temperature 

only through the absolute viscosity, ja. Since the absolute viscosity is 

proportional to the square root of the absolute temperature (Bird et al., 1960), 

the spatially averaged Reynolds number of the flow inside the furnace is about 

half the Reynolds number at STP, if only temperature effects are taken into 

account: 

However, upon entering the combustion zone, the reactant streams are 

suddenly exposed to a very different environment that is characterized by the 

presence of many different radicals and other short-lived species, the 

viscosities of which are quite hard to determine. Consequently, the effect of this 

5Z. J. 
VT V f 'furnace • 

'furnace 
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new environment on the Reynolds number is also rather difficult to fathom. 

Matters are further complicated by the fact that the characteristic length of the 

flow in the fire tube is larger than that of either the gas or air flow inside the 

burner. 

Visual inspection was therefore relied upon to ascertain whether the 

flame was laminar or turbulent. It appeared that as the Reynolds number 

combination of 1800(gas)/4050(air) was reached, the flame became unsteady 

and began to flutter. Furthermore, the location of its tip was considerably less 

well defined, as flame eddies were visible in irregular intervals in the second 

lowest port of the furnace. For these reasons, the transition from laminar to 

turbulent flow is assumed to occur between the Reynolds number 

combinations of 1000(gas)/2200(air) and 1800(gas)/4050(air). As the flow rate 

of the combustion air is about 11.5 times the flow rate of the natural gas at a 

stoichiometric ratio of 1.2, the Reynolds number of the air stream is certainly 

more important than that of the gas stream. 

The influence of the Reynolds number on the reduction of NO is shown 

in Figure 3.2.1 and 3.2.2, where the NO reduction is expressed as the fraction 

of the doping NO that has been destroyed. When evaluating the data plotted in 

these figures, one should keep in mind that the ±10ppm inaccuracy of the NOx 

analyzer translates into the following precision bounds in the fraction of NO 

destroyed: ±0.04 at a concentration of NO in the incoming combustion air 
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(called "NO in" in the figures) of 250ppm, ±0.02 at NO in = 500ppm, ±0.01 at 

NO in = 1000ppm, ±0.007 at NO in = 1500ppm, and ±0.005 at NO in = 

2000ppm. The data represented in these figures were obtained by increasing 

the flow rates, while keeping their ratio and the burner configuration constant. 

The flame holder was suspended 3.2mm (1/8in) below the nozzle of the gas 

pipe during all of these runs. Without the flame holder, the flame would have 

become detached at the higher flowrates, which would have rendered a 

comparison with the flames generated by the lower flows meaningless. A zero 

destruction line is included in the upper graph of Figure 3.2.1, which was 

calculated to account for the dilution effect of the fuel and the concentration 

effect of the condensation of the water formed during combustion. A data point 

on this line would be the result of no net destruction or production of NO. Figure 

3.2.2 is a representation of the same data that shows the effect of the Reynolds 

number more clearly. 

Carbon monoxide emissions lay between 0.01% and 0.02%, which is 

close to the lower detection limit of the CO analyzer used, and were 

independent of Reynolds number. However, whenever the sample probe was 

withdrawn from the furnace, some soot had deposited on it. The soot formation 

appeared to decrease with increasing Reynolds number. 

As the plots show, significant reduction of NO can take place in overall 

fuel lean natural gas air axial diffusion flames. The data display two strong 
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trends: The reduction of NO decreases as the Reynolds number increases, 

and the influence of the NO concentration of the incoming combustion air 

increases as the Reynolds number increases. The slight increase in NO 

reduction towards lower NO concentrations in the incoming combustion air at 

the two lowest Reynolds numbers is attributed to imperfections of the 

measurement of the flow of the doping NO. Figure 3.2.2 indicates that the 

reduction might be a linear function of the Reynolds number, but the slope of a 

plot of reduction versus Reynolds number changes between the laminar and 

turbulent regimes. The magnitude of this change appears to increase with an 

increase in the inlet concentration of NO. Finally, Figure 3.2.3 visualizes the 

combined effect of Reynolds number and inlet concentration of NO on the 

reduction of NO. 

So far, the changes in Reynolds number were the result of changes in 

flowrate only, with the burner configuration remaining unchanged. 

Consequently, the change in Reynolds number was brought about by a change 

in jet velocity, ranging from 0.99m/sec (3.26ft/sec) to 5.96m/sec (19.56ft/sec) at 

the nozzle. In order to clarify whether the Reynolds number by itself is a 

meaningful description of the flow, or whether there are any strong influences 

of other parameters that change as the flowrates are increased, four of the 

Reynolds number combinations that have been presented so far were also 

realized with a different, wider burner configuration. This burner configuration 

required reactant flowrates that are about 1.4 times as great as the flowrates 
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that were fed into the burner under its previous configuration in order to obtain 

the same Reynolds numbers. No flameholder was used for this set of 

experiments, since it is nearly impossible to determine a priori of which kind 

and size the flameholder for the wider burner has to be in order to have exactly 

the same mixing effect as the original flameholder mounted to the smaller 

burner. Consequently, the highest Reynolds number flame was detached for 

both burner configurations, whereas the remaining three flames were attached 

to the nozzle of the gas pipe in both cases. The results of this set of 

experiments is shown in Figure 3.2.4. The reductions of NO achieved at a given 

Reynolds number seem to be largely independent of burner configuration and 

flowrate. The small deviations are presumably due to changes in temperature 

that accompany changes in flowrate, as temperature effects are not 

represented by the Reynolds number. The very marked discrepancy between 

the reductions measured at Regas= 1800, NO in = 250ppm is likely to be due to 

some peculiarity of the burner geometry and will be discussed in Section 3.5. 

3.3 The effect of a velocity differential 

If the velocities of the streams of natural gas and combustion air are not 

matched, then diffusion between the reactant streams will cause momentum in 

the direction of the bulk flow to be transported in the transverse direction. This 

will disturb both reactant streams, giving rise to local shear and vorticity and, 

therefore, additional mixing. This effect is especially strong in a turbulent flow, 
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because in the presence of instabilities, vorticity will generate turbulent eddies 

and enhance turbulent diffusion. This, in turn, leads to a faster disappearance 

of the fuel rich zones necessary for NO reduction. Consequently, any non-

vanishing velocity differential should entail a loss of NO reduction efficiency. 

In order to test this hypothesis, two cases of a finite velocity differential, 

which is defined as 

velocitydifferential = Vga-—Vair 
i 

^gas 

were realized experimentally. To this end, two different air sleeves were 

created. One restricted the cross-sectional area of the air stream, so that the 

velocity differential took on the value -0.55 if the ratio of the volumetric flow rates 

of the reactanls corresponded to a stoichiometric ratio of 1.2. The other one 

was wider than the air sleeve that resulted in matched velocities at SR=1.2, 

yielding a velocity differential of +0.55. 

Figures 3.3.1 and 3.3.2 show the results of this study. Figure 3.3.1 is a 

comparison of the NO reductions achieved with a finite velocity differential and 

with matched velocities. Apparently, a positive velocity differential tends to 

improve NO reduction efficiency, whereas a negative velocity differential clearly 

yields less favorable results. However, one must keep in mind that the 

introduction of a velocity differential also changes the Reynolds number of the 

air stream. This can be seen from the equation for Reair given in the previous 

section, if one keeps in mind that the velocity differential is a consequence of a 
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change in the inner diameter of the air sleeve only. As a consequence, a 

positive velocity differential entails a Reynolds number for the air stream that is 

lower than the one obtained in the case of matched velocities, whereas a 

negative velocity differential leads to a higher Reynolds number. As it was 

shown in the previous section that the effect of the Reynolds number is quite 

important, the graphs of figure 3.3.1 should be interpreted cautiously. 

Figure 3.3.2 is regarded as a more insightful representation of the data, 

as it shows the influence of the Reynolds number of the air stream more 

clearly, but it must be noted that this figure does not take the effect of the 

Reynolds number of the fuel stream into account. However, as the volumetric 

flow rate of the air is 11.5 times that of the fuel at a stoichiometric ratio of 1.2, 

the Reynolds number of the air stream is certainly more important. One should 

keep in mind, though, that for a given Reynolds number of the air stream, the 

accompanying Reynolds number of the gas stream is highest for the greatest, 

or "most positive", velocity differential. 

As can be seen from Figure 3.3.2, a velocity differential of either sign 

tends to increase the influence of the NO concentration of the incoming 

combustion air. While the effect of the velocity differential is weak if the inlet NO 

concentration is high, a much greater change in NO reduction efficiency is 

observed if the NO concentration of the incoming combustion air is low. This 

corresponds to the findings of the previous section that also indicated a 

stronger response to a change in a parameter at lower values of NO in. As far 
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as the laminar regime is concerned, there is some indication that the most 

efficient NO reduction is indeed achieved if the velocities of the reactant 

streams are matched. It is somewhat surprising, though, that the positive 

velocity differential yields better results than the negative velocity differential, in 

spite of the higher gas Reynolds number in the former case. In the turbulent 

regime, this trend is even more evident. Here, the positive velocity differential 

case is even better than the matched velocity case from the standpoint of NO 

reduction. Apparently, the scenario of a natural gas jet that is faster than the 

surrounding annular air jet is so beneficial to NO destruction that the inherent 

Reynolds number penalty is outweighed. 

Generally speaking, however, the effect of a velocity differential between 

the reactant streams is much weaker than the effect of Reynolds numbers or 

the NO concentration of the incoming combustion air. Probably, a stronger 

influence would have been observed if means had been employed to ensure 

that the velocities of the reactant streams be uniform over their respective 

cross-sectional areas. 

At the end of this section, a few remarks on the difficulty of decoupling a 

change in velocity differential from a change in Reynolds number are in order. 

One way of changing the Reynolds number of the air stream, 

4 Qair'(^air "d) 
Reair -1 * £) v,,>.ir-d) _i.(£) 

r ' air N r ' air y wair / 
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would be to change the thickness of the gas pipe wall, thus changing d. A 

thicker gas pipe would lead to a higher value of d and hence to a lower 

Reynolds number of the air stream. This fact could be exploited to compensate 

the effect that a positive velocity differential has on the Reynolds number of the 

air stream. However, the increased thickness of the gas pipe wall would also 

entail enhanced mixing at the gas pipe nozzle, which again would complicate a 

comparison of data obtained at different velocity differentials. The air Reynolds 

number could also be manipulated by means of the temperature, but this 

would also have an effect on the reburning kinetics, so that a comparison of the 

reductions achieved at different velocity differentials would again be difficult. 

Finally, one might control the Reynolds number of the air stream by introduction 

of third species with a significantly different density or viscosity. Even if these 

species are chemically inert, though, they would still have an effect on the 

reburning reactions, as they would lower the availability of oxygen. Hence, the 

effects of velocity differential and Reynolds number are extremely difficult to 

separate. 

3.4 The effect of the stoichiometric ratio 

A decrease in stoichiometric ratio means that more hydrocarbon 

radicals will be available to attack the NO molecules to be reduced, resulting in 

more thorough NO destruction. Below a certain stoichiometric ratio, however, 

this beneficial effect is outweighed by the effect of reactions of fuel radicals with 
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molecular nitrogen, forming HCN. This causes additional nitrogen to be 

susceptible to conversion to NO and, hence, higher emissions of this pollutant 

(Chen et al., 1986). 

The actual stoichiometric ratio of the flame was determined using Figure 

3.4.1, which shows the theoretical concentrations of the combustion products 

carbon dioxide and carbon monoxide and of excess oxygen in the dry flue gas 

as a function of stoichiometric ratio based on the true composition of the 

natural gas as stated in Table 2.3. In reality, small amounts of CO are present 

at stoichiometric ratios that are greater than 1.0, especially at those that are 

only slightly above this value. This is due to imperfect mixing. Consequently, the 

concentration of 02 is slightly higher, and the concentration of C02 is slightly 

lower than predicted. In order to take this deviation into account, the measured 

concentrations of C02 and CO were added and then compared to the 

theoretical prediction for the concentration of C02. 

In order to be able to compare concentration data obtained at different 

stoichiometries, a correction must be made that compensates for the different 

dilution effects at different stoichiometric ratios. Since the focus of this work is 

on the destruction of NO in a reburning environment, NO is introduced as a 

known, constant fraction of the combustion air stream, and not, as usual in the 

case of research on NO formation, as a fraction of the fuel. Consequently, it is 

the natural gas that has a diluting effect on the NO, and this effect is greatest at 

the lowest stoichiometric ratio. This has been taken into account by correction 
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of the concentration data to the dilution effect that the fuel has if introduced at a 

rate which corresponds to a stoichiometric ratio of 1.2 and to an exhaust 

concentration of 3.8% 02. 

Figure 3.4.2 shows the effect of the stoichiometric ratio. The lower 

stoichiometric ratio was chosen to be still slightly fuel lean in order to avoid the 

presence of fixed nitrogen in the form of HCN or NH3 in the exhaust, as these 

species could not be detected by the analyzers available. The velocities of the 

reactant streams were matched and the stand-off distance was the same in all 

cases. Clearly, a more thorough NO reduction occurs at the lower, i.e. more 

fuel rich, stoichiometry, whereas the shape of the curves remains largely 

unchanged. Generally speaking, the fraction of NO that has been reduced 

increases by between 0.1 and 0.15 if the stoichiometric ration is lowered from 

1.20 to 1.05, independently of the NO concentration of the incoming 

combustion air. Figure 3.4.3 is a comparison of some of these data with the 

field data shown in Figure 1.4. 

Throughout all the experiments at SR=1.2, the concentration of carbon 

monoxide in the exhaust exceeded 0.02% (dry) only extremely rarely. At 

SR=1.05, however, significantly higher CO concentrations were measured, and 

these concentrations depended on Reynolds number, i.e. mixing. In particular, 

the concentrations measured were 0.45% CO at Regas=500, 0.30% CO at 

Regas=1000, and 0.04% CO at Regas=3000. Soot formation also appeared to be 
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much greater at the lower stoichiometric ratio, especially at the lower Reynolds 

numbers. 

3.5 The effect of the stand-off distance 

Stand-off distance denotes the distance between the burner nozzle and 

the flame front. Since the reactant streams are separated inside the burner, no 

mixing can occur until the reactants issue out of the burner nozzle. The time 

available for mixing ends when the reactant streams enter the flame, as neither 

reactant is able to diffuse through the flame front into the stream of the other 

reactant without being consumed by the combustion reactions. Therefore, at a 

given flow velocity, a greater stand-off distance should lead to a more premixed 

flame, i.e. a flame that is less likely to have the fuel rich zones necessary for NO 

reduction, as far as overall fuel lean flames are concerned. 

In order to investigate the influence of the stand-off distance 

experimentally, the flame holder was mounted in two different positions. In the 

so-called close position, the gap between the gas pipe nozzle and the flame 

holder was 3.2mm (0.125in) wide; in the so-called far position, the width was 

6.4mm (0.25in). Whenever the flame holder was in place, the flame was 

attached to it, but from visual inspection, the attachment seemed to be stronger 

and more steady at lower flow rates. Furthermore, runs were made without the 

flame holder mounted to the nozzle. This scenario resulted in flames that were 

attached to the gas pipe nozzle if the flow rates were at or below the value 
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corresponding to a Reynolds number of the gas stream of 1000, and were 

detached otherwise. In the case of detachment, the stand-off distance was 

approximately 0.20 to 0.23m (8 to 9in). As pointed out previously (Table 3.1.2), 

the stoichiometric ratio was inadvertently not held constant throughout the 

stand-off distance study. Rather, almost every Reynolds number combination 

had its own stoichiometric ratio. Therefore, the concentration data reported in 

this section have been corrected in the same way as the data presented in 

Section 3.4. As the burner configuration used was designed to yield matched 

velocities at SR=1.2, small but finite velocity differentials also resulted (see 

Table 3.1.2). 

The results of the stand-off distance study are shown in Figures 3.5.1 

through 3.5.3. Here, as in the Reynolds number study covered in section 3.2, 

the different Reynolds numbers were realized by feeding different reactant 

flows into the burner while keeping the burner configuration unchanged. 

The data on the turbulent flames (Figure 3.5.1) clearly indicate that a 

detached flame yields the worst results from the standpoint of NO reduction, 

but the difference in NO reduction between the detached and an attached case 

decreases with increasing Reynolds number. Interestingly, though, the results 

obtained with the flame holder in the far position are better than those obtained 

with the flame holder in the close position. It is also interesting to note that in 

the absence of any doping, NO emissions are lowest if the flame is detached 

(Figure 3.5.2). This corresponds to the trend displayed in Figure 3.5.1 that the 
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difference in NO reduction efficiency between detached flames and flames 

attached to the flame holder decreases quite strongly if the inlet NO 

concentration is below 500ppm. Figure 3.2.4, on the other hand, indicates that 

this finding may be a peculiarity of the small burner (burner configuration A). In 

the lowest graph of Figure 3.5.1, the data point for "RegaS=3000, no holder" at 

N0in=250ppm is missing, because this parameter combination resulted in NO 

formation rather than destruction. 

As far as the laminar flames are concerned (Figure 3.5.3), detachment 

could not be achieved and, generally speaking, there seems to be little 

difference whether the flame is attached to the flame holder in either position or 

to the nozzle. There is some indication, though, that a laminar flame attached to 

the nozzle will yield a more thorough NO reduction than a laminar flame 

attached to the flame holder if the NO concentration in the incoming 

combustion air is low. Unfortunately, it is unknown whether the same effect 

could have been observed if the flame was turbulent, as none of the turbulent 

flames that were the subject of this study remained attached to the nozzle. 

When studying Figure 3.5.3, one should keep in mind that for "Re^lOOO, 

holder in far position", the flame was actually attached to the nozzle. 

3.6 The effect of added species 

In a laminar flame, transport relative to the bulk flow can only occur by 

molecular diffusion. Since the subject of this research is the reduction of NO 



71 

introduced as part of the combustion air stream into an overall fuel lean 

diffusion flame, diffusion enhancement should be beneficial as it would make it 

easier for the NO molecules to reach the flame front. On the other hand, faster 

diffusion will also cause faster mixing of the reactants of the combustion. This, 

in turn, should result in a shorter flame and, hence, a shorter residence time 

and a smaller flame area, which would be detrimental to NO reduction. 

In order to improve transport by diffusion, helium was added to either 

reactant stream. Due to the very small size of its atoms, helium has a very high 

diffusivity in almost any gas and, consequently, the diffusivities within a gas 

mixture of any species that is part of this mixture will increase as the 

concentration of helium in the mixture rises. For the sake of comparison, a 

species that has a negligible effect on diffusivity was also added to either 

reactant stream at the same rate as the helium in the previous experiments. 

First, nitrogen was used for these reference runs, but because of the possibility 

of additional prompt NO formation in the flames due to the elevated 

concentration of N2, argon was finally used. The diffusion coefficients of NO in 

the pure added species at 1400K and atmospheric pressure as predicted by 

the Chapman-Enskog theory (Bird et al., 1960) are: DmNO/He=9-513cm2/sec; 

Dm,NO/Ar—2.714cm /SeC, DmNo/Nitrogen-2.794cm /SeC. 

The results of the species addition study are displayed in Figure 3.6. All 

these data were obtained using a volumetric flow rate of the gas of 5.11/min 

(0.18scfm), corresponding to Re^SOO, at a stoichiometric ratio of 1.2, 
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corresponding to Reair=1800. The flow rate of the added species was equal to 

the flow rate of the fuel, regardless of whether the species was added to the 

natural gas stream or to the combustion air stream. As can be seen from the 

legend of Figure 3.6, the species addition caused a change in Reynolds 

number, velocity differential and, if added to the air stream, in the concentration 

of NO in the incoming combustion air. As has been mentioned previously, the 

non-linear shape of the reference curve in Figure 3.6 is attributed to 

imperfections of the calibration curve of the doping NO rotameter. 

Generally speaking, the effect of species addition was either weak or 

negative. Addition of any of the three species to the fuel stream caused the 

fraction of NO destroyed to decrease by about 0.04, largely independently of the 

inlet concentration of NO. Addition to the air stream yielded even worse results. 

In this case, the decrease of the fraction of NO destroyed did depend on the 

concentration of NO in the incoming combustion air and ranged from about 

0.04 at the highest doping rate to about 0.16 at the lowest doping rate. 

Furthermore, there is some indication that different species give rise to 

somewhat different results if they are added to the air stream. Apparently, 

helium causes the smallest decrease in NO reduction, whereas nitrogen 

causes the greatest decrease. No change in the exhaust concentrations of CO 

compared to the case of no species addition was observed. 



74 

CHAPTER4 

QUALITATIVE ANALYSIS 

4.1 The effect of the Reynolds number 

The data clearly show that the Reynolds number has an effect on the 

reduction of NO in the laminar as well as in the turbulent regime. As the 

intensity of mixing-or the eddy diffusivity, as opposed to the molecular 

diffusivity—in a turbulent flow field increases with increasing Reynolds number, 

higher Reynolds numbers lead to a faster decay of the fuel rich regions that are 

necessary for the reduction of NO in an overall fuel lean flame. In addition to 

this, the well-established fact that the length of a turbulent diffusion flame is 

largely independent of flow rate and the accompanying rise in jet velocity and 

Reynolds number leads to a decrease of the residence time in the flame. This 

is detrimental to the conversion of NO to N2, because most of the intermediate 

NHj molecules will react with oxygen to revert back to NO, while only very few 

NH| molecules will encounter another NO molecule and react to eliminate two 

nitrogen atoms from the pool of fixed nitrogen, as was pointed out in Section 

1.4. If the residence time in the combustion environment is too short to allow for 

numerous turnover cycles, then the destruction of NO will be small. 

In a laminar flow, mixing can only occur by molecular diffusion, but the 

molecular diffusivity is not a function of flow rate or jet velocity per se. Therefore, 

it was suggested that the decrease in NO reduction could be attributed to a 
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shorter residence time if the Reynolds numbers are higher (but still in the 

laminar regime). While both Burke and Schumann (1928) and Mitchell et al. 

(1980b) report a nearly linear increase in flame length with increasing flow rate 

at very low jet velocities (<0.6m/sec (2ft/sec)), Hottel and Hawthorne (1948) as 

well as Wohl et al. (1948) found that as the transition region to turbulent flow is 

approached, the flame length is shorter than predicted by an extrapolation of 

the data obtained at very low velocities, i.e. a plot of flame length versus 

Reynolds number at the nozzle flattens off towards higher Reynolds numbers. 

Hottel and Hawthorne suggest a function of the type 

L = A log(Q -0f) +B, 

where L is the flame length, Q is the flow rate of the fuel, and 0f is a function of 

the fuel and the stoichiometry. It should be noted, though, that both of these 

research teams investigated the flames of fuel jets issuing into a large volume 

of quiescent air, instead of confined, co-flowing, concentric streams of fuel and 

air, as was the case in the present research. The velocity profiles in these 

scenarios are somewhat different. In the former case, the surrounding still air 

will slow the fuel jet down initially, but due to the absence of a nearby boundary 

that is fixed in space, the decelerating effect will subside. In the latter case, the 

fuel jet is shielded from viscous drag in the beginning, but the walls of the 

confinement exert a very strong decelerating force on the air jet that will 

eventually slow down the fuel jet, too. In both cases, therefore, the velocity of the 
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fuel jet will be higher than that of the air jet for much of the flame length, so that 

the scenarios are actually quite similar. 

Wohl et al. explain that as the temperature increases along the flame, so 

do viscosity and molecular diffusivity, whereas the density decreases. While the 

lower density tends to elongate the flame, the lower velocity due to increased 

viscous drag and the enhanced transport by molecular diffusion have the 

opposite effect. It seems that if the velocities of the reactant streams are below 

approximately 0.6m/sec (2ft/sec), then the effect of viscous drag is negligible 

because of the flatness of the velocity profile, and the influences of lower 

density and higher diffusivity cancel each other. Hence, the relation 

R2 • v Q L  =  c — —  =  c  — ,  
Dm n Dm 

which is based on the simple approach that the time for diffusion (molecular 

diffusivity Dm) over a characteristic radial distance that is proportional to the 

radius of the burner nozzle R must be equal to the time it takes to travel to the 

tip of the flame, i.e. L/v, is a good approximation in this case. 

If the velocities are higher, however, then viscous drag will slow the flow 

down and hence shorten the flame. It is important to keep in mind that the tip of 

the flame, i.e. its endpoint, is given by the location at which all of the limiting 

reactant, which in our case is the fuel, has disappeared. Put differently, the 

flame length adjusts itself so that the residence time in the flame has exactly 

the right length for complete combustion. Viscosity and density have no 
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influence on the required residence time, but molecular diffusivity definitely 

does, as an elevation of the value of Dm accelerates mixing. The ensuing 

shorter residence time in the combustion environment is detrimental to the 

reduction of NO by the same argument that has been used above in the 

paragraph on the turbulent flames. Also, the data presented in Section 3.6 

indicate that a rise in diffusivity lowers the NO reduction. However, the data 

presented in Figure 3.2.4 suggest that the effects of a higher flow rate that are 

not reflected by the Reynolds number, for instance the temperature effect of the 

wall of the fire tube, which is hotter at higher flow rates, are negligible. 

This leaves the flame area to account for the observed change in NO 

reduction within the laminar regime. Because of the relation between flame 

length and flow rate delineated above, the ratio of flame area divided by flow 

rate of NO decreases as the reactant flow rates are increased at a constant NO 

doping rate. Since the destruction of NO does not take place inside the 

somewhat pointed cylinder outlined by the flame, but in the immediate vicinity of 

its surface, it is plausible to link the NO reduction to the flame area. At first 

sight, the results of the data shown in Figure 3.2.4 may seem to invalidate this 

explanation, too, as they indicate that the NO reduction remains constant if the 

same Reynolds number is realized with different flow rates. It must be 

remembered, though, that the higher flow rates result in the same set of 

Reynolds numbers as the lower flow rates because the burner used with the 

higher flow rates is wider than the burner used with the lower flow rates. 
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Therefore, it is possible that the larger diameter of the flame at the higher flow 

rates compensates for the decrease in flame length per amount of NO entering 

the flame per unit time, so that the flame area remains approximately constant. 

4.2 The effect of the NO concentration in the incoming combustion air 

As has been stated in Section 3.2, the fraction of the doping NO that is 

destroyed in the flame is nearly independent of the concentration of NO in the 

incoming combustion air in the laminar regime, at least as long as this 

concentration is not below 500ppm. In the turbulent regime, the independence 

of the NO reduction from the inlet NO concentration does not set in until this 

concentration reaches 1500 to 2000ppm. 

It is known that the most important set of reactions to convert fixed 

nitrogen, i.e. nitrogen in molecules other than N2, is of the type 

NHj + NO -> N2 + products 

(Miller and Bowman, 1989; Kilpinen etal., 1992). One would therefore expect 

that the rate of this set of reactions increases proportionally to the square of the 

inlet NO concentration, as a higher concentration of NO in the incoming 

combustion air entails a higher concentration of amine radicals (see Figure 

1.2). Solution of the differential equation 

= -k [NO]2, initial condition: [NO](t=o)=[NO]in, 
dt 

yields 
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[NO](t) = ^J1-
1+ k-t-NOin 

Setting t equal to the residence time in the flame of a group of NO molecules 

that enter the flame at an arbitrary but fixed axial position, one obtains 

[NO](t = tRT) = [NQ0Ut , 

so that the NO reduction as a function of the inlet NO concentration is given by 

[NO]in-[NO]out „ 1 
fraction destroyed = -———-—— = 1 -

[NO]jn 1+ k - tRT [NO]in 

tRT can also be viewed as an appropriately averaged residence time of all the 

NO molecules that enter the flame. A plot of the function 

f(x)=1-—^— 
1  +  c - x  

for three different values of the parameter c is given in Figure 4.2.1. Figure 4.2.2 

shows the results of a curve fit of the function 

f(x) = a~z~— 
1 + c x  

to the data of the lower graph of Figure 3.2.1 subject to the constraint that 

neither parameter could decrease with increasing Reynolds number. 

If the flame is turbulent, than the asymptote of the curve "fraction 

destroyed" versus NOin is lower because of the faster disappearance of fuel 

rich zones, as delineated in the previous section. In addition, this asymptote is 

approached more slowly for two reasons. First, turbulent eddies hurl a portion 

of the NH| radicals (and their precursor, HCN) out of the actual flame zone, so 
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Figure 4.2.1: The function f(x) = 1 
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the data of Figure 3.2.1. 



that the concentration of NHj in the immediate vicinity of the flame, where the N2 

formation can occur, that results from a given concentration of NO in the 

incoming combustion air is much lower for a turbulent flame than for a laminar 

flame. Consequently, the rate of the N2 formation or NO elimination reaction will 

be lower, too, resulting in NO reductions that are farther below the asymptote. 

Second, the residence time in a turbulent flame decreases with increasing flow 

rate. This smaller coefficient of [NO]in in the equation for the fraction destroyed 

derived above will cause the function to grow more slowly. Both of these effects 

become stronger as the flow rate is increased, as this raises the Reynolds 

number and the intensity of turbulent mixing. This means that the lower 

boundary of the region where the NO reduction is approximately independent of 

the inlet NO concentration moves towards higher inlet NO concentrations as 

the flow rate and Reynolds number grow. This explains why the NO reductions 

at lower inlet NO concentrations react to a change in Reynolds number in an 

especially sensitive way. 

4.3 The effect of a velocity differential 

The data on the influence of a velocity differential between the reactant 

streams suggest that in the laminar regime, the highest reductions are 

achieved if the flow velocities of the reactants are matched. This is an expected 

result, because in the presence of a velocity differential, diffusion between the 

reactant streams would cause disturbances of the flow, which in turn would 
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lead to improved mixing with all its detrimental consequences from the 

standpoint of NO reduction in overall fuel lean flames. If the velocities of the 

reactant jets are not equal to each other, then NO reduction will generally 

decrease the most when the concentration of NO in the incoming combustion 

air is low, regardless of whether the flame is laminar or turbulent, as can be 

seen from Figure 3.3.2. This is due to the same effects that have been 

discussed in Section 4.2, i.e. ultimately to the very sensitive response of the 

fraction of NO destroyed to the concentrations of NO and NHj (which also 

depends on the concentration of NO) whenever these concentrations are low. 

As far as the turbulent regime is concerned, the best results were 

achieved when the velocity of the natural gas jet was greater than that of the air 

jet, whereas the opposite case yielded the lowest NO reductions. This may be 

a consequence of the entrainment of the slower stream into the faster one. In 

the case of the faster gas jet, the innermost layer of the air stream will be 

dragged along at a velocity higher than that of the bulk of the air. As a 

consequence of this shear effect, air will move towards the centerline of the jet 

in order to fill the emerging void. In a turbulent flow, this movement in the 

negative r-direction will cause packets of the combustion air-and the NO 

molecules contained in it—to enter the fuel stream and be exposed to a very fuel 

rich environment that leads to high reductions of NO. The data presented in 

Figure 3.3.2 suggest that this effect is so beneficial that it outweighs the effect 

of the Reynolds number of the gas stream, which increases as the velocity 
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differential, as defined in Section 3.3, becomes "more positive" while the 

Reynolds number of the air stream is held constant. 

The experimental finding that the opposite case, i.e. the scenario where 

the velocity of the fuel jet is lower than that of the air jet, results in much worse 

NO reductions suggests that the packets of one reactant that enter the stream 

of the other one are quickly distributed throughout a fairly large volume of the 

latter reactant. This is a plausible finding for a turbulent flame. Consequently, a 

positive velocity differential leads to the spreading of an amount of combustion 

air and NO throughout a large volume of natural gas, creating a fuel rich local 

combustion zone that reduces NO efficiently. If the velocity differential is 

negative, however, then fuel is distributed throughout a large amount of air, 

resulting in a local combustion zone that is much more fuel lean. 

It is interesting to note that even in the laminar regime, a positive velocity 

differential seems to give slightly better results than a negative one, or at least 

to overcome its inherent Reynolds number penalty. As the streamlines in a 

laminar flow field do not intersect, it is unlikely that packets of combustion air 

actually enter the fuel stream. However, the Bernoulli equation 

1 7 p 
—-\r + -  +  g - h  =  c o n s t .  
2 P 

is applicable along a streamline if viscous effects can be neglected, and this 

equation predicts that a higher flow velocity coincides with a decreased static 

pressure. This decrease in pressure in the negative r-direction will facilitate 
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diffusion into the fuel stream, so that an effect similar to-but weaker than-that 

in the case of turbulent flow results. The influence that this tendency of one 

reactant to enter the stream of the other one has on the reduction of NO is 

much weaker in the laminar regime, as transport relative to the bulk flow can 

only occur by molecular diffusion. This means that a group of oxygen and NO 

molecules that have diffused into the natural gas will combust before they can 

spread out far enough to create a fuel rich local combustion zone. In other 

words, the stoichiometry of a local combustion zone resulting from diffusion of 

one reactant into the other reactant's jet will be largely independent of the 

direction of diffusion. 

4.4 The effect of the stoichiometric ratio 

From Figure 3.4.2, we know that lowering of the stoichiometric ratio from 

1.20 to 1.05 will cause the fraction of the doping NO that has been destroyed by 

reduction to increase by about 0.1 to 0.15. Furthermore, there seems to be no 

dependence of this improvement on the NO concentration of the incoming 

combustion air or on whether the flame is laminar or turbulent. This is an 

interesting finding, because at a stoichiometric ratio of 1.20, the fraction of the 

incoming air and NO that is likely to enter the flame is 

— = 0.83. 
1.2 

If the stoichiometric ratio is 1.05, then this fraction is 
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The difference is 0.12, which is close to the average of the difference in NO 

destruction between these stoichiometric ratios that has been measured. 

This motivates the following simple and rather rough quantitative 

analysis with respect to the fate of the doping NO. Starting with a basis of 100 

molecules of NO entering a diffusion flame of an overall stoichiometric ratio of 

1.2, only about 83 molecules ever come into contact with the flame; the 

remainder are contained in the portion of the air that will not take part in the 

combustion reactions due to the lack of fuel. This assumption is supported by 

the fact that the molecular diffusivities of molecular oxygen in air and of NO in 

air at 1400K and atmospheric pressure as predicted by the Chapman-Enskog 

kinetic theory in conjunction with the ideal gas law (Bird et al., 1960) are very 

close: Dmoxygen/Air=2.808cm2/sec; DmNO/Air=2.807cm2/sec. From Figure 3.2.1 it is 

known that even at the lowest Reynolds number, only about 73 NO molecules 

are ultimately destroyed. This leaves circa 10 molecules that exit the reaction 

zone as NO. Of these 10 molecules, some are carried into the flame with the 

last oxygen molecules that are going to become consumed by the combustion 

reactions. These NO molecules are instantly converted to HCN, but by the time 

the slower reactions leading to the formation of NHi are completed, the reaction 

mixture has traveled past the flame tip and is surrounded by the excess air. 

Hence, NHj is oxidized entirely back to NO. This might be the fate of a fairly 
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small portion of the 10 molecules. The remainder could be explained by the 

fact that not all encounters of NHj and NO result in the elimination of two atoms 

from the pool of fixed nitrogen by formation of N2. In this context, it is interesting 

that Lin (1994) investigated one scenario where all of the doping NO was 

introduced into the root of a laminar opposed jet flame and observed a NO 

destruction of "only" 88%. In other words, there is some indication that a 

significant fraction of the NO that comes into contact with the flame front far 

upstream from the tip of the flame and is therefore converted to HCN and 

eligible for reduction will not be removed from the fixed nitrogen pool, but rather 

will be converted back to NO, if the overall stoichiometry is fuel lean. This 

fraction is probably decreasing with increasing flame area, thus yielding higher 

reductions at lower flow rates and, hence, lower Reynolds numbers, as 

discussed in Section 4.1. It seems to be likely, therefore, that the stoichiometric 

ratio of the diffusion flame only determines the fraction of the NO in the 

combustion air that comes into contact with the flame front, but does not 

change the kinetics of the NO reduction reactions. 

4.5 The effect of the stand-off distance 

The data clearly show that a stand-off distance of several gas pipe 

nozzle diameters causes the NO reduction results to be significantly worse 

than those yielded by flames of stand-off distances of less than one nozzle 

diameter, at least if the flame is turbulent. The reason for this is the mixing of 
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the reactant streams on their way from the nozzle to the flame root. This mixing 

results in a flame that is more closely related to a premixed fuel lean flame, i.e. 

a flame without any fuel rich regions. It is somewhat surprising, though, that 

even the detached turbulent flames destroy almost 40% of the incoming NO, if 

the concentration of NO in the incoming combustion air is high enough. 

Presumably, mixing due to the turbulent eddies at the Reynolds numbers 

investigated is effective only down to a certain rather large length scale, below 

which fuel rich zones can persist until they are eliminated by the fairly slow 

process of molecular diffusion, thus allowing for some NO reduction. 

Comparison of the data obtained with the flame holder in the close 

position and the data obtained without a flame holder at different Reynolds 

numbers reveals that the difference in NO reduction decreases with increasing 

Reynolds number. This is understandable, because the intensified mixing 

caused by an increase in Reynolds number will affect a diffusion flame, i.e. a 

flame attached to the flame holder in the close position, more strongly than a 

somewhat premixed, detached flame. 

Among the most surprising experimental findings is the trend that for a 

turbulent flame, a standoff distance of 3.2mm (1/8in, about one third of the 

nozzle diameter) is slightly worse from the standpoint of NO reduction than a 

stand-off distance that is twice this long. This phenomenon cannot be 

attributed to experimental inaccuracy in the case of Regas=2250, but 

unfortunately it could not be observed at a higher Reynolds number as the 
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flame would not stay attached to the flame holder in the far position at 

Regas=3000. It has been found experimentally that in an axial laminar diffusion 

flame as well as in an opposed jet laminar diffusion flame representing one of 

the many flamelets that constitute a turbulent diffusion flame, the temperature 

reaches its maximum on the oxidant side of the flame (Mitchell et al., 1980b; 

Lin, 1994). If it is assumed that the peak flame temperature is sufficiently high 

for thermal NO formation to occur, then the benefit of a longer stand-off 

distance could be explained by the fact that flue gas recirculation occurs close 

to the walls of the furnace. This is a consequence of the exchange of 

momentum between the jet and its surroundings, and the resultant 

entrainment of fluid from the surroundings into the jet. Within the confinement 

of the furnace, this gives rise to the flow of fluid towards the burner close to the 

wall (Beer and Chigier, 1972). The recirculating mixture of flue gas and 

unreacted air is presumably entrained close to the burner nozzle and leads to a 

decrease in flame temperature due to its dilution effect and, hence, lower 

thermal NO formation rates. The amount of the flue gas that is entrained prior 

to ignition increases with increasing stand-off distance. This would explain the 

dependence of NOx emissions on stand-off distance in the absence of doping. 

Furthermore, kinetic modeling data (Kilpinen et al., 1992, see also Figure 1.4) 

suggest that lower flame temperatures might be beneficial for reburning 

efficiency at stoichiometric ratios just slightly below unity, so that the positive 

effect of the intermediate stand-off distance on NO reduction might be 
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accounted for. If the flame becomes completely detached, however, then the 

detrimental effect of premixedness becomes dominant. 

Furthermore, it was pointed out in Section 3.5 that the difference in NO 

reduction efficiency between detached flames and flames attached to the flame 

holder decreases as the inlet concentration of NO is lowered to about 250ppm. 

fit this very low doping NO concentration, formation of new NO in the flame 

becomes important and the lower NO formation in a detached flame, 

presumably due to the disabling of the thermal NO mechanism, could 

outweigh the fact that the characteristics of a detached flame are detrimental to 

NO destruction. On the other hand, this trend could only be observed when 

burner configuration A was employed and might after all be due to some 

peculiar combined effect of this burner geometry and that of the furnace. 

As far as the laminar flames are concerned, the effect of the stand-off 

distance appears to be small, but it is important to remember that a detached 

laminar flame could not be realized experimentally. The data for all three 

laminar flames investigated suggest, though, that at low concentrations of NO 

in the incoming combustion air, a flame attached to the nozzle, i.e. a flame 

without any premixing, will yield a significantly better NO reduction than a flame 

attached to the flame holder, fit higher NO concentrations, however, this 

difference becomes much smaller. Obviously, premixing can only occur by the 

rather slow process of molecular diffusion and will therefore be small in extent. 

But it seems that the combined effect of some premixing and low inlet NO 
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concentrations makes successful collisions of NHj with oxygen so much more 

likely than the reaction of NHj with NO that NO reduction efficiency decreases 

significantly. 

4.6 The effect of species addition 

Interpretation of the data obtained by the addition of helium, nitrogen, 

and argon is complicated by the accompanying effects of a change in Reynolds 

number and velocity differential. Furthermore, here, the velocity differential was 

brought about in part by a change in the velocity of the fuel jet, which was held 

constant throughout the experiments that focused on the effect of the velocity 

differential. It might therefore be advisable to express the difference in the 

velocities of the reactant jets as absolute values. As far as the experiments that 

focused on the velocity differential are concerned, a value of the velocity 

differential of ±0.55 corresponds to a velocity difference of ±0.94m/sec 

(3.1ft/sec). As far as the species addition study is concerned, a velocity 

differential of 0.51 denotes the case where the jet of the fuel and the added 

species is 1.72m/sec (5.63ft/sec) faster than the air jet, whereas the value of 

-0.08 signifies that the fuel jet is 0.15m/sec (0.49ft/sec) slower than the jet 

consisting of air and added species. The temperature effects of the three 

species should be quite similar, as their heat capacities are: cp, Heiium = 

21J/molK, Cp, Nitrogen = 29J/molK, cp,Argon= 21J/molK. 
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Comparison of Figure 3.6 and Figure 3.3.1 shows that a portion of the 

loss in NO reduction efficiency due to the addition of another species to the 

natural gas stream could in fact be attributed to the ensuing fairly large velocity 

differential. Interestingly enough, though, it seems to be irrelevant which 

species is added, and this is largely true for addition to the air stream, too. 

Another important trend seems to be that species addition to the air stream 

yields even worse results than species addition to the fuel stream, and the 

more so the lower the NO concentration of the incoming combustion air is. 

The difference in NO reduction between the case of no addition and the 

case of species addition to the air stream cannot be explained with changes in 

Reynolds number or velocity difference alone. To the contrary, the Reynolds 

number of the air stream resulting from helium addition to the air is lower than 

the corresponding Reynolds number if nothing is added, suggesting that 

diffusion enhancement accelerates the fuel combustion reactions much more 

than the NO reduction reactions, so that a shorter residence time in the flame 

and, hence, a lower NO reduction results. This could be explained by the fact 

that the concentration gradients between the bulk and the combustion zone, 

which are the driving force behind diffusion, are much greater for fuel and 

oxygen than for NO. As far as the addition of nitrogen or argon is concerned, 

one expects a slight decrease in NO reduction efficiency due to the effect of the 

air Reynolds number. However, this cannot explain the dramatic worsening of 

the results as the concentration of NO in the incoming combustion air 



93 

decreases. In this context, it would be valuable to know whether the data point 

"Ar added to gas, NO in=500ppm" in Figure 3.6 is a mismeasurement or true 

data point. 

In conclusion, more data is needed to explain the findings of the species 

addition study. It appears to be fairly certain, though, that the addition of helium 

as an inert species that enhances diffusion into fuel lean laminar diffusion 

flames yields worse rather than better results from the standpoint of NO 

reduction. 
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CHAPTERS 

CONCLUSIONS 

1. Significant reductions of NO added to the air stream can occur in an overall 

fuel lean natural gas air axial diffusion flame. The highest reductions 

measured in the course of this work were about 83% at a stoichiometric 

ratio of 1.05 and about 73% at a stoichiometric ratio of 1.20. 

2. In the laminar regime, the NO reduction efficiency decreases with 

increasing Reynolds number. This is presumably because the ratio of 

flame area divided by the amount of NO entering the flame per unit time 

decreases as the reactant flows are increased. 

3. If the flame is turbulent, NO destruction efficiency is significantly lower due 

to the intensity of turbulent mixing and the resultant fast disappearance of 

fuel rich zones. Within the turbulent regime, NO destruction decreases with 

increasing Reynolds number, especially at low concentrations of NO in the 

combustion air, because the intensity of turbulent mixing increases with 

increasing Reynolds number. 

4. The effect of the NO concentration in the incoming combustion air is a 

consequence of the second order kinetics of the reactions that result in the 

elimination of fixed nitrogen. In the laminar regime, the NO reduction is 

rather close to the asymptote of the maximum possible NO reduction if the 

incoming NO concentration is not below 500ppm. In the turbulent regime, 
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the asymptote is lower, due to the faster disappearance of fuel rich zones, 

and is approached more slowly as the incoming NO concentration 

increases. This is because turbulent eddies hurl a portion of HCN and NHj 

out of the reaction zone and because of the shorter residence time in 

turbulent flames. 

5. If the flame is laminar, the best results from the point of view of NO 

reduction are achieved if the velocities of the jets of natural gas and 

combustion air are matched, which is the case of the least disturbance of 

the laminar flow. The presence of a velocity difference is especially 

detrimental at low NO concentrations. 

6. In a turbulent flame, NO reduction improves if the central fuel jet has a 

higher velocity than the annular air jet. Probably, the reason for this is 

entrainment of packets of the combustion air doped with NO into and rapid 

spreading throughout a portion of the fuel stream, creating a fuel rich local 

combustion zone. This effect outweighs the inherent Reynolds number 

penalty of an accelerated fuel jet at a constant air jet velocity, at least to a 

certain extent. 

7. The overall stoichiometric ratio has a strong influence on the NO reduction, 

but the data indicate that its effect is due only to the fact that the NO 

contained in the excess air is unlikely to come into contact with the flame 

front. A change in the fraction of combustion air that will come into contact 

with the flame changes the fraction of NO that is destroyed by about the 
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same amount, independently of NO concentration or whether the flame is 

laminar or turbulent. There is no indication of an influence of the overall 

stoichiometric ratio on the kinetics of the NO reduction reactions. 

8. In the laminar regime, there seems to be little difference in NO reduction 

whether the stand-off distance is zero or 0.4 nozzle diameters. At low 

concentrations of NO, a flame attached to the burner nozzle reduces NO 

more thoroughly, presumably because a finite stand-off distance results in 

a less fuel rich flame front, which together with low NO concentrations 

favors the reaction of amine radicals with oxygen over the reaction with NO. 

9. If the flame is turbulent, a long stand-off distance yields very low NO 

reductions, because the mixing that occurs between the burner nozzle and 

the root of the flame results in a largely premixed flame without any 

pronounced fuel rich zones. Surprisingly, the data also suggests that the 

best NO reduction results are obtained when the stand-off distance is 0.8 

rather than 0.4 nozzle diameters. 

10.The addition of helium as an inert species that enhances molecular 

diffusion seems to be detrimental rather than beneficial to the destruction of 

NO. Possibly, the increase in diffusivity accelerates the transport of fuel and 

air with their large concentration gradients between the bulk and the flame 

front more than the transport of NO. 

11.The results of this work indicate that fuel lean reburning can reduce NOx 

emissions significantly while eliminating the necessity of a tertiary 
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combustion zone for proper burnout. As far as the application of these 

findings is concerned, employment of a tangentially fired reburn zone 

appears to be promising, because the resultant ring-shaped reaction zone 

through which the exhaust gas from the primary combustion zone passes 

on a spiral path is an approximation of an axial diffusion flame that is 

reasonably easy to implement. 
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APPENDIX 

DATA 

Format: 

burner conf. Qgas(SCfm) Re<jas SR R©air close 
file name [NO]in(ppm) [02](%) [CO](%) [C02](%) [NOx](ppm) 
file name [NO]in(ppm) IPd(%) [C0](%) [CW/o) [NOx](ppm) 

Phase I 

A 0.11 500 1.20 1100 close 
s02rn001 0 4.0 0.02 9.62 32 
s02rn002 1000 4.3 0.02 9.68 283 
s02rn003 1500 4.2 0.01 9.68 455 
s02rn004 2000 4.3 0.02 9.67 610 

A 0.18 800 1.20 1800 close 
s02m005 0 3.7 0.02 9.65 50 
s02rn006 500 3.8 0.02 9.65 166 
s02m007 1000 3.8 0.02 9.62 379 
s02rn008 1500 3.8 0.02 9.61 541 
s02rn009 2000 3.8 0.01 9.64 643 

A 0.22 1000 1.20 2200 close 
s02rn010 0 3.7 0.01 9.60 57 
s02rn011 500 3.6 0.01 9.62 214 
s02rn012 1000 3.7 0.02 9.56 419 
s02rn013 1500 3.6 0.01 9.56 582 
s02rn014 2000 3.6 0.01 9.59 724 

A 0.40 1800 1.20 4050 close 
s02rn015 0 3.7 0.01 9.57 79 
s02rn016 250 3.8 0.01 9.52 192 
s02rn017 500 3.8 0.01 9.49 359 
s02rn018 1000 3.5 0.01 9.63 603 
s02rn019 1500 3.7 0.01 9.59 824 
s02rn020 2000 3.7 0.01 9.58 1030 
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0.01 
0.01 
0.02 
0.02 
0.02 
0.02 

3200 
9.65 
9.63 
9.59 
9.59 
9.61 
9.57 

0.22 
0 

500 
1000 
1500 
2000 

1000 
3.6 
3.6 
3.7 
3.7 
3.7 

1.20 
0.02 
0.02 
0.02 
0.02 
0.02 

1750 
9.65 
9.57 
9.59 
9.58 
9.60 

0.67 
0 

250 
500 

1000 
1500 
2000 

3000 
3.7 
3.6 
3.6 
3.6 
3.6 
3.6 

1.20 
0.07 
0.07 
0.07 
0.08 
0.08 
0.07 

5350 
9.63 
9.66 
9.63 
9.63 
9.63 
9.58 

0.67 
0 

250 
500 

1000 
1500 
2000 

3000 
3.6 
3.7 
3.9 
3.7 
3.7 
3.8 

1.20 
0.05 
0.06 
0.06 
0.06 
0.05 
0.06 

5350 
9.65 
9.58 
9.56 
9.59 
9.56 
9.56 
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D 0.25 800 1.20 1800 none, att. 
s04rn001 0 3.7 0.03 9.59 41 
s04rn002 500 3.6 0.02 9.61 217 
s04rn003 1000 3.6 0.02 9.60 427 
s04rn004 1500 3.6 0.02 9.57 583 
s04rn005 2000 3.7 0.02 9.61 724 

D 0.31 1000 1.20 2200 none, att. 
s04m006 0 3.8 0.02 9.65 57 
s04rn007 500 3.8 0.02 9.62 261 
s04rn008 1000 3.8 0.02 9.63 459 
s04rn009 1500 3.8 0.02 9.60 642 
s04rn010 2000 3.8 0.02 9.61 813 

D 0.11 350 1.20 750 none, att. 
s04rn011 0 3.8 0.01 9.66 24 
s04rn012 1000 3.8 0.01 9.57 320 
s04rn013 1500 3.8 0.01 9.61 487 
s04rn014 2000 3.8 0.01 9.58 628 

D 0.15 500 1.20 1100 none, att. 
s04rn015 0 3.6 0.02 9.61 36 
s04rn016 1000 3.6 0.02 9.59 359 
s04rn017 1500 3.6 0.02 9.54 501 
s04rn018 2000 3.6 0.02 9.56 641 

D 0.11 350 1.20 750 none, att. 
s04rn025 0 3.9 0.01 9.57 37 
s04rn026 1000 3.9 0.01 9.57 308 
s04rn027 1500 4.0 0.01 9.63 481 
s04rn028 2000 3.9 0.01 0.63 617 

D 0.25 800 1.20 1800 none, att. 
s04rn029 0 3.8 0.02 9.55 51 
s04m030 500 3.9 0.02 9.54 232 
s04rn031 1000 3.9 0.02 9.547 435 
s04rn032 1500 3.8 0.02 9.61 589 
s04rn033 2000 3.8 0.02 9.59 734 
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s, det. 
95 

249 
446 
745 

1021 
1186 

s, att 
45 

324 
503 
636 

:lose 
63 

242 
406 
570 
701 

:lose 
75 

295 
489 
643 
790 

:lose 
66 

205 
427 
742 

1015 
1236 

:lose 
39 

316 
321 
499 
663 

0.56 
0 

250 
500 

1000 
1500 
2000 

1800 
3.7 
3.7 
3.7 
3.7 
3.6 
3.7 

1.20 
0.00 
0.00 
0.00 
0.01 
0.01 
0.01 

4050 
9.61 
9.63 
9.61 
9.59 
9.60 
9.58 

0.11 
0 

1000 
1500 
2000 

500 
3.8 
3.7 
3.7 
3.7 

1.20 
0.02 
0.02 
0.02 
0.02 

1100 
9.66 
9.58 
9.60 
9.66 

0.18 
0 

500 
1000 
1500 
2000 

800 
3.7 
3.7 
3.6 
3.6 
3.6 

1.20 
0.02 
0.01 
0.02 
0.01 
0.01 

1800 
9.59 
9.60 
9.57 
9.60 
9.57 

0.22 
0 

500 
1000 
1500 
2000 

1000 
3.6 
3.6 
3.6 
3.6 
3.6 

1.20 
0.01 
0.01 
0.01 
0.01 
0.01 

2200 
9.60 
9.61 
9.61 
9.59 
9.60 

0.40 
0 

250 
500 

1000 
1500 
2000 

1800 
3.7 
3.7 
3.7 
3.7 
3.6 
3.6 

1.20 
0.00 
0.00 
0.01 
0.00 
0.00 
0.00 

4050 
9.65 
9.60 
9.60 
9.61 
9.59 
9.64 

0.11 
0 

1000 
1000 
1500 
2000 

500 
4.0 
4.0 
3.9 
3.9 
3.9 

1.20 
0.02 
0.01 
0.02 
0.02 
0.02 

1250 
9.56 
9.62 
9.65 
9.61 
9.59 
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E 0.67 3000 1.05 6200 close 
s06rn010 0 1.0 0.04 10.97 93 
s06rn011 250 1.0 0.05 11.06 206 
s06rn012 500 1.1 0.04 11.07 338 
s06rn013 1000 1.0 0.04 11.09 528 
s06rn014 1500 1.0 0.03 11.07 725 
s06rn015 2000 1.0 0.02 11.10 954 

E 0.22 1000 1.05 2050 close 
s06rn016 0 1.3 0.29 10.87 31 
s06rn017 500 1.3 0.18 10.86 129 
s06rn018 1000 1.2 0.17 10.87 270 
s06rn019 1500 1.0 0.19 10.89 388 
s06rn020 2000 1.1 0.18 10.93 494 

Phase II 

A 0.11 500 1.18 1100 close 
s01rn001 1000 3.34 0.45 10.00 339 
s01rn002 0 3.74 0.67 9.71 45 
s01rn003 1500 3.00 0.39 10.29 469 
s01rn004 2000 2.93 0.35 10.40 615 

A 0.18 800 1.07 1600 close 
s01rn005 0 1.08 0.57 11.18 28 
s01rn006 500 1.09 0.50 11.34 141 
s01rn007 1000 1.18 0.49 11.40 247 
s01m008 1500 1.12 0.47 11.45 352 
s01rn009 2000 1.12 0.43 11.47 428 

A 0.22 1000 1.09 2000 close 
s01rn010 500 1.87 0.09 10.86 235 
s01rn011 0 2.09 0.11 10.82 53 
s01rn012 1000 2.22 0.06 10.78 387 
s01 m013 1500 2.09 0.07 10.85 497 
s01rn014 2000 2.32 0.05 10.73 636 
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lose 
92 

171 
320 
521 
725 
918 

lose 
105 
222 
380 
604 
865 
029 

lose 
101 
237 
403 
720 
973 
257 

lose 
20 

108 
104 
255 
354 
424 

, att. 
44 

176 
339 
470 
599 

0.40 
0 

250 
500 

1000 
1500 
2000 

0.50 
0 

250 
500 

1000 
1500 
2000 

0.67 
0 

250 
500 

1000 
1500 
2000 

0.18 
0 

500 
500 

1000 
1500 
2000 

0.22 
0 

500 
1000 
1500 
2000 

1800 
2.96 
2.97 
3.09 
3.16 
3.08 
3.06 

2250 
3.23 
3.33 
3.28 
3.31 
3.25 
3.25 

3000 
4.23 
4.26 
4.59 
4.77 
5.31 
5.07 

800 
1.43 
1.33 
1.21 
1.28 
1.29 
1.10 

1000 
2.08 
2.09 
2.01 
1.97 
2.06 

1.12 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 

1.12 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 

1.18 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

1.07 
0.63 
0.50 
0.54 
0.45 
0.48 
0.44 

1.09 
0.26 
0.21 
0.19 
0.17 
0.15 

3800 
10.44 
10.53 
10.47 
10.55 
10.54 
10.64 

4700 
10.46 
10.39 
10.46 
10.44 
10.52 
10.54 

6650 
9.95 
9.89 
9.72 
9.62 
9.23 
9.46 

1600 
10.89 
11.06 
11.11 
11.18 
11.24 
11.32 

2000 
10.81 
10.87 
10.93 
10.94 
10.94 
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A 0.22 1000 1.09 2000 none, att. 
s01rn046 0 2.1 0.27 10.94 36 
s01rn047 500 2.0 0.16 10.98 164 
s01m048 1000 2.2 0.13 10.97 327 
s01rn049 1500 2.2 0.11 10.98 464 
s01rn050 2000 2.1 0.11 11.02 583 

A 0.50 2250 1.12 4700 none, det. 
s01rn051 0 3.5 0.02 10.25 78 
s01rn052 250 3.5 0.02 10.23 249 
s01rn053 500 3.6 0.02 10.19 487 
s01rn054 1000 3.6 0.02 10.17 786 
s01rn055 1500 3.7 0.02 10.08 1094 
s01rn056 2000 3.7 0.02 10.03 1266 

A 0.67 3000 1.18 6650 none, det. 
s01rn057 0 4.8 0.01 9.59 69 
s01rn058 250 4.8 0.01 9.59 290 
s01rn059 500 4.8 0.01 9.57 498 
s01 rn060 1000 4.8 0.01 9.60 876 
s01rn061 1500 4.8 0.01 9.56 1170 
s01rn062 2000 4.8 0.01 9.53 1425 

A 0.11 500 1.18 1100 none, att. 
s01 m063 0 3.4 0.57 9.71 19 
s01rn064 1000 3.2 0.31 10.24 285 
s01rn065 1500 3.1 0.31 10.34 452 
s01rn066 2000 3.0 0.30 10.44 597 

A 0.18 800 1.07 1600 none, att. 
s01rn067 0 1.7 0.63 10.74 21 
s01rn068 500 1.5 0.57 10.88 108 
s01rn069 1000 1.5 0.52 10.93 255 
s01rn070 1500 1.5 0.48 10.97 387 
s01m071 2000 1.4 0.49 11.03 465 

A 0.18 800 1.07 1600 none ,att. 
s01rn089 0 1.7 0.57 10.73 24 
s01rn090 500 1.5 0.55 10.88 110 
s01rn091 1000 1.6 0.51 10.91 253 
s01rn092 1500 1.6 0.43 10.92 379 
s01rn093 2000 1.6 0.44 10.90 476 
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, det 
66 

235 
472 
782 
090 
259 

far 
33 

157 
317 
454 
546 

far 
86 

168 
323 
520 
310 
171 
703 
892 

far 
89 

207 
356 
578 
809 
925 

det. 
47 

197 
449 
770 
055 

0.50 2250 1.12 4700 
0 3.8 0.01 9.95 

250 3.9 0.01 9.87 
500 3.9 0.01 9.86 

1000 3.9 0.01 9.86 
1500 3.9 0.01 9.88 
2000 3.9 0.01 9.81 

0.22 1000 1.09 2000 
0 2.5 0.13 10.61 

500 2.4 0.12 10.77 
1000 2.4 0.09 10.73 
1500 2.4 0.08 10.71 
2000 2.4 0.08 10.72 

0.40 1800 1.12 3800 
0 3.0 0.01 10.62 

250 3.0 0.01 10.54 
500 3.1 0.01 10.47 

1000 3.2 0.01 10.34 
500 3.2 0.01 10.38 
250 3.2 0.01 10.41 

1500 3.2 0.01 10.40 
2000 3.2 0.01 10.39 

0.50 2250 1.12 4700 
0 2.5 0.01 10.44 

250 2.5 0.01 10.44 
500 2.5 0.01 10.40 

1000 2.6 0.01 10.44 
1500 2.5 0.01 10.43 
2000 2.6 0.01 10.53 

0.40 1800 1.12 3800 
0 2.5 0.00 10.24 

250 2.5 0.01 10.26 
500 2.5 0.01 10.22 

1000 2.5 0.01 10.27 
1500 2.5 0.01 10.27 
2000 2.6 0.00 10.26 
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A 0.40 1800 1.12 3800 none, det 
s01rn125 0 2.5 0.01 10.19 61 
s01rn126 250 2.5 0.01 10.23 205 
s01rn127 500 2.5 0.01 10.20 448 
s01rn128 1000 2.5 0.01 10.19 780 
s01rn129 1500 2.5 0.01 10.25 1053 
s01rn130 2000 2.6 0.01 10.28 1286 

A 0.50 2250 1.12 4700 far 
s01m131 0 2.5 0.01 9.93 76 
s01rn132 250 2.5 0.01 9.99 188 
s01rn133 500 2.5 0.02 9.87 331 
s01rn135 1000 2.5 0.01 9.87 571 
s01rn136 1500 2.5 0.01 9.83 804 
s01rn137 2000 2.6 0.01 9.80 935 
s01rn138 500 2.6 0.01 9.86 344 

Phase III 

A 0.18 1700 1.20 1800 close 
0.18scfm molecular nitrogen added to fuel 
s07rn002 0 3.7 0.01 8.79 47 
s07rn003 500 3.5 0.01 8.85 171 
s07rn004 1000 3.7 0.01 8.85 387 
s07rn005 1500 3.7 0.01 8.79 546 
s07rn006 2000 3.7 0.01 8.81 663 

A 0.18 400 1.20 1800 close 
0.18scfm helium added to fuel 
s07rn007 0 3.6 0.01 8.82 42 
s07rn008 500 3.6 0.01 8.83 171 
s07rn009 1000 3.6 0.01 8.80 375 
s07rn010 1500 3.5 0.01 8.82 542 
s07rn011 2000 3.6 0.01 8.79 660 

A 0.18 800 1.20 1350 , close 
0.18scfm helium added to air 
s07m012 0 3.7 0.01 8.79 49 
s07rn013 500 3.7 0.01 8.80 233 
s07rn014 1000 3.7 0.01 8.83 399 
s07rn015 1500 3.6 0.01 8.81 567 
s07rn016 3.7 0.01 8.82 683 
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A 0.18 800 1.20 2050 close 
0.18scfm molecular nitrogen added to air 
s07rn017 0 3.8 0.01 8.81 51 
s07rn018 500 3.9 0.01 8.80 241 
s07rn019 1000 3.8 0.01 8.81 442 
s07rn020 1500 3.9 0.01 8.81 591 
s07rn021 2000 3.9 0.01 8.81 711 

A 0.18 1800 1.20 1800 close 
0.18scfm argon added to fuel 
s07rn023 0 3.7 0.02 8.74 47 
s07rn024 500 3.6 0.01 8.78 219 
s07rn025 1000 3.8 0.02 8.80 385 
s07rn026 1500 3.7 0.02 8.81 545 
s07rn027 2000 3.7 0.02 8.82 660 
s07rn028 500 3.7 0.01 8.80 221 

A 0.18 800 1.20 2050 close 
0.18scfm argon added to air 
s07rn029 0 3.7 0.01 8.81 49 
s07rn030 500 3.6 0.01 8.82 230 
s07rn031 500 3.7 0.01 8.83 227 
s07rn032 1000 3.6 0.01 8.79 444 
s07rn033 1500 3.7 0.01 8.79 583 
s07rn034 2000 3.6 0.01 8.79 700 
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