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Abstract 

 There are two critical research needs for the study of hydrocarbon combustion in 

high speed flows: 1) combustion diagnostics with adequate temporal and spatial 

resolution, and 2) mathematical techniques that can extract key information from large 

datasets. The goal of this work is to address these needs, respectively, by the use of high 

speed and multi-perspective chemiluminescence and advanced mathematical algorithms.  

To obtain the measurements, this work explored the application of high speed 

chemiluminescence diagnostics and the use of fiber-based endoscopes (FBEs) for non-

intrusive and multi-perspective chemiluminescence imaging up to 20 kHz. Non-intrusive 

and full-field imaging measurements provide a wealth of information for model 

validation and design optimization of propulsion systems. However, it is challenging to 

obtain such measurements due to various implementation difficulties such as optical 

access, thermal management, and equipment cost. This work therefore explores the 

application of FBEs for non-intrusive imaging to supersonic propulsion systems. The 

FBEs used in this work are demonstrated to overcome many of the aforementioned 

difficulties and provided datasets from multiple angular positions up to 20 kHz in a 

supersonic combustor. The combustor operated on ethylene fuel at Mach 2 with an inlet 

stagnation temperature and pressure of approximately 640 degrees Fahrenheit and 70 

psia, respectively. The imaging measurements were obtained from eight perspectives 
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simultaneously, providing full-field datasets under such flow conditions for the first time, 

allowing the possibility of inferring multi-dimensional measurements.  

Due to the high speed and multi-perspective nature, such new diagnostic 

capability generates a large volume of data and calls for analysis algorithms that can 

process the data and extract key physics effectively. To extract the key combustion 

dynamics from the measurements, three mathematical methods were investigated in this 

work: Fourier analysis, proper orthogonal decomposition (POD), and wavelet analysis 

(WA). These algorithms were first demonstrated and tested on imaging measurements 

obtained from one perspective in a sub-sonic combustor (up to Mach 0.2). The results 

show that these algorithms are effective in extracting the key physics from large datasets, 

including the characteristic frequencies of flow–flame interactions especially during 

transient processes such as lean blow off and ignition. After these relatively simple tests 

and demonstrations, these algorithms were applied to process the measurements obtained 

from multi-perspective in the supersonic combustor. compared to past analyses (which 

have been limited to data obtained from one perspective only), the availability of data at 

multiple perspective provide further insights into the flame and flow structures in high 

speed flows. 

In summary, this work shows that high speed chemiluminescence is a simple yet 

powerful combustion diagnostic. Especially when combined with FBEs and the analyses 

algorithms described in this work, such diagnostics provide full-field imaging at high 

repetition rate in challenging flows. Based on such measurements, a wealth of 

information can be obtained from proper analysis algorithms, including characteristic 
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frequency, dominating flame modes, and even multi-dimensional flame and flow 

structures.  
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Chapter 1. Introduction 

1.1. Motivations 

After continued research efforts, the ability to predict combustion processes 

accurately has remained inconclusive due to the multi-physics that occur and couple at 

multiple scales [1]. To develop predictive combustion models for the particular yet 

important issue of combustion instabilities, three basic issues need to be well understood. 

First, the frequency of oscillation needs to be known. Second, the conditional occurrence 

at which these oscillations will occur needs to be understood. Lastly, the amplitude of 

these oscillations needs to be predicted. There already exists reasonable frequency 

predictive capabilities, but the complexity of the flame regions in modern combustors 

renders the conditional occurrence of these dynamics difficult to predict [2]. Also, 

complicated combustor geometries and strict emission standards lead to flame structures 

that are still difficult to model and whose effect on instabilities is still under investigation 

[2].  

To address these existing research issues, there have been intense investigations 

into numerical modeling of complex combustion flows to further understand the 

dynamics involved and how they behave over a variety of conditions [3, 4]. However, 

there is a critical need for experimental data with adequate temporal and spatial 

resolution to validate these model and computational results.  

Previous and existing diagnostic have centered on low order (low sampling rate or 

small number of samples) and two-dimensional (2D) measurements, due to technological 

limitations and optical access in model and full scale experiments. However, 
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advancements in optics and camera technology now make it possible to image 

combustion flows at tens of kilohertz at full-scale resolutions through optical fibers, 

which offers the possibility of extending 2D measurements to multidimensional 

measurements. With the increase in temporal and spatial resolution, there is now a 

corresponding need for numerical schemes more than ever 1) to extract key physics from 

both the experimental and computational results, and 2) to compress these results to a low 

order representation, such that a comparison can be made between experiments and 

simulations to facilitate the model validation and model development processes. 

Under the above context, the diagnostic methods and numerical algorithms 

demonstrated herein are developed to provide experimental data for the understanding of 

complex flame structures in representative combustion flows. These data are useful for 

the comparison to computational fluid dynamics (CFD) and large eddy simulation (LES) 

results.  

 

1.2. Scope of the current work 

The scope of the current work is to investigate the spatial heat release structures 

for subsonic and supersonic, partially premixed, hydrocarbon flames through the use of 

high speed chemiluminescence combined with numerical algorithms (proper orthogonal 

decomposition, Fourier transform, and continuous wavelet transform). The experiments 

described in this work were performed on a subsonic combustor representing a model 

afterburner and a supersonic combustor representing a scramjet. The large coherent 

structures derived from the POD analysis provide insight to the dominant modes inherent 

with these reacting flows, which will provide information on the spatial structure of the 
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heat release oscillations within these chemical reactions. Also, the weighted temporal 

coefficients associated with these modes provide insight to the dominant frequency at 

which these modes oscillate. Finally, the high speed chemiluminescence measurements 

and analytical methods are extended to multi-perspective measurements, so that the 

dominant spatial modes and their frequency from multiple perspectives can be studied.  

 

1.3. Organization of the dissertation 

The remainder of this dissertation is organized as follows.  

Due to the multi-disciplinary nature of this work, Chapter 2 first summarizes the 

fundamentals of the major components relevant to this work. Chapter 2 continues by 

discussing the fundamentals of combustion instabilities and how they present themselves 

in subsonic combustors with a bluff-body flameholder and supersonic combustors with a 

cavity-based flameholder. Chapter 2 then discusses the theory behind combustion 

chemiluminescence to illustrate how it can be used as an effective diagnostic to quantify 

heat release in reactive flows. Lastly, Chapter 2 discusses the mathematical background 

of proper orthogonal decomposition and the continuous wavelet transform and how each 

can be leveraged to extract the most out of the aforementioned chemiluminescence 

measurements. 

Chapter 3 reports the results obtained on the subsonic combustor with a vee-gutter 

flameholder. The experiments were performed at Virginia Tech’s Combustion Systems 

Dynamics Laboratory (CSDL). These experiments demonstrated the method’s ability to 

extract the correct coherent structures from different operating conditions and 
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demonstrated the differences in frequency and spatial structure observed as a function of 

operating condition. 

Chapter 4 reports the results obtained on the supersonic combustor with a cavity-

based flameholder. The experiments were performed in a supersonic wind tunnel housed 

in Research Cell 19 at Wright-Patterson Air Force Base. These experiments extended the 

previous single perspective measurements to multiple perspectives, and results obtained 

also as a function of operating conditions were analyzed and reported. The results 

demonstrated the similarities and differences observed in the spatial heat release 

structures and frequency as a function of location and perspective. 

Chapter 5 provides concluding remarks to the work described in this dissertation 

and makes recommendations for future research. 
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Chapter 2. Background 

2.1 Combustion instabilities 

Combustors of all kinds experience various degrees of dynamics or instabilities. 

Chemical energy is converted into sensible heat during the combustion processes, which 

also produces dilatation in the working fluid. This dilatation produces local acceleration, 

which generates local pressure oscillations that can couple with the acoustical field within 

the combustion chamber. This can create a self-excited feedback loop that can 

subsequently lead to thermo-acoustic instabilities. These instabilities represent significant 

issues in the design and operation of combustors. They can decrease combustion 

efficiency, increase the production of pollutants, and in extreme cases, lead to total 

combustor failure [1].  

Studies have been performed to identify and describe the driving mechanisms of 

these combustion instabilities and be able to passively or actively control them to within 

tolerable levels. It is well documented that the formation and convection of coherent 

large-scale structures caused by inlet velocity perturbations play a critical role in inducing 

these oscillations [5-7]. Another important mechanism is the temporal and/or spatial 

variations of fuel-air ratio caused by the propagation of pressure waves from the 

combustion chamber to the mixing section, where local flow non-uniformities occur. This 

non-uniformity generates temporal and/or spatial heat release perturbations that impinge 

on the flame [8-10]. Cho and Lieuwen [11] have performed a complete analysis of these 

major heat release fluctuation sources as shown in Figure 2.1. 
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Figure 2.1. Dominant processes generating heat release oscillations caused by acoustic 

velocity perturbation ( u’)  and equivalence ratio perturbation ( q’) [11]. 

As indicated in Figure 2.1, a major component of heat release oscillations is the 

spatial distribution of the flame area. Most recently, this indirect effect of equivalence 

ratio has been researched and shown to have a profound effect on the phase and 

frequency of the thermo-acoustic instabilities [12]. It is this feature of flame area or 

structure that will be examined closely in this work via chemiluminescence emitted by 

CH* radicals from multiple perspectives. High speed imaging measurements up to 20 

kHz have been performed in both subsonic and supersonic combustors as to be described 

in the upcoming sections. 

 

2.2. Flameholding in subsonic flows 

 A primary requirement for combustion in high speed flows (such as in gas turbine 

combustors) is to ensure that combustion is maintained over a certain range of operating 
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conditions. This requirement is especially critical for flight applications, both due to the 

catastrophic consequence of combustion instabilities and also due to the complexity of 

their operating conditions. The operating conditions vary in terms of pressures, 

temperatures, and also equivalence ratios. The equivalence ratios sometimes can fall 

outside the normal flammability limits for hydrocarbon and air mixtures. It is challenging 

to maintain stability under all these varying conditions in a high speed environment, as 

chemical reactions must be initiated and sustained when the flow speed may exceed the 

flame speeds by a large margin. 

 

Figure 2.2. Schematic of a vee-gutter stabilized turbulent premixed flame showing the 

recirculation of combustion products from the bluff-body’s wake into the shear layer [13] 

 The usual method of stabilizing the combustion in a high speed flow is to use a 

flameholder as shown in Figure 2.2 to create a sheltered zone of low velocity upstream of 

the reaction zone, which allows a relatively longer residence time chemical reaction to 

occur behind the flameholder. As shown, this also generates a recirculating region or 

regions that allow the hot combustion products to mix with the incoming air and fuel to 
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facilitate combustion. One particular example of creating this sheltered zone with 

subsonic combustion is the use of bluff-body flameholders. Various designs have been 

employed and studied experimentally, from flat plates [14, 15], to rods [16-19], to 

spheres [20] or cylinders [21], to vee-gutters [21-24] as shown in Figure 2.2. It is the 

focus of this work to examine a vee-gutter flameholder, which represents a fundamental 

configuration and is also found in extensive applications in practice.  

 Several different researchers have numerically and experimentally examined the 

behavior of vee-gutter-type combustion. Macquisten and Dowling [25] experimentally 

measured low-frequency combustion oscillations in a model afterburner using pressure 

transducers and a photo-multiplier tube (PMT) filtered to observe C2 chemiluminescence 

for Mach 0.15-0.27 flows. They observed an increase in characteristic frequency with 

increasing inlet temperature and Mach number. Schuller et. al. [26] examined the laminar 

flame transfer function for V-flame dynamics using a combination of particle image 

velocimetry, CH* chemiluminescence, and laser Doppler velocimetry diagnostics. They 

observed the V-flame behaves as an amplifier in a certain range of frequencies and that 

this behavior is largely dependent on the flame angle. They also found a relationship 

between an increasing flame angle and a reduced gain in the flame transfer function, 

which relates to an increase in stability with increasing flame angle. Kato et. al. [27] took 

this a step further and expanded the one-dimensional, fixed, linear flame model to a 

spatially oscillating, one-dimensional model where the flame was not confined to a fixed 

plane, but was allowed to oscillate in a triangular predetermined zone. Their results 

showed a clear influence numerically and experimentally of flame shape/area on the 

oscillatory frequency of the combustion instabilities. Cho et. al. [11] also confirmed that,  
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for a non-vee-gutter geometry, the flame area was an indirect effect of equivalence ratio 

perturbations and played a role with heat release oscillations. Santosh et. al. [28] built 

upon the aforementioned work of Cho et. al. and expanded the analysis into the non-

linear regime. Santosh’s [28] work resulted to one critical finding that leads to heat-

release saturation, which is a flame-kinematic mechanism. This mechanism arises due to 

fluctuations in flame position associated with the oscillations in flame speed [28]. 

Emerson et. al. [18], recognizing that large scale structures play important roles in vee-

gutter combustion instabilities, decided to experimentally characterize the role of flame 

density ratios on vee-gutter wakes. They found the bluff-body wake was a strong function 

of density ratio, but that no sharp bifurcation occurs with variations of the ratio between 

the unburned density and burned density [18]. More recently, Kheirkhah et. al. [16] 

simplified their experiment to a benchtop type flame to experimentally analyze the flame-

front characteristics of a turbulent, premixed, V-shaped flame using Mie-scattering and 

particle image velocimetry techniques. Ultimately, they found for all experimental 

conditions tested, large turbulent structures played a significant role in the wrinkling of 

the flame front. Allison et. al. [12] studied a well understood combustion instability on 

the DLR Stuttgart, dual-swirl, model combustor by varying the air velocity, flame speed 

and flame shape. They used high-speed CH2O planar laser induced fluorescence (PLIF) 

to study the motion of flame surfaces in response to pressure oscillations. Their results 

show that the flame surface density fluctuated at the acoustic frequency of 320 Hz. They 

also showed that flame shape plays an important role with combustion instabilities by 

their comparison of flat flames to V-shaped flames. From their PLIF measurements, they 

observed a larger flame surface area and that the peak flame surface density was located 
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at larger radial distances for the resonating case versus the non-resonating case. But, the 

flame surface also exhibited asymmetric motions at 525 Hz associated with the presence 

of the PVC. Lastly, they postulated that the flame geometry, including its spatial and 

temporal variations, could be more accurately determined using kHz PLIF rather than by 

conventional chemiluminescence. 

 From this evolution of studies, it is clear that flame geometry and spatial 

variations of the heat release play a critical role in the understanding of bluff-body 

combustion and its instabilities. Therefore, it is the goal of this work to build upon the 

previous works and analyze the large coherent structures that dominate the unsteady heat 

release using various numerical methods. It is also the goal of this work to characterize 

the oscillatory behavior of these dominant modes via a continuous wavelet transform to 

observe the dynamic time-frequency dependence of these structures. Finally, this work 

will perform the analysis using high-speed chemiluminescence obtained from multiple 

perspectives to compare and contrast their effects on the heat-release dynamics of the 

system. 

  

2.3. Flameholding in supersonic flows 

 Cavity-based flameholders are commonly used for hydrocarbon-fueled, 

supersonic, ramjet (scramjet) combustors [29]. This is due to the formation of a 

recirculation zone with a longer fluid mechanical residence time than the core flow of the 

duct. This enables relatively longer residence time chemical reactions to occur within the 

cavity [30]. These types of combustors have previously been demonstrated as a suitable 

option for dual-mode scramjet flameholding [31, 32]. Several variables have been 
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investigated with regards to cavity-based flameholders such as fuel mixing and rich/lean 

blowoff [33, 34], pressure/acoustic oscillations and shock propagation [29, 35-37], 

qualitative effects of heat release [30, 38], fuel injection strategies [30, 33, 39, 40] and 

velocity field and shear-layer interaction [41, 42]. There have also been attempts to 

numerically simulate this combustion geometry to better understand the cavity effect on 

mixing, total pressure loss and combustion efficiency [43, 44]. Through these works, 

geometries containing a downstream ramp with direct cavity fuel injections from the 

ramp produced the best fuel mixing and most robust combustion at a variety of inlet 

conditions [30]. A number of experiments have confirmed this finding via planar-laser 

induced fluorescence (PLIF) of OH, CH2O radicals and NO [30, 32] and flame 

chemiluminescence imaging of electro-magnetically excited OH (OH*) and CH (CH*) 

radicals [30]. However, all reports observed large-scale, three-dimensional or out-of-

plane features in the reacting cavity [32, 33] or localized emission structures that 

correlate to flame unsteadiness [30]. This results in the physical mechanism of 

flameholding and the flame structure not being well-understood [42]. Therefore, it is the 

goal of this work to expand upon the aforementioned studies and attempt to characterize 

the dominant flame structure and oscillatory modes inherent with cavity-based 

combustors at fuel-lean and fuel-rich conditions, by imaging the chemiluminescence 

from a variety a viewing angles simultaneously. 

 

2.4. Chemiluminescence 

 Chemiluminescence is defined as the spontaneous electromagnetic radiation that 

is emitted when a chemically excited molecule is de-excited to its lower energy or ground 
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state [45]. Each radiating molecule emits energy at a characteristic wavelength, which 

depends upon the structure of the molecule and the transition process that the molecule 

undergoes.  

This chemiluminescence process can be well explained using the laws of quantum 

mechanics. The chemiluminescence species can be molecules, atoms, ions, or even free 

electrons. For the simplicity of discussion, all these possible chemiluminescence species 

are collectively referred to as particles. These particles can have various energy levels 

associated with them. From a quantum mechanics point of view, a photon is the basic 

unit of radiative energy; therefore, radiative emission is defined as the release of photons 

or photonic energy. When a photon is emitted or absorbed, the energy of the emitting or 

absorbing particle is correspondingly decreased or increased. The magnitude of energy 

transition is related to the frequency of the emitted or absorbed radiation. The energy of 

the photon is physically defined as the product of Planck’s constant, ℎ and the frequency 

of the photonic energy, . Thus, for energy de-excitation or transition from an excited 

state (��) to the ground state (��), a photon is emitted with energy given by  

 �� − �� = ℎ (2.1) 

The frequency of the emitted energy is therefore defined as: 

  = �����
�  (2.2) 
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Figure 2.3. Fundamental processes involved in chemiluminescence measurements.  

 These absorption and excitation processes are shown in Figure 2.3. First, the 

excited state is formed via chemical reaction through thermal excitation. Then the de-

excitation process can proceed in three possible ways: collisional quenching, spontaneous 

emission, and/or a reactive collision with another molecule. Often the de-excitation 

process is dominated by collisional quenching under typical combustion conditions, with 

the process limited by the formation of the excited state [46]. It is for this reason that the 

mechanism can be assumed to be in a quasi-steady state and a differential equation can be 

derived for the concentration of the excited species in question, as shown below [47]. 

 
����∗�
��  0 = !"#1 $ % − & − ' − !"#2 (2.3) 

 The emitted frequency or chemiluminescence signal emitted by this process is 

important because it can be correlated to the de-excitation of certain species of interest in 

combustion reactions. These dominant species can then be associated with the chemical 

equations that make up the dominant heat release in the hydrocarbon and air combustion 

systems. The common species of interest for combustion chemiluminescence are OH*, 

CH*, C2* , and CO2* , which emit mainly in the ultra-violet (UV) or visible (VIS) 
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spectrum and can be readily captured with standard or intensified high speed cameras 

[45]. By studying the light emission from these species, some insight can be gained about 

the energy release in the reaction zone of the flame that relate to combustor performance, 

pollutant formation and combustor health. 

 The adequacy of chemiluminescence as a combustion diagnostic for heat release 

has been debated for decades. Much of the research to date has been performed on 

controlled laboratory experiments that precisely vary equivalence ratio, curvature, strain 

rate, reactant combinations, pressure and inlet temperature to determine relationships 

between these quantities and chemiluminescence signals. These relationships are 

important when concerned with the robustness or accuracy of the measurement; 

therefore, it is important to analyze each chemiluminescence relationship and to choose 

the best indicator of heat release. 

 It is widely agreed that C2*  chemiluminescence is an inadequate indicator of heat 

release in the combustion reaction zone, as it not spatially correlated with heat release 

and is not associated with the major energy releasing reaction path for hydrocarbon 

flames [48-51].  

 Other studies have shown that CO2* emission could be considered a good 

indicator of total or integrated heat release or even local heat release for low turbulence 

flames [51]. For example, Samaneigo et al. [47] showed that CO2* chemiluminescence 

intensities vary monotonically with most flame properties, but not uniquely. 

 The most common chemiluminescence signals measured with gaseous and liquid 

fueled combustion are emitted from OH* and CH* radicals, not only as a heat release 

indicator, but also to indicate several flame properties such as equivalence ratio and 
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temperature [52-56]. Lee and Santavicca [9] used these measurements to classify the 

flame’s structure during unstable combustion when combined with phase-synchronized 

pressure measurements. Other studies, however, observed that OH* chemiluminescence 

in turbulent flames and flames with high strain rates reported poor agreement with heat 

release, in that the emission varied strongly with turbulence level and even disappeared at 

high strain rates [50, 51, 57-59]. Also, at elevated pressures, it has been shown 

computationally that thermal excitation of OH molecules is the primary source of OH* 

radicals rather than the expected chemical excitation that would be associated with the 

heat generating reaction path [60]. However, CH* chemiluminescence does not succumb 

to this limitation because it has been shown that a quasi-steady state assumption for CH* 

production can be assumed reasonably, as CH* radicals are largely chemically excited 

and dominated by quenching. It is for this reason that CH* is often used in gas turbine 

combustor experiments. For example, Lieuwen and Neumeier [61] and Bloxsidge et al. 

[62] have reported on the use of CH* to obtain transfer functions relating heat release and 

pressure fluctuations in an unsteady combustor. 

 This work primarily focused on CH* emission due its robustness in high strain 

environments and its relatively higher signal levels in the visible spectrum compared to 

OH*. The chemiluminescence emission from CH* is due to '�Δ	 → *�Π (~431 nm) and 

,�Σ� 	→ *�Π (~390 nm) transitions, with the former usually dominating [45]. Of the 

various proposed sources for CH*, research has focused on the following three reaction 

mechanisms: 

.� $ /0	 → .0∗ $ ./  (R1) 

.�0 $ /	 → .0∗ $ ./  (R2) 
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.�0 $ /� → .0∗ $ ./�  (R3) 

Radiative rates and quenching data for these mechanisms for major hydrocarbon species 

are available in the literature [63, 64]. Extensive research has been completed with 

regards to these mechanisms and is summarized in Nori [46]. An example of this is in a 

recent shock tube study with methane-hydrogen mixtures, which supports R1 and R2 as 

the dominant CH* formation pathways for conditions in the range of 1200-2300 K and 

0.6-2.2 atm, though with large uncertainties in the rate parameters due to inadequate 

information on .� kinetics [65].  

 It is worth noting that chemiluminescence by nature is a line-of-sight or path 

integrated measurement. This can include optical distortions from the transparent 

combustor windows and/or a reduction in observable detail in the flame. In the past, this 

has been a limitation of chemiluminescence for a valid comparison to computation fluid 

dynamic (CFD) models. However, it is the purpose of this thesis to expand upon this 

limitation by imaging high speed CH* chemiluminescence emission from multiple 

perspectives to analyze the spatial structure of the heat release in a model scramjet 

combustor. This will add significant value to CH* chemiluminescence measurements in 

gas turbine combustors for the reasons listed previously with the addition of capturing the 

spatial structure of this heat release simultaneously from multiple views. 

 

2.5. Proper orthogonal decomposition 

 Due to the high speed and multiple perspective nature of the measurements, the 

chemiluminescence data captured in this thesis were on the order of tens of tera-bytes 

(TBs), with measurements for each individual test condition consisting of several 
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thousand images or tens of giga-bytes (GBs) of data. In order to analyze the physics 

involved with the spatial heat release structures for each test and be able to compare 

results across conditions, a robust and systematic method needed to be used to compress 

such large data sets down to a lower order approximation representing the dominant 

variance of each system. This method also needed to replace the usual Fourier 

decomposition to be able to handle non-homogeneous or non-periodic directions. A very 

effective method to accomplish these goals was a type of modal decomposition termed 

the proper orthogonal decomposition (POD). 

 POD was first introduced by Lumley in the context of turbulence as an objective 

definition to a periodic phenomenon now widely known as coherent structures [66]. 

These coherent structures appear to be dynamically important and play a key role in 

determining the macro-characteristics of flow fields such as mass, momentum, energy 

and heat transports, combustion entrainment in shear layers, chemical reactions, drag and 

aerodynamic noise generation [67]. Since Lumley, POD has been reintroduced with the 

application to a variety of fields by Kosambi [68], Karhunen [69], Loève [70], and 

Sirovich [71]. As a result, this technique is often referred to by different names based on 

the discipline. The most common names associated with POD are the Karhunen-Loève 

expansion, Principal Component or Hotelling Analysis, and Singular Value 

Decomposition. Despite the names, the principles are the same in that the method yields a 

reduced set of basis functions, and these basis functions are optimal in the sense that no 

other decomposition technique of equal order captures an equivalent amount of kinetic 

energy.  
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 Mathematically, the basic idea of POD is to describe a given statistical ensemble 

with the minimum number of deterministic modes. To simplify the process, let 1(2) be a 

random scalar field defined on a real-line interval, where s is defined as a spatial and/or 

temporal parameter. We would like to find a deterministic function that is most similar to 

the ensemble mean. To accomplish this, one way is to maximize the projection of 1(2) 
onto the deterministic function, which we will call 3(2). Mathematically, this process 

corresponds to seeking a function that needs to be maximized, such that, 

 
〈|(7,8)|�〉
(8,8) = : ≥ 0 (2.4) 

That is, we determine the component of 3 , which maximizes the normalized inner 

product with the scalar field u. This represents a classical problem in the calculus of 

variations with a restriction that 3 is an eigenfunction of the two-point correlation tensor 

[72], 

 <!(2, 2=)3(2=)>2= = :3(2)	 (2.5) 

where !(2, 2=) = 〈1(2)1∗(2=)〉 is an integratable, cross-correlation, Hermitian matrix or 

tensor between points s and s’ and the asterisk (*) represents the complex conjugate. The 

solution to (2.5) forms a complete sequence of square-integratable, orthonormal 

eigenfunctions, 3?(2) with associated eigenvalues, :?, normalized such that ‖3?‖ = 1. 

If the eigenvalues are sorted by order such that :A 	≥ :AB� , observing that the non-

negative mean !(2, 2=) assures that :A ≥ 0, we also have a diagonal decomposition [72], 

 !(2, 2=) = ∑ :?3?(2)3?∗(2=)?  (2.6) 

Knowing almost every member in an ensemble of random generalized functions can be 

represented by an infinite series of orthonormal functions with random, uncorrelated 

coefficients, the modal decomposition of the eigenfunctions becomes, 
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 1(2) = 	∑ D?3?(2)?  (2.7) 

The diagonal representation of the !(2, 2=)  ensures that the modal amplitudes are 

uncorrelated by, 

 〈D?D?E∗ 〉 = F??E:? (2.8) 

 Thus, the eigenvalues, : provide the energy content of the various eigenfunctions 

or modes. Also, the formation of these modes involved the maximizing of the 

eigenvalues (or physically the relative energy per mode); therefore, the series (2.7) 

converges as rapidly as possible. In result, the final product is an optimal set of basis 

functions in terms of energy convergence. 

 Moreover, if the averaging takes place in the time domain, then 1(", G, H), where 

(x,y) and t are space and time coordinates, can be represented by the following, 

 1(", G, H) = ∑ D?(H)3?(", G)?  (2.9) 

where D?(H) are temporal coefficients and 3?(", G) are spatial eigenmodes. 

 The aim of this synopsis is not to present a complete derivation of POD with all 

mathematical evidences, but simply to derive the basic concepts of the decomposition 

technique to the reader. A more rigorous mathematical description of the POD 

transformation can be found in Berkooz et al. [72] or Laurent and Gilles [73]. 

 The above approach outlines the general or classical framework of POD; however 

this method becomes increasingly more difficult computationally with an increasing 

number of spatial points. Therefore, Sirovich proposed that the temporal correlation 

matrix will yield the same dominant spatial modes, while often giving rise to a much 

smaller and computationally more tractable eigenproblem [71]. Hence a new method of 

POD for substantially larger spatial systems was developed, dubbed the method of 
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snapshots. Mathematically speaking, for the same process 1(", G, H), instead of finding a 

spatial two-point correlation matrix, where N is the number of spatial variables, and 

solving (2.2), the computation of a temporal correlation (or covariance) matrix, 

 A= �
I <<1(", G, HJ)1(", G, HK)>">G (2.10) 

can be completed, where M is the number of snapshots. The eigenmodes can then be 

represented as 

 3?(", G) = 	∑ LA1A(", G)IAM�  (2.11) 

where NO is the solution to the generic eigenvalue problem 

 PN = :N (2.12) 

Thus, the cross-correlation degenerates into an auto-correlation, greatly simplifying the 

computational time and the series resembles the same solution as outlined in (2.9) 

 This method of snapshots is normally strictly employed under two common 

restrictions. 1). When the time division between subsequent snapshots is continuous and 

uniform. 2). When Q ≪ S, or the number of snapshots is much less than the number of 

spatial variables. For the experimental conditions employed in this dissertation, a high 

speed camera was used with a uniform time step between successive images, which 

satisfied condition 1. And, the images were on the resolution order of no less than 400 x 

600 pixels (yielding 240,000 spatial variables) with series lengths of no more than 10,000 

photos (or snapshots). Therefore, the number of snapshots is clearly much less than the 

number of spatial variables, which satisfies condition 2. 

 Before applying POD to any statistical data set, the user must understand the 

limitations of such technique and what the results physically mean, assuming the user 

intends to derive physical conclusions from the data set. Due to the temporal correlation 
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and integration over space during the POD transformation, the obtained results are often 

arguable to in fact be physical or real flow structures [74-76]. Regert et al [76] completed 

a simple, yet extremely valuable analysis of POD on synthetic flow fields. Regert 

determined that when the dataset did not contain any overlapping structures (i.e., the 

structures are separated in time only), then the POD analysis yielded as many dominant 

modes as there were non-overlapping structures. The number of dominant modes is 

determined by a dramatic drop in relative energy per eigenmode as shown in Figure 2.4 

 

Figure 2.4. Mode energy content associated with data of non-overlapping vortex 

positions [76]. 

 Regert also noted that when overlapping positions were present then the 

decomposition included some mathematical structures not existing in the original 

synthetic dataset. However, these “non-physical” modes were observed to also exist after 
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the sudden modal energy drop off point. Therefore, as a general conclusion, only modes 

with dominant relative energies can be considered physical. Regert further proved this by 

applying POD to a flow field over an open, rectangular cavity. Modes 1-3 showed a 

higher energy content than the remaining modes, and comparison to simulations showed 

physical similarities to the mean (because a mean subtraction was not performed in this 

work) and large scale, dominant or coherent structures. 

 This entire formulation was derived under the context of coherent structures as 

they pertain to turbulence, but it can also be applied to other forms of data as well. A 

complete literature search also found applications for POD in vibrations [77], detection 

and pattern recognition [78] to name a few, but most recently (within the past 5 years), it 

has been applied to combustion research. Combustion instabilities exhibit periodic 

fluctuations in heat release, which can be visualized using POD to gain better 

understanding of their structure and performance. POD was applied by Boxx et al. [79], 

Steinberg et al. [80] and Stohr et al. [81] to kHz rate particle image velocimetry data in 

Deutsches Zentrum fur Luft-und Raumfahrt’s (DLR) model, swirl stabilized combustor 

to better characterize the nature of the fluid-dynamic phenomena responsible for the 

peaks in the power spectra. Boxx et al. [79] transformed the dominant eigenmode 

temporal coefficients with a Fourier transform and confirmed that the characteristic 

frequencies observed corresponded to the same characteristic flow structure observed in 

the combustor and thermo-acoustic frequencies measured via pressure transducers. 

Steinberg et al. [80] also transformed the dominant temporal coefficients with a Fourier 

transform and compared these characteristic frequencies with an intensity-weighted 

centroid analysis, which yielded similar results. POD combined with an a-posteriori 
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phase averaging procedure was applied to both confined and unconfined flames on a 

Triple Annular Research Swirler (TARS) to visualize the flame vorticity dynamics and 

azimuthal modes [82]. Most recently POD has been applied to broadband 

chemiluminescence data from a natural gas powered gas turbine burner [83], CH* 

chemiluminescence on different bluff-body combustion models [84], and OH-PLIF of a 

jet flame in a vitiated swirling crossflow [85]. All have proved POD useful in 

characterizing some of the dominant flow structures in the reaction zone and 

corresponding relationships between the dominant mode, temporal coefficients, 

characteristic frequencies and the thermo-acoustic oscillations within each system. 

 It is the goal of this work to build upon the aforementioned work and apply POD 

to CH* chemiluminescence from a subsonic vee-gutter combustor to characterize the 

differences and similarities in characteristic frequencies as a function of inlet Mach 

number. Also, to apply POD to CH* chemiluminescence from a model scramjet 

combustor to characterize the differences and similarities in characteristic frequencies as 

a function of fuel flow rates. 

 

2.6. Continuous wavelet transform 

 The wavelet transformation is used to divide a continuous-time function into 

wavelets. The purposes of these wavelets are to construct a time-frequency representation 

of the signal that offers time and frequency localization rather than a global frequency 

approximation of the entire temporal domain like a Fourier transformation.  

 The continuous wavelet transform (CWT) of a signal T(H) ∈ V�(W) is defined as 

the inner product in the Hilbert space of the V� norm as follows, 
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 Q(D, L)XT(H)Y = �
√[ < T(H)Ψ],^∗ >HB_

�_  (2.13) 

where  

 Ψ[,` = �
√[Ψa

��`
[ b (2.14) 

and b is called the shift parameter, which provides the temporal information, a is the 

scaling or dilatation parameter, which is inversely related to frequency, 
�
√[ is used to 

ensure energy preservation and Ψ],^ is called the mother wavelet (* denotes complex 

conjugate), which is selected based on what type of information is desired from the data 

set analyzed. If a is small, then higher frequency components can be analyzed, versus 

when it is larger, lower frequency components can be examined. When b is a fixed value, 

the fundamental function can be shifted the distance b in the direction in which time 

advances. Mathematically if the wavelet Ψ(H) 	∈ V�(!) and its Fourier transformation, 

Ψc(T), satisfies the admissibility condition 

 .d = < edc (f)e�
|g| >T	 < 	∞B_

�_  (2.15) 

 < Ψ(H)B_
�_ = 0 (2.16) 

where .d is called the wavelet admissible constant and f(t) is a continuous function, then 

this guarantees the existence of the inverse wavelet transformation. 

 j(H) = .d�� < < �
[�Q(D, L)Ψa

��`
[ b >L>D

B_
�_

B_
�_  (2.17) 

 For a discrete sequence 1J , let H = jFH  and L = #FH , where j, # =
0,1,2, … , S − 1,S, is the sampling point number and FH is the sampling interval. The 

CWT of 1J is defined as the following [86], 

 lKm"no = 	∑ 1JΨ∗ p(J�K)q�rs tu��JM�  (2.18) 



25 
 

If the index j and n, which correspond to the shift and scale parameters respectively, are 

varied, one can construct a relationship of the amplitude of any characteristic features 

versus their scale and how this amplitude varies with time. In general, wavelets can be 

classified into asymmetrical and symmetrical wavelets and depending on the application, 

a particular wavelet basis must be selected that is suitable for the purpose. The two most 

commonly chosen wavelet bases are the Morlet wavelet and the Mexican Hat wavelet. In 

this study the Morlet wavelet is used because it is closely related to human perception of 

acoustical measurements. It is defined as follows: 

 Ψ(H) = v��wxAy��x�z
�
�  (2.19) 

where {�  is the non-dimensional frequency. The function of a Morlet wavelet is an 

exponentially sinusoidal signal; therefore, its shape can be adjusted in order to adapt to 

the various sinusoidal waveforms that are commonly found in many dynamic or acoustic 

systems. 

 To illustrate the CWT and its usefulness in analyzing non-harmonic, non-linear, 

and transient signals, Figure 2.5 shows two example spectrograms of a linear and 

nonlinear chirp, defined in (2.20) and (2.21), respectively, below: 

  Q�(H) = H ∗ sin(2vH�) (2.20) 

  Q�(H) = e�� sin(2vH ∗ 50H�) (2.21) 
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Figure 2.5. Panel (a) Power spectrum of a linear chirp. Panel (b) Power spectrum of a 

nonlinear chirp.  

From the definition in (2.20) and (2.21), it is apparent that the linear chirp’s frequency 

and magnitude both increase linearly with time, and the nonlinear chirp’s frequency and 

magnitude (i.e., energy) both increase nonlinearly. The spectrograms in Panel (a) and (b) 

in Figure 2.5 obtained from the CWT, captures such transient features, elucidating both 

the dominating frequency components and how these components vary in time. Regular 

Fourier analysis is not able to capture such features in the signal (because it is performed 

over the entire time domain). A windowed Fourier transform (WFT), i.e., performing a 

Fourier analysis consecutively on segments of the target signal of length Δt, seems to be a 
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natural idea of extending the Fourier transform to transient signals [87]. However, the 

WFT extension has been shown to be both inaccurate and inefficient [87]. For example, 

the WFT method imposes an empirical scale (Δt) into the analysis and is therefore subject 

to the aliasing of low and high frequency components that are not contained in the 

windowed segment [87]. Many combustion processes are transient and feature a wide 

range of frequency components, which are unknown a priori. Therefore, the WFT 

method is unsuitable and a method that does not depend on the length of the windowed 

segment is desired.  

 The CWT or WA method overcomes the restrictions of the Fourier method by the 

careful choice of the basis functions. The wavelet basis functions are both localized in 

frequency (like the sines and cosines in a Fourier transform) and also in space (unlike the 

sines and cosines in a Fourier transform), enabling the time-frequency localization 

without the need of imposing Δt. 

 In fluid mechanics, the CWT was first used in the early 1990s to analyze turbulent 

flows [88]. Wavelet methods have also been developed for most kinds of linear partial 

differentiation equations (PDEs), such as Laplace/Poisson equations and heat and 

transport equations [89, 90]. Multi-resolution wavelet schemes, especially in the context 

of compressible Euler equations have been intensively studied in recent years [91, 92]. 

Wavelet methods in computational fluid dynamics (CFD) have only been a recent area of 

study in the past 15 years to more accurately define non-periodic boundary conditions to 

isolate and identify localized structures such as shock waves and vortices [93]. An 

excellent review of wavelet methods and their applications to CFD is available in 

Schneider and Vasilyev [89] for more information. 
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 In combustion specifically, the CWT has been extensively used for fault or knock 

signal diagnosis and cycle-to-cycle pressure variations in internal combustion (IC) 

engines [86, 94]. For example, Sen et al. [94] found from the wavelet power spectrum, 

the presence of long, intermediate and short-term periodicities in the pressure signal. 

Also, that depending on the load, the periodicities appeared intermittently or spanned 

several cycles; therefore, knowledge of the periodicities proved useful in developing 

effective control strategies.  

 Other applications of the CWT has been with fringe analysis in optics by Wang et 

al [95] and in the use of a wavelet variant to correlate near-field pressure fluctuations to 

velocity modes in a supersonic jet [96]. More specifically Kastner et al. [97] used a 

Wavelet Stochastic Estimation scheme to extract frequency information from the pressure 

field of an over-expanded, supersonic, axisymmetric jet and then correlated the selected 

frequencies to the velocity measurements made with particle image velocimetry (PIV). 

 It is the goal of this work to build upon the previous work and apply the CWT to 

POD results of CH* chemiluminescence from a model, subsonic, vee-gutter combustor to 

characterize the differences and similarities in characteristic frequencies as a function of 

inlet Mach number. Also, to apply the same numerical scheme to CH* 

chemiluminescence from a model scramjet combustor to characterize the differences and 

similarities in characteristic frequencies as a function of fuel flow rates. 
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Chapter 3. Measurements and analysis of subsonic combustion flows 

3.1. Experimental operating conditions 

The subsonic experiments were conducted in a combustor housed in the 

Combustion Systems Dynamics Laboratory (CSDL) at Virginia Tech, which has a 

background of experimental work in combustion dynamics [98, 99], laminar and 

turbulent combustion [100], multiphase flow [101] and optical diagnostics [102]. The 

combustor is schematically shown in Figure 3.1, and it was designed for evaluating flame 

holder concepts for afterburner applications and for developing and demonstrating 

advanced laser diagnostic techniques.  

 

Figure 3.1. Illustration of the experimental setup and a typical chemiluminescence 

imaging measurement. 
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A Kaeser FS440 air compressor supplies air to the test facility at a flow rate up to 0.7 

kg/s (1.5 lbm/s) and pressure up to 10 atm (150 psia). An electrical heater can preheat the 

air (unvitiated) up to 650 K (700 F) before it enters the inlet of the test rig. After heat 

transfer and compressibility effects are included, the envelope of possible inlet 

temperatures and bulk flow Mach numbers is shown in Figure 3.2 [23]. Fuel injection 

occurs downstream of the inlet, but sufficiently far upstream of the flameholder so that 

the fuel and air are fully mixed when they reach the flameholder and are burned.  

 

 Figure 3.2. Augmentor test section and Mach number limitations from facility 

constraints [23] 

A cross sectional schematic of the modular augmentor rig is shown in Figure 3.3. The 

fuel used in this study was kerosene. The fuel injection section has a circular cross 

section with a diameter of 20 cm. A converging section (140 cm in length) then 

transitions the flow into the rectangular cross-section at the facility’s test-section. A 
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choke plate is installed immediately upstream of the injection section to isolate the 

experiment acoustically from the rest of the air supply.  

 

Figure 3.3. Augmentor development rig cross-sectional schematic [103] 

The rectangular test-section has a length of 20.3 cm (x direction), height of 11.4 cm (y 

direction), and depth of 5.1 cm (z direction). The test section is equipped with three 

windows, a pair of side windows that are 13 cm (length) × 9 cm (height), and a single top 

window that is 2.5 cm (width) × 13 cm (length). The measurements used in this study 

were taken from one of the side windows, with an example chemiluminescence image 

and the corresponding conditions also shown in Figure 3.1. Specifics of the geometry of 

the test section and the optical windows are provided in the inset of Figure 3.1 or via the 

CAD model in Figure 3.4. To mitigate the risk of overheating and window fouling, the 

windows are film-cooled. The windows are also designed as bolt-on modules that can be 

removed between tests for cleaning, to minimize maintenance downtime due to window 

fouling issues. The test section is designed to accommodate the testing of various flame 

holder designs; however, this work was conducted with a vee-gutter flame holder with its 



32 
 

geometry and dimensions shown in Figure 3.1. After the test section, the combustion gas 

enters an incinerator section before exhausting.  

 

Figure 3.4. Transparent view of CAD model of the vee-gutter test section [23] 

Chemiluminescence measurements were performed during the tests. The 

chemiluminescence data were captured using a Photron SA4 camera equipped with a 

Sodern lens (100f/2.8 CERCO 2178), capable of imaging in the UV range of 250 to 410 

nm with an intensifier. The camera uses a monochrome CMOS detector that provides a 

frame rate of 3,600 frames per second (fps) with 1,024×1,024 resolution, and up to 

500,000 fps at reduced resolutions. In this current work, chemiluminescence 

measurements were collected for durations of 0.5 second or longer. Unfiltered 

measurements were imaged at 8,000 fps with a resolution of 768 x 512 pixels, yielding a 
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spatial resolution of 0.17 mm/pixel. A sample unfiltered measurement and its 

corresponding test conditions are shown in the inset of Figure 3.1 

Filtered chemiluminescence of CH* near 430 nm was imaged with a narrow band 

filter (Andover Co.) centered at 430 nm with a FWHM of 10 nm. These measurements 

were performed at 5,000 fps with a resolution of 1,024 × 800 pixels, yielding a spatial 

resolution of 0.13 mm/pixel. Our results in this work have shown that both unfiltered and 

filtered measurements yielded virtually the same characteristic frequencies in all 

measurements; however, the CH* data will only be shown in the post-processed results. 

Tests were performed within a range of experimental conditions in terms of 

equivalence ratio (from 0.7 to 1.0), inlet air temperature (from 533 to 588 K), and Mach 

number (from 0.1 to 0.2). Measurements were acquired both under stable combustion 

conditions and under transient blow off conditions. The specific test conditions that will 

be compared for this vee-gutter work are shown in the test matrix below. 

 

Table 3.1. Vee-gutter CH* chemiluminescence testing conditions 

Test  
Equivalence 

Ratio, � 

Bulk 

Mach 

number 

Inlet 

Temperature, 

F 

Condition 

Camera 

Rate, 

Hz 

# of 

Frames 

1 1.0 0.15 500  Stable 5,000 6,985 

2 1.0 0.20 500 Stable 5,000 6,985 

3 1.0-0.7 0.15 500 Unstable 5,000 3,315 
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3.2. Stable Combustion 

 Stable combustion was achieved through the following process. The augmentor 

development rig was preheated to a prescribed 500 °F by flowing continuous preheated 

air through the test section until thermal equilibrium was reached. This was determined 

via internal probe and external surface mounted K-type thermocouples. Fuel was then 

added and an electrical spark was discharged to ignite the fuel and air mixture. The 

combustion reaction was sustained for a prolonged period of time (approximately 10+ 

minutes) until thermal equilibrium was once again attained. Once this condition was 

reached, the exact testing parameters of equivalence ratio and air mass flow rate were set 

remotely. After the condition was locked into the computer, the diagnostics were 

initiated. This procedure was repeated for test conditions 1 and 2 and is labeled as 

“stable” combustion throughout the rest of this dissertation. 

 

3.2.1 Fourier Analysis 

 As a comparable starting point for analyzing the chemiluminescence results for 

the vee-gutter, a Fourier transformation was conducted on the images, similar to 

Steinberg et al. [80]. The Fourier analysis transforms the signal measured in the time 

domain into the frequency domain, thusly revealing the characteristic frequencies. For the 

type of 2D (two-dimensional) imaging measurements shown in Figure 3.1, either a 

multidimensional Fourier transform can be performed, or the dimensionality of the 

measurements can be reduced first for a subsequent 1D Fourier analysis. For instance, the 

centroid of the chemiluminescence measurements can be extracted to describe the overall 

spatial fluctuation of the flame, and a 1D Fourier analysis can then be applied to the 
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centroid data, as illustrated by the results for test 1, shown in Figure 3.5. Panel (a) of 

Figure 3.5 shows the x and y spatial fluctuation of the centroid obtained from set 1 of 

chemiluminescence images measured on a stable flame. The relatively small fluctuation 

in the y centroid illustrates the overall symmetry of the flame relative to the mid-plane of 

the vee-gutter (under stable combustion). Panel (b) shows the power spectrum of the x 

and y centroid obtained by applying Welch’s method [104] to the Fourier transformed 

results, revealing a peak frequency of 478 Hz or Strouhal number of 0.20 in the x 

direction fluctuation and no distinct frequency component in the y direction.  

 

Figure 3.5. Panel (a) x and y direction centroid of chemiluminescence images measured 

at test condition 1. Panel (b): the power spectrum of the x and y direction centroid 

obtained by Fourier transformation. 
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 The same analysis was conducted on the test results from condition 2. The power 

spectrum of the x and y centroid obtained by Fourier transformation in shown in Figure 

3.6.  

 

Figure 3.6. Test condition 2 power spectrum of the x and y direction centroid obtained by 

Fourier transformation  

When comparing the results from Figure 3.5 (b) and Figure 3.6, two distinct differences 

are observed. First, the magnitudes of all characteristic frequencies in Figure 3.6 have 

been significantly reduced, by 33% to be exact. This phenomenon occurs due to the 

decreased residence time in the symmetric flamelets, thus limiting the interaction 

between the turbulent flame shedding structures and the flow shear layer. This limited 

interaction allows the reaction to proceed more smoothly, which is shown by the 

decreased magnitudes in the frequency domain of the power spectra. Second, symmetric 

characteristic frequency peaks are observed in the x centroid in Figure 3.6, that 

correspond to 422 Hz and 490 Hz or Strouhal numbers of 0.14 and 0.16, respectively. 

This is different than the single characteristic frequency peak observed at 478 Hz in 

Figure 3.5. 
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3.2.2. Proper orthogonal decomposition analysis 

 To extract the large coherent structures of heat release, proper orthogonal 

decomposition was applied to each stable test condition. The vee-gutter shedding 

structure exhibited very pronounced coherent structures with the first four eigenmodes 

containing 98% of the total energy in the system. These four eigenmodes are shown in 

Figure 3.7 and Figure 3.8 for test conditions 1 and 2, respectively. 

 

Figure 3.7. The first four eigenmodes of flame structure obtained from POD based on 

chemiluminescence measurements of test condition 1. 
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Figure 3.8. The first four eigenmodes of flame structure obtained from POD based on 

chemiluminescence measurements of test condition 2. 

The dominant structures appear similar between both conditions, but upon closer 

examination the dominant structures in eigenmode 1, Panel (a) of Figure 3.7 are greater 

in area and much closer to the centerline of the image, where they are interacting with 

each other. This interaction contributes to producing the periodic, symmetric, shedding 

pattern that literature shows so prevalently with vee-gutter wakes. For test condition 2, 

shown in Panel (a) of Figure 3.8, the coherent structures are slightly farther apart, smaller 

in area when compared to the test condition 1 in Figure 3.7 and don’t appear to interact as 

much, producing a much smoother burning reaction. This smoother burner was also 

observed visually in individual instantaneous snapshots shown in Figure 3.9 as well in the 

numerical LES reconstruction outlined in Blanchard et al. [22] and shown in Figure 3.10. 
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Figure 3.9. Panel (a): Instantaneous Mach 0.15 chemiluminescence image. Panel (b): 

Instantaneous Mach 0.20 chemiluminescence image. 

 This reduction in characteristic frequency for increasing Mach number inlets is 

further shown by transforming the dominant temporal coefficients with a Fourier 

transform. Panel (a) of Figure 3.11 shows the first two temporal coefficients a1 and a2 

obtained from the POD analysis, and Panel (b) shows the power spectrum obtained by 

performing a Fourier analysis on a1 and a2. As the results show, both power spectra are 

similar and exhibit the same peak frequency of 478 Hz, which agrees with that obtained 

from Figure 3.5 and is similar to other results [80]. 
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Figure 3.10. Panel (a) Eigenmode 1 of Mach 0.20 chemiluminescence. Panel (b): 

Projection of integral of heat release in the LES model [22] 
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Figure 3.11. Panel (a): the magnitude fluctuation of chemiluminescence eigenmode 

temporal coefficients 0-2, based on the measurements from test 1. Panel (b): the power 

spectrum of Fourier transform of eigenmode temporal coefficients for test 1 

Note that the data obtained from the 0th eigenmode is also included in Figure 3.11 

for comparative purposes. Panel (a) evidently shows the lack of fluctuation in a0 for such 

a stable flame, due to fact that the 0th eigenmode simply represents the average of all the 

measurements in the series, which is numerical subtracted from each individual image to 

normalize the fluctuation. Panel (b) confirms the observation made from Panel (a) by 

showing that 1) the power spectrum corresponding to a0 is several orders weaker in 

magnitude than those obtained from the first two eigenmodes, and 2) the lack of a distinct 

frequency component in the power spectrum corresponding to a0.  
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Figure 3.12. The power spectrum of Fourier transform of eigenmode temporal 

coefficients for test 2 

 The power spectrum for test condition 2, shown in Figure 3.12, reveals the same 

two conclusions as with the Fourier method in Chapter 3.2.2 when compared to Figure 

3.11. The frequency doublet is evident at the same frequencies of 422 Hz and 490 Hz as 

shown in Figure 3.6, and the magnitudes are almost an order of magnitude smaller than 

shown in Figure 3.11.  

 

3.2.3. Continuous wavelet transform analysis 

 To take the analysis a step further the temporal coefficients were processed with a 

continuous wavelet transform to visualize the time-frequency relationship with these two 

stable conditions. This analysis was completed because, as mentioned above in Section 

2.5 in Chapter 2, both the Fourier and POD transforms have their limitations when 

applied to nonlinear and unsteady (sometimes even chaotic) phenomena of interest in 

combustion research. The WA method overcomes these restrictions by the careful choice 

of the wavelet basis. The results from test condition 1 are shown in Figure 3.13. 
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Figure 3.13. Panel (a)-(c): spectrograms of D�(H), D�(H) and D�(H), respectively. Panel 

(d): spectrogram of D�(H) at three selected times. 

Panels (a), (b), and (c) show the spectrograms; and Panel (d) examines the 

spectrogram of a1(t) at a few selected times. Several observations can be made by 

comparing the wavelet spectrogram in Figure 3.13 to the Fourier power spectrum shown 

in Figure 3.11. First, the wavelet spectrogram reveals the same dominant frequency 

component in a1(t) and a2(t) as the Fourier power spectrum (near 478 Hz), as observed 

from results in Panel (a), (b), and (d). Second, the wavelet spectrogram in Panel (c) also 

reveals the lack of a dominant frequency component in a0(t), for the same reason 

discussed in Section 3.2.1 with the Fourier method. Third, all results in Figure 3.13 show 

that the dominant frequency component (or the lack of it) is relatively stable in time, 
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because the data used here are obtained under stable combustion. However, the wavelet 

spectrograms do reveal certain degrees of temporal variations of the magnitude of the 

energy contained at each time step, which is consistent with the chaotic nature of the 

high-speed combustion process. These temporal variations will become more pronounced 

for unsteady combustion processes, described in further detail in Chapter 3.3, providing 

insights unattainable from the Fourier analysis. 

 

Figure 3.14. Panel (a)-(b): spectrograms of D�(H) and D�(H), respectively. 

The same analysis was completed on the results from test condition 2. The results 

from applying the CWT to the dominant temporal coefficients are shown in Figure 3.14. 

Note that the temporal coefficient associated with the mean, D�(H), is not shown for the 

reasons described earlier. Two major conclusions can be drawn from Figure 3.14. First, 

the magnitudes from test condition 2 show the same reduced trend when compared to 

their test condition 1 counterparts, as was also shown with the Fourier and POD analysis. 

However, the second conclusion deviates from the previous analyses because the 

frequency doublet, observed from the Fourier and POD analyses can now be seen to 

oscillate as a function of time, as seen in panels (a) and (b) of Figure 3.14 
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Figure 3.15. Spectrogram of D�(H) temporal coefficient at four selected times. 

However, this is better viewed when looking at the individual wavelets at different time 

steps, as observed in Figure 3.15. The dominant frequencies observed with the CWT, 

shown in Figure 3.15, are 433 Hz and 500 Hz, or Strouhal numbers of 0.14 and 0.16, 

respectively, which are similar to the previous frequencies, but not identical. 

 

3.3. Unstable Combustion 

 Flame blow off is an important issue in practical power and propulsion systems. It 

is a highly transient process that can lead to global consequences. However, current 

understanding of blow off under practical conditions is incomplete and many important 

aspects of blow off dynamics remain at a phenomenological stage [21]. To study the 

blow off process, this work used the experimental setup shown in Figure 3.1 to create 



46 
 

lean blow off (LBO) processes by decreasing the fuel/air equivalence ratio according to 

the scheme displayed in Figure 3.16.  

 

Figure 3.16. Illustration of the measurement sequence in the Lean Blow Out (LBO) 

experiment. 

The experiment consisted of four steps. First, a stable flame with unity equivalence ratio 

was maintained under the desired Mach number and inlet temperature for more than 10 

minutes to reach thermal equilibrium and establish steady state operation, as discussed in 

Chapter 3.2. Second, the fuel flow rate was decreased linearly. As shown in Figure 3.16 

the moment when the fuel flow rate began to decrease was defined as time zero. Third, 

the camera was empirically triggered to start capturing chemiluminescence images after 

the fuel/air equivalence ratio was reduced to a certain level. In our experiments, we 

observed that a chugging sound preceded the LBO processes, which was used as an 
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empirical indicator to trigger the camera. Fourth, the experiments were terminated either 

when the camera ran out of memory of when the flame was completely extinguished. 

With this current scheme, the duration between time zero and the end of the experiments 

typically lasted 1 minute. Therefore, an ideal experimental setup would require the 

capability to capture high speed chemiluminescence images for about 1 minute, starting 

at time zero and lasting until the flame completely extinguishes. Due to the inability to 

predict the LBO processes and the imaging capabilities that we had in this work, we had 

to depend on multiple trials to obtain a satisfactory set of data and we could only capture 

a fraction of the LBO processes.  

 

Figure 3.17. Instantaneous chemiluminescence images at the times selected in Panel (c) 

of Figure 3.15. 

For instance, the results to be shown in the rest of this section were obtained based on a 

set of chemiluminescence measurement captured during 0.256 seconds, as illustrated in 
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Figure 3.16. For this particular set of data, the inlet temperature was 533 K, the nominal 

Mach was 0.15, and the flame was completely extinguished at an equivalence ratio of 0.7. 

Due to the transient nature of the LBO process, this data set will be referred to as unstable 

combustion for the remainder of the dissertation. Figure 3.17 corroborates this transient 

claim by showing the instantaneous chemiluminescence images measured at the four 

selected times depicted in Figure 3.15. For comparison, Figure 3.1, shows an 

instantaneous chemiluminescence image captured under stable combustion consistent 

with test condition 1. Under such unstable conditions, it is only natural for the 

combustion to possess different power spectrum structures at different times, which is 

shown in the upcoming Section 3.3.3. 

 

3.3.1 Fourier Analysis 

 The same intensity-weighted centroid Fourier analysis outlined in Section 3.2.1 

was completed for the results of the LBO case. Figure 3.18 shows the spatial fluctuation 

in millimeters and upon comparison to the stable combustion case [Figure 3.5 (a)], the 

main differences are evident. First, the mean fluctuation in the x direction is on the order 

of 10 mm compared to 2 mm with the stable combustion cases. This larger fluctuation is 

indicative of the lower frequency, larger oscillation observed in the reaction zone 

observed with unstable combustion. Second, there are small scale (~1-2 mm) fluctuations 

in the y direction, where previously there was no fluctuation. This fluctuation indicates a 

small deviation from the symmetric shedding pattern observed during stable combustion. 
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Figure 3.18. Intensity weighted centroid spatial fluctuation during test condition 3 

 Figure 3.19 shows the results obtained by performing a Fourier analysis on the x 

and y centroids of the chemiluminescence data as described in Chapter 3.2.1. Two 

observations can be made on the results obtained by the Fourier transform shown here. 

First, the result suggests a single frequency peak near 348 Hz. However, due to the 

transient nature of the LBO process, the interpretation of such a frequency peak is less 

straightforward compared to those observed in the stable combustion processes, as the 

dominant frequency component may vary during the process. Secondly, there exists a 

larger, lower frequency component, which is expected for LBO combustion due to its 

large amplitude, low frequency components observed in literature [105] 
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Figure 3.19. Power spectrum obtained by performing a Fourier transform on the 

intensity-weighted centroids during the LBO experiment. 

 

3.3.2. Proper orthogonal decomposition analysis 

 Figure 3.20 shows the results obtained by performing a Fourier analysis on 

dominant POD coefficients as described in Chapter 3.2.2. The same two observations can 

be made on these results as those obtained by the Fourier transform shown in Figure 3.19. 

First, the result suggests a single frequency peak near 348 Hz. However, due to the 

transient nature of the LBO process, the interpretation of such a frequency peak is less 

straightforward compared to those observed in the stable combustion processes, as the 

dominant frequency component may vary during the process. Secondly, there exists a 

larger, lower frequency component, than observed with the centroid Fourier analysis. 

This is because the dominant coherent structures typically exhibit low frequency 

oscillatory motion; therefore, if only those dominant modes are examined, we should 

expect to see larger, low frequency amplitudes in the POD spectrum. 
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Figure 3.20. Power spectrum of D�(H), D�(H)	D#>	D�(H) POD temporal coefficients 

 

3.3.3. Continuous wavelet transform analysis 

Lastly, Panel (a) of Figure 3.21 shows the spectrogram obtained by performing 

the CWT on the x centroid of the LBO chemiluminescence measurements, and Panel (b) 

highlights the spectrogram at the same selected times as in Figure 3.15 and Figure 3.17. 

Comparison between the results in Figure 3.21 and Figure 3.22 show that the 

spectrograms obtained from both the temporal coefficients and the centroid data 1) agree 

quantitatively in terms of the overall structure and the unsteadiness of the frequency 

components, and 2) agree qualitatively in terms of the location of the peak frequency as 

can be seen by comparing the results in Panel (c) of Figure 3.22 to those in Panel (b) of 

Figure 3.21. These results further confirm the insensitivity of the CWT when applied to 

different target signals extracted from the raw measurements, as already observed in 

Chapter 3.2 when the CWT was applied to analyze stable combustion processes.  
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Figure 3.21. Panel (a): spectrogram obtained by performing a CWT on the x centroid of 

the LBO data. Panel (b): spectrUSeogram of x centroid at four selected times. 
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Figure 3.22. Panel (a) and (b): Spectrogram by performing the CWT on D�(H) and D�(H) 
of the LBO data. Panel (c): spectrogram of D�(H) at four selected times. 

 

3.4. Summary 

Three major conclusions can be drawn from the results obtained in this work. 

First, under stable combustion conditions, power spectra obtained from all three methods 

are similar both quantitatively and qualitatively, in terms of the overall shape of the 

power spectra and the location of the peak frequency. Second, under unstable and 

transient combustion conditions, the CWT method is capable of revealing the dynamics 
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of the frequency components in the measurements, while traditional Fourier and PCA 

methods encounter application restrictions. Third, our results support the suitability and 

usefulness of the CWT method in analyzing practical transient signals. The CWT method 

is applicable to discrete signals, insensitive to the choice of wavelet basis, and insensitive 

to the target signal extracted from the raw measurements. These features were 

demonstrated in the analysis of the LBO processes using the CWT method, overcoming 

the restrictions of traditional Fourier and PCA methods. Extension of the CWT method 

for the analysis of other types of measurements (such as PIV and planar laser induced 

fluorescence) is straightforward. These results and observations are expected to be useful 

for the quantitative analysis of high-speed flow and combustion measurements. 

Particularly, the CWT’s ability to analyze nonstationary and practical signal makes it 

attractive for revealing flow-flame interactions during unstable and transient combustion 

processes.  
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Chapter 4. Measurements and analysis of supersonic combustion flows 

4.1. Experimental operating conditions 

The supersonic combustion measurements were performed in the supersonic wind 

tunnel housed in Research Cell 19 at Wright-Patterson Air Force Base. The facility is 

capable of operating continuously with peak stagnation conditions of 2,860 kPa and 922 

K at flow rates up to 15.4 kg/s [30, 106]. For the current experiments, a generic cavity-

based flameholder configuration was used as shown in Figure 4.1. The entire flow path is 

15.2 cm wide, and there are two ports in the base of the cavity located 1.9 cm on either 

side of the symmetry plane to accommodate spark plugs [30]. The two spark plugs were 

fired simultaneously (approximately 100 mJ/pulse) during the experiments and served as 

the sole source to ignite the mixture within the cavity. Fuel (C2H4) was injected into the 

cavity from eleven holes in the cavity closeout ramp. A flow Mach number of 2, 

corresponding to a flight value of Mflight ≈ 4, total temperature of approximately 610 K 

and total pressure of approximately 483 kPa was used for all experiments. There was 

optical access from both the side and top through quartz windows, allowing through 

multiple views examination of the cavity ignition and burning process. While the entire 

cavity could be viewed through the side windows, the top window restricted the view to 

the central 10 cm of the 15.2 cm wide flow path. 
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Figure 4.1. Schematic of cavity based flowpath. 

Extensive measurements have been performed on this supersonic tunnel previously. 

For example, previous supersonic PIV measurements were completed in Research Cell 

19’s scramjet rig by Tuttle et al. [41] focusing on both reacting and non-reacting 

conditions. Of the four reacting tests completed, one was for a fuel-lean condition of 56 

standard liters per minute (SLPM) of ethylene, whereas another was for a fuel-rich 

condition of 99 SLPM. It was the intention of this work to repeat these same conditions 

with more diagnostics to compare current data with previous data. Various datasets were 
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captured with both PIV and chemiluminescence imaging, and the two sets processed in 

this work for chemiluminescence are listed in Table 4.1. 

It is worth mentioning that measuring chemiluminescence in practical systems has 

been a major challenge [107-109]. This challenge is further exacerbated when making 

multidimensional measurements because they typically require multiple viewing angles 

and locations in an already space limited system [110-112]. A solution to this issue has 

been investigated in recent years with the use of fiber-based endoscopes (FBEs) [113-

115]. FBEs have a relatively small footprint (~10 mm fiber core) when compared to a 

standard high-speed camera and they are flexible enough to install in any limited, optical 

access environment. Due to these benefits and the need for multiple perspectives to map 

the flame structure, FBEs were used in this work to record emission from seven different 

viewing projections.  

When using FBEs, there are several critical issues that have to be resolved in order to 

successfully capture images. Including, measuring the exact viewing registration of each 

FBE and evaluating the degradation of spatial resolution, signal uniformity and signal 

linearity of each projection during transmission. Viewing registration is simply the 

process of determining the precise position and orientation of each FBE in physical space 

in order to transform from a three-dimensional world coordinate system to a two-

dimensional image system. This work adopted an open source MATLAB tool developed 

specifically for this purpose, to determine the exact location of each FBE in world 

coordinates [116]. To account for the spatial resolution or how sharply features in an 

image can be resolved, a known calibration target was used. Optical fibers have been 

known to attenuate signals and distort images based on fiber length and position; 
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therefore, care had to be taken to use proper lens systems and precise alignment 

procedures to minimize these losses. With these practices in place, sub-millimeter spatial 

resolution was possible and had also been shown using the same FBE setup as 

demonstrated in the work by Kang et.al. [113]. For more information on the use of FBEs 

in 3D combustion measurements, see Kang et al. [113].  

As shown in Table 4.1, each chemiluminescence case consisted of 5,000 total frames; 

however, this included a portion of the set with no combustion, a small ignition event (83 

frames) followed by stable combustion. Only the stable combustion portion was analyzed 

in this work, which consisted of 4,739 frames in total for each case. However, this 

concept of “stable” combustion proved more difficult to characterize after application of 

POD to the data set as will be discussed in Chapter 4.3. 

 

Table 4.1. Chemiluminescence Testing Conditions: 

Case 1 2 

T0 (F) 636 641 

P0 (psia) 69.9 69.9 

Mach 2 2 

Fuel Flow Rate (SLPM) 55 95 

No. of frames 5,000 5,000 

Frame Rate (Hz) 20,000 20,000 

Exposure (ms) 0.049 0.049 

Total Duration (s)  0.245 0.245 

*SLPM refers to standard liters (referenced to 273 K and 1 standard atm) per minute 
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The experimental setup used for measuring combustion chemiluminescence in this 

scramjet facility is shown in Figure 4.2 

 

 

Figure 4.2. Schematic of the experimental setup using 8 FBEs to obtain multi-angle 

chemiluminescence measurements. 

Two high-speed Photron SA-Z cameras were used in combination with 2 FBE 

bundles. To clearly show the overall setup position relative to the test section, Figure 4.2 

shows the layout of the chemiluminescence sensor from the cross-sectional view of the 

tunnel (i.e., the flow is proceeding into the page). Each FBE bundle consists of one fiber 

based output and four fiber based inputs as shown. Each camera was precisely 

synchronized with the other, and the data were transmitted via a network router and 

recorded on two data acquisition (DAQ) computers in the adjacent control room. 
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Figure 4.3. Orientations of the 6 FBEs determined from the viewing registration method. 

The orientations are respectively, (a) FBE1 (17.8 degrees), (b) FBE3 (0.0 degrees), (c) 

FBE4 (38.4 degrees), (d) FBE5 (180.0 degrees), (e) FBE6 (144.0 degrees), and (f) FBE7 

(91.9 degrees). 

This work reports results obtained by six FBEs with orientations as shown in Figure 

4.3. Using the MATLAB camera calibration toolbox [116] in combination with a 

calibration target, exact viewing registration angles were calculated. Each FBE was 

focused onto the same calibration target (from different viewing planes) and from that 

target, a common focal point was determined. Then each FBE’s position and orientation, 

accounting for spatial degradation, were measured relative to that fixed point in space. 

The orientations of the FBEs determined using this method are shown in Figure 4.3. 

These orientations are relative to the horizontal direction (z-axis in Figure 4.2 and the x-

axis is defined to be along the direction of the flow in this work), as calculated using the 

view registration method originally formulated by Bouguet [116] and demonstrated in 

Kang et al. [117]. 
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An example of the six simultaneous projections, during stable combustion from Case 

1, is shown in Figure 4.4. Each image has been oriented such that the flow is proceeding 

from the left to right. Also, in Panels (b), (d), and (f), lines have been drawn according to 

the combustor boundaries to help orient the viewer to the precise location of the flame, 

fuel injection holes and spark plugs. Each image has been artificially colored based on 

the same intensity scale of each image, where the color red depicts bright (or most 

intense) regions and blue indicates areas of no signal. This coloring scheme will be 

adopted for all remaining images in this report. 

 

Figure 4.4. A set of instantaneous images obtained by the 6 FBEs simultaneously under 

the fuel-lean conditions as listed in Table 1. 

 



62 
 

4.2. Proper orthogonal decomposition analysis 

POD analysis was completed on both chemiluminescence cases outlined in Table 4.1 

and the results for eigenmodes 1 and 2 are compared in Figure 4.5 through Figure 4.10, 

respectively. The first major observation from these results is that the POD analysis 

yielded different mode shapes depending on the view, which is due to the 3D nature of 

the flame front in the cavity. The benefit of imaging chemiluminescence from different 

views enables us to analyze each individual view for conclusions about the global 

chemical reaction.  

One such conclusion is depicted in Panel (b) of Figure 4.5 and Figure 4.6, which 

shows the differences in the shear layer flame for the fuel-lean versus the fuel-rich 

condition, respectively. In the fuel-lean condition there is a singular dominant structure 

centered in the shear layer, whereas for the fuel-rich case, there are two coherent 

structures dominating the shear layer and impingement region, respectively. This duality 

of structures is indicative of non-uniform combustion occurring within the cavity for the 

fuel-rich case.  

Another example of this is the asymmetry observed in the dominant flame 

structure as a function of position. This is evident upon comparing Panels (b) and (d) of 

Figure 4.5 and Figure 4.6. These perspectives correspond to 0 degrees and 180 degrees 

respectively; therefore, to the casual observed, one would expect the results to be the 

same, due to the integrated line-of-sight. However, the distinct difference between these 

panels clearly depicts the non-uniform combustion occurring within the cavity as a 

function of position. In other words, if a hot spot is located asymmetrically in the cavity, 

the light scattering solid angle would be larger for one FBE versus the other, thus 
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resulting in different chemiluminescence structures. This 3D combustion structure is 

further shown by observing the top view image of each fuel loading case, as shown in 

Panel (f) of Figure 4.5 and Figure 4.6. For Figure 4.5, there exists a larger intensity 

structure closer to one wall (top wall) than the other. This is hypothesized to be caused 

from three possible reasons. First, non-uniform heating of the cavity surface would allow 

for incoming fuel to reach combustible limits sooner at one wall versus the other colder 

wall. This also creates somewhat of a feedback loop that will continually add heat to the 

cavity asymmetrically, further sustaining a skewed combustion structured towards one 

wall or the other. These surface temperatures were not monitored precisely during testing; 

therefore, this hypothesis cannot be verified at this time. Second, there may exist a more 

complicated 3D recirculation structure within the cavity that contains more or less 

vorticity or momentum at differing wall boundaries, which would change the degrees of 

mixing and/or burning, respectively. This conclusion stems from the asymmetry observed 

in the coherent structures in Panel (f) of Figure 4.6. The coherent structures at the bottom 

of the figure present as larger in area in comparison to the top structures; indicative of a 

different flow structure at each wall boundary. Also, a small cold region is just evident in 

the bottom left corner of the same figure, with a faint, small structure evident at the 

trailing edge, alluding to a more complicated structure present in the flow. This triangular 

cold region is not observed at the top, left corner of the same frame, thus implying a 

combustion reaction occurring within that section. Lastly, this flow effect could be a 

result of a shock structure at the cavity’s leading edge, which asymmetrically affects the 

flow as it enters the cavity. This could directionally skew the flow entering the cavity 

towards one wall versus the other, creating the asymmetric, combustion pattern observed 
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in Panel (f) of Figure 4.5 and Figure 4.6. The last two conclusions cannot be validated 

with the current data set due to the planar nature of the PIV and Schlieren images 

captured at the centerline of this combustor. This further proves the need for multi-

dimensional diagnostics to fully understand complicated combustion flows and benefits 

of this FBE chemiluminescence experimental setup. 

 

Figure 4.5. First eigenmode of fuel-lean flame. 

Other studies, performed with similar conditions and geometry, theorized that a non-

uniform combustion occurs due to a fuel-rich lobe that forms on either side of the span 
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wise centerline, leading to very poor combustion in the upstream end of the cavity 

coupled with non-uniform burning in the downstream portion of the cavity [30]. This 

low-temperature fuel-rich region in the upstream cavity section thus inhibits the shear-

layer flame from being ignited [30]. The later point is visualized in all panels of Figure 

4.5 and Figure 4.6 when comparing the size and shape of the flame structure (red colored 

region) as well as the relative energy content contained within each eigenmode.  

 The relative energy percentage of each eigenmode is determined by dividing each 

corresponding eigenvalue by the sum of all of the eigenvalues in the problem.  

 

Figure 4.6. First eigenmode of fuel rich flame. 
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In physical terms, this is a measure of the variance weight of the structure relative to the 

other structures found by the POD analysis. The relative energy of the fuel-lean case is 

44.3%, whereas the fuel-rich case was 16.0%, indicating a more stable variant structure 

in the fuel-lean condition, as shown in Figure 4.7. Coupled with the low relative energy 

content was the shorter and wider flame structure in the fuel-rich case.  

 

Figure 4.7. Relative energy per eigenmode for fuel-lean and fuel-rich cases. 

Upon closer examination of the instantaneous images in this fuel-rich set, the shear layer 

flame was observed to stabilize prominently in the shear-layer, similar to the fuel-lean 

case, but then periodically blow out and relight from the impingement section. This is 

indicative of the dual structures observed in Panel (b) of Figure 4.8.  

Another conclusion is the verification that as fuel flow rates increase from low to high 

fuel loading, the stable combustion region shifts farther downstream in the cavity, similar 

to Figure 4.9 found in Tuttle et al. [34, 41, 42].  
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Figure 4.8. Second eigenmode of fuel-lean flame. 
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Figure 4.9. Diagram of heat release, combustion products and fuel vapor with increasing 

fuel flow rates [118].  

This is indicative in every panel of the comparison between Figure 4.7 and Figure 

4.8, but most clearly in Panel (f) (top view). The center portion of the reaction zone has 

shifted slightly aft, whereas the wings (or flame structures closest to the combustor walls) 

drastically move downstream. This is also easily observed in a side-by-side comparison 

between instantaneous images of the top view FBE as well. 
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Figure 4.10. Second eigenmode of fuel-rich flame. 

The last conclusion observed from the spatial eigenmodes was the change in flame 

shape as the fuel loading was increased. Directly comparing Panels (c) and (e) in Error! 

Reference source not found.Figure 4.5 for fuel-lean conditions to Figure 4.6 for fuel-

rich conditions, a clear change in structure is evident. The flame structure appears more 

uniform and linear in the fuel-lean condition, but then changes into a nonlinear structure 

resembling an ‘S’ or an ‘M’ depending on the viewing angle for the fuel-rich condition. 

This nonlinear structure was observed to persist for periods of time during stable 

combustion and then dissipate, oscillating between the two modes. This could be 

indicative of a closed-loop thermo-acoustic disturbance, where the heat release couples 
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with the acoustical field fluctuations, but more information is needed via synchronized 

pressure measurements to validate this claim.  

 

Figure 4.11. Power spectrum of fuel-lean conditions from FBE1 (top panel) and FBE3 

(bottom panel). 

Analyzing the power spectrum of the dominant temporal coefficients in the POD 

analysis also yielded some insight into the behavior of the cavity-based flame. First, it 

was observed that the power spectrum obtained was less sensitive to the particular 

viewing angle as compared to the spatial eigenmodes themselves. For example, when the 

temporal coefficients (a1) associated with the first eigenmode were processed with a Fast 

Fourier Transform (FFT), the resulting power spectral densities from differing FBEs were 

quantitatively similar. Figure 4.11 shows the power spectral densities of FBE1 and FBE3, 

corresponding to angles 17.8 and 0.0 degrees, respectively for the fuel-lean case. The 
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images were taken at a frame rate of 20 kilo-Hertz (kHz); therefore, the single-sided 

amplitude spectrum could resolve frequencies up to 10 kHz. There appears to be no clear 

indication of a characteristic frequency, but the spectra still appear quantitatively similar. 

 

Figure 4.12. Power spectrum of FBE 8 for fuel-lean (upper) and fuel-rich (lower) 

conditions. 

Second, it was observed that the power spectral densities differed as the fuel-loading 

changed. The a1 temporal coefficients were again processed with an FFT, but for differing 

fuel cases and identical FBEs. Figure 4.12Error! Reference source not found. shows 

the power spectrum of FBE 8 for the fuel-lean case compared to the fuel-rich case. The 

spectra are qualitatively and quantitatively different. This relationship has been 

previously observed in subsonic and supersonic combustion with vee-gutter, blunt-body 
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combustion and the same geometry combustor as shown in this work, respectively [36, 

37, 119]. 

The last conclusion drawn from analyzing the temporal coefficients was the temporal 

fluctuation of the D�(H) coefficient observed during the beginning stages of the ignition 

process. As described above, the cavity was initially ignited by 2 spark plugs, arcing for a 

duration of approximately 0.41 ms. “Stable” combustion was assumed to proceed directly 

after the spark plugs were turned off; however as observed in Figure 4.13, this appears 

not to be the case for the fuel-lean condition. 

 

Figure 4.13. D�(H) intensity fluctuation of Frame b during fuel-lean testing conditions. 

Figure 4.13 represents the D�(H) temporal coefficient for the entire temporal domain of 

the fuel-lean testing condition. Since the first eigenmode is the most energetic (44.3% 

relative energy), we can readily assume that the behavior of D�(H) accurately describes 
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the temporal evolution of the cavity combustion. Therefore, if the chemical reaction was 

indeed stable, the fluctuation should be relatively centered on the same mean. Instead, 

there appears to be a sharp increase in intensity at ~0.025 s, followed by a logarithmic 

increase until 0.125 s and then apparent “stable” combustion after that. Selective time 

intervals were chosen based on the intensity progression shown in Figure 4.13. The 

resulting instantaneous snapshots from FBE3 (0 degrees) is shown in Figure 4.14. 

 

Figure 4.14. Fuel-lean FBE3 instantaneous snapshots at the following time selections 

(a). 0.01 s (b). 0.02 s (c). 0.0265 s (d). 0.03 s (e.) 0.04 s (f.) 0.225 s 

 One possible explanation for this behavior is for these operating conditions, the 

combustion reaction does not stabilize until approximately 113 ms after the first kernel 

was observed in the cavity. Moreover, during this “ignition” period the flame structures 

changed with time from an intense burning zone near the closeout ramp (Panel a in 

Figure 4.14) to a shear-layer flame anchored on the leading edge of the cavity (Panel f 

Figure 4.14). This phenomenon can be explained due to a thermal effect within the 
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cavity. For example, upon initial ignition the upstream cavity section/leading edge is too 

cold to anchor the flame, but as the cavity heats up due to heat transfer from sustained 

combustion, the flame then anchors in the shear layer. 

 The POD calculation was repeated using different segments of images (ie: 262-

5,000, 1,000-5,000, 3,000-5,000, etc), but the dominant eigenmode structure remained 

unchanged. However, the relative energy content decreased from 44.3% for eigenmode 1 

using all frames to < 20% when only the last 2,000 frames were used. This is due to the 

nature of POD, as explained above, where it excels at capturing the large scale structures 

in flow fields, but is weak at capturing individualistic events like this process is. The 

dominant structure within this cavity is a shear-layer based flame, which is evident in 

first eigenmode shown in Figure 4.5. 

 

4.3. Fourier and Wavelet Analysis 

 A Fourier analysis was completed on all of the projections for both the fuel 

conditions specified in Table 4.1. The spatial fluctuations for the fuel-lean condition 

resembled the same structure as observed with the D�(H)  temporal coefficient in the 

previous section, as shown in Figure 4.15. However, the chaotic nature of the fluctuation 

yielded no characteristic frequencies in any of the perspectives at this time. An example 

of the Fourier analysis for the x and y centroid for FBE3 during fuel-lean combustion is 

shown in Figure 4.16.  
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Figure 4.15. Fuel-lean FBE3 x and y centroid spatial fluctuation. 

 

Figure 4.16. Power spectral density of x and y centroid fluctions from FBE3 during fuel-

lean conditions. 
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More diagnostic tests are needed along with more analysis to characterize the ignition 

process, so that different intervals can be processed independently for more meaningful 

characteristic frequency results. 

 A wavelet analysis was also applied to each chemiluminescence perspective. An 

example of the D�(H) coefficients for FBE3, processed with a CWT are shown in Figure 

4.17 as a function of fuel-loading condition. 

. 

 

Figure 4.17. CWT of D�(H) temporal coefficients for FBE3 under (a). fuel-lean conditions 

(b). fuel-rich conditions. 

The WA accurately captures the dynamics present in the data, as previously discussed in 

Chapter 3 and indicative of the high amplitude peak at ~0.025 s, but as with the Fourier 

analysis, more information is needed in order to accurately extract useful information 

from these figures. Another comparable example of the WA is shown in Figure 4.18 

corresponding to FBE7 (top view). 
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Figure 4.18. CWT of D�(H) temporal coefficients for FBE7 under (a). fuel-lean conditions 

(b). fuel-rich conditions. 

 

4.4. Summary 

A cavity-based flameholder fueled from the closeout ramp was characterized using 

multiple perspective chemiluminescence at Mach 2 inlet conditions. These data were 

combined with previously obtained particle image velocimetry to understand the 

interplay between combustion and the flow field. The multiple perspective 

chemiluminescence was possible using two 4×1 optical fiber bundles coupled with high-

speed cameras, which yielded seven total perspectives in this experiment due to one fiber 

not being used. 

Analysis of the data measured at 20 kHz for a duration of 0.25 seconds per condition 

using proper orthogonal decomposition in combination with a fast Fourier transform 

yield the following major observations. 

1. The dominant eigenmode structures differed depending on the FBE perspective, 

which is indicative of the 3D composition of the flame front. 
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2. These dominant structures were confirmed from various perspectives to embody non-

uniform features that would shift farther downstream with increasing fuel rates as 

indicated by previous studies. 

3. The power spectrum obtained from the temporal coefficients associated with the 

dominant eigenmodes was less sensitive to the particular viewing registration when 

compared to the eigenmodes themselves. 

4. The power spectra obtained from the same temporal coefficients differed as a 

function of fuel flow rate, as observed from previous studies. 
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Chapter 5. Conclusions and future work 

 This chapter summarizes the principal findings and conclusions derived from this 

dissertation, and provides some recommendations for future work. 

 

5.1. Conclusions 

 In summary, this work focused on the development of advanced diagnostics and 

the corresponding analysis algorithms for high speed flows. A new diagnostic capability 

was developed by combining chemiluminescence imaging with FBEs, and was 

demonstrated in a Mach 2 combustor to enable imaging measurements from eight 

perspectives simultaneously at a 20 kHz repetition rate. Spatially, such measurements 

provide full-field information of the flow and combustion processes; and temporally, 

such measurements are sufficient to resolve many of the governing processes under such 

challenging flow conditions. The high speed and multi-perspective nature of such a 

diagnostic capability calls for algorithms that can process large datasets and extract key 

physics effectively. Therefore, this work also investigated several algorithms, including 

the Fourier transform, proper orthogonal decomposition, and wavelet transform. These 

algorithms were first tested on single-perspective measurements obtained in a subsonic 

flow, demonstrating their ability to extract key flow and combustion parameters. After 

these relatively simple tests, these algorithms were applied to the multi-perspective 

measurements obtained in the supersonic flows to reveal the dominant flow structures.  

 The first chapter describes the motivations for this thesis and lays the groundwork 

for the independent analysis of characteristic frequencies associated with the dominant 
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unsteady heat release modes for a subsonic vee-gutter model afterburner and a supersonic 

model ramjet combustor. 

 The second chapter describes the fundamental principles of the various 

components relevant to this dissertation due to multi-physics nature of the work. First, 

combustion instabilities and how they can be detrimental to combustion efficiency and 

engine design. Then this chapter also outlines how these combustion instabilities present 

themselves in subsonic combustion and supersonic combustion flows, which highlights 

the need to investigate the spatial structure and dominant oscillatory modes inherent with 

unsteady heat release in order to gain insight for improved physical understanding. This 

chapter then explains the fundamentals of chemiluminescence measurements. Lastly, this 

chapter provides an example of monitoring heat release modes via the combined use of 

CH* chemiluminescence and various mathematical analysis tools (including proper 

orthogonal decomposition and continuous wavelet transform).  

 The third chapter applies the aforementioned chemiluminescence diagnostics and 

numerical methods to a subsonic combustor with a vee-gutter flameholder for steady and 

unsteady combustion. The stable results indicated that the flame area within the 

measurement volume decreased when the Mach number was increased from 0.15 to 0.20 

at stoichiometric conditions. This was indicated by thinner flame sheets on either side of 

the vee-gutter center line and a greater distance between dominant oscillatory modes, as 

revealed by the proper orthogonal decomposition analysis. Overall, this increase in Mach 

number yielded a flame structure that was more stable, due to the decreased unsteady 

heat release fluctuation observed in the wavelet analysis. The unstable results indicated 

that the continuous wavelet transform analysis yielded more conclusive characteristic 
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frequencies than the Fourier or POD analysis, due to its ability to characterize a local 

time-frequency relationship versus a global one as with a Fourier transform.  

 The fourth chapter applies the chemiluminescence diagnostics and numerical 

analysis to a supersonic combustor with a cavity-based flameholder. The measurements 

were performed at 20 kHz for steady combustion under two fuel flow rates. With the help 

of fiber-based endoscopes, multi-perspective measurements were obtained and used in 

the study. This is the first time that multi-perspective measurements have been obtained 

on a supersonic combustor at a 20 kHz rate. The results captured a 3D flame structure 

that was not axisymmetric as expected. Previous hypotheses proposed for this combustor 

geometry were also confirmed by visually observing the multi-perspective measurements. 

For example, a downstream shift in flame structure occurs with increasing fuel-flow 

rates. Cold regions, lacking in combustion, were also observed on either side of the cavity 

centerline, indicative of fuel-rich lobes leading to very poor combustion in the upstream 

end of the cavity coupled with non-uniform burning in the downstream portion of the 

cavity. The imaging was observed on such a fast temporal scale that the ignition 

processes of the combustor can be resolved, showing each structure corresponding to 

each phase of the startup process. However, more diagnostic efforts (such as three-

dimensional reconstruction) need to be completed in order to characterize this process in 

depth to yield more significant results.  

 

5.2 Future work 

Lastly, based on the work described in this dissertation, the following research 

areas are identified and recommended for further investigation. 
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 First, the multiple perspective chemiluminescence images could be used to obtain 

3D flame structures via tomographic inversion similar to the approaches demonstrated by 

Li et al. [120] and Cai et al. [112]. This would enable new possibilities for model 

validation and model development. For example, a reactive LES solution could be 

calculated as in Roux [121] and the iso-surface of flame fronts obtained numerically 

could be compared directly to the experimentally measured one. Also, 2D, line-of-sight, 

chemiluminescence averages could be calculated numerically, as shown in Blanchard 

[23], that correspond to the individual viewing projections of each FBE for a reduced 

order validation. Both comparisons could be completed with minimal optical access 

experimentally to improve meshing and solution strategies for CFD and LES simulations, 

even for complex combustor geometries. 

 Second, a Mie scattering measurements could be performed simultaneously with 

the CH* chemiluminescence measurements for cross-comparison and cross-validation 

purposes. Such experiments should be further examined and applied to turbulent and/or 

bluff-body flames. Preliminary efforts on laminar flames, not reported in this thesis, were 

promising, but there was difficulty in accurately capturing the flame edge using existing 

algorithms for turbulent flames. An algorithm similar to Qiu et al. [122, 123] should be 

explored to facilitate this process. Accurate representation of this inner, thermal, flame 

structure in comparison to the chemically excited, outer, flame structure could be 

valuable for chemical reaction models and analytic models, where the flame sheet is often 

assumed as infinitesimally thin [124, 125]. Also, the planar Mie scattering measurements 

could be used to validate the 3D tomographic reconstruction, by direct comparison 

between the planar Mie scattering against a 2D slice of the 3D reconstruction. Such a 
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comparison will directly validate the 3D tomographic reconstruction, and also provides 

insights to the limitations and capabilities of both Mie scattering and chemiluminescence 

diagnostics for flame measurements. 

 Third, the POD combined with WA yielded interesting dynamics for vee-gutter 

combustion during LBO. More data should be captured using different inlet temperatures 

and different fuel compositions to further quantify these dynamics. This could lead to 

critical mode shapes that act as a precursor to LBO phenomena. 

 Fourth, the POD analysis of the supersonic combustion data revealed interesting 

dynamics for the ignition process that should be further examined. As mentioned in 

Chapter 4, steady-state combustion did not stabilize until about 113 ms into the test 

versus 13.1 ms reported in this thesis, based on the magnitudes of the dominant POD 

temporal coefficients. The difference in these values did not change the attributes of the 

modes shapes of the heat release, but there was an intensity change in the temporal 

coefficients indicative of an unsteady combustion. More diagnostics efforts should be 

pursued to quantify these “ignition” modes to help with the combustion understanding of 

scramjet combustors. 

 Lastly, after researching the subsonic and supersonic combustors independently, 

more work should be completed to bridge the gap between the subsonic (Mach 0.20) and 

supersonic (Mach 2) conditions reported in this thesis. Upon further analysis, the flame 

speed within the scramjet’s cavity was found to be in the range of 100-200 m/s depending 

on condition. This does not quite compare to the flame speed of the vee-gutter model 

afterburner, which was in the range of 70-92 m/s depending on condition. The CSDL at 

Virginia Tech did not have the capabilities to preheat the vee-gutter combustor to 
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anything higher than 600 degrees Fahrenheit nor have the compressor power to operate a 

continuous air flow of greater than 1000 scfm, as shown in Figure 3.2. The highest light 

off condition tested at the CSDL was Mach 0.225 (102 m/s flame speed) with a 

corresponding inlet temperature of 460 degrees Fahrenheit, but the compressor was not 

able to sustain this under stable conditions for further analysis. Therefore, it is suggested 

to increase the capabilities of the CSDL to expand the testing envelope of the vee-gutter 

rig to analyze flame structures in the 100-200 m/s range. This would be attainable if the 

preheating capabilities were doubled (300 kW electric heating) and the compressor 

capabilities were increased to allow for at least 1300 scfm of air. This would facilitate 1). 

the analysis of vee-gutter combustion at more realistic afterburning conditions and 2). 

allow for the comparison of flame structure and heat release characteristic frequencies to 

other flameholder designs, such as the scramjet cavity-based one analyzed in this thesis.  
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