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Abstract

Well-controlled laboratory experiments using reactors with canonical geometries, such as counterflow

burners, can be used to evaluate the ability of chemical-kinetic mechanisms and transport proper-

ties to predict combustion processes. Although counterflow diffusion flames have been employed

previously to explore the validity of chemical kinetic mechanisms near flame extinction, measuring

temperature and local strain rate with sufficient accuracy to obtain validation data is a challenge.

For this thesis, femtosecond/picosecond coherent anti-Stokes Raman scattering (fs/ps CARS), a

laser-based spectroscopy technique, has been used to quantify gas temperature in a counterflow

diffusion flame at atmospheric and elevated pressures.

To enable this study, a three-axis stage system was developed to translate the CARS measure-

ment location relative to the flame while maintaining precise spatial and temporal overlap of the

laser pulses utilized to generate the CARS signal. An additional challenge addressed was maintain-

ing the stability of multiple beam positions over the 40 ft propagation distance between the laser

system and the counterflow burner. The success of employing fs/ps CARS in large-scale combustion

environments relies on mitigating alignment and stability challenges identified during this study.

Methods used to align fs/ps CARS and improve system stability are presented in the current work.
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Chapter 1

Introduction

1.1 Motivation

Controlled combustion for energy production has proven to be a primary contributor to the rise of

modern society. As of February 2021, the energy produced through the combustion of non-renewable

fossil fuels is 60.3% of the total energy produced in the United States alone [2]. The combustion of

fossil fuels have a plethora of harmful emissions that contribute to global warming. Methane, CH4, a

primary component of natural gas, is the second most abundant anthropogenic greenhouse gas and

accounts for 20% of total greenhouse gas emissions [3]. CH4 is extremely potent in trapping heat in

the atmosphere, about 25 times as much as CO2, but fortunately is relatively short-lived. As CH4

is a potent but short-lived greenhouse gas, investigation of its chemical kinetics during combustion

processes can inform how to mitigate its impact on the environment. Such investigations have

already been reflected in the design of modern gas turbines.

To improve thermal efficiency and reduce fuel consumption, modern gas turbine engines are

moving to higher operational pressures (50+ atm). In order to design optimal high-pressure turbines

for a range of traditional and alternative fuels while minimizing production of harmful emissions,

chemistry models must be accurate over the range of fuel and pressure conditions of interest. Well-

controlled laboratory experiments using reactors with canonical geometries, such as counterflow

burners, can be used to evaluate and improve existing chemical kinetic mechanisms and to better

understand combustion behavior, including soot production, at high pressures [1]. Accurate and

precise measurements of thermodynamic variables and species concentrations are needed to provide

validation and inform the further development of such models.
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In traditional flame studies, physical probes such as thermocouples and species sampling probes

have been utilized to make measurements. However, measurements made using laser-based di-

agnostic tools have several advantages over those made with physical probes. Where traditional

thermocouple measurements exhibit large errors due to conduction, convection, and radiation heat

transfer, laser-based diagnostic tools do not disturb the chemical and fluid dynamics of the system

being studied [1]. Furthermore, laser-based measurements are typically in situ- meaning the mea-

surement occurs in the sample volume- and non-invasive. For example, particle imaging velocimetry

(PIV) provides insight into the velocity of the flow being studied, laser-induced incandescence (LII)

can inform the amount of soot being produced within a flame environment, and coherent anti-Stokes

Raman scattering (CARS) spectroscopy can be used to measure temperature and species concen-

trations [1, 4, 5, 6]. Each optical measurement has advantages and disadvantages that should be

considered before application. Some of these considerations include available optical access, pressure

and temperature of the reacting flow being studied, spatial and temporal resolution required of the

measurements, accuracy and precision desired, and cost and complexity of the full experiment.

1.2 Research Goals

This thesis presents the development and use of a fs/ps CARS system for thermometry of counterflow

flames at atmospheric and elevated pressures. Spectra acquired in the products of a near-adiabatic

flame using a Hencken burner will be used to validate spectral parameters input into a numerical

model. This model will simulate the spectral response of N2 at different temperatures. In addition,

an electric field model for a sinc2 ps probe will be implemented to compare simulated CARS spectra

against experimental measurements using a library-searching algorithm to determine best-fit gas

temperatures. Setup of a three-axis linear stage controller system will also be discussed to meet the

requirement for spatial and temporal stability of the laser beams used for the fs/ps CARS process.

In summary, the goals of this research are:

1. Characterize the long-term spatial stability of the fs/ps CARS system to enable experimenta-

tion using the counterflow burner.

2. Develop a three-axis translational stage system to precisely control the location of the CARS

measurement volume within a stationary counterflow burner.

3. Develop a numerical model to match the experimental probe pulse shape for use in the simu-

lation of spectra.
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4. Investigate temperature profiles of a diffusion counterflow flame across a range of pressures

and strain rates using fs/ps CARS thermometry.

1.3 Thesis Outline

The remainder of Chapter 1 includes a brief introduction of theory and review of literature to

introduce previous work using coherent anti-Stokes Raman scattering (CARS) spectroscopy and

counterflow diffusion flames and to provide context for the current thesis. Chapter 2 details ex-

perimental setup, including the burner and development of the optical layout. Chapter 3 reports

challenges encountered and addressed related to the stability of the fs/ps CARS system. Chapter 4

presents experimental fs/ps CARS measurements of an adiabatic flame and a counterflow diffusion

flame at different pressures and strain rates. Best-fit temperatures are determined by comparing

experimental results with spectral simulations employing a newly developed sinc2 probe model, and

temperatures are compared to 1-D flame calculations. Chapter 5 will conclude with a summary of

research and future recommendations.

1.4 Literature Review

1.4.1 Counterflow Burner Geometry

While real-world combustion flow fields are generally complex and exhibit turbulence and dynamic

fuel-air mixing, laboratory burner configurations can employ much simpler laminar flow field ge-

ometries to explore fundamental chemistry effects. Canonical burner configurations significantly

simplify the experiment, allowing fluid effects, chemistry, and flame structure to be separately and

accurately analyzed. Counterflow burners are one common canonical burner configuration, and coun-

terflow diffusion flames having been studied extensively in both laboratory and numerical settings

[1, 7, 5, 8, 9, 10, 11].

The counterflow configuration uses two nozzles aligned opposite of one another. Premixed and

partially premixed combustion can be explored by using one nozzle to flow a mixture of fuel and

oxidizer and the other to flow a dilute oxidizer or inert species, or an identical mixture of reactants

[12]. Non-premixed combustion, the focus of the current thesis, can be achieved by flowing fuel and

oxidizer through opposed nozzles [1, 13]. In addition to the main nozzles, many configurations also

feature an annulus surrounding the fuel and oxidizer nozzles to flow an inert gas, typically N2 or

He, to serve as a shroud that assists in stabilizing the flame.
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Both experimental and computational studies have been performed in counterflow diffusion flames

to extract temperature, velocity, and species concentration with varying fuel/oxidizer compositions

and for different flow conditions. Laminar counterflow diffusion flames are especially useful since

they permit investigation of these features uncoupled from the effects of turbulence. Measurements

of flame structure in turn allow validations of hydrodynamic models describing the flow field. They

also allow refinement of transport properties and thermodynamic properties being employed in the

evaluation of the hydrodynamic models. This is in part due to the relative ease in modeling the flame

behavior as the the flow field can be accurately characterized through a one-dimensional similarity

solution obtained from the solution to the Navier-Stokes equations for a flow impinging on a flat

surface as developed by von Karman [11]. Additionally, as the flame is stabilized away from the

nozzles it is much easier to solve for temperature and species as there is less uncertainty in the

heat loss terms in the energy equation [7]. The impact of global strain rate on flame structure

has also been explored. Strain rate can be defined as a function of inverse residence time and is

related to the axial velocity in 1-D flame environments. Strain rate measurements have been used

to inform aspects of combustion that are difficult to predict computationally [1, 13, 14, 7, 10]. For

instance, soot production has been shown to occur at low strain rates as the rate of nucleation

is directly tied to residence times within the flame. Another characteristic tied to strain rate is

extinction as flow velocity impacts heat loss. The extinction of a flame is dependent on the chemical

kinetics of oxididation and is not easily predicted numerically [15]. However, the kinetics of the

reaction rate are dependent on the flame temperature, and thus accurate measurements of flame

temperature made near extinction provides further insight into the kinetic mechanisms [16]. Though

to perform these measurements, a diagnostic tool that does not interfere with the flame structure

and ongoing chemical reactions is required. As such, laser diagnostics are the preferred tool for

making non-invasive measurements. Temperature measurements have been made with a range of

laser diagnostics, with the diagnostic chosen for the present work being coherent anti-Stokes raman

scattering spectroscopy [17, 7, 18].

1.4.2 Coherent Anti-Stokes Raman Scattering Spectroscopy

For over five decades, coherent anti-Stokes Raman scattering (CARS) spectroscopy has been utilized

to measure both temperature and species concentrations of major and minor species in combustion

environments [19, 20, 21, 22]. CARS is a four-wave mixing spectroscopic technique that uses two

electric fields, denoted pump and Stokes, to induce a Raman coherence for a Raman-active target
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Figure 1.1: Folded BOXCARS phase matching layout.

molecule between molecular energy states. This coherence is subsequently probed using a third elec-

tric field generating a coherent laser-like signal at a blue-shifted frequency to satisfy the conservation

of energy and momentum [23, 24, 25]. Each pulse can be described as a time-dependent electric field

given by

Ei(~r, t) = Ei(t) exp[i~k~r − iωt] (1.1)

where k is the wave vector along the propagation direction r, ω is the frequency, and E(t) is the

pulse envelope of the electric field [26]. The frequency of the generated radiation (the frequency of

CARS), ωCARS , is bound by the conservation of energy, and the phase matching of the four-wave

mixing process is similarly bound by the conservation of momentum.

ωpump + ωprobe − ωStokes − ωCARS = 0 (1.2)

kpump + kprobe − kStokes − kCARS = 0 (1.3)

CARS occurs when the energy difference of the four-wave mixing signal is generated at the positive

anti-Stokes wavelength. The individual pulses are termed pump, Stokes, probe, and CARS as shown

in Eq. 1.2 and Eq. 1.3. A common phase-matching configuration for CARS uses crossed beams and

is referred to as BOXCARS. Folded-BOXCARS, used in the current experiment, has advantages over

traditional BOXCARS due to enhanced spatial resolution at the measurement volume and results

in the CARS signal propagating in a direction separate from the other three beams, enabling spatial

filtering of the CARS signal [6].

CARS can be used to make temperature and species concentration measurements in combustion

environments [19, 16]. CARS spectroscopy is well suited for these measurements due to its direct
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measurement of the temperature dependent population of vibrational and rotational energy states

described by the Boltzmann distribution [19]. Therefore, the spectral structure is highly tempera-

ture dependent, while the relative amplitude of the signal originating from different Raman-active

molecules is related to the concentration of the targeted species. Molecular nitrogen, N2, is most

frequently measured due to it being inert and its high concentration in air-breathing combustion

[19].

Much of the current literature on CARS is centered around the use of nanosecond (ns) laser

sources[22, 27]. Ns CARS has proven to be a robust technique capable of measuring temperature

in harsh combustion environments such as the U.Va. supersonic combustion facility [28], and can

make measurements with a reported accuracy of 2% [29, 30]. However, ns CARS has been observed

to be susceptible to non-resonant background interference and is not collisionally insensitive, thus

reducing accuracy and sensitivity in pratical combustion experiments performed at elevated pres-

sures [31, 32, 33]. This limitation has been addressed through the implementation of polarization

discrimination, which succeeded in reducing non-resonant background contributions but at the cost

of a large reduction in the measured CARS signal. Additionally, the thick windows needed for high

pressure applications can scramble the polarization of the CARS signal and reduce the effectiveness

of this technique. However, with the development of ultrafast laser systems, this limitation can be

addressed.

One of the primary advantages of using mode-locked ultrafast laser pulses for CARS thermometry

is that unlike ns sources, fs laser pulses are generated by actively mode-locking an oscillator with

a broad bandwidth. This allows frequencies to oscillate in phase, producing short, intense coherent

signal with broad spectral content. This is followed quickly by destructive interference which allows

for the temporal suppression of non-resonant background. This will be discussed in detail in Chapter

3.

The development of ultrafast laser systems in turn led to new variations of the CARS technique.

Two such variations are broadly defined as femtosecond (fs) CARS and picosecond (ps) CARS. For

a detailed explanation of fs CARS, the reader is directed to a paper by Lucht et al. that details the

theoretical use and implications of the diagnostic [34] and a paper by Kearney et al. features it in

experimental practice [35]. For applications and discussion regarding ps CARS the reader is referred

to experiments conducted by Meyer et al. and Roy et al. [36, 37]. Both techniques have been shown

to be capable of single-shot thermometry, however, each has shown to have unique advantages

aside from temperature measurements. Ps CARS has been proven to have a high accuracy in

measuring Raman linewidths in the time domain [38, 39], whereas fs CARS has been proven capable
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of simultaneous excitation of mutliple species, such as N2 and CO [40] and O2 and CO2 [41]. However,

a novel approach was presented by Prince et al. [42] sought to combine the advantages garnered from

the two techniques into a single cohesive diagnostic tool. This diagnostic came to be termed hybrid

fs/ps CARS. For an exhaustive overview of the development and implementation of hybrid fs/ps

CARS, the reader is directed to the dissertation of Prince [43] who helped develop the technique

and the dissertation of Miller [23] who showcased some of the first experiments with fs/ps CARS for

gas-phase thermometry.

Hybrid fs/ps CARS was first demonstrated by Prince et al. for condensed-phase and gas-phase

species detection, but it was not until 2010 with Miller et al. [44] that it was used for gas-phase

thermometry for the first time. Fs/ps CARS benefits from the spectral resolution and suppression of

nonresonant signal of ps CARS and the broadband excitation of multiple transitions simultaneously

of fs CARS. With higher peak energies and repetition rates than nanosecond (ns) CARS thermom-

etry, hybrid fs/ps CARS provides the temporal (<100 ps) and spatial (approximately 1 mm x 100

µm) resolution needed to measure temperatures and species across the laminar reaction zone for a

range of gas pressures and velocities [45, 46, 25, 23, 47, 48]. Hybrid fs/ps CARS in particular serves

well for high pressure studies. The primary advantage offered by fs/ps CARS for flame studies at

elevated pressure is that its signal is not susceptible to collisional quenching when short pulse delays

are employed and, as a result, is relatively insensitive to pressure effects [49, 50].

Although the counterflow diffusion flame has been the target of several combustion studies, only

a small subset have focused on utilizing fs/ps CARS to investigate temperature within this flame

environment and even fewer have evaluated the effects of pressure on peak gas temperature for a

flame near extinction [51, 52, 53, 7]. As such, this experiment seeks to use fs/ps CARS and apply it

for quantifying temperature in a counterflow flame at elevated pressures and various strain rates.
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Chapter 2

Experimental Setup

2.1 High-Pressure Counterflow Burner

This experiment utilizes a counterflow burner located at the University of Virginia Reacting Flow

Laboratory to study methane/air diffusion flames at elevated pressures. A full description of the

burner has been discussed at length by Sarnacki et al. [1, 54]. The counterflow burner used in this

experiment features opposing jets of fuel and oxidizer and co-annular nozzles flowing nitrogen gas

to shield the fuel and oxidizer in the inner flow. The jets are housed within a pressure chamber with

a maximum operating pressure of 50 atm with optical access through fused silica windows on four

sides [1].

Both the fuel and nitrogen nozzles are 6.5 mm in diameter with a set distance of 5.45 mm between

the nozzles for the current investigation. A schematic of the burner is shown in Fig. 2.1. The burner

has been previously run at pressures up to 30 atm with varying distance between the nozzles, so

the studied pressure of 4 atm is well within the range for operation. For the pressures studied, N2

dilution of the fuel was used to shift the location of the laminar flame towards the center line of the

burner and to enable fs/ps CARS thermometry using N2 across the full reaction zone. For pressures

exceeding 8 atm, helium, He, dilution of both the oxidizer and fuel lines is necessary to maintain a

laminar flame.

As shown in Fig. 2.2, the counterflow burner and the laser system are located in separate rooms.

Routing optics and final steering mirrors are located in an adjacent room. Positioning of the CARS

probe volume is executed using a breadboard supported by a three-axis translation stage system.

Additional detail concerning the three-axis translation system will be covered in Chapter 3.
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Figure 2.1: Schematic of the UVa counterflow burner with units in mm, from Sarnacki [1].

In experiments, the oxidizer, fuel and inert gases were metered and controlled by a series of Sierra

model 100 mass flow controllers. The controllers have a factory calibrated accuracy of ±1% of full

scale and repeatability of ±0.2% of full scale. All controllers were interfaced with using an existing

LabView graphical user interface (GUI). The two impinging jets of oxidizer and fuel had the flux of

their momentum matched according to the equation ρox × v2ox = ρf × v2f where ρox is the oxidizer

stream density, vox the average oxidizer nozzle exit velocity, ρfuel the fuel stream density, and vfuel

the average fuel nozzle exit velocity. The average nozzle exit velocities were determined using the

volumetric flow rate and nozzle cross sectional area. For the purposes of this paper, the axial velocity

profile is assumed radially uniform across the nozzle exit. Additionally, the nozzles were machined

with a contour designed to minimize the boundary layer and boundary layer instabilities at the

nozzle exit plane [54] such that the flow does not diverge downstream of the tube exit and can be

modeled as plug flow. The global strain rate is a function of the exit velocities and is defined as the

ratio between the relative flow velocity of the fuel and the oxidizer stream and the nozzle separation

distance L for an axially symmetric counterflow burner geometry. The calculation for global strain

used in the following experiment is given by

ag = 4vox/L (2.1)
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Figure 2.2: A schematic of the optical layout including the laser lab space and the burner lab
space. Beam propagation is shown through the counterflow burner and into the 0.32m IsoPlane
spectrometer. CFB-Counterflow Burner, PS-Pitch Stages, CS-Catch Stages.

For a specified global strain rate, the LabView interface automatically assigns all flow meter settings.

The chamber operating pressure was regulated using an existing back-pressure regulator (rated

to 150 psig) controlled by a stepper motor. The chamber is equipped with a pressure relief valve and

burst disk rated to 65psig and 110 psig to prevent over-pressurization. For the purpose of ignition at

elevated pressures, the chamber that houses the counterflow burner’s nozzles is backpressured using

unheated air and N2. Once the the correct pressure is reached, fueling and ignition are initiated.

The fuel is diluted by 20% N2 to help stabilize the flame closer to the center of the burner and

extend the region over which CARS is sensitive. The LabView interface is then updated with the
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Figure 2.3: Modified ignitor to enhance ignition performance within the counterflow burner.

operation pressure and strain desired for the experiment, and the backpressure valve is adjusted

until the chamber pressure matches the input.

2.1.1 Repeatable Ignition

Ignition of the counterflow burner at elevated pressures can be time consuming without a repeatable

procedure. Originally, repeated manipulation of a high voltage electrode connected to a 10,000 V

transformer was required to co-locate the spark and the axial location of optimal reactant diffusion.

The electrodes are fed into a plunger sealed within an aluminum blank. This mechanism controls

the depth of the electrode within the counterflow burner and assists with setting the correct height

of the electrode. However, the insulative jacket around the electrode leads is stiff, and adjustment of

the electrode’s depth often torqued the wire, offsetting the position of the electrodes. If restricting

and resetting the electrode’s position was not done with careful attention, e.g. working with the

electrode leads disconnected from the transformer, repeated handling of the electrode not only led to

inconsistent ignition, but posed a safety hazard. Therefore, several key changes were made as shown

in Fig. 2.3. One modification involved machining the electrodes down from the original diameter of

∼3 mm to a diameter of ∼1.1 mm such that they were no longer exceptionally large compared to
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the distance between the nozzles. Another significant change was bisecting the insulated wire that

connected the electrode to the transformer. This allowed for the wire leading to the electrode to be

anchored using stationary posts such that routing to the transformer could no longer unintentionally

shift the electrodes within the burner once placed. An additional benefit from the addition of the

posts used to anchor the wires was the ability to consistently set the height at which the electrode was

located relative to the nozzles. Placement of the electrode through the aluminum blank remained

the same as it was deemed the most effective way to quickly push in or retract the electrode from the

ignition point. The positioning of the electrode was informed through monitoring its location with

respect to the nozzles using two cameras positioned at two perpendicular windows. This ensured

the correct depth and height was used to guarantee the most repeatable ignition conditions.

2.2 Hencken Burner Adiabatic Flame Setup

In addition to the counterflow flame measurements, validation temperature measurements within a

well-characterized, near adiabatic, H2-air flame (Hencken burner) were conducted. These measure-

ments were used to validate the fs/ps vibrational CARS temperatures by testing the system using a

predictable, high-temperature gas. The honeycomb structure of the Hencken burner is a 50 mm by

50 mm plate with interspersed fuel and oxidizer jets for optimal mixing[30]. Surrounding the jets of

fuel and air is a coflow of N2 gas that serves to isolate the flame from ambient oxygen which could

otherwise diffuse into the reaction. The burner has been the subject of detailed investigations using

CARS to measure temperature, product and it provides a nearly uniform environment matching

adiabatic flame temperatures [30]

CARS spectra were recorded at a height of 3.81 cm above the surface of the burner. This

height was used to match the location within the combustion products where the adiabatic flame

temperature is reached, as shown using a previous CARS experiment [30].

The combustion product temperature was varied by adjusting the fuel-air ratio for a constant

air flow rate and constant N2 coflow flow rate. For the complete combustion of hydrogen in air,

H2 + a (O2 + 3.76 N2)→ H2O + (a− 1/2)O2 + 3.76a N2 (2.2)
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where a = 1/2 for stoichiometric conditions. The equivalence ratio, defined as the local fuel-air ratio

divided by the stoichiometric fuel-air ratio, can be rewritten in terms of a as

Φ =
(F/A)

(F/A)stoich
=

(1/4.76a)

(1/4.76astoich )
=
astoich
a

=
1

2a
(2.3)

where F and A have units of molar flow rate and the fuel-air ratio is written as a function of φ.

F

A
=

1

4.76a
=

2Φ

4.76
= 0.420Φ (2.4)

Assuming standard temperature and pressure, molar and volumetric flow rates are equal. Therefore,

given the equivalence ratio of interest and the flow rate for either air or fuel, the other can be

subsequently calculated.

The flame temperature can be determined from the First Law of Thermodynamics

nr
∑
i

χi,rhi,r = np
∑
i

χi,phi,p +Qout (2.5)

where nr and np are the total moles of reactants and products respectively (kmol), χi,r and χi,p

are the mole fraction of reactant and products respectively, hi,r and hi,p are the molar enthalpies

of reactant and products respectively (kJ/kmol), and Qout is the heat transfer from the products

(kJ) to the surroundings. For adiabatic conditions, Qout = 0, the First Law can be written as

Hr,tot(Tr) = Hp,tot(Tp) and the product temperature can be calculated.

For the collection of validation spectra, the equivalence ratio was varied from 0.3 to 1.9 through

controlling the flow rates of both oxidizer and fuel. The air flow rate was held constant using a 0 to

100 standard liter per minute (SLPM) mass flow controller (Alicat Scientific) with an accuracy of

±(0.8% of the reading + 0.2% of full scale). For the constant flow rate of 60.6 SLPM used for air,

the approximate error for read flow rate is 0.685 SLPM. To vary the equivalence ratio, the fuel flow

rate was varied from ∼7 and 48 SLPM corresponding to φ 0.3-1.9. The mass flow rate uncertainty

yields a maximum equivalence ratio uncertainty δφ = ±0.04 and temperature uncertainty δT = ±17

K at φ = 1.0. The adiabatic flame temperature for a H2 − air flame is expected to range from 1200

to 2400 K over the desired equivalence ratio range.
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Figure 2.4: FLIR CMOS set outside of the counterflow burner to capture flame chemiluminescence
images.

2.3 Flame Emission Imaging

Flame emission images were captured for each pressure and strain condition recorded for this exper-

iment using a FLIR Chameleon 3 USB CMOS camera with a measured resolution of 8.46 [µm/pix]

from a total of 47 mm of tube extensions and an 85 mm focal length objective at an acquisition rate

of 15.6 Hz and an exposure time of 58.8 ms. The FLIR camera was set at a fixed distance where the

entirety of the flame’s domain and both fuel and oxidizer nozzles could be imaged. An experimental

schematic is shown in Fig. 2.4.

Flame emission images served to visualize approximate flame location during the experiment

relative to the fuel nozzle, analyze flame shape variation, and observe the amount the flame deviates

from its mean position over time.

2.4 CARS Layout

A dual-pump fs/ps CARS system similar to what have been reported by Geipel [5] and Dedic et al.

[55] was utilized. An ultrafast Ti:sapphire laser (Astrella, Coherent) with a 7 mJ, 60 fs output pulse

centered at 798 nm is used to pump an optical parametric amplifier with harmonic generation (Light

Conversion, TOPAS-Prime) to produce frequency-doubled signal at 676 nm. The CARS 28 µJ pump

(ω1 = 14793 cm−1 with ∆ω ∼ 180 cm−1) and 32 µJ Stokes (ω2 = 12531 cm−1 with ∆ω ∼ 150 cm−1)

preparation pulses were temporally and spatially overlapped to excite ro-vibrational transitions in

the N2 molecule near 2330 cm−1, as labeled as ωvib in Fig. 2.5a. A pulse-shaped narrowband probe

beam at 798 nm interacts with the vibrational beating frequency through the BOXCARS phase-

matching configuration and generates a CARS beam which carries the spectral signature of the N2

ro-vibrational energy distribution. The probe pulse can be temporally delayed (τ in Fig. 2.5b) via

a high-resolution motorized delay stage (ILS150PP, Newport). This allows for the suppression of
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(a) (b)

Figure 2.5: (a) Energy diagram for hybrid fs/ps CARS beams, and (b) timing diagram illustrating
temporal lineshapes of pump and Stokes compared to probe’s generated with 4-f pulse shaper delayed
to some time τ4f .

non-resonant background as will be discussed in Chapter 3. The CARS spectra were recorded with

a 0.32-m spectrometer (IsoPlane-320, Princeton Instruments) utilizing a 1200 line/mm grating and

an electron-multiplying, charge-coupled device (EMCCD, ProEM, Princeton Instruments), resulting

in an effective detector resolution of ∼0.034 nm.

The probe pulse shape employed to conduct thermometry within the counterflow burner was

created using a folded 4-f pulse shaper. A 4-f pulse shaper is commonly used in fs/ps CARS

experiments to generate an adjustable width ps probe pulse. An adjustable width probe pulse

was desirable as the non-resonant response was relatively more apparent at higher temperatures.

The ability to suppress the nonresonant contribution while still maintaining temperature sensitivity

was an important consideration for probe-pulse optimization. As shown in Fig. 2.6, a broadband

fundamental pulse at 798 nm, which exhibits a near Gaussian profile, was dispersed in space via an

estimated 1200 l/mm grating and then focused onto a mirror set at the Fourier plane by a 250mm

cylindrical lens. An adjustable spectrometer slit placed at the Fourier plane acts as a flat-top spectral

filter in the frequency domain, allowing the linewidth to be arbitrarily selected. As the pulse was

reflected back to the grating, it was recombined into a beam and used as the CARS probe pulse.

In the current study, slit width and probe delay were adjusted while observing spectral response

in a flame until the non-resonant signal was optimally suppressed. A scan of the probe temporal

response in a non-resonant gas, Ar, revealed an approximately sinc2 probe shape with a FWHM

spectral linewidth of 6.5 cm−1 was utilized. The overall throughput of the 4-f pulse shaper at 798

nm was ∼2% for the chosen slit width.

An overview of the optical table housing the Astrella and the fs/ps CARS system is shown in

Fig. 2.2. For further information concerning the layout of the CARS experiment refer to Geipel
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Figure 2.6: Folded 4-f pulse shaper used in shaping the probe temporal profile.

[5]. In the laser laboratory room, each beam was routed through necessary pulse shaping, frequency

conversion, and optical delay lines before being propagated into the burner room. The beams were

directed from the Astrella room through a port to a three axis translation stage system located in

an adjacent room. Each of the three beams were routed through separate periscopes on the stage

system to reach the correct height for performing CARS within the counterflow burner as is shown

in Fig. 2.8. The optics on the final breadboard allow for fine adjustment of the beams to their

individual lenses through the counterflow burner. Thorlabs linear motion controllers were setup on

the opposite side of the burner to catch the CARS signal, which was spatially separated from the

outgoing beams, collimated and directed to the spectrometer.

To ensure proper spatial and temporal overlap of the three beams, the BOXCARS phase matching

configuration discussed earlier was utilized. A pair of adjustable mirrors for each beam was used to

center the beams on two spatial masks placed before and after the counterflow burner located two

focal lengths (f=300 mm) away from one another. Next, a beam splitter was used to direct 4% of

the beams’ intensities through multiple neutral density filters to a FLIR blackfly camera (measured

resolution of 3.45 µm/pix) to observe the spatial location of each beam at the probe volume. The

camera and filters were set on micrometer-driven translation stage to locate and adjust the position of

each individual beam waist and to control the amount of astigmatism at the location of beam overlap.

Because each focusing lens was manipulated individually, each beam can be spatially overlapped at

a designated distance away from their relative foci. The importance of this is shown by Geipel [5], as

choosing crossing locations for spatial overlap controls the length of the probe volume and influences

the amount of beam energy that can be used before inducing breakdown within the CARS probe

volume. For this experiment, the beams were crossed 2.55 mm before the foci of the Stokes and

pump beams to match the approximate diameter of probe, set at its focus. Third, temporal overlap
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Figure 2.7: CARS signal generation in a thin piece of glass (red circle) used to optimize spatial and
temporal overlap.

between the three beams was monitored using a photodiode (2 ns rise time) aimed at the probe

volume and oscilloscope (Textronix, 500 MHz) while adjusting each optical delay line. This method

for obtaining temporal overlap was used to accurately locate each beam in time within 30 ps of one

another. Finally, a ∼0.13mm thick glass coverslip was placed at the CARS measurement volume and

spatial and temporal overlap were adjusted to achieve maximum CARS signal generation in glass.

A photograph of the generated signal in glass is shown in Fig. 2.7 A second three-axis stage system

was located after the counterflow burner containing collection optics. A spatial mask was used to

block the input beams and allow only the CARS signal to propagate through the stage system. A

f=300 mm lens was used to collimate the generated CARS signal and mirrors were used to direct

the signal from the stage system to the spectrometer. Finally, a f=60 mm lens was used to couple

light into the spectrometer slit. The spectrometer was placed ∼1.2 m away from the burner to limit

the amount of luminous noise generated by the counterflow flame. A spatial filter comprised of two

plano-convex lenses (focal lengths of 150 mm and 200 mm) and a 100 µm pinhole was utilized before

the focusing lens as a spatial filter to assist with minimizing pump laser scatter background flame

emission.

Initial alignment of the CARS collection optics was executed using signal generation in glass.

However, because the glass imposes a physical restriction on the CARS measurement location com-

pared to signal generated in a gas, final alignment was performed without the glass by visualizing

light scatter from a laser-induced plasma at the probe volume created by increasing the Stokes beam
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Figure 2.8: Beam path leading to the top plate on the pitch stage with mirror positions corresponding
to each axis of translation: 1) Horizontal in/out translation. 2) Horizontal across burner face. 3)
Vertical translation.

energy to 897 µJ. This light was observed to follow the same route as the actual fs/ps CARS signal,

serving as a useful alignment tool.

2.5 Mobile Stage

To route the beams through the counterflow burner, a three-axis mobile stage system was developed.

Proper alignment of this system is necessary to allow for the precise positioning of the probe volume

within the flame. By aligning each of the turning mirrors with the corresponding axis of translation,

the mobile stage system could be accurately aligned to reduce beam misalignment during translation.

The alignment procedure will be further discussed in the following chapter. Translation horizontally

and vertically across the burner face was accomplished using Kinger UT100 stepper-motor linear

(0.1µm resolution) whereas the translation of the probe volume into and out of the burner was

accomplished using a manual stage to move the optics a set distance away from the burner. On the

opposite side of the burner was a second translation stage system to collimate and direct the CARS

signal to the 0.32m spectrometer. This system used two Thorlabs LNR502 linear stepper motor

stages (0.02µm resolution).
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Chapter 3

Fs/ps CARS system stability

3.1 Stability Analysis of Beam Drift

Prior to conducting fs/ps CARS measurements within the counterflow burner, several issues impact-

ing CARS signal stability required addressing. After initial alignment of the fs/ps CARS system

within the counterflow burner, the CARS signal intensity immediately diminished over the span of

5 minutes. Spatial beam drift was identified as the primary issue and required a thorough investi-

gation to enable usable fs/ps CARS measurements. To determine the sources of the spatial drift,

a beam profiling camera (FLIR Blackfly CMOS, measured resolution of 15.2 µm/pix) was utilized

to track the position of each beam’s centroid over time. Example beam profiling images are shown

in Fig. 3.1. Panel a) shows the raw image recorded using the beam profiling camera, while 3.1b)

shows the detected centroid with corresponding coordinate values. These values are exported to

MATLAB for live processing to measure changing beam positions with time. Beam drift was first

recorded in the lab housing the laser and delay lines (hereafter referred to as the ”Laser Lab”) to

narrow down sources of instability between the two laboratory spaces. Shown in Fig. 3.3 are the

Stokes and probe beam positions recorded every 15 seconds for one hour. As the spatial location

of the Stokes beam was nearly constant, it was used as the reference beam to compare to probe

beam displacement. The displacement of the pump beam was observed to be on the same order as

Stokes and is not shown. Panels a) and b) show beam positions measured within the Laser Lab

before and after system upgrades, respectively. As seen in Fig. 3.3a), the probe beam initially

experienced significant beam drift. It not only drifted spatially over time, but the probe beam drift

was not repeatable: beam locations recorded at the beginning and end of each day revealed that the
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(a)

(b)

Figure 3.1: (a) Raw image recorded by the camera and used by the centroid finding routine. (b)
Processed image with centroid coordinates labeled.

beam never returned to its initial position nor ever ended in a similar final position between days.

Therefore, it was concluded that the drift was likely due to an unstable optic or set of optics rather

than a repeatable drift resulting from the laser warming up or a change in the room temperature.

To identify the unstable optics, multiple pick off mirrors were placed at various locations along the

probe path as shown in Fig. 3.2. The positions selected were 1) after the external compressor to the

Astrella, 2) after the 4-f pulse shaper, 3) between the 4-f pulse shaper and the probe delay stage, and
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Figure 3.2: Pick off mirror locations in probe beam path to investigate beam instability.

4) after the probe delay stage. To match the total propagation distance to the counterflow burner,

the path length from a pick off mirror to the beam profiling camera was set to 15 m within the

Laser Lab. The constant propagation distance ensured that the magnitude of spatial displacement

observed was not a result of differing path lengths. This procedure revealed that the observed spatial

drift primarily originated from the 4-f pulse shaper. To address the issue, mounts and mirrors were

replaced individually and the impact on spatial drift was monitored after each adjustment. The

grating mount was identified as the primary culprit, and, following its replacement, the displace-

ment of the probe beam was within an acceptable margin. Figure 3.3b demonstrates the significant

improvement observed after replacing the grating mount.

After ensuring the stability of each beam within the Laser Lab, the laser was propagated to the

next room housing the counterflow burner (hereafter referred to as the ”Combustion Lab”) where

the process for monitoring stability was repeated. The beams were imaged on a screen mounted

before the three axis translation stage using the same beam profiling camera, as shown in Fig. 3.4.

As can be seen in Fig 3.5b), another source of instability was identified.

Because the spatial drift was observed prior to the first turning mirror within the Combustion

Lab, the source of instability could not be an optical component. Instead, the beam tube used
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(a) (b)

(c) (d)

Figure 3.3: (a) Pump and Stokes spatial displacement as a function of time recorded in the Laser Lab
space. (b) Two-dimensional spatial displacement shown relative to the initial position. (c) Total
beam displacement over time in the after replacement of unstable optics. (d) Two-dimensional
spatial displacement shown relative to the initial position.

to enclose the beams as they propagated between rooms as a safety precaution was identified as

the primary issue. The reasoning for this issue was traced to the laboratory building itself. Each

laboratory space uses its own heating, ventilation, and air conditioning (HVAC) system and are

controlled separately. During the month of February, the temperature of the room housing the fs

laser and majority of the fs/ps CARS system remained fairly constant throughout the day, only

fluctuating by 1◦C. In contrast, the Combustion Lab experienced a cyclic change in temperature of

4◦C every 15 minutes as the HVAC system turned on and off. Temperature gradients between the

two rooms caused air to be forced through the beam tube. This led to the conclusion that density

gradients within the 3 m long tube were resulting in noticeable beam drift. From cutting holes to

minimize thermal gradients within the tube to increasing the diameter of the tube, several attempts

were made to mitigate the source of instability. The final, successful action taken was to bisect
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Figure 3.4: Propagation followed along the beam path from the Laser Lab space to the burner lab
space to investigate beam instability atop the three axis stage system.

the tube at the port connecting the two laboratory spaces, preventing the tunneling of air between

the rooms. Fig. 3.5c,d) demonstrates the resultant beam positions measured over time, showing a

distinct improvement from Fig. 3.5a,b). The final change made to ensure system stability was to

enclose the top of the optical table housing the counterflow burner with acrylic to shield the long

beam paths from any additional temperature gradients or air currents caused by the HVAC system.

With this concluded, alignment of the three beams through the mobile stage system could begin.
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(a) (b)

(c) (d)

Figure 3.5: (a) Beam displacement as a function of time recorded in the room containing the
counterflow burner. (b) Two-dimensional spatial displacement shown relative to the initial position.
(c) Total beam displacement over time in the room containing the counterflow burner after bisecting
the beam tube. (d) Two-dimensional spatial displacement shown relative to the initial position.
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3.2 Three Axis Stage Controller Stability

Next, alignment of the beams propagating through the three axis stage system (hereafter referred

to as the pitch stage) will be discussed. After alignment efforts to ensure signal stability over

time, loss of CARS signal intensity during motorized translation of the stage system was observed.

After ensuring that the routing of the CARS signal to the specrometer was not the cause, spatial

misalignment of the crossing beams was suspected. The normalized signal intensity measured during

a scan across the two motorized axes is shown in Fig 3.6. For both axes of translation, the signal

failed to remain stable. The previously used beam profiling camera was used to image light scatter

from a card placed immediately before each focusing lens on the pitch stage. The same processing

routine using centroid detection and location tracking, was used to identify total spatial drift for a

given axis as each translation stage was moved over a range of 50 mm. As suspected, the spatial

location of each beam deviated from its initial point of overlap.

(a) (b)

Figure 3.6: (a) CARS signal intensity variation during a horizontal scan and (b) CARS signal
variation during a vertical scan prior to alignment.

A more robust alignment procedure was required to ensure that the spatial location did not

significantly deviate during the translation of the stages. The mirrors at each position in Fig.

2.8 were used to correspond to the alignment of a particular axis of translation. The alignment

procedure chosen dictates that each beam be aligned in order from the furthermost mirror from the

burner to the nearest. Adjustment of the furthermost mirror corresponds to the alignment for the

horizontal in/out motion, the mirror following it aligns the horizontal translation across the burner

face, and the bottom periscope mirror adjusts vertical alignment. An example of the alignment

procedure for the horizontal in/out axis is as follows: The beam’s centroid coordinates are found for
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one extreme of the translatable distance, the stage is moved to the other extreme and the centroid’s

coordinates are recorded, the coordinates from the two locations are compared and the mirror is

adjusted to compensate for spatial displacements that exceed 75 µm. The previous steps are then

repeated until spatial displacement is within the 75 µm boundary which corresponds to the variance

in spatial location for a stationary beam. This procedure is then repeated for each of the following

axes, and then the other two beams. It is important to note that the beam path shown in Fig. 2.8

only corresponds to a single beam, each of the beams have their own set of mirrors for individual

alignment.

(a) (b)

Figure 3.7: (a) CARS signal intensity variation during a horizontal scan and (b) CARS signal
variation during a vertical scan after alignment to minimize spatial drift.

By iteratively minimizing the spatial drift each beam experienced as the pitch stage was trans-

lated over a course of 50mm for each axis, the CARS signal was able to be properly maintained over

the domain of interest as can be seen in Fig. 3.7. It was noted that there was a slight drop in CARS

signal at the -2mm horizontal position which was attributed to mechanical backlash as the direction

of horizontal translation was changed.
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Chapter 4

Temperature Measurements of

Counterflow Flames

4.1 Operation

4.1.1 Hencken Burner

After improving the stability of the fs/ps CARS system, measurements within a combustion environ-

ment could begin. To determine best fit temperatures, a library of theoretical spectra is needed to

compare against those taken experimentally [4]. The spectral library must be populated with exper-

imental parameters including bandwidth, chirp, time delay, and peak wavelength of each beam, and

the detection instrument function before simulating spectra to compare with experiments. Before

analyzing CARS data collected within the counterflow flame, a well-characterized, near-adiabatic

H2/air flame was used to test to validity of the CARS system and optimize spectral parameters used

to simulate theoretical spectra. With spectral parameters informed in this manner, a differential

evolutionary algorithm is then used to minimize the normalized residuals between theoretical spectra

and experimental spectra from the near-adiabatic flame [4]. This routine outputs the parameters

necessary to determine the spectral response of the simulated spectra to increasing temperature.

With this, the spectral library is populated with simulated spectra that bear the same spectral

parameters and temperature response as those collected experimentally.

A Hencken burner was chosen for preliminary measurements because its design eliminates heat

transfer to the burner surface, allowing the combustion products to reach the adiabatic flame tem-
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perature and making it an ideal system for collecting validation data [30]. Fs/ps CARS targeting N2

rovibrational transitions is sensitive to temperatures above ≈ 1100K. Therefore, an equivalence ratio

range of φ = 0.3 to 1.5 was selected for the H2/air mixture as it corresponds to an adiabatic temper-

ature range of 1187 K to 2396 K. A constant flow rate of air and N2 was selected, and the fuel flow

rate was modified to change the equivalence ratio following Eq. 2.4 from Chapter 2. Experimental

conditions employed are summarized in Table 4.1.

Table 4.1: Operating conditions used with the Hencken burner.

Equivalence
Ratio φ

Fuel Flow
Rate

[SLPM]

Oxidizer
Flow Rate

[SLPM]

N2 Shroud
Flow Rate

[SLPM]

0.3 7.64 60.6 85
0.4 10.18 60.6 85
0.5 12.73 60.6 85
0.6 15.28 60.6 85
0.7 17.82 60.6 85
0.8 20.37 60.6 85
0.9 22.92 60.6 85
1.0 25.46 60.6 85
1.1 28.01 60.6 85
1.2 30.55 60.6 85
1.3 33.10 60.6 85
1.4 35.65 60.6 85
1.5 38.19 60.6 85

4.1.2 Counterflow Burner

The counterflow burner’s general operation was detailed in Chapter 2, and the operational param-

eters used for data collection are outlined here. As a reminder, the chamber pressure and desired

global strain rate were input into a LabView interface, and the necessary gas velocities and flowrates

were calculated and used as system set points. The selection of near extinction global strain rates

was informed by Cantera using the GRI 3.0 mechanism [56] to simulate an axisymmetric flow for

diluted CH4/air diffusion flame. Cantera was used to calculate these simulations given inputs of

initial species mole fractions of the fuel and oxidizer streams, pressure, domain conditions (nozzle

distance), and sample conditions near extinction is included in Table 4.2. The strain rate at which

extinction occurred as well as temperature profiles at those conditions were output.

The following pressures and strain rates were investigated: 2.5 atm at a low global strain rate of

450 [1/s], 2.5 atm near its extinction global strain rate of 900 [1/s], 4 atm at a low global strain rate

of 500 [1/s], 4 atm at a near-extinction global strain rate of 1000 [1/s]. The lower pressure of 2.5
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atm was the lowest pressure at which the flame stabilized in a location that allowed the entire flame

to be characterized with CARS. The higher pressure of 4atm was chosen for being the most elevated

pressure that could be characterized near extinction as beam steering effects for the current beam

configuration near the stagnation plane greatly disturb the CARS interrogation volume leading to

increasing sources of error. The corresponding experimental parameters used for the current study

are summarized in Table 4.3. Included are the mass flow rates for the fuel (CH4), oxidizer (air),

fuel diluent (N2), and shroud gas (N2) corresponding to the desired global strain rates and global

pressures investigated.

In addition to the CARS thermometry data collected within the counterflow burner, CARS

spectra in an Argon gas environment were recorded to characterize the shape of the experimental

probe pulse as generated using a 4f-pulse shaper. This data was also used to determine the probe

delay relative to initial Raman excitation for the experimental measurements. Additional discussion

regarding the influence of the probe pulse shape is included in the next section.

Table 4.2: Example of Cantera inputs for calculating near extinction global strain rates.

Pressure
[atm]

Mechanism Initial
Global
Strain
[1/s]

Fuel Mole
Fraction

Oxidizer
Mole

Fraction

Nozzle
Distance

[mm]

2.5 GRI 3.0
[56]

450 0.8 CH4,
0.2 N2

0.79 N2,
0.21 O2

5.45

Table 4.3: Table of operating conditions within the counterflow burner.

Pressure
[atm]

Global
Strain
[1/s]

Fuel Side
Flow Rate

[SLPM]

Oxidizer
Side Flow

Rate
[SLPM]

N2 Shroud
Flow Rate

[SLPM]

2.5 450 3.22 3.44 11.25
2.5 900 6.34 6.63 21.89
4 500 5.67 5.84 22.31
4 1000 11.17 11.27 43.33

4.2 Numerical Modeling

The nonlinear, third-order polarization field is generated when a medium and the three electric

fields from the pump, probe, and Stokes beams interact. This polarization field is constituted by a

resonant and non-resonant response.
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The resonant portion of the third-order polarization is given in Eq. 4.1. The × symbol is the

convolution operator and Ene
iωntn are the incoming electric fields with field strengths En, frequencies

ωn, and coherence times tn.

P
(3)
CARS (t, τ12, τ23) =

(
i

h̄

)3 ∫ ∞
0

dt3

∫ ∞
0

dt2

∫ ∞
0

dt1 [R4 (t3, t2, t1)

× E3 (t− t3)E∗2 (t+ τ23 − t3 − t2)

× E1 (t+ τ23 + τ12 − t3 − t2 − t1)

×ei(ω1−ω2+ω3)t3ei(ω1−ω2)t2eiω1t1
]

(4.1)

The subscripts 1, 2, 3 and 4 correspond to pump, Stokes, probe and CARS respectively. Each

electric field, Ene
iωntn , is assumed to be centered about t = 0; therefore, the time delays τ23 and

τ12 correspond to the delays between the Stokes and probe pulses and the pump and Stokes pulses

respectively. R4 is the molecular response function for the CARS process, and is often assumed

instantaneous over the t1 and t2 timescales. However, CARS signal is not solely comprised of

the resonant polarization, but is actually proportional to the square of a portion of the third-

order polarization terms arising from non-resonant and resonant wavemixing as shown in Eq. 4.2

[48, 19, 57, 58, 5].

ICARS (ω, τ12, τ23) ∝
∣∣∣P (3)

NR (ω, τ12, τ23) + P
(3)
CARS (ω, τ12, τ23)

∣∣∣2 (4.2)

To match experimental work, the delay of the two fs pulses, the pump and Stokes beams, τ12, was

set to zero. The time delay of the ps probe pulse with respect to the other two is represented . Non-

resonant polarization contributes greatly to the background when all three beams are temporally

overlapped, but dephases quickly if the ps pulse is offset from the two fs pulses. As a result, the

non-resonant contribution may be neglected when the probe delay is significantly greater than the

delays of the other two pulses, τ23 > τ12, [τ12 = 0] [48, 47, 57, 58, 5, 4]. Therefore, the non-resonant

term is typically neglected for fs/ps CARS experiments using a time-delayed probe pulse.

4.2.1 4f Pulse Shape Model

Because suppressing non-resonant background by delaying probe greatly simplifies spectral modeling,

it was critical to accurately represent the ps probe shape within the model. To ensure the pulses

have the minimum possible duration for a given spectral bandwidth, the spectral lineshape is related

to the time-domain lineshape by way of the Fourier Transform. For the 4-f pulse shaper with a
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square slit, the Fourier Transform is a sinc2 function that exhibits several side lobes of decreasing

intensity in time. This time profile is shown in Fig. 4.1a, which plots two modeled probe shapes

for a sinc2 and Gaussian function given the same FWHM spectral linewidth. Using these simulated

probe shapes, the impact on the simulated spectra is shown in Fig. 4.1b. The presence of side lobes

of the sinc2 pulse shape demonstrate that a model incorporating only an idealized Gaussian probe

shape would not accurately simulate the CARS response observed experimentally.

As non-resonant contributions were more evident at higher temperatures, slit width and probe

delay were adjusted while observing the spectral response in a flame until the non-resonant signal

was suppressed. A cross-correlation of the probe pulse with the impulsive Raman excitation was

then recorded using nonresonant CARS signal in Argon gas by scanning the probe delay stage in

time at a speed of 0.1 ps/s. A 0 ps time delay corresponds to the maximum non-resonant background

intensity as all three beams are overlapped in time. The delay stage was scanned from -20 ps to +20

ps, during which 4200 frames were acquired at a rate of 10.5 fps. Integrating the non-resonant signal

for each frame was used to quantify the experimental probe shape. In Fig. 4.2, the experimental

probe shape shown in Fig. 4.2a, and its comparison to best-fit probe shapes for both a Gaussian

and sinc2 in Fig. 4.2b. In Fig. 4.2b, it can be seen that neither the Gaussian or sinc2 fits to

the probe-pulse well. The experimental probe shape resembles a composite of the two functions.

The non-ideal shape is likely due to a misalignment of the 4-f pulse shaper resulting in a deviation

from the transform limit, for example, a tilted slit at the Fourier plane. This slight disagreement

may also be due to the frequency domain not exhibiting a flat-top spectral profile at the center of

the slit. Future improvements of the system will seek to more thoroughly characterize the probe

response to different slit widths. However, the probe delay where non-resonant contributions will

be minimized can still be determined. The minima of the first side lobe for the experimental probe

pulse corresponds to a probe delay of ∼5.0 ps. At this delay, the non-resonant signal level was

minimized while the resonant signal intensity was maximized.
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(a) (b)

Figure 4.1: For the same FWHM a) two modeled probe shapes in time, b) simulated spectra for
each probe shape at a delay of τ = 2.225ps, corresponding to the first minima in the sinc2 probe
shape shown in a).
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(a)

(b)

Figure 4.2: a) Experimentally measured probe shape in Ar. b) Experimental probe shape after time
zero compared to Gaussian and sinc2 probe shapes.
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4.2.2 Spectral Fitting Routine

To determine gas temperature, experimentally collected fs/ps CARS spectra were compared to

spectral simulations. A differential evolutionary algorithm, as informed by Mallipeddi et al [59] and

previously implemented by Dedic [4], was then supplied a library of simulated spectra at tempera-

tures ranging from 900 K to 2800 K and experimental spectra to determine best fit temperatures.

The data processing routine used for this work is outlined below.

First, background light (e.g room light and laser scatter) was subtracted from each experimental

spectrum. The background subtracted spectra were then filtered to remove shots that did not con-

tain the N2 fundamental vibrational mode due to excessive laser scatter. Additionally, experimental

parameters such as probe bandwidth, chirp, pulse shape, and time delay; pump and Stokes band-

width, chirp, and peak wavelength; and the detection instrument function were determined for every

experiment and used to inform the development of a library of CARS spectra. The experimental

frequency axis (in wavenumber) was determined, and a shift and resampling was applied to the

numerical simulation to match the experimental axis as dictated by the spectrometer and camera

resolution. To determine best fit temperatures, each experimental spectrum was then compared to

the simulation database. The differential evolutionary algorithm was used to minimize the norm of

the residuals between experiment and simulation. The current version of the fitting algorithm was

allowed to vary the intensity scaling (a) to ensure proper normalization of the vector characterizing

the experimental spectra (d), the vertical shift (b) of the experimental spectrum as well as the tem-

perature of the simulated spectra, s(T ). The vector of residuals (r) was calculated using these three

parameters through Eq. 4.3

r = ad + b− s(T ) (4.3)

The `2-norm of this vector was minimized by varying a, b, and T. The temperature of the simulated

spectra that led to this minimization was recorded for each experimental spectra. These tempera-

tures were then filtered to exclude fits that converge on the library limits (e.g. 900 K and 2800 K).

The average temperature was then acquired through averaging the remaining best fit temperatures

and the standard deviation from the average was reported.
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4.3 Adiabatic Flame Validation

The fs/ps CARS technique was validated using a well-characterized H2–air laminar diffusion flame

stabilized over a Hencken burner. The discussion of how an adiabatic flame can be used to inform

model parameters is given in Section 4.1.1

CARS measurements were made 3.81 cm above the Hencken burner surface at flow rates informed

by Hancock et al [30]. To suppress contributions from non resonant background, a probe delay of τ =

5.1 ps was chosen for analyzing the spectral response of the flame while maintaining optimal signal

levels. Additionally, a later probe delay of τ = 38.4 ps for enhanced sensitivity at temperatures

below ∼1000 K was also employed. Miller et al. [23] demonstrated the use of long probe delays to

study low-temperature sensitivity from ground vibrational state ro-vibrational revivals. While not

analyzed in this work, late probe delay spectra have been acquired for all flame conditions studied

and may be used in the future.

After the spectral parameters from the H2/air flame were evaluated, the spectral library was

populated with simulated spectra for comparison with the experiment. The aforementioned differ-

ential evolutionary algorithm was used to determine the best-fit temperature for the experiment. In

Fig. 4.3, a spectrum calculated at the average best fit temperature is compared to the average of

500 laser shots recorded at an equivalence ratio of φ=1.1. Good agreement is observed between the

best fit temperature and experimental spectra.

Figure 4.3: Average N2 fs/ps vibrational CARS spectrum calculated from 500 laser shots recorded
within the products of a φ = 1.1 flame compared with simulation at 2410 K.

The adiabatic flame temperature and best fit temperatures using the early probe delay CARS

spectra are plotted for a range of equivalence ratios in Fig. 4.4 to evaluate the accuracy of the
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fs/ps CARS measurements. The error bars are used to denote one standard deviation of the best

fit temperatures from 500 individual measurements. Two trends are apparent in Fig. 4.4. One is

that the accuracy of the best fit temperatures increases with rising temperature, and the second

is that the precision of these fits decrease with increasing temperature. Lower accuracy at low

equivalence ratios is expected, however, the error in best-fit temperature for the spectra acquired at

φ = 0.3 exceeds the typical performance. Anticipated fs/ps performance over the temperature range

fit here is ∼98% [60] while the temperature fit at this equivalence ratio differs from the adiabatic

temperature by ∼160 K (14%). This is due to a failure in the current fitting routine to converge

to lower temperatures. For the lower temperatures, the fitting routine does not converge on the

correct answer and instead converges on a higher temperature shown in Fig. 4.5. This error in

the temperature fitting routine will need to be addressed in future work for accurate measurements

recorded near the low-temperature limit of fs/ps CARS sensitivity.

Figure 4.4: Measured temperatures recorded in the products of an adiabatic flame with best fit
temperature and predicted adiabatic flame temperature shown for a range of equivalence ratios.
Error bars represent one standard deviation of the best-fit temperature.

In contrast, the accuracy of the best fit temperature measurement made at φ=1.1 was within

∼1.2% of the expected adiabatic flame temperature of 2396 K. This measurement does show a lower

precision than low temperature results. Lower precision at higher temperatures can be attributed

to the decreased signal intensity at low densities. This is observed by visually comparing single-shot
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Figure 4.5: Best fit temperature of 1415K plotted with experimentally measured spectrum at an
equivalence ratio of φ=0.3 and the residuals between the two. The experimental hotband is empha-
sized to show poor convergence of the fitting routine.

spectra for an equivalence ratio of φ = 0.3 to that of the equivalence ratio of φ = 1.1, shown in

Fig. 4.7. As is shown by the residuals from the difference between the experimental and modeled

spectra, the noise at the baseline is much greater for the spectra acquired at φ=1.1. This noise is

used in the calculation of a signal-to-noise ratio (SNR) for each spectra. The SNR in this work has

been calculated by dividing the maximum intensity of each spectra by the standard deviation of its

baseline and taking the average of the result over 500 spectra.

SNR =
Imax

σbaseline
(4.4)

The result is shown in Fig. 4.6, where the trend of decreasing SNR with increasing temperature is

apparent. The maximum SNR is measured for the spectra taken at the equivalence ratio of φ=0.3

whereas the mimimum occurs at φ=0.9 with an SNR of 27. However, on either side of the minima,

SNR is > 30. Decreaasing SNR is expected as temperature increases because CARS signal intenstiy

is approximately proportional to number density squared.

In summary, a spectral library informed by the parameters extracted from experimental spectra

taken in an adiabatic flame has been developed. With the exception of spectra acquired at φ=0.3,

best fit temperatures for experimental spectra have been shown to have good agreement with the

adiabatic flame temperature. Two trends have been identified for the current fs/ps CARS system:

accuracy trends proportionately with temperature, whereas precision trends inversely with temper-

ature. The performance of the CARS system coupled with stable signal intensity during translation

has demonstrated its suitability for further temperature measurements in the counterflow burner.
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Figure 4.6: Average Signal-to-Noise ratio.

(a) (b)

Figure 4.7: Single-shot N2 fs/ps CARS for the best fit temperatures and fit residuals for equivalence
ratios φ = 0.3 and 1.1 at a) 1415 K and b) 2500 K respectively.
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4.4 Flame Image Results

For each pressure and strain rate of interest, a series of 240 images of flame luminescence was

acquired using a FLIR Chameleon 3 CMOS (image scale of 8.46 µm/pix) as detailed in Section

2.3. These images were used to characterize the stability of the reaction zone along the centerline.

An example image is shown in Fig. 4.8. Laser scatter was used to illuminate the nozzles in the

images. To determine the spatial location of the probe volume, the stages were translated vertically

until scatter was observed on the nozzle to establish an upper and lower bounds. This leads to

an uncertainty in measurements of axial location of ±0.1 mm. The exposure time of 58.8 ms was

insufficient to resolve the flame at its edges giving the edge fluctuations a fan-like appearance. The

image was subsequently cropped horizontally to show only the centerline.

As can be seen in Fig. 4.9, the average axial position of the centerline changes with increasing

pressure and strain rate. Increasing strain corresponds to a shift of the centerline closer to the

fuel nozzle. The luminescence location was expected to inform the approximate location where the

peak temperature will occur. This was used to identify a range of axial locations of interest for

CARS measurements. This in turn allows expedited runs of the counterflow burner which becomes

increasingly beneficial at higher pressures where the rate of fuel, oxidizer, and N2 consumption

increases. It can seen from Figure 4.9 that the stability of the flame location decreases as pressure

increases. In particular, at a pressure of 4 atm and a theoretical strain rate of 500 1/s, the average

position has the highest variance. This can be attributed to two sources. The first is the relatively

low strain rate for the given pressure not constraining the stagnation plane, leading to an unstable

flame. The other source is the presence of particles in the chamber that were difficult to completely

remove. These include particle imaging velocimetry (PIV) particles that had been fed into the burner

for a previous experiment. While less likely, the presence of particles could lead to disruptions in

the flow field and lend to the instability observed.

In summary, stability of the flame’s centerline and its relative spatial location within the coun-

terflow burner was presented. Future improvements upon flame stability include purging the coun-

terflow burner before operation to ensure minimal interference in the flow field. Additional im-

provements may seek to use more robust methods for characterizing spatial deviation with higher

resolution, such as intensified high-speed imaging or OH planar laser induced fluorescence.
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Figure 4.8: Example image recorded within the counterflow burner at 2.5atm and a theoretical strain
rate of 450 1/s using an observation camera.

(a) (b)

(c) (d)

Figure 4.9: A histogram of the the axial location from the fuel jet where the maximum luminescence
was detected by the FLIR camera for a)2.5atm and a theoretical strain rate of 450 1/s, b)2.5atm
and a theoretical strain rate of 900 1/s, c)4atm and a theoretical strain rate of 500 1/s, d) 4atm and
a theoretical strain rate of 1000 1/s.
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4.5 Counterflow Flame Thermometry

4.5.1 Experimental Results: fs/ps CARS Spectra

Spectra acquired using vibrational fs/ps CARS are analyzed for temperature at pressures of 2.5 and

4 atm at low and near-extinction strain rates. The spectral fitting routine detailed in Section 4.2.1

was used to analyze the spectra acquired and minimize the residuals between the spectral library and

experimental spectra to determine temperature. Spectra are acquired while conducting a vertical

scan that translates the CARS probe volume from the oxidizer nozzle to the fuel nozzle. For the

purpose of conserving fuel, each scan began 0.2 mm beyond the initial detection of the ”hot band”

(N2(V2 −→ V1)). The probe pulse was delayed by 5.1 ps to minimize non-resonant contributions

to the signal. Although not used for temperature determination in the current study, a secondary

time delay of 38.4 ps was also captured in an attempt to heighten sensitivity to temperatures below

1100 K. For each axial position at each pressure and strain rate, 2000 single-laser-shot spectra

were acquired at a kilohertz rate. For clarification of the language subsequently used, a ”single-

shot-spectrum” refers to a single spectrum pulled from the spectral series for a given position and

condition.

Example single-shot spectra obtained at various axial locations within the counterflow burner

are presented in Fig. 4.10. The top row corresponds to spectra obtained at a probe delay of 5.1

ps, whereas the bottom row corresponds to the late probe delay of 38.4 ps. By comparison, spectra

shown in Fig. 4.11 consist of an average of the spectral series. These averages for each position

are acquired by averaging a total of 500 arbitrarily chosen shots from the spectral series. 500 shots

were chosen as it corresponded to the lowest number of remaining shots from across all spectral

series acquired after the filtering routine was used to process the original 2000 shots. This was made

relevant by the scan of the 4 atm and a theoretical strain rate of 1000 strain 1/s condition as there

were several shots obtained at each position that were not able to be fit for temperature as will be

explained later in this section.

While not explored at length in this work, it is important to note for future work that the same

fs/ps CARS system can excite Raman transition for multiple species simultaneously to quantify

relative species concentrations in addition to temperature. This can be seen in Fig. 4.12 with the

appearance of another band near 2880 cm−1 which corresponds to Q-branch transitions of the CH4

molecule.
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Figure 4.10: Single shot spectra obtained using an early probe delay, 5.1 ps (top row), and a late
probe delay, 38.1 ps (bottom row), for a pressure of 2.5 atm and a theoretical strain rate of 450 1/s
at axial locations of a,f) 4.3 mm b,g) 4.1 mm c,h) 3.9 mm d,i) 3.7 mm e,j) 3.5 mm.

Figure 4.11: Averaged spectra from 500 laser shots shown for comparison relative to the single shot
spectra in Fig. 4.10. Spectra obtained using an early probe delay (top row) and a late probe delay
(bottom row) for a pressure of 2.5 atm and a theoretical strain rate of 450 1/s at axial locations of
a,f) 4.3 mm b,g) 4.1 mm c,h) 3.9 mm d,i) 3.7 mm e,j) 3.5 mm.
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(a) (b)

Figure 4.12: Overlapped spectra taken on either side of the flame and within the flame for both a)
the early probe delay, and b) the late probe delay.
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4.5.2 1D Flame Simulation Results

As stated previously, Cantera requires an input of fuel and oxidizer species and concentration, theo-

retical strain rate, and pressure to calculate species and temperature profiles. Example simulations

at 4 atm are shown in Fig. 4.13. Fuel and oxidizer concentrations are shown to deplete at approxi-

mately equidistant axial locations of 2.725 mm from their respective nozzles as would be expected

for balanced momentum fluxes for the given domain width of 5.45 mm. Maximum CH mole fraction

occurs at the same axial location as the peak gas temperature. As a result, it is expected that the

contribution from the chemiluminescence of CH to the flame’s intensity visualized in Fig. 4.8 would

align with the peak temperature. However, the flame emission detected by the camera is not filtered

for CH chemiluminescence, so there are potentially other emissive species, such as OH, contributing

to the flame emission observed.

Calculated temperature profiles at each experimental condition are compared against one another

in Fig. 4.14 to visualize the approximate change in magnitude and location of the peak temperature

expected when evaluating experimental temperature profiles. From this comparison it is expected

that temperature will increase as a function of increasing pressure but decrease as a function of

increasing strain rate, while axial distance from the fuel nozzle is primarily dependent on strain

rate. Additionally, it is observed that the peak temperature at the lower strain rates occurs further

from the fuel than the near-extinction strains. As Kang et al. [61] reported previously, counterflow

diffusion flames featuring hydrocarbon fuels tend to form closer to the oxidizer inlet.To counteract

this, either fuel dilution is required or, as has been observed through this experiment, an increase of

the strain rate is required with both relying on fulfilling the criterion set by

[
m0,0/Le

1/2
O

mF,0/Le
1/2
F

]
> i (4.5)

where mO,0 is the free stream mass fraction of the oxidizer, mF,0 is the free stream mass fraction of

the fuel, i is the mass stoichiometric coefficient, and Le is the appropriate Lewis number. In the case

of an increase in strain rate, the stagnation plane itself is constrained leading to a thinner flame,

reflected by its narrower temperature profile compared to that of lower strain rate flames, which in

turn narrows the region within which the fuel molecules may diffuse.

44



Figure 4.13: Cantera calculated normalized profiles for temperature and various species of interest
plotted against axial distance from the fuel nozzle for a pressure of 4 atm and a theoretical strain
rate of 1000 1/s.

Figure 4.14: Plots comparing the Cantera calculated temperature plots for all acquired pressures
and strain rates.
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4.5.3 Experimental Results: Flame Temperature

A comparison of the Cantera-simulated temperature and best fit temperature profiles is shown in

Fig. 4.15. Figure 4.15a shows both experimental and Cantera simulated temperature profiles at

their actual axial locations, and Fig. 4.15b compares the two temperature profiles with the axial

location of the Cantera profile offset to match that of the best-fit temperature.

(a) (b)

Figure 4.15: Cantera calculated temperature and best-fit temperature with error bars of σ for 2.5
atm 450 strain 1/s at the axial locations a) calculated by Cantera and detected within the flame
and b) offset to match that of Cantera for temperatures above 1000 K.

Although both temperature profiles peak closer to the oxidizer side, it can be observed that the

spatial locations of the experimental temperature profile and that calculated by Cantera do not

overlap. For the case of a pressure of 2.5 atm and a strain of 450 1/s, there is a 1.2 mm difference

in peak temperature location. A potential cause for this offset may be due to a mismatch between

the calculated stoichiometric mixing region and that achieved experimentally. While there exists

a few differences between the experiment and the calculation, one potentially significant source of

error may be the fuel and oxidizer mass flow controller accuracy at low flow rates. An improper

flow rate would lead to an offset of the stagnation plane’s location due to an improper balance of

momentum. This may explain the degree of which the flame in this experiment was offset compared

to Cantera predictions. Additionally, Cantera employs a similarity transformation to reduce the

flow-field to a one-dimensional problem wherein the dependent variables of temperature and species

mass fraction are functions of the axial direction only. This, in combination with not calculating

diffusive fluxes, may also contribute to the offset between the Cantera and experimental temperature

profiles. However, displacements of position between the flame calculation and the experiment have

been observed previously by Satija [18] when observing counterflow flames with a fuel concentration
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greater than 20%. No attempts to vary fuel dilution were made in this experiment, however, it is a

point of interest for future experiments.

Because of the significant of offset between the simulations and the experiments, the calculation

of axial position is treated as approximate. Future work could explore more advanced computational

tools and investigate flow controller accuracy. Improved flow models with more accurate thermo-

chemical properties will be required to accurately estimate extinction and provide further validity

to the Cantera-calculated temperature profiles.

Regardless of the spatial offset, it can be seen in Fig. 4.15 that once the temperature profiles are

overlapped in post-processing that there is reasonable agreement between the calculated Cantera

temperature profile and the temperatures measured experimentally. The axial location offset between

the calculated and measured flame profiles is observed for each of the pressure and strain conditions.

However, for the strain rates near extinction the observed spatial offset between the calculated and

experimental profiles decreases. There is a location difference of 1.2 mm at low theoretical strain

rates compared to 0.8mm at high theoretical strain rates. This supports that one or both of the

controllers are excessively inaccurate at low mass flow rates, i.e. lower strain rates, and improve

with increasing flow rate. This would impact the thermal mixing layer and could lead to the flame

position greatly differing from that of an ideal solution. To corroborate whether this is the source

of error, the accuracy of mass flow controllers must be verified across the low flow rate range.

Shown in Fig. 4.16 is experimental data obtained for a pressure of 2.5 atm and a theoretical strain

rate of 450 1/s. Figure 4.16(a) shows a histogram of the axial location of the maximum luminescent

signal measured using the flame monitoring camera. The flame is observed to fluctuate with a

standard deviation of 52 µm (1.37%). Therefore, with the resolution of the CARS measurement in

the direction of temperature gradients (< 80 µm) for the given pressure and strain rate, the flame

position fluctuations are sufficiently small enough for the purpose of evaluating peak temperature

locations. Shown in Fig. 4.16c are experimental spectra with corresponding modeled spectra for best

fit temperature acquired at the axial locations identified in Fig. 4.16b. As the best fit temperature

does not change between Fig. 4.16c(left) and Fig. 4.16c(center), the axial location corresponding

to the peak temperature is likely between 3.8 and 4.0 mm from the fuel nozzle. This supports the

previous claim that flame emission images can inform the approximate location of peak temperature.

Shown in Fig. 4.16d are spectra obtained at the later ps-probe delay. While these spectra are not fit

for temperature, the spectral response from changing temperature can be visually observed through

the ratio of the hot band to the fundamental vibrational mode. For example, it is seen that the
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hot band in Fig. 4.16d(left) is of greater intensity than the one in Fig. 4.16d(right), which in turn

corresponds to a higher temperature in Fig. 4.16d(left).

Seen in Fig. 4.17 are the calculated and experimental temperature profile plots for each pressure

and strain rate explored. The best-fit temperature profiles are at the axial locations where they were

observed experimentally, and the Cantera profiles were offset by the distance between the experimen-

tal and simulated peak temperatures. Each experimental condition tested has a temperature profile

that approximates that of the Cantera calculation. The lower strain rates for both the calculation

and the experiment exhibit a wider reaction region than the conditions near extinction, showcasing

the constraint of the thermal mixing layer with increasing strain. However, also observable is that

in all cases, there exists a low-temperature ’plateau’ where CARS determined temperatures exceeds

the expected temperature. This is caused by the failure of the spectral fitting routine at lower

temperatures observed previously for the adiabatic flame measurements. Additionally, the Cantera-

calculated profile is broader than the experimental profiles for each condition. This can in part be

explained by a mismatch in ideal calculated chemical kinetics and applied experimental conditions.

Another aspect that may be linked to this experimental mismatch is the significant standard devia-

tion in best fit temperature observed. For each condition, the standard deviation in fit temperature

exceeded the standard deviation for a comparable temperature fit for using the Hencken burner.

This suggests an environmental factor impacting the experimental flame. One potential factor is the

possibility that combustion products are recirculating into the reactant stream. This may happen if

the reactant streams are turbulent causing unsteady diffusion of the products into the probe volume,

or may occur if the products are not vented from the pressure chamber quickly enough. In future

experiments, the use of planar laser induced fluorescence to track combustion intermediates and

products as they are forced from the reaction zone could be employed. Another explanation may

be derived from any radial mismatch between the two nozzles supplying the stream of reactants. If

the flow fields are mismatched, not only are the strain rates observed not indicative of true near

extinction strain rates, but could cause the flame to become increasingly unsteady. Although the

flame’s structure deviates near-extinction normally, misaligned reactant streams would cause greater

variance near the center of the flame. However, this is less likely as the standard deviation of temper-

ature remains highly variant away from the peak flame temperature. Particle imaging velocimetry

could be used in the future to visualize the flow field and quantify gas velocity.

The error bars shown in Fig. 4.17 represent the standard deviation of the experimental temper-

ature. The standard deviation of the peak temperature for each condition ranges is summarized in

Tables 4.4, 4.5, 4.6, 4.7. The deviation in measured temperatures is larger than those observed for
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Figure 4.16: Results from the 2.5 atm, 450 1/s theoretical strain flame. a) A histogram of the
the axial location relative to the fuel jet where the maximum luminescence was detected by the
FLIR camera. b) Flame emission image with axial location markers centered around the average
axial location from the histogram plot. c) Averaged CARS spectra shown with best-fit simulations
measured at the axial locations from (b) with left to right corresponding to a distance from the fuel
nozzle of 4.0mm, 3.8mm, and 3.6mm respectively. d) Averaged spectra for 500 shots taken for a late
probe delay at the same axial locations as c) recorded in the same order.
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(a) (b)

(c) (d)

Figure 4.17: Best fit temperature profiles with spatial offset plotted against Cantera calculated
temperature profiles for a) 2.5 atm 450 strain 1/s, b)2.5 atm 900 strain 1/s, c)4 atm 500 strain 1/s,
and d) 4 atm 1000 strain 1/s.

the Hencken flame despite the maximum temperature not exceeding 2000 K. As has been investi-

gated previously by Sarnacki [54], the turbulent Reynolds number, Re, in the current configuration

is approximately 2600. While the primary flow of fuel and oxidizer were both within this limit with

a maximum calculated Re of 2400, the N2 coflow at the high strain conditions for both pressures

approached or exceeded this limit with Re of 2500 and 2800 for the strain rates of 800 and 1000

1/s, respectively. This has the potential to cause beam steering as the measurement volume was

propagated through the stagnation plane. If severe enough, beam steering can result in a spatial

mismatch between the beams used for the CARS process thus leading to a reduction and loss of

CARS signal. As the CARS signal intensity impacts the measurement precision, a varying probe

volume could lead to greater variance in the best-fit temperatures derived from the spectral series

acquired. Additionally, beam steering could cause transient fluctuations in the measurement volume

location. Both effects could explain why the best fit temperature’s standard deviation increases with
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Table 4.4: Thermometry results near the peak flame temperature for low strain at 2.5 atm.

Pressure
and Strain

Axial
Location

[mm]

TCantera TFit [K] TSTD [K],
(%)

SNR

2.5 atm
450 strain

4.1 1771.94 1752.91 98.85 K
(5.64%)

184.44

2.5 atm
450 strain

3.9 2030.89 1910.99 134.95 K
(7.06%)

57.14

2.5 atm
450 strain

3.7 1864.16 1713.74 153.53 K
(8.96%)

47.94

Table 4.5: Thermometry results near the peak flame temperature location for near extinction strain
at 2.5 atm.

Pressure
and Strain

Axial
Location

[mm]

TCantera TFit [K] TSTD [K],
(%)

SNR

2.5 atm
900 strain

3.4 1541.61 1592.82 210.41 K
(13.21%)

155.93

2.5 atm
900 strain

3.2 1988.65 1890.78 198.72 K
(10.51%)

184.44

2.5 atm
900 strain

3.0 1767.37 1744.65 225.41 K
(12.92%)

57.14

increasing strain rate. To verify this conclusion, further tests that focus on a single pressure for a

range of strain rates would be necessary. Meanwhile, a spatial filter, as described in Chapter 2, was

used to assist with blocking laser scatter from entering the spectrometer, however, the beams were

still occasionally steered significantly resulting in signal contamination. This was most prevalent at

the 4 atm with a theoretical strain rate of 1000 1/s case and led to many unusable shots due to the

CARS signal overlapping pump scatter. Improvements to increase precision of the measurements

are necessary for future application of fs/ps CARS to study high pressure combustion environments.

Although the precision of the measurements require significant improvement, good agreement

is found between the calculated temperature profiles and the average temperature measured ex-

Table 4.6: Thermometry results near the peak flame temperature location for low strain at 4 atm.

Pressure
and Strain

Axial
Location

[mm]

TCantera TFit [K] TSTD [K],
(%)

SNR

4 atm 500
strain

4.1 1805.35 1652.69 214.68 K
(12.99%)

155.93

4 atm 500
strain

3.9 2080.91 1968.35 211.79 K
(10.76%)

184.44

4 atm 500
strain

3.7 1877.66 1781.91 220.42 K
(12.37%)

57.14

51



Table 4.7: Thermometry results near the peak flame temperature location for near extinction strain
at 4 atm.

Pressure
and Strain

Axial
Location

[mm]

TCantera TFit [K] TSTD [K],
(%)

SNR

4 atm
1000 strain

3.3 1569.53 1633.13 375.46 K
(22.99%)

184.44

4 atm
1000 strain

3.1 2054.62 1975.92 239.68 K
(12.13%)

47.94

4 atm
1000 strain

2.9 1804.35 1685.64 228.24 K
(13.54%)

46.30

Table 4.8: Experimental temperatures and SNRs for the earlier reported Hencken burner results.
Equivalence ratios shown correspond to temperatures measured within the counterflow burner.

Equivalence
Ratio φ

Tadiabatic TFit [K] TSTD [K],
(%)

SNR

0.4 1425 1463.82 69.82 K
(4.77%)

185.32

0.5 1641 1641.8 81.43 K
(4.96%)

116.53

0.6 1837 1827.25 99.40 K
(5.44%)

71.82

0.7 2013 1980.08 132.07 K
(6.67%)

55.15

0.7∗ 2013 2025.96 119.12 K
(5.88%)

55.15

perimentally. The best fit peak temperatures were within 6% of the calculated peak temperatures

with the lower strain rates corresponding to a ∼6% difference from the calculation and the elevated

strain rates having an error of ∼4%. However, for the temperature range observed in the best fit

temperature profiles, an accuracy of greater than 2% is expected based on measurements within the

Hencken burner as shown in Table 4.8. This suggests that the experimental uncertainty is due to

the burner environment. Of the three sources of uncertainty, the fuel and oxidizer flow rates and

effects of beam steering, beam steering is least likely to influence the accuracy. It is more probable

that the flow rates of one or both of the jets is generating a different flame condition than that being

modeled. Additional work in characterizing the uncertainty in flame condition for the conditions

explored in this experiment are required before a more direct conclusion can be made. For future

improvements, a solution to remedy pump scatter rendering spectra unusable for temperature fitting

must be made.

In summary, spectra obtained using hybrid fs/ps CARS within a counterflow geometry at two

pressures and theoretical strain rates have been fit for temperature and compared with a calculated

profile for temperature. Increasing pressure has been shown to lead to an increasing temperature,
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whereas temperature decreases as the flame is evaluated at near extinction strain rates. Good agree-

ment has been found between the calculated and best fit temperature profiles with 4-6% differences

between the peak temperatures. Improvement of precision necessitates mitigating the effects of beam

steering for maintaining good shot-to-shot standard deviation.
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Chapter 5

Summary and Future Work

5.1 Summary

The characterization of well-controlled lab scale flames can be used to inform models that further

our understanding of combustion processes. This study utilized a counterflow burner housed within

a high-pressure chamber to generate laminar diffusion flames at pressures of 2.5 atm and 4 atm for

theoretical strain rates far from and nearing extinction limits. Hybrid fs/ps CAR has been employed

to quantify gas-phase temperature at atmospheric and elevated pressures. Resultant experimental

CARS spectra were compared to theoretical simulations to determine in-situ gas temperature. A

probe pulse model has been developed to simulate the experimental ps pulse generated using a folded

4-f pulse shaper. Temperature profiles derived from fitting the spectra taken within a near-adiabatic

flame informed spectral parameters used in the analysis of spectra taken within the counterflow

burner. The accuracy of the fs/ps CARS system in an adiabatic flame at the peak temperature was

determined to be ∼1.2%. Temperature profiles obtained from spectra collected in the counterflow

flame have been compared to computational 1D flame simulations. The fit temperature profiles were

observed to be within a 6% margin of the calculated profiles.

The impact of the lab environment on the stability of the CARS system has been reported and

sources of instability were mitigated. Efforts made to minimize the spatial drift of the laser beams

over long distances have proven effective in ensuring long term system stability. Methods used to

align fs/ps CARS have also been reported and the fs/ps CARS system was demonstrated as stable

over the range of travel within the counterflow burner.
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5.2 Future Work

The current fs/ps CARS system has been demonstrated for measurements in a high-pressure coun-

terflow burner. Sources of instability in the system have been investigated and eliminated, enabling

future measurements in larger combustion facilities.

Future improvements may seek to explore a larger range of pressures and global strain rates for

a better characterization of the accuracy and precision of fs/ps CARS measurements in this appli-

cation. Methods to improve the accuracy and precision of the temperature measurement should be

explored, alongside a comparison of best fit temperature profiles to other simulation methods. To

improve SNR, the alignment of the 4-f pulse shaper must be optimized, or replaced with another

pulse shaping mechanism to utilize higher-energy probe pulses. Extending the fs/ps CARS system to

enable quantitative one-dimensional single-pulse temperature measurements will allow for measure-

ments to be made across the entire domain without the need to scan vertically, enabling single-shot

measurements of temperature gradients and overcoming uncertainty in peak flame temperature due

to fluctuations in flame position.
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