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ABSTRACT 

 

Ultrashort-pulse, femtosecond (fs)-duration laser techniques are powerful tools for 

investigating physical and chemical processes in reacting and non-reacting flow systems, 

providing data with high spatial and temporal resolution. Femtosecond laser pulses are 

advantages over traditionally used nanosecond laser pulses because of the low average 

power but high peak power as well as high repetition rate provided by amplified fs lasers. 

The objective of this thesis research is to use fs laser pulses to investigate mixing processes 

and also image important intermediate chemical species in combustion systems. 

The primary work on mixing process studies has been demonstrated using krypton 

(Kr) as an inert gas tracer. A detailed spectroscopic study was performed to investigate 

key fluorescence channels followed by the 5p’←←4p, two-photon excitation of Kr using 

204.1-nm fs pulses.  The experimentally observed spectral line locations agree well with 

the data in the NIST Atomic Spectra Database in the 750–840-nm emission region, 

although significant discrepancies in some line strengths were observed. Two-dimensional 

(2D), two-photon laser-induced fluorescence (TPLIF) images recorded in an unsteady jet 

demonstrate the potential of using the fs excitation scheme of Kr for mixing and flow 

diagnostic studies. 

In the next part of this thesis research, fs-TPLIF was investigated for detecting 

carbon monoxide (CO) in flames. Interferences from photolytically produced C2 Swan-

band emissions show a pronounced effect on CO fluorescence signals in fuel-rich, sooting 

hydrocarbon flames when using CO fs-TPLIF.  Therefore, specific spectral filter is 
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required to reduce C2 interferences for quantitative concentration measurements in such 

flames. Interferences from nascent C2 originating from hot soot particles could be avoided 

by using a narrower detection gate width. At elevated pressures, CO fluorescence signal 

resulting from the fs excitation scheme, decays slower than that resulting from the ns 

excitation scheme. Comparison of the measured CO fluorescence signal with the 

calculated CO number density shows a good agreement for both premixed CH4/air and 

C2H4/air flames. Subsequently, fs-TPLIF imaging measurements of CO are also 

demonstrated in piloted liquid-methanol spray flames. 

In the final part of this research, fs pulses have been used for planar laser-induced 

fluorescence (PLIF) measurements of the hydroxyl (OH) radicals in flames. The excitation 

of the (1,0) vibrational band of the A2Ʃ+←X2∏ electronic manifold using single-photon 

transition scheme has been utilized. The measured OH-LIF signals agree well with the 

equilibrium calculations in a range of flame conditions. Single-laser-shot, 2D OH-PLIF 

images recorded at 1-kHz repetition rate in a premixed C2H4/air jet flame and a turbulent 

CH4/H2 diffusion flame show the potential of fs-laser pulses for OH imaging 

measurements in reacting flow systems. 
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NOMENCLATURE 

 

Ni Population densities at state i 

b12/ b21 Rate constants for absorption and stimulated emission 

A21 Spontaneous emission rate constant 

Q21 Collisional quenching rate constant 

P Predissociation rate constant 

W2i Photoionization rate constant 

B Einstein coefficient for stimulated emission or absorption 

I Incident laser irradiance 

c Speed of light 

h Planck’s constant 

𝜈 Frequency of the emitted fluorescence 

Ω Collection solid angle 

A Focal area of the laser excitation beam 

l Axial extent along the beam 

If Fluorescence signal 

α13 Two-photon absorption cross section  

ξ Mixture fraction 

χ Scalar dissipation rate 

Xi Mole fraction of species i 

Wi Molecular weight of species i 
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D Local mixture-averaged mass diffusivity 

kB Boltzmann’s constant 

T Absolute temperature 

µ Reduced mass of the CO-quencher collision pair 

g Spectral overlap 

 Fluorescence yield 

R Ratio 

∆𝜀12 Energy difference between the two absorbing states 

ns nanosecond 

ps picosecond 

fs femtosecond 
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1. INTRODUCTION 

 

1.1 Motivation 

Combustion of fossil fuels is the foundation of global energy supply and it is 

expected to remain that way for the foreseeable future. However, combustion of 

hydrocarbon fuels releases a variety of harmful air pollutants including CO, CO2, NOx, 

SO2 and particulates, which have great effects on the environmental pollution and human 

health. In addition, incomplete combustion reduces the energy conversion efficiency of 

various practical combustion systems. Regulations on these combustion-generated 

pollutants become more stringent and require drastic reduction of emissions all over the 

world [1]. Furthermore, a detailed understanding of combustion processes remains 

challenging due to the variations in temperature and pressure, and complex flow-

chemistry interactions in practical combustion environments. Computer simulation of 

combustion processes needs to consider complex fluid mechanics, heat transfer and 

turbulent flow chemistry. Interactions between turbulent flow fields and complex 

chemical reactions for predicting flame extinction, unburnt hydrocarbon emission, and 

soot formation are the subject of numerous studies [2]. Meanwhile, well-designed 

experiments are required to validate numerical combustion models. Compared with 

conventional probing methods for investigation and characterization of combustion 

processes, laser-based diagnostic techniques offer a number of advantages. These non-

intrusive methods do not disturb the flow fields and permit in-situ detection in some 

confined regions. Furthermore, they are capable of providing temporally and spatially 
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resolved measurements via pulsed lasers, often times at high repetition rates. Therefore, 

laser-based techniques have been extensively developed and employed in combustion 

applications. Several commonly used techniques include Rayleigh scattering, Raman 

scattering, coherent anti-Stokes Raman scattering (CARS), tunable diode laser absorption 

spectroscopy (TDLAS), laser-induced fluorescence (LIF), and four-wave mixing (FWM) 

[3].  

 

1.2 Imaging Diagnostics to Characterize Mixing Flow Fields  

A better understanding of fuel-oxidizer mixing processes in combustion chambers 

is a critical step towards the development of highly efficient, low-emission engines for 

different applications.  The fuel-oxidizer mixing primarily controls engine performance 

and efficiency, combustion emissions, and in extreme cases engine failure. The physical 

and chemical processes involved in mixing processes are very complex and present 

significant challenges for the modelers. Therefore, imaging diagnostics are required to 

visualize mixing processes and provide data for validating and improving numerical 

simulations. The most often used parameters to describe mixing processes in combustion 

systems are mixture fraction and scalar dissipation rate. For experimental determination 

of mixture fraction, non-reactive tracers can be seeded to one of the flow streams, which 

can be considered as conserved scalars and only subject to passive mixing. Through 

combined measurements of concentration of the tracer and temperature in turbulent 

combustion systems, the mixture fraction could be determined and thus the scalar 

dissipation rate can be calculated. 
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1.3 Two-Dimensional (2D) Imaging of Important Chemical Species  

Incomplete combustion of hydrocarbon fuels results in harmful emission products 

such as carbon monoxide (CO), oxides of nitrogen (NOx) and soot. The computational 

models of formation mechanisms of these products are based on elementary chemical 

reactions and reaction rates in combustion systems, which involve a large number of 

intermediate species and reactions. In these elementary reactions, reactive atoms such as 

hydrogen (H), oxygen (O), carbon (C), nitrogen (N), as well as molecular species such as 

CO and hydroxyl (OH), and nitric oxide (NO) play an important role in heat release and 

pollutant formation pathways. For example, atomic hydrogen is highly diffusive and hence 

play a critical role in flame ignition, propagation and extinction. Atomic oxygen involves 

in chain-branching reactions and pollutant formation pathways of hydrocarbon fuels [4, 

5]. Atomic nitrogen is a key species in the formation of NOx through Zeldovich 

mechanism, prompt mechanism, N2O (nitrous oxide)-intermediate mechanism or NNH at 

different combustion conditions [6]. CO is a highly toxic combustion product, and its level 

increases during incomplete combustion. Meanwhile, it also affects the heat release in 

combustion through C-H-O reaction mechanism 𝐶𝑂 + 𝑂𝐻 → 𝐶𝑂2 + 𝐻, and hence many 

research studies have been conducted on measurements of its reaction rate [7, 8]. To 

improve the models and better understand the combustion processes, it is of great 

importance to develop techniques which can facilitate two-dimensional (2D) imaging of 

reactive species with sufficient temporal and spatial resolutions in combustion 

environments. 
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1.4 Potential of Ultrashort-Pulse-Based Imaging Techniques 

Among all possible laser-based diagnostic approaches, LIF is the most promising 

technique for investigating minor atomic and radical species in combustion environments, 

because of its high sensitivity and ease of extension to 2D imaging [2]. Previously, most 

investigations on minor species measurements have used nanosecond (ns) laser systems 

[9-11]. It is found that the application of the LIF technique has been obstructed in some 

situations by the unintended generation of the same species being detected by 

photodissociation of certain flame radicals when using ns laser systems. Examples are  

atomic hydrogen produced by hydroxyl, water vapor and methyl photodissociation [12], 

and atomic oxygen and CO produced by CO2 photodissociation [13]. Recently, as a result 

of successful demonstrations of the use of ultrashort, femtosecond-duration (fs) laser 

pulses, photolytic-interference-free, efficient two-photon excitation of H [14, 15] and O 

[16] atoms have been revealed.  The potential of similar two-photon LIF (TPLIF) schemes 

for applications involving CO and Kr imaging measurements have also been explored. 

The natural fluorescence lifetime of the CO B1Σ+ state is approximately 22 ns; however, 

quenching effects at modest pressures significantly reduce the effective lifetime to a few 

nanoseconds (ns) [14]. Previous CO measurements have been carried out mainly using ns-

duration pulsed lasers, and therefore could not satisfy the temporally-resolved quantitative 

CO measurement requirements in practical combustion environments [14-16]. In recent 

studies, Brackmann et al. [17] applied picosecond (ps)-duration excitation pulses to 

determine CO in premixed laminar flames and then compared the results with ns excitation 

scheme. They concluded that ps-duration excitation pulses showed more efficient signal 
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strength in the CO-TPLIF technique as well as reduction of C2 interferences using a 

narrower detection gate. More recently, fs laser pulses have been used for CO 

measurements in flames and negligible photolytic interferences were observed [18]. 

 

1.5 Dissertation Outline 

Previous investigations have shown that the broadband, fs laser pulses can provide 

interference-free measurements of important intermediate species in combustion and 

plasma systems. Hence the fs-duration laser pulses are increasing been used for 

investigating mixing processes and important chemical species measurements such as CO 

and OH in non-reacting and reacting flow fields. Meanwhile the high peak intensity of fs 

laser pulses associated with broadband widths enables efficient nonlinear excitation. 

Furthermore, the high repetition rates of the fs pulses can also enable to better understand 

the dynamics of turbulent flow systems. Hence, the fs laser pulses combining with the LIF 

technique are used for investigating important minor species and mixing processes in 

various flow fields. A comprehensive literature review of related LIF theory, 

developments, applications and challenges are present in Section 2. Section 3 describes 

the Kr fs-TPLIF experimental apparatus and presents important findings. The CO fs-

TPLIF experimental apparatus and burner facilities, and the results of spectroscopic 

studies, applications in gaseous sooting flames as well as liquid-fuel spray flames are 

present in detail in Section 4. OH fs-PLIF imaging measurements are also demonstrated 

in Section 5. Section 6 contains a summary and a conclusion of the current work, and an 

outline of future research direction. 



 

6 

 

2. LITERATURE REVIEW 

 

2.1 LIF Theory 

LIF technique is based on the resonant absorption of laser photons followed by the 

detection of spontaneous fluorescence emission. Compared with other laser-based 

techniques, LIF shows high detection sensitivity of specific chemical species, and could 

be easily extended to 2D imaging measurements via planar laser-induced fluorescence 

(PLIF) [13]. The simple two-level energy diagram of the LIF technique is illustrated in 

Figure 1.  

 

Figure 1. A simple two-level energy diagram for LIF reprinted from [3].  

 

The population density of the states 1 and 2 can be expressed as [3]; 

 
𝑑𝑁1

𝑑𝑡
= −𝑁1𝑏12 + 𝑁2(𝑏21 + 𝐴21 + 𝑄21) (1) 

   

 
𝑑𝑁2

𝑑𝑡
= 𝑁1𝑏12 − 𝑁2(𝑏21 + 𝐴21 + 𝑄21 + 𝑃 + 𝑊2𝑖) (2) 
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where N1 and N2 represent the population densities at state 1 and 2 respectively, b12 and 

b21 are the rate constants for absorption and stimulated emission respectively. A21 is the 

spontaneous emission rate constant given by the Einstein coefficient, Q21 is the collisional 

quenching rate constant, P is the predissociation rate constant; and W2i is the 

photoionization rate constant.  

The rate coefficient for b12 and b21 can be expressed by 

 𝑏 =
𝐵𝐼

𝑐
 (3) 

where B is the Einstein coefficient for stimulated emission or absorption, I is the incident 

laser irradiance, and c is the speed of light. 

If the predissociation and photoionization processes are assumed to be negligible, 

then  

 
𝑑𝑁1

𝑑𝑡
+

𝑑𝑁2

𝑑𝑡
= 0 (4) 

and thus, 

 𝑁1 + 𝑁2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝑁1
0 (5) 

where the 𝑁1
0 indicates the population density at state 1 prior to laser excitation. 

At a steady state, 

 
𝑑𝑁1

𝑑𝑡
=

𝑑𝑁2

𝑑𝑡
= 0 (6) 

By combining Equations (1)–(6), we can obtain 

 𝑁2(𝑡) =
𝑏12𝑁1

0

𝑟
(1 − 𝑒−𝑟𝑡) (7) 

where r=b12+b21+Q21+A21. 

Then the fluorescence signal 𝐼𝑓 can be expressed as 

 𝐼𝑓 = ℎ𝜈
𝛺

4𝜋
𝑙𝐴𝑁1

0
𝐵12

𝐵12 + 𝐵21

𝐴21

1 +
𝐼𝑠𝑎𝑡

𝐼

 (8) 
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where h is the Planck’s constant, 𝜈 is the frequency of the emitted fluorescence, Ω is the 

collection solid angle, A is the focal area of the laser excitation beam, 𝑙 is the axial extent 

along the beam from which the fluorescence is observed, Isat is the saturation laser 

irradiance. 

At lower laser irradiances wher I<<Isat, equation (8) can be simplified as 

 𝐼𝑓 =
ℎ𝜈

𝑐

𝛺

4𝜋
𝑙𝐴𝑁1

0𝐵12𝐼
𝐴21

𝐴21 + 𝑄21
 (9) 

It is expected that the LIF signal is proportional to the laser irradiance at lower 

laser irradiance values. One of the most important effects for quantitative species 

measurements is the quenching effect (Q21) in the linear regime, because it significantly 

depends on collisional molecules and their concentrations, and also variations of 

temperature and pressure.  

When the laser irradiance I>>Isat, equation (8) can be rearranged to 

 𝐼𝑓 = ℎ𝜈
𝛺

4𝜋
𝑙𝐴𝑁1

0
𝐵12

𝐵21 + 𝐵12
𝐴21 (10) 

In the saturation regime, the LIF signal is independent on both the laser irradiance 

and collisional quenching rate, hence the saturation LIF is one way to avoid corrections 

for quenching effects in LIF applications. However, it is a somewhat difficult to achieve 

complete saturation because of the specific wavelength region or the saturation energy 

level [3].  

In practical LIF applications, there is no exact two energy level system and the 

fluorescence emission wavelength would be red-shift to avoid the interference from 

excitation laser itself. Moreover, the lower electronic transitions accessible from the 

ground states in most atoms and in some radicals of combustion interest such as H and O 
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require high laser energies, which correspond to vacuum-ultraviolet (VUV) excitation 

wavelengths if the single-photon LIF technique is used. In these wavelengths, the medium 

becomes optically thick to the VUV radiation. Therefore, multi-photon excitation schemes 

must be employed in practical diagnostic applications to red shift the excitation 

wavelengths to the ultraviolet (UV) region [2]. Therefore, two-photon laser-induced 

fluorescence (TPLIF) has been widely used for detecting atoms and radicals in reacting 

flow systems [8, 19-21].  

  

Figure 2. A schematic energy level diagram for TPLIF reprinted from [22].  

 

As shown in Figure 2, the rate of change of the population at the excited state for 

a two-photon excitation can be expressed by [22], 

 
𝑑𝑁3

𝑑𝑡
= 𝑁1𝑊13 − 𝑁3(𝑄 + 𝐴 + 𝑃) − 𝑁3𝜎𝐼 (11) 

where N1 and N3 represent the population densities at ground state and excited state 

respectively. W13 represents the two-photon absorption rate coefficient, σ represents the 

rate coefficient, I represents the laser fluence. Q is the collisional quenching which 
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depends on collisional partners, temperature and pressure. A and P represent the rates of 

spontaneous emission from the excited state and predissociation, respectively. 

The rate coefficient for two-photon absorption W13 can be written as [23] 

 𝑊13 =
𝛼13𝐼2

ħ𝜔
 (12) 

where α13 is the two-photon absorption cross section from ground state 1 to excited state 

3.  It is a function of temperature, laser excitation frequency, two-photon absorption line 

shape, and laser linewidth. I is the laser fluence, ω is the laser frequency, and ħ is the 

Planck constant. 

At equilibrium conditions, 𝑑𝑁3 𝑑𝑡 = 0⁄ , hence,   

 𝑁3 =
𝑁1𝑊13

(𝑄 + 𝐴 + 𝑃 + 𝜎𝐼)
 (13) 

Thus, the observed fluorescence signal can be expressed by, 

 𝐼𝑓 ∝
𝑁1𝛼13𝐼2

(𝑄 + 𝐴 + 𝑃 + 𝜎𝐼)ħ𝜔
 (14) 

At low laser intensities, the fluorescence signal of two-photon excitation is 

proportional to the square of the laser fluence. Other competing processes, such as 

photochemical production, collisional quenching, and photoionization reactions can result 

in interpreting the LIF signal more complicated. 

 

2.2 TPLIF Imaging of Inert Gas Tracers for Mixing Studies 

Understanding of fuel-oxidizer mixing processes is crucial to better characterize 

complicated flow-flame interactions taking place in turbulent non-premixed and partially 

premixed flames, such as those present in gas turbines and internal combustion engines. 

Two critical parameters are used in general to characterize mixing processes between the 
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fuel and the oxidizer streams. They are mixture fraction (ξ) and scalar dissipation rate (χ), 

as defined by, 

 𝜉 = 𝑋𝑓𝑢𝑒𝑙 ×
𝑊𝑓𝑢𝑒𝑙

𝑊𝑚𝑖𝑥(𝜉)
 (15) 

 

 𝜒 = 2𝐷(𝛻𝜉 ∙ 𝛻𝜉) (16) 

 

where Xfuel is the mole fraction of gases originating from the fuel stream, Wfuel is the 

molecular weight of the fuel stream, Wmix(ξ) is the local mixture molecular weight, and D 

is the local mixture-averaged mass diffusivity.  

From above equations, the scalar dissipation rate can be determined via measuring 

the gradient of mixture fraction. Because of the temporal and spatial variations of 

temperature, pressure and chemical species in turbulent flows and non-premixed flames, 

multi-dimensional measurements of mixture fraction in reactive and non-reactive flow 

systems are required to determine the scalar dissipation rate. Non-intrusive laser-based 

techniques have been long developed in combustion and plasma systems because of their 

capabilities for chemical species measurements with high spatial and temporal resolutions. 

Previously, various approaches have been employed to investigate mixture fraction and 

scalar dissipation rate. For example, Barlow and Karpetis [24] used Raman scattering, 

Rayleigh scattering and CO LIF to investigate one-dimensional measurements of 

temperature, mixture fraction and scalar dissipation rate in partially premixed flames. 

Frank et al. [8] employed a three-scalar technique to measure mixture fraction via using 

polarized Rayleigh scattering, fuel concentration and CO LIF. An alternative way for 

determining mixture fraction is to seed a non-reactive tracer into one of the flow streams. 
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The tracer could be considered as a conserved scalar and only subject to passive mixing. 

The mixture fraction is then calculated by measuring the tracer concentration and 

temperature simultaneously. Several tracers have been developed in recent decades. 

Sutton and Driscoll [25] seeded NO gas into  a CO-air flame.  Because the seeded NO 

does not react in this flame configuration, they considered the mass fraction of NO as a 

conserved scalar. By combining NO-PLIF and planar Rayleigh scattering temperature 

measurements simultaneously, they quantitatively determined NO mixture fraction in a 

turbulent jet flame. However, NO was only used for dry CO-air flames where the 

chemistry is well-controlled. When it applies for hydrocarbon fuels, NO would involve in 

reacting with intermediate species, thus NO could not be considered as a conserved scalar. 

Furthermore, NO is widely used as a tracer species for different applications [26-30]. 

Fletcher and McDaniel used iodine as a tracer to investigate compressible flow fields in a 

steady, non-reacting supersonic combustor [31]. Cheng et al. [32] seeded sodium into a 

supersonic nitrogen jet to visualize the flow fields. Some hydrocarbon materials such as 

toluene [33] and acetone [34] have also been used as tracers for thermometry in different 

flow fields. However these tracers have some restrictions due to their toxicity, reactivity 

and condensation issues [35].   

More recently, Krypton gas has been used for mixture fraction imaging.  The two-

photon excitation transition of Kr is accessible easily compared to other inert gases [36]. 

Furthermore, injection of Kr in dilute concentrations has negligible effects on thermo-

physical and thermo-chemical properties of reacting flows [36]. Hence, as a tracer species, 

Kr has a great potential in numerous engineering applications [37-40]. Hsu et al.[41] first 
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demonstrated Kr-TPLIF to determine mixture fraction imaging in turbulent jet flames. The 

results showed that measurements of mixture fraction with the Kr-TPLIF were in a good 

agreement with previous data of the Sandia flame D and DLR-B flames. They also pointed 

out that interference processes such as stimulated emission and signal absorption (ie., 

fluorescence trapping) can affect measurements at higher seed concentrations. 

Narayanaswamy et al.[35] further employed Kr-PLIF for scalar imaging in supersonic 

flows and the results showed Kr was a suitable marker in supersonic and hypersonic flows. 

For above applications of Kr-TPLIF, two-photon excitation transition at 214.7 nm has 

been used. In this scheme, atomic krypton is excited from 4p6(1S0) ground state to 5p[3/2]2 

excited state, followed by detection of fluorescence emission at 760 nm from 5p[3/2]2 to 

5s[3/2]2 radiative decay. The detection channel yielded higher fluorescence signal levels 

[40] and the radiative lifetime of the 5p[3/2]2 excited state was found to be 25.4±0.8 ns 

[42]. Moreover, the 204.1-nm excitation scheme of krypton has been used for calibration 

measurements of absolute H-atom and N-atom number densities in a similar TPLIF 

scheme. The 5p’[3/2]2←←4p6[1S0] excitation scheme is preferred because of its 

wavelength proximity to corresponding H-atom excitation transition [43, 44]. However, 

the latter excitation scheme has not been used for mixing studies in turbulent combustion 

environments. 

 

2.3 Quantitative CO Measurement in Flames 

One of the major byproducts of the incomplete combustion of hydrocarbon fuels 

is carbon monoxide (CO), especially in fuel-rich or sooting flames. Because of its 
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contribution on environmental pollution and as an indicator of combustion efficiency [45], 

a more detailed  understanding of CO formation and distribution is of great interest in 

various combustion conditions. Therefore numerous laser-based techniques have been 

employed to measure CO concentrations in flames in past decades, such as Raman 

spectroscopy [46, 47], gas chromatography [48, 49], mass spectroscopy [50], diode laser 

wavelength modulation spectroscopy [51], direct tunable diode laser absorption 

spectrometer (TDLAS) [52-54], 2+1 resonance-enhanced multiphoton ionization [55, 56], 

amplified stimulated emission [57], and LIF [58-60]. 

For CO-TPLIF measurements in combustion environments, as shown in Figure 3, 

several excitation schemes are possible: 1) C1Σ+←X1Σ+ transition at 217-nm radiation 

following detection at the C1Σ+→A1∏ Herzberg band (360–600 nm); 2) B1Σ+←X1Σ+ 

transition at 230.1-nm radiation following detection at the B1Σ+→A1∏ ÅngstrÖm band 

(400–600 nm); and 3) detection at b3Σ+→a3∏ (282–380 nm) the third positive band with 

the same excitation radiation at 230.1 nm followed by vibrational redistribution [61, 62]. 

Rosell et al. [61] extensively investigated these three two-photon excitation schemes. They 

found that the ÅngstrÖm band was less sensitive to pressure but it suffered from the 

crosstalk with strong C2 Swan band interferences. The third positive band was better 

isolated compared to the ÅngstrÖm band in terms of C2 interferences, however, it showed 

stronger pressure and quenching dependencies, as well as broadband emission 

interferences from polycyclic aromatic hydrocarbon (PAH) compared with the other two 

bands. Hence, quantitative CO measurements are difficult by analyzing fluorescence 

signals from the third positive band. The Herzberg band is more sensitive to pressure than 
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the ÅngstrÖm band, but less sensitive than the third positive band, and it also suffers from 

C2 Swan band and C2 Deslandres d’Azambuja band emissions. Lindow et al. [62] stated 

that the Herzberg band is advantageous over the ÅngstrÖm band in terms of crosstalk of 

C2 interferences. Most previously published studies on CO-TPLIF measurements have 

used the 230.1-nm excitation scheme and analyzed fluorescence signals from the 

ÅngstrÖm band [17, 18, 63-67]. To quantitative measurements of CO concentrations in 

different combustion conditions, numerous investigations have been performed to 

determine important parameters under various conditions that the CO radicals would 

undergo in the two-photon LIF process. 

 

Figure 3. Various excitation/detection energy levels for CO-TPLIF reprinted from 

[61].  

 

One of the major interferences in a two-photon LIF scheme is photochemical 

effects. Signal interferences by photodissociation effects have been investigated 

extensively in research for which the two-photon LIF technique has been used to measure 
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different atoms in flame and plasma systems [12, 68-70]. The photolytically-generated 

CO interferes with nascent CO in combustion environments and thus deviates from the 

theoretically expected quadratic dependence. By defocusing the exciting beam in a probe 

region, photolysis of CO2 with the 230.1-nm beam can reduce. However, CO quenching 

processes would increase and thus make absolute CO concentration measurements 

substantially difficult [71, 72]. Zobnin et al. [71] investigated photodissociation of heated 

CO2 and pointed out that the dissociation of CO2 molecules absorbing radiation at 230 nm 

could undergo through two pathways:  

 𝐶𝑂2 → 𝐶𝑂 (𝑋1Ʃ) + 𝑂( 𝐷1 ) 𝑒𝑛𝑒𝑟𝑔𝑦 =  7.4 𝑒𝑉 (17) 

   

 𝐶𝑂2 → 𝐶𝑂 (𝑋1Ʃ) + 𝑂( 𝑃3 ) 𝑒𝑛𝑒𝑟𝑔𝑦 =  5.45 𝑒𝑉 (18) 

Bernstein et al. [73] observed that the results agreed well with the calculations at lower 

laser energies, and largely deviated from the calculations at higher pulse energies. One 

possible explanation for this observation was the photodissociation of CO2 via the process 

given in Eqn. (6) was followed a two-photon excitation of the CO2
* state of g-symmetry. 

Nefedov et al. [72] also stated CO formation as a result of CO2 photodissociation with the 

230.1-nm excitation scheme by comparing CO with OH concentrations. They pointed out 

that it was necessary to consider CO2 photodissociation when the CO concentration was 

low in high-temperature gas mixtures containing CO2 when using the two-photon LIF 

method. They further indicated that 2-3% of CO2 molecules could be dissociated at 2000 

K. Moreover, a correction for the contribution of CO produced by the CO2 photolysis was 

deduced under certain conditions [72]. Furthermore, the resonant photodissociation of CO 

itself could underestimate CO concentration measurements in non-sooting flames [59]. 
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Chien et al. [63] pointed out photodissociation of CO2 depended on temperature in flames, 

which had a minor contribution when the temperature was below 1400 K, but became 

important at higher temperature regions.  

At higher laser energies, the photoionization process (σI) competes with other 

processes and thus yields the intensity dependence In of n<2 (σI >> (Q+A+P)).  LIF signal 

is then independent of the quenching rate of the CO state, and scales linearly with laser 

energy. This linear dependence could be used as a calibration for absolute CO 

concentration. Everest et al. [74] measured the laser energy dependence of the CO 

fluorescence signal in flickering methane/air diffusion flames. They observed a linear 

dependence at higher energies and suggested that the fluorescence signal was independent 

of laser energy because of photoionization depletion in the focal region at the highest 

energies. Tjossem et al. [22] reported an I1.5 dependence of fluorescence signal at lower 

laser energies and an I1.0 dependence at the highest intensities, they also observed an I2.5 

dependence of  ionization signal at low laser energies. Brackmann et al. [17] investigated 

a laser energy dependence I1.4 of the LIF signal in ethane-air flames with equivalence ratio 

Φ=1.0, and an I1.0 dependence at Φ=2.1 in the range of 0.3-3 GW/cm2. They stated that 

the photoionization process dominated over the collisional quenching above 0.2 GW/cm2 

and thus reduced the expected quadratic laser energy dependence for the two-photon 

excitation scheme.  

Another important consideration in quantitative CO-TPLIF measurements is the 

influence of collisional quenching on fluorescence signal. According to the equation of 

the observed fluorescence signal shown by Equation (14) above, it increases with the 
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inverse of the quenching rate. Changes such as temperature, pressure and chemical 

composition in combustion environments can affect the measured fluorescence and thus 

result in a misinterpretation of CO distributions. One way to eliminate the collisional 

quenching is to use saturated LIF, in which the fluorescence signal is independent of both 

the laser energy and collisional quenching [3]. Quenching corrections can be calculated 

from the temperature and composition of the flame to result in temperature- and species- 

dependent quenching cross sections. The total quenching rate Q could be calculated as 

[75]: 

 𝑄 = 𝑁𝑡𝑜𝑡 ∑ 𝑋𝑖𝜎𝑖 < 𝜈𝑖 >= 𝑁𝑡𝑜𝑡 ∑ 𝑋𝑖

𝑖𝑖

𝑘𝑖  (19) 

where Ntot represents the total number density, Xi represents the mole fraction of species 

i, σi is the thermally averaged cross-section for quenching by species i, <νi> is the mean 

relative collision velocity of molecule CO and collider species i, ki is the quenching rate 

coefficient which is equal to the product of σi and <νi>. The mean relative collision 

velocity <νi> is given by, 

 < 𝜈𝑖 >= √8𝑘𝐵𝑇
𝜋µ⁄  (20) 

where kB is Boltzmann’s constant, T is the absolute temperature and µ is the reduced mass 

of the CO-quencher collision pair. 

A comprehensive data of temperature- and species-dependent cross-sections for 

quenching of CO molecules is not available for conditions relevant to flames. A direct 

method to obtain quenching cross-sections is to measure the time-resolved fluorescence 

signal with a short-pulse laser excitation and observe the relationship between the 

fluorescence lifetime and the quencher pressure. Agrup and Alden [76, 77] measured the 
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lifetime of CO (B1Σ+) in hydrocarbon flames and observed that the effective lifetime was 

250 ps in the reaction zone and increased to 400 ps near the outer reaction zone in 

methane/oxygen flames. The effective lifetime was 400 ps near the inner reaction zone 

and increased to 600 ps near the outer reaction zone in ethylene/air flames. However, 

information about species-specific quenching cross-sections was unknown, although the 

CO self-quenching rate coefficient was reported. Di Teodoro et al. [14] first investigated 

pressure-dependent quenching cross sections of CO B1Σ+ (v’=0) state in collisions with 

Ne, He, N2, H2, CO, Ar, CH4, Kr, Xe, O2, C3H8, CO2 and H2O at room temperature. They 

observed the fluorescence decay rates of CO with those quenchers increased with pressure 

increased. The fluorescence lifetime of the CO self-quenching initially increased with 

pressure, and then decreased at higher pressures because the self-quenching overcame the 

trapping effect. Settersten et al. [78] used short laser pulses (~100 ps pulse duration) to 

investigate the quenching cross sections of CO B1Σ+ (v=0) state with He, Ne, Ar, Kr, Xe, 

H2, N2, O2, CO, H2O, CO2, and CH4 as collisional partners at different temperatures. They 

observed the self-quenching cross section of CO was independent on temperature, the 

cross sections of the weakest quenchers (He, Ne, H2, N2) increased with temperature, 

while decreased with temperature for strongest quenchers (H2O, CO2, Xe, O2, CH4, Kr, 

Ar). The cross section for H2 had a T0.43 dependence which is the largest positive 

temperature dependence, while H2O had a T-0.44 dependence which is the largest negative 

dependence. Di Rosa and Farrow [79] used an absorption technique to determine the two-

photon absorption in the B←X (0,0) band of CO by analyzing absorption spectra with 

well-characterized spatial profiles of Fourier-transform-limited laser pulses. Moreover, 
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they further investigated the cross sections of photoionization and ac stark shift, and stated 

that the cross sections of photoionization and stark shift varied with rotational level [80]. 

Rosa and Farrow [81] investigated collisional broadening and shift in the B←X (0,0) band 

of CO in colliding with N2, CO2 and CO at various temperatures, then verified the results 

with measurements in an atmospheric-pressure CH4/O2/N2 flame at 1950 K. 

Another important interference when using the 230.1-nm excitation scheme is the 

crosstalk of strong C2 Swan-bands (d3∏g–a3∏u) in the 430–700 nm range in hydrocarbon 

flames [82]. C2 could be generated by sequential elimination of H atoms of acetylene, 

ethane and vinyl radicals at efficient laser intensities [59, 83, 84]. For example, C2 is 

produced by acetylene in a two-photon process as follows [83]: 

 𝐶2𝐻2 → 𝐶2𝐻 + 𝐻 (21) 

   

 𝐶2𝐻 → 𝐶2 + 𝐻 (22) 

Soot could also produce C2 via laser-induced vaporization or non-thermal 

desorption [17, 85]. Alden et al. [60] observed C2 spectra in flames when the detection 

gate was delayed, its emissions extended longer than CO fluorescence emissions. Tuning 

the laser wavelength off the CO resonance resulted in disappearing of CO fluorescence 

and reduction of C2 emission intensity significantly. With a narrowband detection filter 

which centers on isolated CO spectral lines, C2 interference could be reduced, but this also 

reduces CO signal levels as well [17]. 

As summarized above, most investigations have been conducted in gaseous 

hydrocarbon fuels. Direct-injection liquid spray flames are also used in many combustion 

engines for ground transportation, power generation, aviation, and propulsion 

applications. The growing demand for advanced liquid-fuel combustors with improved 
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combustion efficiency and reduced pollutant emissions has resulted in growing interest in 

the fundamental research in liquid-spray combustion. In these combustors, the fuel 

supplied in the liquid phase is first atomized in a spray nozzle, then evaporates and mixes 

with a gaseous oxidizer to form a combustible mixture. However, length and time scales 

associated with these different processes as well as chemical kinetics and turbulent flow-

flame interactions considerably complicate the overall combustion process [86-88]. 

Therefore, sophisticated experimental and numerical approaches are required to better 

understand the spray combustion process in such challenging environments. 

In general, liquid sprays are categorized into dilute and dense regions depending 

on the relative number of liquid droplets per unit volume of gas, represented by the group 

number, G. For example, a reaction zone surrounded by a cloud of droplets is represented 

by a G much larger than one, whereas a reaction zone dominated by droplets burning 

individually corresponds to G less than one [89]. However, dilution effects are present in 

the far field from the spray exit of group combustion.  Karpetis and Gomez [90] measured 

droplet number densities in turbulent non-premixed flames and stated that large droplet 

densities were achieved at the centerline close to the exit while the densities reduced 

significantly along the axial position due to the dispersion and evaporation of the jet spray. 

Previous studies of spray combustion mainly focused on the characterization of various 

sprays using laser-based techniques [91-93]. Well-developed, phase Doppler anemometry 

(PDA) has been used to measure physical characteristics of sprays, such as velocity 

statistics, droplet size and concentration [94-96]. The measured droplet size is normally in 

the order of micrometer (µm) scale and the droplet diameter has an important role in spray 
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combustion [97, 98]. Rodrigues et al. [99] employed CARS to measure temperature 

distributions in conventional and hot-diluted combustion regimes. Ge et al. [100] 

measured liquid-phase temperature via two-color LIF of Rhodamine B and gas-phase 

temperature via multi-line NO-LIF. Moreover, hydroxyl radical (OH) LIF has been widely 

used for characterizing the reaction zones of spray flames. Stepowski et al. [92, 101] 

performed OH-PLIF imaging in a near field of a combusting spray jet and the results 

showed that the two-phase flame was developed of two diverging diffusion-like flame 

fronts, also predicted by the simulation of spray combustion in a counter-flow laminar 

diffusion flames. Furthermore, the combination laser-induced incandescence (LII), LIF 

and droplet Mie scattering has been used to measure soot volume fraction, OH distribution, 

and spray pattern for investigating the mechanism of soot formation in a swirl-stabilized 

spray combustor [102, 103]. However, little work has been reported on CO-TPLIF 

measurements in liquid-spray flames.  

 

2.4 OH Thermometry in Flames 

As a key species in the chain-branching reactions for hydrogen and hydrocarbon 

combustions, hydroxyl radical (OH) has been proven to be a good flame marker of the 

reaction zones in flames [104]. Therefore, considerable efforts have been investigated on 

OH-PLIF in various reacting flow systems because of its simple experimental 

configuration. In addition, the signal-to-noise ratio of OH-LIF is relatively high because 

of the abundant presence of OH radical in most high-temperature combustion processes, 

even in 2D imaging measurements [105]. Several excitation schemes such as (0, 0) [7], (1, 0) 
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[8], (2, 0), and (3, 0) [106] bands of the OH A2Ʃ+←X2∏ system, have been performed in 

single-photon [8, 107] and two-photon OH-LIF [108-110] transitions. Furthermore, the 

combination of OH/CO [8] and OH/CH2O [111] measurements is used for reaction-rate 

imaging in various flames. 

Temperature is another key parameter in understanding chemical interactions in 

complex combustion environments. Several laser-based diagnostic techniques, such as 

Raman scattering, CARS, LIF, absorption spectroscopy and Rayleigh scattering, have 

been used for temperature measurements [3]. The Raman scattering signal could be 

significantly affected in fuel-rich flames and liquid-fuel flames [112]. CARS is a point 

measurement approach and thus time consuming for obtaining temperature distributions 

in large volumes. Furthermore, crossing of multiple laser beams is present in an 

complicated experimental setup. However, CARS is well suited for single-shot 

temperature measurements because of its high accuracy and robustness [113]. Rayleigh 

scattering shows a temperature accuracy of <1%, but it is difficult to determine the 

dependence of scattering cross section on temperature for each molecule and its 

concentration [114]. LIF can be used for single-shot thermometry by exciting two different 

transitions of an atomic or molecular species simultaneously, then calculating the ratio of 

the fluorescence signal from the two transitions (two-line OH thermometry) which relates 

to temperature based on Boltzmann statistics [115]. In addition, OH radicals have 

sufficient concentrations and naturally exist in flames at high temperatures (T>1200 K). 

Therefore, the two-line, OH-PLIF has been used for thermometry measurements in 

combustion configurations [112, 116-118]. 
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At lower laser pulse energies, the total fluorescence signal of OH-PLIF can be 

expressed by [119], 

 𝐼𝑓 = 𝜂𝑉𝐶𝑛𝑎𝑓(𝑇)𝐵𝐸𝑔(𝜈𝐿 , 𝜈𝑎)
𝐴

𝐴 + 𝑄
 (23) 

where  is the overall efficiency of optics and the detection system; 𝑉𝐶 is the collection 

volume imaged onto the detection system; 𝑛𝑎 is the number density of OH radicals; 𝑓(𝑇) 

is the fractional (Boltzmann) population of the lower state without the laser field; 

𝑔(𝜈𝐿 , 𝜈𝑎) is the spectral overlap between the laser profile (gL) and the Doppler-, collision-

, and lifetime-broadened adsorption profile (ga) of the OH radical.  The fluorescence yield 

 is defined by A/(A+Q). 

Thus, the ratio (R) of fluorescence signals from the two different excitation lines 

at the same probe region is given by, 

 𝑅 =
𝐼𝑓1

𝐼𝑓2
=

(𝜂𝐵𝐸)1

(𝜂𝐵𝐸)2

𝑔1

𝑔2

𝑓1

𝑓2

𝜙1

𝜙2
 (24) 

Furthermore, it assumes that the temperature dependence on the fluorescence ratio 

only originates from the relative populations in the absorbing states, then  

 𝑅 = 𝐶
𝐸1

𝐸2
𝑒𝑥𝑝 (−∆𝜀12/𝑘𝑇) (25) 

where C is a parameter that can be calculated or treated as a calibration constant; ∆𝜀12 is 

the energy difference between the two absorbing states. 

And the slope sensitivity of the two-line OH-PLIF is,  

 |
𝑑𝑅

𝑅
| =

∆𝜀12

𝑘𝑇
|
𝑑𝑇

𝑇
| (26) 

To obtain high accuracies of the two-line OH-PLIF thermometry in flames, the 

transitions have to be carefully selected for providing good SNR and reducing systematic 

errors. Seitzman et al. [119] suggested that the rotational level N should be between 5 and 
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12, and the two transition lines must be isolated from neighboring OH lines. While 

Cattolica [115] chose adjacent rotational levels, and stated that the rotational level (N≥8) 

can make the fluorescence intensity sensitive to the rotational temperature in the range of 

1000–3000 K. Other studies have also been investigated on optimizing transition pairs in 

different types of reacting flows and simulated engine environments [120-122]. It is shown 

that the pair of OH A2Ʃ+→X2∏ (1,0) Q1(5) and Q1(14) transition lines is found to yield 

the most accurate OH-PLIF thermometry measurements among other transition pairs [116, 

123]. Moreover, system errors such as spectral broadening, fluorescence trapping effect 

and pulse-to-pulse laser fluctuation, have been analyzed in the two-line OH-PLIF 

thermometry methods [119].  

 

2.5 Fundamentals of Ultrashort Pulse Laser Diagnostics 

As discussed above, most laser-based measurements have been performed using 

conventional continuous-wave and ns-pulsed laser systems. For quantitative species 

measurements with the LIF technique, interferences such as collisional quenching effects 

must be corrected in these measurements. The fluorescence lifetime of excited species of 

interest reduces to a few nanoseconds or even hundreds of picoseconds in atmospheric-

pressure hydrocarbon flames [7]. Therefore, the measured species can collide with other 

species several times during the time of excitation and detection process based on the use 

of ns laser pulses (~10 ns pulse-duration). Excitation schemes by the traditional lasers are 

insufficient for time-resolved quenching rate studies. One approach to eliminate 

collisional effects on species concentrations in the conventional LIF signals is the use of 
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ultrashort laser pulses (i.e., ps and fs). For example, ps laser pulses coupled with fast-gated 

detection cameras are employed to determine rate constants for fluorescence lifetime, 

collisional quenching and vibrational energy transfer [124, 125]. Photodissociation is 

another important interference in the LIF process. High-energy laser pluses are required 

to generate sufficient signals when ns-duration laser pulses are used for species 

measurements. Thus, the collected fluorescence signals are susceptible to laser-induced 

interferences as shown in Figure 4 (a). In contrast, the nearly Fourier-transform-limited, 

ultrashort fs pulses demonstrate photolytic-interference-free measurements of atoms in 

flames as shown in Figure 4 (b). Furthermore, the low-average power but high-peak-power 

fs pulses can enhance two-photon excitation efficiency and mitigate interferences from 

single-photon-absorption photodissociation processes. Therefore, the fs-TPLIF scheme 

has been demonstrated of having the potential of interference-free 2D imaging 

measurements of chemical atomic species [126-128]. The ultrashort laser pulses have been 

also used for investigating CO detection in combustion systems. Brackmann et al. [17] 

applied ps pulses to determine CO in premixed laminar flames, stated that ps pulses show 

stronger signal strengths, as well as reduction of C2 interference, when a narrower 

detection gate width is employed. Recently, the fs laser pulses have also been performed 

in TPLIF of CO measurements in flames [18, 129]. Moreover, low repetition rates of the 

ns lasers could not reveal turbulent dynamics in complex reacting flows, although several 

higher repetition rate systems have recently been demonstrated [130].  The high repetition 

rate (i.e. 1 kHz) of the fs laser pulses also become advantageous in capturing the dynamics 

of turbulent flows [131]. 
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Figure 4. Peak-normalized TPLIF line profiles of atomic oxygen at various laser-

pulse energies recorded in flames using (a) ns pulses and (b) fs pulses 

reprinted from [132]. 
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3. KRYPTON-TPLIF MEASUREMENTS IN NON-REACTING FLOW SYSTEMS 

 

3.1 Experimental Apparatus 

For cold-mixing studies, we used Kr as an inert tracer species and investigated the 

5p’←←4p excitation transition of Kr at 204.1 nm with high-repetition-rate (1-kHz), high-

intensity fs-duration laser pulses (part of this work has been published in [131]). The 

204.1-nm excitation can be particularly advantageous in practical implementations as this 

wavelength can be easily accessible using a more efficient, fs fourth-harmonic generation 

scheme [133]. We also investigated the potential of that excitation/detection scheme for 

mixture-fraction imaging in turbulent flow fields. As shown in Figure 5, in the 204.1-nm 

excitation scheme, the prominent fluorescence detection that has been used in previous 

studies is at 826 nm from the 5p’[3/2]2→5s’[1/2]1 decay [134]. However, other possible 

fluorescence pathways from the 5p’ excited state are also possible. A complete description 

of such fluorescence channels is lacking in the published literature. Hence, we have first 

performed a comprehensive investigation of wavelengths and relative intensities of 

fluorescence emission lines following the 204.1-nm fs excitation of ground-state Kr. 

Subsequently, high-repetition-rate imaging studies were also conducted to explore the 

potential of this scheme for turbulent mixing studies in dynamic flow fields. 
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Figure 5. TPLIF excitation/detection scheme for Kr. Level energies shown 

underneath each level notation are in cm-1. Other potential fluorescence 

pathways from the 5p’ excited states that were investigated in this work are 

represented by dotted lines. 

 

The schematic diagram of the Kr-TPLIF experimental apparatus is shown in 

Figure 6. It consists of a regenerative-amplified fs Ti: Sapphire laser system (Spectra 

Physics, Model: Solstice Ace), for generating approximately 80-fs full-width at half-

maximum (FWHM) laser pulses at 1-kHz repetition rate. The typical output energy was 

approximately 6 mJ/pulse at 800 nm. The output laser beam was split into two parts, one 

part with approximately 4.9 mJ of laser energy was used to pump an optical parametric 

amplifier (OPA) (Light Conversion Model: TOPAS Prime Plus with a NirUVis UV 

extension module). In OPA, the pump beam was then split into two parts, small fraction 

of the pump beam was used to produce white-light continuum (WLC) in a sapphire plate 

and amplify the WLC in the first stage. Majority of the pump beam was used to amplify 

the WLC in the second stage to obtain signal and idler wavelengths through a parametric 

conversion process. The 1730-nm idler beam was mixed with the fundamental 800-nm 

beam to generate 547.6-nm beam and then frequency-doubled to convert the beam to 
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273.6 nm, and finally that beam was sum-frequency mixed with approximately 1.1 mJ of 

the fundamental 800-nm beam to produce UV radiation near 204.1 nm with average 

energy of 13 µJ/pulse. The 204.1-nm beam was passed through several 45o dielectric laser 

mirrors (Lattice Electro Optics (LEO), TWB-200-210-45-UF-1025) and a +200-mm-

focal-length plano-convex lens (Thorlabs, UF-PX-25.4-200) to focus onto the probe 

volume. A thin, variable neutral-density (ND) filter (Thorlabs, NDC-100S-4M) was 

placed before the plano-convex lens to obtain different laser pulse energies at the probe 

region. 

 

Figure 6. Experimental apparatus for Kr-TPLIF. For the imaging measurements, 

the gas cell was replaced by an open gas jet. 

 

For spectroscopic studies, a high-pressure gas cell having orthogonal optical 

windows, was placed in the probe region. Prior to the measurements, the cell was 

evacuated using a vacuum pump, then filled with pure Kr (research grade) or mixtures of 
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Kr with other buffer gases. The mixtures were prepared based on the partial pressure of 

each gas. The cell pressure was monitored using an Omega pressure transducer (Model: 

PX409-150AUSBH). The fluorescence signal was collected orthogonal to the pump beam 

path using a fiber collimator and was guided through a 19-core optical fiber onto a 

spectrometer (Princeton Instruments, Model: IsoPlane 160) coupled with an intensified 

CCD (ICCD) camera (Princeton Instruments, Model: PI-Max4). The spectrometer has 

gratings of 300, 1200 and 3600 grooves/mm for low-, medium-, and high-resolution 

spectral studies. Before characterizing the spectral lines and their relative line strengths 

using the spectrometer/ICCD camera system, the wavelength and intensity calibrations 

were conducted using a set of calibration lamps (Princeton Instruments, Model: 

IntelliCal®) consisting of dual Hg and Ne-Ar atomic emissions, and a calibrated LED-

based light source, respectively. 

For 2D high-speed imaging measurements in turbulent non-reacting flow fields, 

the gas cell was replaced by an axi-symmetric gas jet. The inner diameter of the jet tube 

is 4.76 mm, and 50.8 mm for co-flow region. A +100-mm-focal-length plano-convex lens 

(LEO, UF-PX-25.4-100-200-230) coupled with a f=-25 mm plano-concave cylindrical 

lens (Thorlabs, UV LK4767) was used to generate approximately a 25-mm high laser 

sheet. A 50-mm-focal-length f/1.2 camera lens (Nikkor) was used to collect the 

fluorescence signal and focus it onto a complementary metal-oxide semiconductor 

(CMOS) camera (Photron, Model: SA-Z) coupled to a high-speed intensifier (Lavision, 

Model: HS-IRO). The high-speed camera/intensifier system was capable of capturing 

turbulent dynamics with sufficient spatial and temporal resolutions. 
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3.2 Results and Discussion 

The Kr fluorescence emission spectrum recorded, using pure krypton at 1-bar cell 

pressure, is shown in Figure 7. The laser pulse energy at the probe region was 3.65 

µJ/pulse (approx. 4.65×104 µJ/cm2). The intensifier gate width and gain were set at 10 ns 

and 50%, respectively. The spectrum shown is an average of 100 frames with each frame 

containing on-chip accumulation of 200 laser shots. It can be seen that a series of strong 

and weak spectral lines were observed in addition to a commonly reported fluorescence 

emission line near 826.3 nm (line i) [134]. The insets in Figure 7 show parts of the spectra 

with the vertical scale expanded 40× in order to better illustrate the weaker emission lines. 

A 300 lines/mm grating was used in the IsoPlane 160 spectrometer. The entire detection 

channel has spectral resolution better than 0.2 nm. 

 

Figure 7. Experimentally recorded fs-TPLIF emission spectra of Kr. For better 

clarity, the vertical axis is scaled by 40 in the regions shown in insets. 

 

To verify that these spectral lines originate from Kr fluorescence emissions, we 

compared the observed spectral lines with the information given in the NIST Atomic 

Spectra Database [135], and the results are given in Table 1. The experimental spectrum  
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Table 1. Comparison of experimentally measured fluorescence emission spectral 

lines of Kr with NIST Atomic Spectra Database [135]. 

Line 

Wavelength 

(nm) 

Relative 

Intensity (a.u.) 
Transition 

NIST NIST Exp. 

Lower 

Level Term J 

Upper 

Level Term J 

a 758.74  1000 2500  (2Po
3/2)5s 2[3/2]o 1  (2Po

3/2)5p 2[1/2] 0 

b 760.15  2000 30200  (2Po
3/2)5s 2[3/2]o 2  (2Po

3/2)5p 2[3/2] 2 

c 769.45  500 900  (2Po
3/2)5s 2[3/2]o 2  (2Po

3/2)5p 2[3/2] 1 

d 785.48  200 600  (2Po
1/2)5s 2[1/2]o 0  (2Po

1/2)5p 2[1/2] 1 

e 805.95  100 200  (2Po
1/2)5s 2[1/2]o 0  (2Po

1/2)5p 2[3/2] 1 

f 810.44  4000 4000  (2Po
3/2)5s 2[3/2]o 2  (2Po

3/2)5p 2[5/2] 2 

g 811.29  500 21600  (2Po
3/2)5s 2[3/2]o 2  (2Po

3/2)5p 2[5/2] 3 

h 819.01  300 3000  (2Po
3/2)5s 2[3/2]o 1  (2Po

3/2)5p 2[3/2] 2 

i 826.32  400 2500  (2Po
1/2)5s 2[1/2]o 1  (2Po

1/2)5p 2[3/2] 2 

j 828.11  200 100  (2Po
1/2)5s 2[1/2]o 1  (2Po

1/2)5p 2[1/2] 1 

k 829.81  500 4900  (2Po
3/2)5s 2[3/2]o 1  (2Po

3/2)5p 2[3/2] 1 

* J: total electronic angular momentum. 

** The experimental relative intensity values (integrated line intensities) are scaled to 

match the relative intensities of the 810.44-nm line (f), which is the strongest emission 

line in the 750–840 nm spectral range as indicated in the NIST database. 

 

is red shifted by approximately 0.2 nm, and all spectral lines in the 750–840-nm region 

(except the line at 768.52 with indicated relative intensity of 400 in the NIST database) 

are in a good agreement with the NIST database. The relative intensities of the observed 

LIF lines are also compared with the NIST values. It was observed the spectral lines at 

760.15 and 811.29 nm are significantly stronger as compared to the strongest peak at 
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810.44 nm listed in the NIST database. It should be noted that, according to the NIST 

database, the relative intensities listed there are source dependent and should only be used 

as a rough guideline. 

In addition to spontaneous fluorescence emission, other competing energy transfer 

processes, such as absorption, photoionization, stimulated emission and collisional 

quenching, can significantly interfere with the measured Kr-TPLIF signals in turbulent 

reaction-flow environments. Such processes would result in reduction of fluorescence 

signals and make the quantitative measurements much more complex. Furthermore, the 

collisional quenching is dependent on temperature, pressure and colliding species, it is 

necessary to investigate these effects before applying it into practical combustion 

measurements. The effect of seed concentration on the Kr-TPLIF signal investigated as a 

function of different buffer gases is shown in Figure 8. The Kr seed concentration 

increased from 0.1% to 10% (based on partial pressure) with different buffer gases, 

oxygen, air, nitrogen, helium and argon, then it further increased from 10% to 100% in 

the nitrogen gas. The total pressure was fixed at 1 bar. It can be seen in Figure 8 (a) that 

the normalized LIF signal scaled linearly with Kr concentration when the concentration 

was below 10%, although some deviation is observed in the helium-Kr mixture. We have 

also observed deviations from linear dependence at higher concentrations, in particular 

when Kr concentration is above 40% (as shown in Figure 8 (b)). This behavior may 

indicate that stimulated emission resulted in reducing the fluorescence signal at higher 

concentration. Hsu et al.[41] also stated that a threshold of mole fraction for stimulated 

emission in turbulent flame was 0.04. The effect of Kr seed concentration on the 
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stimulated emission in turbulent flame environment is a topic for follow-on studies. 

Especially, at the same Kr seed concentration, the fluorescence signal increases with 

increase of the molecular weight of quenching partners. For instance, when the Kr seed 

concentration is 10%, the signals of Kr-He, Kr-Ar, Kr-N2, Kr-Air and Kr-O2 mixtures 

scale as 1, 0.42, 0.04, 0.02 and 0.01, respectively. These results show that He was the 

weakest quencher among all the buffer gases investigated in the current study. This 

observation could be explained by the fact that the higher mass of quenching partners 

generally has larger quenching cross sections. Hence N2, air and O2 are the most efficient 

quenchers. These gases are the most common constituents in fuel-air mixtures and hence, 

it is important to correct the fluorescence signals to obtain quantitative measurements 

when seeding krypton into fuel-air stream. These results, except in the case of nitrogen, 

are in a good agreement with those from Niemi et al.[134], where they measured the 

quenching coefficients of the 5p’[3/2]2 state with various gases. Hsu et al.[41] also 

investigated the quenching rates of the 5p[3/2]2 state and obtained the similar results. 

Other quenching partners, particularly in gaseous hydrocarbons, will be investigated in 

future studies. Moreover, many intermediate species are produced in flames and they all 

can be considered as quenching partners, one of the most efficient quenchers is water 

vapor. In general, water vapor quenching has a significant dependence on temperature and 

pressure. Moreover, the natural fluorescence lifetime of the 5p’ excited state is about 26 

ns [42], while it would reduce significantly due to collisional quenching effects in 

atmospheric-pressure flame environments. The evolution of fluorescence decay of the 

excited Kr in this study is shown in Figure 9. It is seen that the fluorescence lifetime is 
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less than 2 ns and could be reduced further at elevated temperatures and pressures. 

Therefore, the utilization of ultrashort fs laser pulses shows the potential for a 

comprehensive quenching rate investigation of Kr. 

 

 

Figure 8. (a) Dependence of fs-TPLIF signal on Kr seed concentration at different 

buffer gases. The vertical scales of Kr-Oxygen, Kr-Air and Kr-Nitrogen data 

are expanded by 20 to show the profiles. (b) Dependence of the N2 quenching 

where Kr-N2 ratio is varied between 10-100%. 
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Figure 9. Fluorescence emission signal versus gate-delay time, shown with a single-

exponential fit (solid line) of the Kr decay using pure krypton at 1-bar cell 

pressure. 

 

Similarly, the dependence of fs-TPLIF fluorescence signal on total pressure was 

investigated and the results are shown in Figure 10. A mixture of 10% Kr was filled into 

N2 buffer gas and the total pressure increased from 0.1 bar to 10 bar. The total pressure 

axis is plotted on a log scale. It can be seen that the relationship between pressure and the 

normalized LIF signal shows a good linear trend from 0.1 bar to 10 bar. This observation 

may indicate that other signal loss mechanisms such as photo-ionization and stimulated 

emission are negligible in this region under current experimental conditions. 



 

38 

 

 

Figure 10. Dependence of fs-TPLIF signal of Kr on total pressure. 

 

Theoretically, at low laser pulse energies, a linear dependence of the square root 

of the fluorescence signal on the laser pulse energy should be observed in a two-photon 

excitation process. Interfering schemes such as photoionization and stimulated emission 

would result in a lower dependence for higher laser pulse energy. The peak-normalized 

fs-TPLIF signal of atomic krypton in N2-Kr and Ar-Kr mixtures as a function of the laser 

pulse energy is shown in Figure 11. The mole fraction Kr was 10%, and the total pressure 

was kept at 1 bar. For these measurements, we collected fluorescence emission signals 

using an 832-nm band-pass filter (Semrock FF01-832/37-50). It can be seen that a good 

linear relationship is observed within the experimental uncertainty, thus it is concluded 

that the Kr two-photon excitation did not reach saturation and free of photoionization and 

stimulated emission in the range of laser energies investigated in this experiment. As 

discussed previously [136], saturation, photoionization and stimulated emission processes 

would result in less than  a quadratic laser pulse energy dependence. 
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Figure 11. Dependence of fs-TPLIF signal of Kr on laser pulse energy. 

 

In order to demonstrate the feasibility of the fs-pulse excitation/detection scheme 

of Kr for studies of mixture fraction in turbulent flow fields, we conducted a series of 

high-speed single-laser-shot 2D imaging experiments. The gas cell was replaced by an 

axi-symmetric gas jet. Figure 12 shows successive single-laser-shot raw images during 

the initiation and fully developed turbulent flow of the krypton jet in ambient air, recording 

at a repetition rate of 1 kHz. Since no interfering emissions were observed, the bandpass 

filter in the fluorescence collection channel was removed during these experiments. In  
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Figure 12. Successive single-laser-shot images recorded at the initiation of a krypton 

jet flow. 

 

Figure 12, the peak single-laser-shot signal values reached approximately 2000 counts. 

The intensifier gain was set at 75% and the images were recorded at 1 kHz. It can be seen 

that large vortices were generated for the jet flow at t=1–4 ms, which indicates there was 

a strong mixing process at the initiation of the jet flow. The small amount of krypton and 

strong mixing contributed to a low relative intensity and less gradient of Kr-TPLIF signal 

from t=1 ms to t=4 ms. As further ejection of krypton jet flow transforming to a steady jet, 

the core of the jet flow has higher relative intensity and less gradient, while it had a lower 

relative intensity and large gradient towards the periphery of the jet flow due to shear flow 

and vortex shredding. Small vortex structures were also observed on the periphery of the 

jet flow. 
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4. CO-TPLIF MEASUREMENTS IN REACTING FLOW SYSTEMS 

 

4.1 Experimental Apparatus 

In this section, we investigate the potential of the cutting-edge, fs-duration, two-

photon LIF technique for detecting CO and exploring possible interferences in gaseous 

and liquid-fuel flames (part of this work has been published in [137]). As discussed above, 

understanding CO formation becomes especially important in rich flame conditions, 

where significant levels of soot are also present. Furthermore, the additional phase change 

could challenge CO measurements using the LIF technique in liquid-fuel flames. 

Therefore, we investigated possible interferences in a range of CH4, C2H4 and liquid 

CH3OH flames. As shown in Figure 13, the radiation at 230.1 nm excites the CO 

molecules from ground state (X1Σ+) to excited state (B1Σ+), then the fluorescence from the 

B1Σ+→A1∏ ÅngstrÖm band (400–600 nm) is detected. Furthermore, some CO molecules 

at B1Σ+ state relax to b3Σ+ state because of the collisional energy transfer in combustion 

systems, thus fluorescence signal could also be detected from the b3Σ+→a3∏ (282–380 

nm) third positive band. It can be seen that excitation at 230.1 nm and detection in the 

third positive system could eliminate most of C2 and CH interferences in the 400–600 nm 

region. However, the third positive system also exhibits stronger pressure and quenching 

effects as compared to the ÅngstrÖm band [61]. More importantly, fluorescence occurs in 

the UV spectral region where detection cameras are generally less sensitive. Thus, in these 

experiments we use the ÅngstrÖm band emission to detect CO, while accounting for 

various interferences in sooting flames. Comparison of previously employed ns- and ps-
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duration pulses for TPLIF, as described above, shows that the fs-duration excitation 

scheme has advantages of strong signal generation and less susceptibility to interfering 

photodissociation processes. 

 

Figure 13. Energy level diagram for femtosecond two-photon LIF of CO. 

 

The experimental apparatus, shown in Figure 14, consists of a fs-duration, Ti: 

Sapphire, regeneratively amplified laser system, generating approximately 80-fs-duration 

of laser pulses at 1-kHz repetition rate. The fundamental 800-nm beam was used to pump 

the OPA to generate signal beam at 1291 nm. Then, the signal beam at 1291-nm 

wavelength was frequency-doubled twice to generate 322.7 nm beam, then the 322.7-nm 

beam was sum-frequency mixed with a portion of the fundamental beam to produce 

radiation at 230.1 nm with average energy of 40 µJ/pulse. The UV laser beam was then 

guided to the probe region using several 45o dielectric laser mirrors (LEO, TWB-210-230-

45-UF-1025) and focused onto the probe region using a +200-mm-focal-length plano-

convex lens (LEO, UF-PX-25.4-200-200-230). A thin, variable ND filter was placed 

before the plano-convex lens to adjust the laser pulse energy at the probe volume. The 
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laser energy was monitored using a laser power & energy meter (Ophir, Fluke 8845A). 

the focal spot size of the excitation beam was measured using a beam profiling camera 

(Spiricon, BGS-USB3-LT655). 

 

Figure 14. Schematic diagram of the experimental apparatus for fs-TPLIF of CO. 

Then ns OH-LIF measurement system used to characterize the reaction zone 

of the flames investigated is also shown on the right-hand side of the diagram 

(CL: Cylindrical lens).  

 

For CO spectroscopic studies at elevated pressures, a static gas cell having an 

effective optical path of 20 cm and four orthogonal fused-silica windows was placed in 

the probe region (where the burner was located). A +500-mm-focal-length plano-convex 

lens (LEO, UF-PX-25.4-500-200-230) was used to avoid the laser-induced interferences 

of the C2 swan band. The gas cell was vacuumed down to 10-3 Torr or better, using a 

vacuum pump, prior to filling in pure CO or mixtures of CO and other gases. The pressure 

was monitored using an Omega pressure transducer. A collimator coupled with a fiber 

optic cable was placed orthogonal to the beam path to collect the CO-TPLIF signal, which 

was transmitted to the entrance slit of the spectrometer using a fiber optic cable consisting 

of a circular-to-linear fiber array. The spectrometer has different gratings to obtain high- 
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and low-resolution spectra for pressure effect studies. The vertical entrance slit width was 

set at 150 µm and the ICCD camera was mounted on the exit plane to record spectra. The 

spectrometer/ICCD camera system was wavelength and intensity calibrated using the 

Hg/Ne-Ar lamps and calibrated LED-based light source, respectively. For CO 

measurements in sooting flames, the gas cell was replaced by a 25.4-mm × 25.4-mm 

Hencken calibration burner, jet burner, or modified Mckenna burner (flat flame burner) 

coupled with an injector to achieve various flame conditions. The fuels used were methane 

(CH4), ethylene (C2H4) and liquid methanol (CH3OH). The flow rates of gases were 

regulated by mass flow controllers (MKS Instruments, GE50 series), which were 

connected to a gas system controller (MKS Systems, Model 946). Variable equivalence 

ratios from very lean to rich conditions could be realized by adjusting the flow rates of 

gases in gaseous sooting flames. The flow rate of liquid methanol (research grade, >99.5%) 

was controlled by a syringe pump (New Era Pump Systems, NE-1000). Fluorescence 

signal collected orthogonal to the beam path using an intensified CCD (ICCD) camera 

(Princeton Instruments, Model: PIMax4). The detection gate width and gain of the ICCD 

camera were varied for the spectroscopic and imaging measurements to further suppress 

laser scattering and flame background. 

The experimental apparatus for the two-line OH-PLIF thermometry in liquid-spray 

flames described in the next section is shown on the right-hand side of Fig. 14. Single 

photon rotational transitions of Q1(5) (283.750 nm) and Q1(14) (286.456 nm) of the OH 

A2Ʃ+-X2∏ (1,0) band are used, and subsequent fluorescence from the OH A2Ʃ+-X2∏ (0,0) 

and (1,1) bands is detected. The experimental apparatus, shown in Figure 14, has a 10-Hz 
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nanosecond-duration Nd: YAG laser (Continuum, Model Powerlite 8000), operating at 

1064-nm wavelength. The 1064-nm beam was frequency doubled to generate a 532-nm 

green beam, then the green beam was used to pump a dye laser (Continuum, Model 

ND6000). The tunable dye laser output around 565.5 nm or 572.912 nm was subsequently 

frequency doubled in a beta-barium borate (BBO) crystal to obtain UV radiation in the 

282.75 nm or 286.456 nm wavelengths. The output wavelength of the dye laser was 

monitored using a wavelength meter (Highfinesse, Model WS-7). The UV laser energy 

was fixed at 6 mJ/pulse for both excitation wavelengths. Then the UV beam was guided 

to the probe region using several dielectric laser mirrors (LEO, TWB-275-285-45-UF-

1025). A +200-mm-focal-length plano-convex lens coupled with a f=-25-mm plano-

convex cylindrical lens was used to generate a laser sheet with an effective height of 

approximately 42 mm. The beam sheet profile was monitored using a beam profiling 

camera (Spiricon, BGS-USB3-LT665), which has a resolution of 2752×2192 with a 4.4- 

um square pixels. The fluorescence signal was collected orthogonal to the beam path using 

the ICCD camera fitted with a 45-mm, f/1.8 UV camera lens (Cerco). A 315-nm bandpass 

filter (Semrock, FF01-315/15-50) was mounted at the front end of the camera lens to block 

the laser scatter and to collect only the fluorescence emission bands. The detection gate 

width was set to 100 ns to minimize background interferences from flames.  

 

4.2 Burner Facilities 

The Hencken calibration burner shown in Figure 15, is widely used to produce 

near-adiabatic premixed flames. It consists of a square honeycomb structure of 37.5 
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mm×37.5 mm and an uncooled burner holder which is divided into a central flow region 

of 25.4 mm× 25.4 mm and a surrounding co-flow region. Within the central region, the 

honeycomb supports stainless-steel fuel tubes in every other honeycomb cell. The fuel and 

oxidizer are supplied into fuel tubes and nearby honeycomb cells, respectively, then 

rapidly mix just above the burner surface, forming an array of blended diffusion-like 

flamelets which quickly mix into a uniform premixed flame region. The main flame region 

is surrounded by an annular shroud, which flows a non-combustible gas co-flow to create 

a shroud for the main flame. The total flow rate of this inert gas could be adjusted to match 

the flow from the central region, therefore reducing shear instabilities between the flame 

gases and the surrounding environment. The Hencken burner is mostly used as calibration 

reference sources in laser diagnostics because it is capable of generating a steady state of 

equilibrium products above the reaction zone [138, 139].  

Another type of burners used for CO measurements in liquid-fuel spray flames is 

a modified McKenna burner (Holthuis & Associates, Flat Flame Burner) [94, 103]. A 

schematic of the McKenna burner is shown in Figure 16 (a). The McKenna burner has a 

stainless steel (SS) porous plate of 60-mm diameter with a central tube of 9.5 mm OD × 

7.8 mm ID, allowing the introduction of a nebulizer to generate a fuel spray. A 73.5-mm 

OD, sintered bronze annular shroud enables a gas flow for stabilizing spray flames by 

minimizing shear perturbations. The burner plate has a coil sintered into it for flowing 

cooling water in and out to prevent the burner from overheating. 
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Figure 15. Photograph of the Hencken calibration burner used for CO measurement 

studies in the laboratory. 

 

 

Figure 16. (a) A schematic diagram of the McKenna Burner [140]; (b) Photographs 

of the modified McKenna burner with a direct-injection high-efficiency 

nebulizer (DIHEN) used in CO and OH measurements [94, 103]. 

 

A glass nebulizer (Meinhard, DIHEN-170-A0.5) was used to atomize the liquid 

fuel supplied through a syringe pump. The schematic diagram of the nebulizer is shown 

(a) 

CH4/Air 

CH3OH 
N2 

Injector tip 

(b) 
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in Figure 17, The high-speed atomizing gas flowing in the annulus passage having an area 

of 0.0094 mm2 entrains the slow liquid fuel flowing in the central 104-µm diameter 

capillary tube. With this configuration, fine liquid-fuel droplets of diameter less than 40 

µm are achievable downstream of the nebulizer exit [94]. 

   

Figure 17. A schematic diagram (left) and a photograph (right) of the DIHEN 

nebulizer reprinted from [141]. 

 

To obtain piloted liquid-spray flames, the nebulizer was passed through the central 

tube of the McKenna burner. The nozzle exit was held approximately 3 mm below the 

porous plate surface to prevent the nozzle tip from overheating. After the premixed 

CH4/air pilot flame was stabilized in the porous core of the McKenna burner, the liquid 

methanol fuel was pumped into the nebulizer using the syringe pump, atomized at the exit 

with the high-speed gas (N2) flowing in the annular area. Fine droplets are gradually 

vaporized and burnt downstream of the exit. Various piloted liquid-spray flames (i.e. fuel 

types and flow rates) can be achieved using this configuration. The flow rates of CH4, dry 

air (oxidizer), dry air (shroud gas), and N2 (atomizing gas) were 0.8, 9.52, 15, and 0.27 

slm, respectively. The liquid fuel flow rates used for flame 1, 2, and 3 were 15, 30, and 45 
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ml/h, respectively. The effective Reynolds number at the nozzle exit was approximately 

3200 for all three cases. 

The general appearances of spray flames were recorded using a digital SLR 

camera.  Flame images corresponding to the three methanol flow rates are shown in Figure 

18.  As shown by these images, there is a region of light blue emission close to the burner 

surface corresponding to the CH4/air pilot flame, and a yellow/orange zone further 

downstream corresponding to the spray flame. A ‘dark core’ region can also be seen in 

the bottom part of the spray flame, which corresponds to the fuel spray that has not fully 

evaporated yet, and fine droplet clusters are surrounded by a flame envelope in the 

periphery. Karpetis and Gomez [90] observed that the droplet concentration vary by two 

orders of magnitude along the centerline of spray flame, and between two to four orders 

of magnitude across the radial direction. With the spray flame spreading in the radial 

direction, the fuel droplet concentration decreases along the axial direction because of the 

spreading of the jet, as well as the droplets evaporate and eventual combust. The spray 

flame becomes longer as the liquid flow rates are increased. The droplet concentration 

increases with increasing flow rate of liquid fuel, resulting in increase in the local fuel 

vapor fraction, and hence, longer gaseous diffusion flames surrounding the droplet clouds. 
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Figure 18. Digital photographs of spray flames 1, 2 & 3. 

  

4.3 Results and Discussion 

4.3.1. Spectroscopic Study of fs-TPLIF of CO 

The effect of excitation wavelength on the CO fs-TPLIF signal level was studied 

by recording line images of CO-TPLIF emission in a Φ=1.2 CH4/air flame stabilized over 

the Hencken burner. The spectrum of the excitation radiation was monitored using a fiber-

coupled spectrometer (Ocean Optics, Model Flame S). Typical excitation laser spectra and 

corresponding CO TPLIF signals are shown in Figure 19. It shows that the fluorescence 

signal increases and then decreases as excitation central wavelength scans from blue to 

red, and the signal peaks at around 230.1 nm. Therefore, 230.1-nm excitation wavelength 

was used for all subsequent CO measurements in various sooting flames. 

Flames 2 
(30 ml/h) 

Flames 3 
(45 ml/h) 

 2cm 

Flames 1 
(15 ml/h) 
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Figure 19. (a) Typical laser spectra of the excitation wavelength; (b) Dependence of 

the fs CO-TPLIF signal on the excitation wavelength. The integrated 

experimental signal is shown by red dots, and a Gaussian fit through data is 

shown by the solid line. The vertical dashed lines represent the central 

wavelength of the selected excitation spectrum. 

 

The CO fs-TPLIF emission spectra following the 230.1-nm excitation scheme 

were studied first using pure CO filled in the gas cell at a pressure of 1 bar.  The resultant 

fluorescence emission spectrum is shown in Figure 20. The spectrometer wavelength was 

calibrated using the calibration lamps discussed above. The fluorescence emission bands 

were detected at approximately 451, 483, 519, 561 and 608 nm in the ÅngstrÖm band 

(B1Σ+→A1∏). Furthermore, because of the close energy level between the b3Σ+ triplet 

state and the B1Σ+ singlet state [142], the fluorescence emission could be also seen in the 

region of 282–380 nm originating from the third positive band (b3Σ+→a3∏) through 
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collisional population. Both bands were verified to originate from CO radicals by tuning 

the laser wavelength away from the CO resonance peak. 

 

Figure 20. Experimentally recorded fs-TPLIF emission spectra of CO using pure CO 

in gas cell at 1-bar pressure. 

 

A major complication for quantitative CO measurements using the 230.1-nm two-

photon transition scheme is interferences from the C2 Swam band. Such interferences 

effectively limit the number of available emission lines for CO detection, thereby limiting 

the collected signal levels. At higher laser energies, laser-generated C2 interferences could 

be present in the fluorescence emission spectra. It is seen that the spectra shown in Figure 

21 have several extra spectral lines at 437 nm, 468 nm, 515 nm and 590 nm as compared 

to those in Figure 20, indicating that the laser-generated C2 signals present using the CO-

TPLIF technique. Furthermore, the strong spectral peak observed at 460 nm is expected 

to be the second order of the diffraction grating of the 230-nm excitation beam.  
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Figure 21. Interference investigation on fs-TPLIF of CO using pure CO in gas cell at 

1-bar pressure. 

 

In combustion environments, other possible interferences besides the C2 

interferences could exist because complex emission structure from other hydrocarbon 

molecules, for example. Shown in Figure 22 is the fluorescence spectra recorded in a 

C2H4/air sooting flame with equivalence ratio Φ =1.5 for three different intensifier gate 

widths of 10, 100 and 1000 ns. In these spectra, the wavelength and relative intensity have 

been calibrated for the spectrometer/ICCD camera system. The excitation laser energy 

used was 40 µJ/pulse. The isolated CH emission signal near 430 nm, as well as the C2 

isolated signals at approximately 437 nm and 468 nm, 515 nm partially overlap with the 

CO spectral lines.  These laser-generated C2 emissions were also confirmed by observing 

the emission spectrum at the 10-ns detection gate while detuning the excitation laser away 

from the resonance peak. Hence, we conclude laser-generated C2 interference has a 

pronounced effect on CO fluorescence signal in fuel-rich flames. The C2 production could 

be originated from photolysis of CO or soot, or three-photon dissociation processes in the 
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vinyl radical (C2H3) and acetylene (C2H2) under fuel-rich conditions [59, 84]. 

Furthermore, the C2 signal contribution becomes severe with increasing detection gate 

width of the ICCD camera from 10 to 1000 ns, for example, The C2/CO peak signal ratio 

increases from 0.26 to 1.2 near 483-nm spectral line. More importantly, with increasing 

detection gate width, the overlapped regions between the isolated CO peaks around 451 

and 483 nm and C2 spectral lines are broadened at the base. This effect can be seen clearly 

in Figure 22 (c) as compared to Figure 22 (a) & (b), indicating that C2 interferences became 

evidently predominant at wider detection gates. From the spectral data shown in Figure 

22 (a)-(c), it was concluded that while a shorter, 10-ns detection gate width can effectively 

eliminate nascent flame C2 emissions, laser-generated C2 interferences can still be present 

under these conditions. Furthermore, the temporal evolution of CO and C2 fluorescence 

signals as a function of gate delay is shown in Figure 23. The gate width was 0.45 ns and 

the position of the fs laser pulse was around 0.2 ns where the emission signals started to 

rise. It indicates that the effective lifetime of CO reduced to be in a picosecond-scale range, 

in an agreement with measurements from other publications [76, 78]. In addition, the 

fluorescence signal of CO and C2 peaks simultaneously and it is not easy to block C2 

interferences using a delay-timing method. Thus, we incorporated a short detection gate 

and a narrow-band pass filter (Thorlabs, FB450-10) to select the CO (0,0) ÅngstrÖm band 

only for CO-TPLIF measurements in sooting flames. The transmission curve of this filter 

is also shown by dotted lines in Figure 22. Although this spectral filtering method also 

blocks portion of the CO fluorescence signal, we conclude that is an important 

measurement to ensure the quantitative TPLIF detection of CO in heavily sooting flames.  
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Figure 22. C2 interference for CO fluorescence in a premixed C2H4-air flame with 

equivalence ratio Φ=1.5. Detection gate width of (a) 10 ns, (b) 100 ns, and (c) 

1000 ns. 
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Figure 23. LIF signal vs. gate delay recorded in a premixed C2H4-air flame with 

equivalence ratio Φ=1.5. 

 

The C2 spectral interferences were also investigated more carefully using a 3600 

grooves/mm grating present in the same spectrometer. Although improved C2 emission 

filtering may be possible by incorporating a custom-designed bandpass filter, such 

implementation is not justifiable because of the substantial additional cost and the 

possibility of variation in the spectral bandwidth due to minor angular changes when 

mounting the filter. 

 

4.3.2. Spectroscopic Study of CO-TPLIF at Elevated Pressure 

Many previous studies on CO-TPLIF measurements have been performed in 

atmospheric-pressure conditions, which are not necessarily representative of combustion 

conditions in practical engine devices. At elevated pressure, collisional effects such as line 

broadening and collisional quenching, and absorption/trapping interferences increase as 

well as spectral line broadening and shifting can take place. The shift and broadening 
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excitation pulses can lead to redistribute excited state populations and also reduce the 

excitation quantum efficiency in certain cases. The effect of pressure on the broadband, fs 

excitation pulses is shown in Figure 24. All spectra were recorded in a mixture of CO/N2 

(CO:N2=10:90), and each spectrum is normalized to its peak value. It can be seen that the 

excitation spectra broaden slightly as pressure increases from 1 bar to 20 bar, such that the 

FWHM of excitation spectrum becomes 1.09 nm at 20 bar as compared to 1.02 nm at 1 

bar. These broadening effects however, can be neglected as compared to the FWHM of 

all excitation spectra and therefore, has less influence on the excitation quantum efficiency 

of the LIF technique. However, it is reported that a higher pressure could broaden and 

significantly shift the  narrow spectral transitions and therefore can be problematic when 

using narrowband excitation ns pulses [143].   

 

Figure 24. Dependence of the fs CO-TPLIF excitation spectrum on the total cell 

pressure. 

 

Furthermore, the fluorescence emission spectrum of CO was recorded in the 

mixture of CO/N2 using a 150 lines/mm grating. Figure 25 shows only the spectrum of the 
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CO B→A (0, 1) fluorescence band. The width of the vibrational band increases as pressure 

increases, such as the FWHM is 3.66, 3.68, 3.68, 3.85 and 3.89 at a pressure of 1, 5, 10, 

15 and 20 bar, respectively. The collisional broadening of each rotational line increases 

with the increase of pressure and thus broaden the entire vibrational manifold. However, 

the broadening effects are comparatively small with respect to the FWHM of each 

spectrum.    

 

Figure 25. Dependence of the CO B→A (0, 1) fluorescence band on the pressure.  

 

In theory, the fluorescence signal is proportional to Im where m=2 for the CO-

TPLIF process at lower laser intensities. However, other simultaneous competing 

processes such as photoionization and collisional quenching would reduce the quadratic 

dependence. The fluorescence signal recorded as a function of the laser pulse fluence in a 

mixture of 10% CO in N2 at 1, 5, 10 and 20 bar is shown in Figure 26. At 1-bar cell 

pressure, the fluorescence signal exhibits a laser fluence dependence Im where the 

exponent m=1.86 when the laser fluence is below 0.11 J/cm2, and it drops down to 1.27. 

At lower laser pulse intensities, it appears that the signal does not reach saturation or losses  
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Figure 26. Laser pulse fluence dependence of the fs-TPLIF of CO signal in a mixture 

of 10% in N2 at various pressures. 

 

of signal due to stimulated emission and photoionization processes. While the 

photoionization process begins to dominate over other processes at higher laser intensities. 

Consequently, all following measurements were conducted below the laser fluence of 0.11 

J/cm2 for elevated-pressure studies. This behavior is also present at higher pressures, such 

as the exponent m decreases from 1.68 to 0.58 with increasing laser fluence at a 5-bar total 

pressure. In addition, the exponent m decreases gradually with the increase of total 

pressure in the range of laser intensities investigated. For instance, the exponent m drops 

from 1.86 to 1.20 at lower laser intensities when the total pressure rises up to 20 bar, and 
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it reduces from 1.27 to 0.20 at higher laser intensities. The collisions between CO 

molecules and quenching partners increase with increasing pressure, therefore, the excited 

molecules non-radiatively decay to lower states resulting in sub-quadratic dependence. Di 

Rosa et al. [79]  also stated that the peak two-photon rate coefficient of CO B←X (0, 0) 

decreased at elevated pressure. 

As compared to traditionally used ns laser pulses, recent studies have shown that 

the ultrashort, fs laser pulses have numerous advantages in terms of photolytic-

interference-free and high-repetition-rate measurements. According to the Heisenberg’s 

uncertainty principle, the fs laser pulses have much wider bandwidths than ns laser pulses. 

To demonstrate the broadband feature of fs laser pulses that can provide additional 

advantages in the CO-TPLIF scheme, we compared the effect of pressure on fluorescence 

signals followed by the ns and fs transition schemes. For a comparison purpose, we used 

an identical mixture of constant mole fraction of 2.6% CO diluted in N2/O2 (N2:O2=80:20) 

[144] and a mixture of 2.6% CO in N2. The variation of the fluorescence signal as a 

function of total pressure is shown in Figure 27. It is seen that the fluorescence signal 

decreases by 30% for the fs-excitation scheme and 60% for the ns-excitation scheme, as 

the total pressure increases from 1 to 13 bar. Furthermore, the LIF signal reduces only by 

40% for the fs scheme as the total pressure rises up to 20 bar. For the mixture of 2.6% CO 

in N2, the signal drops by 55%. The reduction of the LIF signal in fs excitation scheme is 

still lower than that of the ns excitation scheme, indicating that the fs scheme has a higher 

quantum efficiency than the ns scheme at elevated pressure. The broadband fs excitation 

pulses provide multiple excitation transitions simultaneously as compared to the single 
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line excitation by ns pulses. At higher pressures, the ns excitation laser pulses 

asymmetrically broaden and shift, and can result in a reduction of the quantum efficiency 

[143], whereas, broadening effects do not have an noticeable influence in the fs scheme 

because of the broadband nature of the excitation pulses. 

 

Figure 27. The normalized CO-TPLIF signal as a function of total pressure. 

 

Then high-resolution spectra of the CO B→A (0, 0) and (0, 1) bands were also 

recorded in the mixture of 2.6% CO diluted in N2/O2 using a 2400 lines/mm grating. The 

spectrum shown here was an average of 500 frames with each frame containing on-chip 

accumulation of 300 laser shots. As shown in Figure 28, it clearly shows ro-vibrational 

structures of both bands at 0.1 and 1 bar. However, as pressure increases, the individual 

rotational lines broaden and become indistinguishable due to the increased pressure 

broadening. Additionally, compared to the spectra at lower pressures, the vibrational 

structures become noisier at higher pressures because of reduced signal levels. It also 

shows that the spectra broaden towards longer wavelengths, which is different from the 
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observation from Carrivain et al. [144]. These broadening behavior is observed because 

of the high-resolution grating used in this work.  

 

Figure 28. High-resolution spectra of the CO B→A (0, 0) and (0, 1) bands at various 

cell pressures. 

 

The collisional quenching is also highly dependent on colliding species besides the 

pressure. The variation of CO-TPLIF signal as a function of total pressure in N2 and He 

with various fixed CO number densities is shown in Figure 29. For this purpose, pure CO 

with different initial pressures was injected into the gas cell, then the partial pressure of 

N2 and He gas was gradually increased until the total pressure reached 20 bar. Integrated 
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CO signals were normalized with respect to the peak signal of each initial pressure 

condition. As can be seen in Figure 29, all of the normalized signals decrease with the 

increase of total pressure. Furthermore, the decay rate of the normalized signal in the 

mixture of N2/CO is always faster than that in He/CO mixture. As such, for the initial CO 

pressure of 0.05 bar, the signal decreases by 90% for the N2/CO mixture when the total 

pressure rises up to 10 bar; while it drops by 50% for the He/CO mixture at the same 

pressure. is the total signal remains at 65% level even at 20 bar. Settersten et al. [78] 

measured the cross sections for collisional quenching of CO by various gases and reported 

24.46 and 0.25 Å2 for N2 and He at room temperature respectively. Clearly, N2 is a stronger 

quenching species and He is a weaker quenching species. Additionally, at a fixed pressure, 

the fluorescence signal increases with increasing initial CO pressure for both N2/CO and 

He/CO mixtures, indicating that the self-quenching of CO has little influence when CO 

concentration is sufficiently low. 

Then we also investigated the CO fluorescence signal as a function of total 

pressure with a fixed CO mole fraction in mixtures of N2/CO and He/CO. As shown in 

Figure 30, except for 1% and 5% CO diluted in He mixtures, similar trends are observed. 

The normalized CO fluorescence signal decreases as pressure increases for all N2/CO and 

He/CO mixtures. Compared to the mixtures of fixed CO number densities, the normalized 

signal decreases with increasing mole fraction of CO at a fixed pressure, indicating that 

the self-quenching of CO has a significant influence on CO fluorescence signal loss. For 

example, the normalized signal drops by 90% when the mole fraction of CO is 50% in He, 

although He is the weakest quenching species.    
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Figure 29. Dependence of CO-TPLIF signal as a function of total pressure in N2 and 

He with various pressure with fixed CO number densities. 
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Figure 30. Dependence of CO-TPLIF signal as a function of total cell pressure in N2 

and He with various pressure at fixed CO mole fraction. 

 

4.3.3. CO fs-TPLIF Application in Gaseous Sooting Flames 

For the CO B1Σ+←X1Σ+ two-photon transition scheme, the fluorescence signal is 

expected to be proportional to the square of the laser energy below the saturation regime.  

However, being a nonlinear loss mechanism of the excited state population, 

photoionization and stimulated emission interferences in practical sooting flames can both 

result in sub-quadratic energy dependence of the fluorescence signal. The observed fs-
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TPLIF of CO signal as a function of the laser pulse energy in a sooting C2H4-air flame of 

Φ =1.5 is plotted on a log-log scale in Figure 31. Because the spectral lines of CO at 451 

nm and 483 nm isolate from C2 interferences, we only collected the CO fluorescence 

signal in the 4505 nm spectral range. The fluorescence signal plotted here was an average 

of 200 camera frames with each frame containing on-chip accumulation of 100 laser shots.  

Each data point was repeated three times and the average value is plotted. From these 

results, it can be seen that the fluorescence signal exhibits a power dependence Im where 

the exponent m=1.45 at lower laser energies, and m=1.14 at higher laser energies. These 

results are in agreement with previously reported power dependence measurements in the 

literature [17, 22, 72]. At low CO concentrations, sufficient laser energies are required to 

generate fluorescence signals with a reasonable signal-to-noise ratio. However, at high 

laser energies, the ionization and stimulated emission processes become significant and 

can further reduce the expected quadratic power dependence for this two-photon 

excitation scheme [22]. 
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Figure 31. Laser pulse energy dependence of fs-TPLIF of CO signal in a premixed 

C2H4-air sooting flame with Φ =1.5. 

 

After the characterization described in the above experiments, the fs-TPLIF 

scheme was then used to measure the CO signal level in a wide range of CH4/air and 

C2H4/air sooting flames that were stabilized over a Hencken calibration burner. For all 

these measurements, a 10-ns ICCD gate width was used along with the bandpass filter 

described above.  The adiabatic flame conditions achievable in the Hencken burner allows 

direct comparison of the measured CO number density profile with the calculated 

equilibrium CO number densities. As shown in Figure 32, the CO fluorescence signal 

keeps constant at the height of 5—15 mm. Thus, the laser beam was set approximately 10 

mm above the burner surface, all the experimental measurements were taken at this height. 

The laser pulse energy in the probe region was set at approximately 22 µJ/pulse. 
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Figure 32. Dependence of the CO-TPLIF signal on height above the burner surface 

in a premixed C2H4-air sooting flame of Φ =1.5. 

 

Figure 33 and Figure 34 show the CO-TPLIF emission spectra at various 

equivalence ratios in CH4/air and C2H4/air sooting and non-sooting flames. It can be seen 

clearly that C2 interferences become prominent with increasing equivalence ratio, even the 

isolated CO peaks around 451 and 483 nm are affected to some degree by neighboring 

strong C2 emission bands despite time gating the signal using a 10-ns ICCD gate. 

Spectrally integrating the fluorescence signal only in the 445–455 nm region is the best 

possible solution to minimized C2 interferences based on our current studies.  
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Figure 33. CO-TPLIF emission spectra recorded at various equivalence ratios in 

sooting flames with premixed CH4/air flames. 

 

 

Figure 34. CO-TPLIF emission spectra recorded at various equivalence ratios in 

sooting flames of premixed C2H4/air. 

 

The corresponding fs-TPLIF signal of CO as a function of flame equivalence ratio 

in CH4/air and C2H4/air sooting flames is shown in Figure 35 and Figure 36. As discussed 

above, we used a 10-ns detection gate and only collected the CO fluorescence signal near 

451 nm using the bandpass filter to minimize the contributions from C2 interferences. The 

equilibrium CO number densities were calculated using the STANJAN chemical 
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equilibrium code and compared with the experimental CO fs-TPLIF profiles. It can be 

seen that the measured CO fluorescence signals show a good agreement with the 

calculated CO concentrations for both premixed CH4/air and C2H4/air flames over a wide 

range of equivalence ratios. The experimentally observed CO concentrations are slightly 

lower than the equilibrium calculations at higher equivalence ratios or fuel-rich flames. 

Note that no quenching or photolytic interference (photodissociation of CO2 and CO) 

corrections were applied for measured the CO-TPLIF signals in these results. These 

observations suggest that the fs-TPLIF excitation scheme can provide significant 

advantages in quantitative detection and imaging measurement of CO radicals in sooting 

flames. A signal correction may be applied using respective quenching cross section, 

provided the flame temperature and major collision partner concentrations. 

 

Figure 35. Fs-TPLIF signal of CO as a function of flame equivalence ratio in a 

premixed CH4/air sooting flame. Solid line represents the calculated 

equilibrium CO number density using STANJAN. 
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Figure 36. Fs-TPLIF signal of CO as a function of flame equivalence ratio in a 

premixed C2H4/air sooting flame. Solid line represents the calculated 

equilibrium CO number density using STANJAN. 

 

To illustrate the planar TPLIF imaging of CO in premixed sooting flames, the 

Hencken calibration burner was replaced with a premixed Bunsen-type jet flame. A +100-

mm-focal-length plano-convex lens coupled with a plano-concave cylindrical lens (f=-

150 mm) was used to generate a laser sheet with an effective height of about 5 mm. A 50-

mm-focal-length f/1.2 camera lens along with a 36-mm extension lens tube was used to 

collect the fluorescence signal and focus it onto the ICCD camera. As discussed above, a 

broadband detection filter and gate width would increase C2 interference for CO imaging 

measurements in sooting flames [18]. Hence, the 450-nm bandpass filter described above 

was mounted at the back end of the camera lens inside the lens extension tube. All images 

were acquired with a 10-ns detection gate width. The total laser energy used for the 

imaging measurement was ~25 µJ/pulse at the probe region. Sample fs-TPLIF images of 

CO in stable C2H4/O2/N2 jet flames at Φ=1.0, 1.5 and 2.0 are shown in Figure 37. The 

images in the top panel were acquired by a SLR camera at three different equivalence 
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ratios, The PLIF images were generated by stacking a total of 60 images, each image 

containing on-chip accumulation of 200 laser shots. The burner was scanned vertically in 

steps of 0.5 mm between each image frame. As seen from the bottom panel of Figure 37, 

the CO-LIF signal exhibits a steep gradient in the transition between the cold reactants 

zone in the middle through the conical flame front, and gradually decays when moved 

radially outwards into the product zone and decays to near zero when entrained with the 

surrounding air. This behavior can be observed more clearly in Figure 38, where the radial 

CO line profiles generated 10 mm above the nozzle exit are plotted. The corresponding 

vertical location is also indicated by the white lines in the CO images in Figure 37. As 

seen in Figure 38 the peak CO-TPLIF signals increase with increasing equivalence ratio. 

 

Figure 37. Fs-TPLIF images of CO recorded at three different equivalence ratios in 

C2H4/O2/N2 jet sooting flames. 

 

Φ=1.0 Φ=1.5 Φ=2.0 
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Figure 38. Fs-TPLIF line profiles of CO at varying equivalence ratios in C2H4/O2/N2 

jet sooting flames at 10 mm above the nozzle exit (the white lines shown in 

Figure 30). 

 

The potential for the high-repetition-rate (i.e., 1-kHz), single-laser-shot CO 

detection was investigated by replacing the ICCD camera by a high-speed CMOS camera 

coupled with a high-speed intensifier. Single-shot line images could be recorded using a 

10-ns intensifier gate while incorporating the same spectral filter as described above. 

Figure 39 shows total integrated LIF signals from 1000 consecutive single-shot images 

recorded at 1-kHz repetition rate in a Φ=1.2 premixed C2H4/O2/N2 jet flame. It is seen that 

the shot-to-shot signal level fluctuations increases up to ~10% of the averaged signal level 

even in the stabilized sooting flames. We believe this fluctuation to result from a 

combination of minor flame instability, shot-to-shot laser fluctuations and detection noise.  

It is important to consider such fluctuations when investigating temporally-resolved CO 

measurements in turbulent sooting flames. The primary constraint for single-laser-shot 2D 

imaging in the current experimental setup is the limited laser energy available near 230 
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nm, thereby reducing the height of an excitation laser sheet only to a few millimeters. Also, 

the spectral filtering scheme implemented here limits the amount of CO fluorescence 

detected. However, such tight spectral filtering is essential for quantitative CO 

measurements in sooting flames as evident from the results of the present study. 

 

Figure 39. Consecutive single-laser-shot signal distribution recorded at a pulse 

repetition rate of 1 kHz in a Φ=1.2 premixed C2H4/O2/N2 jet flame. Height of 

the laser line is 10 mm above the nozzle exit. 

 

4.3.4. CO fs-TPLIF Application in Liquid-Fuel Spray Flames 

The additional phase change results in the overall combustion processes being 

more complicated and hence less well understood as compared to gaseous fuels. After 

investigating fs-TPLIF of CO measurements in gaseous hydrocarbon fuels, we then 

extended the fs-TPLIF technique to demonstrate CO measurements and investigate 

possible interferences in liquid-fuel spray flames. For the primary study on liquid-fuel 

spray flames, we used the liquid methanol (CH3OH) with a simple chemical structure to 

make the demonstration less complicated. First, the chemiluminescence images were 

captured to characterize general structures of spray flames. The chemiluminescence of 
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OH* and CH* is natural emission of radiation from flames when chemically generated, 

energized OH and CH radicals return to their lower energy states. Previous studies have 

shown that the intensities of OH* and CH* chemiluminescence can act as a flame marker 

to locate the reaction zone and flame front location, respectively [145, 146]. Therefore, 

OH* and CH* chemiluminescence images were recorded to investigate the overall 

structures of these piloted liquid-spray flames. Figure 40 shows the averaged 

chemiluminescence images of OH* and CH*. It can be seen that the OH* and CH* 

chemiluminescence signals peak in the middle part of the spray flames, indicating that the 

reaction and heat release mainly occur in this region. Because these signals are the line-

of-sight path averaged, no further information on flame structure can be derived from 

them. 

 

Figure 40. Averaged chemiluminescence images of OH* and CH* in three different 

liquid-spray flames. 

 

CH

* 

OH

* 15 ml/h 30 ml/h 45 ml/h 
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Then we recorded OH-PLIF images in these liquid-spray flames to understand the 

structures of spray flames in detail. Single-laser-shot OH-PLIF images were recorded in a 

liquid spray flame at 30 ml/h of liquid methanol. As shown in Figure 41, the OH-LIF 

signal is zero in the central region because of the dense liquid droplets, then increases at 

the flame front where the fuel entrained and react with the surrounding air, and then decays 

to zero in the surrounding environment. Moreover, the variation of the OH-PLIF image 

structures shows the presence of strong turbulent mixing processes in these spray flames. 

Subsequently, images of 100 single-laser-shot averaged OH-PLIF images were recorded 

at each height. The measured OH-PLIF signals along the axial direction were combined 

to map the overall OH-PLIF profile distribution. Figure 42 shows the overall OH-PLIF 

images at different flow rates in spray flames. In this figure, the dark regions in the middle 

(i.e., those with low OH-signal levels) represent the dispersion and evaporation of liquid 

methanol. These images clearly show that the primary reaction mainly occurs around the 

periphery of the liquid core near the nozzle exit region. At higher location, the reaction 

zone spreads more uniformly since the liquid droplets are now fully evaporated and 

behaved as a gaseous fuel. Moreover, with increasing flow rates of liquid methanol, the 

core region becomes longer corresponding to the longer residence time of liquid droplets. 
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Figure 41. Samples single-laser-shot OH-PLIF images recorded in a piloted-liquid 

spray flame of 30 ml/h of liquid methanol. Each frame corresponds to an area 

of 20 mm×20 mm. 

 

 

Figure 42. OH-PLIF images at three different flow rates in liquid-spray flames. 
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After gaining sufficient understanding of the flame structure, fs CO-TPLIF studies 

were performed. Besides known C2 Swan-band interferences as in gaseous sooting flames, 

other possible interferences from liquid droplet region were also investigated. Figure 43 

shows fluorescence emission spectra detected for the three spray flames at various height-

above-burner (HAB) locations. It can be seen in Figure 43 (a) & (b) that near the nozzle 

exit region, the spectral line near 460 nm is order of magnitude stronger than other CO 

emission lines. As seen in Figure 43 (c)–(f), the intensity of this peak gradually decreases 

and become negligible at increasing HAB locations, indicating this interference may result 

from the liquid core region of the spray. Because the unevaporated, dense droplet clusters 

exist close to the nozzle exit, the 230.1-nm excitation laser gets second-order expansion, 

and results in a strong 460-nm emission line. At further downstream HAB locations, liquid 

droplets are gradually evaporating and the second-order laser interference becomes 

insignificant. Furthermore, the interferences from C2 Swan bands always present in 

downstream locations for all spray flames as seen in Figure 43 (c)–(f). All these spectra 

were recorded using a short detection ICCD gate of 10 ns. Therefore, we conclude that 

short detection gates and carefully selected spectral filtering scheme [30] are necessary 

for avoiding interferences during CO fs-TPLIF in piloted methanol flames. 
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Figure 43. CO TPLIF spectra in spray flames as a function of height-above-burner 

(HAB). The transmission spectrum of the bandpass filter used for 2D CO 

imaging is represented by Tfilter. 

 

Therefore, during all subsequent CO imaging studies, a narrow detection gate (10 

ns) and 450-nm band-pass filter were incorporated to minimize the interferences from C2 

Swan bands and nonlinear effects. CO TPLIF line images were recorded using laser pulse 

energy of approximately 10 µJ/pulse at the probe region. Figure 44 shows the axial CO 
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distributions of the three spray flames. Each data point was repeated four times and the 

average value is plotted. It can be seen that the CO signal increases first and then decreases 

in the downstream of the spray flames as the fuel droplets gradually evaporate. After a 

certain height, the spray flame behaved similar to a gas-phase diffusion flame, then the 

CO concentration decays because of entrainment with surrounding air. Moreover, at a 

higher flow rates of liquid fuel, the droplet concentration increases everywhere of a spray 

flame needing longer residence times to fully vaporize and react. Hence, the axial CO 

distributions peak at different heights for these spray flames. 

 

Figure 44. Axial CO distributions of the spray flames with three different flow rates. 

 

Figure 45 shows the radial CO and OH profiles of the three spray flames at 

different HAB locations. As discussed above, near the nozzle exit, the droplet clouds 

present in the core region and the primary reaction takes place around the periphery of the 

liquid core.  Hence the CO and OH intensities exhibit a dip in the center, form symmetric 

peaks around the flame front and decrease in radially outward locations due to entrainment 

of the ambient air. As the HAB gradually increases, outside air partially diffuses into the 
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central core and hence the two CO peaks merge together. Interestingly, peak CO radial 

positions are closer to the central axis as compared to peak OH locations, indicating that 

CO is formed rapidly in the low-temperature, rich inner boundary region of the liquid core.  

This observation qualitatively agrees with the generally accepted behavior of partial 

oxidation in rich, low-temperature regions in hydrocarbon flames giving rise to CO, 

polyaromatic hydrocarbons (PAHs) and soot. In the future, we expect collaboration with 

a combustion modeling team to develop a 2D laminar flame model with full reaction 

chemistry to further explore this behavior well.  Such efforts are beyond the scope of the 

present study and will be discussed in detail in a forthcoming publication. 

To obtain 2D CO images in these spray flames, a f=-100-mm plano-concave 

cylindrical lens and f=+150-mm plane-convex spherical lens were used to generate a laser 

sheet with an effective height of approximately 2 mm. Full 2D CO profiles were obtained 

by vertically scanning burner height in steps 2 mm and are shown in Figure 46. The radial 

and axial CO profiles described in Figures 44 and 45 are well represented in these 2D CO 

images as well. It should be noted that the bright double peaks near the burner surface may 

still have some contribution from the leakage of the wings of the second-order interference 

of 230-nm excitation beam, resulting from the dense liquid regions. 
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Figure 45. Radial CO and OH distributions of the spray flames at four different HAB 

locations. Solid lines represent CO profiles and dashed lines represent OH 

profiles. 

 

Figure 46. Relative 2D CO images recorded using fs-TPLIF at three liquid-spray 

flames. 
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4.3.5. Two-line OH PLIF Thermometry in Liquid-Fuel Spray Flames 

In order to further understand the structure and heat release, two-line OH PLIF 

thermometry was performed to obtain temperature profiles in these piloted liquid-spray 

flames. In this method, two separate spectral transitions Q1(5) and Q1(14) of the OH A2Ʃ+-

X2∏ (0,0) band are excited. Because the characterization of the average flow fields is of 

primary importance in the current study, the two-line OH-PLIF imaging was recorded 

successively using a single laser system. In addition to the experimental simplicity, use of 

only one laser system mitigates uncertainties associated with the use of two laser and 

detection systems, which could have different laser bandwidths, laser energy fluctuations, 

detection efficiencies, and fields of view. It has been reported previously that the 

temperatures obtaining using sequentially-recorded images with a single laser system are 

comparable to those of simultaneous measurements with two different laser systems [116]. 

Shown in Figure 47 is the OH-excitation scan recorded by scanning the dye laser 

over the Q1(5) and Q1(14) lines in a piloted spray flame with 30 ml/h of liquid methanol. 

For both scans, the excitation pulse energy was 3 mJ, and the signal was averaged over 

100 laser shots at each point. It shows that the normalized signals peak at Q1(5) and Q1(14) 

respectively, another weaker transition of Q21(5) is also observed. The line positions of 

excitation scans are in a good agreement with the predictions from the LIFBASE database. 
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Figure 47. Excitation scan of Q1(5) and Q1(14) lines in a piloted liquid spray flame 

with 30 ml/h of liquid methanol. 

 

Then the dependence of OH-PLIF signal on the excitation laser energy was 

investigated to ensure that the two-line OH-PLIF thermometry was conducted in the linear 

LIF regime. The UV excitation laser energy was adjusted by tuning the angle of 

frequency-doubling BBO crystal. As shown in Figure 48, the signal always scales linearly 

with the laser pulse energy in the range of laser energies investigated. Therefore, the laser 
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energy was fixed around 6 mJ/pulse for both excitation lines during the following 

investigations. 

 

Figure 48. Dependence of the OH-PLIF signal on the excitation laser pulse energy. 

 

Averaged OH-PLIF images of the Q1(5) and Q1(14) transition lines are shown in 

Figure 49 for three piloted spray flames. These images were averaged from 800 

consecutive singlelaser shots to reduce fluctuations due to shot-to-shot laser energy and 

detection system fluctuations. Then, images with off-resonance were obtained to subtract 

background noises. Figure 49 also shows the dispersion and evaporation of liquid 

methanol (the dark regions in the middle), and the core region becomes longer 

corresponding to a longer residence time of liquid droplets as flow rates of liquid methanol 

increase.   
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Figure 49. Average OH-PLIF images of the Q1(5) and Q1(14) transition lines in these 

piloted spray flames. 

 

Then we recorded laser sheet energy profiles of the Q1(5) and Q1(14) transition 

lines. The UV laser sheets was striking on a 50-mm×50-mm UV image conversion plate 

and generating visible fluorescence. The induced visible fluorescence was then monitored 
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using a beam-profile camera. Sample beam sheets of these two transition lines are shown 

in Figure 50. The intensity curves shown at the bottom were obtained from an average of 

40 single sheet images. The OH-PLIF signal was then intensity calibrated by dividing by 

the beam sheet intensity at each pixel, and the resultant OH-PLIF images are shown in 

Figure 51. 

 

Figure 50. Excitation laser sheet intensity profiles of the Q1(5) and Q1(14) transition 

lines recorded using a beam profiling camera. 
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Figure 51. Intensity-calibrated OH-PLIF images of the Q1(5) and Q1(14) transition 

lines in the piloted liquid-spray flames. 

 

The temperature was then determined by calculating the ratio of average OH-PLIF 

signal from the two Q1(5) and Q1(14) transition lines. LIFBASE software package was 
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used for determining the mapping function from the fluorescence signal ratio to 

temperature. The relationship between the gas-phase temperature and the ratio of the two 

transition lines is shown in Figure 52.  

 

Figure 52. Simulated two-color OH PLIF temperature as a function of the 

fluorescence signal ratio (open symbols) and a power fit (solid line given by 

the equation).  

 

The 2D temperature profiles are shown in Figure 53 in these liquid spray flames. 

It should be noted that the simulated temperature only works well for gaseous flame 

regions where sufficient OH-PLIF signals are present. In liquid spray flames, the majority 

of liquid particles are present in the core region of spray flames, then dispersed and 

evaporated along the propagation direction of the spray. In particular, close to the injector 

exit (or the surface of the McKenna burner), the unburnt liquid droplet density reaches the 

highest values. Hence, little or no OH-PLIF signal could be detected in these regions. In 

order to avoid significant fluctuations of the measured temperatures, a threshold was 
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applied to the OH-PLIF images before calculating the signal ratio. Signals in the region 

below the threshold were forced to be 300 K and are colored blue in the temperature 

profiles. As shown in Figure 53, the temperature increases as the HAB gradually increases, 

and peaks at a height of ~20 mm. The peak temperature in the Flame 1 is higher than other 

two flames because more liquid particles are ejected with a higher flow rate of methanol. 

At the same height location, more heat is required to evaporate these particles and thus 

result in a lower peak temperature. Furthermore, the temperature decreases at radially 

outward locations due to entrainment of the ambient air. Overall, the temperature is in the 

range of 1000–2000 K at the height investigated in the current work. Other interferences 

in the two-line OH-PLIF thermometry technique, such as quenching, signal trapping, 

excitation efficiency, detection efficiency, and other sources of systematic errors are 

neglected in this study. These errors collectively can result in temperature errors up to 15% 

of the actual temperature [116, 118, 120, 123, 147]. 

 

Figure 53. Average temperature distributions of the three piloted spray flames 

obtained using the two-color OH PLIF method. 
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5. OH-PLIF IMAGING MEASUREMENTS IN FLAMES 

 

5.1 Experimental Apparatus 

A series of studies were conducted to investigate the potential of the fs-duration 

laser pulses for OH-PLIF imaging measurements in flames. As shown in Figure 54, laser 

radiation centered at 283 nm excites OH radicals from ground state (X2∏ (v’’=0)) to 

excited state (A2Ʃ+ (v’=1)) via a single-photon transition, followed by fluorescence signal 

detection in the A2Ʃ+→X2∏ (0,0) and (1,1) bands. The experimental apparatus shown in 

Figure 55 consists of a regenerative-amplified Ti: Sapphire laser system, generating 

approximately 80-fs-duration laser pulses at 1-kHz repetition rate at the 800-nm 

wavelength. The fundamental output beam was used to pump an OPA for generating UV 

radiation for the excitation of the A2Ʃ+←X2∏ (1, 0) transition of OH near 283 nm. The 

UV beam was directed through several 45o dielectric laser mirrors and focused onto the 

probe region using a +200-mm-focal-length plano-convex lens. A thin, variable ND filter 

(Thorlabs, NDC-100C-4M) was placed before the plano-convex lens to adjust the laser 

pulse energy at the probe volume. A typical excitation spectrum of the fs-laser pulses is 

shown in Figure 56. With respect to the commonly used ns excitation of individual 

rotational lines such as Q1(5), Q1(7) and Q1(9), the broadband fs-laser pulses provide 

multiple excitation ro-vibrational transitions and thus significantly increase the excitation 

efficiency. For the fs OH-LIF spectroscopic studies, a series of flames stabilized over the 

Hencken calibration burner was used. The fluorescence signal was collected by a 

collimator placed orthogonal to the beam path, and was transmitted to the entrance slit of 
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a spectrometer (Princeton Instruments, Model: IsoPlane 320) using a fiber optic cable. The 

spectrometer has 150, 1200 and 2400 lines/mm gratings to obtain low-, medium- and high-

resolution spectra. The entrance slit width was set at 100 µm and the ICCD camera was 

fitted onto the entrance plane of the spectrometer to record fluorescence spectra. The 

detection gate width and gain of the ICCD camera were set to 30 ns and 100%, 

respectively. The spectrometer/ICCD camera system was wavelength calibrated using the 

same set of calibration lamps described above. 

 

Figure 54. Energy level diagram for femtosecond single-photon-excited LIF of OH. 

 

 

Figure 55. Schematic of the experimental apparatus for OH fs-LIF measurements. 
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Figure 56. A typical spectrum of the broadband excitation laser having 

approximately 100-fs pulse duration overlaid with the calculated OH LIF 

spectrum using LIFBASE software package. 

 

5.2 Results and Discussion 

For OH spectroscopic studies, a range of flames stabilized over a 25.4-mm×25.4- 

mm Hencken calibration burner was used. The laser beam was fixed at the height of 10 

mm above the burner surface. Shown in Figure 57 is the dependence of the OH fs-LIF 

signal on the excitation wavelength, obtained by recording spectra with different 

excitation wavelengths in a Φ=1.0 CH4/air flame. For this case, the excitation pulse energy 

employed was fixed at 13 µJ/pulse, and the fluorescence signal was averaged over 30 

frames with 600 laser shots accumulated in each frame. It is seen that the excitation 

wavelength centered at 283 nm results in the maximal LIF signal. The spectral bandwidth 

of this excitation wavelength is approximately 6 nm full-width at half maximum (FWHM); 

which is significantly broader than that of ns laser pulses [148]. 
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Figure 57. Dependence of the fs OH-LIF signal on the excitation wavelength. 

 

Typical fluorescence emission spectra of the OH (1, 0), (0, 0) and (1, 1) bands followed 

by the excitation of the A2Ʃ+←X2∏ (1, 0) transition in a stoichiometric CH4/air flame are 

shown in Figure 58. The spectra were recorded with a 2400 lines/mm grating, then 

compared with simulated spectra using the LIFBASE program. The simulated spectra 

were obtained at 2200 K and 1 atm. A Gaussian profile was used to account for the 

collisional and Doppler broadenings. As seen in Figure 58, a detailed ro-vibrational 

fluorescence emission spectrum could be obtained using the broadband fs pulses. An 

excellent match is observed between the experimental and simulated spectra in the OH (1, 

0), (0, 0) and (1, 1) bands. It should be noted that the simulated spectrum is rotationally 

thermalized (2200 K) but far from vibrationally thermalized states. Additionally, as shown 

in Figure 59, a temporal evolution of the two OH (1, 0) and (0, 0) fluorescence emission 

bands was recorded by scanning the ICCD gate delay while maintaining a 500-ps gate 

width. Hence, with temporally-, spatially- and spectrally-resolved fs-LIF emission spectrum, it 
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is possible to obtain the variation of the effective collisional lifetime of excited OH transitions. It 

may also be possible to obtain vibrational and rotational energy transfer rates as well as collisional 

quenching effects using the fs-excitation schemes described here. As discussed above, collisional 

effects would result in the narrowband OH rotational transitions to broaden and shift at elevated 

pressures, resulting in reduced spectral overlap, thus decreasing the excitation efficiency. The 

broadband ultrashort pulses on the other hand, will result in minimal loss of spectral overlap and 

hence could be used for chemical species measurements at higher pressures. 

 

Figure 58. Comparison of fs-LIF emission spectra of the OH (1, 0) band (top) and OH (0, 

0) & (1, 1) bands (bottom) in a stoichiometric CH4/air flame with simulated spectra 

obtained using the LIFBASE software. 
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Figure 59. Temporal evolution of the two OH (1,0) and (0,0) fluorescence emission 

bands recorded in a stoichiometric CH4/air flame. 

 

The dependence of OH fs-LIF signal on laser pulse energy recorded in a Φ=1.0 CH4/air 

flame is shown in Figure 60. We used a 1200 lines/mm grating to record the fluorescence emission 

spectra at different laser energies, and then integrated them in the range of 305–325 nm. As shown 

in Figure 60, the OH-LIF signal scales linearly with laser pulse energy below 15 µJ/pulse, while 

it deviates from linear behavior and gradually reaches saturation at higher laser pulse energies. 

Therefore, the laser pulse energy was fixed at 10 µJ/pulse to avoid saturation effects for all 

following experiments. 
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Figure 60. Laser pulse energy dependence of OH fs-LIF signal recorded in a stoichiometric 

CH4/air flame. The estimated beam waist is approximately 80 µm. 

 

To demonstrate the broadband, fs excitation scheme is a promising method for OH 

concentration measurements in flames, a 1200 lines/mm grating was used to record the 

fluorescence emission spectra in CH4/air, C2H4/air and H2/air flames from lean to rich conditions. 

Figure 61 shows the peak-normalized OH-LIF emission spectra of OH (0, 0) and (1, 1) bands in 

CH4/air flames at different equivalence ratios. It is seen that the spectra are nearly identical in all 

equivalence ratios investigated, indicating that no evidence of additional spectral interferences are 

present, in particular in rich flames. Therefore, it suggests that the broadband, fs pulses could be 

used while collecting fluorescence emission signal through a commonly used broadband OH filter 

having transmission spectrum similar to the one shown in Figure 61. The signal magnitude at a 

given line position varies with the flame equivalence ratio. This observation can be explained by 

the variation of equilibrium flame temperature at different equivalence ratios, thereby resulting in 

varying OH concentrations in the flame zone. 
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Figure 61. Peak-normalized OH-LIF emission spectra recorded at different equivalence 

ratios in the CH4/air flame. The transmission window of the OH detection filter is 

also shown by the dotted line. 

 

Subsequently, the fs-LIF scheme was used to measure OH concentrations in a range of 

CH4/air, C2H4/air and H2/air flames. To obtain stabilized flames, the total flow rates of CH4/air 

and C2H4/air flames were maintained at 10 slm (standard liters per minute) to achieve the 

equivalence ratios varied between 0.7–1.5 and 0.5–1.5 respectively. For H2/air flames, the air flow 

rate was fixed at 52 slm and the H2 flow rate was varied between 15–35 slm to obtain the 

equivalence ratios in the range of Φ=0.7–1.6. The measured total OH-LIF signals in these flames 

are shown in Figure 62 as a function of flame equivalence ratio. The equilibrium number density 

shown was calculated using CANTERA and STANAN chemical equilibrium codes, and the 

temperature was obtained using the STANAN chemical equilibrium code. It is seen that a 

reasonable agreement was obtained between the measured and calculated OH profiles. The OH 

concentrations increase with increasing Φ and then decrease with a further increase in Φ for all 



 

99 

 

these flames. The peak OH concentrations are observed slightly below the stoichiometric 

conditions for CH4/air and C2H4/air  

 

Figure 62. Fs-LIF signal of OH as a function of equivalence ratio in CH4/air, C2H4/air and 

H2/air flames stabilized over the Hencken calibration burner. 
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flames, while it peaks near Φ=1.0 for H2/air flames. Furthermore, the OH-LIF signals have certain 

deviations from the equilibrium calculations on the lean sides. The reason for these deviations may 

be the potential heat loss to the burner surface at slower gas flow rates used to obtain the lean 

flames. 

Then, we compared the fs-LIF experimental OH profiles with previously reported ns-LIF 

as well as numerically calculated OH profiles at different heights in C2H4/air flames [149] 

stabilized over the Hencken calibration burner. The results are shown in Figure 63, the simulation 

data had been obtained using a well-validated, time-dependent, axisymmetric CFD code with 

detailed chemical kinetics known as UNICORN (unsteady ignition and combustion using 

reactions). As shown in the top panel of Figure 63, near the close proximity to the burner surface 

at HAB=5 mm height, both ns and fs OH profiles deviate from the calculated values for all 

equivalence ratios. This observation can be explained by the fact that the fuel and oxidizer rapidly 

mix just above the surface and could not have reached to an equilibrium state near the surface. 

Thus, the simulation can underestimate OH concentrations with the assumption of an equilibrium 

state. However, at 10 and 20 mm HAB, the OH profiles with the fs excitation scheme show a good 

agreement with the simulation results for all equivalence ratios. The previously reported ns OH 

profiles show some deviations from the simulation, especially on the rich flames. This observation 

indicates that the fs-LIF technique is an effective method for OH concentration measurements in 

a wide range of flame equivalence ratios. 
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Figure 63. Comparison of fs OH profiles with previously reported ns OH profiles and 

model predictions at different heights in C2H4/air flames. 
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We then extended the fs transition scheme to 2D OH-PLIF imaging measurements in 

flames. For PLIF measurements, the f=+200 mm plano-convex lens was replaced by an f=+100 

mm plano-convex lens coupled with an f=-25 mm rectangular cylindrical lens, thereby generating 

a laser sheet with an effective height of approximately 15 mm at the probe region. The Hencken 

calibration burner was replaced with a Bunsen-type jet burner. The flames used for OH-PLIF 

studies were premixed C2H4/air and diffusion CH4:H2 (1:1) jet flames. A high-speed CMOS 

camera (Photron, Model: SA-Z) coupled with an intensifier (LaVision, Model: HS-IRO) was used 

to study the turbulent dynamics of the diffusion flames. A 50-mm-focal-length f/1.2 camera lens 

was used to collect the fluorescence signal and focus it onto the high-speed camera/intensifier 

system. A 315±10-nm bandpass filter was mounted at the front of the camera lens. The filter 

transmission efficiency is shown by the dashed-lines in Figure 61. As discussed above, we have 

found no evidence of spectral interferences with the OH A2Ʃ+←X2∏ transition in the 

transmission window of this filter. Therefore, the same broadband OH detection filter 

could be used in this study. A sample single-laser-shot fs-PLIF image of OH in the 

premixed flame is shown in Figure 64. It can be seen that the cone structure of the steady-

state jet flame (shown in the inset) is well demonstrated in the OH PLIF flame. 

Furthermore, statistics obtained from 2000 consecutive single-laser-shot images recorded 

at 1-kHz repetition rate shows approximately 10% signal fluctuation with respect to the 

mean value. These fluctuations could be originated from shot-to-shot laser fluctuations, 

minor flame instabilities and detection system noise. Moreover, several consecutive 

single-laser-shot OH-PLIF images recorded at a repetition rate of 1 kHz are shown in 

Figure 65. These PLIF images were taken at the location indicated by a red rectangular 
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Figure 64. A sample single-laser-shot fs-PLIF image of OH (left) and consecutive 

single-laser-shot integrated signal distribution (right) recorded in a premixed 

C2H4/O2/N2 jet flame. 

 

 

Figure 65. Consecutive single-laser-shot OH-PLIF images recorded at a pulse 

repetition rate of 1 kHz in a CH4:H2 (1:1) diffusion jet flame. Jet exits 

Reynolds number is approx. 2000. Each frame corresponds to an area of 16 

mm×16 mm. 

 

Jet Exit 

(ID=4.52 mm) 
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region of the turbulent diffusion flame. As seen from these images, the OH-LIF signal is 

zero in the central cold reactant zone, then increases at the flame front where the fuels are 

entrained with the surrounding air, and then decays to zero in the outer radial locations. 

The variation of the OH-PLIF imaging structure is well captured, along with local flame 

extinction events from these successive single-laser-shot OH-PLIF images. 
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6. CONCLUSION & RECOMMENDATIONS FOR FUTURE WORK 

 

6.1 Conclusion 

Ultrafast laser pulses have been successfully demonstrated for LIF diagnostics in 

non-reacting and reacting flow systems. Because of their high peak power but low average 

power, as well as high pulse-repetition rate, ultrafast laser pulses provide significant 

advantages over traditionally used ns-duration laser pulses. In experimental studies 

involving 204.1-nm, fs-TPLIF of Kr for mixing and potential velocimetry applications, 

the observed Kr line positions agree well with the NIST database. Improved relative 

intensity values for Kr emission transitions in the 750–840 nm spectral range were 

obtained. Fluorescence emissions at the 760.15 and 811.29 nm wavelengths are the 

strongest lines in this spectral range. These results show the potential of the 204.1-nm, fs-

TPLIF excitation scheme of Kr for flow mixing and velocimetry studies in practical flow 

applications. 

In the fs-TPLIF measurement studies of CO in gaseous and liquid spray flames, 

although laser-generated C2 emissions can be reduced by using low-average-power fs 

pulses, complete elimination of such interference becomes rather difficult. The second-

order scattering interference of the 230-nm excitation laser could also affect the CO 

fluorescence signal level. The present study suggests a carefully selected spectral filtering 

scheme coupled with signal time gating in the order of 10 ns, are necessary for reduced 

interferences on CO detection in gaseous and liquid-fuel flames. As pressure increases, 

the excitation spectrum broadens towards longer wavelengths. However, that effect has 
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less influence on the excitation quantum efficiency of the LIF process using fs excitation 

as compared to narrow-band ns excitation scheme. Additionally, the dependence of CO 

fluorescence signal on the laser energy in the fs-duration excitation scheme indicates the 

presence of three-photon ionization and stimulated emission processes. These effects are 

evident from less-than-quadratic laser energy dependence at higher laser energies in the 

two-photon excitation scheme. A comparison of the measured CO fs-TPLIF signal with 

the calculated equilibrium CO number densities shows good agreements for both CH4/air 

and C2H4/air sooting flames in a wide range of flame equivalence ratios. Two-dimensional 

CO-TPLIF imaging in gaseous and liquid spray flames are also demonstrated. 

Furthermore, two-line, OH-PLIF thermometry was used to investigate temperature 

profiles in those liquid spray flames. 

Finally, OH-LIF imaging measurements using the broadband, ultrashort-pulse 

excitation scheme was developed for the first time. A detailed ro-vibrational fluorescence 

spectroscopy of OH A2Ʃ+←X2∏ (1, 0), (0, 0) and (1, 1) bands can provide details of time-

resolved rotational and vibrational energy transfer processes in various reacting flow 

systems. A reasonable agreement was obtained between the measured OH fluorescence 

signals and that from equilibrium calculations, in a range of flames. The demonstration of 

single-laser-shot, 2D OH-PLIF images recorded at 1-kHz repetition rate in a turbulent 

CH4/H2 flame suggests that the OH fs-PLIF is a promising approach for imaging the 

reaction zone and flame structure in complex reacting flow systems. 
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6.2 Recommendations for Future Work 

One obstacle encountered in quantitative measurements of atoms and molecules 

of interest in complex combustion environments using the LIF technique is the presence 

of collisional quenching. Strong temperature-, pressure- and species-dependent collisions 

result in excited state population decay via non-radiative processes, and thus, reduce the 

fluorescence quantum yield [150]. Coherent laser technique, four-wave-mixing (FWM) 

spectroscopy could be a solution for this problem. Previously, FWM has been used 

successfully for detecting Ammonia, nitric oxide and atomic hydrogen in gas cells or 

flames [151-153], primarily using ns laser pulses. However, the timescales of collisional 

quenching are usually sub-nanoseconds, or even in the range of picoseconds for some 

molecular species in combustion relevant conditions. Therefore, nanosecond laser pulses 

could not satisfy the temporally-resolved quenching investigation in practical combustion 

environments. Recently Stauffer et al. [154] combined femtosecond laser pulses and 

parametric FWM technique to measure NO in the gas phase. They found the time-domain 

fs-FWM signal associated with the two-photon excitation process exhibit negligible 

dependence on the concentration of collisional partners. Therefore, in the future work, the 

single and two-photon LIF schemes investigated during the present study can be extend 

using fs-FWM to determine quenching-independent species concentration in reacting and 

non-reacting flow systems.  
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