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ABSTRACT OF THE DISSERTATION 

 

Pollutant Emissions and Lean Blowoff Limits of Fuel Flexible Burners Operating 

on Renewable and Fossil Fuels 

 

 

By: Andrés Colorado 

 
Doctor of Philosophy in Mechanical and Aerospace Engineering 

 
 University of California, Irvine, 2016 

 
Professor Scott Samuelsen, Chair 

 

This study provides an experimental and numerical examination of pollutant emissions 

and stability of gaseous fueled reactions stabilized with two premixed-fuel-flexible and 

ultra-low NOx burner technologies. Both burners feature lean combustion technology to 

control the formation of nitrogen oxides (NOx). The first fuel–flexible burner is the low-

swirl burner (LSB), which features aerodynamic stabilization of the reactions with a 

divergent flow-field; the second burner is the surface stabilized combustion burner 

(SSCB), which features the stabilization of the reactions on surface patterns.   

For combustion applications the most commonly studied species are: NOx, carbon 

monoxide (CO), and unburned hydrocarbons (UHC).  However these are not the only 

pollutants emitted when burning fossil fuels; other species such as nitrous oxide (N2O), 

ammonia (NH3) and formaldehyde (CH2O) can be directly emitted from the oxidation 

reactions.  Yet the conditions that favor the emission of these pollutants are not completely 

understood and require further insight.   

The results of this dissertation close the gap existing regarding the relations between 

emission of pollutants species and stability when burning variable gaseous fuels. The 

results of this study are applicable to current issues such as: 

1. Current combustion systems operating at low temperatures to control formation 

of NOx. 
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2. Increased use of alternative fuels such as hydrogen, synthetic gas and biogas. 

3. Increasing recognition of the need/desire to operate combustion systems in a 

transient manner to follow load and to offset the intermittency of renewable power. 

4. The recent advances in measurement methods allow us to quantify other 

pollutants, such as N2O, NH3 and CH2O. 

Hence in this study, these pollutant species are assessed when burning natural gas (NG) 

and its binary mixtures with other gaseous fuels such as hydrogen (H2), carbon dioxide 

(CO2), ethane (C2H6) and propane (C3H8) at variable operation modes including: ignition; 

lean blowoff; and variable air to fuel ratio. Some remarkable results of this dissertation 

include: 

 At a fixed fire rate (117kW) the addition of hydrogen to NG raises the emission of 

NOx for the reactions stabilized with the LSB. Under the same conditions, the 

addition of H2 to NG will reduce the emission levels of the reactions stabilized with 

the SSCB.  

 It was found experimentally that nitrous oxide (N2O) is emitted during ignition 

and blowoff events. 

 Ammonia (NH3) is also emitted during ignition and blowoff events.  

 It was found experimentally that at high concentrations of hydrogen in NG 

(H2>70%), reactions aerodynamically stabilized with the LSB will emit significant 

amounts of N2O.  
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1. INTRODUCTION 

1.1. Overview 

The use of renewable gaseous fuels and their mixtures with fossil fuels to provide the 

energy demands in the near and far future is a strategy that requires attention regarding 

the implications of fuel composition change on pollutant emissions and stability.  

Especially when these fuels are used in equipment originally designed for burning fossil 

gaseous fuels like natural gas and propane. Fossil fuel reserves are being depleted at a 

global scale, some studies even indicate 2042 as the year when both oil and natural gas 

will be completely exhausted [1].  Furthermore, the rate at which the world consumes 

energy is increasing as populations increase and living standards rise in parts of the world 

that, until recently, had consumed very little energy.   

Unlike fossil fuels, which are finite, renewable energy sources regenerate. Biogas, for 

example, is obtained as a byproduct of the digestion of organic matter by bacteria in an 

anaerobic environment. The reactants and energy required to produce hydrogen fuel can 

be of renewable origin; under such conditions, hydrogen can be considered a fully 

renewable fuel.  

The use of any fuel to produce useful energy must be done in a manner that minimizes 

impact on the environment.  The 1970 Clean Air Act in the United States recognized seven 

air pollutants that if regulated, would reduce their impact on the air quality.  These 

pollutants are so-called “criteria pollutants”: sulfur dioxide (SOx), particulate matter (such 

as dust and smoke), carbon monoxide (CO), volatile organic compounds (VOC), nitrogen 

oxides (NOx), ozone (O3), and lead. These pollutants were regarded as the greatest danger 

to human health. Major revisions to the Clean Air Act in 1990 added another 189 volatile 

chemical compounds from more than 250 sources to the list of regulated air pollutants in 

http://science.jrank.org/pages/6601/Sulfur-Dioxide.html
http://science.jrank.org/pages/1203/Carbon.html
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the United States. Regarding criteria pollutants, the emissions of NOx, CO and unburned 

hydrocarbons (UHC) directly from combustion fuels have been widely evaluated in the 

literature [2]–[9], yet the emission of other known harmful species such as nitrous oxide 

(N2O), ammonia (NH3) and formaldehyde (CH2O), which are part of a long list of gaseous 

pollutants that are not commonly reported in the bulk of literature.  

N2O, for example, is one of the long-lived greenhouse gases (CO2, CH4 and N2O) and its 

global warming potential calculated over a timescale of 100 years is 300 times as potent 

as CO2.  N2O is a very stable molecule; on average, it resides some 120 years in the 

atmosphere before being broken down by ultraviolet radiation in the stratosphere, such 

reaction cascades into the destruction of the protective ozone layer. NH3 is a precursor of 

smog and particulate matter, and controls the acidity of the atmosphere (acid rain). This 

study also researches the emissions of a family of VOC known as formaldehyde (CH2O), 

which is an intermediate oxidation product of hydrocarbon fuels that can be emitted from 

a number of natural and anthropogenic sources. The emissions of formaldehyde from 

combustion processes are also a significant environmental concern, since CH2O is a very 

active compound in tropospheric chemistry, where it participates in chain-propagating 

reactions through photolysis and by interaction with OH radicals and contributing to 

photochemical smog [10].  

Moreover lean combustion technology is used in nearly all combustion technology 

sectors, including gas turbines, boilers, furnaces, and internal combustion engines. This 

wide range of applications takes advantage of the very low emissions and high efficiency 

achieved with lean combustion technology. Pollutant emissions are reduced because flame 

temperatures are typically low, reducing thermal nitric oxide (NOx) formation. 

Unfortunately, lean combustion technology operates near the lean flammability limit, 
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where the low reaction rates, local extinction, mild heat release and low temperatures 

cause instability issues. 

In light of (1) current combustion systems operating at low temperatures to control 

formation of NOx, (2) increased use of alternative fuels such as hydrogen, synthetic gas 

and biogas  (3) increasing recognition of the need/desire to operate combustion systems 

in a transient manner to follow load and to offset the intermittency of renewable power, 

and (4) given the recent advances in measurement methods for quantifying other 

pollutants, such as N2O, NH3 and CH2O, can be experimentally quantified, which provides 

opportunity for new insight. This study provides an experimental and numerical 

examination of the commonly regulated species: NOx, CO, and UHC; plus other less 

common species: N2O, NH3 and CH2O. The relation between emissions and stability is 

also reviewed.  Moreover, the study experimentally evaluates the extent of the fuel 

flexibility of combustion reactions stabilized with two fuel-flexible and ultra-low NOx 

burners. The low-swirl burner (LSB) and the surface stabilized combustion burner (SSB).  

1.2. Research Goals  

Currently a knowledge gap exists regarding the impacts of fuel composition on (1) the 

emissions of well know criteria pollutants and other species (N2O, NH3, CH2O) and (2) 

its relation with flame-stability of combustion reactions stabilized with systems originally 

designed for fossil fuels like natural gas.  

The goal of this research is to establish the mechanisms giving rise to emissions of NOx, 

N2O, NH3 and CH2O from inherently low NOx and fuel flexible burner technology. The 

strategy comprises the use of fossil, renewable and mixtures of fossil with renewable fuels 

at atmospheric conditions.  Furthermore, two fuel-flexible and ultra-low-NOx 
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technologies known as low-swirl stabilized combustion burner and surface-stabilized 

combustion burner are evaluated experimentally and with numerical models.  

In order to accomplish this goal the following objectives are to be met:  

Task 1—Establish fuel compositions of interest. 

Task 2—Establish numerical and experimental tools. 

Task 3—Conduct experiments. 

Task 4—Numerically evaluate the impact of fuel composition on emissions and 

stability. Experimentally evaluate the impact of fuel composition on emissions and 

stability at different conditions1: 

1. Steady state. 

2. Ignition 

3. Lean blowoff 

4. Load following 

Task 5—Analyze data and provide physical insight.  

 
 

In the following chapter, the current state of the art regarding fuel flexibility and 

emissions are reviewed. The role that fuel has on the combustion characteristics and 

performance is outlined and how design guides can be utilized by engineers are discussed. 

Given this background, the concept of the low-swirl combustion and surface stabilized 

                                                        

1 The extent of the literature and environmental regulations are concerned with pollutant emissions 

from energy system operating at steady state. The release of pollutant species during ignition or during 

unstable blowoff are not currently regulated. 
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combustion is introduced in Section 2.3. A review of previous work is given.  The specific 

areas where knowledge gap exists, namely in the mechanisms for formation of pollutant 

species during transient events like lean blowoff and ignition, and during steady state are 

outlined and discussed. The impacts of N2O, ammonia and formaldehyde as pollutants 

entering the atmosphere are also presented. The key questions that require answering are 

listed at the end of Chapter 2. The approach and methodology used to address the main 

goal is given in Chapter 3 and 4, respectively. Chapter 4 also includes details regarding 

the test rig, burners and experimental set up. Furthermore, chapter 4 includes details 

about the numerical models used during the evaluation.  Finally, Chapter 5 presents 

the results and discussions and Chapter 6. Compiles a summary, the resulting 

conclusions and final recommendations. 
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2. BACKGROUND 

2.1. Fuel Flexible Systems 

An optimal combustor/burner will operate at a firing temperature where NOX and CO 

emissions are low, but also sufficiently away from other potential challenges such as the 

lean blowoff (LBO) limit or other combustion instabilities like flashback. A fuel flexible  

burner must accommodate these requirements when burning a variety of fuels.  

As illustrated in Figure 2-1, at lean conditions NOX emissions are exponentially 

dependent upon the firing temperature, so a low reaction temperature leads to low 

emission levels of NOX[11].  However the lowest NOx concentration levels are also found 

just at the onset of instability in the form of LBO. Furthermore, the emissions level of CO 

decrease when increasing the excess of air, which provides the oxygen necessary to 

complete the CO oxidation into CO2, however the excess of air also lowers the reaction 

temperatures down to a point where the combustion process becomes incomplete leading 

to excessive levels of CO.  

In aerodynamically stabilized reactions such as jet flames, or the reactions stabilized 

with a Bunsen burner, the addition of hydrogen (H2) to NG shifts the NOx trend upwards, 

while extending the LBO limit, and allowing lower operation temperatures. Conversely the 

addition of CO2 to NG shifts the NOx trends downwards, in this case shrinking the LBO 

limit.  The LBO limit always responds to a fuel composition change and can be associated 

with the lowest NOx concentrations, and the onset of CO as a result of incomplete 

combustion.  This diagnosis strategy applies to premixed combustion of gaseous fuelsof 

any composition. This characteristic makes NOx and CO suitable tracer species to 

diagnose the proximity of any gaseous fuel reactions to the onset of instability in the form 

of LBO. 



7 
 

 

Figure 2-1. Conceptual illustration of NOX and CO emissions dependence on flame 
temperature and fuel composition and their relation with the operational limits (Lean 

Blowoff/Flashback). 

Premixed burners are typically designed for operation with NOx emissions below 15 

ppm (corr. At 3% O2, dry) with the most advanced boiler burners currently operating in 

selected equipment with sub-5ppm NOx and low excess air. A typical relation between 

rates of flue gas recirculation (FGR), excess air, and NOx concentration for medium size 

package boiler equipped with Low-NOx premixed burner is shown in Figure 2-2 with a 

series of iso-NOx curves. The excess air can be controlled via the primary air flow rate, 

while the FGR depends on the aerodynamics of the chamber and the nozzle design. When 

increasing the excess air or the recirculating flue gases to cool down/dilute the reactions, 

the resulting effect is the reduction of the NOx and the burner operation is brought closer 

to the theoretical lean flammability limit (LFL). 

Ultra-low NOx (ULN) burners operate close to the lower explosive limit (LEL) or LFL, 

which is the lowest concentration (percentage) of a gas or a vapor in air capable of 

producing a flash of fire in presence of an ignition source (arc, flame, heat). At a 

concentration in air lower than the LEL, gas mixtures are "too lean" to burn.  
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Figure 2-2.   NOx performance of a typical premixed burner firing NG in a boiler.  
Numbers on the chart are NOx emissions at 3% O2 (dry). Adapted from [12]. 

Often the stable operating windows for different fuels will not be the same. For 

example, high-hydrogen content fuels typically blow out and flashback at lower firing 

temperatures in comparison to natural gas. If an engine is switched to high-hydrogen 

content fuels, the higher possibility flashback forces the operators to run the engine at 

lower than normal a firing temperature [13].  

The rest of this Chapter will elaborate on the relations between emissions and 

stability and the theoretical fundamentals of fuel flexible systems.  The chapter will 

also cover gaseous fuels, pollutant emissions, numerical strategies used to 

predict pollutant emissions and finally a review of the existing literature on the 

effect of fuel composition on emissions and stability.  
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2.2. Combustion Stability  

Important design criteria for gas burners are the avoidance of flashback and liftoff. 

Flashback occurs when the flame enters and propagates through the burner tube or port 

without quenching; liftoff is the condition where the flame is not attached to the burner 

tube or burner port, rather, is stabilized at some distance from the port. Flashback is not 

only a nuisance, but is a safety hazard as well. In a gas appliance, propagation of a flame 

through a port can ignite the relatively large volume of gas in the mixer leading to the port, 

which might result in an explosion [14]. 

The phenomena of flashback and liftoff are both related to matching the local laminar 

flame speed to the local flow velocity.   

For industrial burners, the primary function of a flame holder is to maintain a stable 

flame that has high combustion efficiency and intensity throughout the range of turndown 

for load following. Turndown is the ratio of the peak–to-bottom power outputs of a given 

system. Except for some small domestic and commercial appliances where turndown can 

be achieved by turning the burner on and off intermittently, large industrial and utility 

systems modulate the power output of the burner (or burners) by adjusting the fuel and 

air flows. Therefore, the critical role of the flame holder is to maintain a stable lean flame 

within a range of flow velocities as well as through the course of rapid changes in flow 

velocity during transitions from load point to the next. Typically, industrial systems 

require minimum turndown of 5:1 (i.e., 100-25% load range), but many advanced 

processes need turndown approaching 20:1 to enhance system and process efficiencies 

[15]. 

There are three methods to stabilize premixed flames which are summarized in the 

following sections: 



10 
 

2.2.1. Aerodynamic Stability  

Aerodynamic flame stabilization is possible in either reverse, stagnant or divergent 

flows, in any case the stability is achieved by matching the burning velocity to the flow 

velocity, some examples of aerodynamically stabilized reactions include:   

 Jet flames 

 The velocity profile of a jet flame resembles that of a fully developed pipe flow. The 

flame brush is mostly confined within the mixing layer of the jet. The flames are very 

oblique to the incident flow and look slender and tall. Figure 2-3 shows the typical flow 

field of a confined jet flame.  In jet burners, the inlet velocity of the premixed reactants are 

typically much higher than the unstretched adiabatic laminar burning velocity of the 

mixture. Bluff-bodies are often used to furnish the necessary mechanism for flame 

stabilization and continuous burning in such combustors. They provide a low-velocity 

region for the aerodynamic anchoring of the flame [16]. Furthermore the bluff bodies 

become outer recirculation zones (ORZ) that bring combustion products back to the 

reaction zone, both diluting and cooling down the reactions and effectively reducing NOx 

formation.  

 
Figure 2-3.   Typical flow field of a confined jet flame. 
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  Swirl stabilization 

 Swirl stabilization is the predominant flow mechanism found in premixed and non-

premixed combustion systems because it provides effective means to control flame 

stability as well as combustion intensity.  Swirl is a common feature of many practical 

applications involving both non-reacting and reacting flows. Internal combustion engine 

cylinders, gas turbine combustors, power station boilers, and food dryers are typical 

examples where swirling flows are prevalent. The addition of swirl has the benefit of 

enhancing mixing, increasing residence time and, in the case of combustion, improving 

flame stability. Swirl can be induced geometrically through vane swirlers or helical inserts 

within a nozzle, mechanically through rotation or aerodynamically by tangential injection 

into a streamwise flow [17]. For premixed combustion, the role of the recirculation zone is 

similar to the wake region of a bluff body flame stabilizer where it retains a steady supply 

of radicals and hot combustion products to continuously ignite the fresh reactants.  

Another benefit of using swirling flows is the generation of a compact flame with much 

higher combustion intensity than in a non-swirling situation. For premixed combustion, 

the role of the recirculation zone is similar to the wake region of a bluff body flame 

stabilizer where it retains a steady supply of radicals and hot combustion products to 

continuously ignite the fresh reactants.  The Swirl Number  

The swirl number is defined as the ratio between the axial flux of the swirl momentum, 

Gϕ (kg m2 s−2), to the axial flux of the axial momentum Gx (kg m2 s−2) multiplied by a 

characteristic length R (m). Here we take the radius of the swirl annulus as the 

characteristic radius. The swirl number is given by Equation 2-1: 
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Equation 2-1 

Where U (m/s) and W (m/s) are the mean axial and tangential velocities at the exit 

plane of the swirl generator. 

 High-Swirl Flames 

The type of swirling flows that produce strong and well developed recirculation zones 

as high swirl flows, and the burners designed of configured to produce high swirl flows as 

high swirl burners (HSB). High swirl promotes the formation of a recirculation zone and 

it’s the essential mechanism for flame stabilization. Swirling flows can be produced either 

by tangential jet injections or by vane swirlers. The flame is anchored by the hot products 

trapped inside the recirculation zone. The swirl rate (usually expressed in terms of a swirl 

number) dictates the sizes and strength of the recirculation zone and also most of flame 

properties. Figure 2-4 depicts the typical fluid dynamics of a high-swirl flame. In the high 

swirl injector, the center body is a solid cylinder, the premixed gases after passing the 

swirling vanes rotate around the center body axis.  

 
Figure 2-4.  Typical flow-field of a flame stabilized with a high swirl flow. 
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 Low-swirl Flames  

The low-swirl burner is a recent development originally conceived for laboratory 

studies on flame/turbulence interactions [6], [18]–[20]. Researchers led by Dr. Robert 

K. Cheng at the Lawrence Berkeley National Laboratory discovered low-swirl 

combustion in the 90’s (Chan et al., 1991) [21]. Stabilization is achieved through a 

detached or lifted flame freely propagating into a divergent turbulent flow field. The 

flow of premixed reactants exiting the nozzle is divided into two regions. The outer 

region contains a swirling flow while the inner region is un-swirled. Photographs of 

the upstream face and downstream face of a low-swirl injector are presented in Figure 

2-5. 

 
Figure 2-5.  Low-swirl injector, upstream face (left) and downstream face (right). 

 

A schematic representation of the LSI is shown in Figure 2-6. Reactants flowing 

through the low-swirl injector create a flow field with an outer swirling region with a non-

swirling inner region. A portion of the flow enters the center portion of the injector (inner 

channel) and flow in the axial direction x, the remaining flow crossing the outer channel 

(annulus of the injector) is swirled giving it a tangential and radial direction. This creates 

a divergent flow that generates a decaying velocity profile linearly along the centerline. 

This characteristic makes the LSB a fuel flexible technology, since it provides a region of 
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locally low reactant velocity that matches the flame speed of multiple fuel compositions 

without any modification being required.  

 

Figure 2-6.  LSI geometrical characteristics (left) and typical flow-field of a flame 
stabilized with a LSI. 

 

Additionally, the LSB is a representative low-NOx emissions technology that uses a lean 

premixed combustion to reduce NOx  [18], [19], [22]. Unattached flames like the LSB 

reactions do not require a flame anchor. They are sustained in divergent flows by virtue of 

the propagating nature of premixed combustion. These flame brushes are locally normal 

to the approach flow and free to respond to incident turbulence without being constrained 

or "pinned down" at the flame attachment point.  Because the LSB stabilized reaction does 

not feature a strongly mixed recirculating flow, the residence time of the reaction at peak 

temperatures is significantly lower than that for high swirl.  As a result, pollutant 

formation can be reduced for a given formation rate. 
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2.2.2. Within Porous Media  

Flames stabilized within the matrix of a porous media have higher burning speeds and 

leaner flammability limits than open flames. This is due to the internal feedback of heat 

from the burned gases to the unburned gases through radiation and conduction through 

the porous medium. This ability to operate at very lean equivalence ratios also contributes 

to their characteristically low NOx emissions [23]. 

Porous media radiant burners offer the potential for high radiant output with low 

emissions of pollutants such as NOx and CO. Some practical limitations remain without a 

solution, however, before they will gain widespread commercial use. One difficulty is 

stabilizing the flame within the porous matrix over more than a moderate range of loads, 

resulting in a limited turn-down ratio. Another problem is the durability of the ceramic 

materials which tend to crack and degrade upon repeated thermal cycling [23]. 

The combustion of hydrocarbon fuels within a porous matrix involves stabilizing a 

reaction wave within the pore structure of the matrix. Conceptually, the most basic 

configuration resembles an enclosed flat flame burner (see Figure 2-7). Premixed fuel and 

air enters the porous matrix where it is convectively heated as it passes through the 

interstitial voids in the matrix, the matrix material having been heated by radiation 

emitted upstream from the reaction zone, and by conduction through the solid matrix. The 

pre-heated fuel and air then pass to the reaction zone where the mixture is entrained under 

the influence of the local fluid mechanics, reaction occurs, and energy release takes place. 

The reacted products flow along a convoluted path through the porous matrix to the exit, 

convectively heating the material which radiates thermal energy to its surroundings. The 

radiation and conduction feedback upstream from the reaction zone to the unburned gas 

can increase the laminar flame speed creating high volumetric heat release rates and a 
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high effective flame speed. The lean flammability limits of the mixture are also extended 

[23]–[25]. Submerged combustion in both inert and catalytic porous media is used for 

infrared heating and gas cleaning. It has been also considered for gas turbines, yet so far 

remained primarily restricted to catalytic combustion: both in R&D and very limited 

commercial application [26]. 

 
Figure 2-7.  Reaction zone within porous medium perpendicular to flow direction. 

Adapted from [23]. 

 

2.2.3.  On Surface Patterns or Surface-Stabilized   

Surface-stabilized combustion is credited with high burning rates, extended lean 

flammability limits, wide modulation range and other advantages. This makes it an 

attractive technology for compact low-emission burners.  

Surface-stabilized burners are widely used today for domestic boilers, radiating 

heaters, dryers, etc. One can distinguish burners with surface combustion realized over: 

1) rigid porous plates (ceramic monoliths, perforated metal plates, etc.), Figure 2-8 (b) 

show this type of configuration; and 2) fiber decks composed of compressed and sintered 

fibers as well as prefabricated knitted and woven mats or cloths (See Figure 2-8 (a) and 

(d)). Another distinction can be made for burners that combine surface combustion with 

Bunsen-type flames anchored by the adjacent surface combustion Figure 2-8  (c) [26]. 
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Figure 2-8.  a) Reaction stabilized on a braided ceramic cord burner [26],  b) reaction 
stabilized on a porous sponge [27], c) Surface combustion with Bunsen-type flames 

anchored by the adjacent surface combustion , d) Alzeta DurathermTM ceramic-fiber 
burner. 

Surface fiber burners have been considered for gas turbine combustion since, at least, 

1990s. Yet, there are only very limited practical development in this respect: e.g., ALZETA 

Corp. has been reporting on prototype burners for gas turbine combustors based on 

perforated fiber mats [28], [29]. The surface fiber burners known to this date, including 

those proposed for gas turbines are typically made from Fe-Cr-Al based alloys.  

2.3. Fuels 

Today’s energy and transport system, which is based mainly on fossil energy 

carriers, can in no way be regarded as sustainable. Given the continued growth in the 

world’s population from about 7 billion people today to over 9 billion by 2050, plus the 

progressive industrialization of developing nations, particularly in Asia and South 

America, the global demand for energy is expected to continue to grow in the coming 

decades as well—by up to 50% until 2040, according to the International Energy Agency 
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(IEA)—with fossil fuels continuing to dominate global energy use. At the same time, there 

is a growing global consensus that greenhouse gas (GHG) emissions, which keep rising, 

need to be mitigated in order to prevent dangerous GHG-induced climate change effects. 

Hence, security of supply and climate change represent two major concerns about the 

future of the energy sector which give rise to the challenge of finding the best way to rein 

in emissions while also providing the energy required to sustain economies [30]. 

2.3.1. Natural gas   

Natural gas is often thought of as the most promising alternative fuels. Natural gas is a 

much more abundant fuel than petroleum and is often described as the cleanest of the 

fossil fuels, producing significantly less carbon monoxide, carbon dioxide, and non-

methane hydrocarbon emissions than gasoline; and when compared to diesel it nearly 

eliminates the particulate matter. Other advantages of natural gas include a high H/C ratio 

and a high research octane number (RON) causing the exhaust to be clean and allowing 

for high anti-knocking properties. 

Natural gas is an odorless, gaseous mixture of hydrocarbons—predominantly methane 

(CH4). It accounts for about a quarter of the energy used in the United States. About one-

third goes to residential and commercial uses, such as heating and cooking; one-third to 

industrial uses; and one-third to electric power production. Although natural gas is a 

clean-burning alternative fuel that has long been used to power natural gas vehicles, only 

about one-tenth of 1% is used for transportation fuel. 

The vast majority of natural gas in the United States is considered a fossil fuel because 

it is made from sources formed over millions of years by the action of heat and pressure 

on organic materials. Alternatively, renewable natural gas, also known as biomethane, 

is produced from organic materials—such as waste from landfills and livestock—

http://www.afdc.energy.gov/vehicles/natural_gas.html
http://www.afdc.energy.gov/fuels/natural_gas_renewable.html
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through anaerobic digestion. RNG qualifies as an advanced biofuel under the Renewable 

Fuel Standard. [31].   

2.3.2. Shale Gas 

Large-scale natural gas production from shale began around 2000, the combination of 

horizontal drilling and hydraulic fracturing has provided access to large volumes of oil and 

natural gas that were previously uneconomic to produce from low permeability geological 

formations composed of shale, sandstone, and carbonate (e.g., limestone) Shale is a fine-

grained sedimentary rock that forms from the compaction of silt and clay-size mineral 

particles. Black shale contains organic material that can generate oil and natural gas, and 

that can also trap the generated oil and natural gas within its pores [32]. The composition 

of Shale gas is variable and depends on the reservoir and even the specific well within the 

reservoir area; Table 2-1 shows the shale gas composition of four shale gas reservoirs. 

Notice that some reservoirs presents elevated levels of ethane (C2), nitrogen and CO2; that 

are variable across any field

 

http://www.afdc.energy.gov/laws/RFS
http://www.afdc.energy.gov/laws/RFS
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Table 2-1. Composition of shale natural gases on multiple reservoirs and their wells. 
Adapted from [33] 

 

2.3.3. Hydrogen  

 Advantages of Hydrogen Economy 

Elimination of carbon based fuels: When hydrogen is used in a fuel cell to create 

power, it is a completely clean technology. The only byproduct is water.  There are also no 

environmental dangers like oil spills to worry about with hydrogen [34]. 

The elimination of greenhouse gases: if the electrolyzer used to break apart the 

water molecules is powered with renewable energy (solar, wind, geothermal, 

hydropower…), then the gaseous H2 and O2 can be used as fuel in a fuel cell where they 

recombine again producing only electricity and water as byproducts. Hydrogen produced 

and consumed in this way does not add GHG to the environment. 

Well C1 C2 C3 CO2 N2

1 80.3 8.1 2.3 1.4 7.9

2 81.2 11.8 5.2 0.3 1.5

3 91.8 4.4 0.4 2.3 1.1

4 93.7 2.6 0 2.7 1

Well C1 C2 C3 CO2 N2

1 79.4 16.1 4 0.1 0.4

2 82.1 14 3.5 0.1 0.3

3 83.8 12 3 0.9 0.3

4 95.5 3 1 0.3 0.2

Well C1 C2 C3 CO2 N2

Avg. 97.3 1 0 1 0.7

Well C1 C2 C3 CO2 N2

1 87.7 1.7 2.5 8.1 ---

2 88 0.8 0.8 10.4 ---

3 91 1 0.6 7.4 ---

4 92.8 1 0.6 5.6 ---

Barnett Shale Gas Composition

Marcellus Shale Gas Composition 

Fayetteville Shale Gas Composition

New Albany Shale Gas Composition
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The elimination of economic dependence: The elimination of oil entails no 

dependence on foreign oil reserves. 

Distributed generation Hydrogen can be produced from any primary energy source, 

and potentially CO2-free: for instance, from water using electricity, which can be 

generated from a wide range of vast (locally available) renewable energy sources. 

Hydrogen can also be produced from fossil fuels like natural gas or coal and play a role in 

the decarbonization of these sources by using carbon capture and storage (CCS), to 

sequester the resulting concentrated CO2 stream of the production processes [30]. 

2.3.4. Hydrogen Enriched Natural Gas 

Hydrogen is the most abundant element on earth, and is often thought of as the ideal 

alternative fuel. However, the current infrastructure does not support hydrogen as a wide-

spread fuel. In order to expand the role of hydrogen in the near term, one option is to use 

hydrogen mixed with natural gas. This new blended fuel is known as HCNG, or hythane®, 

for which the use will create a basic infrastructure for the use of hydrogen in the future  

[35]. 

2.3.5. Biogas  

Biogas is a gaseous product of anaerobic digestion, a biological process in which 

microorganisms break down biodegradable material in the absence of oxygen. Biogas is 

comprised primarily of methane (50%–70% CH4) and carbon dioxide (30%–50% CO2), 

with trace amounts of other particulates and contaminants. It can be produced from 

various waste sources, including landfill material; animal manure; wastewater; and 

industrial, institutional, and commercial organic waste. Biogas can also be produced from 

other lignocellulosic biomass (e.g., crop and forest residues, dedicated energy crops) 
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through dry fermentation, co-digestion, or thermochemical conversions (e.g., 

gasification).  

Biogas is attracting significant attention as an increasingly interesting renewable and 

sustainable energy technology. Although biogas technology seems relatively mature it is 

not considered fully economically viable and usually requires significant financial 

incentives to successfully compete with commercial fossil fuel based energy technologies 

[36] 

2.3.6. Biomethane  

Biomethane or bio-synthetic natural gas (bio-SNG) is a clean fuel that can be used in 

transport or injected into natural gas grids. Biogas can be upgraded to biomethane by 

separating CO2 or by converting CO2 to CH4. Pressurized catalytic methanation of 

hydrogen enriched biogas is one of possible pathways (a Sabatier process). Although 

biogas methanation is technically feasible and might be optimized to ensure acceptable 

energy efficiency, some other marketable fuels, especially liquid biofuels, which can be 

synthesized from biogas attract more attention from economic reasons. Methanation of 

biogas by CO2 hydrogenation typically undergoes under pressures of up to 20 bar. A heat 

exchanger integrated with the methanation reactor enables the removal of heat of 

exothermic reaction. To ensure sustainability of biogas methanation, biohydrogen or 

hydrogen obtained from water electrolysis by applying surplus renewable electricity (e.g. 

wind or solar) can be utilized [36]. 

2.3.7.  Natural Gas Mixed with Heavier Alkanes 

“Standard” pipeline natural gas will have inherent variation depending on from where 

it is extracted and its history in the natural gas pipeline infrastructure.  Because higher 
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molecular weight hydrocarbons have a substantially lower auto ignition temperature, they 

can lead to auto ignition in the fuel mixing region of the lean premixed combustion 

systems or catalytic combustion systems.   

A second implication of varying concentrations of higher hydrocarbons is the effect of 

the components on the flame position and stability. In this case, the kinetic reaction rate 

of the higher hydrocarbons is substantially different (higher) than that of methane 

resulting in changes of the flame speeds and therefore flame location.  In the case of any 

lean premixed combustion systems, the role of higher hydrocarbons in affecting system 

performance is potentially disastrous due to the possibility of reaction within the premixer 

[37].   

As is evident from list of gaseous fuels discussed above, the potential fuel compositions 

including the fuel blends that could be considered for operating combustion systems on 

are vast.  However, a deeper examination of the fuel compositions and their sources yields 

a subset gaseous fuel produced with available gasification technology. That list is outlined 

in Table 2-2 [38].  However, for this study only binary gaseous blends will be assessed 

experimentally and numerically. The baseline fuel is natural gas (assumed as 100% CH4 

in the binary blends); CO2 was used as a diluent gas to reduce the reactivity of the 

reactions, whereas hydrogen was used with the goal of increasing the reactivity of the 

reactions.   It is expected that the emissions and LBO trends observed from the systematic 

variation of the fuel composition allow us to understand the implications of variable fuel 

composition on current combustion applications designed for fossil fuels.  Table 2-3 

summarizes the binary blends of fuels proposed for study based on the review of the 

literature and consideration for future fuels that may be used in gaseous fueled 

combustion applications. As noted, each nominal fuel will require some variation about 

the nominal composition to reflect variation expected from processes and feedstocks used.   
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Given the assessment presented herein, Table 2-3 presents the recommend “fuel classes” 

and the ranges of composition variation for study. 

Table 2-2. Recommended Gases and Ranges for Study. Fuels Dry, clean nominal 
compositions (volumetric basis*) 

SOURCE H2 CO CH4 CO2 N2 C2+ 
High H2 90-100 0 0-10 0 0 0 

Process and Refinery Gas 25-55 10 30-65 5 0 0 
Gasified Coal (O2 blown) 35-40 45-50 0-1 10-15 2 0 

Gasified Biomass (air blown)  15-25 15-35 0-5 5-15 30-50 0 
Landfill & Digester 0 0 35-65 35-55 0-20 0 

Higher Hydrocarbon 0 0 75-95 0 0 5-25 

*Nominal compositions.  For purpose of this study, variations about the representative values will be 
examined. 

 
Table 2-3. Target binary fuels for the experimental evaluation  

Fuel class I  
H2 Enriched NG 

Fuel class II  
Biogas 

Fuel class III  
NG mixed with C2H6 and C3H8 

0% CH4  - 100% H2 20% CH4 – 80% CO2 100% C3H8 

10% CH4 - 90% H2 30% CH4 – 70% CO2 100%C2H6 

20% CH4 - 80% H2 40% CH4 – 60% CO2 90% CH4 – 10% C2H6 

30% CH4 -70% H2 50% CH4 –50% CO2 80% CH4 – 20% C2H6 

40% CH4 - 60% H2 60% CH4 –40% CO2 70% CH4 – 30% C2H6 

50% CH4 - 50% H2 70% CH4 – 30% CO2 60% CH4 – 40% C2H6 

60% CH4 - 40% H2 80% CH4 – 20% CO2 50% CH4 – 50%  C2H6 

70% CH4 - 30% H2 90% CH4 –10% CO2 90% CH4 – 10% C3H8 

80% CH4 -20% H2 100% CH4 –0% CO2 80% CH4 – 20% C3H8 

90% CH4 - 10% H2 

 

70% CH4 – 30% C3H8 

100% CH4 - 0% H2 60% CH4 – 40% C3H8 
 

2.4. Pollutant Emissions 

In the mid-1940s, symptoms now attributable to photochemical air pollution were first 

encountered in Los Angeles area. Several researchers recognized that the conditions there 

were producing a new kind of smog caused by the action of sunlight on the oxides of 

nitrogen and subsequent reactions with hydrocarbons. In Los Angeles, the primary 

atmosphere source of nitrogen oxides (NOx), CO, and hydrocarbons was readily shown to 

be the result of automobile exhaust. The burgeoning population and industrial growth in 

US urban and exurban areas were responsible for the problem of smog, which led to 

controls not only on automobiles, but also on other mobile and stationary sources [39].  
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Atmospheric pollution has become a worldwide concern. With the prospect of 

supersonic transports flying in the stratosphere came initial questions as to how the water 

vapor ejected by the power plants of these planes would affect the stratosphere. This 

concern led to the consideration of the effects of injecting large amounts of any species on 

the ozone balance in the atmosphere. It then became evident that the major species that 

would affect the ozone balance were the oxides of nitrogen (NOx). The principal nitrogen 

oxides found to be present in the atmosphere are nitric oxide (NO) and nitrogen dioxide 

(NO2). The global emissions of NOx and N2O into the atmosphere have been increasing 

steadily since the middle of the nineteenth century [39].  Furthermore other pollutant 

species like NH3, which is a precursor of smog and particulate matter, and controls the 

acidity of the atmosphere.  Ammonia can be emitted directly from the combustion 

reactions of gaseous fuels. The chapter also reviews the emissions of a family of VOC 

known as formaldehyde (CH2O), which is emitted from a number of natural and 

anthropogenic sources. It is an intermediate oxidation product of hydrocarbon fuels, and 

emissions of formaldehyde from combustion processes are a significant environmental 

concern.   Finally a review of emission of N2O from combustion of fossil fuels is discussed 

in detail in section 0. 

2.4.1. Nitrogen Oxides (NOx) 

There are several routes to form NOx pollutants in gaseous reactions and these may be 

broadly catalogued as thermally-generated, flame-generated, or fuel-bound NOx.  

 Thermal NOx (Zeldovich Pathway)  

Thermal NOx is formed by oxidation of nitrogen in air and requires sufficient 

temperature and time to produce NOx. A rule of thumb is that below approximately 

1700K, the residence time in typical gas turbine combustors is not long enough to produce 
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significant thermal NOx. Where temperatures higher than 1700K cannot be avoided, it is 

necessary to limit residence time to control NOx formation, which favors very short 

combustor designs. Thermal NOx production also increases with the square root of 

operating pressure, making it more difficult to reduce in higher-pressure aero-derivative 

gas turbines. The three principal reactions (the extended Zeldovich mechanism) 

producing thermal NOx are: 

N2 + O → NO + N 
 

Equation 2-2 

N + O2 → NO + O 
 

Equation 2-3 

N + OH → NO + H 
 

Equation 2-4 

 Fuel NOx:  

Fuels that contain nitrogen (e.g., coal) can form fuel NOx that results from oxidation of 

the already-ionized nitrogen contained in the fuel. Crude oils contain 0.1 to 0.2 % nitrogen 

on a mass basis, but levels as high as 0.5 % are found in some oils. In refining the oil, this 

nitrogen is concentrated in the residual fractions, that is, in that portion of the oil that is 

most likely to be burned in large combustion systems such as power plants or industrial 

boilers rather than used as transportation fuels. Coal typically contains 1.2 to 1.6 % 

nitrogen [40]. 

 Prompt NOx: 

This third source is attributed to the reaction of atmospheric nitrogen, N2, with radicals 

such as C, CH, and CH2 fragments derived from fuel, where this cannot be explained by 

either the aforementioned thermal or fuel processes. Occurring in the earliest stage of 

combustion, this results in the formation of fixed species of nitrogen such as NH (nitrogen 

monohydride), HCN (hydrogen cyanide), H2CN (dihydrogen cyanide) and CN- 

(cyano radical) which can oxidize to NO [40]. In fuels that contain nitrogen, the incidence 

http://en.wikipedia.org/wiki/Hydrogen_cyanide
http://en.wikipedia.org/w/index.php?title=Dihydrogen_cyanide&action=edit&redlink=1
http://en.wikipedia.org/wiki/Cyano
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of prompt NOx is especially minimal and it is generally only of interest for the most 

exacting emission targets. This other route occurs at low temperatures, fuel rich conditions 

and short residence times.  This mechanism was first identified by C.P Fenimore in 1971 

while studying NO formation in fuel–rich hydrocarbon flames. Fenimore concluded that 

the NO formed early in the flame was the result of the attack of a hydrocarbon free radical 

on N2, in particular by: hydrogen cyanide), H2CN (dihydrogen cyanide) and CN- 

(cyano radical) which can oxidize to NO. In fuels that contain nitrogen, the incidence of 

prompt NOx is especially minimal and it is generally only of interest for the most exacting 

emission targets. This other route occurs at low temperatures, fuel rich conditions and 

short residence times.  This mechanism was first identified by C.P Fenimore in 1971 while 

studying NO formation in fuel–rich hydrocarbon flames. Fenimore concluded that the NO 

formed early in the flame was the result of the attack of a hydrocarbon free radical on N2, 

in particular by: 

CH + N2 → HCN + N  

 

Equation 2-5 

 N2O route 

NO from N2O Under favorable conditions, which are elevated pressures and oxygen-

rich conditions, this intermediate mechanism can contribute as much as 90% of the NOx 

formed during combustion. This makes it particularly important in equipment such as gas 

turbines and compression-ignition engines. Because these devices are operated at 

increasingly low temperatures to prevent NOx formation via the thermal NOx mechanism, 

the relative importance of the N2O-intermediate mechanism is increasing. It has been 

observed that about 30% of the NOx formed in these systems can be attributed to the N2O- 

intermediate mechanism [41]. At high pressures NO formation via N2O becomes 

important. The pressure influence on NO formed from this mechanism is evidenced in the 

http://en.wikipedia.org/wiki/Hydrogen_cyanide
http://en.wikipedia.org/w/index.php?title=Dihydrogen_cyanide&action=edit&redlink=1
http://en.wikipedia.org/wiki/Cyano
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reaction O + N2 + M ↔ N2O + M; with “M” representing a chemically unchanged third 

body species.  Per Le’ Chatelier’s principle, increasing pressure drives Equation 1 to the 

right, thus enabling NO formation through the subsequent reactions. 

O + N2 + M ↔ N2O + M Equation 2-6 

N2O + H ↔ NO + NH Equation 2-7 

O + N2O ↔ NO + NO Equation 2-8 

Other studies also include the following N2O reaction:  

N2O + O↔  NO + NO Equation 2-9 

2.4.2. NNH Route 

A few years ago, Bozzelli and Dean proposed a new route for NO formation through 

NNH radicals. The essential reactions of the NNH route are: 

N2 + H ↔ NNH Equation 2-10 

NNH+O ↔ NO + NH Equation 2-11 

The NNH route and the N2O route are linked by the reaction: 

NNH + O ↔ N2O+H Equation 2-12 

The NNH pathway appears to be important at flame fronts and other areas where 

relatively high concentrations of H and O radicals are present. In most combustion 

systems Equation 2-11 represents a minor route to NO. Work by other researchers suggest 

that the NNH route can be especially important in hydrogen flames. Experimental 

evidence for the NNH mechanism has been found in low-temperature (~1200K), low-

pressure, premixed rich flames of hydrogen and air. Further experimental support for the 

NNH mechanism has been found in rich flames of H2/O2/N2 and CH4/O2/N2 at 1 atm, 

for lean combustion of hydrogen and air in a stirred reactor, and in H2/CO flames diluted 

by CO2. Moreover, evaluations of the NNH route for hydrogen flames by Konnov and co-

http://www.sciencedirect.com/science/article/pii/S0360319907001334#fd8
http://www.sciencedirect.com/science/article/pii/S0360319907001334#fd8
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workers show that the NNH pathway is important at all temperatures at short residence 

times. At temperatures of 2100 K and higher, the thermal NO route becomes dominant 

after residence times higher than 1 ms [42]. 

2.4.3. Nitrous Oxide (N2O) 

Nitrous oxide (N2O) is present in earth’s atmosphere at a trace level, yet is the most 

abundant nitrogen compound in the atmosphere after molecular nitrogen.  The 

concentration of N2O is rising at rate of 0.26% yr-1, and its current mixing ratio in air is on 

the order of 320 parts per billion (ppbdv) [43].  Figure 2-9 shows contemporary 

measurements commenced in 1978 at the laboratories of the US National Oceanic and 

Atmospheric Administration (NOAA), and earlier measurements are based on air 

extracted from Antarctic ice and firn (compacted snow). Additional firn and ice data are 

supplied by C. MacFarling Meure [44] . 

 
Figure 2-9. Average levels of N2 O in the atmosphere since 1700, expressed in ppb (parts 

per billion, or molecules per thousand million molecules of dry air). Figure copied from [44]. 

The concentration of N2O has been increasing linearly over the last few decades as a 

consequence of the introduction of nitrogen compounds into the atmosphere at a rate 
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greater than its rate of removal [45], [46]. N2O is one of several oxides of nitrogen. It’s 

colorless, non-toxic, and very stable; on average, it resides some 120 years in the 

atmosphere before being broken down by ultraviolet radiation in the stratosphere.N2O is 

one of the long-lived greenhouse gases (CO2, CH4 and N2O) and its global warming 

potential calculated over a timescale of 100 years is 300 times as potent as CO2.  In the 

troposphere, N2O is a relatively stable compound which allows it to (1) act uninhibited as 

greenhouse gas (GHG) and (2) be transported into the stratosphere, where N2O is 

destroyed by direct photolysis by ultraviolet radiation.  The destruction of N2O, while 

removing a potent GHG from the atmosphere, cascades into a different environmental 

problem: NO is formed by reaction with excited atomic oxygen, which causes 

decomposition of stratospheric ozone (O3), thus diminishing the protective role of the 

ozone layer against harmful effects of UV radiation [47]. 

Currently, the largest source of anthropogenic N2O is agriculture, driven mainly by the 

global use of >80 million tons of N annually as synthetic nitrogen fertilizers, as well as 

biological nitrogen fixation by leguminous crops [45], [48]–[50]. Natural ecosystems also 

receive N compounds as NOx from fossil fuel and biomass burning, and ammonia (NH3) 

from livestock manure.  The IPCC estimates that the total N2O emitted by natural and 

anthropogenic is around 17.7Tg N year-1, with 11 and 6.7Tg N year-1 from natural, and 

anthropogenic sources, respectively [43].  The IPCC assigns 2Tg N year-1 to industrial, 

energy generation and biomass burning processes. Still, the level of uncertainty is large 

enough and those 2Tg N year-1 are presented within a lower and higher limit (0.7-3.7Tg N 

year-1).  

To date, identification of anthropogenic sources has concentrated on (1) industrial 

processes that may emit globally significant quantities of N2O, and (2) biological processes 

that may produce N2O on a widespread basis.  Relative to the consideration of N2O 
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emissions from combustion of fuels, most of the research in the combustion literature 

focuses on N2O emissions from solid and liquid fuels, since these fuels contain 

nitrogen bonded within their molecular structures (fuel-nitrogen), which can be 

oxidized into N2O under relatively low temperature conditions [51]–[53]. Significant N2O 

emissions (> 25 ppmdv) have been observed from coal and oil burning power plants, but 

not from industrial gas flames, even when doped with an equivalent amount of fuel 

nitrogen [54]. As a result, the literature focuses on N2O emissions from coal fired 

combustion [3], [51], [55]–[57].  In particular, fluidized bed coal combustion has been 

identified as a specific technology that can emit significant amounts of N2O 

(25<N2O<85ppmdv).  For comparison, direct emission of N2O from conventional utility 

boilers operating on natural gas (NG), residual oil, and pulverized coal have been generally 

found to be < 6ppmdv.[53].   

In terms of the underlying chemistry associated with N2O emissions, Kramlich and Linak 

concluded that, in combustion, the homogeneous reactions leading to N2O are principally: 

NCO + NO  N2O + CO Equation 2-13 

NH + NO N2O + H Equation 2-14 

With the NCO reaction being the most important in practical combustion systems. 

Furthermore they concluded that in any system in which nitrogen in a combined form is 

oxidized under relatively low temperatures can lead to N2O emissions. Practical examples 

include combustion fluidized beds, where fuel-Nitrogen is oxidized at relatively low 

temperatures, and NOx control processes that involve the downstream injection of 

nitrogen-containing compounds, such as urea [52]. A comparison of the possible reactions 

for the formation of N2O in combustion systems is summarized in Table 2-4.
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Table 2-4.  Possible N2O  Reactions from multiple reaction mechanisms [58]–[63]. 

32 

32 
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Five reactions are common to all reaction mechanisms excepting Baulch et al. (1994).  

Those reactions are summarized below: 

N2O + M  N2  + O + M Equation 2-15 

N2O + H N2O + OH Equation 2-16 

N2O+ONO+NO Equation 2-17 

N2O+OHN2+HO2 Equation 2-18 

NH+NON2O+H Equation 2-19 

In light of (1) current combustion systems operating at low temperatures to control 

formation of NOx, (2) possible increased use of hydrogen allowing even leaner mixtures 

and stable operation at even lower temperatures, and (3) increasing need/desire to 

operate combustion systems in a transient manner to follow load and to offset the 

intermittency of renewable power, a new examination of N2O from gaseous fuel systems 

is warranted. 

2.4.4. Unburned Hydrocarbons   

Unburned hydrocarbon or total hydrocarbons (THC) emissions can include essentially 

all vapor phase organic compounds emitted from a combustion source. These are 

primarily emissions of aliphatic, oxygenated, and low molecular weight aromatic 

compounds which exist in the vapor phase at flue gas temperatures. These emissions 

include all alkanes, alkenes, aldehydes, carboxylic acids, and substituted benzenes (e. g., 

benzene, toluene, xylene, and ethyl benzene).  

2.4.5. Volatile Organic Compounds (VOC) 

Volatile organic compounds (VOCs) represent an inhomogeneous substance category; 

its numerous substances cause various impacts. They are responsible for the increase in 

ground-level ozone concentrations during sunny summer periods and also for the 



34 
 

formation of secondary organic aerosols [64]. Furthermore, they contribute to the 

depletion of stratospheric ozone and to the enforcement of the greenhouse effect. 

Some VOC species have a carcinogenic, teratogenic or mutagenic character [65].  A 

number of regulations, e.g. various directives of the European Commission, are in force or 

currently prepared to limit as well the emissions of VOCs as the concentration of secondary 

pollutants, for example ozone [66]. Especially owing to the highly non-linear relationship 

between emissions of VOCs and concentrations of secondary pollutants in the atmosphere. 

Since the individual VOC react with different rates and different mechanisms, they also 

differ in their contribution to photochemical ozone formation. For the development of 

efficient abatement strategies to lower the VOC emissions in order to improve air quality 

in urban areas with regard to direct toxic effects or photochemical air pollution, reliable 

data of VOC are required. 

2.4.6. Formaldehyde (CH2O) 

Formaldehyde is emitted from a number of natural and anthropogenic sources. It is an 

intermediate oxidation product of hydrocarbon fuels, and emissions of formaldehyde from 

combustion processes are a significant environmental concern. Formaldehyde emissions 

have adverse effects on the near environment due to smell and may have carcinogenic 

effects. Furthermore, once emitted, the lifetime of formaldehyde in the atmosphere is 

considerable, on the order of magnitude of hours or even days. It is a very active compound 

in the tropospheric chemistry, participating in chain-propagating reactions through 

photolysis and by interaction with OH radicals, thereby contributing to photochemical 

smog [10].  

Nowadays, one of the major concerns related to formaldehyde refers to its emission 

from engines, in particular lean-burn natural gas engines [67]. These engines are 
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becoming increasingly important as the use of natural gas and other substitutes becomes 

more significant in power production. In lean-burn gas engines a significant fraction of 

the fuel may be emitted in the form of unburned hydrocarbons, mainly as methane since 

it is the main constituent of natural gas, about 90% in many blends. Even though the 

emission of methane from combustion is significantly lower than other natural and 

anthropogenic sources, it is of concern since methane is a strong GHG. However, also the 

emission of partly oxidized combustion products such as formaldehyde from engines and 

domestic combustion applications is of increasing concern because of its role on 

photochemical smog, even though the levels are typically much smaller than those of 

methane [10], [67], [68]. 

The correlation between concentration UHC and Formaldehyde for the engines 

operating normally without low load misfires is presented in Figure 2-10. The correlation 

between THC and CH2O regardless of engine type and operating condition. This was true 

for a very wide range of engine designs and operating conditions including rich burn, clean 

burn and lean burn four stroke engines, and lean burn and clean burn two stroke engines, 

both turbocharged and blower scavenged [67].  The ratio of CH2O concentration to THC 

concentration was always in a fairly narrow range, 1 to 2.5 percent. Direct fuel injection, 

port injection, and pre-combustion chamber designs were all included. The implication 

appears to be that regardless of bulk combustion temperature, degree of mixing, level of 

turbulence, engine size and shape, equivalence ratio and engine speed, about 1.5 percent 

of the total hydrocarbons which escape combustion in the engine or exhaust are partially 

oxidized to CH2O. The fact that a rich burn four stroke engine producing about 100 ppm 

THC and a two stroke clean burn pre-chamber engine running extremely lean and 

producing about 3000 ppm THC, both have essentially the same CH2O to THC ratio is 

somewhat surprising and may have significance as far as how and where CH2O is formed. 
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Figure 2-10. Correlation Formaldehyde vs. Unburned Hydrocarbon. Adapted from Olsen 

and Mitchell 2009 [67]. 

In gaseous reactions, formaldehyde (CH2O or HCHO) is a primary combustion 

intermediate for the combustion of CH4.

 

Figure 2-11  shows the reaction scheme for methane where formaldehyde is part of the 

main route to produce CO and finally CO2. Formaldehyde is a stable intermediate that 
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forms in cold regions of the flame at temperatures from 400 to 80o K. Below 100K is 

relatively stable but combustion rapidly at temperatures above 1200K.  

 

Figure 2-11. Reaction scheme for the combustion of methane. Figure copied from [69]. 

 

2.4.7. Ammonia (NH3) 

Gaseous ammonia (NH3) is the most abundant alkaline gas in the atmosphere where it 

regulates atmospheric acidity [70]. In addition, it is a major component of total reactive 

nitrogen. The largest source of NH3 emissions is agriculture, including animal husbandry 

and NH3-based fertilizer applications. Other sources of NH3 include industrial processes, 

vehicular emissions, volatilization from soils and oceans, emissions from human and 

animal excreta and the combustion of fossil and renewable fuels. Recent studies have 

indicated that NH3 emissions have been increasing over the last few decades on a global 

scale[71][72]. This is a concern because NH3 plays a significant role in the 

formation of atmospheric particulate matter. Over the last two decades, a number of 
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research papers have addressed pertinent issues related to NH3 emissions into the 

atmosphere at global, regional and local scales [72] [70], [73]–[75].  

 
Figure 2-12.  Global emissions of NH3 in Gg [72]. 

 

 

Figure 2-13. Record of Ammonium NH4 in the atmosphere from 1700 [71] 

For example, NH3 plays a significant role in PM2.5 formation, and increasing ammonia 

may enhance PM2.5 (aerosols with aerodynamic diameters of less than or equal to 2.5 µm) 

concentrations despite recent progress to lower emissions of sulfur oxides (SOx) and NOx. 
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NH3 facilitates gas-to-particle conversion Its deposition contributes to soil acidification 

through oxidation of the deposited ammonia to acidic compounds [74]. 

Ammonia-derived PM2.5 may challenge the stringent 24-h average National Ambient 

Air Quality Standard (NAAQS) for PM2.5 of 35 µg m-3 promulgated by the U.S. 

Environmental Protection Agency (4). In the United States, air quality research in the past 

half century has focused largely on NOx, sulfur dioxide (SO2), ozone (O3), and particulate 

matter (PM2.5 and PM10 (aerosols with aerodynamic diameters of less than or equal to 

10 µm)). Limited attention has been given to reduced nitrogen-, sulfur-, and 

carbon-containing compounds. Compounds such as NH3, hydrogen sulfide (H2S), 

and volatile organic compounds (VOCs) play important roles in the formation of criteria 

pollutants such as tropospheric O3, SO2, and PM2.5, as well as in the acidification and 

eutrophication of ecosystems [76], [71] 

2.5. Interchangeability 

Fuel interchangeability is most often defined as the ability of one gaseous fuel being a 

substitute for another gaseous fuel without significantly altering the combustion 

characteristics and operation [77]–[79].  Measuring and defining how well of a substitute 

one fuel is for another is a difficult task and is still an ongoing debate.  There have been 

various indices proposed throughout the years that attempt to define interchangeability, 

but each one has a drawback.  There are many important parameters associated with 

characterizing a combustion system such as flame speed, autoignition, flashback, 

blowout/blowoff, and flame instabilities to list a few.  So far there has been no single index 

that correlates to all of these combustion properties, but a few indices have been used 

repeatedly despite their shortcomings.    
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2.5.1. Single Index Criteria 

The most widely used index to characterize fuel interchangeability is the Wobbe Index.  

2.5.1.1. Wobbe Index  

The Wobbe Index (WI) is a measure of heating content in a fuel and is defined by the 

following equation: 

SG

HHV
WIIndexWobbe 

 
Eq. 2-20 

Where HHV is the higher heating value and SG is the specific gravity compared to air.  

The most common unit used in the U.S. is Btu/scf.  The gas supply industry relies heavily 

on this index when determining if a fuel can be safely used in the distribution system.  The 

Natural Gas Council formed the NGC+ Work Group on Interchangeability in 2005 and 

developed the acceptable range of Wobbe values for natural gas as between 1291 to 

1400Btu/scf with a maximum of 4% by volume of inert gases [79].  The Wobbe Index does 

well for burner systems that rely on thermal load as the main input, but for systems such 

as gas turbines the flame temperature is the most important input and Wobbe Index does 

a poor job at this estimation.  Another problem is that the Wobbe Index does not capture 

the flame speed or combustion chemistry [37].  

 Schuster Index   

The Schuster index is a ratio of the heat input of the fuel, as measured by the Wobbe 

index, to the rate of heat production, which is proportional to the burning velocity of the 

fuel.   
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LS

WI
Sc 

 

Eq. 2-21 

  

Where 
LS  stands for the laminar flame speed. The Schuster Index, when developed, 

was hard to implement due to lack of reliable laminar flame speed data.  This has changed 

in recent years with researchers carrying out more accurate measurements of flame speed; 

in this regard, the experimental measurements of flame speeds of single component fuels 

have been particularly prolific and flame speed data is readily available.  However flame 

speeds measurements for alternative fuels such as coal derived syngas, landfill gases 

and imported LNG have not experienced the same level of evaluation [77]. Even 

though, other computational tools for solving complex chemical kinetics problems, and 

the development of kinetic mechanisms obtained in part from empirical results have 

allowed an important progress in understanding the chemical kinetics of reactive mixtures 

and a more accurate prediction of flame speeds for pure and mixed fuels. Since the flame 

speed captures a lot of information about the kinetics of the flame, and some of the most 

important combustion parameters such as equivalence ratio, preheating temperature, and 

pressure have a direct effect on flame speed; Schuster Index is expected to be a more 

comprehensive single index parameter than Wobbe index.  Nevertheless, Ferguson et 

al. showed that neither Schuster nor Wobbe could accurately predict the dynamic response 

to a change in fuel and recommends an index (or set of indices) that use the relative 

difference between a substitute gas and a baseline gas [79].        

2.5.2. Multiple Indices Criteria 

Since the Wobbe Index is only concerned with matching heat release for a given burner, 

other indices have been developed to assess the interchangeability of other flame 

properties such as lifting, yellow tipping, flash back, air supply, incomplete combustion, 
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and burner load [80].  Classical interchangeability criteria include single index 

parameter such as Wobbe and Schuster indices, and Multiple Indices methods as 

those developed by the American Gas Association (AGA Bulletin # 36-1946) and 

Weaver Indices. Both AGA and Weaver indices were formulated to account for 

observed atmospheric burner behaviors not directly addressed by the simpler Wobbe 

index [81]. 

 AGA indices 

1946 the American Gas Association (AGA) carried out extensive experimental research 

on fuel gas interchangeability. AGA Tests were done on a specially developed partial 

premixing Bunsen-type burner and focused on establishing criteria for blending 

“supplemental” or “peaking gases” with base load supplies or adjustment gases;  those 

adjustment gases were the three most historically representative natural gases available 

in the U.S at that time [81]. Based on this experimental work, AGA developed several 

empirical indices to address the effects of fuel interchange on Yellow Tipping (
YI ), Flame 

Lifting (
LI ) and Flash Back (

FI ).    

 Weaver Indices 

In the 1950’s while working for the U.S. Bureau of Mines, E. R. Weaver expanded the 

AGA indices on lifting, yellow tipping and flash back by adding separate parameters for 

incomplete combustion, burner load and air supply [81].  Weaver’s main success was to 

include empirical correlations to take account of the effect of flame speed on each index.  

Those empirical correlations, used by Weaver in 1951, could be updated with more 

accurate results given the important progress achieved in measuring the flame speed of 

fuel mixtures and the availability of flame speed predictions based on current kinetic 

models. Similarly to AGA indices, Weaver Fuel interchangeability is predicted based on 
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the limits that give a relative correlation of the “Substitute” fuel to the “adjustment” gas. 

It is worth to highlight that the multiple index techniques have a history of widespread 

and satisfactory use in the industry; however, as empirical models, the multiple index 

methods also have limitations based on the burner designs and fuel gases tested in the 

development research[80]. Similarly to AGA indices, Weaver indices were never 

optimized for today’s engines operating under lean pre-mixed combustion [79]. 

2.5.3. Generalized Flame Stability Diagrams 

In 1959 Van Krevelen and Chermin developed a method for predicting the 

interchangeability of arbitrary gas mixtures concerning only the flame stability [82].  Their 

work was based on the theory of stability of atmospheric burner flames as defined by Lewis 

and Von Elbe in 1942.  According to Lewis and Von Elbe, both flashback and blow-off are 

exclusively governed by the boundary velocity gradient and the air-fuel ratio [83].  The last 

theory was confirmed experimentally by Grumer et al. who found that the two stability 

limits (flashback and blow-off) are independent of the burner port diameter [84]. Grumer 

also determined these stability limits for a large number of single component gases and 

gas mixtures. It is worth to mention that the theory by Lewis and Von Elbe is very accurate 

to predict the stability limits when the flame takes place under laminar conditions; in fact, 

the concept of the velocity gradient in their theory was devised for a laminar stream and 

sets that the velocity distribution of the injected fluid follows closely the Poiseuille 

parabola  22 rRnU  .  U  Is the velocity at a distance r  from the axis, R  is the radius 

of the tube and 
4

a
n


  ,  where    is the viscosity and a  the hydrodynamic pressure 

gradient.   Consequently, Grumer used premixed laminar streams, flowing through single 

upright ports in free air, at room temperature and pressure.   As a consequence, the 
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method developed by Van Krevelen and Chermin is apt only for the interchangeability 

of premixed laminar flames.  

The flame stability diagrams for hydrogen and methane are presented in Figure 2-14.  

Hydrogen with is extremely high combustion rate may flash back already at a boundary 

velocity gradient of 10500 sec-1 but can hardly be blown off;  methane on the other hand 

can flashback  only when the boundary velocity gradient has fallen to the low value of 

400sec-1, whereas blowoff already occurs at 2000 sec-1 (at stoichiometric gas 

concentration). The critical gradient can be calculated as: 
3

4

R

V
g


 , where V is the 

volumetric flow rate and F is the fuel-gas concentration as a fraction of the equivalence 

ratio. 

 

Figure 2-14. Flame stability diagram of hydrogen (left) and methane (right).  Figures 
copied from [82]. 

A schematic representation of the flame stability diagram is shown in Figure 2-15. This 

diagram is characterized by the following data:  
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 The coordinates of the peak of the flashback curve  MM Fg , . 

 A quantity providing a measure of the width of the flashback curve. 

 The distance of the blow-off curve form the peak of the flashback curve 

characterized, for example by the distances TP and TQ.  

In principle, the flame stability diagram for any given gas or mixture (burning in air) is 

completely characterized by these three quantities.  

 

Figure 2-15.  Typical flame stability diagram. Figure copied from [82]. 

Van Krevelen and Chermin found possible to reduce all individual stability diagrams 

(of both pure and mixed gases) to a generalized diagram by using the following 

coordinates:   

a) The dimensionless reduced boundary velocity gradient
MR ggg / . 

b) The reduced gas concentration, defined as  MR FFF  1 .  Where F is the fuel 

gas concentration, fraction of stoichiometric; 
MF  is the position of the peak of the 
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flashback curve; and   is the reduction factor-this is a reciprocal measure of the 

width of the flashback curve normalized for methane 1 .  

The generalized flame stability diagram is presented in Figure 2-16.  This comprises a 

bundle of blow-off curves which are exclusively determined by the percentage of hydrogen 

in the inert-free mixture. 

 

Figure 2-16.  Generalized flame stability diagram.  Figure from Van Krevelen and 
Chermin [8].  

The numerical values of 
MF , 

Mg  and   of pure fuel gases are given in Table 2-5. 

.    
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Table 2-5. Values of
Mg , 

MF  and   of pure fuel gases. 

Fuel 
gas 

Mg

(sec-1) 
MF    

CH4 400 1 1 
C2H6 650 1.13 0.8 
C3H8 580 1.12 0.6 
C2H4 1400 1.1 0.63 
C6H6 720 1.06 0.63 
H2 10500 1.2 0.46 

 

Out of the three characteristic parameters, the reduction factor   is the only additive 

one.   The other two, 
Mg  and 

MF  are only additive for mixtures of hydrocarbons.   For 

other binary mixtures Grumer determined the corresponding maximum values as 

presented in Figure 2-17. 

 
Figure 2-17.   Critical gradient (left) and equivalence ratio (Right) at the flashback 

maximum point for methane-hydrogen mixtures. Figure copied from [82] 

 

For detailed descriptions about how to determine the parameters
Rg , 

RF  and   for 

other fuel mixtures including inert gases see [82]. 

Finally, If a given gas, or gas mixture A, is burning with a stable flame on a burner port, 

the coordinates relating this burner-fuel gas combination (the performance point of the 

burner for gas A) naturally lie within the stable flame region of the diagram. This gas is 

interchangeable with another gas (B) only if the coordinates of the performance point of 
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the burner-fuel gas B combination also come within the stable flame region of the 

generalized diagram. 

If we know the performance point of a burner with adjustment gas A, the performance 

of the same burner with a substitute fuel B can be calculated as follows: 
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Eq. 2-22 
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Eq. 2-23 

Where P the gas-line pressure and W is the Wobbe index of the gas. 

2.6. Numerical Strategies to Predict Pollutant Emissions 

Several strategies to model NOx formation have been presented in the literature. The 

most accurate models spatially resolve, in three dimensions (3-D), the emissions 

formation by coupling a detailed kinetics set including the nitrogen chemistry and fully 

resolving the turbulent flow [85]–[88]. These strategies include Large eddy 

simulations (LES), The Reynolds-averaged Navier-Stokes equations (RANS) or some 

turbulence model in conjunction with a combustion model, i.e. the  eddy dissipation 

concept  (EDC) by Magnusen and Hjertager [89]. However, the requirement of ultra-fine 

meshes to capture the finest turbulent scales raises the computational cost and makes 

these strategies prohibitively expensive in an industrial context. Furthermore, these type 

of simulations resolve a single operating condition per simulation, i.e., the burner running 

on pure methane, fixed air to fuel ratio, fixed thermal input, fixed geometry etc,.  A single 

point of emissions can be predicted per converged simulation. LES resolves only for the 

large scales of the flow field while modeling the finest scales; a solution with this model is 

attainable using modern supercomputers. DNS techniques resolve even the finest scales 
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of the turbulence in the computational mesh, which makes it prohibitively expensive for 

nearly all systems. RANS models are most efficient than DNS or LES, however coupling 

the turbulence model with a reaction mechanism makes the problem even more 

computationally expensive. Besides typical reaction mechanisms are invariably stiff and 

their numerical integration is still computationally costly.   

Other models solve the NOx transport equations based on a given flow field and 

combustion solution. In other words, NOx is post-processed (decoupled) from a 

combustion simulation. It is thus evident that an accurate combustion solution 

(temperature and species profile) becomes a prerequisite for precise NOx prediction based 

on post processed results. With the last strategy, NOx variation trends can be predicted, 

but the NOx quantity itself cannot be pinpointed. 

For instance Figure 2-18 shows the results of a low swirl reaction using three 

combustion models in a 2-D axisymmetric with swirl simulation. Neumayer [90] modeled 

the low swirl flames using a 2-D, axisymmetric, steady state, Reynolds-averaged-Navier-

Stokes (RANS). Neumayer used two combustion models, the eddy-dissipation-concept 

model (EDC) and the turbulent flame speed closure mode (TFC) [91]. EDC was unable to 

predict the measured flame shape or position correctly, similarly to the Finite Rate Eddy 

Dissipation model (FRED) which did not successfully predict the reaction structure or the 

velocity profiles a low swirl flame. Conversely, the TFC combustion model provided a 

reasonable estimate of the flow field and flame shape. These simulations help guide the 

building of the CRN, but it is not expected that this model predicts the effect of the fuel 

composition on the pollutant formation (The TFC model cannot be coupled with a reaction 

mechanism).   Conversely, the TFC combustion model provides a reasonable estimate of 

the flow field and flame shape. Since the flow field results obtained with the TFC were in 

good agreement with the experimental data, new simulations using this model were 
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carried out to analyze the fluid dynamics and extent of EGR occurring in the combustion 

chamber. These simulations help guide the building of the CRN, but it is not expected that 

this model predicts the effect of the fuel composition on the pollutant formation (The TFC 

model cannot be coupled with a reaction mechanism).   

 
Figure 2-18.  Comparison of the reaction progress variable with three combustion 

models. TFC next to a picture of the actual flame (Left).  EDC coupled to a reaction 
mechanism (Center); FRED (Rigth)-EDC and FRED legends (Right). 

 

It is clear that, to accurately predict the formation of pollutant species and the impact 

of the fuel composition, it is necessary to couple the effect of the fluid dynamics with a 

detailed description of the chemical kinetics. A chemical reactor network (CRN) couples a 

complete reaction mechanism with a simplified description of the fluid dynamics. The 

concept of modeling the flow field using a network of ideal reactors was first introduced 

by S.L Bragg in 1953 [92]. Bragg successfully modeled a premixed flame using a perfectly 

stirred reactor (PSR), followed by a plug flow reactor (PFR).   The PSR is 0-D model that 

assumes perfect mixing and homogeneous composition; the PFR assumes frictionless,       

1-D flow, and uniform properties in the direction perpendicular to the flow.  With a simple 

CRN, the most important parameters controlling the pollutant formation and stability can 
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be varied within the complete flammable range and results can be generated very quickly, 

since the computing turnaround time is several orders of magnitude less than even the 

simplest CFD simulation. This methodology has been successfully implemented to the 

analysis of emission from simple burners represented by two or three reactors in series 

[93], [94]. Other researchers have incorporated algorithms to automatically generate a 

CRN that fills the complete volume of the combustor with PSRs and PFRs [5], [95]–[98]. 

Even automatically generating the CRN still requires one CFD simulation per every 

operating condition, which again increases the computational cost of the analysis. 

2.6.1. Reaction Mechanisms 

Understanding the underlying chemical processes is essential to our study of 

combustion. In many combustion processes, chemical reaction rates control the rate of 

combustion and, in essentially all combustion processes, chemical rates determine 

pollutant formation and destruction.  Also, ignition and flame extinction are intimately 

related to chemical processes.  The study of the elementary reactions and their rates, 

chemical kinetics, is a specialized field of physical chemistry [14].  

A reaction mechanism is a step-by-step descriptions of what occurs on a molecular level 

in chemical reactions. Each step of the reaction mechanism is known as an elementary 

process or elementary reaction, a term used to describe a moment in the reaction when 

one or more molecules changes geometry or is perturbed by the addition or omission of 

another interacting molecule. Collectively, an overall reaction and a reaction mechanism 

consist of multiple elementary processes. These elementary steps are the basic building 

blocks of a complex reaction, and cannot be broken down any further.  A reaction 

mechanism is only a guess at how a reaction proceeds. Therefore, even if a mechanism 

agrees with the experimental results of a reaction, it cannot be proven to be correct [99]. 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Elementary_Reactions
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Elementary_Reactions


52 
 

 Description of a Reaction Mechanism 

Because a reaction mechanism is used to describe what occurs at each step of a reaction, 

it also describes the transition state, or the state in which the maximum of potential energy 

is reached. A mechanism must show the order in which the bonds form or break and the 

rate of each elementary step. Also accounted for are the reaction intermediates, stable 

molecules that do not appear in the experimentally determined rate law because they are 

formed in one step and consumed in a subsequent step. Because a reaction cannot proceed 

faster than the rate of slowest elementary step, the slowest step in a mechanism establishes 

the rate of the overall reaction. This elementary step is known as the rate-determining 

step. A mechanism must satisfy the following two requirements: 

1. The elementary steps must add up to give the overall balanced equation for the 

reaction. 

2. The rate law for the rate-determining step must agree with the experimentally 

determined rate law. 

Each of these events constitutes an elementary step that can be represented as a 

coming-together of discrete particles ("collision") or as the breaking-up of a molecule 

("dissociation") into simpler units. The molecular entity that emerges from each step may 

be a final product of the reaction, or it might be an intermediate. 

 Elementary Processes 

Although a rate law for an overall reaction can only be experimentally determined, the 

rate law for each elementary step can be deduced from the chemical equation through 

inspection. A unimolecular elementary step has a first order rate law, whereas a 

bimolecular elementary step has a second order rate law. Table 2-6 below summarizes the 

types of elementary steps and the rate laws that they follow. A, B, and C here represent the 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Rate-Determining_Step
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Rate-Determining_Step
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Elementary_Reactions
http://chemwiki.ucdavis.edu/Physical_Chemistry/Kinetics/Rate_Laws/Reaction_Mechanisms/Elementary_Reactions
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reactants or reaction intermediates. Typically these steps are usually either unimolecular 

or bimolecular. A unimolecular elementary process describes the dissociation of a single 

molecule. A bimolecular elementary process occurs when two molecules collide. A third 

process, called termolecular, is rare because it involves three molecules colliding at the 

same time. In the bimolecular and termolecular processes, the molecules may be different 

or the same. 

Table 2-6. Elementary Steps and Rate Laws 

Molecularity Elementary Step Rate Law for Elementary step 

Unimolecular A⟶products Rate=k[A] 

Bimolecular 
A+B⟶products Rate =k[A][B] 

A+A⟶products rate=k[A]2 

Termolecular 

A+A+B⟶products rate=k[A]2[B] 

A+A+A⟶products rate=k[A]3 

A+B+C⟶products rate=k[A][B][C] 

 

Elementary processes are also reversible. Some may reach conditions of equilibrium, 

in which both the forward and reverse reaction rates are equal. 

Chemical kinetic mechanism have been developed to model the combustion of 

representative higher molecular weight hydrocarbons and blends of these as surrogates of 

real fuels. Table 2-7 presents several reaction mechanisms that have been optimized to 

model the combustion reactions of gaseous fuels.  C1, C2, C3, C4 represent hydrocarbon 

molecules corresponding to methane, ethane, propane and butane, respectively.  
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Table 2-7. List of reaction mechanisms used for gaseous combustion. 

Mechanism 
name 

Fuels 
Include 

NOx? 
# of 

species 
# of 

reactions 
Last 

update 
Reference 

UC San Diego NG to C1 to C3 Yes 50 235 2014 [61] 

GRI Mech 3.0 NG Yes 53 325 2000 [60] 

Konnov 0.4 H2/CO-C1-C4 yes 121 1027 1998 [100] 

Leeds Mech 1.5 NG No 27 ~176 2001 [101] 

USC Mech II C1-C4/H2/CO No 111 784 2007 [102] 

Galway-NG III NG to C5 No 230 1328 2010 [103] 

Glasborg et al.  C1-C2/CO/H2 yes --- 438 1998 [58] 

Miller-Bowman C1-c3/CO/H2 yes --- 307 1989 [59] 

Allen et al.  H2-Nitrogen yes --- 61 1995 [62] 

  

2.6.2. Analysis of Reacting Systems 

This section presents several models used to couple the analyses of chemical kinetics, 

thermal and flow effects of reacting systems. 

 Plug Flow Reactor (PFR) 

A plug flow reactor represents an ideal reactor in which there is no radial variation of 

the system properties. A PFR reactor has the following attributes: 

• Steady state, steady flow 

• No mixing in the axial direction. This implies that molecular and/or turbulence 

mass diffusion is negligible in the flow direction. 

• Neglects kinetic energy and assume frictionless flow.  The Euler equation is used 

to relate pressure and velocity. 

• Uniform properties in the direction perpendicular to the flow, i.e., one-

dimensional flow. This means that at any cross section, a single velocity, 

temperature, composition, etc., completely characterize the flow. 
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• Ideal gas behavior, this assumption allows simple state relations to be employed to 

relate T, P, , Yi, and h. See Figure 2-19. 

  
Figure 2-19. Schematic diagram of a plug flow reactor.  Figure Copied from  [104]. 

 

 Perfectly Stirred Reactor (PSR) 

For thermal systems, perfectly stirred reactor (PSR) models are a common method for 

testing and developing chemical reaction mechanisms. Well-Stirred Reactor (WSR) or 

Perfectly-Stirred Reactor (PSR) is an ideal reactor in which perfect mixing is achieved 

inside the control volume. A PSR can be used to describe highly turbulent-mixed reacting 

flows. The PSR model is an extremely useful construct to study flame stabilization, NOx 

formation, etc. Figure 2-20 shows a schematic representation of the control volume of 

PSR.  
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Figure 2-20.  Schematic representation of a perfectly stirred reactor control volume 

A PSR is considered a continuous reactor with the following attributes: 

• Steady state 

• 0-D 

• Back mixing (𝑌𝑖_𝐶𝑉 = 𝑌𝑖_𝑜𝑢𝑡) 

• Reactions are limited by the time spent in the reactor (residence time). 

• Reactants react at each and every location within the volume at the same time.  

• No temperature or composition gradients within the mixture.  

• Single temperature and a set of species concentrations are sufficient to describe 

the evolution of the system.  

• For combustion reactions, both temperature and volume will increase with time.  

• There may be heat transfer through the reaction vessel walls 

A PSR requires the following input variables: 

 Residence time (Rt), which is the average amount of time that a particle spends in 

a particular system.  This variable can be related to the volume (𝑉) of the reactor, 
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the average gas density (ρ) and the mass flow ( �̇� ) through the following 

expression: 𝑅𝑡 =
𝜌𝑉

�̇�
 

 Mass flow through the reactor (�̇�) 

 Initial temperature (T) 

 Pressure (P) 

 Heat losses (
cvQ ) 

 Initial composition (
iY ) 

This model simplify the fluid mechanics and allow the use of a complete reaction 

mechanisms to simulate the reaction rates.  

 Chemical Reactor Network (CRN) 

It is clear that, to accurately predict the formation of pollutant species and the impact 

of the fuel composition, it is necessary to couple the effect of the fluid dynamics with a 

detailed description of the chemical kinetics. A CRN couples a complete reaction 

mechanism with a simplified description of the fluid dynamics. The concept of modeling 

the flow field using a network of ideal reactors was first introduced by S.L Bragg in 1953 

[92]. Bragg successfully modeled a premixed flame using a perfectly stirred reactor (PSR), 

followed by a plug flow reactor (PFR).   The PSR is 0-D model that assumes perfect mixing 

and homogeneous composition; the PFR assumes frictionless, 1-D flow, and uniform 

properties in the direction perpendicular to the flow.  With a simple CRN, the most 

important parameters controlling the pollutant formation and stability can be varied 

within the complete flammable range and results can be generated very quickly, since the 

computing turnaround time is several orders of magnitude less than even the simplest 

CFD simulation. This methodology has been successfully implemented to the analysis of 

emission from simple burners represented by two or three reactors in series [93], [94]. 
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Figure 2-21 shows zone splitting using temperature and flow-field contours are the first 

steps to create a CRN. In the figure, PSR0 represents the pre-flame zone. This reactor is 

at blowoff since the initial P , T  and Rt  don’t suffice the conditions to ignite the mixture. 

PSR0 is set as a fixed volume reactor at the conditions of the incoming fresh reactants 

(294K and 303.9 kPa).  This reactor has volume corresponding to the cylinder upstream 

of the main flame zone ( 3
0 70cmVPSR  ). The rest of the reactors (PSR1, PSR2 and PFR) are 

initialized at a temperature above the autoignition. The location of the main flame or core 

of the reactions is represented by PSR1. In this analysis the flame volume is assumed to be 

constant. For NG, the volume of the PSR1 is approximately 200 cm3, whereas for the 

hydrogen enriched methane blends, the volume of this reactor can be half that volume 

(100cm3). The PSR1 volume is calculated as a truncated cone. Also, a recirculation loop is 

modeled with another fixed volume PSR that loses heat through its walls (PSR2). The 

volume enclosing the truncated cone section is used to model the EGR region. The CRN 

allows every parameter to be varied over a complete range of values.  Finally the post flame 

region is represented with a PFR since the exhaust gases in that zone flow in one direction. 

The length and diameter of the PFR are taken directly from the dimensions of the 

combustion chamber.   
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Figure 2-21. Zone distribution in the combustor; Temperature contour indicates the 

location of the reactors whereas streamlines indicate the direction of the flow (left).  CRN 
(right). 

A CRN built with four reactors is enough to include the most important variables 

governing the emission formation of reactions stabilized with a LSB. The simplicity of the 

network is an advantage since it is possible to carry out a parametric analysis (for multiple 

operation conditions) on a single run. This simple model still includes the most important 

variables governing the stability and emissions, such as the effect of the exhaust 

recirculation (EGR), geometry of the combustor, heat losses from the burner, radiation 

from the premixed flame, operation pressure up to 40 atmospheres, and the impact of the 

fuel composition on the NOx pathways. This approach is also useful in exploring how 

appliances might be modified to better address a known change in gas composition, or 

during the design process to minimize pollutant emissions and stability issues. 
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 Automated CRNs 

Other researchers have incorporated algorithms to automatically generate a CRN that 

fills the complete volume of the combustor with PSRs and PFRs.  Frassoldati et al., created 

and algorithm to generate a CRN by clustering (by temperature and composition) the cells 

of the CFD solution into a network of PSRs [105]. Skjoth et al., created and algorithm to 

convert every cell of the CFD model into a PSR  as an strategy to model NOx formation in 

different zones of a combustor [106]. However every automatically generated CRN still 

requires one CFD simulation per every operating condition, which again increases the 

computational cost of the analysis. 

The strategies to create the clusters vary with each author [96]–[98], [107], however 

the progress on CRN modelling has consisted on using more refined strategies to  

automatically split CFD the domain into PFRs and PSRs depending on flow direction, 

temperature and composition.  

2.7. Previous Fuel Flexibility and Emissions Research 

To date the fuel flexibility extents of porous-media burners has been limitedly 

assessed. Yu et al., in 2013 experimentally compared the emissions (NOx and CO) and 

stability of three types of porous-media burners: Metal fiber (MF), Ceramic (CM) and 

stainless steel fins (SF).  For their experiments only natural gas (NG) was used as test fuel 

[108]. Similarly, Keramiotis and Founti studied the use of biogas mixtures in a porous 

burner at variable fire rate and air to fuel ratio [109], their results show wide stability with 

respect to thermal load or fire rate; the composition of the biogas used for their study was 

60% CH4 and 40% CO2 by volume. The effect of CO2 addition to NG mixtures is of 

particular importance since it is related to the increasing interest of using renewable 

biogas mixtures in practical applications. Also Hamamre et al., studied only the 
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combustion of low calorific value (LCV) gases from landfills and waste pyrolysis [110]. The 

traditional gaseous fossil fuels, LPG and NG/methane, have also been widely studied 

[111]–[115].  Arrieta and Amell studied the use an equimolar mixture of natural gas with 

syngas with a ceramic surface-stabilized combustion burner [116].  Francisco et al (2013) 

analyzed the Combustion of hydrogen rich gaseous LCV fuels in a confined environment 

[117], however the use of pure hydrogen or highly enriched hythane was not considered in 

their research.   

The effect of H2 addition to NG is relevant to the current interest in using renewable 

energy to produce H2.  The technology is known as power-to-gas. The electricity generated 

by renewable technologies is converted into hydrogen by water electrolysis. The hydrogen 

that is thereby produced can be stored in pressure tanks and when needed can be 

reconverted into electricity with fuel cells or hydrogen combustion engines; likewise 

certain percentage of hydrogen could be fed into the gas distribution system [118]. M. M. 

Abdelaal et al., studied the effect of oxygen enrichment to the air on the combustion of a 

radiant porous burner [119]. Also Qiu and Hayden investigated oxygen-enriched 

combustion of natural gas in porous radiant burners. Their experimental results indicated 

an increase in the radiation output with an increase in oxygen concentrations in the 

combustion air [120]. Rørtveit  et al., compared different Low-NOx burners for combustion 

of methane and hydrogen mixtures including fiber burners, swirl burner, and two porous 

inert material burners with and without catalytic support [121];  for their experiments the 

maximum mole fraction of hydrogen in the H2/CH4 blend was 0.3/0.7.  Brockerhoff and 

Emost tested the performance of a premixed radiant burner for the low NOx combustion 

of natural gas/hydrogen mixtures up to 50% H2 by volume [122]. In 2002, Tseng 

numerically investigated the effects of hydrogen addition (up to 60% by vol.) on methane 

combustion in a porous medium burner [123].  Also Alavandi and Agrawal studied the 
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combustion of hydrogen–syngas/methane fuel mixtures in a porous burner. They tested 

triple mixtures CO + H2 + NG including up to 50% H2 and NG was used as baseline fuel 

for comparison [124]. They found that for a given adiabatic flame temperature, increasing 

H2/CO content in the fuel mixture decreased both the CO and NOx emissions. Presence of 

H2/CO in the fuel mixture also decreased temperature near the lean blow-off limit, 

especially for higher percentages of CO and H2 in the fuel.  

Regarding the emissions of NOx, CO, N2O and NH3; NOx and CO have been widely 

evaluated, yet the emissions of N2O and NH3 are not common species reported in 

combustion literature. On one hand the rising concentration of N2O in the atmosphere at 

rate of 0.26% yr-1 (0.7 ppb yr-1), and its current mixing ratio in dry air is of the order of 

320 parts per billion (ppbdv) [43]. This mixing ratio has been increasing linearly over the 

last few decades as a consequence of the introduction of nitrogen compounds into the 

atmosphere at a rate greater than its rate of removal [45], [46]; in addition N2O is one of 

the long-lived greenhouse gases (CO2, CH4 and N2O) and its global warming potential 

calculated over a timescale of 100 years is 300 times as potent as CO2 as a global warming 

agent.   For comparison, methane (CH4) is 25 times as potent as CO2.  Despite its 

potentially strong contribution as a greenhouse gas (GHG), N2O has garnered relatively 

little attention in the context of combustion of various gaseous fuels. On the other hand, 

ammonia (NH3) is also an important atmospheric pollutant species; recent studies have 

indicated that NH3 emissions have been increasing over the last few decades on a global 

scale. This is a concern because NH3 plays a significant role in the formation of 

atmospheric particulate matter, visibility degradation and atmospheric deposition of 

nitrogen to sensitive ecosystems [72]. Thus, the increase in NH3 emissions negatively 

influences environmental and public health as well as climate change. For these reasons, 
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it is important to have a clear understanding of the combustion sources NH3 in the 

atmosphere. 

  In light of (1) current combustion systems operating at low temperatures to control 

formation of NOx, (2) increased use of alternative fuels such as hydrogen allowing even 

leaner mixtures, low temperature operation, and (3) increasing recognition of the 

need/desire to operate combustion systems in a transient manner to follow load and to 

offset the intermittency of renewable power, a new examination of N2O/NH3 from gaseous 

fuel systems is warranted.  This, combined with recent advances in measurement methods 

for quantifying N2O/NH3 emissions, provides an opportunity for new insight. Moreover, 

to date the bulk of research hasn’t reviewed the extent of the fuel flexibility of combustion 

reactions stabilized with a surface stabilized porous burner.  

2.8. Remaining Research Questions 

It is difficult to determine which fuels will have the greatest impact/utilization in the 

future, yet it seems clear that a “poly fuel future” is upcoming.  In that case, extremes 

ranging from pure hydrogen in a “hydrogen economy scenario” to variations in natural gas 

either derived from fossil fuels or from renewable sources can be expected.   

Furthermore, as the interest in producing renewable fuels is becoming a global goal, for 

example with Power-to-Gas technology, the excess electricity produced by renewable 

sources is converted into hydrogen by water electrolysis, which can then be stored and, 

when needed, can be reconverted into electricity with fuel cells [118], or used as an energy 

vector for mobility and heat, besides hydrogen can be utilized as a raw material for the 

chemical industry or for the synthesis of various hydrocarbon fuels such as methane. 

Additionally, a certain percentage of hydrogen could be fed into the gas distribution, which 

again leads to the question of the sensitivity of combustion devices to variation 
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in fuel composition. Many of these devices have been optimized in recent years to 

minimize pollutant emissions when burning fossil fuels like NG or propane. 

Some open questions regarding pollutant emissions and stability of fuel flexible 

burners operating on variable fuel composition include:  

 How does fuel composition affect pollutant emissions and stability? 

 Does the addition of hydrogen, CO2 or heavier alkanes (C2H6, C3H8) to natural 

gas (in binary mixtures) promote the formation/destruction of less studied 

pollutant species such as NH3, N2O, CH2O in combustion reactions? 

 What is the relation between emissions and stability? 

 Can the emissions of pollutant species like NOx, N2O, NH3, CO, UHC used to 

diagnose the proximity of the reactions to stability issues? 

 Are the current reaction mechanisms able to predict the formation of other less 

common pollutant species such as NOx, CO, UHC? 

 Are the existing reaction mechanisms suitable to predict the formation of other less 

common pollutant species (CH2O, NH3, N2O…)? 

 What is the extent of the fuel flexibility of a LSB and SSB at constant fire rate and 

atmospheric conditions with binary fuel mixtures of biogas and hydrogen enriched 

natural gas? 

 What numerical strategy is the most accurate to predict both emissions and 

stability? 

The current research addresses these questions. The approach taken is outlined in the 

in Chapter 3. where the experimental set up and burners used for experimental evaluation 

are discussed. The Analysis and Results are given in Chapter 4. Finally the answers to the 

questions presented in this section are finally summarized in Chapter 5.  
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3. APPROACH 

In light of the open research questions, the goal of this dissertations is to establish the 

mechanisms giving rise to emissions of N2O, NH3 and CH2O from inherently low NOx 

and fuel flexible burner technology. The strategy for the evaluation comprises the use of 

fossil, renewable and mixtures of fossil with renewable gaseous fuels at atmospheric 

conditions.  Furthermore, two fuel-flexible and ultra-low-NOx technologies known as low-

swirl stabilized combustion burner and surface-stabilized combustion burner are 

evaluated experimentally and with numerical models.  

The following tasks provide a sequential plan to answer the questions posed from this 

research (section 2.8):  

Task 1—Establish fuel compositions of interest. 

Task 2—Establish numerical models. 

Task 3—Conduct experiments during steady state and at variable operating conditions. 

Task 4—umerically evaluate the impact of fuel composition on emissions and stability.  

Task 5—Analyze data and provide physical insight.  

A description of each task is now explained in detail. 
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Task 1: Establish fuel compositions of interest 

In order to understand the effect of the fuel composition on emissions and stability 

limits, a wide selection of combustion reactions of binary mixtures of natural gas with 

other fossil and renewable fuels will be tested.  

The binary mixtures include hydrogen enriched natural gas, natural gas mixed with 

carbon dioxide to simulate biogas, and natural gas mixed with heavier hydrocarbon like 

ethane and propane to simulate natural gases from variable sources. During the 

experiments the concentration of the substitute gas is varied systematically until reaching 

100% always that the stability of the reactions is guaranteed.  The binary mixtures are 

blended on site with a mixing station.  

The addition of hydrogen to the fuel seeks the decarbonization of the fuel, furthermore 

H2 is considered an environmentally friendly fuel that has the potential to dramatically 

reduce our dependence on imported oil, however several significant challenges must be 

overcome before pure hydrogen or hydrogen enriched natural gas can be used in 

applications designed for natural gas.  For example the addition of H2 to NG significantly 

increases the burning velocity, which in aerodynamically stabilized burners make the 

reactions more prone to flashback. Moreover the addition of hydrogen to the fuel increases 

its flame temperature and widens the lean flammability limits, when compared to pure 

hydrocarbon fuels. On the other hand, biogas is a renewable fuel, which composition 

typically includes CH4 and CO2; unfortunately the CO2 portion of the fuel does not add 

up to the heating value and conversely dilutes and weakens the combustion reactions. The 

addition of CO2 to the fuel reduces the flame temperature, contracts the lean flammability 

limits and makes the reactions more prone to liftoff and lean blowoff.  Furthermore, in 

order to understand the implications of heavier alkanes in the natural gas composition, 
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mixtures of NG with propane and ethane will be also included in the numerical and 

experimental evaluation. 

Task 2—Establish numerical models  

Not all numerical models are suitable to model the reactions stabilized with a low swirl 

burner or surface stabilized combustion burner. The physics governing the stabilization of 

the reactions differ in each case, and therefore different numerical models better describe 

the interaction between turbulence and chemistry for each case. In order to determine the 

numerical models that better describe the phenomenology the following activities are 

required: 

1. Identify reaction mechanisms to model the chemistry of gaseous reactions. 

2. Build a virtual geometry representing the experimental rig. 

3. Test multiple models including CFD simulations, emissions post-processing and 

chemical reactor networks. 

4. Compare simulations with existing experimental results and identify the most 

suitable and precise models. 

Task 3: Conduct experiments during steady state and at 
variable operating conditions. 

The two experimental burners (LSB and SSCB) be tested in a confined environment 

(combustion chamber) at atmospheric pressure and air at ambient temperature. The test 

rig is optically accessible and equipped with instruments to simultaneously collect and 

store in a local computer the variations of pollutant emissions data, wall and exhaust 

temperatures, energy balance and the flow rates of air and fuel. The experiments are 

conducted during steady state and at variable conditions relevant to the operation of lean-

premixed burners; for example, during the ignition, lean blowoff and while varying the 

excess of air of the combustion reactions. Furthermore, the evaluation of the low-swirl 
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burner also includes the evaluation of two nozzles geometries. The nozzle geometry 

imparts the conditions governing the recirculation patterns and has a significant impact 

on the fluid-dynamics of the chamber and stability of the reactions. Additionally, the SSCB 

will be tested under similar conditions. 

Task 4: Numerically evaluate the impact of fuel composition on 
emissions and stability 

After defining the most appropriate models to predict emission trends and stability of 

multiple fuel compositions, those models will be used to gain additional insight into the 

mechanisms (fluid mechanics and chemical kinetics) that govern the formation of 

pollutant species in fuel flexible burners. To understand the fluid dynamics in the chamber 

and its impact on emissions and stability, the ANSYS CFD package Fluent v.16. will be 

used.  The CFD results will be use to visualize the mixing patterns in the chamber, reaction 

structure and heat transfer at variable conditions.  Furthermore the CRN tools in Chemkin 

Pro V15131 will be used in combination with multiple reaction mechanisms (GRI, UCSD, 

Konnov) to gain extra insight regarding reaction rates and the formation of pollutant 

species when a burner is operating close to the lean blowoff limit.  

Task 5.  Analyze data and provide physical insight.  

The data will be analyzed for each burner technology to find relations between fuel 

composition and pollutant emissions and stability. This will provide physical and 

chemistry insight into which parameters are important relative to the emissions and 

stability performance of the burner. This task will be conducted in parallel with the 

experiments and numerical analysis. 
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4. METHODOLOGY  

4.1. Experimental Methods 

4.1.1. Low-Swirl Burner 

For this study, a confined premixed flame stabilized with a low swirl injector (LSI) with 

two nozzle designs was tested. The LSI was inserted in two nozzle designs as follow: 

 Case I: The LSI is located upstream of a sudden expansion nozzle (SEN).  

 Case II: The LSI is placed upstream of a conic expansion nozzle (CEN) or quarl. 

Notice the nozzle outlet is not flush to the wall.   

Figure 4-1 presents a schematic of the LSB fluid dynamics of reaction stabilized with a 

sudden expansion nozzle (SEN) (left); a biogas flame stabilized with LSB (center), and the 

combustion chamber and its main components (right). Figure 4-2 shows the quarl nozzle 

installed in the combustion chamber on the left and the reaction stabilized with the CEN 

nozzle on the right.  

 
Figure 4-1. LSB schematic flow field (left); biogas flame stabilized with LSB (center) and 

Boiler test facility (right) 
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Figure 4-2. Quarl nozzle (left); Natural gas reaction stabilized with a quarl nozzle (right) 

 

The LSI consists of swirl vanes in the outer annulus with a perforated plate in front of 

the inner annulus. Reactants flowing through the LSI create a flow field with an outer 

swirling region with a non-swirling inner region. This creates a divergent flow-field that 

generates a decaying velocity profile linearly along the centerline [125]. This characteristic 

makes the LSB a fuel-flexible technology as it provides a flow-field that matches the flame 

speed of multiple fuel compositions without any modification being required. The LSB is 

a representative low NOx emissions technology that uses a lean premixed combustion to 

reduce NOx  [126].   

4.1.2. Surface Stabilized Combustion Burner (SSCB)  

The experimental burner used in this study is the Duratherm™ burner by Alzeta 

Corporation. The porous ceramic material is supported by a rugged metallic frame, and 

can conform to almost any fabricated shape. The burner head used in this study features 

a cylindrical shape with 0.16 meter (m) diameter and 0.55 m. length, for a total surface 

area 0.29 m2. The porous radiant burner operation is summarized in Figure 4-3.  Premixed 



71 
 

fuel and air flow through the porous fiber material. The mixture heats as it passes through 

the material, and combustion takes place on the outer surface. The combustion process 

continues in the gas phase as the flow leaves the hot face of the material so that peak gas 

temperatures occur slightly beyond the hot face. Heat transfer (mainly radiation) and 

diffusion of combustion products from the gas phase region back to the burner provide 

the feedback necessary to sustain stable combustion. The flow of fuel-air mixture through 

the fiber material recuperates any inward conduction of heat from the outer surface such 

that the cold face of the material is very near the incoming gas mixture temperature. When 

the burner flame is fully attached to the surface, the combustion occurs without any visible 

flame and without noise or pressure fluctuation [29]. Further details about burner 

material and its radiation properties can be found elsewhere [127].  

 
Figure 4-3. Porous radiant burner principles of operation 
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The SSCB installed in the combustion chamber (left) and the operation principle of the 

SSCB is also described in Figure 4-4 (right). 

 
Figure 4-4. Porous radiant ceramic-fiber Duratherm™ burner by Alzeta Corp. installed 
in the combustion chamber (left) and  How Surface-Stabilized Combustion Works (right). 

4.1.3. Combustion Chamber.  

The cylindrical burner head and LSI nozzle configurations were installed inside an 

optically accessible combustion chamber which is representative of a boiler application 

since the chamber walls are water cooled to simulate the thermal load. Figure 4-5 shows 

the experimental setup and the SSCB in operation. The chamber is shaped as an octagonal 

cylinder with an exhaust stack attached to the top. The chamber has eight flat sides and it 

is 0.6 m. in width and 0.91 m. in height (excluding exhaust stack length); the stack and 

transition to it is approximately 0.9 m. length.  The chamber is continuously cooled down 

with a water circuit connected to a heat exchanger. The water temperature is monitored 

before entering the hot walls and after leaving them that accounts the heat transferred 

from the burner to the water.  The exhaust stack is made of stainless steel with access for 

the exhaust probes for sampling emissions (NOx, CO, O2, CO2, N2O, NH3, CH2O…). In 

the lower chamber there are two windows for optical access and for the photographic 
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record. The windows are held in place and sealed by a metal frame held on with wing nuts 

and high temperature ceramic paper between both surfaces of the glass and metal.  The 

windows have the dimensions of 19 by 24 cm, and are made of high temperature VYCOR.   

 

Figure 4-5. Experimental setup. 

For the photographic record a Camera Nikon D90 was utilized. For most pictures the 

camera settings were set as default and in some cases the settings were adjusted to capture 

more light when the reactions were very dim. The lights in the room were turned off during 

the experiments. 

4.1.4. On-line Exhaust Gas Measurements 

The current effort uses two gas analyzers.  The first analyzer is design to measure 

the concentration of four nitrogen compounds, i.e. NO, NO2, N2O and NH3, utilizing mid-

infrared Quantum Cascade Laser (QCL) technology. The gas analyzer is the MEXA-

1400QL-NX by Horiba. The QCL elements used in the MEXA 1400 QL-NX are designed 
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to produce radiation at very specific wavelengths in the mid infrared region, thus allowing 

the measurement of the various nitrogen compounds which exhibit high sensitivity in this 

region. The analyzer uses Infrared Absorption Spectroscopy (IR Spectroscopy) as the 

measuring principle. The maximum sampling frequency is 10 samples/s (10Hz).  The QCL 

analyzer features a low and a high range for each component as follows:  

 N2O: (Low) 0 to 5ppm/50ppm, (High) 0 to 200 ppm/2000ppm 

 NO: (Low) 0 to 10ppm/100ppm, (High) 0 to 500 ppm/5000ppm 

 NO2 and NH3: (Low) 0 to 5ppm/50ppm, (High) 0 to 200 ppm/2000ppm 

The zero and span noise, which are defined as the standard deviation for concentration 

reading multiplied by 2.  The zero noise for N2O and NO is < 0.4 ppm, and < 0.2 ppm for 

NH3 and NO2.  The span point for NO, NO2, N2O and NH3 is 2% of full scale or less. During 

the experiments the QCL scale was set up for readings within the Low range for all N-

species.  The sample probe was attached to the stack and connected to the main gas 

analyzer unit, the gas samples are passed through a heated filter at constant temperature 

of 113°C.  The QCL gas analyzer does not require a drying unit.  

The second analyzer is the PG 250 by Horiba. This analyzer was used to measure NOx, 

CO, CO2, and O2. The PG-250 utilizes the following measurement principles: NDIR 

(pneumatic) for CO and SO2; NDIR (pyrosensor) for CO2; Chemiluminescence for NOx; 

and Galvanic cell for O2. The sampling rate for the PG 250 is 1 Hz.  The sample probe used 

for this analyzer is water cooled and located in the exhaust stack. The gases are sent 

through a condenser unit, drying the sample before passing the analyzer.  Before each 

experiment, the two gas analyzers were calibrated with certified span and zero gases to 

ensure the most accurate readings.  Additionally, a variety of type K thermocouples were 
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placed flush to the inner walls of the boiler to monitor the temperature of different 

locations.  

4.1.5. Experimental Conditions 

All the experiments were carried at atmospheric pressure and without air 

or fuel preheating (1 atm, ~300K). Four fuel classes were evaluated: NG, biogas (NG 

mixed with CO2 by vol.), NG enriched with H2 and NG mixed with heavier alkanes like 

ethane (C2H6) and propane (C3H8). The heat rate based on the high heating value (HHV) 

of the fuel was held constant at 117kW for the two burner configurations.  For the SSCB, 

the thermal flux based on the high heating value was held constant at 

400kW/m2=117kW for all the fuel compositions.   The thermal flux is defined as follows: 
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Eq. 4-1. 

 

Where, 
fuelm is the mass flow rate of each fuel composition is, 

fuelHHV  is the higher 

heating value of the fuel. A constant thermal flux implies a constant fuel flow rate. In order 

to control the air to fuel ratio, only the air flow rate was varied.  The variation of the 

equivalence ratio () and the emissions data was simultaneously recorded using a custom 

made LabVIEW program.  Is defined as:  
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Eq. (4-2). 

The species that were measured (NOx, CO, O2, CO2, N2O, NH3, CH2O…) were 

characterized under the following operating scenarios:   
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 Steady state: The combustion chamber reaches a stable temperature and the heat 

rate and  are all held constant.   

 Ignition: a spark or a pilot hydrogen diffusion flame is used to ignite the reaction.  

 Blowoff:  refers to situations where the flame becomes detached from the location 

where it is anchored and is physically ‘‘blown off’’. Blowoff involves the interactions 

between the reaction and propagation rates of highly strained flames in a high 

speed, often high shear flow [128].  Lean blowoff also happens as a consequence of 

diluting the reactions with a large excess of air, which cools down the reactions and 

increases the velocity of the reactants to the point where the flame speed cannot 

equilibrate the dynamic balance. Before the flame blows off, the reactions move 

downstream are lifted and are finally quenched. 

 Transient ramp: with NG/hydrogen mixtures: at constant fire rate,  was varied. 

 Variable air to fuel ratio: For each fuel composition the equivalence ratio was 

varied in the lean region until reaching the lean blowoff (LBO) stability limit. The 

control variable was the air flow rate (as the thermal input was constant for all the 

fuel blends). 

 Continuous ignition and LBO: an additional test was conducted to 

characterize the replicability of N2O and NH3 emissions during ignition and LBO. 

A series of ignition and forced blowoff events were carried out during 1000 

seconds. 

4.1.6.  Fuel Compositions: 

Only binary blends of natural gas with CO2, H2, C2H6 and C3H8 were mixed on site.  

Table 2-3 collects binary fuels used for the experimental evaluation. The binary 

composition was systematically varied from 0 to 100%; this is binary mixtures of CH4/H2 
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including the pure substances 100% H2 and 100% NG; as the addition of hydrogen to the 

fuel increases the burning velocity it allows us to evaluate the extent of the fuel flexibility 

when the reactivity is increased. On the other hand, the mixtures of NG with CO2 were 

prepared to test the extent of the fuel flexibility of the burner to low-calorific value (LCV) 

fuels. Natural gas was used as baseline fuel since the burners are originally designed for 

this fuel. The mixtures of natural gas with CO2 are called biomethane or biogas. The blends 

of hydrogen (H2) with natural gas are called hydrogen enriched natural gas (HENG).  

4.1.7. Correlation Analysis 

For the experimental results with the LSB, a correlation analysis was conducted among 

three (NO, NO2 and N2O) of the four nitrogen species that were experimentally measured. 

The correlation coefficient is used to establish the relationship between each species, 

where: 

 1 indicates a strong positive relationship. 

 -1 indicates a strong inverse relationship. 

 0 indicates no relationship at all. 

 A correlation greater than 0.8 is described as strong, whereas correlations 

less than 0.5 are described as weak. 

4.2.  Numerical Methods 

4.2.1. LSB CFD models 

Three nozzle designs were evaluated using numerical simulations and validated with 

experimental results:  

Case I: The LSI is located upstream of a sudden expansion.  
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Case II: The LSI is placed upstream of a conic expansion nozzle or quarl. The nozzle 

outlet is not flush to the wall.   

Case III: the LSI is placed upstream of a conic expansion and the nozzle is flush to the 

wall.  Case III is referenced as flush conic expansion or flush quarl.  The three cases are 

presented in Figure 4-6. 

 

Figure 4-6. Three nozzle designs for the LSI. a) Case I: Sudden expansion; b) Case II: 
Conic expansion/quarl; c) Case III: Flush conic expansion or flush quarl. 

 Virtual Combustion Chamber 

A virtual combustion chamber is used to model the fluid dynamics, heat transfer and 

heat release from the reactions stabilized with a LSB.  A relatively time efficient calculation 

can be used to guide the sectioning of the chamber into individual reactors.  Under the 

assumption of a cylindrical chamber (the actual chamber is octagonal) the furnace is 

simulated with a, steady state, 2D axisymmetric model with swirl. The viscous model is 

the Reynolds-Averaged-Navier-Stokes (RANS), with standard wall functions. The model 

for radiation of species is discarded. The species model is the partially premixed 

model with a non-adiabatic energy treatment. The turbulent flame speed is simulated 

with the Zimont model. The simulations are conducted using the Software ANSYS Fluent, 

version 16. A non-structured quadrilateral mesh is used.  The mesh consists of 49265 cells, 

with a maximum aspect ratio of 2.5 and minimum orthogonal quality of 0.84. Grid 

dependency sensitivity has been conducted to ensure that the trends from the simulation 
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were not affected by the computational meshes. The geometry and names of the boundary 

conditions are presented in Figure 4-7. 

 

Figure 4-7.  Geometry of the virtual combustion chamber 

 Boundary conditions 

The boundary conditions for the CFD model are set to match the energy balance of the 

actual system. This approach is useful to describe more precisely the energy flow through 

the chamber, which leads to a more accurate result for temperature field in the combustion 

chamber. Figure 4-8 presents experimental results for the energy balance as a function of 

the adiabatic flame temperature.  The figure compiles experimental results for biogas and 

natural gas.  The distribution of energy flow through the combustor is fairly constant 

regardless of the fuel type. Approximately 50% heat losses correspond to the sensible heat 

loss with the exhaust gases, 25% heat loss through the water cooled walls and 25% through 

the rest of the walls including the floor.  
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Figure 4-8.  Energy balance 

Also, for modeling the gas injection, two mass flow inlets are used. Mass flow inlet 

boundary type allows the user to specify the direction of the flow. The central portion of 

the nozzle is modeled with a velocity vector normal to the boundary. The annulus or 

swirling portion of the nozzle, including the swirl vanes is modeled using a velocity vector 

with an axial and a tangential component. The boundary conditions presented in Table 4-1 

were set constant for the three nozzle designs.  

Table 4-1. Boundary conditions - CFD all cases. 

Boundary name (type) Details 
Low swirl injector 
(mass flow inlet) 

Annulus or swirling portion of the nozzle 

 Axial component of flow direction: 0.62 

 Tangential component of flow direction: 0.6 

 Mass fraction through swirler vanes: 75% 
Central portion of the nozzle 

 Flow normal to boundary 

 Mass fraction through central portion: 25% 
Conditions of the mixture 

 Equivalence ratio (): 0.85 

 Temperature: 300K 

 Pressure: 1 atm. 

 Fuel: 100% CH4; Oxidant: air 
Heat release from reactions 

 Heat input: 117kW 
Water cooled  wall (wall) Heat output:  

Heat transfer coefficient 300 W/m2K;  
Free stream temperature: 300 K 

Non insulated wall 
(wall) 

Heat output:  
Heat transfer coefficient 200 W/m2K;  
Free stream temperature: 300 K 
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4.2.2. LSB Reactor Networks 

Because the stability and detailed chemistry is the focus of the current work, a time 

efficient manner in which to apply detailed chemical kinetics is needed.  To this end, the 

use of  chemical reactor network modeling is found to be a valuable tool The 

methodologies of the reactor network development vary between authors, while some 

researchers use simple networks made of two or three reactors  [93], [94], [129], others 

use automatically generated networks that fill the fluid domain with hundreds or 

thousands of ideal reactors [97], [98], [107], [130].   In this study, the chemical reactor 

networks are constructed based on the computational fluid dynamics (CFD) and only three 

or four reactors are necessary to model emissions and lean-blow off. For comparison some 

results from automatically generated networks also are included. With a limited number 

of reactors, the turnaround time is significantly lower than the automated case, moreover 

a complete set of parameters including a range of air to fuel ratios can be run in minutes, 

and for comparison running a design point CFD and automated CRN can take days.  The 

concept of modeling a combustor using chemical reactors such as perfectly stirred reactors 

(PSR), plug flow reactors (PFR) was first introduced by S. L. Bragg [92]. A reactor network 

is defined to model the pollutant formation with a detailed chemistry.  This study uses GRI 

3.0 reaction mechanism [60] for all the reactor network models. The introduction of a 

complex reaction mechanism in 3D turbulent comprehensive combustion codes is still too 

time intensive to be applied in an industrial context. CFD solvers could not be efficiently 

used to solve chemical equations due to the stiffness of the underlying reaction scheme 

and the great number of species that it contains [96]. The mathematical description of the 

system of equations governing a network of reactors can be found elsewhere [131]. 

Chemkin –Pro Release 15131 is used to solve the gas energy equation for every CRN.  
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Matching the energy balance of the network with the energy balance of the actual system 

is fundamental to guarantee an accurate prediction. 

 LSB Zonal Distribution 

In order to develop the CRN, the first step is divide the combustor volume into the 

distinct regions or zones. Each of the zones is characterized by the particular physical 

properties of the flow and the flame behavior. The two basic models used to build the 

network of reactors are the perfectly stirred reactor (PSR) and the plug flow reactor (PFR). 

As shown in Figure 4-9, the first zone corresponds to the premixed flame and can be 

divided into two reactors.  PSR1 represents the premixed region where no reaction is 

occurring. The volume of this region is the cylinder upstream the flame zone (Vol=215 

cm3). In this case, PSR1 is at blow off. This means that the local conditions (temperature, 

pressure and the time the species spend in that region) do not trigger the initiation 

reactions. PSR2 represents the reacting portion of the flame (OH chemiluminescence 

(OH*)) was used to determine the volume of the flames (Vol flame=260 cm3). The volume 

was approximately constant for the range of equivalence ratio used with the sudden 

expansion nozzle. The volume of all reactors was set constant regardless of fuel 

composition and equivalence ratio. The zone downstream PSR2 is considered the 

immediate post flame, the temperatures in that region are the highest but also uniform.  

That region is still highly mixed and a zone of internal recirculation may or may not appear 

in that region. Figure 4-10 g-f Show that a strong recirculation zone surrounds the flame, 

furthermore the recirculation streams lose heat to the walls by convection and therefore 

the cool gasses affect the stability and emissions of the main flame (PSR2).   
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Figure 4-9. Contours of temperature Case I (sudden expansion). PSR1 is a non-reacting 
premixed zone; PSR2 represents the turbulent premixed flame. PSR3 represents the 

recirculation zone and PFR1 the stream traveling vertically. 

As shown in Figure 4-10 for Case I the flame is exposed to colder flue streams (in the 

outer recirculation zone) which mixes the reactive species with exhaust products while 

enhancing heat transfer from the reactions to the walls.  Further analysis of the flame 

surroundings, using the axial velocity fields, and the stream function yields additional 

zones where the recirculation of exhaust gases appears.  The stream function is used to 

identify streamlines, which represent the trajectories of particles in a steady flow. The 

zones where the streamlines are circular represent recirculation zones. In the central 

portion of the stream the mass flow is unidirectional and better represented by a PFR. Also 

the contours of negative axial velocity (which are used to find counter flow regions) show 

the zones where gas recirculation is important. Although the open center channel of the 

nozzle is designed to inhibit flow recirculation or vortex breakdown along the centerline 

[132], these features may well occur in the post flame region. During the current 

simulations, vortex breakdown was found in the centerline. That region is small in 

comparison to the outer recirculation zone.  

http://en.wikipedia.org/wiki/Streamlines,_streaklines,_and_pathlines
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Figure 4-10. Virtual aero-thermal field for three nozzle designs. a) Case I: Sudden 
expansion; b) Case II: Conic expansion/quarl; c) Case III: Flush conic expansion or flush 

quarl. The respective temperature contours for each case are presented in figures d) to f).  
Stream functions and velocity vector fields are presented in figures g), h) and i) for Case I, 

II and III, respectively. 
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Notice that for Case II (Figure 4-10 (k)) the main flame is insulated from the 

recirculation streams, therefore no recirculation loop is used. For this case it is assumed 

that the flame transfers heat to the quarl, which is cooled down by the surrounding low 

temperature gases.  Finally, a third PSR (PSR3) with a long residence time (0.8 s) and 

significant heat losses through the walls models the reactions in the post flame zone. Case 

III:  simulates an adiabatic nozzle (Figure 4-10 (l)). In this case the main flame is insulated 

with a perfectly insulated quarl. The reactor network model for this case uses an adiabatic 

reactor to represent the main flame. The postflame zone is again simulated with a non-

adiabatic PSR (PSR3). 

4.2.3. SSCB CFD Model 

This section presents the details about the CFD simulations of the SSCB and the results 

that are used to build the chemical reactor network. Total emissions are a primary function 

of temperature, oxygen concentration, and the time the species spend under those 

conditions. The temperature profile, flow field and concentration of species are presented 

and analyzed in this section in order to build a CRN that represents the reactions stabilized 

with a SSCB. The CRN is a simplified but similar representation of the energy balance and 

fluid dynamics of the system. 

 Domain and Mesh 

A virtual chamber is used to model the fluid dynamics, heat transfer and heat release 

from the reaction.  In this case, the details regarding stability and emissions are not 

sought—only a relatively time efficient calculation that can be used to guide the sectioning 

of the chamber into individual reactors.  Under the assumption of a cylindrical chamber 

(the actual chamber is octagonal) the furnace is simulated with a 2D axisymmetric model.  

Steady state, Reynolds-Averaged-Navier-Stokes (RANS) simulations are conducted using 
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the Software ANSYS Fluent, version 16.0. A non-structured, quadrilateral mesh is used. 

The mesh consists of 18000 cells, with a maximum aspect ratio of 2.7 and minimum 

orthogonal quality of 0.58. The geometry and names of the boundary conditions are 

presented in Figure 4-11. A summary of the numerical models is presented in Table 4-2. 

 

Figure 4-11.Geometry of the virtual combustion chamber and the SSCB. 

Table 4-2.CFD models used to simulate the operation of the SSCB  

Mesh 2 D – non structured – 18000 cells 
Solver Steady; Pressure based;Axisymmetric 

Viscous model K-ε standard with enhanced wall functions 
Radiation P1 

Species model Partially Premixed combustion - turbulent flame speed model - 
Zimmont 

Density Incompressible ideal gas model 
Pressure velocity coupling SIMPLE: relationship between velocity and pressure corrections 

to enforce mass conservation and to obtain the pressure field 

 SSCB Boundary Conditions 

The boundary conditions are set to match the energy balance of the actual system which 

leads to a more accurate result for temperature field in the combustion chamber. The 

distribution of energy flow through the combustor is fairly constant regardless the fuel 

type, around ~50% heat losses correspond to the sensible heat loss with the exhaust gases, 
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~25%  heat loss through the water cooled walls  and ~25% through the rest of the walls 

including the floor. Using the previous energy balance, an approximate temperature field 

is predicted. The results for temperature distribution are presented in Figure 4-12. Also, 

for modeling the gas injection through the surface a mass flow inlet boundary type is used.  

 

Figure 4-12. Energy balance –Temperature contours for the SSCB confined in an 
atmospheric chamber [K]. 

 

 SSCB Zonal Distribution 

In order to develop the CRN, the first step is divide the combustor volume into the 

distinct regions or zones. Each of the zones is characterized by the particular physical 

properties of the flow and the flame behavior. As shown in Figure 4-13, the first zone 

corresponds to the volume of the premixed reaction and it is represented by the PSR1.  The 

zone downstream of PSR1 is considered the immediate post flame, the temperatures in 

that region are the highest but also uniform.  In the central zone of the flow field the 
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velocity vectors are unidirectional; therefore it is ideally represented with a PFR (PFR1). 

The post flame region is important regarding the time the species spend in that zone.  At 

that point the combustion products are mainly carbon dioxide (CO2), water (H2O), 

remaining of oxygen (O2) and nitrogen (N2); also a lower proportion of pollutant species 

like NOx and products of incomplete combustion like carbon monoxide (CO) and 

unburned hydrocarbon appear in that region.  The reactions at that point are slow 

compared to the active flame region (PSR1). In particular the long residence time in that 

region will help to oxidize the remaining CO into CO2, but also will help to increase the 

NOx emissions if the temperature conditions are favorable for the nitrogen chemistry.  

 
Figure 4-13. Contours of temperature [K]. PSR1 represents the reactions over the 

surface; PFR1 represents the unidirectional flow. 

After connecting all the reactors, the reactor network is an equivalent and simplified 

representation of the mixing process in the chamber and the energy balance of the system.    

Only the volumes of the flame and near flame surroundings are necessary to model the 

reactions in the network.   The reactor network that represents the SSCB is presented in 

Figure 4-14. 
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Figure 4-14.  Equivalent reactor network representing the fluid dynamics of the chamber 

and the energy balance 

4.2.4. SSCB Reactor Network 

A reactor simulator known as the Bragg Cell was used to model the typical emission 

trends of premixed reactions as a function of the equivalence ratio ().  The Bragg cell is a 

model made of a perfectly stirred reactor (PSR) in series with a plug flow reactor (PFR). 

CHEMKIN Pro version 15131 was used to solve the gas energy equation. Two reaction 

mechanisms, GRI 3.0 [60] and the UCSD mechanism [61], were used to compare against 

the experimentally observed trends for N2O and CO.  The fuel used in the model was 

100%CH4.   Was varied between 0.2 and 1 with an increment of 0.01. The mass flow rate 

of premixed gas is a known input variable dependent on  and fire rate. The boundary and 

initial conditions that define the reactors in the network are as follows:  

 PSR: Residence time=1.2s; Pressure=101.3kPa; Heat loss=35kW; Temperature 

(initial guess)=2000K; 

  PFR: Ending position=5cm; Diameter=9cm; Heat loss=10kW; Temperature 

(initial guess)=2000K.  
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5. RESULTS AND ANALYSIS 

One distinctive characteristic of the surface stabilized combustion is the extended 

volume of the reaction. The volume ratio of surface stabilized flame volume over the 

volume of a dynamically stabilized jet flame can be ~50 times (for the same firing rate).  

This comparison is presented in Figure 5-1. While for the dynamically stabilized reactions 

the flame structure varies as a function of the fuel composition and air availability, the 

reactions stabilized with the SSCB maintains a reaction structure with an approximately 

constant shape as the reactions attached to a solid surface. 

 

Figure 5-1. Comparative results (CFD models) dynamically stabilized reactions with LSB 
and on surface patterns with a SSCB. 

In some cases that the addition of hydrogen (H2) to NG shifts the NOx trend 

upwards, therefore the LBO limits are extended as with higher concentrations of H2 it is 

possible to reach lower operation temperatures. Conversely, the addition of CO2 to NG 

generally shifts the NOx trends downwards, in this case shrinking the LBO limits.  The 



91 
 

LBO limit always responds to a fuel composition change and can be 

associated with the lowest NOx concentrations, and the onset of CO as a result of 

incomplete combustion, which makes them suitable tracer species to diagnose the 

proximity of premixed gaseous fuel reactions to the onset of instability in the form of LBO.  

Tests conducted on the LSB and SSCB show that the variation of NOx with 

common combustion parameters is far from consistent.  For instance, for 

reactions stabilized with the LSB, the addition of hydrogen to NG leads to markedly higher 

NOx, while in the SSCB the NOx levels drastically decreases when adding H2 (Figure 5-4 

shows divergent NOx trends for the LSB and SSCB). The measurements suggest some of 

the complexity occurs because the external parameters change the size of the zones where 

NOx forms, in addition to changing the rate of formation within the zones [93], [94]. 

 

Figure 5-2.  NOx trends for SSCB and LSB fueled with NG and HENG 70% H2. 
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5.1. Low-Swirl Burner  

The LSB features aerodynamic stabilization of the reactions in a divergent flow-field. 

This stabilization method shares some similarities to the stabilization strategy using 

surface patterns or surface stabilized combustion (SSCB), which will be presented in 

section 5.2.   

5.1.1. OH* and NOx  

The effect of the addition of CO2 and H2 to NG on the reaction structure was assessed 

experimentally using OH* Chemiluminescence.   Figure 5-3 compiles the averaged OH* 

profiles of three fuels (NG flames, HENG up to 70%H2, and biogas) at various equivalence 

ratios.  Notice that the columns correspond to flame temperatures within a narrow range 

for all the fuel compositions.   While the results of OH* are only qualitative, since all the 

pictures are scaled to the same intensity, they can be used to learn about the relative 

concentration of OH radicals in flames of variable fuel compositions. With the addition of 

H2 to the fuel, the OH* intensity increases and most of the profile is dark red, indicating 

a high concentration of OH radicals. Conversely the addition of CO2 to NG dilutes the 

concentration of OH radicals in the flame. Since the formation of NOx is intimate related 

to the presence of OH radicals, through the reaction N + OH → NO + H, it is expected that 

the biogas flames emit less NOx when burning at equivalent temperatures of that of 

natural gas or HENG blends. Figure 5-5 gathers the experimental result for NOx as a 

function of the flame temperature for NG, HENG and biogas mixtures. It is clear that, at 

constant bulk flame temperature, the addition of CO2 to the fuel reduces the emissions of 

NOx, while the addition of H2 increases the NOx levels in the exhaust.  
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Figure 5-3. Averaged OH* profiles of three fuels (NG flames, HENG up to 70%H2, and 

biogas) at variable air to fuel ratio.  

 

From Figure 5-3 it can be concluded that the main reaction of a HENG 

(70%H2/30%NG) flame is contained in a volume that is around half the volume of NG 

reaction.  On the other hand the addition of CO2 slightly extends the reaction volume, 

although its effect is less significant than the flame shrinking caused with the addition of 

H2. For dynamically stabilized reactions, the effect of the fuel composition on the emission 

of NOx can be directly correlated to the size of the reaction structure and NOx emissions 

through the following relation:  
VolumeFlame

NOx
1

 . 
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Figure 5-4. Experimental Emissions of NOx for reactions of NG, HENG and Biogas 

stabilized with the LSB. 

 

Figure 5-5 shows the effect of increasing the concentration of H2 in NG on the size of 

the reaction structure stabilized with the LSB.  The fuel composition was varied while the 

fire rate and equivalence ratio were held constant at 117kW and 0.8, respectively.  The 

addition of hydrogen shrinks the reaction structure making the flame more compact. For 

hydrogen flames the reduction of the flame size has a direct effect on the interaction of the 

reactions with the surroundings. It can be expected that the recirculation zone will have a 

less significant impact on the HENG flames when compared to NG reactions, as the 

hydrogen concentration increases, the fast burning rate dominates the phenomena, and 

the mixing of fresh reactants and reactions in progress with the cooler surroundings and 

the exhaust gases is hindered.    
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Figure 5-5. Averaged OH* profiles of H2 enriched NG at constant fire rate (117kW) and 

equivalence ratio (0.8) 

 

5.1.2. Relation between Pollutant Emissions and Stability 

Figure 5-6 groups the NOx results using chemical reactor networks and NO mass 

fraction contours for the three cases. The first column of Figure 5-6 compiles the NOx 

results using manually generated CRNs.  Notice that all the CFD contours represent a 

single operating condition (heat input: 117kW with natural gas and =0.85) with fixed 

boundary conditions, except for the nozzle design. For an easy comparison, all the trends 

are framed within the same ranges of equivalence ratios and NOx concentration in ppmdv 

corrected to 3% O2. The second column shows contours of NO mass fraction, as predicted 

by the NOx postprocessor model.  The postprocessor models provides the capability to 

simulate thermal, prompt, fuel bound, and re-burn NOx formation mechanisms. It uses 

rate models developed at the University of Leeds (England) and open literature  [41]. 

However, under most circumstances, NOx variation trends can be accurately predicted 

with the postprocessor models, but the NOx quantity itself cannot be pinpointed and fail 

to predict the lean blowoff. The third column presents NO mass fraction contours 

generated with an automatically generated CRN also available in Fluent. In sharp contrast 

with the manually generated CRN, an energy equation is not solved in the automatically 

generated CRN. Instead, by default, the temperature in each reactor is calculated from the 

equation of state. The reactor pressure is fixed and determined as the mass-averaged 

pressure of the CFD cells in the reactor. This approach ensures that heat loss (or gain) in 
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the CFD simulation is appropriately accounted for in the reactor network. For this 

network, GRI 3.0 was used as the reaction mechanism. Additionally, for the automatically 

generated network a sensitivity analysis was carried out to determine the independence of 

the results to the number of reactors. In general 500 reactors or more were enough to 

guarantee results stability, however solving the system of differential equations for one 

operating condition takes around 1 hour (Processor Core™ I5-3570 CPU @ 

3.40GHz/installed memory 4GB).  For comparison the manually generated CRN is able to 

provide results for the entire range of equivalence ratios and 4 fuel compositions in less 

than 30 minutes.  
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Figure 5-6. Compiled NOx results. a), b) and c) CRN and experimental results against 

equivalence ratio for Cases I, II and III, respectively.  d) to i) NO mass fraction contours at 

constant boundary conditions (100% CH4 @ =0.85).  d) to f) NOx concentration using CFD 
post-processor; Figures g) to i) NOx using automated CRNs for Cases I to III (500 reactors-

GRI 3.0), respectively. The color maps describe the results of each column. 
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5.1.3. LSI Nozzle Design and its Effect on NOx Emissions 

and Stability   

Selected results for natural gas and the three nozzle designs are presented in Table 5-1. 

Residence time of the gases in the chamber and exhaust temperature were calculated using 

the CFD models presented in Section 4.2.1. A direct comparison of the NO contours 

modeled with the post-processor or the automated CRN indicate that at a fixed 

equivalence ratio (=0.85), case I emits the lowest NOx levels followed by case II and case 

III, respectively. Also, longer residence times of the gases in the chamber promote the 

formation of NOx as the NOx formation rate is slow compared to more reactive species 

like CO and OH. The exhaust temperature also indicates that case I allows a better mixing 

of the hot reactants with cooler combustion products and colder surfaces. The temperature 

of the exhaust gases for Case I was 1276K, while for the Quarl Nozzle and Flush adiabatic 

nozzle, it was 1314 and 1420 K, respectively. The LBO limits are for the LSB running on 

NG and biogas up to 50% are compiled in Table 5-2. A brief analysis indicates NOx levels 

and stability are directly related as the lowest the NOx levels in the exhaust indicate a close 

proximity to the onset of instability in the form lean-blowoff limit. The following sub-

sections compile the analyses of results for the three nozzle designs. 
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Table 5-1. Comparative results LSB: fuel ~100% CH4, 117kW, pressure 1 atm, No 
preheating; NOx units [ppmdv @ 3% O2]. 

 

Table 5-2. LSB stability limits with three nozzle configurations 

Case Fuel 
 at Lean blow 

off - 

Case I –  
sudden expansion 

NG~ 100% CH4 0.8 
Biogas 20% CO2 0.82 
Biogas 40% CO2 0.88 
Biogas 50% CO2 unstable 

case II –  
conic expansion/quarl 

NG~ 100% CH4 0.61 
Biogas 20% CO2 0.65 
Biogas 40% CO2 0.72 
Biogas 50% CO2 0.8 

case III –  
flush conic expansion/flush 
quarl 

NG~ 100% CH4 0.58 

Biogas 20% CO2 0.62 

Biogas 40% CO2 0.65 

Biogas 50% CO2 0.68 

 
 Case I - Sudden Expansion Nozzle 
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This design ensures the best interaction of the flame with internal flue gas recirculation 

(IFGR).  IFGR lowers NOx emissions by reducing the partial pressure of the oxygen in the 

flame zone; also the combustion reactions lose heat to the flue products by mixing-

conduction, convection and direct radiation.  Any strategy that reduces peak flame 

temperatures lowers NOx emission.  In this case the recirculation zone is very large and 

the stream exchanges heat with the water cooled walls reducing the temperature of the 

combustion products that return to the reaction zone. The recirculation effect is accounted 

in the CRN with the IFGR loop (Figure 4-10 j).  When compared to cases II and III, it is 

clear that the recirculation stream plays a fundamental role on the total production of NOx 

emissions and the stability of the flame. At =0.93, the NOx emissions for case I are ~ 31 

ppmdv @3% O2; at the same condition, the NOx levels for Case II are ~50 ppmdv @3% 

O2. Case III uses an insulated nozzle which guarantees better resistance to blow off than 

a non-insulated flame. The flame can become unstable if the direct heat losses from the 

flame are large enough to cool down the reactions to the point where the reactions are 

quenched, therefore the stability is affected.  At =0.93, the NOx levels for case III are~ 

92 ppmdv @3% O2.  Notice that the widest stability range of case III is also associated 

with higher levels of NOx at a similar equivalence ratios for the other 2 cases.  

These results indicate that adequate pathways for flue gas re-circulation reduce the 

NOx emission by 38% (case I vs. case II) with natural gas. However, reducing NOx also 

reduces stability range. Ultra-low NOx burners such as the low swirl burner operate at 

conditions that are close to the theoretical flammability limit. Close to that limit, the heat 

generated by the reactions is not enough to ignite the incoming mixture of fresh reactants. 

In low-NOx combustor design, this limit is often bound by the onset of combustion 

instability in the form of LBO. As the temperature is decreased to reduce NOx the chemical 

reactions slow to the point where temperature becomes the rate limiting factor and the 
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onset of LBO is triggered. In addition to the cooling effect of the IFGR, the recirculation 

streams destabilize the flame, as the recirculation flows stress and deform outer shear 

layer of the flame.  It is remarkable that a single CRN, with variable mass flow input (to 

account for equivalence ratio and the CO2 in the fuel), was able to accurately model the 

effect of the fuel composition for Case I. 

With the sudden expansion, the flame does not attach to the nozzle port, furthermore 

the exit diameter of the nozzle is the only surface area available to generate stagnation 

points. With this design, the LBO for NG, biogas 20% CO2 and biogas 40% CO2 happens 

at LBO =0.8, LBO =0.82 and LBO =0.88, respectively.  The sudden expansion nozzle was 

unable to stabilize biogas flames with 50% CO2.  At LBO the CRN predicts NOx around 

5ppmdv @ 3%O2 regardless of fuel type. For this configuration an increase of the fraction 

of gases recirculated through the IFGR loop shifts the NOx emissions trends downwards, 

reducing the stability limits. Both NOx postprocessor and automated CRN also indicate 

the sudden expansion emits the lowest NOx emissions at a given equivalence ratio when 

compared to any case. For natural gas at =0.85, the postprocessor predicts 8ppmdv and 

the automated CRN 38 ppmdv, the manual CRN produces the best fit for the experimental 

results with 15 ppmdv,  all concentrations corrected @ 3% O2. 

 Case II- Conic Expansion or Quarl Nozzle  

 

The quarl is a physical guide for the outer shear layer region; it stops outer 

recirculation, outer shear layer interactions, and blocks reflected acoustic waves.  It also 

provides a large surface area where the flame can attach. During the experiments there 
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was no visual access to the reactions enclosed in the quarl, however the CFD results show 

that for case II and III the flame is not lifted and in sharp disparity with case I, the flame 

is attached to the internal walls of the quarl  (see Figure 4-10 e, d, and f).  In this case the 

quarl insulates the flame from mixing effects, but not from thermal effects.  The flame is 

not adiabatic and transfers heat to the quarl, the former is cooled down with the 

recirculated gases in the chamber.   The quarl widens the stability region for all fuels, it 

even extends the stability range to allow the burning of 50% CH4-50%CO2. The CRN for 

case II loses heat from the flame reactor (PSR2), but it is not affected by recirculation 

patterns. Insulating the flame from recirculation enhances the stability, but also the NOx 

emissions. With this design, the LBO for NG, biogas 20% CO2 , biogas 40% CO2 and biogas 

50%CO2, happens at  LBO =0.61, LBO =0.65 , LBO =0.72, and LBO=0.8, respectively.  

Again, at LBO the CRN predicts a NOx concentration ~5 ppmdv @ 3%O2 regardless of fuel 

type.  For biogas 50% CO2 changing the fuel composition didn’t grant the significant NOx 

reduction observed experimentally. Increasing heat losses from the flame reactor shifts 

the NOx emissions downwards, in general terms an adiabatic flame will emit the highest 

NOx levels. 

 Case III- Flush Conic Expansion or Flush Quarl: 

 

Similarly to case II, the quarl insulates the flame from mixing effects, but this time it is 

assumed an adiabatic nozzle. The CRN for this case assume zero heat losses from PSR2. 

For this case all the heat losses are recharged to the PSR3 (post flame).  Insulating the 

flame from heat losses ensures better resistance to lean blow off, however an adiabatic 
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nozzle might lead to other instabilities such as Flashback.  The CFD results indicate that 

at a fixed equivalence ratio, the case III emits the highest NO concentration, followed by 

case II and case I with the lowest NOx levels.  Similarly the stability ranges are enhanced.  

Using the CRN the estimated LBO limits for NG, biogas 20% CO2 , biogas 40% CO2 and 

biogas 50%CO2, happens at  LBO =0.58, LBO =0.62 , LBO =0.65, and LBO=0.68, 

respectively. Also the recirculation pattern for case III is very different to the previous 

cases.  While case I and II presented a small vortex break down in the post flame zone, 

case III indicates that with the flush quarl this vortex zone is enhanced. Conversely the 

recirculation zone in contact with the walls (clockwise rotation) is compressed to the 

corners.  The vortex rotates counter clockwise. Finally,   key results for fuel composition 

effects on emissions of NOx are as follows: The concentration of NOx decreases with the 

addition of CO2 to the fuel, with the highest levels of diluent producing the lowest NOx 

and highest level of CO.  The volumetric content of CO2 in the fuel is one of the reasons 

for a diluted emissions measurement. In addition, the lower biogas flame temperatures, 

when compared to natural gas, reduce NOx emissions.  The lower flame temperatures are 

a consequence of the dilution with CO2, acting as a heat sink. Also the dilution of the 

reactions with CO2 hinders the formation of radicals such as OH, and O and H atoms. A 

similar concept applies for IFGR, as CO2, N2, H2O and O2 recirculate into the reaction 

zone reaction temperatures and NOx emissions drop.  The stability range is also affected 

by the addition of CO2; with more CO2 in the fuel the stability range is becomes smaller 

and the LBO happens at higher equivalence ratios, compared to undiluted fuel.  

5.1.4. NOx and N2O during Steady State Experiments with 

NG and Biogas: 

The relation between NOx and N2O emissions during steady state combustion at 

atmospheric pressure was assessed experimentally using the Horiba QCL (NO, N2O, NO2, 
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NH3) in combination with the Horiba PG250 (O2, CO2, NOx, CO).  Once the low-swirl 

flame and the chamber thermal stability were reached, 600 samples of combustion 

products were continuously measured during 60 seconds. Figure 5-7 a) and b) compiles 

the results for NO, NO2 and N2O for the combustion of NG at =0.8, =0.85 and =0.95. 

Additionally, Figure 5-7) c) and d) shows the results when burning biogas at =0.9 and 

=0.95, respectively. For ease of comparison, the axes are scaled to the same range of 

concentrations for each fuel. NO can be read on the left axis and N2O and NO2 on the right 

axis. NO and NO2 emissions are favored when the premixed gas is close to the 

stoichiometric point (=1), those conditions entail high reaction temperatures, and higher 

concentrations of OH radicals and O-atoms, when compared to leaner conditions. 

 For NG, the concentration of NO2 goes from 0.4 to ~ 1ppm, at =0.8 and =0.95, 

respectively. At =0.95 the emissions of NO2 are 2.5 times the emissions at =0.8.  The 

emissions of NO go from ~ 9 to 33ppm at =0.8 and 0.95, respectively. The emission of 

NO at 0.95 are around 3.7 times the emissions of NO at =0.8.  

Under stable conditions, the measured concentration of N2O remained under 0.1 

ppm regardless of the fuel composition (NG or biogas).  These results indicate that, 

during steady state, the combustion of NG and biogas emits only trace values 

of N2O < 0.1 ppm.  For NG, the correlation for NO-NO2, NO-N2O and NO2-N2O were 

0.73, 0.3 and 0.4, respectively, which indicates only weak positive correlations for the 

three species. These results are consistent with the conclusion by Kramlich et al. that, in 

most nitrogen free gas fuel combustion systems, the flame temperature is sufficiently high 

that any N2O formed in the flame zone is destroyed before the gases are emitted [52]. 

However, it is important to emphasize that this conclusion is based on steady state 

conditions with sufficiently high gas temperatures.   
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Figure 5-7. QCL record of NO, NO2 and N2O during steady state operation with NG. a) 

=0.8, b) =0.85, c) 0.95; and biogas 40%CO2 d) =0.9 e) =0.95.  

 

To date, the formation/destruction of N2O as a by-product has been strongly linked to 

the gas-phase NO kinetics and more specifically to the transformation of cyanide species 

into NO and N2 in the so-called fuel-NO mechanism. The presence of amines or other 

organic N-compounds in fossil fuels – fuel bound nitrogen – is of paramount importance 
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for the formation of N2O.  Kramlich et. al reported a significant increase in the N2O 

concentration by adding nitrogen containing compounds such as ammonia (NH3), 

hydrogen cyanide (HCN) and acetonitrile (CH3CN) to a gas flames in the temperature 

range 1050-1400K [54]. Hayhurst and Lawrence provide further evidence that N2O 

formation occurs by homogenous gas-phase reaction through the so called NHi and HCN 

pathways [133].  The homogeneous reactions leading to N2O are principally through the 

reactions: 

NCO + NO  N2O + CO Equation 5-1 

And to a lesser extent by the reaction: 

NH + NO N2O + H Equation 5-2 

With the first reaction being the most important in practical combustion systems. The 

formation of N2O is, however, counterbalanced by its very fast destruction by hydrogen 

radicals, according to the reaction:  

N2O +HN2+OH Equation 5-3 

This conclusion will be revisited for other operational modes and for NG/hydrogen 

flames in the next sections. 

5.1.5. N2O Emissions during Unstable Blowoff  

During the experiments with biogas, at  <= 0.9 the biogas reactions became unstable, 

and a blowoff event occurred around sample 440. Figure 5-8 a) shows the NOx and N2O 

trends during the blowoff event and the emission levels previous to that event.  At blowoff, 

the NO emissions rapidly dropped to zero as the reactions were extinguished and the 

temperature drops. In low-NOx combustor design, the minimum NOx levels are 

often bound by the onset of combustion instability near LBO. As the flame 
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temperature is decreased to reduce NOx, the chemical reactions slow to the 

point where temperature becomes the rate limiting factor and the onset of 

LBO is triggered. However for the period of the blowoff event, the emissions of NO2 

rapidly increased from ~2 to 8 ppm and N2O went from zero to 2ppm. Since NG and biogas 

have no fuel-nitrogen, it was not expected that these fuels would have emitted any N2O.  

Figure 5-8 a) shows the history of NOx and N2O as a function of time (QCL analyzer).  

Figure 5-8 b) zooms into the observed measurements the nitrogen species during the 

blowoff event, and Figure 5-8 c) shows the scaled values of NO, NO2 and N2O to the total 

concentration of NOx+N2O.   When NO reaches zero, the fraction of N2O hits a maximum 

point (2 ppm). The scaled results (Figure 5-8c)  show that, during stable operation, NO is 

around 95% of the total NOx with NO2 accounting for the remaining 5%, while N2O remains 

zero or close to zero. At blowoff, NO drops to 0%, NO2 reaches a maximum concentration 

of 80% with N2O making up remaining 20%. The rapid production of NO2 follows a fast 

destruction of the same species. Then a peak of N2O follows NO2 peak, indicating an 

exchange between these two species, as the reactions progress NO2 is destroyed and N2O 

is formed.  

During the blowoff event (440 <sample< 472), the correlation coefficient for NO and 

NO2 is -0.85, which indicates the two species are strongly inversely correlated, i.e., the 

destruction of NO results in NO2.  The coefficient for NO and N2O was -0.09 showing no 

correlation; alternatively NO2 and N2O were positively but weakly correlated (0.67). 

Further, the correlation analysis of the N2O destruction starting with the sample 463 

shows a strong inverse correlation (-0.98) between N2O and NO2, which indicates that 

N2O is being destructed while NO2 is formed.   
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Figure 5-8.  QCL records for NOx and N2O emissions for biogas flames.   a) Steady state at 

=0.90, b) zoom to blowoff event, c) Scaled percentage of [N-species]/[NOx+N2O].  
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5.1.6. N2O at Ignition and Lean Blowoff  

The previous section focused on unstable blowoff, which is the flame extinction as a 

result of dynamic instability. This section covers the emission of NOx and N2O during 

ignition and forced LBO. Forced blowoff happens when the conditions to lift and finally 

blow the flame off are imposed by the user (in this case by increasing the air flow rate while 

holding constant the fuel flow rate). It was observed experimentally that, for NG, biogas 

and NG/hydrogen mixtures, a peak of N2O follows the ignition and LBO events. In general 

the LBO of premixed flames is characterized by a peak of carbon monoxide (CO) rather 

than a N2O peak.  Figure 5-9 shows a typical result found for N2O emissions during ignition 

and LBO with gaseous fuels. For ignition, either a diffusion hydrogen pilot flame or a spark 

was used. A significant peak of N2O (12 ppm) was observed during the first ignition. Before 

ignition, the hydrogen pilot emits around 1 ppm of NO while NO2 and N2O remain 

negligible. Once the reactions are ignited and self-sustained, N2O quickly disappears, 

while NO2 and NO become the dominating species.  It is noted that N2O and NO don’t 

coincide during any of these events. It is evident that at steady state, N2O is a very reactive 

intermediate that is quickly destroyed before being emitted from a flame.  

In sharp contrast, ignition and blowoff events are transient processes undergoing 

simultaneously chain-initiation/chain-propagating/chain-terminating reactions. In 

general it is complicated to develop physics-based correlations of blowoff behavior by lack 

of understanding of the detailed phenomenology of the blowoff process, such as the 

dynamics of near blowoff flames or the flame characteristics at the stabilization point. For 

example, disagreement about whether premixed flames in high turbulent intensity gas 

turbine environments have flamelet, ‘‘thickened’’ flamelet, or well stirred reactor (WSR)–

like properties. The dynamic nature has implications on blowoff modeling as well as N2O 

emission prediction, because the appropriate physical model clearly events changes 
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depending whether the reaction zone exhibits flame sheet or volumetric characteristics 

[128].  

 
Figure 5-9. QCL record for NOx and N2O emissions at ignition and LBO.  

5.1.7.  N2O Emissions from Hydrogen Enriched Natural 

Gas Flames 

In this section the emissions of N2O from combustion of NG with up to 70%H2 added 

by volume are examined. The time history of the results are shown in Figure 5-10 which 

presents simultaneous variation of NOx, N2O and . The experiment was carried out by 

“stair stepping”  from 0.45 to 0.72 and waiting for stabilization of emissions at each step. 

Within that range, the adiabatic flame temperature varies between 1440 and 1940K, at 

=0.45 and =0.72, respectively.  
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Figure 5-10. QCL record of NOx, N2O and  for [70% H2]/[30% NG] during a transient  
ramp at constant 117kW. 

The results indicate that the addition of hydrogen to NG stimulates direct 

emissions of N2O. In particular the emissions of N2O are inversely proportional to . 

The observed N2O emissions from these premixed hydrogen enriched NG flames cannot 

be explained with the previous generalized assumption that low N2O emissions result from 

the fast destruction reaction: N2O +HN2+OH, rather than the slow formation reaction: 

NH +NON2O + H. Generally N2O is a reactive intermediate in the flame that is 

consumed before reaching the atmosphere [133]. However, it seems that, under lean 

conditions, the addition of H2 to the NG flames promotes the formation and direct 

emission of N2O into the atmosphere.  

 In hydrogen flames the route of formation of N2O is through the NHi pathway: 

NH +NON2O + H. Equation 5-4 
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In reactions lacking carbon species, the HCN pathway is not active.  The results indicate 

that higher concentrations of H2, OH radicals and H atoms enhance the formation of N2O 

through the NHi pathway.  The results also show that the emissions of N2O are more 

significant than those of NO2.  The addition of hydrogen hinders the production of NO2 

maintaining it at very low levels (NO2 < 0.1 ppm).  In contrast NO and N2O follow an 

inverse trend, with NO increasing with , and N2O decreasing with increased .  N2O is 

rapidly consumed at high temperatures or when  ~1. The ultra-lean conditions seem to 

be responsible for the direct emissions of N2O from the hydrogen enriched flames.  

The analysis of correlation between N2O and  is -0.94 (see Figure 5-11), indicating a 

strong inverse correlation.  At lower  the N2O levels rise, therefore lean conditions favor 

direct emissions of N2O when NG is enriched with hydrogen up to 70% by vol.  

Furthermore the correlation between NO and N2O is -0.91 (see Figure 5-12), again 

demonstrating an inverse strong correlation; N2O is high when NO is low and vice versa.  

 

Figure 5-11. Correlation between N2O and ER for LSB flame 70%H2- 30% CH4 
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Figure 5-12. Correlation between N2O and NO-fuel:  70%H2- 30% CH4 

5.1.8.  Chemical Kinetics Analysis  

To help explain the observed results for the reactions stabilized with the LSB, Figure 

5-13 shows modeled trends of CO and N2O at variable  using a CRN made of one PSR 

followed by a PFR (Bragg Cell [92]). The CO peak is typically observed close to the LBO 

limit and both reaction mechanism considered can accurately predict an analogous trend.  

Similarly, the N2O emissions modeled with the UCSD mechanism follow the 

experimental trends and moreover the CO release is coincident with the 

observed N2O release at LBO. Conversely, the GRImech 3.0 fails to accurately predict 

the N2O trend, although it predicts the CO trend more precisely. It is remarkable that the 

UCSD mechanism activates the pathways for the formation and release of N2O only when 

the reactions are close to the LBO limit. The results using the UCSD mechanism predicts 

a maximum of ~3ppm near LBO.  This maximum is corresponding to the leanest point, 

when =0.55.  The trend predicted with GRI shows an inverse parabola, with N2O 

increasing with excess air and reaches a maximum of 0.8ppm around =0.63.  Further 

excess air reduces the amount of N2O emitted.  This result shows that, at low temperatures, 

GRI 3.0 is unable to predict the experimental N2O trend.   
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Figure 5-13. Modeled trends of N2O and CO at variable  with GRI 3.0 and UCSD 

mechanisms.          

Further analysis of the production rates were carried out at =0.55, where the 

maximum N2O peak was observed with UCSD. 

The absolute rates of production of N2O are shown in Figure 5-14. While UCSD shows 

that the main route of formation of N2O is through the reactions: 

Main UCSD N2O route: 222 HONOHON   Equation 5-5 

2nd UCSD route: OHNHON  22  Equation 5-6 

The absolute rate of production of N2O predicted with GRI indicates that N2O is being 

formed through these same reactions plus three additional reactions:  

Main GRI N2O route: 222 ONOON   Equation 5-7 

2nd GRI/1st UCSD 222 HONOHON   Equation 5-8 

3rd  )()( 22 MONMON   Equation 5-9 

4th  GRI/2nd UCSD OHNHON  22  Equation 5-10 

5th GRI route: NOOON 2)5( 2   Equation 5-11 
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It is clear that the reactions of molecular N2 with hydroperoxyl (HO2) are fundamental 

for the conversion of N2 into N2O.  Furthermore, both UCSD and GRI show that N2O is 

also formed through the combination of N2 with OH radical.  Neither mechanism suggests 

the NCO or NHi routes are important. The current results indicate the reactions of CH4 at 

LBO release N2O through the reactions:
222)1( HONOHON   and to a lesser extent 

through OHNHON  22)2( . 

 
Figure 5-14 Absolute rate of production of N2O at =0.56 close to LBO with two reaction 

mechanisms 

5.1.9. Numerical prediction: CFD and CRN vs. 

Experimental Data 

The experimental and predicted NOx emissions (corrected to 15% O2) of NG and 

hythane flames are plotted as a function of the adiabatic flame temperature (AFT) in 

Figure 5-15.  The experimental data shown (solid triangles and diamonds) was collected 

at 3 atm, and at a fixed inlet temperature.  The experimental results show that the addition 
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of hydrogen up to 90% to NG leads a significant shift on the concentration of NOx 

emissions at a constant flame temperature. Since the CRN was optimized to match LBO 

and NOx trends, it can be used to add insight into the role of the fundamental parameters 

governing the emission formation close to the lean blowoff limit.  

 
Figure 5-15. NOx emissions and LBO - CFD (non-kinetic) and CRN vs experimental 

results. 

For instance, a consequence of the high reactivity of hydrogen is a shorter flame length.  

High reactivity or fast chemistry counteracts the effect of mixing with the combustion 

products.  The fresh H2-air mixes with EGR, ignites, and burns with high reactivity, 

generating high free radical concentrations, which produce more NOx than for methane 

reactions at equal combustion temperature.  

The NOx chemistry has negligible influence on the predicted flow field, temperature, 

and major combustion product concentrations, under this assumption FLUENT uses a 

decoupled analysis that post-processes a given flow field and combustion solution and 

calculates the NOx rates. Even though the simulated flow field and temperature profiles 
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were in good agreement with the experimental results, the CFD based result is not able to 

predict the significant shift of the NOx emissions.  As observed in Figure 5-15 the CFD 

model predicts an increasing trend with the flame temperature, however the impact of the 

fuel composition is almost undetectable with this strategy.   This indicates the importance 

of using a complete chemistry set (as used in the CRN) to predict the effect the fuel 

composition on the emissions.  

  LBO and Sensitivity to the Reaction Mechanism 

Figure 5-15 shows that the addition of hydrogen to natural gas widens the stable 

operating region. While for pure natural gas the LBO limit happens at 55.0
4
CH , for a 

hydrogen enriched NG up to 90%H2, this limit 25.0
290 H .  Several studies have focused 

on H2/CH4 flames and shown that small additions of H2 substantially enhance the 

mixture resistance to extinction or blowout. For example, fundamental studies show that 

the extinction strain rate of methane flames is doubled with the addition of 10%H2 [37]. 

 After tuning the CRN model with the GRI mechanism and considering the same 

boundary conditions, the difference in the results are related only to the sensitivity of the 

method to the reaction mechanism.  The four mechanisms predict the same trends.   The 

Galway III mechanism predicts similar results without further modifying the CRN, while 

the USCmech II and Konnov 0.5 mechanism tend to predict a slightly higher level of 

emissions.  

  Sensitivity of the CRN to the Geometric Variables, EGR 

and Heat Losses 

The sensitivity of the LBO and NOx to the geometry of the reactors is presented in 

Figure 5-16 a). In order to test the results sensitivity to these variables, the volume of the 
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PSRs was doubled - V2 and divided by 2 - 2V and the length of the PFR was doubled L2 . 

The geometric variables were varied one by one, while the heat losses and EGR were fixed 

at the initially estimated values. Increasing the length of the PFR increases the total 

production of NOx at equivalence ratios close to one, without affecting the prediction of 

the LBO limit, which coincides with the predicted NOx levels below 0.6 ppmdv @ 15% O2. 

The NOx levels at 8.0 . Varying the volumes of the PSR0 and PSR2 has a negligible 

effect on the results as the trends overlap the baseline case. Conversely, doubling the 

volume of the PSR1 shifts the NOx production upward, while splitting the volume in two 

shifts the trend downward, therefore the prediction of the LBO limit, as it is linked to the 

minimum NOx predicted with the CRN.  Still, the variation of the geometric parameters is 

not the principal variable responsible for an accurate prediction of NOx and LBO.  Figure 

5-16 b) shows the effect of the heat losses and EGR on the prediction of NOx levels and 

LBO.  Increasing the heat losses in the post flame region (PFR) reduces the NOx levels, for 

mixtures with   from 0.8 to 1; the prediction of the LBO limit is oblivious to this variable.  

In contrast, the NOx levels and LBO are highly sensitive to the heat losses from the core 

of the reactions (PSR1), which are initially estimated as radiation heat losses using the 

RADCAL model.  For a 10% heat loss compared to  1%  used for the baseline case, the  

results are shifted downwards, significantly reducing the NOx emissions and increasing 

the LBO limit from   0.63< <0.72. The results indicate the NOx reduction is less sensitive 

to the % increase of EGR than to the heat loss through the EGR loop (See Figure 5-17).     
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Figure 5-16.a) Sensitivity to the geometric variables. NG-GRI 3.0. b) Heat losses and 

recirculation sensitivity. 

 
Figure 5-17. Effect of the heat losses through the EGR loop and their effect on the 

prediction of NOx and LBO. 
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  Chemical Kinetics Discussion 

The molar NOx production rate in the different reactors indicates that NOx formation 

occurs almost exclusively in the flame zone (PSR1) or core of the reactions, where radical 

concentrations are significantly above the equilibrium values.  The production rate of NOx 

in the flame region is around three and five orders of magnitude higher in the flame region 

compared to post flame and the EGR zones respectively. For NG and for an  between 0.64 

and 0.98, in the flame region the molar production of NOx [ scmmole 3 ] varies between

58 1010  to .  In the post flame region the production rate varies from 811 1010  to and in 

the recirculation loop this rate varies between 1012 1010  and . The participation of the four 

elementary NOx pathways on the total emissions is presented as a function of AFT for NG 

and the hydrogen blend in Figure 5-18 a) and b), respectively. The strategy to calculate the 

participation of the different pathways consist on eliminating one by one the N-Containing 

reactions of the different pathways.  For instance, to calculate the participation of the 

Zeldovich pathway, the following three reactions are eliminated: ONNON  2
; 

ONOON  2
 and HNOOHN  . Once these reactions are eliminated the new 

results are compared with the results obtained with the original mechanism.  The same 

idea is applied to calculate the participation of the ON2
, Prompt and NNH pathways.  All 

the pathways increase the production of NOx at higher temperatures. The relative 

participation of the NNH remains almost constant within the range of temperatures 

analyzed, although the addition of hydrogen to the fuel enhances the concentration of H 

radicals that take part in the NNH reactions, and consequently the production of NOx 

through that pathway increases four-to fivefold compared to NG.  At constant AFT, the 

addition of hydrogen reduces the prompt NO due to the decrease in hydrocarbon radicals 
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in a flame. For the NG flames, the participation of the prompt route goes from 11 to 30% 

at 1700 < AFT < 1900 K, while for the hydrogen blend it goes from 3 to 9%  within the 

same range of temperature. Since the combustion temperatures are purposefully 

maintained at relatively low values (e.g., below 1900 K) and given the low 
4CH  0.62-0.74 

and 67.055.0
290 H , it is not expected the thermal NOx pathway to be responsible for 

most of the measured NOx. Still, in the combustion environment, the high reactivity of the 

hydrogen may cause a rise in the local flame temperature, which would result in an 

increase in thermal NO formation. Still, the reactions in a PSR happen at a uniform 

temperature; therefore the increase of NO produced through the Zeldovich route is only a 

function of the kinetics of the reaction, i.e. the addition of H2 increases the concentration 

of H-atoms and OH radicals and the leaner mixtures guarantees excess O2 which can 

produce O-atoms.  The increased concentration of these radicals accelerates the 

production of Zeldovich NO. Although the fraction of Zeldovich NO is around the same for 

both fuels, the addition of H2 leads an increase of around 2.5times the NOx generated by 

the flame of NG.  
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Figure 5-18. Participation of the NOx pathways.  a) Natural gas. b) 90% H2/10% CH4. 

 

At 1700K the NOx formed via the nitrous oxide (N2O) pathway is responsible for 80% 

of the total NOx produced and this ratio reduces to 50% at 1900 K with either fuel.   The 

N2O mechanism is dominant for temperatures below 1900 K.  Above 1900 K, the Zeldovich 

and prompt mechanisms become more important. Zeldovich NOx follows the expected 

exponential trend with the temperature, while the N2O follows a more linear trend, which 

explains the lower participation of the N2O route at higher temperature.  In addition, the 

NOx formation via the N2O mechanism is pressure dependent and the pressure influence 
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is evidenced in the reaction MONMNO  22
, where “M” represents a chemically 

unchanged third body species. As the CRN models the LSB operating at elevated pressure 

(3 atm), per Le’ Chatelier’s principle, increasing pressure drives the equilibrium to the 

right side of the equation, thus enabling NOx formation through the subsequent N2O 

reactions.  

5.2. Surface-Stabilized Combustion Burner 

This section compiles the analysis of the experimental and numerical results obtained 

for the reactions of gaseous fuels stabilized with SSCB. The target fuels were presented in 

Table 2-3, which includes binary mixtures of NG with H2, CO2, C2H6 and C3H8. The 

experimental results were recorded during all the stages of the experiment including: 

Ignition, steady state, lean blowoff, variable air to fuel ratio by controlling the air flow rate; 

The broad details about the experimental conditions were presented in Section 4.1.5. 

5.2.1.  Operation Modes and Visual Characteristics  

The visual characteristics and operating modes of the SSCB are summarized in Figure 

5-19:  

 
Figure 5-19. Operating modes of the surface stabilized combustion burner.  

 

a) Porous material in good conditions: The surface is smooth and continuous 

it is not possible to observe any porosity with the naked eye. 
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b) Radiant mode: the reactions are attached to the surface.  In this mode the 

combustion occurs without any visible flame. The combustion reactions closely 

attached to the surface transfer heat to the surface, which glows intensely 

reradiating heat to the walls or thermal load. In this mode the radiation heat 

transfer is favored by the extended surface area of the burner head and by the 

excellent radiative properties of the burner material.  

c) Transition attached/detached: During the transition coalesced surface zones 

display attached/lifted flames simultaneously. A combination of blue and the 

intense red of the attached reactions yields the purplish light observed in Figure 

5-19c). 

d) Lifted flames or detached mode: flame is detached from the location where 

it is normally anchored, in this case the surface itself works as the attaching 

location for the combustion reactions.  When the flame is detached from the 

surface, the surface does not radiate heat and the heat transfer to the load depends 

only the convective currents and the weak direct radiation from the lean premixed 

flames. Still, the enhanced surface area favors the radiation of heat from premixed 

flames. 

e) Lean blowoff: it is the result of diluting the reactions with a large excess of air, 

which cools down the reactions and increases the velocity of the reactants to the 

point where the flame speed cannot equilibrate the dynamic balance.  

f) Flashback: for the surface stabilized reactions, the flame flashback happens 

when the flame speed overcomes the combined resistance of the surface and the 

opposed premixed flow speed. A flashback event is considered a critical failure, as 

after flashback the burner needs to be replaced. Safety can no longer be ensured if 

the reaction zone extends into the interior where the mixture is ignited. The 
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flashback hazard in radiant burners is due to the low flow velocity of the mixture 

through the wall (
SS ) of the fibrous body [122]. 

5.2.2.  Stabilization Criteria 

It can be shown that the modes of operation and flame stabilization can be 

parametrized by the ratio of the mixture surface speed to the laminar burning velocity. 

While the burning velocity is related to the reactivity of the fuel, the mixture speed at the 

surface represents the velocity of the bulk of the gases flowing out of the surface.  This rate 

represents a unidimensional dynamic equilibrium. We use the letter “K” to represent this 

speed ratio and it is mathematically defined as follows:  
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Equation 
5-12. 

Where the mixture speed at the surface is approximated by: 
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Equation 
5-13 

 

Where V is the volumetric flow rate, 
sA is the surface area, D  is the diameter of the 

cylinder and L  is its length.  The laminar flame speed of the fuel mixtures is estimated 

using Premix, a predefined subroutine of Chemkin Pro 15131 used for modeling steady, 

laminar, one-dimensional premixed flames at variable equivalence ratio. The reaction 

mechanism used to model the burning velocity of the fuel mixtures was GRI 3.0 [60].  

5.2.3.  Stability Diagrams 

Figure 5-20 presents the visual characteristics of the binary mixtures (rows) at variable 

equivalence ratios (columns).  The last picture of the row presents the burner operating at 
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lean blowoff (LBO), which also was found to coincide with a high peak of CO (except for 

100% H2) and N2O, and the lowest levels of NOx emissions <1ppm NOx @ 3% O2.  

On one hand, the addition of CO2 to the fuel shortens the stability limits, which causes that 

biogas flames reach the LBO limit at higher equivalence ratios when compared to NG 

flames; for instance with biogas 65% CO2 the flame was unable to attach to the surface and 

the LBO event was reported at =0.8, this compared to =0.45 at LBO for NG. For biogas 

65% CO2 the stable range of operation is very narrow 1>>0.8, compared to NG 1>>0.45. 

Furthermore the addition of CO2 to the mixture increases the flow speed at the surface 

favoring flame lifting; for the operation with biomethane 65% CO2 the flames are always 

lifted.  On the other hand, the addition of hydrogen to natural gas enhances the stability 

limits of the reactions and the range of operation in radiant mode, which causes that 

hydrogen enriched natural gas (HENG) flames reach the lean blow off (LBO) limit at ultra-

lean equivalence ratios when compared to NG; for instance with 100 % H2 the flame is 

fully attached at = 0.45 and the complete range of operation is 0.15>>0.57.  
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Figure 5-20. Visual characteristics of the binary mixtures at variable equivalence ratios  
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It is important to highlight that the upper limit for pure hydrogen was reported at 

=0.57, which marks the flashback event. After the flashback the burner needs to be 

replaced.  

As mentioned before, the operation modes can be linked to the speed ratio K. The 

visual observations show that the burner transition between modes when K 

approximates 1.4.  (K ~1.4). The visual record also indicates that the reactions are lifted 

for K >1.4, and attached for K < 1.4. The flashback event was reported for K<0.4. The 

optimal operating mode lies between these two limits (attached<optimal<flashback).  

Figure 5-21 shows the diagram of stability at variable equivalence ratio on the lean 

region for NG.  For the NG operation w the speed ratio was always greater than 0.5 (KNG 

>0.5) within the lean flammable region, therefore the burner is never at risk of flashback. 

Any fuel mixture with similar or lower flame speed to that of NG will perform in the safe 

region of the diagram.  The transition from attached to lifted happens at K~1.4 

which corresponds to NG~0.69. Furthermore Figure 5-22 shows the effect of the addition 

of CO2 and H2 on the velocity ratio (K). Biogas with a 65% CO2 features the lowest higher 

heating value (HHV) of the fuels tested, with a HHV65CO2 ~ 9110 J/g, compared to the 

HHVNG ~ 55500 J/g, and HHVH2 ~ 141800 J/g. H2 is the most reactive gaseous fuel used 

during the experiments, which is characterized by its very fast laminar flame speed SL. In 

the stability diagram, SL and SS can be read on the left vertical axis, and the velocity ratio 

K=SS/SL on the right vertical axis; the three variables are presented as a function of the 

equivalence ratio (). While the addition of CO2 shifts the stability ratio (K) towards the 

lifted flame region, the addition of H2 bring the reactions into the flashback region, in 

particular for hydrogen reactions between 1>>0.6, when K is always less than 0.4.  
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Figure 5-21. Stability diagram for NG burning at a specific fire rate= 400kW/m2 

 

Figure 5-22.   Effect of the addition of CO2/H2 to NG on the Stability ratio (K) at 
400kW/m2 

At a given  and at constant heat flux rate (400kW/m2) the addition of CO2 to NG 

increases the speed of the gases at the surface while reducing the laminar burning velocity. 
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This effect is depicted in Figure 5-23. The combined effect (fuel dilution and enhanced 

flow rate) shifts the velocity ratio K of biogas mixtures upwards, further away from the 

flashback region.  For biogas 65% CO2/35%CH4 the speed ratio was always greater than 2 

(K65CO2>2), therefore the burner never reached the attached mode.  

 
Figure 5-23.  Stability diagram for biogas 65% CO2 at 400kW/m2. 

 

Conversely, at a given  and at a constant heat flux rate (400kW/m2) the addition of 

hydrogen to NG reduces the gases speed at the surface, while significantly increasing the 

laminar burning velocity (see Figure 5-24); the combined effect shifts the velocity ratio (K) 

of HENG mixtures downwards, toward the flashback region. For pure H2 most mixtures 

fall under the flashback region K<0.4.  During the experiments the flashback event was 

reported for 100% H2 at ~0.57. Table 5-3 summarizes the important thresholds regarding 

the operation and stability of the surface stabilized burner with variable fuel composition.   



131 
 

 
Figure 5-24.  Stability diagram for 100% H2 at 400kW/m2. 

 

Table 5-3. Summary of operation modes and stability 

 

5.2.4. NOx, N2O and CO when Burning Biogas 

For the combustion of biomethane, the emission levels of NOX, CO and N2O are shown 

in Figure 5-25 a), b), and c) respectively. NOx are presented in the form of emission index 
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(EI_NOx), and represents the mass of mass of pollutant (in milligrams-mg) per unit of 

energy consumed by burning the fuel (mg NOx/kWh_fuel_burned). On the other hand, 

the results presented hereon for CO and N2O, refer to dry-basis measurements (ppmdv), 

with no correction to a fixed oxygen level. These two species CO and N2O were only 

observed near the LBO limit or at LBO and during ignition; for the rest air/fuel mixtures 

the CO and N2O levels remained under close to zero (0 ppmdv). Therefore peak emissions 

of N2O and CO can be used a trace species used to identify the lean flammability limit or 

LBO. In general CO and products of incomplete combustion (PICs) are used as LBO 

tracers, since their concentration raises significantly (Figure 5-25 b) close and at LBO. 

Similarly to CO, the emissions of N2O raise during lean blowoff (see Figure 5-25 c), the 

two peaks are coincident, and both species can be used as LBO tracer. Figure 5-25a) 

presents the results for NOx emissions against equivalence ratio for various biomethane 

blends.  The figure shows that the concentration of NOx decreases with the addition of 

CO2 to the fuel, with the highest levels of diluent producing the lowest NOx levels.   Besides 

the addition of CO2 to the fuel shifts the NOx trend downwards, and this shifting is parallel 

to the NG trend when adding up to 40% CO2.  When the blend is highly diluted, as 65% 

CO2 by vol. the NOx trend is shifted to the lowest right corner, this mixture only burned in 

detached mode, therefore the addition of CO2 to the fuel reduces the flammability limits 

and the production of NOx. This is a consequence of the cooling effect of CO2 that reduces 

the temperature of the reactions hindering the formation of NOx through the Zeldovich or 

Thermal route. For 65% CO2 biogas the reactions are very close to the LBO limit as 

indicated by its trend location on the graph, which is the lowest NOx at the highest . 
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Figure 5-25.   Steady state emissions for biomethane and NG. a) EINOx, b) CO (ppmdv) c) 
N2O (ppmdv) 
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By comparing the Figure 5-25a), b) and c) it is noticeable that the lowest NOx levels are 

also coincident with the release of CO and N2O, the species marking the LBO limit. The 

effects of CO2 addition to the fuel on NOx emissions are the result of the lower temperature 

of biogas flames when compared to natural gas, this is the direct effect of the dilution with 

CO2, which acts as a premixed heat sink cooling down the reactions. Diluting the fuel with 

CO2 has a similar effect to that of using a leaner mixture (more air excess). It also depletes 

the formation of OH radicals, O and H atoms, which are abundant at higher temperatures. 

This is the same concept to reduce the NOx emissions used in combustion systems with 

internal or external exhaust gas recirculation.  Additionally, fuels diluted with CO2 present 

narrower stability limits. With the addition of CO2 the burning velocity decreases, and the 

flow through the porous material increases. The combined effect is tendency to detach the 

flame from the surface.  Detached reactions transfer very little heat to the surface, the 

resulting effect is a reduced heat transfer from the reactions to the material since the 

surface doesn’t act as an additional radiator.  Furthermore, Figure 5-26 shows the 

experimental record for three nitrogen species (NO, NO2 and N2O) at variable 

equivalence ratio when burning HENG (20% H2/80%NG).  The figure also includes the 

visual characteristics of the reactions during the LBO event and attached to the surface in 

radiant mode.  
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Figure 5-26. Experimental record of NO, NO2, N2O and Equivalence ratio during 

experiments at variable equivalence ratio with 20% H2/80% NG. 

 

The results for N2O emissions show only significant concentrations of N2O when close 

to the LBO point, when the CO production is maximum and the NOx emissions are a 

minimum. The N2O emissions at LBO are variable (usually <5ppm). Although peaks as 

high as 24 ppmdv of N2O have been observed during ignition and blowoff events.  When 

the flame was stable and the remaining variables were held constant, the measured 

concentration of N2O remained under 0.1 ppm regardless of the fuel composition (NG or 

biogas).  These results indicate that, during steady state, the combustion of natural gas 

and biogas fuels stabilized with a surface stabilized combustion burner emits only trace 

values of N2O < 0.1 ppm. These results are in agreement with the conclusion by Kramlich 

and Linak, which is: in most combustion systems, the flame temperature is sufficiently 

high that any N2O formed in the flame zone is destroyed before the gases are emitted. 
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Thus, most combustion systems do not emit much N2O [52]. However, it is important to 

emphasize that this conclusion is only valid under steady state conditions and when the 

reactions are steadily sustained while guaranteeing high temperatures of the gases and the 

chamber to destroy N2O.  They concluded that N2O is a result of the oxidation of fuel–

nitrogen at relatively low temperatures, which can lead to N2O emissions.  To date, the 

formation/destruction of N2O as a by-product has been strongly linked to the gas-phase 

NO kinetics and more specifically to the transformation of cyanide species into NO and N2 

in the so-called fuel-NO mechanism. The presence of amines or other organic N-

compounds in fossil fuels – fuel bound nitrogen – is of paramount importance for the 

formation of N2O [53], [54]. Kramlich et al., reported a significant increase in the N2O 

concentration by adding nitrogen containing compounds such as ammonia (NH3), 

hydrogen cyanide (HCN) and acetonitrile (CH3CN) to a gas flames in the temperature 

range 1050-1400K. Hayhurst and Lawrence [133] provide further evidence that N2O 

formation in combustion environment occurs by homogenous gas-phase reaction through 

the so called NHi and HCN pathways [134]. In combustion, the homogeneous reactions 

leading to N2O are:  

1) NCO + NO  N2O + CO, principally 

2) NH + NON2O + H, to a lesser extent 

3) N2O +HN2+OH, Fast destruction of N2O 

With the first reaction being the most important in practical combustion systems. In 

general it is assumed that the formation of N2O is counterbalanced by its very fast 

destruction by hydrogen radicals, according to the reaction 3). 

It is clear that in most cases N2O is a very reactive intermediate, which is quickly 

destroyed before being emitted from a flame. However during ignition and blowoff events, 
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which are transient processes undergoing simultaneously chain-initiation/chain-

propagating/chain-terminating reactions it is possible to produce and emit N2O during 

those events. 

5.2.5. NOx, N2O and CO Emissions when burning HENG 

For the combustion of HENG blends, the emission levels of NOX, CO and N2O are 

shown in Figure 5-27 a), b), and c) respectively. With regard to NOx emissions, the 

experimental trends shown in Figure 5-27 a) indicate that when hydrogen is added to NG: 

at a fixed equivalence ratio, the addition of hydrogen to natural gas reduces the production 

of NOx of reactions stabilized with the SSB. It is interesting to note that all trends collapse 

around =0.45, and the emission Index is <2mg_NOx/kwh_fuel_burned for all the fuel 

mixtures including pure hydrogen.  This point is coincident with the LBO limit for NG. 

Hydrogen enrichment of NG also promotes the formation of intermediate species like OH 

and H, which increase the burning velocity of the mixture. Given the higher burning 

velocity of the hydrogen enriched fuels, it is expected that their reactions are more closely 

attached to the surface, which enhances the heat transfer to the surface, hence cooling 

down the reactions more efficiently than a lifted flame.  Other studies on porous burners 

have shown as well a reduction of NOx emissions with the addition of either CO or H2 to 

the fuel [116], [117], [124].   When the reactions are stabilized on a surface, the combustion 

of very reactive fuels features thinner flames than those of more reactive fuels, the flame 

thinning and higher flame speed favors the heat transfer and lowers NOx emission levels. 
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Figure 5-27.  Steady state emissions for hythane and NG a) EINOx, b) CO (ppmdv) c) N2O 

(ppmdv) 
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In general, dynamically stabilized flames produce more NOx when H2 is added to the 

fuel. For those types of flames the addition of hydrogen shrinks the reaction volume, the 

reduced flame front rich in OH radicals and O and H atoms is more prone to emit more 

NOx, than the thinned reactions stabilized on a large surface. Other studies show that 

when dynamically stabilized premixed flames of NG are enriched with H2, the resulting 

effect is to increase the production of NOx [135]–[139].   Also the addition of H2 promotes 

the formation of intermediate species like OH and H, which form more NOx through the 

NNH, Zeldovich and N2O routes compared to pure hydrocarbon flames.  On the other 

hand, the prompt path is initiated by rapid reactions of hydrocarbon radicals with 

molecular nitrogen; therefore the addition of H2 to the fuel reduces the formation of NOx 

through the prompt route. The combined result is a reduced production of NOx for the 

hydrogen enriched fuels, mainly attributed to the additional heat transfer to the surface 

that acts as a heat sink cooling down the reactions.  

Almost all practical methods to reduce NOx emissions involve the reduction of the 

reaction temperature. With the addition of hydrogen the opposite effect is observed, as the 

hydrogen concentration in the fuel mixture increases, the flame penetrates deeper within 

the porous medium and stabilizes against higher mean flow velocities which are closer to 

the surface; interestingly at a fixed air to fuel ratio (=0.8) the adiabatic flame temperature 

(AFT) for NG is ~1978 K, whereas for a mixture 50% H2 balanced with NG, at the same 

=0.8, the AFT is  ~ 2034K, still the NOx emissions are lower for the hydrogen blend than 

for natural gas (see Figure 5-27 a). This results in an increase of the stability limits and 

reduced NOx and CO emissions for hydrogen enriched natural gas reactions stabilized 

with a SSB.  

With regard to the production of PICs, the addition of hydrogen to the fuel reduces the 

emission of carbon monoxide (CO).   Again the higher reactivity of hydrogen helps to 
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complete the oxidation reactions avoiding incomplete combustion products.   Moreover, 

the additional hydrogen displaces carbon from the fuel, so inherently less CO can form. 

The experimental trends indicated CO emissions under 1 ppmdv, except at the lean 

blowout condition or close to it, where a significant peak of CO, UHC and N2O were 

detected. Furthermore the peak of N2O can be associated with the LBO limit for 100% H2, 

since CO is not present in the H2 oxidation reactions.  

In summary, at a fixed air to fuel ratio, the flame front of porous burners is displaced 

downstream (flame lifting) reducing the stability range and reducing NOx emissions when 

CO2 or inert gases are added to NG; conversely at the same conditions the addition of 

hydrogen, the flame front is displaced upstream (closer to the surface or attaching) 

favoring the heat transfer from the reactions to the surface, extending the stability range 

and reducing the emission of NOx.  

5.2.6. Replicability of NH3 and N2O Emissions at Ignition 

and Lean Blowoff  

 
Figure 5-28. N2O and NH3 at ignition and blowoff. 
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In addition, it was observed experimentally for the four fuel compositions (NG, biogas, 

hythane and pure hydrogen) that  a peak of N2O and NH3 follows the ignition event and 

moreover a lean blowoff event also is marked with a peak of N2O/NH3.  Figure 5-28 shows 

a characteristic example of the results found for N2O/NH3 emissions during ignition and 

lean blowoff with gaseous fuels. For this experiment, either a diffusion hydrogen pilot 

flame or a spark was used. A significant peak of N2O (12 ppm) is observed during the first 

ignition event, the average N2O peak is found between 1 and 2 ppmdv was observed during 

the first ignition. The average NH3 peak is around 1ppm. Before ignition, the hydrogen 

pilot emits around 1 ppm of NO while NO2, N2O and NH3 remain only as residual values. 

Once the flame stabilized and the reactions are self-sustained, N2O/NH3 quickly 

disappears.  It is remarkable that N2O and NO don’t coincide during any of these events. 

It is clear that in most cases N2O is a very reactive intermediate, which is quickly destroyed 

before being emitted from a flame. In sharp contrast, ignition and blowoff events are 

transient processes undergoing simultaneously chain-initiation/chain-

propagating/chain-terminating reactions.  Besides, In general developing physics-based 

correlations of blowout behavior is complicated by lack of understanding of the detailed 

phenomenology of the blowout process, such as the dynamics of near blowoff flames or 

the flame characteristics at the stabilization point. For example, there is disagreement on 

whether premixed flames in high turbulent intensity gas turbine environments have 

flamelet, ‘‘thickened’’ flamelet, or well stirred reactor (WSR)–like properties [128]. This 

has implications on blowout modeling, because the appropriate physical model clearly 

events changes depending whether the reaction zone exhibits flame sheet or volumetric 

characteristics. [140] 
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

6.1.   Summary  

For this study two fuel-flexible burners operating at atmospheric conditions were 

used as experimental platforms.  Both burners utilize lean-premixed combustion 

technology as the strategy to control the emissions of NOx, CO and UHC. The first fuel-

flexible burner is known as the Low-swirl burner (LSB) and aerodynamically stabilizes the 

combustion reactions in a divergent velocity flow field. The second fuel-flexible technology 

is known as the Surface-stabilized combustion burner (SSCB) and features the 

stabilization of the reactions on a porous surface. The selection of fuels for the experiments 

included pure substances like H2, CH4, C2H6 and C3H8; moreover the experiments used 

binary mixtures of natural gas blended with: (1) Hydrogen (H2) to simulate synthetic gas 

and increase the burning velocity of the reactions; (2) Carbon dioxide (CO2) to simulate 

biogas and reduce the burning velocity or reactivity of the reactions; and (3) ethane 

(C2H6) and propane (C3H8) to simulate NG obtained from different sources.  

All the experiments were carried out at constant fire rate (117kW) regardless of the fuel 

composition or experimental burner. The concentration of H2/CO2/C2H6/C3H8 in NG 

was systematically increased to study the implications of the substitution of NG with other 

gases. The experiments evaluated the extent of the fuel flexibility by finding the LBO limits 

of the reactions. The LBO limit corresponds to the equivalence ratio () that dilutes and 

cools down the reactions with such a large excess of air that the burning velocity cannot 

equilibrate the aerodynamic balance. Furthermore the implications of varying the fuel 

composition on the commonly studied pollutant emissions such as, NOx, CO and UHC 

and other less well understood pollutant species like NH3, N2O and CH2O were 

simultaneously analyzed with the stability data.  The importance of these three additional 
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species is supported on: (1) Nitrous oxide (N2O) is one of the long-lived greenhouse gases 

(CO2, CH4 and N2O) and its global warming potential calculated over a timescale of 100 

years is 300 times as potent as CO2; N2O resides some 120 years in the atmosphere before 

being broken down by ultraviolet radiation in the stratosphere, such reaction cascades into 

the destruction of the protective ozone layer. (2) Ammonia (NH3) is a precursor of smog 

and particulate matter, and controls the acidity of the atmosphere and (3) formaldehyde 

(CH2O) a carcinogenic VOC that is an intermediate oxidation product of hydrocarbon 

fuels and can be emitted from a number of natural and anthropogenic sources. 

The current state of the art do not include direct emissions of N2O from the combustion 

of gaseous fuels or during ignition, blowoff and other operation modes. Furthermore the 

bulk of combustion literature has focused its attention on N2O emissions from fuels 

containing nitrogen (fuel-nitrogen), in particular solid and liquid fuels, which contain 

nitrogen bounds with hydrocarbon molecules. Up to date, the presence of amines or other 

organic N-compounds in fossil fuels was thought to be of paramount importance for the 

formation of N2O. Given this background, the most significant result of this study was to 

find experimental evidence that N2O and NH3 can be emitted from gaseous fuels lacking 

nitrogen bound to the fuel. Furthermore this dissertation found the relation between the 

emissions of pollutant species, the stability of the reactions and the operational mode of 

the burner (ignition, LBO, steady state). As a consequence the pollutant species measured 

in the exhaust can be used as tracers to diagnose the proximity of the reactions to the 

stability limits. For example during the ignition of the reactions and LBO events, there was 

a simultaneous release of N2O and NH3 regardless the burner type.  Furthermore it was 

found that N2O can be directly emitted even during steady state mode, if NG is doped with 

70% H2 or more.  In particular the addition of H2 to the fuel promoted the formation of 

N2O through the NHi route.   
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Also, CFD simulations were used to understand the mixing patterns in the chamber and 

the effect of the nozzle geometry on the recirculation streams.   In particular the CFD 

models for the LSB showed the formation of extended outer recirculation zones when 

using a sudden expansion nozzle. The recirculation of gases into the reaction zone reduced 

the formation of NOx, while simultaneously reducing the stability limits. The addition of 

a conic expansion nozzle insulates the reactions from the shear and thermal stress caused 

by the recirculation currents. The addition of a flame holder extends the flammability 

limits while increasing the emissions of NOx. In any case the stability limits and the NOx 

emissions are intimately related, when ultra-low concentrations of NOx are measured in 

the exhaust (NOx<1ppm) it can be affirmed that the reactions are close to the LBO limit.   

On the other hand the CFD simulations of the SSCB show that the when the gases pass 

through the porous media, the flow is laminarized and follows a unidirectional pattern. 

Given this simple flow patterns, simple fluid-dynamics models like the Bragg-cell, which 

is a PSR followed by a PFR can be used to model the formation of pollutant species with a 

complete reaction mechanism including the reactions of nitrogen species like NOx, N2O 

and NH3.  The Bragg-cell or reactor network shows its importance to understand the 

formation of pollutant species under combustion conditions.  In particular the prediction 

of N2O and CO showed that some of the classic mechanisms like the GRI 3.0 is not suitable 

to predict the emissions of N2O close to the LBO limit, conversely the UCSD mechanism 

(last update 2014) accurately predicts the N2O trends close to the LBO limit. 

Likewise, the similarity between the experimental results and the CFD models also 

demonstrates the utility of numerical simulations as a reliable mean to evaluate 

combustion applications before moving toward more expensive and time consuming 

tests.  
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6.2. Conclusions and Recommendations 

6.2.1. LSB 

 The experimental results for the LSB indicate that, under steady state conditions, 

the combustion of NG and biogas does not emit N2O which is consistent with 

previous studies. However, during ignition, unstable blowoff and LBO events, the 

emissions of N2O and NO2 are significant whereas the emission of NO is zero.  

 For the LSB, the addition of hydrogen to the fuel enhances the emissions of N2O 

and NOx. NO and N2O are inversely proportional and their correlation is very 

strong (-0.91).  While the behavior of NO follows the  in typical fashion (NO 

increases when  increases (for  < 1), N2O is promoted at leaner conditions (at 

lower ).  Furthermore the N2O emissions are inversely proportional to  and are 

more significant than the emission of NO2, which remains at <0.1 ppm.  These 

trends are not observed with any other gaseous fuels such as NG or biogas. 

 A consequence of the high reactivity of hydrogen is a shorter flame length. A high 

reactivity or fast chemistry counteracts the effect of the fresh reactants mixing with 

the combustion products. The interaction of the flame structure with the exhaust 

gas recirculation products has a direct effect on the emissions. With the addition 

of hydrogen the chemistry becomes faster than the mixing, therefore the effect of 

the exhaust gas recirculation is less efficient in diluting the reactions and reducing 

the temperature. For the reactions stabilized with the LSB, the addition of 

hydrogen to NG increases the formation of NOx as a result of a high concentration 

of  O and H-atoms and OH radicals promoted by the higher availability of H2.  

 The experimental results suggest that, for ultra-lean combustion systems which 

are being adopted for low emissions performance, certain operations may give rise 
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to non-trival emissions of N2O.  This particularly true for systems which must 

follow load and see large numbers of starts/stops.  Such systems may become more 

important as the need to stabilize a grid supplied with increasing amounts of 

intermittent renewable power. 

 Direct emissions of N2O from gaseous fuels have been neglected during the past 

decades, mainly because N2O production has been associated to the fuel-bound 

nitrogen, which is lacking in gaseous fuels. The experimental results presented in 

this study indicate that, under steady state conditions, the combustion of natural 

gas, biogas and hythane does not emit N2O. However during ignition, lean blowoff 

events, the emissions of N2O are significant whereas the emission of NO is zero.  

 The operating conditions of the low swirl burner in the current study, including 

elevated pressure, and ultra-lean equivalence ratios lead to formation of NOx 

mainly through the N2O intermediate species mechanism and the Zeldovich 

routes.  At temperatures below 1900 K, the N2O pathway is dominant. The CRN 

indicated that, for an AFT = 1700 K, about 80% of the total NOx emissions is 

produced through the N2O pathway.  At temperatures above 1900K the thermal 

and prompt NOx become more significant.  
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6.2.2. SSCB 

 The experimental results show that the surface stabilized combustion is an ultra-

fuel flexible technology.  The burner is able to stabilize ultra-lean flames of biogas 

blends up to 65%CO2 by volume. The burner was also tested with HENG blends and 

pure hydrogen; the results show that it is possible to operate safely the burner with 

hythane blends as long as the velocity ratio K=
L

S

S

S >0.4. For the fixed fire rate 

(400kW/m2) the flashback event was reported for K< 0.4.   

 The operation modes of the burner for each composition at variable equivalence 

ratio were characterized by visual observations and using the velocity ratio K. The 

radiant or attached flame mode is found for K<1.4 while a transition from radiant 

to the lifted or detached mode happens for K>1.4. For mixtures 65%CO2/35%CH4, 

K>2 for all the flammable range, therefore it was always out of the radiant mode. 

For the fixed fire rate (400kW/m2) the flashback event was reported for K< 0.4.   

 NOx emissions are lower than 35 mg _NOx/kWh_fuel_burned for all the fuel 

compositions.  The addition of CO2 and H2 to NG reduces NOx concentration in the 

exhaust. The emissions of CO are close to zero for all the stability range and fuel 

composition.  A CO peak is observed only at the blowout condition.   

 Almost all practical methods to reduce NOx emissions involve the reduction of the 

reaction temperature. With the addition of hydrogen to NG the opposite effect is 

observed, at a fixed air to fuel ratio as the hydrogen concentration in the fuel 

mixture increases, the flame temperature and burning velocity increases and the 

reactions penetrate deeper within the porous medium and stabilizes against higher 

mean flow velocities which are closer to the surface.  The combined effect enhances 

the heat transfer from the reactions to the surface, which cools down the gases the 
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gases and therefore less NOx is emitted by hydrogen blends than natural gas. Also, 

at a fixed air to fuel ratio, the addition of CO2 reduces the temperature of the 

reactions and the stability range, whereas the addition of H2 enlarges the stability 

range.   

6.2.3. Pollutant Emissions  

 Similar to N2O, It was found that NH3 is also released at ignition and lean blowoff. 

The NH3 release at ignition and blowoff is around 1ppmdv per event. The 

mechanism leading the release of these species during transient events obliges for 

further review.  

 The N2O release at ignition and blowoff is in general <6ppmdv N2O per event. 

 The formation of CH2O as a product of incomplete combustion happens only under 

fuel lean conditions.  CH2O cannot be formed under air lean reactions. When CH2O 

is specifically measured in the exhaust gases, it corresponds to approximately 10% 

of THC.  

6.2.4. Numerical Strategies to Predict Pollutant Emissions 

and Stability 

 The UCSD reaction mechanism is able to accurately predict the N2O and CO trends 

at LBO.  On the other hand, GRI 3.0 fails to predict an accurate trend for N2O and 

only reasonable levels of CO are observed at LBO.  Further analysis of the reactions 

indicates that the combustion reactions of CH4 at LBO release N2O mainly through 

the reactions:
222)1( HONOHON   and OHNHON  22)2( .  None of 

these reactions is included in the previously known NHi or NCO pathways for the 

formation of N2O in homogeneous combustion. 
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 Not all combustion models are able to model the structure of the reactions 

stabilized with the LSB. Out of the three combustion models FR/ED, EDC and TFC 

coupled with RANS equations, only the TFC was able to approximate the LSB flame 

structure. 

 The effect of the pressure up to 40 atm on the radiation heat from hydrogen and 

NG lean premixed flames was assessed numerically with the RADCAL model. The 

trends indicate that increasing the pressure increases the direct radiation from the 

flame, however as the fuel mixture is enriched with hydrogen, the higher 

concentration of water in the gases reduces the radiative heat losses compared to 

natural gas flames.  

 An optimized CRN model, including the effect of the EGR and heat losses, is able 

to accurately predict the changes in the emissions and lean blowoff limits when 

changing the fuel composition.  

  The CRN can be used as a valuable tool for the design of combustion systems.  The 

CRN is able to correlate the geometry of a system with the variables that govern the 

formation of pollutants (heat transfer, residence time, temperature, mixing 

strategy), governing the formation of pollutants and its relation to the geometric 

variables. Therefore it can be used as a design tool to minimizing emissions and 

control stability issues.  

 The reactor network analysis indicated that the addition of hydrogen to the fuel 

under lean conditions increases the production of NOx through the Zeldovich, N2O 

and NNH routes, whereas the prompt NOx is hindered since the hydrocarbon 

radicals that promote this route are reduced.   
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