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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The gas turbine industry has become an industry of rapid growth due to its 

versatile applications and benefits over other methods of power generation. Gas turbines 

utilize high temperature, high pressure gases exiting the combustor to spin the turbine 

blades which power the upstream rotating compressor. This energy output may come in 

the form of shaft power, thrust, or compressed air and can be used to power anything 

from generators to aircraft to trains to ships and even tanks.  

The gas turbine, or combustion turbine, offers a promising mode of power 

generation for the needs of the future since it provides one of the highest efficiencies for 

combustion power generation technology along with very low emissions. Additionally, 

their quick installation and shorter lead-time make them attractive to customers. Gas 

turbines commonly operate with natural gas but their design may be altered in order to 

accommodate propane, kerosene, and other less common gases. Like many other power 

generation methods, gas turbine engines emit harmful pollutants such as nitrogen oxides 

(NOx - a major contributor to acid rain), carbon monoxide (CO), and sometimes 

unburned hydrocarbons (UHCs). 

NOx reduction is a driving factor in the gas turbine industry due largely to the 

Clean Air Act of 1955, but has been amended as late as 1990. These strict regulations 

control the allowed limits of NOx emission that are produced during the combustion of 

fossil fuels. Another challenge the gas turbine industry faces is in providing increased 

efficiencies. However, the attempts at NOx reduction and ever-improving efficiencies are 

often conflicting goals. The efficiency is generally improved when using higher working 

fluid temperatures, while higher temperatures increase NOx formation. A solution may be 

to decrease the available oxygen to slow the formation of NOx; however, this may result 
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in incomplete combustion which produces increased carbon monoxide and hydrocarbon 

emissions. Finally, increasing the working fluid temperature also strains the limits of the 

combustor materials [U.S. DEO (2005)]. And even for mixtures that are lean enough to 

achieve the sub-ppm NOx emission level requirements, the combustion process is 

extremely difficult to stabilize against global extinction due to the low blow-out limits. 

These demands for improved efficiencies and leaner modes of combustion continue to 

serve as focal points for ongoing research. 

This has inspired the gas turbine industry to develop new concepts for combustion 

technology. Among the most notable new technologies are lean-premixed (LPM) 

combustion, rich-burn quick-quench lean-burn (RQL) combustion, and catalytic 

combustion [Lefebvre (1995), Correa (1998)].  

RQL methods have been tested and even reduced emissions, however it is 

difficult to scale them to other engines with different flow rates, different fuels, etc., since 

each design would exhibit different flame characteristics thus making it difficult and 

expensive to model experimentally, therefore making them an unrealistic option. RQL 

methods also seem to suffer from soot formation and incomplete mixing between air and 

fuel-rich combustion products, while catalytic combustion methods are hindered by cost, 

safety, and durability.  

Lean premixed combustion appears to be the most promising strategy of the three 

methods. Processes have been developed that use excess air in order to reduce the flame 

temperature and nearly eliminate thermal NOx [Zeldovich (1946), Turns (2001)] by 

premixing the fuel and air before entering the combustion chamber. A handful of 

companies have already adopted these methods in order to meet regulations. Companies 

such as General Electric and Siemens-Westinghouse (Dry Low NOx or DLN), Rolls-

Royce (Dry Low Emissions or DLE), and Solar Turbine (SoLo NOx) have implemented 

these processes into their systems.  
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These methods are able to meet emission reduction regulations, however, they are 

more susceptible to combustion-driven oscillations, thus resulting in a higher likelihood 

of flame instability.  

 1.2. Combustion Instabilities 

 The ‘singing flame’ phenomenon, discovered by Higgins in 1777, may be 

identified as the first step in the exploration of combustion instabilities and the resulting 

methodical study of flame dynamics. Later, Rijke made the observation that when a 

heated metal gauze was inserted into an open tube, sound was generated when the gauze 

was placed in specific locations within the tube. More time passed and eventually the 

Rayleigh criterion [Rayleigh (1945)] offered a definition to the coupling between the 

local pressure and heat release stating that energy is added to the acoustic field when heat 

is added (or removed) from the gas when the local pressure is above (or below) its mean 

value. Various mathematical formulations have been derived [Putnam (1964), Chu 

(1956), Zinn (1987)], however the principle remains consistent; the phase relation 

between the pressure fluctuation and the heat release fluctuation.  

Combustion instabilities may have different properties when observed in different 

systems depending on the combustion system geometry, and these instabilities are not 

limited to gas turbine engines. However, they are one of the biggest consequences of lean 

premixed combustion techniques. Unsteady flow oscillations, which are typical of lean 

premixed combustors, may reach amplitudes that inhibit engine operation. These 

oscillations or instabilities constrain the operating conditions and the power output of the 

machine and may even lead to serious damage of components (combustor liners, 

transition pieces, and fuel nozzles). Damaged components may result in as little as 

machine downtime for small repairs, but may extend to expensive turbine component 

replacement, in which either situation results in temporary machine unavailability. These 
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repairs and replacements cost the industry $1 billion annually, and result in hundreds of 

millions of dollars in lost revenue due to the downtimes [Lieuwen (2005)].  

The occurrence of instabilities are primarily attributed to two fundamental causes 

[Culick (1992), Culick (1995)]: the internal processes that attenuate unsteady motions are 

weak, and the energy required to drive these unsteady motions are only a small fraction 

of the heat released by combustion. Gas turbine engines are particularly susceptible to 

these issues since the energy intensity is rather high and usually only 0.1% of the energy 

released in chemical reactions is needed to produce pressure fluctuations that have peak 

amplitudes equal to the mean chamber pressure [Huang (2009)]. 

As a combustion system becomes more and more lean, the fuel efficiency 

improves and NOx emissions are reduced at the cost of an increasing susceptibility to 

perturbations, or instabilities. Recent work has been done to show the effects of hydrogen 

addition [Jackson (2003), Halter (2007)] in premixed flames in an attempt for increased 

flame stability. If hydrogen addition improves the stability of the combustion system, 

then these systems may be allowed to operate at even leaner conditions which would 

further reduce the emission of harmful pollutants. 

 

1.3 Thesis Objective 

The topic of combustion instability is rather extensive, and as mentioned before, it 

has received a lot of attention recently in both the academic and industrial realms. Even 

with this push to discover the underlying phenomena of flame dynamics, only the surface 

has been scratched in understanding it fully. Because of this, there are still a wide variety 

of methods, fuels, combustor designs, etc. being implemented in experiments and even 

actual industrial combustors. The goal of this work is to contribute to the global 

understanding of flame dynamics, specifically in the effects that hydrogen has in 

combustion. Through an experimental study of hydrogen’s effects in a lean premixed 
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combustion system, the intent is to characterize combustion conditions so they may be 

scaled and applied to large-scale engines. With these combustion characteristics, 

commercial gas turbine engines may be modified to run in even leaner operating 

conditions, thus further reducing NOx and other pollutant emissions which is possibly the 

biggest factor that the gas turbine industry faces today. 

1.4 Thesis Outline 

Following this introduction is a review of relevant literature that has been 

presented in the field of combustion instabilities and their mechanisms, and later focuses 

specifically on the effects of hydrogen on flame dynamics. A brief review of the 

measurement techniques used in similar systems is also provided. Chapter 3 goes into 

detail on the experimental configuration employed for this work with accurate 

descriptions of the burner, mixer, swirler, and OH-PLIF laser system.  

Chapter 4 delves into the various results obtained from the experiment and relates 

them to what other researchers have found. A foundation for comparison is found in a 

paper by Allison et al (2012) since their experiment attempts to investigate similar trends, 

albeit with a different burner and chamber configuration and different fuel mixtures. The 

intent is to compare the results of the present work with the work done by Allison et al in 

order to determine which property trends remain consistent regardless of these 

differences. This work also includes new and additional information since the effects of 

pressurization and increased bulk flow velocities may be studied. 

Chapter 5 offers various concluding remarks on the results presented and how 

they fit in with the results of similar experiments. Finally, a suggestion of future work 

that may increase our understanding of flame dynamics and the phenomena of 

combustion instabilities is presented. 
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CHAPTER 2 

LITERATURE REVIEW 

The topic of combustion instability has received a lot of attention in recent years 

with more and more research being undertaken and journal papers being published. The 

role hydrogen plays within the realm of combustion instabilities is only a subset of the 

broader topic, however, it too has seen its share of recent work. This chapter offers a 

summary of the research done in these fields and will help set up the scope of this present 

work and the work needed in the future. The review begins with the broad topic of 

combustion instability; the physical mechanism driving the damaging oscillations and the 

theoretical methods to predict and possibly control them. The summary then goes into 

more detail on the specific research done to determine the effects hydrogen has on flame 

dynamics, followed by an examination of this present work’s measurement technique and 

choice of burner as compared to those employed in similar experiments. 

 

2.1 Combustion Instabilities and Their Amplification 

As mentioned in the previous chapter, the physical process that results in what is 

known as a “combustion instability” deals with the relationship between pressure 

fluctuations and heat release fluctuations. Either (or both) of these fluctuations may be 

responsible for driving this potentially catastrophic phenomenon. Pressure oscillations 

may arise from various properties such as chamber noise, the chamber acoustics, 

fluctuations from the injection system, or a combination of many other properties. Heat 

release instabilities, for premixed systems such as in the present work, are generally 

controlled by the mass flow rate, equivalence ratio, and instantaneous local pressure and 

temperature.  

The Rijke tube is one of the oldest and simplest examples of an instability, 

specifically an instability caused by the acoustic properties of the tube. The experiment 
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consists of a simple open tube which houses gauze that is locally heated. This generates 

sound at a frequency corresponding to the tube’s half-wave mode. Similarly, a tube 

closed at one end and open at the other produces a frequency corresponding to the 

quarter-wave mode of the tube [Swift (2002)]. Systems such as the dump combustors 

tend to generate oscillations similar to the latter situation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Rijke tube 

An effort has been made to reduce system oscillations by chamber acoustic 

property analysis [Culick (2001), Dowling (2005), Bellows (2006)]. The goal is to 

dissipate the acoustic waves enough to eliminate the acoustic oscillations. This may be 

done by using perforated plates, Helmholtz resonators, or similar devices that will 

dampen the waves within the combustor. 
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2.2 Modeling Combustion Instabilities 

Combustion instabilities are often a consequence of multiple driving mechanisms 

rather than a single, easily identifiable instability mechanism. Therefore, a single model 

has yet to be developed that may adequately describe this combination of instability 

mechanisms. Instead, independent models have been formed and employed with the 

knowledge that other phenomena may also be occurring simultaneously. This section 

gives an introduction to the developed models relating to the thermo-acoustic instability 

mechanism. 

 

2.2.1 Lord Rayleigh’s Criterion 

In 1945, Lord Rayleigh described the conditions in which the acoustic field is 

amplified or dampened. The summary of Lord Rayleigh’s statement is given in the 

previous chapter and describes how energy is added to the acoustic field when pressure 

and heat release fluctuations are in phase. Putnam [(1964)] is responsible for the 

mathematical formulation of this criterion, known as the Rayleigh integral: 

                                                               
0

1
0

T

p q dt
T

                                                  (2.1) 

where p’ denotes pressure fluctuations, q’ represents heat release oscillations, and T 

signifies time. 

The acoustic energy equation was derived by Chu (1956) including the effect of 

boundary condition and is shown below (2.2). The right hand side of the equation may be 

qualitatively described as energy gains minus energy losses, respectively, across the 

boundaries during combustion. Therefore if the gains exceed the losses, the result is an 

increase in magnitude of the acoustic instabilities. The additional variables are defined as 

follows: u is the velocity fluctuation, s is the area, and V is the volume, γ is a ratio of 

specific heats, and c is the sound speed. 
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(2.2) 

 

Equation 2.3 is a generalization of the Rayleigh criterion where the left hand side 

is generally identified as the Rayleigh Index (discussed further in section 2.4.1). 

 

(2.3) 

 

Pressure oscillations may be evaluated simply by using a pressure transducer 

whereas heat release measurements require a more complex method. For experiments 

similar to the present research, often chemiluminescence and laser induced fluorescence 

(used for this work) techniques are employed and the latter will be described in more 

detail in the ensuing chapter. 

 

2.3 Addition of Swirl 

Swirl burners are used in engines other than just the gas turbine engines, such as 

in coal combustors and internal combustion engines. Swirl flames create a central 

recirculation zone and enhance mixing in the combustion region, thereby aiding in flame 

stabilization. This addition of swirl allows experimentation over a wider range of 

operating conditions while maintaining flame stability [Gupta (1984)]. Varying the swirl 

number and configuration has resulted in drastic combustion characteristic observation 

[Durbin and Ballal (1994), Syred and Beer (1972), and Syred (2006)]. The 

aforementioned central recirculation zone is created when the swirl number becomes 

large enough, and in this created zone heat and chemical species are circulated towards 

the flame base.   
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Typically, swirl is developed in one of two ways: an air-jet swirler injects air 

tangentially into the combustor, thus creating swirl and allowing air to mix with the fuel, 

or tangential blades may be installed [Roux et al (2005)] so when air or fuel flows past 

the blades, swirl is once again created. A swirl burner, or combustor, may have a 

naturally occurring driving frequency, whether it’s proportional to the acoustic speed or if 

this frequency is scaled with the flow velocity. Even geometrically simple swirl flames 

are subject to thermoacoustic instabilities and often, several types of combustion 

instabilities are occurring simultaneously. The basic concepts of these mechanisms are 

offered by Zinn et al (2005) and Decruix et al (2003).  

As will be described more in the subsequent chapter, the low swirl burner used in 

this work was designed by Cheng and coworkers (2000). This new burner has been 

designed as 1” (inner diameter) and 1.5” models, with this experimental configuration 

using the latter. Premixed air and fuel flow through vanes at the bottom of the swirler 

before being ignited in the combustion chamber. These vanes create the swirl that 

stabilizes the flame via flow divergence and the swirl number (the ratio of the vertical 

component of the velocity to the horizontal component) is adjustable while typically 

remaining below 0.6, identifying the design as a low swirl burner. This low swirl burner 

is less expensive and less complex geometrically than the aforementioned air-jet swirler. 

In addition to these advantages comes the report by Cheng et al (2006) that it emits less 

that 2 ppm in NOx emissions. This astounding result has earned the new design a lot of 

attention, especially from gas turbine manufacturers. 

 

2.4 Addition of Hydrogen 

Once again, the global problem that gas industries face is to use lean fuel mixtures 

that decrease the combustion temperatures, henceforth reducing NOx emissions as 

described the thermal NOx generation mechanism. Leaner fuel mixtures eventually reach 
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flammability limits which results in unstable flames and possibly flame extinction. A 

solution has been presented reporting that the addition of hydrogen into the fuel mixture 

increases flame stability [Yamaoka (1992), Wierzba (2000), and Jackson (2003)]. 

Adding hydrogen to the premixed fuel stream has also been an approach to 

stabilizing global extinction and lean blow-out limits. Experimental studies [Littlejohn 

(2007), Cheng (2009)] demonstrate the feasibility of this strategy for a range of fuels in 

atmospheric and elevated pressure environments, in terms of improved extinction limits 

and emissions reduction. 

A common concern may be to wonder how adding hydrogen to the fuel stream 

affects the quantification of the OH concentration, which is a common indicator of heat 

release. Katoh et al [(2006)] attempted to validate this assumption of a quasi-steady of the 

flame using planar laser induce fluorescence spectroscopy to observe the production of 

OH radicals from the combustion of both premixed hydrogen and methane flames and 

concluded that the assumption was reasonable and applicable for hybrid fuels. Another 

question arises concerning system operability when varying the fuel composition. 

Lieuwen et al (2008) investigated the impact that fuel composition had on lean premixed 

systems by assessing multi-species mixtures. Their results show that hydrogen addition 

has the greatest impact on turbulent flame speed and ignition delay time, however, their 

experiment did not include tests examining acoustic forcing and how the acoustic 

response changes due to the addition of hydrogen. 

Many experiments have also been conducted to determine the effects of hydrogen 

addition on flame stability, reactivity, and emissions of hydrogen-methane-air flames 

[Mandilas (2007), Halter (2007), Lawn (2006), Strakey (2007), Kim HS (2008), 

Fairweather (2009), Day (2010)] . One result that was agreed upon after several 

experiments [Scholte (1959), Milton (1984), Yu (1986), Halter (2005), Ilbas (2006)] was 

that hydrogen addition resulted in an increase in the local burning rate throughout the 

flame surface, thus an increase in the global flame reactivity.   



12 
 

 

 

1
2
 

Halter et al (2005) concluded that adding hydrogen to the fuel mixture resulted in 

an increase in the laminar burning velocity and a reduction in the dependence of the 

laminar burning velocity of the flame against stretch. As for turbulent studies, they also 

concluded [Halter (2007)] that the addition of hydrogen reduces the flame front thickness 

due to a reduction in the flame turbulent length and the decrease in the laminar flame 

front thickness.  

Similar results were obtained by others. Ilbas et al (2006) measured laminar flame 

velocities of hydrogen-air and hydrogen-methane-air mixtures and found that the flame 

speeds increase along with hydrogen concentration, thus increasing the burning 

velocities. Hu et al (2009) expanded upon these results to more realistic conditions by 

investigating the same trends at elevated pressures. Jackson et al (2003) obtained 

experimental and numerical results also indicating that increasing hydrogen content 

significantly increases the flame speeds and thus the extinction strain rates.  

Ghoniem et al (2005) used a backward-facing step in their studies of lean 

premixed combustion with a propane-air mixture. Adding hydrogen to the propane 

mixture improved the flame stability over the entire air jet mass flow range while 

reducing pressure oscillations. Schefer et al (2003) showed that hydrogen addition 

increased the stable operating range of a swirl flame by enabling flame anchoring while 

this result was experimentally confirmed by Choudhuri and Gollahalli (2003). 

Emadi et al (2012) reported that hydrogen-enriched methane-air flames caused 

blow-out limits to occur at lower equivalence ratios, which indicates a broadened range 

of stability. Also reported was an increase in flame area and flame front wrinkling with 

hydrogen enrichment due to contributions from a decrease in Lewis number, an increase 

in the local and overall burning rates of fuel  (because of hydrogen’s faster reaction rate), 

and interactions of turbulent small scales with the flame surface. 
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2.4.1 Rayleigh Index Maps 

The Rayleigh Index refers to the left hand side of equations 2.1 or 2.3 above and 

may be determined experimentally if the pressure oscillation and heat release distribution 

are known. The calculation method is described in detail by Pun et al (2003). A Rayleigh 

Index greater than zero represents an amplification of the flame while indices less than 

zero correspond to thermo-acoustic dampening of the flame. The Rayleigh Index is 

therefore minimized when the heat release oscillations are 180 degrees out of phase with 

the pressure oscillations at the same frequency. Although these index maps are not 

offered in the present work, their use is widespread [Allison et al (2012), Huang (2008), 

Kang et al (2007), etc.] and offers valuable information as to the coupling between the 

pressure and heat release.  

 

2.5 Numerical Theory and the Wave Equation 

A derivation of the wave equation for reacting flows is offered by Poinsot and 

Veynante (2005) by working with the logarithm of pressure, a convenient method for this 

complex task. Using the Navier-Stokes equations in tensor form along with two 

assumptions, zero volume forces and zero volume heat sources, the equation (2.4) for 

ln(p) is extracted from the energy equation and the equation of state: 
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Adding the divergence of the momentum equation as well as two additional 

assumptions, a low-speed mean flow and identical molecular weights for all species, 

produces a simple wave equation for ln(p) in reacting flows with a low Mach-number. 
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The text offers an order of magnitude analysis that further simplifies the equation, 

resulting in equation 2.5: 
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Linearizing this equation by defining the pressure as p = p0 + p1 (depicting an 

acoustic disturbance) with p1/p0 << 1 so that ln(p) is approximated by p1/p0 produces an 

equation for the pressure changes p1: 
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As mentioned previously, the wave equation above is for a reacting flow. 

Combustion brings the complexity of a variable sound speed c0 which must be kept in the 

  operator, as well as the additional source term (first term on RHS) for the pressure 

equation with combustion that’s absent for non-reacting flows. This term designates 

combustion noise and instabilities. As described by Poinsot and Veynante, the linearized 

form of equation 2.6 captures the growth of unstable modes, however, the non-linear 

effects observed in many limit-cycles demand non-linear extensions of the equation. 
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CHAPTER 3 

EXPERIMENTAL CONFIGURATION AND TECHNIQUES 

This experiment contains many system parts and measurement techniques, 

therefore, each section details only a subsystem in order to make it easier to keep track of 

what’s actually going on. To begin, the experimental system and its components will be 

described so that its features may be disentangled from those of similar experiments. The 

second section offers an explanation of the measurement technique used, OH-PLIF, as 

the main data collection tool. Finally, the experimental procedure itself is visited in detail 

and the methodology for the subsequent data analysis is given.  

 

3.1 Experimental System 

 The investigation of flame dynamics and combustion instabilities requires a 

complex system with many components and hardware pieces. Shown in Figure 3.1 below 

is a simple schematic of the intricate system used. The combustion chamber is made of 

segments of stainless steel pipes with internal diameters of 30 cm and lengths of 185 cm. 

Exiting at the top of the combustion chamber is the exhaust, which features a trio of 

adjustable valves which allow the pressurization of the experiment.  

Housed within, at the base of the chamber, is a 1.5” low swirl burner, designed 

and built at the Lawrence Berkeley National Laboratory by Cheng et al (2000). The low 

swirl burner has been shown to take advantage of the propagating nature of the premixed 

flame while not relying on flow recirculation to anchor it, even under extremely turbulent 

conditions nearing the flammability limit. Therefore, the low-swirl burner offers a stable, 

freely propagating flame, however, basic system scaling needs to be performed in order 

to optimize the system efficiency and reduce NOx emissions.  
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3.1. Gas Flow Schematic 

This stable flame permits the quantification of various modifiable parameters. 

Various fuels and mixtures have been tested utilizing the designed low swirl burner, 

including methane- and hydrogen-based mixtures [Huang (2008), Yilmaz (2010), etc.].  

The chamber itself also benefits from several advantages over other systems used for 

combustion instability research. It may function at elevated pressure conditions, which is 

typical of most practical combustion systems since operating conditions of much higher 

than one atmosphere are often needed. Second, the chamber dimensions are much larger 

than the dimensions of the burner and flame which eliminates any flame interactions with 

the chamber walls. As a precaution, nitrogen co-flow keeps the flame isolated and the 

chamber walls at a reasonable temperature. Lastly, the speakers are located downstream 

from the chamber and, therefore, the flame. This eradicates the risk of acoustic 

perturbations affecting the fuel supply and mixing process when the acoustics are located  
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Figure 3.2 Acoustic chamber 

Source: Huang, 2008 
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upstream of the system, as seen in many similar experiments. Here, four speakers are 

employed relatively far downstream and are driven in phase, thus creating the acoustic 

perturbation.  

Located in the lower section of the combustion chamber are four quartz windows 

which allow optical access to the flame as well as an entrance for the laser sheet. Flow 

meters registered and controlled the flow rates of the oxidizer (via a Hastings HFC-D-307 

instrument) while they also measured and controlled the fuel flow rate (via a Hastings 

HFC-D-303 instrument). A piezoelectric pressure transducer, located on the side of the 

chamber as shown in Figure 3.1, monitored the chamber pressure oscillations where the 

pressure wave may be assumed to be nearly uniform over the extent of the flame [Huang 

(2008)].  

 

3.1.1 Low-Swirl Burner and Mixer 

 As mentioned previously, the constructed low-swirl burner by Littlejohn and 

coworkers (2007) is utilized in the present experiments. With an inner diameter of 3.81 

cm, the burner is only slightly smaller than the 6.35 cm burners commonly found in the 

gas turbine industry. As shown in Figure 3.3 below, a swirler is contained within the 

burner consisting of 16 vanes, where the vane angle may be adjusted during the design 

process to offer varying swirl intensities. Also at the base of the burner is a mesh of 25 

holes that aid in premixing the fuel before combustion. 

To reiterate the point made previously, the low swirl burner stabilizes the flame 

via flow divergence, as opposed to recirculation, thus producing a more stable flame 

[Cheng et al. (2000)]. To supplement this, tests have already been performed using this 

low swirl burner model and have produced results indicating reduced NOx emissions 

[Littlejohn et al (2007)]. 
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Figure 3.3 Swirler 
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For premixing purposes, a mixer was designed and implemented upstream of the 

burner and swirler. The premixer is a tube housing a section of marbles that does most of 

the premixing. The fuel passes through the marbles which break down any large vortical 

structures present and then the fuel passes through a mesh net before entering the swirler 

and burner as a “fully premixed” and fully developed flow. 

 

3.1.2 PLIF Laser System 

The combustion chamber flame is excited by a pulsed laser signal which features 

a high powered Nd:YAG pump laser, a tunable dye laser, and an optical frequency 

doubler. The Nd:YAG laser produces a pulsed laser signal which provides a higher peak 

power than continuous signal lasers, and is also useful for temporal resolution. The signal 

is a popular choice for planar laser induced fluorescence (PLIF) imaging and particle 

image velocimetry (PIV) experiments and can produce laser beams ranging from 532 nm 

to 1064 nm wavelengths. The 532 nm wavelength is used for PLIF imaging purposes as 

described later and appears visually as a green beam.  

The Nd:YAG laser pulse enters the tunable dye laser, which contains a Rodamine 

590-based solution. This chemical is a slightly toxic dye, therefore careful precautions are 

taken when making the solution; and the resultant dye solution is used to shift the laser 

wavelength from a 532 nm beam to a 564 nm wavelength beam. The tuned pulsed laser 

signal then enters the frequency doubler, cutting the wavelength in half to a 282 nm 

beam.  

The beam consists of a few low frequency residuals which are separated from the 

UV light and absorbed by a Pellin-Broca prism. The filtered UV light (a purple beam) is 

then directed towards the optics configuration which optimizes the position, strength and 

uniformity of the laser sheet entering the combustion chamber. The frequency doubled 

laser signal then excites the hydroxyl (
+
OH) radical used for PLIF imaging techniques.  
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Figure 3.4 PLIF measurement system 

Perpendicular to the laser sheet that enters the combustion chamber is the 

detection system consisting of an intensified charge-coupled device (ICCD) camera with 

a band pass filter (to remove any scattered light) and an ultraviolet lens. The triggering 

mechanism allows synchronization between the Nd:YAG laser’s timing electronics and 

the ICCD camera’s image acquisition via a delay circuit. In this manner, the laser pulses 

may be tracked with precise timing and the delay circuit sends the information to the 

camera in order to capture the appropriate images. 

3.2. Planar Laser Induced Fluorescence (PLIF) Imaging 

Laser-induced fluorescence imaging is a species-specific imaging technique that 

holds several significant advantages over line-of-sight imaging methods such as laser 

tomography or spontaneous emission imaging. PLIF imaging has the advantage of being 

able to identify the spatial structure of reaction zones by imaging the chemical species 

that are known to be abundant in these regions [McManus et al (1995)]. Other species-

specific imaging techniques are available, such as Rayleigh or Raman techniques, 

however these techniques typically produce weaker signals.  
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The principal behind the laser-induced fluorescence technique is that laser 

radiation can excite a specific chemical species of interest to a higher energy state during 

the laser absorption process [Eckbreth (1996) and Hassel (2000)]. After the species is 

excited it reverts, or decays, back to its lower energy level which results in the 

spontaneous emission of a photon. This spontaneous emission is also known as 

fluorescence. The emitted radiation is then collected by the ICCD camera and the 

processed images may be used to obtain a variety of flow properties of interest. 

 

3.2.1 Advantages of PLIF Imaging 

The PLIF imaging technique used in this experiment offers many advantages over 

other combustion imaging methods. It offers an abundance of qualitative data and has 

been used to investigate reacting shear layer structures, to examine the interaction 

between a laminar flame and a vortex pair, and in the analysis of turbulent diffusion 

flames. It has been reported that PLIF images offer a better temporal resolution over 

time-resolved emission images due to its reduced time exposure. In addition to this, the 

signal-to-noise ratio was improved since it is controlled by laser intensity, and the spatial 

resolution with the PLIF technique also increased since the signal comes from a sheet as 

compared to a line-of-sight integration utilized in emission imaging [McManus (1995)]. 

A more comparable and somewhat recent technological technique is that of 

chemiluminescence, a common method used in similar research [Kim D (2010), Kim KT 

(2010), Lee (2007)]. Ratner et al (2002) reported that chemiluminescence is generally 

easier and less expensive to implement due to equipment costs, however, it tends to 

highlight only the exterior flame boundaries while interior structures become 

indistinguishable. In contrast, PLIF imaging is an ideal technique for examining the 

internal structure of the flame since it only images the spatial regions illuminated by the 

laser sheet. They concluded that chemiluminescence is best used to capture flame 
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oscillatory movement and to determine the impact on resonance of flame flow-field or 

chemical-field modifications. As a low cost and easily implemented method, it is useful 

for both industrial and research use. PLIF provides information on the flame chemical 

structure motion and is useful for examining internal flame structures, especially when 

considering acoustic forcing. Therefore, it is a useful method for physical flame processes 

and in designing burners where susceptibility to an acoustic field must be considered. 
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CHAPTER 4 

RESULTS 

This chapter expands on the material presented in chapter 2 with the intent of 

providing some experimental data and insight into the behavior of combustion flame 

dynamics. While experimenting with methane-air and methane-hydrogen-air fuel 

mixtures, the focus is on the effects of hydrogen fuel enrichment while parameters such 

as the equivalence ratio, driving frequencies, pressure fluctuations, and bulk velocities are 

varied. The goal is to then explore how each of these individual parameters affects the 

flame dynamics. The tables below offer the various operating conditions explored. Due to 

a large number of data and their subsequent graphs, only choice plots are offered in this 

chapter while the remainders are included in the Appendices. 

Table 4.1 Operating Conditions: 0% H2, 100% CH4 

Pressure (atm) 1 2 3 4 

Equiv. Ratio 0.700 – 0.800 0.675 – 0.800 0.650 – 0.800 0.650 – 0.800 

Bulk Vel. (m/s) 10 – 30 5 – 15 3.33 – 10 2.5 – 7.5 

Table 4.2 Operating Conditions: 20% H2, 80% CH4 

Pressure (atm) 1 2 3 4 

Equiv. Ratio 0.675 – 0.750 0.600 – 0.725 0.600 – 0.725 0.625 – 0.725 

Bulk Vel. (m/s) 10 – 30 5 – 15 3.33 – 10 2.5 – 7.5 

 

Several of the graphed results that were obtained in this experiment were also 

explored by Allison et al (2012) which will be used as a cornerstone for this work’s 

results and comparisons. Their configuration also housed a low-swirl burner and their 

experiments varied a similar set of parameters, although the chamber geometry, fuel 

mixtures, and imaging techniques employed were different. The advantage then of these 
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comparisons is that global trends may be distinguished from those that are dependent 

upon the experimental configuration. The additional information this work contributes 

are pressurization trends and increased bulk velocity trends, while adding data from a 

completely different burner and chamber geometry to the “data pool.” 

 

4.1 Acoustic Modes 

Every chamber and burner configuration will have its own naturally occurring 

resonant frequencies. Some may be weak enough to be hidden in the noise, while others 

may cause significant effects on flame dynamics. When performing an experiment and 

trying to examine flame dynamics under varying conditions that you hope to apply to 

industrial sized chambers, one may counter these frequencies via active control methods 

and then drive selectable frequencies that match those of an industrial combustor. This 

allows experimentation easily scalable to the larger combustor since the frequencies will 

match and the flame dynamics at those frequencies may be examined on a smaller 

laboratory model. 

The dominant acoustic modes for this burner and chamber geometry appear to fall 

within the three frequency ranges listed below. A range is listed, as opposed to a single 

value, since the natural frequencies shift when varying certain parameters, but the ranges 

remain rather concise. 

 

Table 4.3 Dominant Acoustic Modes 

1
st
 Mode 85 – 100 Hz 

2
nd

 Mode 140 – 170 Hz 

3
rd

 Mode 260 – 300 Hz 
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Other excitation frequencies were reported, above and below the frequency ranges 

listed above, however they were not analyzed due to their inconsistency, lower intensity 

signals, and differences in the underlying flame dynamics at those frequencies. The 

strengths of these acoustic modes are shown in Figure 4.1. It is apparent that the strengths 

decrease from one mode to the next, seemingly without any influence of changing 

pressure although the values are consistently lower at 1 atm. The first mode is the 

strongest, with a power spectrum density (PSD) strength ranging from approximately 60 

– 100 dB/Hz. The second mode ranges in strength from 40 – 80 dB/Hz, and the third 

mode reduces further yet to roughly 30 – 50 dB/Hz. 

These acoustic modes are natural resonant frequencies based on the burner and 

the chamber geometry. Huang (2008) reported no natural acoustic resonance, but this was 

due to the smaller 1” burner and a smaller fuel flow rate. Since the area in the current 

configuration has increased and is coupled with an increase in the flow rate, the effective 

increase in power is much larger than that of Huang’s acoustic signal. Therefore, even 

though the chamber was identical, the acoustic frequencies were drowned out in the noise 

due to a much lower signal. The lack of strong, naturally occurring frequencies allowed 

Huang to select and force any frequencies necessary using speakers located downstream 

of the combustion chamber. 

The same idea holds for Yilmaz et al (2010) who performed similar experiments 

with the slightly smaller, 1 inch, low swirl burner in the same combustion chamber and 

reported four forcing frequencies of 85, 125, 222, and 399 Hz. The differences in burner 

geometries are largely the cause of the altered excitation frequencies; however the 

operating conditions were also different focusing on hydrogen fractions of 7%, 20%, and 

30%, all at a pressure of 1 atm and equivalence ratio of 0.5. 
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Figure 4.1 Acoustic mode strengths (methane) 
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4.2 Pressure Fluctuations 

The pressure to velocity relationship may be explained in terms of momentum 

conservation or in terms of a constant level of heat release. When doubling the pressure, 

the mass doubles, therefore the momentum doubles unless the velocity is halved (i.e. 1 

atm at 10 m/s = 2 atm at 5 m/s). The idea is similar for constant heat release. When you 

increase the pressure, you increase the heat release. Reducing the flow velocity balances 

this so keeping a constant heat release requires halving the velocity when doubling the 

pressure. 

As mentioned in Chapter 3, a pressure transducer measures the fluctuations 

present in the combustion chamber. With these measurements, frequency and amplitude 

responses are extracted and used for analysis. A sample of the pressure data showing the 

acoustic modes and their respective amplitudes is shown in Figure 4.2. This plot was 

extracted using a MATLAB code designed to determine the FFT of the pressure data, and 

subsequently take the logarithm of that FFT. The three peaks are easily identifiable and 

represent the three natural acoustic modes of the burner/chamber configuration.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Sample power spectrum density plot 
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For each case, this pressure data is recorded and the PSD and frequencies were 

extracted. This allows analysis of any relationship between fuel concentrations, 

equivalence ratio, chamber pressure, bulk velocity, PSD, and the acoustic modes. As a 

first step in the analysis, the PSD versus equivalence ratio trend was examined for both 

the 100% CH4 (0% H2) and 80% CH4 (20% H2) cases. Plots of this trend were 

constructed for each pressure and fuel flow rate tested during those cases. The amplitude 

behavior showed varying trends for both fuels employed, but generally displayed a slight 

decrease in PSD strength when decreasing the equivalence ratio. A pair of samples is 

offered below in Figure 4.3 while the remainders are provided in the Appendices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Sample PSD vs. Equivalence Ratio trend 
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Allison et al (2012) also displayed results of the amplitude behavior showing 

varying trends with changing equivalence ratios for each fuel and concluded that these 

amplitude behaviors are not consistently scaled with the increase in global heat release. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 PSD response compared to Allison et al (2012) data 

Figure 4.4 above shows the trends reported by Allison et al (2012), represented by 

the three lines that reach an equivalence ratio of 1, along with the trends depicted by the 

0% and 20% H2 concentrations examined in this work. The data from Allison et al shows 

inconsistent trends for each of the three mixtures used here. Their methane mixture’s 

PSD strength continually increases until an equivalence ratio of about 0.85, while their 

syngas mixture of 20% H2 shows an almost completely opposite behavior, decreasing 

until 0.85 and then gradually increasing thereafter. The third mixture, syngas with 25% 

H2, also follows a different trend by gradually decreasing over the entire range of 

equivalence ratios.  
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For the current work, where only the first acoustic mode is shown due to its 

stronger signal, the trends are opposite those of Allison et al. The methane data show a 

decreasing trend with increasing equivalence ratio, while the 20% hydrogen data 

increases over the range of equivalence ratios tested. This methane trend only reflects the 

data obtained at a chamber pressure of 1 atm, a bulk velocity of 10 m/s, and the first 

acoustic mode. This case was chosen as it contains the most similarities with the data 

obtained by Allison et al: atmospheric pressure, lowest bulk velocity, and strongest 

acoustic mode. In general, the methane data increased slightly with an increase in 

equivalence ratio, similar to the 20% H2 trend, as can be seen in Appendix A. The 

differences between these experimental configurations are many, such as the burner, 

chamber geometry, combustion fuels, flow rate, and range of equivalence ratios tested, 

and therefore, very few consistent conclusions may be drawn from this comparison.  

 

4.3 Equivalence Ratio 

 Figure 4.5 shows the frequency response to changing equivalence ratio, in this 

instance a comparison between chamber pressures of 1 and 4 atmospheres concerning the 

20% H2, 80% CH4 mixture. Similar plots (available in the Appendices) were constructed 

over the ranges listed in Tables 1 and 2 above and the results depicted parallel trends. 

It can be seen in Figure 4.5a that when increasing the equivalence ratio, the 

dominant acoustic modes increase slightly and Figure 4.5c shows that the trend holds for 

elevated pressures. These shifts in the acoustic modes may be seen in more detail in the 

plots shown on the right (Figure 4.5b&d). When constructing these specific plots, the 

frequency associated with the lowest equivalence ratio was taken as the reference point 

for each dominant mode, therefore the zero frequency shift at these points (and each of 

the analogous plots in the Appendices) offer little information unless provided with data 

from an even lower equivalence ratio. It is plain to see that regardless of pressure, the 
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frequencies of these modes increase with increasing equivalence ratio, and further, these 

shifts are more dramatic for the higher frequency modes.  

 

 

 

 

 

 

 

Figure 4.5 Frequency vs. Equivalence Ratio trend (20% H2) 

Allison et al (2012) also found that the frequency response generally increases 

with equivalence ratio. Figure 4.6 combines data from this work with some selected inlet 

fuel data from Allison et al (2012). The data represent the measured frequency of the 

pressure oscillation as a function of the equivalence ratio. The two lower lines correspond 

to frequencies of the first acoustic mode of this work (at 0% H2 and 20% H2), which were 

chosen due to their relatively high signal strength when compared to the second and third 

modes. The upper lines represent the relevant data from Allison et al, which contained 

three fuel mixtures: pure methane, syngas mixture of 20% H2, and another syngas 

mixture of 25% H2. These latter trend lines have been truncated for closer comparison 
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since fuel-rich mixtures (equivalence ratios great than 1) behave very differently than the 

fuel-lean mixtures examined here. 

Unlike the combined PSD trends shown in the previous section, both sets of data 

seem to be in agreement in regard to the frequency response when varying the 

equivalence ratio (with a possible exception of the 25% H2 syngas mixture between 0.75-

0.85), regardless of the vast differences in burner and chamber configurations. The 

increasing frequency response with increasing equivalence ratio is suggestive of flame 

speed scaling, however Allison et al found that the frequencies for matched fuels were 

not similar, noting that their fuel-rich ethylene data did not match up with the 20% syngas 

data even though they have the same flame speed. This indicates that the flame speed is 

not the dominating factor but just a parameter that may be coupled with other parameters 

that control the acoustic performance.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Frequency response compared to Allison et al (2012) data 
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Despite the many differences in experimental configurations, the conclusion may 

be drawn that the acoustic frequency decreases when the combustion mixture becomes 

more and more fuel-lean.  

 

4.4 Effects of the Bulk Flow Velocity 

Another variable parameter examined was the inlet gas velocity, or inlet bulk flow 

velocity. Figures A.10-12 in Appendix A show the trends for chamber pressures from 1-4 

atm using the methane-air mixture. This trend is nearly independent of frequency for the 

first acoustic mode, while the trend is more apparent for each subsequent acoustic mode 

as seen in the frequency shifts presented in Figures A.13-15. Figure 4.7 below shows the 

frequency and PSD trends for the strongest acoustic mode of this work next to those 

reported by Allison et al (2012). Each result corresponds to a chamber pressure of 1 atm, 

while Allison et al tested at an equivalence ratio of 1, while the maximum equivalence 

ratios used in this work were 0.800 (100% methane, 0% hydrogen) and 0.725 (80% 

methane, 20% hydrogen). The figure below as well as those included in the appendices 

show that for this work the frequency decreases very slightly with increasing bulk 

velocity (or air mass flow rate), contradictory to the results reported by Allison et al. The 

interesting note here is that in each case, there is an upward shift in frequency when 

initially increasing the flow rate followed by decreasing trends thereafter. This 

phenomenon was even noticed physically during testing since the chamber itself would 

exhibit small vibrations.  

For the 20% hydrogen mixture, similar trends are observed. The first acoustic 

mode varies minimally with increasing bulk flow velocity, especially at higher pressures, 

while the third mode shows a more significant variation. The hydrogen-enriched fuel was 

examined at even lower equivalence ratios than the pure methane mixture and the trend 

remains valid across this leaner regime.  
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Figure 4.7 Air Mass Flow Rate response compared to Allison et al (2012) data 
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Allison et al (2012) discusses how convective-acoustic instabilities typically 

display a frequency that varies with the gas velocity, as opposed to those that are of the 

Helmholtz type of instability. Investigating the effects of varying the bulk flow velocity 

may shed some light onto which types of instabilities are being seen here. As mentioned 

previously, Allison et al found that the frequency of the instability increases with an 

increase in the mass flow rate, which suggests that the instability depends on a Strouhal 

number and has a convective-acoustic component. Syngas (with 25% H2) and ethylene, 

which have the same flame speeds, show very similar frequency data. 

Also seen above in Figure 4.7 are the PSD trends obtained here, along with 

Allison et al. The apparent trend of this work for both mixtures is deceptive since it only 

portrays one acoustic mode at one equivalence ratio and atmospheric pressure. The plots 

in the appendices display a wide variety of trends when varying either the equivalence 

ratio or the elevating the pressure, and the trends even vary from one acoustic mode to 

the next within the same set of parameters. This was also observed by Allison et al where 

the amplitude data displayed an assortment of varying trends for the various fuels 

observed. Both syngas mixtures dropped in amplitude strength whereas thermoacoustic 

instabilities of methane (and other hydrocarbons) were amplified at higher flow rates. 

 

4.5 Changes in Chamber Pressure 

One of the advantages of the present experimental configuration is its ability to 

test at elevated pressures. Since commercial combustors operate at pressures exceeding 

20 atmospheres, elevated pressure trends are worth investigating in order to better 

understand the effects they may play on flame behavior.  

Figure 4.8 below shows four graphs displaying PSD and frequency trends when 

adjusting the chamber pressure for 0% H2 and 20% H2 mixtures and a variety of 

equivalence ratios. Figures 4.8a-b examine the frequency trends of these mixtures, and 
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the results appear to be similar for each case. For the methane mixture, elevating the 

pressure slightly increases the frequencies but otherwise has no significant effect. As for 

the 20% hydrogen mixture, there appears to be a more direct and consistent increase in 

the frequencies when increasing the chamber pressure. From the figures, it is easy to see 

that the equivalence ratio plays a stronger role in altering the instability frequencies, 

where the frequencies drop when reducing the equivalence ratio. 

Figures 4.8c-d below depict the PSD trends for higher pressures. As with the 

majority of the other PSD trends, it is difficult to extract any consistent behavior once 

again. Both mixtures show sporadic relationships between pressure fluctuations and 

pressure elevation. Similar to the frequency trends, it is easy to see that the equivalence 

ratio plays a more significant role since both mixtures drop in frequency when the 

equivalence ratio is lowered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Pressure effects for various equivalence ratios and mixtures 
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4.6 Hydrogen Composition Variation 

Over the range of tests performed, the methane-air data and the hydrogen-

methane-air data were analyzed side-by-side in order to determine trends that may be 

directly contributed to the addition of hydrogen. In comparing the Frequency Shift vs. 

Equivalence Ratio trends shown in sections A.2 and B.2, it is noted that the 20% H2 case 

showed consistently lower shifts in frequencies as compared to the pure methane mixture, 

however, these data were also taken at a lower range of equivalence ratios. 

The PSD vs. Equivalence Ratio plots in sections A.3 and B.3 didn’t offer any 

significant information due to the addition of hydrogen since the trends varied widely for 

either fuel mixture. The trends for the 20% H2 mixture at lower chamber pressures (1-2 

atm) displayed less randomness than the methane mixture, however, further hydrogen 

addition tests would be needed to further explore this trend. 

Finally, the Frequency Shift vs. Bulk Velocity trends shown in sections A.5 and 

B.5 exhibit some notable trends at the higher pressures (3-4 atm). At these pressures, the 

frequency shifts for the hydrogen mixture are nearly all positive, while mostly negative 

for the methane mixture. This corresponds to frequencies that are shifted upwards when 

increasing the fuel flow rate for the hydrogen mixture, while shifting the frequencies 

downward at elevated bulk velocities for the methane mixture. Further hydrogen-

enrichment would help in validating this trend. As in most of the previous Frequency 

Shift plots, the trends seem to be best portrayed in the third acoustic mode where more 

significant fluctuations are observed. 

Allison et al (2012) found that the frequency at a given equivalence ratio is nearly 

independent of the hydrogen concentration. Instead, the increase in hydrogen results in an 

increase in the flame speed until a cutoff is reached and the instability is no longer active 

and the flame becomes non-resonating. This cutoff appears to be mainly equivalence 

ratio dependent, however the limit is extended for increasingly (hydrogen) enriched 

flames.  



39 
 

 

 

3
9
 

CHAPTER 5 

CONCLUSIONS 

The gas turbine industry faces more and more strict regulations each decade and 

therefore accurate laboratory experimentation has received plenty of focus in order to 

understand flame behavior and predict the instabilities that hinder lower emissions and 

increased efficiencies. An in-depth analysis has been presented in the previous chapter 

investigating how various parameters effect combustion dynamics considering two 

mixtures that are commonly used. A consistent comparison with Allison et al (2012) was 

offered in order to detect global effects versus geometry-dependent effects. 

For either of these mixtures, the dominant acoustic modes increase when 

increasing the equivalence ratio, and portray higher shifts at higher modes. These results 

are in agreement with Allison et al even with a different low swirl burner and different 

chamber geometry. It is concluded that this is a global behavior and thus may be 

considered a significant result when scaling the dimensions to an industrial-sized gas 

turbine engine. 

The pressure fluctuations, or power spectrum density, plots showed sporadic and 

widely varying trends which was also noted by Allison et al. Therefore, no significant 

conclusions were able to be drawn that could shed some light on PSD effects or how their 

values may be predicted. As for elevating the chamber pressure, the hydrogen mixture 

showed slight increases in frequencies at increasing pressures. This trend was less 

significant for the pure methane mixture. 

Next, the effects of equivalence ratio changes were examined. The results of this 

work seemed to be in agreement with those of Allison et al. Both burner and chamber 

configurations saw an increase in frequency when increasing the equivalence ratio over 

the entire lean combustion regime. 
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Commercial engines operate at bulk fuel velocities much greater than those 

obtainable in laboratory testing; however, identifying similar trends between the lower 

flow rates used by Allison et al with those in the present work were used to offer some 

insight into the effects of higher inlet fuel velocities. It was shown that increasing the 

bulk velocity has little effect on the primary acoustic mode, however the frequencies did 

slowly decrease over the range of bulk velocities tested. This trend is contradictory to 

what was reported by Allison et al who found that increasing the bulk velocity also 

increased the instability frequencies, therefore it is hypothesized that there are other 

effects that contribute to these patterns such as the different burners and combustion 

chambers.  

 

5.1 Future Work 

It would be advantageous to investigate further the effects of hydrogen addition 

by increasing the fuel ratio to, say, 40-60%. Also investigating active control methods in 

order to examine the effects of acoustic forcing could offer more information on the 

dynamics of the instabilities often seen by large-scale engines.  

A closer examination on the effects of elevated chamber pressures would be the 

next appropriate step in attempting to scale instability phenomena that occur within 

commercial engines. Specifically, experimenting at pressures exceeding the 4 atm that 

this work’s configuration is limited to would be greatly beneficial. Along the same train 

of thought would be to push the limits of the fuel flow rates in order to get closer to what 

a full scale model operates at since, ultimately, this is a main goal in experimentation. 

Finally, observing flame dynamics at the blow-out limits by operating at even 

leaner equivalence ratios would offer valuable research for the future since there is an 

increasingly demanding push for leaner and leaner emissions. 
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APPENDIX A – 0% HYDROGEN (100% METHANE) DATA 

A.1 Frequency vs. Equivalence Ratio 

 

 

 

 

Figure A.1 Frequency vs. Equivalence Ratio at 1 atm 
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Figure A.2 Frequency vs. Equivalence Ratio at 2 and 3 atm 
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Figure A.3 Frequency vs. Equivalence Ratio at 4 atm 
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A.2 Frequency Shift vs. Equivalence Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4 Frequency Shift vs. Equivalence Ratio at 1 atm 
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Figure A.5 Frequency Shift vs. Equivalence Ratio at 2 and 3 atm 
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Figure A.6 Frequency Shift vs. Equivalence Ratio at 4 atm 
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A.3 PSD vs. Equivalence Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.7 PSD vs. Equivalence Ratio at 1 atm 
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Figure A.8 PSD vs. Equivalence Ratio at 2 and 3 atm 
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Figure A.9 PSD vs. Equivalence Ratio at 4 atm 
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A.4 Frequency vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10 Frequency vs. Bulk Velocity at 1 and 2 atm 
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Figure A.11 Frequency vs. Bulk Velocity at 3 atm 
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Figure A.12 Frequency vs. Bulk Velocity at 4 atm 
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A.5 Frequency Shift vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.13 Frequency Shift vs. Bulk Velocity at 1 and 2 atm  
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Figure A.14 Frequency Shift vs. Bulk Velocity at 3 atm  

 

 

 

 

 



60 
 

 

 

6
0
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.15 Frequency Shift vs. Bulk Velocity at 4 atm 
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A.6 PSD vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.16 PSD vs. Bulk Velocity at 1 and 2 atm 
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Figure A.17 PSD vs. Bulk Velocity at 3 atm 
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Figure A.18 PSD vs. Bulk Velocity at 4 atm 
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APPENDIX B - 20% HYDROGEN (80% METHANE) DATA 

B.1 Frequency vs. Equivalence Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1 Frequency vs. Equivalence Ratio at 1 atm 
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Figure B.2 Frequency vs. Equivalence Ratio at 2 atm 
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Figure B.3 Frequency vs. Equivalence Ratio at 3 atm 
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Figure B.4 Frequency vs. Equivalence Ratio at 4 atm 
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B.2 Frequency Shift vs. Equivalence Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.5 Frequency Shift vs. Equivalence Ratio at 1 atm 
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Figure B.6 Frequency Shift vs. Equivalence Ratio at 2 atm 
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Figure B.7 Frequency Shift vs. Equivalence Ratio at 3 atm 
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Figure B.8 Frequency Shift vs. Equivalence Ratio at 4 atm 
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B.3 PSD vs. Equivalence Ratio 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.9 PSD vs. Equivalence Ratio at 1 atm 
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Figure B.10 PSD vs. Equivalence Ratio at 2 atm 
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Figure B.11 PSD vs. Equivalence Ratio at 3 atm 
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Figure B.12 PSD vs. Equivalence Ratio at 4 atm 
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B.4 Frequency vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.13 Frequency vs. Bulk Velocity at 1 atm 
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Figure B.14 Frequency vs. Bulk Velocity at 2 atm 
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Figure B.15 Frequency vs. Bulk Velocity at 3 atm 
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Figure B.16 Frequency vs. Bulk Velocity at 4 atm 
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B.5 Frequency Shift vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.17 Frequency Shift vs. Bulk Velocity at 1 and 2 atm 
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Figure B.18 Frequency Shift vs. Bulk Velocity at 3 and 4 atm 
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B.6 PSD vs. Bulk Velocity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.19 PSD vs. Bulk Velocity at 1 atm 
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Figure B.20 PSD vs. Bulk Velocity at 2 atm 
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Figure B.21 PSD vs. Bulk Velocity at 3 atm 
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Figure B.22 PSD vs. Bulk Velocity at 4 atm 
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