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Yue Wu 

Abstract  

Turbulent flows and flames are inherently three-dimensional (3D) in space and transient in 

time. As a result, diagnostic techniques which can provide 4D measurement (4D in this dissertation 

refers to all three spatial directions and time) have been long desired. The purpose of this 

dissertation is to investigate two of such diagnostics both for the fundamental study of turbulent 

flow and combustion processes and also for the applied research of practical devices. These two 

diagnostics are respectively tomographic chemiluminescence (TC) and volumetric laser induced 

fluorescence (VLIF). The TC technique uses the chemiluminescence emission from flame radicals 

to enable 4D measurements in of flame topography at high speed. The VLIF technique uses the 

LIF transition of a target species to enable 4D measurements or visualization of the key flows and 

flame parameters. This dissertation describes the numerical and experimental validation of these 

two techniques, and explores their capabilities and limitations. It is expected that the results 

obtained in this dissertation lay the groundwork for further development and expanded application 

of 4D diagnostics for the study of turbulent flows and combustion processes.  
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4D Combustion and Flow Diagnostics Based on Tomographic 

Chemiluminescence and Volumetric Laser Induced Fluorescence 

Yue Wu 

General Audience Abstract 

Optical diagnostics have become indispensable tools for the study of turbulent flows and 

flames. However, optical diagnostics developed in the past have been primarily limited to 

measurements at a point, along a line, or across a two-dimensional (2D) plane; while turbulent 

flows and flames are inherently four-dimensional (three-dimensional in space and transient in 

time). As a result, diagnostic techniques which can provide 4D measurement have been long 

desired. The purpose of this dissertation is to investigate two of such 4D diagnostics both for the 

fundamental study of turbulent flow and combustion processes and also for the applied research 

of practical devices. These two diagnostics are respectively code named tomographic 

chemiluminescence (TC) and volumetric laser induced fluorescence (VLIF). For the TC technique, 

the emission of light as the result of combustion (i.e. chemiluminescence) is firstly recorded by 

multiple cameras placed at different orientations. A numerical algorithm is then applied on the 

data recorded to reconstruct the 4D flame structure. For the VLIF technique, a laser is used to 

excite a specific species in the flow or flame. The excited species then de-excite to emit light at a 

wavelength longer than the laser wavelength. The emitted light is then captured by optical sensors 

and again, the numerical algorithm is applied to reconstruct the flow or flame structure. This 

dissertation describes the numerical and experimental validation of these two techniques, and 

explores their capabilities and limitations. It is expected that the results obtained in this dissertation 

lay the groundwork for further development and expanded application of 4D diagnostics for the 

study of turbulent flows and combustion processes.  
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Chapter 1 Introduction 

1.1 Overview of optical diagnostics 

Non-intrusive optical diagnostics have been demonstrated as powerful tools for the study of 

the flow and combustion processes[1]. Compared to traditional intrusive diagnostic methods (e.g. 

Pitot tubes, hotwire and thermocouple), optical diagnostics avoid physical contact with the target 

flow field. Thus, optical diagnostics remove the disturbance to the target flow and can endure harsh 

measurement environments such as high temperature, high pressure, explosive and corrosive 

species. Furthermore, optical diagnostics also provide a new perspective for remote control thanks 

to the availability of high-performance optical component such as high speed lasers, cameras, and 

fibers. 

A suite of optical diagnostic techniques has been researched and developed in the past decades 

for flow and combustion research. As an incomplete list, optical diagnostic techniques developed 

and relatively matured in the past include passive techniques (which does not require the use of an 

external source to excite the target flow or flame) such as chemiluminescence [2], soot radiation 

[3, 4] and surface radiation [5, 6]; and laser-based analysis techniques such as Particle Image 

Velocimetry (PIV) [7, 8], Laser Doppler Anemometry (LDA) [9, 10], Phase Doppler Anemometry 

(PDA) [11, 12], Laser-Induced Fluorescence (LIF) [13-15], Laser Induced Incandescence (LII) 

[16, 17], Raman scattering [18, 19], Rayleigh scattering [20, 21], Mie scattering [22, 23], and light 

absorption techniques [24, 25]. These techniques are based on different physics (e.g. emission, 

excitation, scattering, refraction, etc.) and they are applied in practical measurements to measure 

different flow parameters, ranging from temperature, velocity, chemical species concentration, 

mixture fraction, etc. Note that no single technique is capable of measuring all flow parameters of 

interests in a typical experiment, thus multiple different techniques are usually combined by 
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researchers to measure the properties of interests simultaneously in order to achieve a more 

complete analysis of the flow or combustion system. 

Before moving on to the specific optical diagnostic technique studied in this dissertation, it is 

worthwhile to point out some of the limitations and complications of optical diagnostic 

measurements. First and foremost, optical access is always a major concern in the practical 

application of optical diagnostics. Practical devices usually have limited optical access. For 

instance, the test section of wind/water tunnels usually have observation windows with limited 

physical dimension, and the combustion chamber of most engines are manufactured using opaque 

materials (e.g. metals, ceramics, etc.). Therefore, it is not trivial to overcome the practical 

constraints and obtain enough optical access to implement the intended optical diagnostic. Second, 

the quantitative interpretation of optical signal is not always straightforward or even feasible. 

Understanding the translation from the optical signal to the target flow/flame properties can 

involve complicated spectroscopic analysis and not all the parameters required in such analysis are 

readily available. Third, the cost of optical sensors (e.g. cameras, lenses and lasers) can be 

relatively expensive compared with other measurement techniques. Plenty of past efforts have 

been invested to overcome these limitations and complications, and these efforts will surely evolve 

together with the advancement of laser, fiber, camera, and optic technologies. For example, fibers 

[26, 27] and fiber-based endoscopes (FBEs) [28, 29] have been shown to be effective in gather the 

maximum amount of information with minimal optical access because of their relatively small 

footprint (compared to cameras) and their ability to circumvent the need for line-of-sight optical 

access [30]. Also, researchers have been continuing the development of spectroscopic databases 

and computational algorithms with high efficiency to interpret the optical signal to obtain the target 

properties [31-33], and these database and algorithms have been and are still being validated [34].  
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1.2 Development of 4D diagnostics  

This work defines dimensionality based both on space and time, and 4D diagnostics refer to 

diagnostics that can resolve the target property with both adequate temporal resolution and spatial 

resolution in all three spatial directions. Following this definition of terminology, a 3D diagnostic 

technique refers to a technique can either resolve a target parameter in all three dimensions of 

space but without temporal resolution, or in two dimensions of space (i.e. a planar measurement) 

and time. 

It is also necessary to clarify the definition of measurement duration and the repetition rate of 

measurements used in this work. This work refers to “single-shot” measurement as measurements 

that were accomplished during the duration of one single laser pulse (pulsed lasers are typically 

used as the light source in many of the optical diagnostics), which ranged from a few nanoseconds 

to a few hundred nanoseconds in this work. Such single-shot measurements are sufficiently short 

to freeze any motion of the target flow of practical concern.  

This work refers to high-speed or high-repetition rate measurements in terms of the temporal 

separation between two consecutive measurements. For example, if a series of measurements were 

obtained and the temporal separation between any two consecutive measurements is 1 ms, then 

the measurement will be referred to as measurements at a repetition rate of 1 kHz (or simply 1 kHz 

measurements). Moreover, if each of the measurement in the series is made within the duration of 

a single laser pulse, then these measurements will be referred to as single-shot measurements at 1 

kHz.  

With the above definition of dimensionality, measurement duration, and measurement rate, 

here we briefly overview the possibility strategies to obtained 4D single-shot measurements via 

optical diagnostics. With currently available optical sensors and image equipment, two potential 
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approaches have attracted the majority of research attention to enable 4D measurements: the rapid 

scanning of 2D planar techniques [35, 36] and tomography [37, 38]. The first approach extends a 

2D planar technique to 4D measurements by rapidly scanning the illumination laser sheet 

sequentially across multiple spatial locations. When the time scale required for scanning is small 

relative to the flow time scale, the 2D measurements obtained sequentially at multiple locations 

can be stacked together for forming a 4D measurement. At least conceptually, any 2D planar 

techniques can be extended by this approach to obtain 4D measurements. For example, based on 

this method, past efforts have demonstrated the 4D measurement of chemical species concentration 

based on planar laser induced fluorescence (PLIF) [39, 40], 4D measurement of soot volume 

fraction based on laser induced incandescence [41], and 4D visualization of flow-structure-based 

planar Mie scattering [35].  

In contrast to the first scanning approach, the second approach is based on tomography and it 

obtains instantaneous 4D measurements without scanning. This approach obtains 4D 

measurements by measuring multiple projections of the target flow/flame from various locations 

and orientations simultaneously, and then by performing a tomographic inversion using the 

projections as inputs. Multiple-dimensional optical diagnostics developed in the past based on the 

tomographic approach include tunable diode laser absorption spectroscopy (TDLAS) [42, 43] and 

hyperspectral absorption tomography (HT) [44, 45] to resolve the distribution of chemical species 

and temperature, tomographic PIV [8] to resolve velocity field, tomographic Mie scattering [46] 

and tomographic chemiluminescence (TC) [47, 48] to resolve turbulent flame fronts. Compared 

with the first approach based on scanning, the tomographic approach obtains 4D measurements 

instantaneously and volumetrically without scanning, resulting in several fundamental differences 

between these two approaches. In terms of the measurement repetition, the first approach is limited 
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typically by the time required to scan and the repletion rate of the illumination laser, whereas the 

second approach is limited by the frame rate of the camera to capture the projections or by the 

repetition rate of the lasers (both of which can reach tens of kHz with commercially available 

products). In terms of spatial resolution, the first approach enjoys well-defined spatial resolution 

in the plane of the illumination laser sheet. However, the spatial resolution in the direction of the 

scan depends on several factors, including the step size of the scan, the thickness of the laser sheet, 

and the accuracy and reproducibility of the scan. The spatial resolution of the tomographic 

approach, in contrast, depends on the imaging optics and the inversion algorithm in all three 

directions [49]. 

This dissertation focuses on the development and validation of two 4D techniques based on 

the tomographic approach. The first technique is the tomographic chemiluminescence (TC) 

technique, and the second one is the volumetric laser induced fluorescence (VLIF) technique. The 

motivation and goal of studying TC and VLIF in this dissertation are twofold. First, for the TC 

technique, past work has conducted extensively numerical validations, but experimental 

validations have been limited either to simple flames or indirect comparisons for turbulent flames. 

Therefore, the first goal of this work is to design an experiment that can directly validate the TC 

technique in turbulent flames. To accomplish this goal, this work designed an experiment in which 

the TC technique was simultaneously performed with an established PLIF measurements, such 

that the 3D measurements obtained from the TC technique can be directly compared to and 

validated by the PLIF measurements. Second, the TC technique has intrinsic limitations and 

restrictions, and an alternative method, the VLIF method, is thus explored to overcome these 

limitations. The TC approach relies on the nascent emissions from excited radicals generated by 

chemical reactions, such as CH* and/or OH*. Therefore the signal intensity of chemiluminescence 
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is relatively low (compared with signal generated by laser-based approaches). When TC 

measurements are desired at high repetition rate, the exposure time (i.e., the measurement duration) 

will decrease and so does the signal-to-noise ratio (SNR) of the measurements. Moreover, if we 

would like to study the distribution of a particular radical (such as CH*) in the flow or flame, 

additional optical filters will be needed to block the chemiluminescence signal from other radicals, 

which further reduces the signal level and SNR. To overcome these limitations and restrictions, a 

new approach, VLIF, is developed. The VLIF approach combined LIF with computed tomography 

to obtain 4D measurements. More specifically, the VLIF approach uses a thick laser slab (in 

contrast to the thin laser sheet used in static PLIF or scanning PLIF) to excite the target radicals 

volumetrically and continuously. The LIF signals emitted by the target radicals are then measured 

from multiple perspectives to form projections, and a tomographic inversion is applied. Compared 

with TC, the VLIF technique enable three advantages in resolving the flow/flame topography to 

overcome the limitations of the TC technique. First, the LIF signal can be significantly stronger 

than the nascent chemiluminescence emissions, which helps to improve the SNR of the 

measurements. Second, with a careful choice of the excitation laser, the LIF signal is species 

specific, i.e., the signal is only generated from CH or OH [50]. Third, the measurement duration 

of LIF measurement is determined by the duration of the laser pulse (which ranged from several 

nanoseconds to several hundreds of nanoseconds), which is significantly shorter than the exposure 

time used in the TC measurements. As a result, the LIF-based 4D diagnostics can be applied to 

(i.e., to “freeze”) more transient flows than the TC technique.  
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1.3 Organization and summary of contributions  

The rest of this dissertation is organized as follows. Chapter 2 discusses the experimental 

validation of TC in highly turbulent flame. The focus is to directly and quantitatively validate the 

TC result of flame topography by comparing it against simultaneous planar measurements 

obtained from established PLIF technique. Since PLIF is a planar technique, the comparison was 

performed by overlapping the PLIF image of the flame front on 2D reconstructed slices of TC.  

Such comparison also illustrates the capability and limitation of both techniques. It can be 

concluded from the comparison that the TC technique enables more total imaging elements within 

a 3D volume and provides information unachievable from 2D measurements (e.g. Gaussian 

curvature of the flame front in 3D)  

After the validation measurements in chapter 2, chapter 3 demonstrates the 4D TC 

measurement on a highly turbulent flame to obtain 4D flame properties, including the location of 

the flame front and flame curvatures. For the flame front location analysis, the PDF of flame front 

is extracted from a number of reconstructions of the 4D measurement, and the PDFs of the flame 

at different spatial locations are compared to achieve an understanding of the turbulent flame 

topography statistically. For the flame front curvature analysis, 2D curvatures along specific 

directions and 3D curvature under various definition are calculated from the reconstructed flame 

front. The PDFs of 2D and 3D curvatures are also compared to quantify the flame surface in 3D. 

These 4D measurements and statistics provide a valuable database for the validation and 

development of combustion models. 

With the understanding accumulated from the study in chapters 2 and 3 on the capabilities and 

limitations of the TC technique, chapters 4 and 5 report the development of the VLIF technique to 

overcome the limitations of the TC technique.  
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Chapter 4 is aimed to overcome the intrinsic limitation of TC in signal separation process. 

Unlike TC measurements presented in chapter 2 and 3 that record the chemiluminescence signal, 

which may be emitted by several chemical species, chapter 4 reports the development of a VLIF 

technique that can only target the signal from one single chemical species. More specifically, 

chapter 4 describes a single-shot VLIF measurement of iodine vapor, seeded in turbulent flows as 

a flow tracer. The iodine vapor is excited by a thick laser slab volumetrically and the LIF signal is 

recorded by multiple cameras from different perspectives. Band-pass filters were applied to block 

possible scattering and reflection to ensure that signals recorded are fluorescence signals from 

iodine only. Then 3D reconstructions of iodine concentration are performed to study the 

topography of the turbulent jet flow. By comparing projections and reconstructions obtained using 

VLIF and TC, respectively, the superiority of the VLIF technique is clarified.  

Chapter 5 focuses on overcoming the repetition rate and signal level issues of TC by 

demonstrating VLIF measurements up to 10 kHz. As mentioned earlier, the application of TC 

involves a tradeoff between repetition rate and signal level: higher repetition rate requires shorter 

exposure time of the camera, resulting in lower signal level. With LIF-based measurements, the 

measurement duration is limited by the duration of the laser pulse (on the order a few to several 

hundreds of nanoseconds), not the exposure time of the cameras. Therefore the repetition rate and 

signal level of LIF-based technique depend on the repetition and pulse energy of the laser, no 

longer on the exposure time of the camera and therefore can be controlled independently. The 

results demonstrated VLIF measurements based on iodine vapor up to 10 kHz with good signal 

level, and the VLIF signal level and its impact on the reconstruction accuracy are studied by 

performing measurements under different repetition rates. Furthermore, a simulation study using 

a two-level LIF model was performed in parallel to under the fundamentals of the VLIF technique. 
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These results suggest that the VLIF technique can achieve even higher repletion rate and high 

signal level than reported in this work with the availability of more powerful lasers. 

Finally, chapter 6 concludes the dissertation and suggest some possible directions for future 

work. 

The contribution of this dissertation to the flow diagnostic community can be summarized as 

follows: 

1) A TC technique was developed, validated, and demonstrated in the dissertation to 

quantitatively resolve the temporal dynamics and 3D spatial structures of highly turbulent 

flames with sub-millimeter spatial resolution and sub-millisecond temporal resolution, 

greatly extending the diagnostics capabilities for turbulent flames. 

2) The TC technique enabled the first piece of 3D data of a representative “envelope flame” 

and the data included 3D flame topography and 3D flame curvature. Such data is expected 

to provide new information for the development and validation of turbulent flame models.  

3) A VLIF technique was first proposed, validated, and successfully demonstrated to extend 

LIF-based diagnostics into 4D measurements. The VLIF technique is capable of resolving 

the distribution of specific chemical species (e.g. iodine molecule in this dissertation) with 

temporal resolution up to 10 kHz (limited only by the availability of the excitation laser) 

and sub-millimeter spatial resolution in all three directions.  
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Chapter 2 Development and Validation of Tomographic Chemiluminescence  

2.1 Introduction 

Many open questions still exist in our understanding of the complicated processes involved in 

turbulent combustion [51]. One of the key hurdles to answering such questions is the lack of 

experimental techniques that can directly measure key flame properties, which are inherently 

three-dimensional (3D) in space and transient in time. The distribution of the flame front represents 

one such key property. Many characteristics of turbulent combustion, such as the flame-front 

location, curvature, and thickness, are directly derived from flame-front measurements. As a result, 

extensive efforts have been invested to develop techniques to characterize the flame front with 

adequate spatial and temporal resolutions [37, 52, 53].  

Diagnostics based on PLIF [1, 14, 54, 55] and chemiluminescence [37, 38] represent two of 

the relatively well-established and extensively applied techniques.  Diagnostics based on PLIF 

provide a 2D image of the flame front by using a radical such as CH and OH as a flame marker 

[55]. The target radical is excited by a thin laser sheet, usually generated by a pulsed laser. The 

thickness of the laser sheet defines the spatial resolution of the 2D measurements in the depth 

direction, and the duration of the laser pulse defines the temporal resolution. However, PLIF 

provides only a 2D image of the 3D reaction-zone structure (on the plane illuminated by the laser 

sheet), and certain assumptions need to be invoked in order to infer many key parameters of interest 

(such as curvature, flame surface area, and volume) from the PLIF images [56].  

The chemiluminescence approach relies on excited radicals generated by chemical reactions, 

such as CH* and/or OH*. The nascent emission from these excited radicals provides the signal, 

therefore eliminating the need for laser illumination and simplifying the experiments. However, 

reliance on the flame emission causes ambiguities in the measurement spatial resolution because 
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the image formed on a camera is the result of nascent emission integrated along its line-of-sight. 

Past work has demonstrated that tomographic chemiluminescence (TC) represents an effective 

way of overcoming this limitation and enabling spatially-resolved flame-front measurements 

based on chemiluminescence. The TC approach involves using multiple cameras to image the 

target flame from multiple orientations. The line-of-sight integrated emission images captured by 

these cameras (termed projections) are then used as inputs in a tomographic algorithm to 

reconstruct the 3D flame structures. 

Thus, the goal of this chapter was to report the development of the TC diagnostics and its 

validation by comparing 3D TC against single-shot PLIF measurements. The specific objectives 

of such comparison are twofold. The first objective was to provide a validation of the 3D TC 

measurements. The measurement capability has been validated in the past via the use of controlled 

flames [2, 30] and numerical simulations [37, 49]. A simultaneous PLIF and TC measurement 

provides another validation of the TC technique via a direct comparison of the 2D PLIF image 

against a cross-section of the 3D TC measurements. The second objective was to compare the 

flame structure and properties measured by the PLIF and TC techniques to illustrate the 

capabilities and limitations of each technique. As a particular example, the flame-front curvature 

inferred from the 2D PLIF images was compared with that inferred from the 3D TC measurements. 

Furthermore, it is of both scientific and practical interests to compare chemiluminescence and CH 

PLIF measurements since they are both widely practiced while they are based on different 

quantities. However, to our knowledge, their direct comparison has not been feasible thus far 

because one is a line-of-sight integrated technique and the other a planar technique. Thus the 

second objective of this chapter was aimed at overcoming this limitation and enabling such a direct 

comparison. 
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2.2 Experimental Arrangement 

The experimental setup is illustrated schematically in Figure 2-1. Measurements were 

performed on a rectangular Bunsen burner, the representative “envelope flame” (in which all the 

reactants must pass through the flame [51]) on which extensive measurements have been 

performed [52, 57-59]. Measurements on this flame have been performed to characterize its 

velocity fields using low-and high-speed PIV [59], flame front topography using PLIF [52], and 

the subsequent inference of other properties such as stretch rate, flame surface density, and burning 

velocities [52, 57, 58]. However, due to the planar nature of the PLIF and PIV, only 2D data are 

available on this flame. It is a goal of this chapter to provide the first piece of 3D data of this 

representative flame. The burner consisted of three parts (labeled as part I, II, and III in Figure 

2-1). The central part (part II), with a width (W) of 25.4 mm and a length (L) of 50.8 mm, generated 

the target flame. A turbulence-generating grid was installed inside part II to wrinkle the target 

flame. The two parts on the side (parts I and III) generated the pilot flames to stabilize the target 

flame. The burner was operated with premixed methane and air at an equivalence ratio of 1.07 and 

a bulk velocity of 5 m/s. Under these conditions, the target flame was about 100 mm in height. 

The turbulent Reynolds number based on the integral scale was measured (by hot wire 

anemometry) to be 2,400 in the central region of the burner. At a height 4 mm above the burner 

exit, the Taylor micro-scale was measured to be about 0.9 mm, also in the central region of the 

burner. Based on previous measurements [60], the mean stain rate of the flames generated by this 

burner was ~1000 s-1, with an oscillating frequency in the range of 5 - 10 kHz which approximately 

corresponded to the inverse of the convection time of integral-scale eddies across the flame 

surface. However, the flame chemistry and diffusion processes did not display large variations 

with the rapidly varying strain field. Based on the burner configuration, a Cartesian coordinate 
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system was defined such that the exit plane of the burner was the x-y plane, and the z axis was 

defined along the flow direction (i.e., the height direction). The origin was defined as the center 

point of the exit plane, the x axis the central line along the width direction, and the y axis the central 

line along the length direction.  

 

Figure 2-1. Experimental setup. 

As shown in Figure 2-1, the setup used a total of 6 CMOS cameras (2 Photron SA-4, 2 Photron 

SA-5, and 2 Photron SA-Z cameras) to obtain simultaneous PLIF and TC measurements on the 

target flame. All cameras were aligned in the x-y plane so that their orientations were specified by 

θ, defined as the angle formed by the optical axis of a camera relative to the positive x direction as 

shown in Figure 2-1. The focal length and f-number of the lenses used on camera 1 through 6 were, 

respectively, 45 mm and 1.8, 60 mm and 2.8, 50 mm and 1.2; 85 mm and 1.8, 50 mm and 1.2, and 

58 mm and 1.2. A pulsed laser (a Sirah CREDO pumped by an Edgewave Nd:YAG) was used to 

excite the CH as detailed in [61]. The excitation laser pulses were focused to a sheet with a 

thickness of ~0.3 mm and propagated along the x direction through the central plane of the flame. 

Camera 1, aligned perpendicular to the laser sheet (i.e., with θ = 270o) and equipped with an 
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intensifier (LaVision HS-IRO), was used to capture the PLIF images. Camera 2 through 6 were 

used to capture projections of chemiluminescence at θ = 305.7o, 50.1o, 90.4o, 134.5o and 227.1o, 

respectively, determined through a view registration process as detailed in [28]. The distance from 

camera 1 through 6 to the flame center were approximately 165.1 mm, 203.2 mm, 165.1 mm, 241.3 

mm, 152.4 mm, 152.4 mm, respectively. The placement of the cameras was designed based both 

on scientific and practical considerations. The scientific considerations included obtaining the 

most independent information on all the cameras available, and the practical considerations 

included optical access and physical space available. For example, we expect the reconstruction 

quality to be improved if an additional camera can be placed above the flame to capture a 

projection from the top view. The chemiluminescence cameras were used without optical filters 

for the consideration of signal level and temporal resolution. Thus, the chemiluminescence 

measurements did not discriminate CH* chemiluminescence from that of other excited-state 

species (though the signal was primarily due to CH* in the visible range, as the cameras do not 

have sensitivity in the UV range). Note that camera 4 was intentionally aligned to be opposite of 

the PLIF camera (i.e., also perpendicular to the PLIF laser sheet) to facilitate comparison. The 

operation of the laser and cameras was synchronized in the following way. The laser operated at a 

repetition rate of 5 kHz (with a laser pulse duration of about 10 ns), and all six cameras were 

synchronized with the laser with a frame rate of 5 kHz and an exposure time of 200 µs; the effective 

exposure time for the PLIF measurement was ~10 ns, determined by the laser pulse duration (the 

intensifier gate time was set to 150 ns). The laser firing was synchronized at the beginning of the 

exposure time of the cameras. 

Figure 2-2 shows a sample set of images measured by all the cameras. Figure 2-2(a) shows the 

PLIF image captured by camera 1 and Figure 2-2(b) - 2(f) the corresponding chemiluminescence 
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projections captured by cameras 2 through 6. These images were at different pixel resolution due 

to the different specifications of each camera. Also a threshold was applied to the images shown 

in Figure 2-2 to reduce the background and facilitate the comparison. The thresholding value was 

chosen to differentiate against signals considered to be background/noise and to preserve the flame 

features. In this chapter, the value was determined to be approximately 21% of the maximum 

intensity of the raw projections, and the images processed by the thresholding method were used 

in the subsequent tomographic reconstruction. That is, pixels intensity values below 21% of the 

peak intensity (for each camera) were set to zero.  The thresholding value was estimated by 

analyzing the raw measured projections in the following three steps: 1) signals in regions where 

no flame appeared to exist were recorded, 2) the maximum flame intensity on the measured 

projections was determined, and 3) the ratio between steps 1 and 2 was used as the thresholding 

value.  There was ambiguity and image-to-image variation in both steps 1 and 2. However, the 

images after thresholding did not vary significantly based on visual examination when the 

thresholding value changed in a small range. At a frame rate of 5 kHz, the resolution of these 

images was 1024 × 1024 pixels on cameras 1, 2 and 4, and 864 × 864 pixels on cameras 3, 5 and 

6.  

The PLIF and TC measurements also had different fields of view (FOV), as illustrated in Figure 

2-2(d).  The FOV of the PLIF measurements was determined by the height of laser sheet (which 

was 44 mm in this chapter) and is illustrated by the square with dashed lines as shown in Figure 

2-2(d). The FOV of the TC measurements was designed to be ~100 mm to capture the entire flame 

as shown in Figure 2-2(b) - 2(f), resulting in a measurement volume of 100 mm × 100 mm × 100 

mm. Tomographic reconstruction in this entire measurement volume was performed. However, 

only results from a region ~50.5 × 50.5 × 50.5 mm3 (as illustrated by the square with solid lines) 
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are shown for the clarity of comparison with the PLIF measurements. These results in Figure 2-2 

also elucidate the overall structure of the Bunsen flame, which consists of two “branches” 

stabilized on each side of the burner.  

 

Figure 2-2. A set of flame images taken by 6 cameras simultaneously. Panel (a): the PLIF image. Panel (b)-
(f): the chemiluminescence projections from different perspectives. 

To further illustrate the nature of the PLIF and TC measurements, Figure 2-3 examines the 

PLIF and TC measurements more closely by comparing the images obtained on cameras 1 and 4. 

As mentioned earlier, these two cameras were aligned opposite of each other. Figure 2-3(a) shows 

the flame front extracted from the PLIF image in Figure 2-3(a) by an edge detection algorithm 

based on thresholding [62] of signal values. The flame front obtained in Figure 2-3(a) was flipped 

horizontally (because cameras 1 and 4 were aligned opposite of each other) and overlapped with 

the TC projection captured by camera 4, as shown in Figure 2-3(b). This figure clearly displays 

several key aspects of the PLIF and TC measurements (or chemiluminescence measurements in 

general). First, this comparison illustrates the limitations of both techniques. As seen, the flame 
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front extracted from the PLIF and the chemiluminescence image agrees only on an overall level, 

because i) the PLIF image only captured the 3D flame structure across one plane and ii) the 

chemiluminescence image was line-of-sight integrated. Second, this comparison also illustrates 

that PLIF can resolve sharp features better than chemiluminescence imaging simply because of the 

shorter exposure time provided by a Q-switched laser.  

 

Figure 2-3. Panel (a): Flame front extracted from PLIF projection. Panel (b): Flame front extracted from PLIF 
overlapped with chemiluminescence projection. 

2.3 Tomographic Reconstruction of TC 

Projections shown in Figure 2-2(b) - 2(f) were used as inputs to a tomographic reconstruction 

algorithm to obtain the 3D distributions of the chemiluminescence, which were then used to infer 

the flame-front locations and calculate other flame properties such as curvature. The tomographic 

algorithm has been detailed and validated in our previous publications, and only a brief summary 

is provided here to facilitate the discussion. After discretizing the measurement volume into a 

series of Cartesian voxels, the projection measured by a camera (denoted as P) is related to the 

desired distribution of the chemiluminescence emissions (denoted as F) via the point spread 

function (PSF) as shown below [63]: 
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where P(xP, yP) represents the value of the projection at a pixel located at (xP, yP); xi, yj, and zk 

the indices of the voxels in the x, y, and z directions, respectively; I, J, and K the total number of 

voxels in each direction; PSF the point spread function defined as the projection formed at (xP, yP) 

by a point source located at (xi, yj, zk) with unity intensity.  The PSF does not depend on F, but it 

depends on the lens used in the imaging system and the location and orientation of the imaging 

system. Physically, Eq. (2-1) states that the projection of F on pixel (xP, yP) is a weighted 

summation of signals contributed from all voxels on this pixel, and the weighting factor is the PSF. 

In our algorithm, the PSF was calculated by a combination of geometrical ray-tracing [47, 64] and 

Monte Carlo simulation [65, 66] using the specification of the lenses, and the orientation and 

location of the cameras as inputs. After the PSF for each camera was obtained, Eq. (2-1) was 

solved for F using the measured Ps as inputs. The algorithm we used to solve Eq. (2-1) was a 

modified variation of the Algebraic Reconstruction Technique (ART) [37, 47, 49] and a simulated 

annealing algorithm [32]. This tomographic approach has been validated via numerical simulations 

[47, 48] and controlled experiments in both non-reacting [22] and reacting flows [47, 48]. The 

tomography algorithm analyzes how many photons are collected on a given pixel and where these 

photons are emitted from the measurement volume. The tomography algorithm did not rely on 

assumptions of parallel beam or in-focus imaging (which have limited validity in practice 

especially for any extended measurement volume). As a result, it is not required for the entire 

measurement volume to be within the focal depth of the cameras. Figure 2-4 shows a rendering of 

a sample based on the projections shown in Figure 2-2. The data shown in Figure 2-4 contains a 

total of 128 × 128 × 128 voxels (i.e., ~2 × 106 voxels) in a volume of 50.5 × 50.5 × 50.5 mm3, 

resulting in a nominal spatial resolution of 0.39 mm.  
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Figure 2-4. 3D rendering of the flame reconstruction. 

Figure 2-5 examines the 3D reconstruction more closely. Figure 2-5(a) shows the 

reconstruction at three different planar locations, and Figure 2-5(b) shows the reconstruction at the 

central plane of the flame, i.e., on the same plane as the PLIF measurements. Figure 2-5(c) overlaps 

the flame edge extracted from the PLIF image on top of the reconstruction shown in Figure 2-5(b). 

As can be seen from Figure 2-5(c), the flame front extracted from the 3D TC measurements 

matches the PLIF significantly better than the image in Figure 2-5(b), while there are also 

disagreements (e.g., between points 1 and 1’, and 2 and 2’), which were mostly due to two factors. 

First, the flame front inferred from the PLIF image (which is based on CH) is inherently different 

from that inferred from TC (which was defined based on chemiluminescence emissions). To 

minimize the effects of emission contributed from other species such as CO*, this chapter extracted 

the inner flame edges from the 3D reconstructions to separate the chemiluminescence emissions 

caused by CH* from those caused by combustion products. Second, as mentioned earlier, the PLIF 

measurement duration was ~10 ns (during which the flame was essentially frozen), while that for 

the TC was 0.2 ms. At the bulk velocity of 5 m/s, the 0.2 ms exposure time causes a blurring of 1 
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mm with our imaging optics, on the same order as the Taylor micro-scale mentioned before. The 

1-mm blurring should represent an upper limit of the blurring caused by the exposure time of the 

TC measurement. For example, the blurring should be less in the horizontal and depth directions. 

Moreover, the synchronization step between the laser and the cameras (i.e. the temporal location 

of the laser firing during the exposure time of cameras) could result in a maximum position 

disagreement of 1 mm (~2% of the overall height) of the PLIF image. Our ongoing work to resolve 

these issues involves the use of intensified cameras to shorten the exposure time of the TC 

measurements, and 3D imaging of flame front by volumetric LIF. Note that the 0.39-mm thickness 

of the voxels was also larger than the thickness of the laser sheet by about 0.09 mm, which could 

also contribute to the disagreement observed here. However, we expect such disagreement to be 

relatively minor compared to the two sources discussed above. Despite these issues, the results 

shown here illustrate the ability to overcome the line-of-sight limitation of chemiluminescence 

imaging and to resolve the three-dimensionality of turbulent flames with reasonable fidelity. 

Figure 2-6 shows the comparison between the TC and PLIF measurements at two other instances 

randomly chosen to show the consistent level of agreement. 
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Figure 2-5. Panel (a): three 2D slices of the 3D reconstructed flame structure. Panel (b): central slice of the 
3D reconstruction. Panel (c): flame front extracted from PLIF overlapped on the central slice of the 3D 
reconstruction.  Panel (d): closer view of the region in dashed box to show the difference in spatial resolution. 

 

Figure 2-6. Comparison between PLIF and TC at two other instances. 
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2.4 Capabilities and Limitation of TC and PLIF 

After the above comparison, the sections discusses the capabilities and limitations of each 

technique observed from such comparison. 

First, the comparison shows the differences in spatial resolution between the TC and PLIF. The 

TC measurement contained more imaging elements than the PLIF measurement (a total of ~2 × 

106 voxels in TC versus ~1 × 106 pixels in PLIF). However, due to the volumetric nature of TC, 

the PLIF measurement had a superior pixel resolution in a plane as illustrated Figure 2-5(d), which 

shows a zoomed-in view of a small region of Figure 2-5(c) so that discrete voxels and pixels can 

be seen. As shown, each pixel corresponds to 0.09 mm (where pixels were binned 2 ×2 after 

readout) on the PLIF measurements, and each voxel corresponds to 0.39 mm on the TC 

measurements. Therefore, while the TC technique can resolve the 3D nature of turbulent flames, 

it still cannot compete with PLIF in terms of in-plane resolution.  Further research is ongoing in 

our group to improve the spatial resolution of the tomographic technique while maintaining its 

temporal resolution.  

Second, 3D flame properties and statistics can be obtained from TC to overcome the 2D 

limitation of PLIF. A notable example involves the measurement of the curvature of the flame 

front [67, 68] (while PLIF can only provide the measurement of 2D curvature in a 2D plane). We 

first define 2D and 3D curvature as used here. 2D curvature used is defined following ref. [68]. 

For example, the 2D curvature at point on the flame front in an x-z plane is defined as:  
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where x and z represent the coordinates of the target point along the flame front,   and   the first-

order derivatives, and the second-order derivatives (both defined along the flame front). The 
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definition in Eq. (2-2) was discretized using a three-point finite-differencing scheme [68] into the 

following format: 
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where the index i represents the ith point along the flame front. The 2D curvature in other planes 

was defined and discretized in a similar way as shown in Eqs. (2-2) and (2-3). This chapter 

primarily examined the 2D curvature in the x-z plane (i.e., Kxz, also referred to as the vertical 

curvature).  

For this study, the PLIF measurements shown in Figure 2-5(c) and Figure 2-6 provide the 

curvature in the vertical direction (i.e. Kxz) of the flame front on the central plane, while the 3D 

measurements can overcome such limitation to not only provide 2D curvature on the entire flame 

front but also 3D curvature. Figure 2-7(a) shows the Kxz of the left branch of the flame shown in 

Figure 2-5(c), calculated using the TC and PLIF measurements. The horizontal axes, LPLIF and 

LTC, were defined as the coordinate along the flame front based on the PLIF and TC image, 

respectively. As seen, while there are disagreements (e.g., between points 1 and 1’, and 2 and 2’) 

for reasons discussed previously, general agreement is observed. Processing both the PLIF and TC 

measurements at multiple instances leads to the statistics shown in Figure 2-7(b), illustrating the 

similarities and differences in 2D curvature obtained in the central plane of the flame. Due to the 

volumetric nature of TC, Kxz can be measured across the entire flame, as shown in Figure 2-7(c).  
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Figure 2-7. Panel (a): Comparison of Kxz along flame fronts obtained by PLIF and TC. Panel (b): Comparison 
of the PDFs of Kxz obtained by PLIF and TC on the central plane of the flame. Panel (c): Instantaneous 3D 
measurement of Kxz by TC. Panel (d): Instantaneous measurements of Gaussian curvature by TC. 

Third, the 3D TC technique can also lead to measurement of 3D curvature on the entire flame, 

as shown in Figure 2-7(d). In contrast to the 2D curvature, the 3D curvature can be defined in 

multiple ways, and three of the definitions are examined: the principal curvatures, the mean 

curvature, and the Gaussian curvature. The principal curvatures at a given point on a 3D surface 

are defined in the following steps [69]. First, the normal vector of the 3D surface at the given point 

is determined. Second, normal planes, defined as planes crossing the normal vector, can be 

determined. Each normal plane intersects the 3D surface to form a 2D curve, and a 2D curvature 

at the given point can be determined along the curve following Eq. (2-2). Finally, the principal 

curvatures are defined as the most positive and most negative 2D curvatures (i.e. Kmax and Kmin) 

found in step two among all normal planes. Here, the algorithm described in [70] was used to 

determine the principal curvatures from the 3D reconstructions. Once the principal curvatures are 
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determined, the mean and Gaussian curvatures then are defined as the average and the product of 

the principal curvatures [70, 71] (i.e., Kmean = 1/2(Kmax + Kmin) and Kgaussian = KmaxKmin), 

respectively. Physically, the principal curvatures quantify the two steepest curvatures (both in the 

positive and negative directions) at a point, and the Gaussian curvature provides information on 

the overall 3D structure of the surface at the point. A Gaussian curvature greater than 0 indicates 

an elliptic (i.e., sphere-like) surface at the given point, smaller than 0 a hyperbolic (i.e., saddle-

like) surface, and equal to 0 a parabolic (i.e., cylinder-like) or planar surface [71]. In the last case, 

when the Gaussian curvature is equal to 0, the principal curvatures are further examined to 

differentiate a parabolic surface from a planar surface: it is a parabolic surface when only one of 

the principal curvatures is equal to 0 and it is a planar surface when both are. For example, regions 

with positive values of Kgaussian seen in Figure 2-7(d) had an elliptic local surface shape, regions 

with negative values a hyperbolic surface pattern, and regions with zero value a parabolic surface 

or a planar surface (it is a parabolic surface when only one of the principal curvatures is equal to 

0, and it is a planar surface when both are). Of course, such characterization enabled by 3D 

measurements is unobtainable from any 2D component of the curvature (e.g., Kxz). 

2.5 Summary 

In summary, the goal of this chapter was to describe the development, implementation, and a 

direct experimental validation of the 3D TC technique. The validation was accomplished by a 

comparison between a 3D diagnostic (tomographic chemiluminescence, TC) and an established 

2D diagnostic (PLIF based on CH). Both diagnostics were applied to a turbulent flame 

simultaneously. The TC measurements were performed in a target volume of 50.5 × 50.5 × 50.5 

mm3, and the PLIF measurement was performed across the central plane of this volume. The 2D 

PLIF measurements were then directly compared to the 2D cross-section of the 3D TC 
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measurements across the central plane. Such comparison not only serves as a validation of 3D 

measurements but also illustrates the capabilities and limitations of both techniques.  For example, 

the comparison shows that for the TC demonstrated in this chapter, the PLIF technique offers 

superior temporal and spatial resolution in a plane, while the TC technique enables more total 

imaging elements within a volume and provides information unobtainable from 2D measurements, 

such as the 3D curvature of the flame front.  
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Chapter 3 4D Flame Topography and Curvature Measurements at 5 kHz on 

a Premixed Turbulent Bunsen Flame Using TC 

3.1 Introduction 

Turbulent premixed combustion has found widespread applications in practical combustion 

systems, and a fundamental understanding of such flames is essential to the efficient operation of 

these systems. However, the complicated governing processes and their intricate interactions are 

not fully understood yet, and many open questions still exist and hinder the development of 

predictive combustion models [51, 72-74]. As result, significant research efforts, both numerical 

and experimental, have been invested to resolve the governing processes involved in turbulent 

premixed flames [51, 75, 76]. Due to the continued growth of computational power, DNS (direct 

numerical simulation) and LES (large eddy simulation) are becoming increasingly feasible to 

simulate the 3D (three-dimensional) and time-dependent structures of turbulent premixed flames 

[77-79]. Corresponding experimental data, 3D data with adequate temporal resolution (i.e. 4D), 

have therefore been long desired for comparison against numerical simulations and are ultimately 

needed to fully understand the underlying processes.  

However, well-established experimental techniques have been targeted for measurements at a 

point, such as coherent anti-Stokes Raman scattering (CARS), along a line such as spontaneous 

Raman scattering, or across a plane such as planar laser-induced fluorescence (PLIF) [1]. With the 

recent advancements in lasers, cameras, computational technologies, and imaging processing 

algorithms, it has become feasible to contemplate 4D experimental measurements with the desired 

spatiotemporal resolutions to resolve turbulent flames. Several approaches are being actively 

pursued, and initial demonstration measurements have been reported.  These approaches can be 

broadly divided into two categories, the scanning approach and tomography approach, as briefly 
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introduced in chapter 1. Here a thorough review of techniques in the two categories is presented. 

The scanning approach scans a planar technique to obtain a series of 2D measurements 

sequentially, and these 2D measurements can then be combined to form an effectively 

instantaneous volumetric measurement when the scanning is performed rapidly. Demonstrations 

have been performed to obtain 4D measurements by the scanning of the laser sheet for PLIF [80-

82], planar Mie scattering [35], and planar laser-induced incandescence [41]. With current high-

repetition-rate lasers and scanning technologies, 4D measurements with temporal resolution near 

1 kHz and a spatial resolution on the order of 1 mm in the direction of scanning [80-82] are feasible. 

Multiple lasers can potentially be used to improve the temporal and spatial resolution at the cost 

of complexity and capital investment [41].  

In contrast to the scanning approach, the tomography approaches obtains 4D measurements 

volumetrically and instantaneously without scanning. Similar to the scanning approach, the 

tomography approach can be used in combination with a range of signal generation mechanisms, 

ranging from absorption spectroscopy [83, 84], Mie scattering [22, 46], chemiluminescence [37, 

38, 49], and particle imaging velocimetry (PIV) [8]. In contrast to the scanning approach, higher 

temporal resolution (up to 20 kHz [85]) in larger measurement volumes (on the order of 10 × 10 

× 10 cm [38]) have been reported for the tomography approach because these techniques do not 

require the physical scanning of the illumination laser sheet. A comprehensive comparison of all 

the techniques in both categories, though highly valuable in the authors’ opinion, is beyond the 

scope of the dissertation. For more in-depth discussions about the capabilities and limitations of 

individual techniques, the readers are referred to these following references: sheet-scanning PLIF 

[86], tomographic PIV [8], tomographic chemiluminescence [48], sheet-scanning Mie scattering 

[35], and tomographic Mie scattering [46].  
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Within the above context, this chapter reports 4D flame measurements at a repetition rate of 5 

kHz using the TC technique validated in Chapter 2. This chapter reports measurements of 3D 

properties of a highly turbulent flame with temporal resolution of 0.2 ms. The measurements were 

performed on the same Bunsen flame as shown in chapter 2 [52]. The data reported in this chapter 

included 3D flame topography, position, and 3D flame curvature measured with a  repetition rate 

of 5 kHz (an exposure time of 0.2 ms) and a nominal spatial resolution of 0.55 mm in all three 

spatial directions. These results were obtained in a measurement domain ~ 70 (width) × 70 (depth) 

× 105 (height) mm3, sufficiently large to capture the entire flame in each tomographic 

measurement.  

3.2 Experimental Arrangement 

Figure 3-1 illustrates the experimental setup schematically from the top view and the 

coordinate system used in this chapter. The setup used a total of six complimentary metal-oxide 

semiconductor (CMOS) cameras to record tomographic chemiluminescence (TC) from a Bunsen 

flame. The burner was designed to produce a  2D Bunsen flame (an envelope flame [51]). The 

specifics of this burner (e.g., the flow passage structures and turbulence generating grids) have 

been detailed previously in chapter 2 and also in [52, 57, 58], and a brief summary is provided here 

again. The burner consisted of three parts (part I, II, and III as shown). The central part (part II), 

with a width (W) of 25.4 mm and a length (L) of 50.8 mm, generated the target flame. The central 

rectangular tube was filled about half-way with stainless-steel beads, and a turbulence-generating 

grid was installed just upstream of a hexagonal matrix to wrinkle the target flame. The two parts 

on the side (parts I and III) generated the pilot flames to stabilize the target flame. Fed with 

premixed methane and air at an equivalence ratio of about 1 and a bulk velocity of 5 m/s, the burner 

stabilizes a flame about 100 mm in height. Hot wire anemometry was performed in the cold flow 
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to characterize the turbulence. At a height 4 mm above the burner exit, the turbulent Reynolds 

number based on the integral scale was measured to be about 2,400 in the central region of the 

burner. The exit plane of the burner was defined as the x-y plane, with the origin defined as the 

center point of the exit plane, the x axis the central line along the width direction, and the y axis 

the central line along the length direction as shown. The z axis was defined along the flow direction 

(i.e., the height direction).  

 

Figure 3-1. Schematic of the experimental setup. 

 The TC diagnostics involved cameras (2 Photron SA-4, 2 Photron SA-5, and 2 Photron SA-

Z cameras) arranged as shown in Figure 3-1. All cameras were aligned in the x-y plane and their 

orientations were specified by θ, defined as the angle formed by the optical axis of a camera 

relative to the positive x direction as shown. The focal length and f-number of the lenses used on 

camera 1 through 6 were, respectively, 60 mm and 2.8, 35 mm and 1.4, 24 mm and 2.0; 50 mm 

and 1.2, 58 mm and 1.2, and 35 mm and 1.4. All these chemiluminescence cameras were used 

without optical filters for the consideration of signal level and temporal resolution.  Thus, the 

chemiluminescence measurements did not discriminate CH chemiluminescence from that of other 

excited state species (though the signal was primarily due to CH* in the visible range, as the 
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cameras did not have sensitivity in the UV range and the lenses were not UV transparent). To 

minimize the effects of emissions contributed from other species such as CO*, this chapter 

extracted the inner flame edges from the 3D reconstructions to separate the chemiluminescence 

emissions caused by CH* from those caused by combustion products. The operation of the cameras 

was synchronized using control electronics, and the camera control and image acquisition were 

centralized on a computer as shown. All six cameras were operated at a frame rate of 5 kHz and 

an exposure time of 0.2 ms, equaling the reciprocal of the framing rate.  

 The next step in the experiments was to perform a view registration to determine the 

orientation and position of all the cameras [28, 30]. In the view registration process, a calibration 

target with known dimensions and patterns was placed at the location where the target flame was 

expected. Images of the calibration target were acquired by all the cameras, with a set of examples 

shown in Figure 3-2. This chapter used a calibration plate with square patterns as shown, and the 

size of each grid is 2.5 mm (best seen on Figure 3-2(d), where the camera was aligned almost 

perpendicular to the calibration plate). As shown in Figure 3-2, due to the different positions and 

orientations of each camera, each field of view showed a different degree of distortion and 

magnification. With the lens parameter known for each camera, a view registration program was 

applied to analyze such distortion and magnification and determine the location and orientation of 

each camera. The orientation of camera 1 through 6 was determined to be θ =305.7o, 50.1o , 90.4o, 

134.5o, 227.1o, and 269.7o, respectively, with an accuracy estimated to be within ±0.5o [30].  
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Figure 3-2. Panel (a) - (d): calibration images obtained by camera 1, 2, 4 and 6, respectively. 

Figure 3-3 shows a set of example images (termed projections) captured simultaneously by 

cameras 1 through 6. As mentioned before, these projections were captured with a frame rate of 5 

kHz and an exposure time of 0.2 ms. All projections had a pixel resolution of 900 × 600 pixels, 

and each pixel corresponded to a physical dimension of ~ 0.12 × 0.12 mm2. Before leaving this 

section, it is worthwhile to comment on the factors considered in our choice of the temporal and 

spatial resolution of these measurements. The cameras used in this chapter can all operate at a 

maximum frame size of 1024 × 1024 pixels up to a certain frame rate (3.6 kHz for the SA-4, 7 kHz 

for the SA-5, and 20 kHz for the SA-Z), and their frame size began to decrease when the cameras 

are operated at higher frame rates. Therefore, these measurements were designed primarily by 

balancing the tradeoff between the frame rate and the frame size achievable by the cameras. A 

secondary consideration involved obtaining an optimal match between the shape of the target 

flame (which had a height larger than width and length) with the imaging area on the camera chip.  
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Figure 3-3. Panel (a) - (f): a set of example projections measured by camera 1 through 6, respectively. 

3.3 Tomographic Reconstruction 

The projections shown in Figure 3-3 were used as inputs to a tomographic reconstruction 

algorithm (which has been introduced in Section 2.3) to obtain the 3D distributions of the 

chemiluminescence. In this measurement, the measurement volume had a dimension of 70 (x 

direction) × 70 (y direction) × 105 (z direction) mm3, and it was discretized into 128 × 128 × 192 

voxels (i.e., I = J = 128 and K = 192), resulting in a total of 3,145,728 voxels. Under this 

discretization, the voxels were cubical with a dimension of 0.55 mm, representing the spatial 

resolution of the 3D measurements in all three directions. The choice of such a voxel dimension 

was due to two considerations. First, the voxel dimension was designed to be smaller than the 

spatial blurring during the 0.2 ms exposure time of the measurements to obtain the finest spatial 

resolution possible. An independent nanosecond CH PLIF measurement was performed on this 
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flame, which showed that the maximum movement of the flame front was approximately 1 mm 

over 0.2 ms. With the magnification used in the projection measurements, 1 mm corresponded to 

approximately 9 pixels. Therefore, the 3D measurements reported here were blurred by up to 9 

pixels (or equivalently 1 mm). Hence, a voxel dimension of 0.55 mm was smaller than such 

blurring in most of the regions. Measurements with a shorter integration time (using 6 SA-Z 

cameras or 6 intensified cameras, for example) could reduce the blurring and warrant the use of 

finer voxels. Second, the choice of the voxel dimension also needs to take into consideration the 

computational resources and the number of projections, both of which are elucidated by Eq. (2-1). 

The length of P was ~3.2 × 106 (600 × 900 pixels/camera × 6 cameras), and the length of F ~3.1 

× 106 (128 × 128 × 192 voxels). As a result, the scale of the PSF matrix was on the order of 3.2 × 

106 rows and 3.1 × 106 columns, and the total number of elements in the PSF was therefore on the 

order of 1013.  Even though the PSF is sparse [22, 46] and various techniques have been 

implemented to exploit such sparsity and reduce the memory requirement for its storage [2, 49], 

the memory requirement here was still on the order of 100 GB (and the reconstructions in this 

chapter were performed on two customized workstations, one with 256 GB of RAM and the other 

512 GB). Furthermore, when the length of F (i.e., the number of unknowns) exceeds that of P (the 

number of equations), Eq. (2-1) becomes underdetermined. Several possible approaches could help 

to overcome these issues and enable finer voxels, including the use of a priori information in the 

reconstructions via regularization [44, 49, 87], the use of more cameras to provide more 

projections, or the application of the same cameras to target a smaller measurement volume. 

Using the reconstruction scheme discussed above, Figure 3-4 shows a set of sample results of 

the 3D reconstructions obtained. Figure 3-4(a) shows the 3D reconstruction obtained using the 

projections in Figure 3-3 as inputs. Figure 3-4(a) was formed based on an iso-surface of the flame 
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determined by a thresholding method. The thresholding method determined the iso-surface in three 

steps. First, the 3D reconstruction was performed using projections. Second, a background signal 

level was determined from the projections. Third, a threshold value was set, and the 3D 

reconstruction obtained in step 1 was divided into two zones based on the threshold value: a zone 

with chemiluminescence signal higher than the threshold value (considered to be the flame zone) 

and another zone with chemiluminescence signal lower than the threshold value (considered to be 

the no-flame zone). This step was especially important because some chemiluminescence was not 

from the flame surface.  

 

Figure 3-4. Panel (a): An example 3D tomographic reconstruction of the target flame. Panel (b): 2D cross-
sectional view of the 32nd layer with extracted flame front overlapped. Panel (c): 2D cross-sectional view of 
the 96th layer with the extracted flame front overlapped. 

To present a closer examination of the reconstructed flame topography and the performance of 

the above thresholding method, Figure 3-4(b) and 4(c) show the cross-sectional view of the 3D 

reconstruction at two different y locations overlapped with the flame front extracted by the 

thresholding method. Figure 3-4(b) shows the 32nd layer at y = 17.5 mm and Figure 3-4(c) shows 

the 96th layer at y = 52.5 mm, both overlapped with the corresponding flame fronts extracted, 

illustrating that closeness between the flame fronts extracted  and the contour of the 3D 
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reconstruction. The flame fronts are used for the determination of the flame location and curvature, 

as elaborated in Sections 3.3 and 3.4. Analysis of the systematic error and verification of TC 

algorithm has been thoroughly discussed in our previous work, and readers can refer to ref. [49]. 

To further illustrate the accuracy and the temporal resolution of the measurements, Figure 3-5 

shows five consecutive 4D measurements with comparison against the measured projections. 

Figure 3-5(a) shows five consecutive frames of projections measured by camera 3 (at θ = 90.4o). 

The changes in the flame features were unappreciable by visual examination across these five 

images. As a comparison to the measured projections shown in Figure 3-5(a), Figure 3-5(b) shows 

the corresponding view from the 3D reconstructions. Figure 3-5(b) shows the cross-sectional view 

of the 3D reconstruction at the central plane (i.e. the 64th x-z layer at y = 35 mm) from the same 

view angle (i.e., θ = 90.4o) as the projections in Figure 3-5(a). As can be seen, both Figure 3-5(a) 

and 5(b) exhibited the expected overall flame topography. However, the projections shown in 

Figure 3-5(a) are line-of-sight measurements, and the results in Figure 3-5(b) are a 2D cross-

section of a 3D reconstruction. As a result, the flame topography features in Figure 3-5(b) are 

generally sharper and more detailed than those in Figure 3-5(a). As an example, Figure 3-5(b) 

shows a small but clear feature with two dark rings at the top of the flame highlighted in the oval, 

which cannot be observed in Figure 3-5(a) due to the line-of-sight integrated nature. These features 

were caused by pockets of reactants and have been observed in independent measurements via CH 

PLIF. However, the 4D measurements performed in this chapter elucidate such features more 

clearly than planar measurements. To provide a validation to the 3D reconstructions, Figure 3-5(c) 

shows projections computed via a ray-tracing algorithm [65] based on the 3D reconstructions. 

These projections were computed along the same orientation as camera 3, and therefore are directly 

comparable to those shown in Figure 3-5(a). As seen, the comparison shows that measured 
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projections in Figure 3-5(a) agree with the computed projections in Figure 3-5(c) both qualitatively 

and quantitatively, supporting the validity of the 4D measurements. Of course, such agreement is 

necessary but not sufficient to verify the correctness of the tomography inversion. 

 

Figure 3-5. Panel (a): from left to right, five consecutive frames of measured projections from camera 3. 
Panel (b): from left to right, the 2D cross-sectional view at the central location of the corresponding 
reconstructions. Panel (c): from left to right, simulated projections at the same orientation as camera 3 via 
ray-tracing based on the 3D reconstructions. 

3.4 Flame Location Results 

After the above discussion of the 3D reconstruction, this section discusses the statistics that 

can be derived from such reconstructions. Processing the 3D reconstruction frame by frame, as 

illustrated in Section 3.3, essentially provides 4D measurements resolving the flame in all three 

spatial directions and also in time, enabling statistics both in the spatial and temporal domains. 
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This section discusses the statistics of flame locations and the corresponding PDF (probability 

density function [88]). 

Figure 3-6 shows the statistics of the flame front at three locations derived from a series of 3D 

reconstructions. The three locations were shown in Figure 3-6(a) through 6(c), respectively, and 

they corresponded to the 32nd, 64th, and 96th layers in the reconstructions (i.e., at a location of y = 

17.5, 35 and 52.5 mm). These three locations were chosen to represent the outer edge, central 

plane, and inner edge of the flame. The statistics shown in each panel were obtained from 40 

reconstructions chosen at random times out of a total of 1000 reconstructions. Each data point in 

Figure 3-6 represents the location of the flame front at a particular time obtained from the 3D 

reconstruction. Plotting the statistics obtained from 40 reconstructions (instead of all 1000 

reconstructions) improves the clarity of the figure while achieving reasonable convergence. The 

regions with denser data points represent regions with higher possibilities for the flame front to 

occur. As can be seen, the results here reveal the overall shape of the flame [52]. However, the 4D 

nature of the data obtained in this chapter enabled the comparison of the statistics at different 

locations, and the measurements at these locations were obtained simultaneously. Comparing the 

results shown in Figure 3-6 at three locations suggests similar overall trends but with some 

variations. At lower flame height (i.e., z < 20 mm), the flame fronts were relatively concentrated 

in two narrow branches at all three locations. The flame front became more corrugated with 

increasing height, and the two branches merged near 40 mm < z < 60 mm. However, differences 

were also observed among these three locations. For example, the overall height of the flame 

gradually increased from the outer edge to the inner edge. Figure 3-6(a) shows an overall flame 

height of ~ 60 mm at the outer edge, Figure 3-6(b) an overall height of ~ 65 mm, and Figure 3-6(c) 

an overall height near 80 mm. Such difference may be caused by the asymmetric flow conditions 



39 
 

through the burner, and the results shown here provide an illustration for the utility of multi-

dimensional diagnostics in practical combustion systems. 

 

Figure 3-6. Panel (a) – (c): Statistics of flame front at layer 32nd, 64th and 96th, respectively. 

Based on data shown in Figure 3-6, the PDF of the flame fronts can be obtained as shown in 

Figure 3-7. Again, due to the availability of information in all three spatial directions, Figure 3-7 

shows the PDFs of flame fronts in three layers. Figure 3-7(a) shows the PDF of the flame front at 

the 32nd and 64th layers at a height of z = 25 mm, and Figure 3-7(b) that at the 64th and 96th layer 

at the same height. These statistics were performed using data in a range of z ± ∆z with ∆z = 0.55 

mm (i.e., the thickness of one layer in the tomographic reconstruction). The intension here was to 

compare the PDF at the edges against that at the central plane. These results further elucidate the 

observations made above from Figure 3-6, that the flame fronts had similar overall trend at 

different locations but with some variations.   
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Figure 3-7. Panel (a): PDFs of flame front locations at layer 32nd and 64th and z = 25mm. Panel (b): PDFs of 
flame front locations at layer 64th and 96th and z = 25mm. 

In summary, in this section statistics of flame location derived from the 3D reconstructions 

were discussed. The results illustrate that the multi-dimensional nature of the data can enable 

statistics in both spatial and temporal domains. Admittedly, similar statistics can be obtained using 

2D or planar diagnostics. For example, statistics at various flame locations can be obtained by 

repeating planar measurements at multiple locations (though such measurements are not 

simultaneous). The next section reports the measurement of 3D flame curvature, a quantity that is 

difficult to obtain with planar measurements. 

3.5 Curvature Results 

Curvature of the flame front is an important parameter that quantifies corrugation of turbulent 

flame surfaces, and measurements of curvature are needed to understand the interaction of eddies 

[51]. However, measurement of curvature is difficult, and past efforts have been primarily limited 

to measurement of 2D curvature or the estimation of 3D curvature at a point of along a line. 

Measurement of 2D curvature is relatively straightforward with planar imaging techniques [56], 

for example, employing a crossed-plane configuration [71]; the 2D curvatures measured in these 

planes then can be used to estimate the 3D curvature along the intersection. This section reports 
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the measurements of full-field 3D curvature, based on the 3D reconstructions obtained in this 

chapter.  

Based on the definition of 2D and 3D curvature introduced in Section 2.4, 2D and 3D 

curvatures were calculated from the 3D reconstructions. Figure 3-8(a) and 8(b) show the 

distribution of vertical (Kxz) and horizontal (Kxy) curvatures of the entire flame at a given moment. 

Here, a positive curvature value represents a convex point and a negative curvature a concave one 

(convex and concave were defined relative to the center y-z plane). First of all, Figure 3-8 shows 

the overall increasing trend of curvature, both in the vertical and horizontal directions, in the 

streamwise direction as expected (as the flame became more corrugated at increasing height). 

However, differences can also be observed between the curvatures along different directions. For 

instance, Figure 3-8 shows that the curvature in the vertical direction (Kxz) exhibited an overall 

magnitude larger than that in the horizontal direction (Kxy) (a more quantitative comparison is 

shown in Figure 3-11 when the PDFs of Kxz and Kxy are compared). Such difference illustrates both 

that the flame front is more corrugated in the streamwise direction than the spanwise direction and 

also the limitations of 2D flame curvature measurements. Such different patterns again reflect the 

limitation of 2D curvature, because 2D curvature only provides partial information of the 3D flame 

surface in a given plane and the information can show a different pattern in different directions.  



42 
 

 

Figure 3-8. Instantaneous measurements of flame curvature in the vertical (Panel a) and horizontal (Panel b) 
directions. 

To better illustrate the comparison between the 2D curvatures shown in Figure 3-8, Figure 3-9 

shows the values of Kxz and Kxy at the central x-z plane of the flame (i.e., the 64th layer in the 

reconstruction). The horizontal axis (L) in Figure 3-9 was defined as the coordinate along the flame 

front, and L = 0 was defined at the exit of the burner. To aid the visual examination of the data, 

results for the left branch and right branch of the flame are plotted separately. Figure 3-9(a) shows 

the results along the left branch of the flame, and Figure 3-9(b) shows the right branch. Figure 3-9 

elucidates the observations derived from Figure 3-8 in a more quantitative manner. These results 

again show that the curvatures increased in the streamwise direction as the flame became more 

corrugated. Also, as observed in Figure 3-8, the vertical curvature (Kxz) was generally larger than 

the horizontal curvature (Kxy) for both branches: for the left branch of the flame, the deviation of 

the magnitude of Kxz was calculated to be 0.0602 mm-1 based on the data shown in Figure 3-9(a), 

and that of Kxy was calculated to be 0.0544 mm-1; for the right branch of the flame, the deviation 

of the magnitude of Kxz was calculated to be 0.0281 mm-1 based on the data shown in Figure 3-9(b), 

and that of Kxy was calculated to be 0.0221 mm-1. Furthermore, Figure 3-9 illustrates the pattern 

of flame surface in terms of its alternating convex (indicated by a positive curvature) and concave 
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shape (indicated by a negative curvature) in correspondence to the structures created by the shear 

layer and the eddies generated by the turbulence grid.  

 

Figure 3-9. Comparisons of the vertical and horizontal curvatures at the 64th layer the left (Panel a) and right 
(Panel b) branch of the flame. 

Below, comparison between 2D and 3D curvatures is made. First, Figure 3-10 compares the 

principal curvatures against the vertical and horizontal curvatures shown in Figure 3-9. Clearly, 

the principal curvatures encompass the vertical and horizontal curvatures as expected, because the 

principal curvatures are defined in the steepest directions while the vertical and horizontal 

curvatures are essentially curvatures along two random directions. Once the 2D and principal 

curvatures were obtained, their PDFs can be calculated and compared, as shown in Figure 3-11. 

Here, a mean curvature (Kmean) was defined as the average of the two principal curvatures 

following refs. [71, 89]. The PDFs shown here were formed by curvatures measured on one flame 

(i.e., one frame of 3D flame reconstruction). More specifically, the 3D flame reconstruction at one 

chosen moment was analyzed in the following three steps to obtain these PDFs. First, the flame 

front was extracted by the 3D reconstruction of the flame front at a chosen moment. As mentioned 

before, the flame reconstruction was performed on a total of 128 × 128 × 128 voxels (about 2 × 

106). At this particular moment, the flame surface was identified on 25,344 voxels. Second, the 
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2D, principal, and mean curvatures were then calculated at all these points on the flame surface 

identified in the first step, resulting in a total of 25,344 measurements for each type of curvature. 

Third, the PDFs of the vertical, horizontal, and mean curvatures were then extracted from the 

results in step 2 and plotted in Figure 3-11.  

 

Figure 3-10. Comparisons of the vertical, horizontal, and principal curvatures of at the 64th x-z layer for the 
left (Panel a) and right (Panel b) branch of the flame. 

Several observations can be made based on the results shown in Figure 3-11. First, the PDFs 

of all three curvatures are approximately symmetric with a zero mean, illustrating the stochastic 

nature of the turbulent flame. Second, more than 99.9% of all the data points were bounded in ±0.5 

mm-1 for this flame, and the occurrence within ±0.3 mm-1 accounted for more than 99.4% of all 

the data points (which was also the reason that the range of the color scale in Figure 3-8 was chosen 

to be ±0.3 mm-1). Third, the PDFs clearly show that the curvature in the vertical direction (Kxz) 

exhibited an overall magnitude larger than that in the horizontal direction (Kxy), an observation that 

agrees with the visual examination of the data shown in Figure 3-8. Lastly, due to the way Kmean 

is defined (as the average of the principal curvatures), the PDF of Kmean appears to be between 

those of Kxz and Kxy.  
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Figure 3-11. Comparison of the PDFs of 3D curvature (Kmean) and 2D curvatures (Kxz and Kxy). 

Figure 3-12 and Figure 3-13 show the 3D curvature under the Gaussian definition. As 

discussed above, the Gaussian curvature indicates if the surface at a given point is elliptic, 

parabolic, or hyperbolic, which is an intrinsic measure of the 3D flame surface [70]. Note that 

other similar quantities can be defined to serve this same purpose. For instance, a shape factor, 

defined as the ratio of the principal curvature as discussed in ref.[71], provides the same physical 

meaning as the Gaussian curvature. Figure 3-12 shows the Gaussian curvature distribution on the 

flame front (the same flame surface shown in Figure 3-8). From Figure 3-12, it can be seen that 

the Gaussian curvature of most points at low flame heights (e.g., below z = 20 mm) was close to 

zero, which suggests that the flame shape was close to cylindrical or planar, as expected for a 2D 

laminar Bunsen flame. Such information cannot be obtained from 2D measurements (e.g., from 

the measurements of Kxz shown in Figure 3-8(a)), and such information is useful in practice. For 

example, whether a surface is cylindrical determines if how accurately a 3D curvature can be 

inferred from 2D imaging measurements. Figure 3-13 shows the PDF of the Gaussian curvature is 

between -1.0 and 1.0 mm-2, a range that encompassed more than 99.9% of the data points. Similar 
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to the PDFs shown in Figure 3-10, the PDF of the Gaussian curvature exhibits approximate 

symmetry due to the highly turbulent nature of the flame. Note that the Gaussian curvature is 

defined as the product of two principal curvatures: the vertical axis in Figure 3-13 is shown in 

logarithmic scale to accommodate the range of the data. As can be seen, the PDF shows a distinct 

peak at zero (-0.05 mm-2 < Kgaussian < 0.05 mm-2) with the distribution of cylindrical and planar 

points marked, illustrating that a significant portion of the surface on the entire flame is cylindrical 

and planar. Based on the results shown in Figure 3-12, the flame surface at low z was the primary 

contributor into this portion. For a cylindrical surface, the 3D curvature (or shape of the 3D surface) 

can be determined from a 2D imaging measurements if the 2D imaging plane is properly oriented 

relative to the surface. Figure 3-12 also shows that a significant portion of the flame surface 

exhibited a non-zero Gaussian curvature and therefore was either elliptic or hyperbolic. For these 

points, the 3D shape of the flame front cannot be fully determined by 2D measurements. A number 

of frames were processed (e.g., as shown in Figure 3-5), and the PDFs obtained from different 

frames were stable.  

 

Figure 3-12. Instantaneous measurements of the Gaussian curvature. 
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Figure 3-13. PDF of the Gaussian curvature. 

Before concluding this section, we briefly discuss the uncertainty analysis and validation of 

the curvature measurements. As aforementioned, it is a significant challenge to measure 

instantaneous 3D curvature of turbulent flames, and currently there is no established technique to 

our knowledge. Therefore, it is difficult to perform uncertainty analysis and validation via a direct 

experimental approach (i.e., which may require the use of another technique that can measure 3D 

curvature). To obtain some preliminary results, we have performed simultaneous measurements 

of CH-based PLIF and TC in flames generated by this same burner under the same conditions. The 

goal was to obtain 3D flame topography and curvature using the TC technique described in this 

chapter and also a 2D PLIF image simultaneously. Then, a 2D cross-section of the flame was 

extracted from the 3D TC measurements across the same plane at which the PLIF was performed, 

so that the flame topography and curvature (2D curvature though as only 2D curvature could be 

calculated from the PLIF measurements). Detailed description of these comparison experiments is 

provided in a separated publication [34]. The results show that the curvatures extracted from the 

2D PLIF image and the 3D TC measurements were in reasonable agreement, both in terms of the 
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instantaneous measurements and the statistics. The average difference between the magnitude of 

the curvatures obtained from PLIF and 3D TC was 1.3%, and 84% of the data points agree within 

one standard deviation (std), 95% within two std, and 98% within 3 std. Note that the difference 

was defined based on the magnitude of the curvature (i.e., the absolute values) such that the 

positive and negative errors did not cancel each other. These results should provide a reasonable 

estimation to the uncertainty of the curvature measurements reported here. 

3.6 Summary 

In summary, this chapter describes instantaneous, kHz-rate 4D measurements in a highly 

turbulent flame generated by a Bunsen burner. The measurements were performed using a 

combination of computed tomography and chemiluminescence imaging of the flame (coded named 

the TC technique, tomographic chemiluminescence). 6 CMOS cameras operating at 5 kHz (with 

an exposure time of 0.2 ms) recorded flame chemiluminescence from a volume measuring ~ 70 

(width) × 70 (depth) × 105 (height) mm3, which were used as the input for the subsequent 

tomographic reconstruction to obtain the 3D measurements. 

Based on projection measurements of chemiluminescence emissions, 3D flame structures were 

reconstructed to extract 3D flame properties, and this chapter focused on the location and curvature 

of the flame front.  For flame location analysis, the PDF of flame topography was extracted from 

a series of 4D measurements, and the PDFs of the flame at different spatial locations were 

examined. For flame curvature analysis, 2D curvature along selected orientations and 3D curvature 

under various definitions were calculated based on the measured 3D flame topography.  The PDFs 

of curvature in 2D and 3D were then extracted and compared, and these results quantified the 

flame surface in 3D. The Gaussian curvature divided the flame surface into three categories 

(cylindrical, elliptic, or hyperbolic), and the PDFs provided relative portion of each category on 
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the entire flame surface. These results illustrate the limitations of 2D measurements and the 

potential of 4D diagnostics to fully resolve the spatiotemporal behavior of turbulent flames.   

Finally, this chapter serves as a demonstration of the technique of tomographic 

chemiluminescence.  Limitations of the approach lie in the number of spatial resolution elements 

(which is in turn limited by the total number of camera pixels) and minimum feasible exposure 

time.  This minimum exposure time affects the spatial resolution, through the light collected by 

each camera pixel and through the averaging effect of the flame movement from one frame to the 

next.  Advances in CMOS camera technology, however, will improve the sensitivity of these 

systems, enabling shorter exposure times and higher framing rates.  With state-of-the-art CMOS 

cameras commercially available, measurements up to 20 kHz with similar spatial resolution 

reported here should be feasible.  Of course, higher bulk velocities and enhanced turbulent level 

may require even higher framing rates and shorter exposure time. 
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Chapter 4 Development of Single-Shot Volumetric Laser Induced 

Fluorescence (VLIF)  

4.1 Limitation of TC and Motivation of VLIF 

The results reported in chapters 2 and 3, while illustrating the capabilities and relative 

simplicity of the TC technique (which relies on the nascent emissions from the flame and does not 

require the use of a laser), also illustrate several limitations. First, obviously, the TC technique is 

not applicable when there is no nascent emission such as in nonreactive flows. Second, it is difficult 

to separate the chemiluminescence signal from different species, and attempt to separate them 

typically requires the use of filtering and leads to decreased signal level. Third, the TC technique 

relies on the emissions from excited radicals generated by chemical reactions and thus the signal 

level can be relatively low and cannot be controlled. In comparison, for laser-based techniques, 

the signal level can be controlled by adjusting the intensity and spectral profile of the laser and can 

be much stronger than that generated by nascent chemiluminescence emissions. Fourth, 

application of chemiluminescence suffers from a tradeoff between signal level and the repetition 

rate of the measurements. Higher repletion rate requires short exposure time, which in turn reduces 

the signal level proportionally.  

To overcome the above limitations of the TC technique, this chapter describes the development 

of a new type of 4D optical diagnostic technique by on LIF, laser induced florescence. Optical 

diagnostics based on laser induced fluorescence (LIF) have been extensively researched and 

applied in the past [15, 90]. LIF-based diagnostics have been demonstrated as a powerful and 

versatile tool for flow visualization and measurements. Many key flow parameters, including 

species concentration [91, 92], temperature [93], and mixture fraction [94-96], can be inferred 

from LIF measurements. However, past work has been largely limited to measurement in 1D and 
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2D [14, 54, 55], and it has been long desired to extend LIF to 4D measurements. Therefore, it is 

the goal of this chapter to develop, validate, and demonstrate the extension of LIF-based 

measurements to 4D. We developed a new technique, code named VLIF (volumetric LIF) for such 

extension. The VLIF approach combined LIF with computed tomography to obtain 3D 

measurements volumetrically and instantaneously. 

Compared with TC, the VLIF technique is capable of overcoming the limitations of the TC 

technique described above. First, the VLIF technique does not need to rely on any nascent chemical 

species. The VLIF technique can also rely on chemical species seeded in the flow (e.g., iodine 

vapor used in this work). As a result, VLIF technique can be applied to any types of flow, reactive 

or non-reactive, at least conceptually. Second, the VLIF technique is species specific. With a 

carefully chosen excitation wavelength, the VLIF technique only excites a particle chemical 

species and the LIF signal is only generated by this chemical species. Third, the signal level of the 

VLIF technique can be controlled by adjusting the wavelength, intensity, and spectral content of 

the excitation laser. And the VLIF signal can be stronger than that from the TC technique. Fourth, 

the VLIF technique does not suffers from the tradeoff between signal level and the repetition rate 

of the measurements. As mentioned, the signal level and measurement duration of the VLIF 

technique are determined largely by the properties of the laser (the duration of the laser pulse, the 

intensity of the excitation pulse, et al) and does not depend on the exposure time any more. 

Therefore, measurements at higher repetition rate can be achieved without sacrificing signal level. 

As a result, the VLIF technique can be applied to more transient flows than the TC technique. 

Specifically in this chapter, the VLIF approach was demonstrated using a thick laser slab to excite 

the target species (iodine vapor seeded in the flow) volumetrically. The LIF signals emitted by the 

target species are then captured by multiple cameras from different orientations simultaneously. A 
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tomographic algorithm [2, 37, 38, 46-48] is then employed to reconstruct the 3D distribution of 

the target species based on such projection measurements. 

4.2 Experimental Implementation of VLIF  

The experimental implementation used to demonstrate and validate the VLIF technique was 

schematically illustrated from the top view as shown in Figure 4-1(a).  As shown in the center of 

Figure 4-1(a), the target flow was a turbulent jet flow consisting of nitrogen and iodine vapor (I2). 

The exit diameter of the jet was 6.35 mm. The I2 vapor was generated by heating iodine crystals 

(contained in a vessel) in a water bath to a temperature of 200 oF (93 oC). A carrying dry nitrogen 

flow was passed through the vessel to introduce the I2 vapor into the target flow. The mole fraction 

of the I2 vapor in the target flow was therefore controlled by the vapor pressure of I2 under the bath 

temperature and the flow rate of the nitrogen gas, and the maximum mole concentration of the I2 

vapor in the target flow was estimated to be 4% in the experiments performed here. The design of 

the seeding concentration for the VLIF measurements was similar to that for traditional PLIF 

measurements, involving a trade-off among several factors such as signal level, disturbance to the 

chemical composition of the target flow, and practicality of seeding the desired concentration. The 

VLIF technique was then applied to measure the relative concentration of the seeded I2 in 3D. Note 

that other flow properties can be calculated as well, such as 3D mixtures fraction if the tracer can 

serve as a conserved scalar in the target flow (similar to the calculation of 2D mixture fraction 

based on PLIF). The use of I2 tracer for mixture fraction measurement has been discussed in [96]. 

In some of the experiments, a rod (with a diameter of 3.18 mm) was placed at the exit of the 

jet, to increase the complexity of the flow structures (and also to create an easily recognizable 

pattern of the flow to facilitate validation). Based on the flow configuration, the following 

Cartesian coordinate system was defined as shown in the figure: the center point of the jet at the 
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exit plane was defined as the origin, the flow direction was defined as the z axis, and the y axis 

was defined along the direction of the rod.   

 

Figure 4-1. Panel (a): experimental setup from the top view. Panel (b): the spatial profile of VLIF laser 
intensity at y = 0. 

The VLIF technique used the output of a pulsed Nd: YAG laser (Quanta-Ray Spectra-Physics), 

labeled as VLIF laser in Figure 4-1(a) at 532 nm to excite the seeded I2 vapor. The pulse duration 

was about 8 ns, the repetition rate was 10 Hz, and the pulse energy was 600 mJ. The excitation 

laser pulses were expanded by a series of lenses into a thick laser slab so that it can illuminate a 

volume of 50 × 50 × 50 mm3, and the entire target flow was excited volumetrically.  

The VLIF signals generated by the volumetric excitation were then captured by five CMOS 

cameras (four Photron SA4s and one SA5) as shown in Figure 4-1(a). All cameras were aligned in 

the x-y plane and therefore their orientations were completely specified by θ, defined as the angle 

formed by the optical axis of a camera relative to the positive x direction as shown. The focal 

length and f-number of the lenses used on all cameras were 105 mm and 2.8, respectively. Each 

lens was equipped with a 532 ± 10 nm OD4 notch filter to block any scatter of the excitation laser. 

The operation of the laser and cameras was synchronized using control electronics. Prior to any 

measurement, a calibration target was used to determine the orientation and location of the cameras 

using a view registration program [30, 62]. The orientations of camera 1 through 5 were 
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determined to be θ = 270.0o, 311.8o, 341.9o, 73.7o and 111.1o, respectively, with an accuracy 

estimated to be within 0.5o. All the cameras were approximately 420 mm away from the target.  

A simultaneous PLIF measurement was also performed by exciting the LIF transition of I2 

with another laser (labeled as the PLIF laser), with the purpose of providing a direct validation for 

the VLIF measurements. More specifically, the PLIF measurements provided a 2D image at a 

certain cross section of the 3D flow, which can be compared against the 3D reconstruction at the 

same cross section. The PLIF laser (Photonics Industries DM20 - 527 DH) generated laser pulses 

at a wavelength of 527 nm, with a duration of 440 ns, a pulse energy of 12 mJ, and a repetition 

rate of 5 kHz. The PLIF laser pulses were focused into sheets with a thickness less than 0.8 mm. 

The PLIF laser was aligned along the x axis (i.e., perpendicular to rod). To best utilize the cameras 

available to this project, the VLIF laser, PLIF laser, and camera 1 (which was aligned 

perpendicular to the PLIF laser sheet) were configured in such a way that camera 1 captured the 

VLIF and PLIF signal sequentially in two consecutive frames, and the temporal separation 

between these two frames was 0.2 ms. As a result, even though both the VLIF and PLIF techniques 

were able to generate single-shot measurements and therefore can be applied to highly turbulent 

flows, experiments in this chapter were performed under moderate turbulence levels (with a 

Reynolds number of 2000 defined based on the jet exit diameter), such that the flow can be 

approximately considered frozen during the 0.2 ms separation to make the PLIF and VLIF 

measurements comparable.  

Before performing measurements in turbulent flows, the first step was to characterize the 

profile of the VLIF and PLIF laser pulses, since the LIF signal depended on both target 

concentration field and laser intensity distribution. To accomplish this goal, a dye cell, with a 

length and height both of 50 mm and a thickness of 0.5 mm, was fabricated. This cell therefore 
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can hold a thin layer of uniform dye solution (with a thickness of 0.5 mm). The solvent was ethanol 

and the dye was Rhodamine 6G, which can be excited by both the 532 nm and 527 nm laser pulses. 

The dye cell was then placed at different locations in the measurement volume. At each location, 

the dye cell was aligned perpendicular to the propagation direction of the laser pulses to be 

illuminated by both the PLIF and VLIF lasers. Due to the thinness of the dye solution in the cell, 

the integration effects in the dye were neglected and the measurement at each location was taken 

as the intensity distribution of the corresponding laser at that spatial location. Figure 4-1(b) shows 

an example of the 2D intensity profile of the VLIF laser measured at y = 0. The intensity profile 

was apparently non-uniform, necessitating such characterization a priori. Compiling the 

measurements obtained at a series of locations then provided the spatial distribution of both the 

VLIF and PLIF lasers. 

4.3 Tomographic Reconstruction 

After the characterization of the laser profiles, experiments were then performed in another 

dye cell (a cubical cell with a side length of 50 mm) to validate the VLIF tomographic algorithm 

under controlled conditions. The tomographic algorithm was based on a variation of the Algebraic 

Reconstruction Technique (ART), which has been validated and demonstrated extensively in the 

previous work for emission-based tomographic problems (such as TC) [2, 37, 47, 49, 87]. The 

tomography algorithm analyzes how many photons are collected on a given pixel and where these 

photons are emitted from the measurement volume. However, LIF-based tomography introduces 

a fundamental difference when the absorption is not negligible, because the intensity of the 

excitation laser pulse varies as it propagates through the measurement volume due to absorption, 

and the variation depends on the concentration of the sought distribution of the target species.  
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In this chapter, the VLIF problem was solved by iterating an ART algorithm on the target 

concentration field layer by layer iteratively. More specifically, the algorithm consisted of four 

steps. In the first step, the computation domain was divided into multiple layers (and the first layer 

was defined as the layer the VLIF laser first interacted with). In the second step, the 3D 

reconstruction of the concentration of the target species was performed in the first layer. The laser 

intensity in the first layer was only attenuated by the target species in the first layer and this 

attenuation can be neglected if the layer was sufficiently thin. Therefore the laser intensity in the 

first layer was known (i.e., identical to the incident one that characterized a priori as shown in 

Figure 4-2(a)). Therefore, with the laser intensity known, the 3D reconstruction in the first layer 

can then be solved by the ART algorithm. In the third step, with the 3D concentration of the target 

species obtained from the second step, the intensity profile of the laser exiting the first laser (i.e., 

entering the second layer) can then be calculated, which was taken as the laser profile in the second 

layer (again assuming sufficiently thin layers). Hence, the 3D reconstruction in the second layer 

can be performed. In the fourth step, the operations described in steps two and three were iterated 

on the remaining layers until convergence was achieved. Detailed description of the algorithm and 

its numerical validation will be elaborated elsewhere. Here we focus on the experimental 

validation of the algorithm and its application.  

Figure 4-2 shows a set of example validation results obtained in the 50 × 50 × 50 mm3 cubical 

dye cell using the algorithm described above. This cell was filled with the same Rhodamine 6G 

solution and placed in the measurement volume. The dye solution was excited with the 532 nm 

VLIF laser volumetrically. The LIF emissions were measured by all five cameras, based on which 

a tomographic reconstruction was performed using the algorithm described above to obtain the 3D 

distribution of the dye concentration (which should be simply a uniform distribution because the 
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dye solution was well mixed). The computational domain was taken to be 50 × 50 × 50 mm3, 

identical to the cubical dye cell. The domain was then discretized into 120 × 120 × 120 voxels, 

resulting in a 3D spatial resolution of 0.42 × 0.42 × 0.42 mm3 in the reconstruction. The 

discretization was designed by a consideration of both practical and fundamental factors. 

Practically, the computational cost and memory requirement scale proportionally to the 

discretization. Fundamentally, when the number of unknowns (i.e. number of voxels) in the 

tomography problem exceeds the number of independent equations provided by the measured 

projections (i.e. number of pixels in the measured projections), the problem becomes under-

determined. With the cameras and imaging optics available in this chapter, the number of pixels 

providing useful information was approximately 1.8 × 106, and a discretization of 120 × 120 × 120 

resulted in a total of ~1.7 × 106 voxels.  
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Figure 4-2. Controlled VLIF experiments performed in a dye cell. Panel (a): dye concentration at three 
locations obtained from 3D VLIF measurements. Panel (b): scaled laser intensity along the VLIF laser path 
at three different z locations (z = 20, 30 and 40 mm). Panel (c): laser intensity at three locations obtained 
using the 3D VLIF reconstruction algorithm. Panel (d): comparison of the laser intensity obtained by 3D 
reconstruction and direct 2D measurement.    

Figure 4-2(a) shows the reconstructed concentration (normalized) at several z locations (z = 

20, 30 and 40 mm) along the central plane of the dye cell (i.e., y = 0 mm). As seen from Figure 

4-2(a), the reconstructed concentration agreed with the expected uniform distribution closely, with 

a std (standard deviation) less than ~5%. Reasons for such deviation and future improvement will 

be examined more closely at the end of this section. To confirm that appreciable attenuation 

occurred in these measurements, Figure 4-2(b) shows the laser intensity measured along the laser 

propagating direction (i.e., along the y axis) at three different z locations (i.e. z = 20, 30 and 40 

mm). These measurements were made by focusing the VLIF laser into a thin sheet, propagating 

the sheet through the dye cell, and measuring the LIF emissions at different y locations. As seen 

from Figure 4-2(b), the intensity (I) of the excitation laser was attenuated appreciably due to 

absorption, and a fit of the data confirmed that the absorption follows the exponential Beer-

Lambert relationship. The reconstruction algorithm was insensitive to the magnitude of absorption 

under the conditions in this chapter, primarily for two reasons. First, the absorption was not very 

strong (~20% in the dye cell test shown here and less than 5% in the flow measurements) and the 

media remained optically thin. Second, the algorithm was designed to perform reconstruction 

under appreciable absorption.  Though it is an interesting topic for future research to examine the 

accuracy and applicability of the algorithm under strong absorption (i.e., in an optically thick 

media).  

Results in Figure 4-2(c) - 2(d) provide another validation of the VLIF reconstruction algorithm 

in an absorbing media by exploiting the duality of the tomography algorithm. More specifically, 

the problem of reconstructing the concentration field with known laser intensity field (as solved in 
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Figure 4-2(a)) is equivalent to reconstructing the laser intensity field with known concentration 

field, and both problems were solved by the algorithm described in Section 4.3. Based on such 

duality, the VLIF algorithm was applied to reconstruct the 3D laser intensity field based on the 

projections measured from the dye cell under the same discretization scheme used in Figure 4-2(a). 

Again, in this reconstruction, the dye solution was taken as an input known a priori (i.e., a uniform 

distribution). Figure 4-2(c) shows the laser intensity at three different locations (the 20th, 60th and 

100th layer in the y direction) obtained from this reconstruction. To examine the reconstruction 

quantitatively, Figure 4-2(d) compares reconstructed laser intensity against that directly measured 

(i.e., the one shown in Figure 4-1(b)) along a line (y = 0 and z = 30 mm). As seen in Figure 4-2(d), 

the 3D reconstruction and the measurement agree well both at an overall and detailed level. The 

variation was also within ~5%, similar to that observed in Figure 4-2(a). The experiments 

performed here and the reconstruction algorithm also provide an approach to characterize the 3D 

distribution of the laser intensity.   

  

In summary, controlled measurements were performed in a dye cell to provide experimental 

validation to the VLIF reconstruction algorithm. Exploiting the duality of the problem, the 

algorithm was validated both via comparison between reconstructed dye concentration field 

against the known concentration field, and also via comparison between reconstructed laser 

intensity field against the measured intensity field. Both validations showed an agreement within 

~5%. Two major factors causing such disagreement included the reconstruction algorithm and 

measurement error caused by pulse-to-pulse variation of the laser intensity. First, according to our 

numerical simulations using phantoms, the reconstruction algorithm was able to solve the VLIF 

problem within 1~2% accuracy with error-free projections (here accuracy was defined following 

[38] as the overall difference between the reconstructed distribution and the phantom relative to 
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the overall magnitude of the phantom). The current algorithm was based on the iteration of the 

ART, and alternative algorithms (e.g., based on simulated annealing [32, 87]) are being explored 

to improve the reconstruction accuracy. Second, the shot-to-shot variation of the laser pulses was 

measured to be ~1.1% both in terms of the pulse energy and spatial distribution (defined as the std 

over 50 shots), while the laser profile characterization was not performed in situ (e.g., the 3D and 

2D measurements compared in Figure 4-2(d) were taken at different times). Possible approaches 

to reduce uncertainty caused by this factor include the use of a more stable laser, monitoring the 

laser intensity in situ with additional cameras, or performing the measurement in the saturated 

regime.   

4.4 Results from Turbulent Flows 

With the experimental setup and tomographic algorithms developed in the previous sections, 

this section reports single-shot VLIF measurements of 3D distribution of I2 vapor in turbulent jet 

flows.        

Figure 4-3 shows a set of example projections captured by camera 1 through 5, displaying an 

incompletely developed jet flow with two branches generated by the rod placed at the exit of the 

jet. Figure 4-3(a) shows the PLIF image obtained by camera 1, and Figure 4-3(b) - 3(f) show the 

simultaneously measured VLIF projections by camera 1 through 5, respectively. As mentioned 

earlier, the VLIF projections were measured 0.2 ms after the PLIF image, and this delay was 

negligible for this flow (with a Reynolds number of 2000 defined based on the jet exit diameter) 

so that the PLIF and VLIF measurements were considered to be simultaneous. All projections had 

a resolution of 600 × 600 pixels, and each pixel corresponded to a physical dimension of 0.06 × 

0.06 mm. Both the PLIF image and VLIF projections were single-shot measurements. Note that 
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the PLIF image in Figure 4-3(a) appeared clearer and sharper than the VLIF projection because 

the VLIF projections (Figure 4-3(b) - 3(f)) were line-of-sight integrated.  

Compared with the chemiluminescence projections obtained in Figure 2-2 from chapter 2 and 

chapter 3, the VLIF projections shown in Figure 4-3(b) - 3(f) are of higher signal level, obtained 

during a much shorter duration (about 8 nanoseconds in here compared to 0.2 ms for the TC 

technique), and can be extended to higher repetition rate as to be discussed in chapter 5.  

 

Figure 4-3. A set of example projections measured by camera 1 through 5. Panel (a): the PLIF image captured 
by camera 1. Panels (b) - (f): the VLIF projections captured by camera 1 through 5. 

Based on the projections, the 3D distribution of the I2 vapor concentration in the jet flow was 

reconstructed using the tomographic algorithm described above. Figure 4-4 shows an example 

reconstruction obtained using the projections shown in Figure 4-3. This reconstruction was 

performed in a computational domain of 35.5 × 35.5 × 35.5 mm3, sufficient to encompass the 

entire target flow as seen in Figure 4-3. This computational domain was discretized into 120 × 120 

× 120 voxels (~1.7 × 106), resulting in a nominal spatial resolution of 0.30 mm. Figure 4-4(a) 
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shows a 3D rendering of the relative I2 concentration, illustrating the overall V-shape of the flow. 

The iso-surface value in Figure 4-3(a) was set to a numerical value of 11% of the maximum 

intensity of the reconstructed I2 concentration in the domain of interest, a value chosen to provide 

differentiation against background noise and to preserve the contour of the I2 concentration field. 

To better present the 3D reconstruction, Figure 4-4(b) shows three planar slices of the 

reconstruction at three different y locations (corresponding to the 50th, 60th, 70th layer in the y 

direction). Figure 4-4(b) shows that the 3D reconstruction also captured the flow feature at a more 

detailed level. For example, the 60th layer corresponded to the central plane of the jet flow (i.e. y 

= 0), and therefore the overall I2 concentration on this layer should be higher than the other two 

layers due to less entrainment (more ambient air was entrained into the jet in its outer portions than 

the central portions, resulting in more dilution and relatively lower I2 vapor concentration in the 

outer portions). This feature was clearly captured by the 3D reconstruction shown in Figure 4-4(b).  

 

Figure 4-4. Panel (a) 3D VLIF measurement of a jet flow, Panel (b) three 2D slices of the measurement. 

To further validate the above 3D VLIF reconstructions, Figure 4-5 directly compares the VLIF 

against the PLIF measurements. Figure 4-5(a) shows the VLIF reconstruction at the central layer 
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at y = 0, (i.e. layer 60th as shown in in Figure 4-4(b)). Figure 4-5(b) shows the PLIF image 

measured by camera 1 also at the central layer (i.e., the same image shown in Figure 4-3(a)). A 

comparison between Figure 4-5(a) and 5(b) suggests agreement at both overall and detailed level. 

For example, both the VLIF and PLIF measurements revealed the left branch to be taller and have 

an overall higher I2 concentration than the right branch. The comparison between Figure 4-5(a) 

and (b) also shows the differences in spatial resolution between the VLIF and PLIF measurements. 

The VLIF measurement contained more imaging elements than the PLIF measurements (a total of 

~1.7 × 106 voxels in the VLIF versus 0.36 × 106 pixels in the PLIF). However, due to the volumetric 

nature of the VLIF measurement, the PLIF measurement had a superior pixel resolution in a plane 

as shown in Figure 4-5(a) and 5(b). As aforementioned, the nominal spatial resolution of the VLIF 

measurement was 0.42 mm, calculated by dividing the dimension of the measurement volume with 

the discretization (i.e., 50 mm/120 = 0.42 mm). This nominal resolution represents the highest 

possible resolution that can be obtained. The actual resolution will be worse than the nominal 

resolution due to the factors such as measurement and reconstruction uncertainty. The comparison 

between VLIF and PLIF shown in Figure 4-5(c) provides a way to estimate the actual resolution. 

The spatial resolution of the PLIF measurements was estimated to be 0.059 mm in this chapter, 

sufficiently higher than of the nominal VLIF resolution. We examined which level of details 

captured by the PLIF can be resolved by the VLIF using the comparisons such as shown in Figure 

4-5(c). Based on this examination, the actual spatial resolution of the VLIF was estimated to be 

0.71 mm, which was worse than (but on the same order as) the nominal resolution of 0.42 mm. 
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Figure 4-5. Comparison of VLIF against PLIF in an under-developed turbulent jet flow. Panel (a): the VLIF 
reconstruction at the central layer at y = 0. Panel (b): PLIF measurement of the flow at its central plane 
(captured by camera 1). White line shows the edge extracted from the image. Panel (c): panel (a) overlapped 
with the edge extracted from the PLIF image (i.e., the white line shown in panel (b)). 

Therefore, with the current status of the VLIF technique demonstrated in this chapter, it can 

overcome the planar nature of PLIF and resolve the three dimensionality of turbulent flows, but 

still cannot compete with PLIF in terms of pixel resolution in a plane. Further research is 

undergoing in our group to improve the spatial resolution of the VLIF technique while maintaining 

its single-shot and instantaneous nature. To facilitate a more quantitative comparison, also shown 

in panel Figure 4-5(b) is the edge of the flow structure extracted from the PLIF image (the white 

lines) with a thresholding algorithm [85]. Figure 4-5(c) then overlaps the edge on top of the VLIF 

slice shown in Figure 4-5(a). Good agreement can be observed in Figure 4-5(a). For instance, the 

two detached flow regions in each branch were measured by both the VLIF and PLIF techniques.  
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Figure 4-6. Comparison of 2D reconstructed slice against the experimental PLIF and VLIF projection in a 
fully developed turbulent flow. Panel (a)-(c): three of the five projections used in the VLIF reconstruction, 
captured by camera 1, 3, and 4, respectively. Panel (d): the VLIF reconstruction at the central layer at y = 0. 
Panel (e): PLIF measurement of the flow at its central plane (captured by camera 1). White line shows the 
edge extracted from the image. Panel (f): panel (d) overlapped with the edge extracted from the PLIF image 
(i.e., the white line shown in panel (e)). 

Lastly, Figure 4-6 shows another example of the comparison between the VLIF and PLIF 

techniques in a fully developed turbulent flow. Figure 4-6(a) - 6(c) show three of the five 

projections used in the VLIF reconstruction, captured by camera 1, 3, and 4, respectively. Figure 

4-6(d) - 6(f) are parallel to Figure 4-5(a) - 5(c), showing the central slice taken from the 3D VLIF 

measurement, the corresponding PLIF measurement and its edge extracted, and the overlap of the 

edge with the VLIF slice, respectively.  
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4.5 Summary 

This chapter reports the development and validation of volumetric laser induced fluorescence 

(VLIF). The technique was developed to obtain single-shot measurements in turbulent flows 

volumetrically and to overcome some of the limitations associated with the TC technique. Single-

shot VLIF measurements (with a measurement duration of a few ns) were demonstrated in a 50 × 

50 × 50 mm3 volume with a total of 120 × 120 × 120 voxels (resulting in a nominal spatial 

resolution of 0.42 mm in all three dimensions). The measurements were performed based on the 

LIF signal of iodine (I2) vapor seeded in the flow. The VLIF technique excited the seeded I2 vapor 

volumetrically by a thick laser slab. The volumetric LIF signals emitted were then simultaneously 

collected by a total of five cameras from five different orientations, based on which a 3D 

tomographic reconstruction was performed to obtain 3D measurements. To validate the 

reconstruction algorithm and VLIF measurements, static cell measurements and simultaneous 

PLIF measurements were also performed. The static cell experiments provided controlled tests to 

the reconstruction algorithm by the use of a dye cell with a known (i.e., uniform) concentration 

field. The PLIF measurement performed simultaneously with the VLIF provided a direct 

comparison for validation. Such comparison, besides providing a validation of the VLIF 

measurements, suggests that the actual spatial resolution of the VLIF technique to be ~0.71 mm, 

compared to the nominal resolution of 0.42 mm. The comparison also shows that at the status of 

the VLIF demonstrated in this chapter, the PLIF technique still offers superior spatial resolution 

in a plane even though the VLIF technique enables more total imaging elements volumetrically 

and resolves the three dimensionalities of turbulent flows. 
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Chapter 5 Kilohertz VLIF Measurements in Turbulent Flows  

5.1 Introduction 

After the proof-of-concept demonstration of the VLIF technique in the previous chapter at a 

repetition rate of 10 Hz, this chapter describes demonstration of VLIF measurements in turbulent 

flow with repetition rate up to 10 kHz. Single-shot measurements at low repetition rates (e.g., 10 

Hz), besides serving as proof-of-concept and facilitating the experimental validation, are also 

useful for studying the spatial structures of the target flow. However, measurements at higher 

repetition rates are highly desired to resolve the temporal dynamics of turbulent flows and flames. 

Therefore, this chapter describes VLIF measurements at higher repetition rates.  

As mentioned earlier, the primary limitation of the repetition rate for VLIF is the laser source, 

no longer limited by the tradeoff between signal level and the exposure time. Thanks to the 

continued advancement in laser technologies, high-power and high-repetition rate lasers have 

become commercially available to enable VLIF measurements at high repetition rate, and the trend 

of this advancement will surely continue to further push the capabilities of VLIF measurements. 

As an example, the chapter reports the application of a high-repetition rate laser (Photonics 

Industries DM30 – 527) in VLIF measurements. The laser is capable of generating laser pulses 

with duration on the order of a few hundred nanoseconds and with repetition rate up to 10 kHz, 

thusly enabling 4D VLIF measurement to 10 kHz. 

Based on this new instrumentation, in this chapter, we demonstrate 4D VLIF measurements 

based on I2 vapor at a various repetition rate (ranging from 1 kHz to 10 kHz) in turbulent jet flows. 

These measurements illustrate the capability of VLIF to provide instantaneous 4D measurements 

to resolve both the 3D spatial structures and also the temporal dynamics of turbulent flows. These 

results also provide data to allow the study of the capabilities and limitations of 4D VLIF. This 
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work investigated the VLIF signal level and its impact to the reconstruction accuracy under 

different conditions in terms of repetition rate, excitation pulse energy, and duration. Both 

experimental and numerical work was conducted to map out the relationship between these 

parameters, providing guidance to the applications of the VLIF technique under various practical 

requirements. 

5.2 Experimental Arrangement 

Figure 5-1 illustrates the experimental setup schematically from the top view and the 

coordinate system used in this chapter. As shown in the central part of Figure 5-1, the target flow, 

a turbulent jet flow consisting of nitrogen and seeded I2 vapor, was generated from a 6.35 mm-

diameter jet. The I2 vapor was seeded into the target flow by heating a vessel containing iodine 

crystals. The vessel was heated by a water bath, which was held at a constant temperature of 93 

°C. The nitrogen flow was passed through the iodine crystals at a flow rate of 4.5 SLPM, carrying 

the I2 vapor into the target flow. The mole fraction of the I2 vapor in the target flow was controlled 

by the temperature of the water bath (which controls the vapor pressure of I2) and the flow rate of 

the nitrogen gas. Under the experimental conditions in this chapter, the maximum mole 

concentration of I2 vapor in the target flow was estimated to be 4%. 
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Figure 5-1. Schematic of the experimental setup from the top view 

The output of the high repetition rate ND: YLG laser (Photonics Industries DM30 – 527, 

labeled as VLIF laser in Figure 5-1) at a wavelength of 527 nm was used to excite the seeded I2 

vapor in the flow. The VLIF laser generated pulses with varying pulse energy and duration at 

different repetition rate. In this chapter, the laser was operated with repetition rate from 1 to 10 

kHz, with pulse energy varying between 72 mJ to 15 mJ and pulse duration between 150 ns to 450 

ns. The excitation laser pulses were then expanded by a series of lenses into a thick laser slab so 

that the entire measurement volume of interests (50 × 50 × 50 mm3) was illuminated. Based on the 

flow and optical configuration, a right-handed Cartesian coordinate system was defined as shown 

in Figure 5-1. The exit plane of the jet was defined as the x-y plane, with the origin defined as the 

center point of the jet. The y axis was defined to be perpendicular to the propagation direction of 

the laser, and the z axis was defined as the flow direction (i.e., vertically up).   

As shown in Figure 5-1, a total of 7 CMOS cameras (4 Photron SA-4, 2 Photron SA-1.1, and 

1 Photron SA-6) were used to simultaneously capture the VLIF signal generated. All cameras were 

aligned in the x-y plane and their orientations were therefore completely specified by θ, defined as 

the angle formed by the optical axis of a camera relative to the positive x direction. The focal 
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length and f-number of the lenses used on all cameras were 105 mm and 2.8, respectively. Each 

lens was equipped with a 532 ± 10 nm OD4 notch filter to block any reflection or scattering of the 

excitation laser. The operation of the cameras and excitation laser was synchronized using control 

electronics, and the camera control and images acquisition were centralized on a computer. Prior 

to any measurement, a calibration target was used to determine the orientation and location of the 

cameras using a view registration program [30] . The orientation of camera 1 through 7 was 

determined to be θ = 90.0o, 127.5o, 213.7o, 240.2o, 272.2o, 316.9o and 48.9o, respectively, with an 

accuracy within ±0.5o.  

Before performing measurements in the target flow, it is also necessary to characterize the 

profile of the excitation VLIF laser pulses, since the VLIF signal depends on both the I2 vapor 

concentration and the laser intensity profile. The characterization of intensity profile of the VLIF 

laser pulses was accomplished with a help of a static dye cell. We used a cell (with a length and 

height of 50 mm and a thickness of 0.5 mm) to hold a thin layer of uniform dye solution (with a 

thickness of 0.5 mm). The solvent was distilled water and the dye was Rhodamine 6G, which can 

be excited by the 527 nm laser pulses generated by the VLIF laser. The dye cell was then placed 

in the measurement volume perpendicular to the laser propagation direction and at various x 

locations. At each x location, the dye solution was illuminated by the VLIF pulses and emitted LIF 

photons, which were imaged by a camera along the x direction. An example of such image taken 

at x = 25 mm (corresponding to the right surface of the measurement volume) is shown in Figure 

5-2(a).  Due to the thinness of the dye solution in the cell, the integration effects in the dye were 

neglected and hence the image shown in Figure 5-2(a) was taken as the 2D intensity profile of the 

VLIF excitation pulse at x = 25 mm. Compiling such 2D profiles at various x locations generated 

a 3D profile of the intensity to be used in the subsequent reconstruction. The pulse-to-pulse 
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variation of the VLIF laser was measured to be ~3%. Monitoring the pulse profile in situ (with 

additional cameras) can help to reduce such uncertainty. 

 

Figure 5-2. Panel (a): 2D spatial profile of the VLIF laser at x = 25 mm. Panels (b) – (f): the VLIF projections 
captured by camera 1 through 7 

Figure 5-2(b) - 2(h) shows a set of example VLIF signals (termed projections) captured 

simultaneously at 5 kHz by camera 1 through 7 using the experimental setup described above. 

Here the target flow was created by placing a rod with a diameter of 3.18 mm at the exit of the jet 

(the rod was placed along the y direction as shown in Figure 5-1). The flow was moderately 

turbulent with a Reynolds number of ~2000 defined based on the jet exit diameter.  As seen, the 

rod created a recognizable V-shaped flow pattern to facilitate the description of the results. For 

instance, projections captured by camera 1 and 5, which were aligned almost perpendicular to the 

rod, clearly show the V-shaped flow pattern.  These projections were single-shot measurements 

and all with a pixel resolution of 800 × 800 pixels after cropping (and each pixel corresponded to 

a physical dimension of ~0.06 mm).   
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5.3 Tomographic Reconstruction 

Different from the reconstruction method used in Chapter 4, a recently developed non-linear 

reconstruction algorithm is applied here to solve the concentration field more efficiently. The 

nonlinear algorithm was based on a variation of the Algebraic Reconstruction Technique (ART) 

algorithm [49, 97]. The major variation involves addressing the absorption of the excitation pulse 

caused by I2 [31, 97].  Figure 5-3 schematically shows the formulation of the tomography problem 

to illustrate this variation. As shown, the 3D distribution of I2 concentration is denoted as C and 

discretized into voxels under the Cartesian coordinate system previously defined in Figure 5-1. An 

imaging system collects the VLIF signal emitted to form a projection P on the camera chip. The 

projection P depends on two factors: the parameters of the imaging system and the modulation of 

the signal due to absorption. The parameters of the imaging system include the distance and 

orientation of the imaging system, specified by r (distance), θ (azimuth angle), and φ (inclination 

angle, zero in this chapter). The effects of all these parameters are reflected in the point spread 

function (PSF) of the imaging system [49, 63]. The modulation of the target signal is caused by 

the absorption of the excitation laser pulse by I2 vapor, and such modulation is reflected in a 

modulation function Г, an exponentially decaying function in this case following the Beer-Lambert 

absorption law. 
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Figure 5-3. Formulation of the VLIF tomography problem. 

Considering both the imaging system and the signal modulation due to absorption, the 

relationship between the measured projection P and C can be mathematically expressed as: 

 ( )= ⋅ �P PSF CΓ  (5-1) 

where P presents the projection vector formed by organizing the measured projections pixel 

by pixel, PSF the point spread function in matrix form, C the vector formed by organizing the 

discretized sought property voxel by voxel and lastly Г the attenuation function in matrix form. 

The operator ‘◦’ represents the Hadamard product and ‘·’ matrix and vector product. This chapter 

uses bold letters to symbolize vectors or matrices formed by discretizing their corresponding 

continuous functions. The problem is to solve for C with P measured at different locations and 

orientations, and the problem here is a nonlinear tomography problem due to the nonlinear 

modulation function Γ. A new algorithm was therefore developed based on the ART algorithm 

(which is an established algorithm for linear tomography problems) to address the nonlinearity. 

The new algorithm was code named NIRT (Nonlinear Iterative Reconstruction Technique), and 
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was detailed and validated in [31]. Briefly, in the NIRT algorithm, a nonlinear point spread 

function was derived to combine the PSF and Γ terms in Eq. (5-1) to allow the development of an 

iterative scheme. A ray-tracing and Monte-Carlo method were then combined to track the 

propagation of the excitation pulse and the absorption through the measurement volume [65].  

Figure 5-4 shows two sets of results reconstructed by the NIRT algorithm at two different 

times, t = 0.0 ms and t = 4.0 ms. Figure 5-4(a) shows the 3D reconstruction obtained using the 

projections shown in Figure 5-2 (which was defined as t = 0.0 ms), and Figure 5-4(b) shows the 

reconstruction obtained 4.0 ms later. In these reconstructions, the computational domain was set 

to a volume of 50× 50× 50 mm3 to encompass the entire flow illuminated. The computational 

domain was discretized into 128 × 128 × 128 voxels, resulting in nominal spatial resolution of 0.39 

mm in all three directions. Figure 5-4(a) and 4(b) show the 3D renderings of the relative I2 vapor 

concentration, illustrating the overall V shape of flow as expected.  

 

Figure 5-4. 3D rendering of the reconstructed I2 vapor concentration at t = 0.0 ms and t = 4.0 ms. 

To examine the 3D reconstructions more closely, Figure 5-5(a) shows a planar slice taken out 

the reconstruction at three different times (t = 0.0, 0.2 and 1.0 ms). The slice was at the jet’s central 

plane at y = 0 (i.e., the x-z plane at y = 0). As a comparison, Figure 5-5(b) shows the line-of-sight 

integrated VLIF signal measured on camera 1 at the same times. As shown in Figure 5-1, camera 
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1 was positioned along the y direction, and therefore, both Figure 5-5 (a) and 5(b) show the 

structure of the flow when viewed along the y direction. Therefore, both the VLIF and projection 

measurements captured the same overall flow structure, e.g., the overall V shape of the flow, the 

taller extend of the left branch than the right, and the higher concentration of I2 near the bottom of 

the left branch than the right. However, differences between Figure 5-5(a) and 5(b) are notable 

because one is a 2D measurement the other line-of-sight integrated. For example, the region with 

high I2 concentration near the bottom of the left branch (i.e., the region highlighted in the oval) 

appeared to be larger in Figure 5-5(b) than 5(a) because Figure 5-5(b) was line-of-sight integrated 

while Figure 5-5(a) was not. 

 

Figure 5-5. Comparison of the central slices taken out of the reconstruction (panel (a)) and the VLIF 
projections measured by camera 1 (panel (b)) at different times. 

Temporally, as seen from Figure 5-5 (both from the VLIF and projection measurements), the 

5 kHz repletion rate was sufficient to resolve the dynamics of the flow. The results obtained at t = 
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0.0 ms and 0.2 ms are visually identical as shown (upon closer examination, the results shown in 

Figure 5-5(a) at t = 0.0 and 0.2 ms were different by an offset within 1 voxel, i.e., 0.39 mm). In 

contrast, the results at t = 0.0 ms and 1.0 ms are visually different as seen from Figure 5-5 (again, 

both from the VLIF and the projection measurements, showing that a repetition rate of 1 kHz was 

not sufficient to capture the temporal dynamics of this flow).  

5.4 VLIF Measurement at Multiple Repetition Rates 

To further illustrate the capabilities and limitations of VLIF, measurements were taken under 

different conditions in terms of repetition frequencies and excitation pulse energy. The focus is to 

understand the signal level of VLIF measurements and its impact on the reconstruction accuracy.  

Using the experimental setup described in Section 2, VLIF measurements were performed with 

a repetition frequency ranging from 1 to 10 kHz, and Figure 5-6 shows the pulse duration and 

pulse energy as a function of the repetition frequency. As seen, the pulse duration increased from 

~150 ns to ~425 ns and the pulse energy decreased from ~72 mJ to ~15 mJ in this range (though 

the laser profile remained stable as that shown in Figure 5-2(a)).  

 

Figure 5-6. Pulse duration and energy of excitation laser pulse as a function of repetition frequency. 
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A two-level LIF model [1, 98] was adapted to analyze the signal. The number of LIF photons 

received by a pixel on a camera from a small probe region in the measurement volume is expressed 

as follows: 
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where Ω  is the collection angle of the pixel relative to probe region; B12, B21 and A21 are the 

Einstein coefficients; Q21 the quenching rate coefficient; Iv the spectral irradiance of the excitation 

laser; c the speed of light; ∆t the laser pulse duration; and ∆V the volume of the probed region. In 

this chapter, the Einstein coefficients were taken from [99] and listed in Table 1. Among all the 

possible quenching mechanisms, only the collisional quenching Q21 is considered because it is 

dominant over the pre-dissociation effect at atmospheric pressure, and the value used in this 

chapter is also listed in Table 1 [61, 100]. With the pulse duration and pulse energy plotted in 

Figure 5-6 and the laser profile measured in Figure 5-2(a), the spectral irradiance was calculated 

and listed in Table 1.  

Table 5-1. LIF related parameters 

Einstein A coefficient A21 (s-1) 9.35 × 105 

Einstein B coefficient B21 (J-1m3sec-2) 9.85 × 1018 

Einstein B coefficient B12 (J-1m3sec-2) 9.85 × 1018 

Quenching coefficient Q (sec-1) 3.80 × 108 

Laser repetition rate f (kHz) 1  ~ 10 

Laser pulse duration ∆t (ns) 150 ~ 420 

Laser spectral irradiance Iv (Jm-2Hz-1sec-1) 4.4 × 10-4 ~ 1.0 × 10-2 
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With the above parameters, Figure 5-7 shows the VLIF signal level of camera 1 computed 

based on Eq. (5-2) at different repetition frequencies. The results for other cameras show similar 

trend as that shown here. The computation was processed in three steps. First, a phantom 

distribution of I2 concentration (i.e., C) was created based on simulation. To facilitate the 

comparison between the computational and experimental results, the phantom was created to 

replicate the concentration distribution experimentally measured (i.e., similar to that shown in 

Figure 5-4(a)). The phantom was discretized into voxels as described earlier. Second, for each 

pixel on the camera, the collection angle Ω  corresponding to different voxels in the phantom was 

calculated using the Monte Carlo and ray tracing method mentioned in Section 3. With Ω  and the 

other parameters as shown in Table 5-1, the number of LIF photons received on every pixel emitted 

from every voxel (i.e., NLIF) on a single can be calculated according to Eq. (5-2). Then the 

contributions emitted from all voxels were calculated and integrated to obtain the projection on 

the camera. Third, the projection obtained in step 2 was integrated pixel-by-pixel and the integrated 

signal was used to represent the overall signal level of the VLIF measurements.  

 

Figure 5-7. Simulated and measured VLIF signal level at different repetition rates. 
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Figure 5-7 shows the overall signal level obtained from the computation described and that 

obtained by experimentally measured projections. All the experimental results were scaled by a 

common factor to account practical scaling factors that were not considered in the model (such as 

the conversion factor from optical to electrical signal in the camera, or the reflection losses at the 

surfaces of optical components). The fact that a common scaling factor can collapse all the 

experimental data to close agreement with the computations supports that the model captured the 

major physics of the VLIF measurements. As Figure 5-7 shows, the VLIF signal level decreases 

significantly with increasing repetition rate. Both the computational and experimental results show 

that the VLIF signal level decreased by a factor of ~5× when the repetition rate increased from 1 

to 10 kHz. Such decrease was primarily due to the longer pulse duration and lower pulse energy 

(resulting in lower irradiance) of the laser as its repetition rate increases. 

With the ability to accurately simulate the VLIF signal level, the relationship between 

measurement repetition rate and 3D measurement accuracy can be studied. Assuming shot-limited 

detection, the uncertainty in the projections is determined by the signal level shown in Figure 5-7, 

which then can be incorporated into the reconstruction algorithm to study the reconstruction 

accuracy. More specifically, an uncertainty was estimated based on the overall signal level, and 

artificial noise (following a Gaussian distribution with the estimated uncertainty as mean) was 

added to projections. The artificially contaminated projections were used as inputs the tomographic 

algorithm to obtain a reconstruction, and the reconstruction error (ER) can be now quantified as: 
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where N is the total number of voxels used in the reconstruction, n the index of voxels, ��
��� 

and ��
���� the reconstructed and phantom distribution at the nth voxel, respectively.  
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Figure 5-8 shows the results of ER obtained at different repetition rates. As seen, the 

reconstruction error increases the measurement repetition rate increase, due to the increasing lower 

signal level and higher uncertainty in the VLIF projections. At a repetition rate of 1 kHz, an ER 

near 2% can be obtained, in contrast to ~12% at a repetition at 10 kHz as suggested by these results. 

Based on these results, the reconstructions shown in Figure 5-4 obtained at 5 kHz was accurate 

within ~5%. Admittedly, such accuracy was obtained under the assumption of shot-limited 

detection, and the actual accuracy will be worse than this because of other sources of experimental 

uncertainty.  The results shown here are valuable as they illustrate the limit of the performance of 

VLIF measurements under high repetition rates, and also the potential improvement in 

reconstruction accuracy that can be achieved with enhanced signal level (e.g., by using more 

powerful lasers or imaging systems with better collection efficiency).  

 

Figure 5-8. Reconstruction accuracy of I2 jet flow calculated at different repetition rates. 

5.5 Summary 

In summary, this chapter demonstrated 4D imaging measurements (made in a duration between 

150 to 450 ns) in turbulent flows at repetition rates up to 10 kHz, and performed accompanying 

analysis to illustrate the capabilities and limitations of high speed 4D measurements. The 4D 
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measurements were demonstrated in a 50 × 50 × 50 mm3 volume with a total of 128 × 128 × 128 

voxels using a technique termed VLIF (volumetric laser induced fluorescence). The VLIF 

technique excited the seeded I2 vapor volumetrically, and the volumetric LIF signals emitted were 

then simultaneously collected by multiple cameras from different orientations. Based on the 

projections measured by these cameras, tomographic reconstruction was performed to obtain 4D 

measurements. To study the capabilities and limitations of VLIF, the experimental data were 

analyzed to elucidate the relationship among the VLIF signal level, reconstruction accuracy, 

repetition rate, excitation pulse energy, and pulse duration. These results suggest that the overall 

VLIF signal level decreases significantly with increasing repetition rate due to the decreasing pulse 

energy and increasing pulse duration, both characteristics typical to high repetition rate Nd: YLF 

and Nd: YAG lasers. As a result of the decreasing signal level, the reconstruction accuracy 

decreases. With the status of the experiments demonstrated in this chapter, the overall 3D 

reconstruction error was estimated to be ~2% at a repetition rate of 1 kHz and ~12% at a repetition 

rate of 10 kHz. 
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Chapter 6 Conclusion and Future Work 

This dissertation described the development, validation, and application of two novel optical 

diagnostic approaches, namely Tomographic Chemiluminesence (TC) and Volumetric Laser 

Induced Fluorescence (VLIF), for 4D measurements in turbulent flows and flames. Both 

techniques use advanced tomographic algorithms, such as Algebraic Reconstruction Technique 

(ART) and Nonlinear Iterative Reconstruction Technique (NIRT), to reconstruct 4D 

measurements of key flame and flow properties, such as flame front location, flame front 

curvature, chemical species concentrations, etc. Both techniques have been numerically verified 

using phantom study and experimentally validated by performing both qualitative and quantitative 

comparison against established diagnostic technique such as Planar Laser Induced Fluorescence 

(PLIF). After the validation of both techniques, their practical applications in highly turbulent 

combustion and non-reacting flows have then been demonstrated. The results show that these 

methods have great potential to fully resolve complicated flows and flames with high 

spatiotemporal resolution. 

Based on the lessons learned in this work, the following research directions are suggested for 

future investigation: 

1) As an extension of VLIF measurements in non-reactive flow (e.g. a turbulent jet flow 

seeded with iodine), application of VLIF measurements on reactive flows should be 

explored and investigated. The measurements will be single-shot measurements similar to 

the measurements in non-reactive flows, and CH radical is a promising species for such 

measurements. The VLIF measurements can be experimentally validation again by 

comparing the VLIF against PLIF measurements based on CH. Both experimental 

demonstration and validation measurements should be performed on both laminar and 
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turbulent flames. A focus in these measurements is to examine if the VLIF technique can 

maintain the same level of capability in resolving the 3D spatial structures of reactive flows 

comparing with that in non-reactive flows.   

2) Besides the experimental demonstrations discussed in this work, a thorough parametric 

study is needed to help us understand the intrinsic mechanism of VLIF. Compared to 

traditional planar techniques, it is not straightforward to understand the VLIF approach for 

several reasons. First, the VLIF technique has an additional dimension – the depth of the 

field of view compared to the PLIF measurements. The VLIF approach illuminates the 

field of view volumetrically, and as a result, the LIF signals captured by the cameras are 

line-of-sight integration from the entire 3D field of view, fundamentally different from the 

signals generated in PLIF or scanning PLIF measurements. Second, the VLIF technique 

involves a tomographic inversion using the measured projections as inputs to reconstruct 

the final 3D measurements. The accuracy and spatial resolution of the reconstruction 

depend on the 3D field of view and the signal level of the projections, and the dependence 

is different from that of in the PLIF or scanning PLIF method. Therefore, the goal of the 

parametric study is to investigate the performance metrics of the VLIF technique and map 

out their relationships.  

3) Extend the TC and VLIF concept to the volumetric measurements of other properties, such 

as flow velocity and temperature. Take 4D velocity measurement as an example. First 

developed by Elsinga[101], the tomo-PIV is utilized to reconstruct the velocity field of 

flows based on line-of-sight projections and has been applied in numerous kinds of flow 

and combustion systems[102-104].  Some the ideas used in the reconstruction algorithm 

and validation of TC and VLIF can be applied for tomo-PIV. For example, an experiment 



84 
 

can be designed to directly compare 3D tomo-PIV measurements against established planar 

PIV measurements, or using controlled cell measurements. A controlled cell can be 

designed to be embedded with tracer particles, then cell then can be moved translationally 

and/or rotated and the movement of the embedded particles will create precisely controlled 

movement to create phantom velocity distributions for validating tomo-PIV. This approach 

will provide experimental data to perform a direct comparison between the measured and 

exact velocity field vectors by vectors, and therefore is worth pursing as a future research 

direction. 
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