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But when the goodness and loving kindness of God our Savior appeared, he saved us, not
because of works done by us in righteousness, but according to his own mercy, by the washing
of regeneration and renewal of the Holy Spirit, whom he poured out on us richly through Jesus
Christ our Savior, so that being justified by his grace we might become heirs according to the
hope of eternal life (Titus 3:4-7). Therefore whatever you do, in word or deed, do everything

in the name of the Lord Jesus, giving thanks to God the Father through him (Col. 3:17).
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Abstract

High-resolution quantitative measurements of thermodynamic properties provide key insight
into the fundamental combustion processes occurring within a scramjet engine. Quantitative
measurements are necessary for validating numerical simulations of the reacting flowfield,
locating reaction zones, and elucidating flame stabilization mechanisms within a scramjet
engine.

A novel counter-propagating (CoP) phase-matching configuration for hybrid femtosec-
ond/picosecond coherent anti-Stokes Raman scattering (fs/ps CARS) is demonstrated to
have ultra-high spatial resolution on the order of 10’s of pm. This represents a significant
improvement over traditional phase matching schemes, enabling precise measurements in
regions with steep temperature gradients and minimizing the impact of spatial averaging.
Utilizing the CoPCARS system, the temperature gradient resulting from a high-velocity
microscale gas jet emanating from a hypodermic needle (51 pm inner diameter) was accurately
quantified.

To quantify temperature and relative species concentration in the flow of a dual-mode
scramjet combustor, a fs/ps CARS system is developed and implemented in the University of
Virginia Supersonic Combustion Facility (UVaSCF). Temperature measurements using fs/ps
CARS within the combustor are presented for various fueling configurations. Ongoing work
to develop a CARS spectral model for quantifying local equivalence ratio is discussed, and

preliminary comparisons between experimental spectra and the spectral model are presented.



Chapter 1

Introduction

1.1 Motivation

The purpose of this thesis is to develop an instrument for investigating reacting flows with
small characteristic spatial scales. Firstly, it aims to enhance the spatial measurement
resolution of hybrid femtosecond/picosecond coherent anti-Stokes Raman scattering (fs/ps
CARS) by employing counter-propagating fs pulses. An increase in the spatial resolution of
CARS would maximize the utility of fs/ps CARS for precise measurements of temperature
and species concentration in scramjet engines.

Secondly, the thesis aims to utilize fs/ps CARS for quantitative measurements of tem-
perature and species concentration in a dual-mode scramjet. Specifically, it focuses on
investigating how variations in local fuel-to-air distributions impact the local temperature and
fuel concentration in partially-premixed ethylene/air flames. This investigation is conducted
within a model scramjet combustor in the University of Virginia Supersonic Combustion
Facility (UVaSCF).

This thesis provides the necessary background, theory, and methodologies for developing
a counter-propagating fs/ps CARS system, as well as integrating a fs/ps CARS system within

the UVaSCF for measurements in a scramjet. Discussion of the results from both sets of
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experiments are also given.

1.2 Scramjet Engines

Air-breathing engines have emerged as promising solutions for enabling sustained and repeat-
able hypersonic flight, offering high specific impulse and long-range capabilities at high Mach
number conditions [!]. Ramjets utilize the incoming airflow resulting from the forward motion
of an aircraft to generate ram pressure. The incoming flow is compressed and decelerated
to subsonic speeds at the inlet of the engine. Fuel injection and combustion take place
in the combustor while the flow remains subsonic. The resulting high-enthalpy flow then
accelerates to supersonic velocities through a converging-diverging nozzle at the exit of the
engine, generating thrust as the reacting flow leaves the engine with greater velocity and
momentum than it had at the inlet [1].

The concept of utilizing ram pressure for propulsion was explored as early as 1913, and
the patenting of ramjets for supersonic flight began in the 1930s [2]. Ramjets have a simplistic
design, lack of moving parts, and the capability to compress air through changes in internal
geometries. These features, combined with their efficiency at supersonic flight speeds where
gas-turbine engines become less effective, make ramjets the ideal propulsion system for
supersonic flight between Mach 3 and Mach 6. However, as flight speeds exceed Mach 6,
the efficiency of traditional ramjets diminish, necessitating combustion within a supersonic
flow [3]. Instead, ramjets where combustion occurs under supersonic conditions—supersonic
combustion ramjets (scramjets)—offer the potential for improved efficiency at higher vehicle

velocities.

1.2.1 Flameholding

Scramjet engines require stable combustion within the engine to achieve optimal propulsion

efficiency and maintain consistent thrust production. The integration of scramjets on practical
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aircraft has been impeded by significant challenges associated with flame instability during
ram to scram transitions [!]. Combustion instability within the engine can lead to undesirable
phenomena such as flame blowout or flame propagation upstream, resulting in engine unstart
and abrupt loss of thrust [5].

Flame stability in scramjet engines is dependent upon the balance between flame propa-
gation and local gas velocity. However, the fluid velocity in these engines often exceeds the
flame speed, leading to variations in flow residence time and chemical reaction rates across a
wide range of flight conditions. This can result in unfavorable conditions for achieving stable
combustion in scramjet engines [3, (]. Flameholding in dual-mode combustors is also difficult
to achieve because of the need to achieve flame ignition and stabilization across diverse flow
speeds, including the ram-to-scram mode transition where the mechanism and location of
combustion stabilization often changes [7].

To address these challenges and enhance combustion stabilization, cavity flameholders
are commonly employed in dual-mode combustors [¢]. Incorporating a cavity creates a
recirculation zone within the flow, promoting extended residence time for fuel/air mixing
and chemical reactions as well as generating a stabilizing cavity shear layer. Additionally,
the cavity serves as a source of heat and radical formation, aiding ignition and stabilization
of combustion in the main flow [7]. Previous studies have demonstrated the efficacy of
cavity flameholders in improving the combustion efficiency of hydrocarbons in supersonic

environments [9, 10, 11].

1.2.2 Ground Testing of Scramjets: Optical Diagnostics

Quantitative thermodynamic measurements throughout the flowpath are vital for improving

understanding of the combustion processes occurring within a scramjet engine. Quantitative

measurements can also be used to validate numerical simulations of the reacting flowfield.
While wall-based instrumentation can prove quantitative measurements of wall tempera-

ture and pressure, optical diagnostic methods have emerged as effective tools for studying



1.2 | Scramjet Engines 5

supersonic combustion through in-stream measurements and visualization. Among the optical
imaging techniques used, planar laser-induced fluorescence (PLIF) and 3D tomographic
chemiluminescence have proven particularly valuable [12]. PLIF allows for the visualization
of flame structures and in some circumstances the quantification of species concentrations,
providing insights into product formation and reaction regions in the combustor [13, 14, 15].
Similarly, 3D tomographic chemiluminescence enables the three-dimensional reconstruction of
flame structures, aiding in the understanding of flame behavior and stabilization mechanisms
16].

Other optical methods have been employed to investigate various aspects of the scramjet
combustion process. Raman scattering, for instance, has been utilized to probe molecular
composition and temperature distributions within the flowfield [17, 18]. Laser-Induced
Breakdown Spectroscopy (LIBS) has been employed for studies of fuel-air mixing and
combustion efficiency [19, 20]. Laser Absorption Spectroscopy has also been applied to
measure the concentration of specific species in the combustor of a scramjet [21]. Additionally,
Imaging Fourier-transform spectroscopy (IFTS) has been used to map out temperature and
fuel distribution within the cavity of a scramjet combustor [22].

Some of these optical measurement techniques suffer from limitations such as path
integration (PLIF, IFTS) or limited spatial resolution (LIBS). Path-integrated measurements
provide information about the average properties along the entire path of the optical beam,
which can restrict the accuracy and precision of the obtained measurements. Limited spatial
resolution poses challenges in capturing spatial gradients within the combustion region.
Methods such as PLIF suffer from limited accuracy in measurements of concentration due to
variable collisional quenching in reacting flows. Furthermore, techniques such as F'TS suffer

from low temporal resolution as measurements must average over a period of time.
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1.3 Coherent anti-Stokes Raman Scattering (CARS)

One laser-based method of measurement that overcomes these limitations is coherent anti-
Stokes Raman scattering (CARS). CARS involves the spatio-temporal overlap of three laser
pulses: pump, Stokes, and probe pulses. When overlapped, the three pulses generate a
coherent, laser-like signal referred to as CARS. This signal carries information about the
thermodynamic state of the molecules within the overlapping region. CARS enables spatially
and temporally resolved, in-stream measurements of thermodynamic properties, including
local temperature and species composition. Greater discussion on the theory of CARS is
discussed in Chapter 2.1 of this thesis.

CARS has gained favor in fundamental combustion research due to its high spatio-temporal
resolution, accuracy, and precision [23, 24, 25, 26]. The high spatio-temporal resolution of
CARS measurements, along with the fact that that it is non-intrusive to the flow under study,
make CARS suitable for studying dynamic, high-temperature environments such as scramjets.
This non-intrusive nature eliminates the need for physical probes or sensors in the flowfield,

reducing perturbations in the flowfield due to instrumentation.

1.3.1 CARS in Scramjet Engines

Nanosecond (ns) CARS has already been successfully used to quantify local flow properties
within a hydrogen-fueled scramjet engine [27, 28]. It has also been used in the University of
Virginia Supersonic Combustion Facility (UVaSCF) to study both hydrogen-air flames and
fully-premixed ethylene-air flames in a scramjet [29, 30].

However, the use of ns lasers in these experiments introduced certain limitations. One
of the key challenges was the insufficient spatial resolution, as observed in the experiment
described in Ref. [30]. While flame structures on the order of 100 pm were observed, the

length of the CARS measurement was 0.7 mm. This was measured by translating a CoHy-air
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gas mixture along the measurement volume to the limits where any significant CoHy; CARS
signal could be detected [30].

This resulted in significant spatial averaging, compromising the ability to capture fine-scale
details and gradients in flow properties throughout the flow. Thus, an increase in the spatial
resolution available with CARS is called for to maximize the utility of the method to quantify
local flow properties in a scramjet engine.

Another issue associated with ns pulse durations was the high laser energy required to
generate a Raman coherence. The high-energy laser pulses would damage the windows of
the combustor, which were necessary for optical access. To address this problem, window
box extensions were employed to enable optical access without the use of windows [30].
However, the presence of the window boxes resulted in additional issues, such as restricting
the available measurement planes and modifying the local flowfield. Specifically, placing
the window boxes in the plane of the cavity introduced a recirculation region for the flow,
allowing the low-velocity flow to enter the boxes which would prevent flame stabilization.
Consequently, measurements in the plane of the cavity flameholder were unattainable with
ns CARS.

Measurements of temperature and species concentrations in the cavity are important in
order to study flame stabilization and locate reaction zones for various fueling configurations
in a scramjet. As mentioned earlier, the cavity assists ignition and stabilization of combustion
in the engine. Measurements of temperature and species in this region would help correlate
local fuel-air ratios and temperature, providing insight into how the performance of the engine

changes with various operating conditions.

1.3.2 Hybrid fs/ps CARS

The development of pulsed lasers with higher repetition rates and shorter pulse durations on
the order of femtoseconds (fs) have resulted in the development novel CARS techniques such

as hybrid femtosecond /picosecond (fs/ps) CARS, which has the potential to overcome the
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limitations of ns CARS for use in a scramjet. Hybrid fs/ps CARS has been demonstrated
successfully for gas-phase thermometry and measurements of relative species concentration
in gas mixtures [31, 32, 33, 34].

The utilization of fs lasers in CARS measurements brings several advantages, particularly
in the context of reacting gas-phase flows. The use of fs lasers enables data acquisition rates on
the order of 1 kHz [35]. Hybrid fs/ps CARS also exhibits the ability to suppress non-resonant
background. This can increase signal-to-noise ratios in spectra, allowing for more accurate

and reliable measurements. Additionally, fs CARS is also insensitive to collisions [30].

1.3.3 CARS Spatial Resolution

As mentioned previously, improvement in the spatial resolution of CARS is necessary to
fully maximize its utility to study combustion in scramjet engines. A temperature gradient
within the CARS measurement volume itself hinders the accuracy of CARS measurements,
an effect known as spatial averaging error. For example, Zhu et al. reported spatial averaging
errors exceeding 300 K in typical flame sheets [37]. While spatial averaging effects on the
CARS temperature measurement for Ny are well known [38, 37, 39], Cutler et al. found
while performing ns CARS in the UVaSCF that spatial averaging effects arising from the
multi-species environment led to further uncertainty in measured temperatures due to the
thin flame fronts (on the order of 100 pm) [30].

The nonlinear relationship between CARS signal intensity and number density leads to
temperature measurements biased towards the lower temperature regions of the measurement
volume, resulting in spatial averaging bias [10]. Measurements with spatial averaging fail to
reflect the mean temperature of the gas within the measurement volume or the temperature
at the center of the measurement volume. Therefore, achieving sufficient spatial resolution is
vital for accurate measurements in flows with steep temperature gradients.

The spatial resolution of the CARS probe volume is determined by the spatial and

temporal overlap of the three beams. Reducing the size of the region where the beams
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Table 1.1: Measured CARS spatial resolution for various phase-matching schemes.

’ Phase matching scheme \ Longitudinal resolution ‘

Collinear ~1-2 cm [11]
BOXCARS ~700 pm - 1.3 mm [30, 42, 43, 44]
USEDCARS ~3 mm [11]

overlap can increase the measurement resolution. Table 1.1 provides a summary of reported
spatial resolutions for various phase-matching schemes. As seen in the table, different phase
matching configurations can be employed for CARS signal generation, each offering varying
degrees of spatial resolution.

Folded BOXCARS, a phase-matching configuration commonly used in CARS experiments
[15, 46], has yielded the highest spatial resolution compared to other phase-matching con-
figurations. Folded BOXCARS results in an ellipsoidal probe volume typically measured
to be around 1 mm in length with some variance that depends on specific experimental
configurations [30, 42, 43, 44].

The spatial resolution of the measurement volume in folded BOXCARS can be adjusted
by changing the beam crossing angles. For instance, a crossing angle as steep as 33° can
theoretically achieve spatial resolution on the order of 65 pm [11]. However, increasing the
crossing angle significantly poses challenges in large-scale test facilities such as wind tunnels,
which have limited optical access and space.

The use of counter-propagating fs pulses has the potential to enable spatial resolution
on the order of ~10 pm due to the fact that the length of the interaction of the pulses
would be limited to the width of the pulses in time. CARS using counter propagating
beams (CoPCARS) has been previously explored theoretically as a viable phase matching
configuration for experimental convenience and large spatial separation of CARS signal
[17, 18]. CoPCARS has been used by Laufer et al. for angularly resolved CARS [19] and
for 1D imaging with ps CARS by Kliewer et al. [50], but counter-propagating CARS with

fs pulses has not yet been established as a viable method of measurement until the work
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discussed in this thesis.

Various fields of study require increased CARS measurement resolution to avoid spatial
averaging effects. For example, turbulent combustion studies have observed flame structures
with Kolmogorov length scales on the order of 70 pm [51, 52]. In such cases, a CARS
interrogation volume larger than 70 pm would result in spatial averaging of microscale
product and reactant regions. Additionally, flowfields with spherical shocks necessitate
increased CARS resolution to accurately quantify gradients in local flow properties [12].

These examples illustrate the insufficiency of current CARS phase matching geometries to
avoid spatial averaging in various experiments. An increase in CARS measurement resolution
while maintaining a reduced experimental footprint is necessary to maximize the utility of
CARS in different environments such as scramjet engines. As mentioned earlier, OH PLIF
experiments in the UVaSCF facility have observed flame structures on the order of 100 pm,
while the CARS measurement volume was 0.7 mm in length. Therefore, improvement in
CARS measurement resolution is crucial to accurately quantify local flow properties and

study combustion in scramjet engines.

1.4 Research Objectives

In consideration of the existing literature, this thesis has the following objectives:
e Develop an ultra-high spatial resolution CARS system using counter-propagating fs

pulses, accounting for limited optical access in test facilities like the UVaSCF.

e Integrate a fs/ps CARS system in the UVaSCF to quantify local gas temperature
and fuel/air equivalence ratio in a dual-mode scramjet combustor and within a cavity

flameholder in particular.
For the counter-propagating fs/ps CARS experiment, the specific objectives are as follows:

e Determine the exact spatial resolution achievable using fs counter-propagating CARS

for various pulse durations.
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e Verify the capability of the fs counter-propagating CARS system to characterize steep

temperature gradients due to increased spatial resolution.

e Demonstrate the ability to change the measurement location by adjusting only the

relative pulse timing.
For performing hybrid fs/ps CARS in a dual-mode scramjet, the objectives are as follows:

e Develop an experimental hybrid fs/ps CARS system in the UVaSCF scramjet facility
to enable CARS measurements throughout the flow path without window extensions

that were previously required.

e Acquire CARS measurements of temperature and relative fuel distributions in the cavity

of the scramjet.

e Develop a method to quantify local equivalence ratios using fs/ps CARS for ethylene,

the fuel species used in this work.

1.5 Thesis Summary

The following is a brief summary of the content covered in the remaining chapters of this

thesis:

e Chapter 2 discusses the theory of CARS and the general experimental methods used

throughout the experiments presented in this thesis.

e Chapter 3 focuses on the experimental setup, results, and discussion specific to the

development and characterization of a counter-propagating fs/ps CARS system.

e Chapter 4 presents the development and integration of a hybrid fs/ps CARS system
in the UVaSCF for quantitative measurements of local gas temperature and species

concentration in a model scramjet engine.
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e Chapter 5 covers the background and methods being pursued for quantifiying local

equivalence ratios in the UVaSCF using fs/ps CARS.

e Chapter 6 concludes the thesis by summarizing the work completed and discussing

future research opportunities based on the findings of this thesis.



Chapter 2

Theory and Experimental Methods

2.1 Hybrid fs/ps CARS

Hybrid femtosecond/picosecond (fs/ps) CARS is a third-order non-linear optical process
involving three laser pulses—two fs pulses and one ps pulse—which are spatially and temporally
overlapped to generate a fourth, coherent, laser-like signal. The fs pulses, referred to as the
pump and Stokes pulses, excite the molecules in the region where the three beams overlap to
a virtual energy state. The use of fs pulses for excitation offers the advantage of inherent
broadband excitation, enabling the excitation of transitions over a wide range of frequencies
and detection of multiple molecular species. After the system of molecules is excited by the
broadband fs pulses, the narrowband ps probe pulse samples the excited system, resulting in
the generation of the CARS signal. The narrowband nature of the ps pulse allows for the
detection of frequency-resolved CARS spectra with high spectral resolution.

The equation for the propagating electric fields of pump, Stokes, and probe is given by
E(k,t) = E(t)exp(ikr — iwt), (2.1)

where w is the frequency of the wave and k is the wave propagation vector. CARS signal is

generated in accordance with the conservation of energy given by Eq. 2.2,

13
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Wpump — WStokes + Wprobe = WCARS; (22)

where w; represents the respective frequencies of the electric fields involved [53]. In addition
to energy conservation, the conservation of momentum must also be obeyed for CARS signal
generation. This condition is determined by phase matching, as illustrated in Fig. 2.1 and

expressed by Eq. 2.3,

kpump - kStokes + kprobe = kCARSa (23>

where k; represents the wavevector corresponding to the frequency w;.

kSt

okes
-’

Figure 2.1: Folded BOXCARS phase matching scheme.

The generated CARS signal can then be directed to a spectrometer and camera, allowing
for the determination of the thermodynamic state of the molecular system within the
measurement volume from the acquired spectra.

Fig. 2.2 presents a frequency diagram of both the vibrational (Q-branch, Av = 1, AJ
= 0) and rotational (S-branch, Av = 0, AJ = 2) CARS processes. The choice of the

pump/Stokes excitation frequency enables the selective excitation of either vibrational or
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a) b)

Figure 2.2: CARS energy level diagrams for both QQ and S-branch CARS. a) Q-branch. b)
S-branch.

rotational transitions of the molecules of interest [23]. Both vibrational and rotational CARS
are utilized in the work presented in this thesis.

By delaying the ps probe pulse relative to the initial excitation by the pump and Stokes
pulses, non-resonant contributions to CARS spectra can be avoided [31, 54]. A timing

diagram of this process is depicted in Fig. 2.3.

0 Tprobe

Figure 2.3: Timing diagram of the CARS process.

2.2 Optical Setup

The general experimental setup for performing both vibrational and rotational fs/ps CARS

are discussed here. Specific optical layouts for the experiments discussed in this thesis can be
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found in their respective chapters.
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Figure 2.4: General experimental setup for performing vibrational fs/ps CARS.

A diagram of the general optical layout for performing vibrational fs/ps CARS is shown
in Fig. 2.4. Here, the pump, Stokes, and probe pulses originate from a single fs source which
outputs to two independent pulse compressors. The output of one pulse compressor, pump,
is directed to a fs optical parametric amplifier (OPA) to tune the wavelength of the beam
to excite Q-branch transitions for the desired molecule. For example, in the experiment
discussed in Chapter 4 where Ny Q-branch CARS is performed, the pump beam is tuned to
674 nm and paired with an 800 nm Stokes beam. The frequency difference between the two
electric fields matches the Qy_,; transition of Ny at 2331 cm ™.

The output of the other compressor is directed to a beamsplitter. One portion of the beam

is used as the Stokes beam, and the other portion of the beam is directed to a picosecond pulse
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shaper. The picosecond pulse shaper transforms the broadband fs pulse into a narrowband ps
probe pulse. Two pulse shapers are used in this thesis and both are detailed in Chapter 2.3.

A delay stage is included in the beam path for each of the three beams to ensure temporal
overlap of the beams at the measurement location. The three beams are then directed to a
single spherical focusing lens and crossed in the desired measurement region. CARS signal is
generated in the crossing region and is collimated by an additional lens. The CARS signal is

then directed to a spectrometer and camera for collection and data acquisition.

fs Source

Spec.

N\

BS

BS w,

N

Figure 2.5: General experimental setup for performing rotational fs/ps CARS.

A diagram of the general optical layout for performing rotational fs/ps CARS is shown in
Fig. 2.5. Here, degenerate pump and Stokes pulses are used. First, a ~90/10 beam splitter
was used to split 90% of the light to a ps-pulse shaper. Then, a 50/50 beams splitter was used
to split the remaining 10% to form the pump and Stokes beams. As in the vibrational CARS

set up, travel through delay stages and the three beams are then overlapped via a single
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focusing lens, and the resulting CARS signal is collimated and directed to a spectrometer

and camera for collection.

2.3 Picosecond Pulse Shapers

Two picosecond pulse shapers were used in this thesis: a 4 f-pulse shaper and a second

harmonic bandwidth compressor.

2.3.1 4f-Pulse Shaper

The 4 f-pulse shaper stretches the broadband femtosecond pulse into a picosecond pulse
with adjustable bandwidth, and is frequently used in fs/ps CARS experiments [55, 35]. A

schematic of the 4 f-pulse shaper used in this thesis is shown in Fig. 2.6.

Grating
St | —

Figure 2.6: 4 f-pulse shaper.

In the 4 f-pulse shaper setup, the incoming beam from the fs laser is first directed onto
a diffraction grating, which spatially disperses the frequency components of the beam. A
cylindrical lens is placed at a distance of 1f away from the grating to collimate the light.
This lens then images the spectral distribution of the beam at the Fourier plane, which is

also located 1f away from the lens. A mirror with an adjustable slit is positioned at this
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plane to select a portion of the spectral content of the beam. The mirror then reflects the
selected bandwidth back to the grating, resulting in a beam that is narrowband in frequency
but ps-duration in time.

One of the disadvantages of the 4 f-pulse shaper is that the resulting beam typically has
significantly reduced energy compared to the input beam. The typical efficiency of a 4f-pulse
shaper is ~1 to 3% depending on the width of the slit [54]. This reduction in energy can
pose challenges, particularly in experiments that require high laser fluence or involve low
number density environments, which is true of the high-enthalpy high-speed flows observed
in a scramjet engine.

In environments where the available signal is already limited due to the low number density
of the molecules being probed, the reduced energy of the output beam from the 4 f-pulse
shaper can further limit CARS signal generation. Alternative pulse shaping techniques can be

explored to address these challenges and improve the signal-to-noise ratio in such experiments.

2.3.2 Second Harmonic Bandwidth Compressor

One pulse shaper that generates a high-energy narrowband probe pulse is a second harmonic
bandwidth compressor (SHBC) [56, 57]. The optical layout of the SHBC used in the fs/ps
CARS experiment in Chapter 4 is depicted in Fig. 2.7. The entire system was assembled on
a 18”7 x18” optical breadboard.

In this setup, the 800 nm output from one of the post-amplification pulse compressors in
the CARS optical layout is directed onto the breadboard and then to a 50-50 beamsplitter.
To ensure an equal split of the beam, a half-wave plate is positioned before the beamsplitter.
The beamsplitter divides the incoming beam into two paths.

The reflected portion of the beam from the beamsplitter is directed through a pulse
stretcher. The stretcher consists of a diffraction grating with a groove density of 1800 g/mm,
a cylindrical lens with a focal length of 200 mm, and a mirror. The mirror and the lens are

placed 1 focal length apart on rail mounted on a micrometer stage. The micrometer stage
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Figure 2.7: SHBC Layout.

allows for adjusting the position of the rail towards the grating, enabling changes in pulse
duration.

The transmitted portion of the beam also passes through an identical stretcher system.
However, in this case, the stretcher is moved away from the grating to chirp the pulse in
the opposite direction compared to the reflected portion. A pulse is chirped when different
wavelengths of light contained within a pulse occur at different times. The aim is to stretch
each pulse equally in time but to chirp them in opposite directions. In other words, one pulse
must be positively chirped—where the higher wavelengths precede the lower wavelengths in
time—and the other must be negatively chirped.

The chirp outputs from the stretchers are directed to a beta barium borate (BBO) crystal,
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where second harmonic generation takes place. By positions of the stretchers, the duration and
chirp of the pulses from the stretchers can be matched to achieve optimal second harmonic
generation in the BBO crystal. The opposing stretching of the pulses ensures that the
frequency pairs of the interacting pulses in the BBO crystal generate a narrowband output
after the process of sum-frequency generation. To ensure temporal overlap in the BBO crystal,
a delay stage mounted on a micrometer stage is included in the beam path of one of the
stretcher legs. The pulse duration and corresponding bandwidth can be adjusted by adjusting
the distance between the cylindrical lens and the diffraction grating within the SHBC pulse
stretchers.

In order to measure the time profile of the SHBC output, CARS spectra were obtained by
scanning the probe pulse in time while recording the CARS signal in argon, a non-resonant
gas. CARS signal intensity at each probe delay was summed over all frequencies, and the
results are shown in Fig. 2.8. Panels (A) and (C) of this illustrate the measured pulse in
the time domain as well as a Gaussian fit to the measured time profile. Panels (B) and
(D) represent the pulse in the frequency domain obtained through Fourier transforms of the
corresponding experimental data and the Gaussian fit to the pulse in the frequency domain.
The transformation was performed using a discrete Fourier transform function in MATLAB.

Quantitatively, a probe pulse duration of 3.61 ps yielded a bandwidth of 4.06 cm™!,
whereas a probe pulse duration of 5.03 ps resulted in a bandwidth of 2.92 cm™!. These results
highlight the flexibility of the SHBC in terms of adjusting the pulse duration and spectral

resolution to optimize the generation of CARS signals.
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Figure 2.8: A) and C) show experimentally measured time profiles of the SHBC output
at two different stretcher positions along with a Gaussian fit, and B) and D) show the
Fourier transform of the measured time profile in panels A and C (respectively) showing the
bandwidth in frequency.

2.4 CARS Spectral Modeling

A CARS spectral model is essential for determining experimental thermodynamic quantities

from measured CARS spectra. An overview of the general theory employed in the CARS

spectral model is provided here, while more details can be found in prior literature [58, 59].

Some of the equations included next will be referenced later on in Chapter 5.

The CARS signal intensity, denoted as Icars(w), is proportional to the square of the

polarization field [60]:
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Toars(w) o< |PE(w) + PE), ()]’ (2.4)

The nonresonant polarization, Pé?,}ms(w), can be neglected when experimentally delaying the
probe pulse in time relative to the Stokes and pump pulses [31, 51]. The resonant polarization,

P (t), is given by the equation:

P}sz(t) = <£> E3<t) /OO dtQ[R;l(tQ)E;(t“l_TQg_t2>E1(t+7-23+7—12_tQ)GIp[i(Wl_CUQ)tH (25)

Here, E, F», and Ej refer to the electric fields of the pump, Stokes, and probe, respectively.
T12 represents the delay between the pump and Stokes pulses (a zero delay is used for the
current experiments), and 73 is the delay between the probe and Stokes pulses. The molecular
response function, R4(t), is formulated according to Ref. [31] by neglecting coherent line

mixing:

Ry(t) = Z ; i jexp {% (ZAEHf - %FM)} (2.6)
In Eq. 2.6, v and J represent the vibrational and rotational quantum numbers, respectively.
I; ¢ represents the transition intensity, AF; ¢ is the transition frequency, and I';_,; is the
transition linewidth. The spectral line positions, corresponding to the Raman transition
frequencies of the molecule, can be calculated for Q-branch transitions (Av =1, AJ = 0) by

computing the change in molecular rovibrational energy between the involved states:

AEZA)f = EU+1’J - EU“]. (27)

Raman transition intensities are given by

0
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where Ap(v, J) is the change in population between the states and 3—5 is the Raman cross-

section of the molecule, which represents the probability of rotational Raman scattering as
a function of the rotational quantum number [61]. For Q-branch transitions, the Raman

cross-section can be calculated using the formulation in Eq. 2.9 provided by Marrocco et al.

[62]:

do 4
0 ™ (v+1) (a’2ESO(J) + 5 M’QFMO(J)) : (2.9)
The Herman-Wallis factors, F/(J), in Eq. 2.9, can be calculated using the Tipping-Buanich

formulation provided by Marrocco et al. [62]:

F(J)=1- (M - 4]2) (%)2 J(J+1). (2.10)

2 b1 We
The constants B, w., and a; must be tabulated or experimentally derived. Fj,, and Fj,;s,
are calculated using either the isotropic or anisotropic polarizability (p; and ps). The Placzek-

Teller coefficients, b s, for Q-branch transitions can be calculated according to Placzek [63]

and Gaufres [0]:

o JU+Y
MR +3) (20 —1)

(2.11)

2.5 CARS Spectral Fitting

The spectral fitting method employed to determine temperatures from the CARS spectra
acquired in the experiment described in Chapter 5 of this thesis is discussed in this section.
The temperatures were determined by comparing experimental spectra with a library of
theoretically modeled spectra using a differential evolutionary (DE) algorithm, as described

in Ref. [65, 60].
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As discovered during the current thesis, it is essential to account for shot-to-shot fluctua-
tions in the experimental frequency axis to accurately fit the CARS spectra for temperature.
Figure 2.9 presents an example of these fluctuations. The figure displays multiple CARS
spectra acquired at a rate of 1 kHz within a single data set for the experiment described
in Chapter 4. The observed variations in spectral line positions can be attributed to slight
changes in the angle of CARS signal generation, which result from beam steering in turbulent
environments.

The turbulence time scale in the experiment is given by the Kolmogorov time scale given

by:

: (2.12)

where

e =u/A. (2.13)

Here, v is the kinematic viscosity of the fluid, u is the root-mean-square velocity, and A is
the integral length scale. For the facility used in this experiment, v = 4.5 x 107° m?/s, u ~
50 m/s, and A = 5 mm [52, 67]. The calculated Kolmogorov time scale using these values is
7, =19 %1077 s.

The data in this experiment was acquired 1 kHz, meaning CARS spectra were acquired
every millisecond. Thus, it can be concluded that the the shot-to-shot fluctuations in the data
could be due to beam steering in the turbulent environment. This effect is made more severe
by the long propagation distances between the measurement volume and the spectrometer
and camera system, as is the case in Chapter 4.

To ensure accurate temperature measurements from CARS data, the shifts in the frequency
axis observed between frames must be accounted for, as these shifts are not caused by changes
in gas temperature. Fig. 2.10 includes several simulated Ny Q-branch CARS spectra for the

range of temperatures observed in the combustion tunnel.
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Figure 2.9: Sample CARS spectra showing shot-to-shot fluctuations in line positions.
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Figure 2.10: Simulated CARS spectra at the three probe delays used in the current thesis.
A) 4.5 ps. B) 32 ps. C) 42 ps.
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In order to match the experimental spectra, the simulated CARS spectra were downsam-
pled to 1600 points (the amount of pixels in the experimental wavelength axis of the CARS
spectra shown in Chapter 4), and the shift in the pixel corresponding to the maximum CARS
signal intensity was computed for each frame. The spectra were generated at three probe
delays used in the experiment in order to confirm that the frequency shifts observed in the
experimental data were not due to temperature effects.

Table 2.1 displays the pixel corresponding to the maximum CARS intensity for the
experimental wavelength axis for the spectra recorded in Chapter 4. This pixel is reported at
various temperatures for each probe delay. For example, for a probe delay of 4.5 ps and at T
= 1400 K and T = 1600 K, the pixel corresponding to the maximum CARS signal intensity
is 1059. For T = 1800 K, 2000 K, and 2200 K, the pixel corresponding to maximum CARS

signal intensity was 1060.

Table 2.1: Pixel corresponding to the maximum CARS signal intensity at various temperatures
and ps probe delays.

| T (K) | Pixel (4.5 ps) |

1400 K [ 1059
1600 K | 1059
1800 K | 1060
2000 K | 1060
2200 K | 1060
| T (K) | Pixel (32 ps) |
600 K [ 1048
800 K | 1047
1100 K | 1047
| T (K) | Pixel (42 ps) |
1400 K [ 1029
1600 K | 1029
1800 K | 1028
2000 K | 1028
2200 K | 1028

As depicted in Fig. 2.10 and shown in Table 2.1, the maximum pixel shift related to

temperature is 1 pixel. This is true for all three probe delays. This confirms that the large
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shifts observed between frames are not temperature-related. Thus, the observed changes in
frequency between spectra are due to an experimental effect such as beam steering and must
be accounted for to accurately quantify temperature.

Two methods were investigated to address the shift in line position between frames. The
first method employed a non-linear least squares (NLLSQ) fitting routine implemented in
MATLAB to offset the experimental spectra in frequency to match the simulated CARS
spectra positions. This method will be referred to as “Method A”. This approach was
computationally expensive, as 10,000 frames were acquired at each measurement location,
and each frame took approximately 1 to 15 seconds to fit.

As an alternative, a faster approach was investigated, which involved shifting each
experimental spectrum to match the maximum intensity pixel for each frame. In MATLAB,
the index of the maximum value in the experimental CARS spectra was determined, and
then the entire array was shifted to ensure that the maximum value resided at the same index
for each frame. This method, referred to as “Method B”, was much less time intensive and
took ~2 seconds for each data set. To demonstrate the application of Method B, the spectra
shown in Fig. 2.9 were processed and the results of Method B are presented in Fig. 2.11.

Fig. 2.12(A) presents a scatter plot that compares the pixel shift calculated for each
frame with the resulting temperature fit obtained from the DE algorithm. As evident from
the figure, the frequency shift observed is not correlated with the temperature, confirming
that correcting the experimental spectra by shifting them to match simulations will not lead
to inaccurate temperature fits.

In Fig. 2.12(B) the horizontal axis is given by the magnitude of the pixel shift calculated
by Method B for the frame. The vertical axis is given by the difference in the temperature
fit with and without the shift determined by Method B. It can be observed that as the
magnitude of the shift increases, the error in the temperature fit also increases. Specifically,
when no shift is required, the same temperature is obtained regardless of the correction.

When a positive pixel shift is necessary, failing to correct for the shift results in a significant
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Figure 2.11: Line positions corrected with Method B.

overestimate of the temperature. Conversely, when a negative shift is required, not applying

the correction leads to an underestimation of the temperature.
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Figure 2.12: A) Scatter plot of fit temperature compared to the magnitude of shift computed
using Method B. B) Scatter plot showing the difference between the fit temperature with
and without correcting for the shift as a function of the shift magnitude.
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Fig. 2.13(A) displays a scatter plot comparing the temperature fits obtained when the
shift is corrected for using Method B versus when the shift is not applied. Without the
shift correction, many frames tend to fit to the edge of the library in the DE algorithm,
indicating a significant mismatch in the frequency axis between the experiment and the
simulation. When the shift is applied, the number of frames fitting to the library edge
decreases significantly, and the frames that still fit to the library edge can be removed to
compute average fit temperatures and standard deviations. Additionally, the spread of fit
temperatures away from the red line shown in Fig. 2.13(A) is consistent with the finding that
the fit temperatures derived from frames without the correcting the shift in the experimental

frequency axis leads to significant errors in fit temperatures.
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Figure 2.13: A) Correlation plot comparing the fit temperature for each frame with and
without correcting for frequency shift. B) Correlation plot comparing the fit temperature
obtained using Method A vs. Method B.

Fig. 2.13(B) presents a scatter plot comparing the temperature fits resulting from Method
A and Method B. In general, Method B resulted in fewer frames fitting to the library edge
compared to Method A. However, a comparison of the temperature fits obtained using the

shifts computed with Method A and the Method B (shown in Fig. 2.14 and Fig. 2.15) reveals
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that the methods can at times yield different shift values for the same frame. This is evident
as not all fit temperatures fall along the red line shown in Fig. 2.15(B). These disparities in
the shift calculation between the two methods contribute to the differences observed in the
resulting temperature fits from the DE algorithm in Fig. 2.13(B).

In Fig. 2.14, Method A failed to properly shift the spectrum, resulting in an inaccurate
temperature fit at the library edge. Conversely, Method B corrected for the shift correctly
and provided a reasonable fit temperature. However, Method B is not without error and
can be affected more significantly by noise at the CARS bandhead, as observed in Fig. 2.15.
Method A accurately fit the frequency shift for this particular spectrum, while Method B
did not due to the presence of noise at the bandhead. This highlights the fact that neither
method is perfect, and further work is needed to account for frequency axis shifting when
using the DE algorithm to fit CARS spectra.

For the purposes of this thesis, Method B was chosen to fit temperatures due to its time
efficiency compared to Method A. Additionally, Method B was better at reducing the number
of frames fitting to the library edge, which was often caused by significant discrepancies in

the frequency axis, as shown in Fig. 2.14.

A. T =700K B. T =2230 K
T T T T
1 | |—— Simulated 1 Simulated

o Expt. o Expt.

o Residuals o Residuals
—~ 08} —~ 08}
g g
5 5
Zz, 0.6 Zz, 0.6
> >
Z 04p Z 04l
] S
= =
— o © =
o 02F s o 0.2
~ ° e % ~
=< o0& o ° o & o < o ° °
O ot R S

o ° P o N o 23 00 @ ° oo °
‘;nu,%%““’m: 2 °°° 0os S o 0 ° ° o Fo oa® op% o bodo ° °
020 o0 e TS ey W R i L B -0.2F ° oe
° ° ® ° o B ®
| . ° ° | . © o e
2200 2250 2300 2350 2400 2200 2250 2300 2350 2400
Wavenumber (cm™!) Wavenumber (cm™!)

Figure 2.14: Comparison of fit temperatures resulting from Method A (NLLSQ) vs. Method
B. Data was taken in Case 1 at position 6.1 with a probe delay of 4.5 ps.
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Figure 2.15: Additional comparison of fit temperatures resulting from the Method A (NLLSQ)
vs. Method B. Data was taken in Case 1 at position 6.1 with a probe delay of 4.5 ps.



Chapter 3

Counter-propagating fs/ps CARS

The work presented in this chapter is currently in preparation for journal submission. A

modified version with extended discussion is included in this chapter.

3.1 Motivation and Objectives

As noted in Chapter 1, improvement in CARS spatial resolution is necessary in order to
investigate reacting flows with small characteristic spatial scales while avoiding spatial
averaging effects. The use of a counter-propagating phase-matching configuration with two
counter-propagating fs pulses has the potential to enable spatial resolution on the order of
~10 pm due to the fact that the length of CARS measurement volume would be limited to
the width of the pulses in time (60 fs in the current work). This experimental set up would
allow for ultra-high spatial resolution even when limited optical access is available in test
facilities.

A schematic of the phase matching scheme for rotational counter-propagating fs/ps CARS
is shown in Fig. 3.1. The use of counter-propagating phase matching allows for a compact
experimental setup as there is no need to drastically increase the crossing angle to achieve

microscale resolution. While no angle is necessary to satisfy phase matching, a 6° crossing

33
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angle was chosen in this experiment to allow for spatial separation of the CARS signal from

the pump, Stokes, and probe beams.

k

‘probe

Figure 3.1: Folded BOXCARS phase matching scheme for the counter-propagating fs/ps
CARS set up.

The objective of this experiment is threefold. Firstly, it aims to quantify the spatial
resolution of the fs/ps CARS system with a counter-propagating phase-matching configu-
ration. This characterization is crucial for understanding the precision and accuracy of the
measurement technique.Secondly, the experiment aims to demonstrate the capability of the
fs/ps CARS system with counter-propagating phase matching to quantify the small-scale
temperature gradients generated by a sonic gas jet originating from a microscale hypodermic
needle. By utilizing the counter-propagating phase matching, it is possible to obtain tem-
perature information with high spatial resolution, enabling the investigation of microscale
phenomena. Thirdly, the experiment demonstrates an additional feature of the counter-
propagating phase-matching configuration, namely the ability to translate the location of the
measurement, volume by adjusting only the temporal overlap of the fs pulses.

These objectives collectively highlight the potential and versatility of counter-propagating

fs/ps CARS system in quantifying temperature gradients with high spatial resolution.
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3.2 Experimental Setup

3.2.1 Optical Layout

A diagram illustrating the optical layout utilized in the counter-propagating experiment is
depicted in Fig. 3.2. The experimental setup uses a Coherent Astrella laser system operating

at a wavelength of 800 nm with a pulse duration of 60 fs and a repetition rate of 1 kHz. The
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Figure 3.2: Schematic of the optical layout used in the counter-propagating CARS experiment.

output from a post-amplification pulse compressor was initially split into two parts using an
80/20 beamsplitter. The majority of the laser energy was directed towards a 4f-pulse shaper,
which was employed to generate a narrowband picosecond probe beam. The remaining
portion of the laser beam was directed through a 50/50 beamsplitter to generate the pump
and Stokes beams.

To ensure the temporal overlap of the pump and Stokes pulses in the measurement region,
each beam passed through an optical delay line mounted on a micrometer stage. This setup

allowed for precise adjustment of the relative delay between the pulses.
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Half-waveplates were included in each beam path in order to optimize the generation of
coherent anti-Stokes Raman scattering (CARS) signals. These waveplates allowed for the
manipulation of the polarization of the pump and Stokes beams to maximize the efficiency of
CARS signal generation.

An image depicting the counter-propagating CARS setup is presented in Fig. 3.3. The
optical layout involved directing two femtosecond (fs) pulses, namely the Stokes and pump
beams, in opposing directions toward the measurement volume. To achieve this, two lenses
with a focal length of 300 mm were positioned 600 mm apart. Both beams passing through
these lenses were focused to the same location at the center of the lenses. The lens responsible

for focusing the Stokes and probe beams is referred to as ”Lens A”, while the lens directing

the pump beam is called ”Lens B”.

Figure 3.3: Photograph of the optical layout used in the counter-propagating CARS experi-
ment with beam paths added.

The rotational CARS signal generated in the measurement volume was then redirected to
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a third lens using a square mirror to collimate the signal. This mirror was positioned between
Lens A and the gas jet, as shown in Fig. 3.3. The collimated CARS signal was then directed
to a spatial filter consisting of two lenses and a 100 pm pinhole. This spatial filter helped
eliminate excess laser scatter before the signal was directed into a spectrometer (Princeton
Instruments, SCT 320) and an electron-multiplied charge-coupled device (EM-CCD) camera
(Princeton Instruments, ProEM 1600 eXcelon 3) for detection.

The pulse width in the time domain of the two fs pulses were adjusted using a post-
amplification pulse compressor, and its duration was measured using a custom GRENOUILLE
system [68]. The post-amplification pulse compressor, provided by the laser manufacturer
(Coherent), was employed after the chirped pulse amplifier to compress the pulse back to its
original duration of 60 fs, which is the output pulse duration from the laser.

In this experiment, the post-amplification pulse compressor was utilized to adjust the
actual pulse compression from 60 fs to 300 fs to investigate the effect of pulse duration on
the size of the measurement volume. The beam energies used for the various pulse durations
in the experiment are listed in Table 3.1.

Table 3.1: Beam energies used in the experiment for each pulse duration.

| Pulse Duration (fs) | Pump and Stokes (uJ) | Probe (pJ) |

60 67 18.6
100 166 18.6
150 204 18.6
200 186 18.6
300 268 18.6

3.2.2 Microscale Gas Jet

In the experiment, a microscale gas jet of air traveling at sonic velocities was employed to
test the measurement resolution of the counter-propagating fs/ps CARS setup. A compressed
air source and a 34-gauge hypodermic needle (Hamilton Company) with an inner diameter of

51 pm were used to create a steep temperature gradient for testing the capabilities of the



Chapter 3 | Counter-propagating fs/ps CARS 38

counter-propagating fs/ps CARS system. The needle was translated in steps of 5 pm into
the stationary measurement region, and CARS spectra were acquired at each jet position
to measure the temperature. The pulse duration used was 60 fs. The air for the gas jet
was supplied from an air compressor, and the gas flow rate was controlled using a mass flow
controller. The air pressure upstream of the mass flow controller was measured to be 50 psig.

Fanno flow assumptions were used to estimate the expected temperature of the air jet
for comparison with the CARS measurements. Assuming a calorically perfect gas, adiabatic
flow, constant area nozzle, one-dimensional steady flow, and a sonic condition at the exit of

the needle, the temperature of the air leaving the needle was estimated using

T v+1
— = 1
T 24 (y—1)M? (3:-1)

where temperature at the exit is denoted as T*. Here, v represents the ratio of specific
heats for air, known to be v = 1.4. The air pressure after the mass flow controller, p,, was
approximated to be 50 psig, the pressure at the inlet of the mass flow controller. The pressure
at the exit of the needle, p,, was assumed to be atmospheric. The temperature of the gas
before the needle was assumed to be T} = 293 K.

The gas velocity before the needle was approximated using the mass flow rate measured by
the mass flow controller, which was 0.3 standard liters per minute (SLPM). The gas velocity

at the needle inlet was calculated assuming one-dimensional, incompressible flow:

m = puA, (3.2)

where 1 is the mass flow rate, p is the gas density, u is the gas velocity, and A is the
cross-sectional area of the duct. The area of the duct was calculated assuming a constant

area (no deformities in the needle) and using the inner diameter of the needle, 51 pm. The
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Mach number, denoted as M, was calculated using a perfect gas assumption for the speed of

sound:

YRT
sound — s 3.3
Usound Mass (3.3)
and the definition of Mach number:
Uj
M; = , 3.4
Usound ( )

where M; is the Mach number and u; is the gas velocity. The calculated Mach number at
the inlet of the needle, M7, was found to be 0.44. Using this information, along with the
previously mentioned input conditions and assumptions, the estimated temperature of the

gas jet at the exit of the needle, as given by Eq. 3.1, was determined to be 254.6 K.

3.2.3 Schlieren Imaging of the Microscale Gas Jet

The width of the gas jet was estimated using Schlieren imaging to visualize the jet at the
exit of the hypodermic needle. In this setup, helium gas was used to visualize the density
changes between the gas jet and the surrounding air. The optical layout of the Schlieren
imaging system is shown in Fig. 3.4, which is a “Z-type” Schlieren setup.

The system consisted of a mounted point source that emitted an 840-mW white LED.
The light from the point source was collimated by a concave mirror placed 1f away from the
source. The collimated light was then reflected towards a second concave mirror placed 2f
away from the first mirror. The gas jet was positioned between these two mirrors, within the
path of the collimated light. Density changes in the gas jet caused bending of the collimated
light, which could be observed and recorded. A knife edge was inserted at the focal point of

the second mirror to obstruct half of the incoming light, allowing for better visualization of
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Figure 3.4: Schematic of the optical layout of the Schlieren imaging system used to visualize
the gas jet at the exit of the hypodermic needle.

the density changes. The remaining light was collimated by a 150 mm spherical lens, and the
image was recorded using a CMOS image sensor.

A Schlieren image of the gas jet is shown in Fig. 3.5. To estimate the width of the gas
jet, the Schlieren image was reconstructed assuming axial symmetry and using an inverse
Abel transform [09]. The inverse Abel transform is an integral transform used to analyze
axisymmetric functions and can be used to calculate an axisymmetric function from a
projection such as a photograph. The density profile of the gas jet as a function of radial
distance from the core of the jet, denoted as f(r), can be obtained using the inverse Abel

transform integral:

* dF d
f(r)= _%/T dy /yzy_ﬂ' (3:5)
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The Abel reconstruction of the gas jet is shown in Fig. 3.6. Based on the Abel recon-

struction, the FWHM of the density profile of the gas jet at the plane of measurement was

estimated to be 84 pm.

Figure 3.5: Schlieren image of the microscale gas jet.
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Figure 3.6: A) Abel inversion of the Schlieren image. B) Reconstruction of gas jet from Abel
inversion.

It is important to note that helium was used to visualize the gas jet, and thus a direct

comparison between the Schlieren measurements and the CARS measurements may not
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be exact due to differences in the ratio of specific heats (v) between air and helium. Ad-
ditionally, Schlieren is used to determine gas density while CARS is used to measure gas
temperature. However, the Schlieren images can be used for relative comparison to validate

the measurements obtained with CARS.

3.2.4 Estimated Probe Volume Size

The size of the CARS measurement volume using counter-propagating pulses was estimated
by calculating the convolution of two Gaussian pulses in the time domain. The calculations
in this section as well as Chapter 3.2.5 were performed by a colleague and partner on the
project, Ryan Thompson. The analysis is included here to give context to the results shown
in this chapter.

The time- and space-dependence of the pump and Stokes pulses can be represented as
Ey(x — ct) and Es(z + ct), where the pump pulse is traveling in the positive z-direction and
the Stokes pulse is traveling in the negative z-direction. Making the substitution & = x — ct,

the convolution in time is

/ T B(e 4 ) Bz — ct)t = / By r - OB(6)(—€/0

o0 o0

-/ B2 - OB

¢ 00

= (E5 = Eq) (22). (3.6)

Here, the convolution between the two electric fields F; and Es that are functions of z is
written as (f % ¢g)(x). Assuming the spatial distributions of the pump and Stokes pulses at

an instant in time can be represented as Gaussian with standard deviations o; and o9, the
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convolution in Eq. 3.6 can be written as

501 = [ o |1 o[-

o 3 2 o}

T x2
_ T _ _ 3.7
\/;exp[ 2(a%+o%)}’ (37)

where a = (1/0% + 1/02)/2. Combining the results from Eqs. 3.6 and 3.7 and assuming that

01 = 03 since the pump and Stokes pulses have the same pulse duration,

(B3 * Ey) (27) = \/g exp -_2((22?%2)]
- ioo[ ) v

The convolution is a Gaussian with standard deviation smaller by a factor of v/2 than

the pump and Stokes Gaussian pulses. Thus, the theoretical estimate of probe volume size
according to Eq. 3.8 using two counter-propagating 60 fs pulses is 13 pm—orders of magnitude
improvement in spatial resolution compared to conventional phase-matching configurations
(resolution on the order of 1 mm). Additionally, this implies that the size of the CARS
measurement volume can be adjusted by adjusting pulse duration in time by changing the
post-amplification pulse compression, as the size of the measurement volume is determined

the duration of the pump and Stokes pulses, as dictated by ¢ in Eq. 3.8.

3.2.5 Measuring Spatial Resolution

The width of the CARS measurement volume was quantified by translating a Borosilicate
glass microscope slide (Fisherbrand, 170 pm thick) through the probe volume to measure
changes in CARS signal generation in the glass. Due to the flat edge of the glass and the

small size of the CARS probe volume, a sharp increase in CARS signal intensity was observed
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as the glass was translated into the probe volume. Deconvolution of the measured signal
intensity and the glass provided an absolute measurement of probe volume size.
A convolution of a Gaussian probe volume f(x) from Eq. 3.8 with a step function g(x)

representing the glass is given by

/ @)g(a - o)
:/m\/;exp [_ 2 ]g(x—x')x'
Bl ]
-\ leff(a)“]

TAx 1 orf 24/1n 2 1l
4 aln?2 Ax

(3.9)

Here, erf is the error function and Az = 207vIn2 represents the full-width at half-
maximum of the Gaussian probe volume profile. Experimental data was fit to Eq. 3.9 and
values for the parameter Ax were used in order to derive an estimated probe volume size

from the measured convolution.

3.2.6 Adjustment of Probe Volume Location using Temporal Over-
lap

The flexibility of adjusting the probe volume location was demonstrated by tracking the
movement of the probe volume with a flowing gas non-resonant with the CARS process
while controlling the temporal overlap of the fs pulses. This was achieved by adjusting the
delay stage of the pump beam by a known amount and observing the resulting displacement
of the probe volume. The location of the gas jet was adjusted to match the new probe

volume location, where the CARS signal intensity would disappear due to the presence of
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the non-resonant gas. By recording the change in jet position for each offset in time, the
corresponding change in the measurement volume locations could be determined.

This capability allows for precise control and manipulation of the measurement volume in
space, providing flexibility in targeting specific regions of interest. By adjusting the temporal
overlap of the fs pulses, the location of the measurement volume can be translated with
high accuracy. This feature enhances the utility of the counter-propagating phase matching
technique, enabling targeted measurements in different regions of a sample or allowing for

dynamic tracking of spatial changes in a sample over time.

3.3 Results and Discussion

3.3.1 Spatial Resolution

Fig. 3.7 shows the observed CARS signal intensity at different positions of the glass sample.
The full width at half maximum (FWHM) of the CARS probe volume, which represents the
spatial resolution, can be directly determined from the fit using Eq. 3.9. A range of pulse
widths from 60 fs to 300 fs were investigated.

In Fig. 3.8, the measured probe volume sizes for each pulse duration are presented. The
values for the probe volume size corresponding to each pulse duration are also provided
in Table 3.2. The smallest measured CARS measurement region is 15.52 pm, which was
achieved with a pulse duration of 60 fs. This is a significant improvement in spatial resolution
compared to previous phase matching configurations, which typically yield spatial resolution
on the order of 100 pm or larger. It is worth noting that this enhanced resolution was achieved
with a relatively small crossing angle of 6°, which is much smaller than the 33° crossing angle
required for sub-100 pm resolution in BOXCARS configurations (as mentioned in Chapter 1).
This result highlights the capability of fs/ps CARS with counter-propagating fs pulses to
achieve high spatial resolution measurements while overcoming the limitations of previous

techniques such as experimental footprint.
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Figure 3.7: CARS signal intensity vs. glass position for various pulse durations.

The two reported probe volume sizes reported for the 60 fs pulse duration were recorded

at different beam energies to demonstrate that variations in pulse energy do not lead to

variation in the measured probe volume size. The first set, taken with pump and Stokes

beam energies of 67 pJ, resulted in a measured probe volume size of 15.52 pm. The second
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Table 3.2: Pulse Duration vs. Measured Probe Volume Size

| Pulse Duration (fs) | PV Size (pm) |

60 15.52, 15.93
100 27.79
150 37.17
200 48.00
300 71.00
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Figure 3.8: Estimated probe volume size vs. pulse duration
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set, taken with lower beam energies of 36.3 pJ, yielded a slightly larger measurement of 15.93

pm. This confirms that changes in laser energy do not significantly affect the measured probe

volume size, indicating the reliability of the measurement.

In Fig. 3.8, it is observed that the measured probe volume sizes are consistently greater

than the predicted values for the given pulse duration. However, the rate at which the

spatial resolution changes with pulse duration, as obtained from the experimental data, is

in very good agreement with the theoretical prediction. The experimental data shows that

the size of the probe volume changes at a rate of 0.21 um/fs, which closely matches the
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predicted value of 0.22 nm/fs. The discrepancy between the experimental measurements
and the predicted values could be attributed to a couple of factors. One possibility is that
the GRENOUILLE system used to measure the pulse width may be miscalibrated, leading
to a slight underestimation of the true pulse width. An additional explanation is that the
pulses in the GRENOUILLE are different than those at the measurement volume due to
the variance in the amount of glass and optical materials that the pulses travel through
(lenses, waveplates, etc.). Another explanation could be that the actual pulses are not exactly
Gaussian, resulting in deviations from the simulated values. Further investigation is required
to determine the source of the discrepancy.

Despite the small difference between the measured and predicted values, the consistency
in the rate of spatial resolution change with pulse duration between the experimental and
theoretical results confirms the concept that the spatial resolution of CARS can be controlled

as desired through post-amplification pulse compression.

3.3.2 Temperature Measurements of a Microscale Gas Jet

Shown in Fig. 3.9 are the measured gas temperatures obtained at various positions across
a microscale sonic gas jet using CARS with counter-propagating 60 fs pulses. Here, the
temperature reported is the average fit temperature to 300 CARS spectra. The error bars
represent the standard deviation of the distribution of temperatures observed in that position.
These measurements demonstrate the capability of accurately characterizing the temperature
change between the ambient room air and the microscale gas jet.

Since the measurement volume length (~16 pm) is smaller than the distance over which the
temperature gradient spans, counter-propagating phase matching with 60 fs pulses provides
the necessary spatial resolution to capture the temperature variations within the jet (66 pm).

Temperatures were extracted from the experimental data via the DE algorithm mentioned
in Chapter 2.5 of this thesis. S-branch CARS spectra of air at various temperatures were

simulated using a CARS spectral model. The experimental spectra were fit to a library of
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Figure 3.9: Temperature measurements of the cold air jet with 60 fs pulses. Reported
temperature is the average fit temperature to 300 shots. Vertical bars represent one standard
deviation in temperature in each direction.

simulated CARS spectra for a range of temperatures between 200 K and 400 K. The library
generated spectra in steps of 2 K.

Fig. 3.10 show a sample spectral simulation at the best-fit temperature, the averaged
experimental CARS spectrum, and the corresponding histogram of fitted temperatures to
single frames at different positions within the gas jet. These figures provide insight into
the temperature distribution and variations observed in the measurement region. In Fig.
3.10(A), corresponding to a jet position of Az = —65 pm outside of the gas jet, shows a
sample temperature fit to a single spectrum acquired at this jet position. The histogram of
fitted temperatures displays the distribution of temperature values obtained from multiple
measurements at this position. Similarly, Fig. 3.10(B) and Fig. 3.10(C) correspond to jet

positions of Ax = —25 pm and Az = —5 pm, respectively. These examples highlight the
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change in temperature as the core of the jet is translated to fully encapsulate the probe
volume. The measured gas temperature steadily decreases as the jet core approaches the
measurement region.

The core temperature of the gas jet was found to be 256 K over a region approximately
30 pm long. This observation is consistent with the trends observed in both Fig. 3.9 and the
Fanno Flow calculations, which estimated the gas temperature in the jet core to be 254 K.

According to the CARS measurements, the FWHM of the jet is 66 pm. This is smaller
than the estimate determined from the Schlieren reconstruction (84 pm). This provides
confidence that the temperature measurements are not suffering from spatial averaging, as
then the FWHM of the jet would be larger than the width determined from the Schlieren
reconstruction.

It is worth noting that the discrepancy between the jet width determined from the Schlieren
reconstruction and the measurement with CARS could be attributed to the difference in
~ between air and helium, as previously mentioned. The discrepancy could also be due to
the fact that this is a comparison between different properties (density and temperature).
Additionally, experimental factors such as the Schlieren camera resolution may contribute to
the differences observed between the CARS measurement and the Schlieren reconstruction.

Nevertheless, the width of the gas jet measured using CARS and the temperature profiles
obtained from the temperature fits are consistent with the expectations, and these results
demonstrate the accuracy and capability of counter-propagating fs/ps CARS to capture

temperature variations and gradients in microscale systems.



3.3 | Results and Discussion

A. T =292 K
1+t Simulated |
l ---------- Expt
0.8 Residuals | -

e
o

CARS Intensity (Norm.)
o
N

0.2
o
-0.2 IR
50 100 150 200
Wavenumber (cm™!)
B. T =270 K
1+t Simulated |
.......... Expt
0.8 Residuals |

e
o

e
o

CARS Intensity (Norm.)
o
o i~

° s 8 o
Pt e N et

-0.2 ke
50 100 150 200
Wavenumber (cm ™)
C. T =254 K
1+ Simulated |
.......... Expt
0.8} u Residuals |

e
o

o
b

CARS Intensity (Norm.)
o
o =~

W&zﬁ&f& ﬁv"sgﬁ;f-qu%m.
50 100 150 200
Wavenumber (cm™!)

|
e
[\

51

150 ¢

100 ¢

o0 r

240

260 280 300 320
Temperature [K]

150 ¢

100 +

50

240

260 280 300 320
Temperature [K]

150 ¢

100 ¢

50

240

260 280 300 320
Temperature [K]

Figure 3.10: Sample CARS temperature fits at various jet positions. A) Az = —65 pm. B)
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3.3.3 Adjustment of Measurement Volume Location with Relative

Pulse Timing
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Figure 3.11: Location of the CARS measurement volume vs. pump delay stage position for
200 fs pulses. Blue symbols shows displacement of the measurement volume after a change
in temporal overlap of pump/Stokes without simultaneous adjustment of spatial overlap for
signal optimization. Red symbols shows data set when spatial overlap was reoptimized after
a change in temporal overlap.

The results of the probe volume displacement experiments are shown in Fig. 3.11. Two
sets of data were collected to investigate the amount of displacement that could be achieved
by adjusting the pulse timing. In one set, only the temporal overlap of the beams was
adjusted, while in the other set, spatial overlap was reoptimized as necessary to maintain
CARS signal during the probe volume location scan.

From Fig. 3.11, it can be observed that by manipulating the temporal overlap alone, the
CARS signal could be maintained while displacing the probe volume by 1.5 mm. However,
when spatial overlap was readjusted as necessary, the CARS signal could be maintained up

to at least 4.5 mm.
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This result demonstrates that a change in the temporal overlap of the beams alone resulted
in an equivalent change in the measurement location. Specifically, a 100 pm change in the
pump delay stage position resulted in a 100 pm displacement of the measurement volume.

This feature of the counter-propagating scheme is beneficial for conducting measurements
in large-scale test facilities, as it allows for adjusting the location of the measurement
volume by a known amount through the manipulation of beam timing. It is also useful for
precisely moving the probe volume in small, discrete increments, which is advantageous when
quantifying gradients in flow properties over a small region.

Overall, the ability to control the probe volume location through temporal overlap
adjustment adds significant flexibility and precision to fs/ps CARS measurements using
counter-propagating phase-matching. The resolution available with this scheme would enable
targeted measurements in specific regions and facilitating the study of spatially varying

phenomena in a variety of systems and samples.

3.4 Conclusion

In conclusion, this experiment revealed significant findings regarding the capabilities of the
counter-propagating fs/ps CARS system. One key result was the achievement of ultra-high
spatial resolution using 60 fs pulses. The results showed that the counter-propagating fs/ps
CARS system achieved a remarkable spatial resolution of 15.52 pm, surpassing previous
techniques that typically yielded resolutions that are at least an order of magnitude larger.
This improvement in spatial resolution was achieved with a relatively small crossing angle of
6°, compared to the 33° crossing angle required in other configurations.

Furthermore, the experiment demonstrated the ability of counter-propagating fs/ps CARS
to adjust the measurement volume location by manipulating pulse timing. By changing
the temporal overlap of the beams, the experiment showed that the CARS signal could be

maintained over a distance of 1.5 mm. When spatial overlap was reoptimized as necessary,
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CARS signal could be maintained for over 4.5 mm, but if a collinear alignment or shallower
crossing angle was used, no optimization would be necessary. This feature allows for precise
movement of the probe volume in small increments, enabling targeted measurements in
specific regions.

Finally, using the counter-propagating phase-matching scheme, temperature variations
resulting from a microscale jet of cold air were accurately characterized, demonstrating the

capability of the method to capture temperature gradients with high accuracy and resolution.



Chapter 4

fs/ps CARS in a Dual-Mode Scramjet

4.1 Motivation and Objectives

The objective of this experiment was to implement a fs/ps CARS system in the UVaSCF
in order to quantify temperature and local equivalence ratio within the combustor of a
dual-mode scramjet. Implementation of a fs/ps CARS system in this facility would enable
measurements of local flow properties at locations that were previously inaccessible with ns
CARS.

The specific purpose of this experiment was to measure local temperature and species
concentrations throughout the combustor, with particular interest in the cavity flameholding
region. These measurements were performed for various fueling schemes, allowing for a
comprehensive understanding of the temperature and species distribution within the combustor
under different operating conditions.

By integrating the fs/ps CARS system in the facility and conducting these measurements,
the experiment aimed to provide valuable insights into the combustion process in a dual-mode
scramjet. The ability to accurately measure temperature and species concentrations in
previously inaccessible regions will contribute to a better understanding of the flow dynamics

and combustion behavior, ultimately leading to improved design and optimization of scramjet

95
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engines.

4.2 Experimental Setup

4.2.1 University of Virginia Supersonic Combustion Facility

The University of Virginia Supersonic Combustion Facility (UVaSCF) is a high-temperature
combustion tunnel designed to replicate flight conditions at Mach 5. This facility utilizes
electrical heating and a pressurized plenum to achieve stagnation pressures of up to 10 atm
and temperatures of up to 1250 K [70]. It offers extended run times lasting several hours,
which allows for the collection of large data sets under statistically steady conditions. In the
current study the UVaSCF is equipped with a Mach 2 nozzle. The flow exiting the nozzle
simulates the flow exiting the inlet of a scramjet operating in the ramjet-scramjet transition
regime. This flow passes then through an inlet isolator, a combustor. and exiting via a
divergent nozzle. To facilitate optical measurements using CARS the test section of the
facility is fitted with 1 cm thick fused-silica windows. The inner surfaces of the windows are
placed 38.1 mm apart.

Figure 4.1 depicts a schematic of the combustor geometry, including the location of fuel
injectors. The thesis explores the use of both fuel injection within the isolator (referred to
as A injectors) and fuel injection immediately upstream of the cavity step (referred to as B
injectors). The B injectors are further divided into separate rows: B1, B2, and B3, positioned
at -2.70, -1.69, and -0.67 z/h, respectively.

Performing fs/ps CARS in the UVaSCF presents an additional challenge compared to ns
CARS due to spectral broadening by self-phase modulation resulting from the interaction of
laser pulses with the windows in the test section. As noted in the literature review, previous
experiments utilizing ns CARS employed window extensions to avoid laser damage to the
windows [29]. However, with fs/ps CARS, the reduced laser energy requirements of fs pulses

to achieve Raman excitation make it possible to perform testing without the need for standoffs.
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Figure 4.1: Schematic of the combustor geometry showing the location of the fuel injectors
used in the experiment.

Still, the interaction between the windows and fs pulses can lead to spectral broadening of
the laser beams, which can adversely affect CARS signal generation and accuracy.

Earlier investigations have revealed that the extent of these effects depends on the laser
fluence at the inside surface of the windows. Moore et al. found that CARS signal could be
generated beyond the laser fluence where spectral broadening occurred. For a 1 ¢m thick
fused silica window, 10.5 mJ/cm? was the maximum laser fluence on the window where
CARS signal generation would not be negatively impacted [71]. This information was used to
devise an optical setup that avoids significant loss in CARS signal intensity due to the facility

windows and enable fs/ps CARS measurements in the UVaSCF without window extensions.

4.2.2 Optical Setup

Figure 4.2 illustrates the schematic of the optical setup used for the CARS system. The
setup employs a Coherent Astrella amplifier with a pulse duration of 60 fs and a repetition
rate of 1 kHz. The laser generates 800 nm amplified fs pulses, which are then directed to a
beam splitter. The split beam is subsequently directed to two separate pulse compressors,

allowing for individual control of pulse compression despite passing through different optical
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components. This configuration generates two 60 fs pulses with a spectral bandwidth of 240
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Figure 4.2: Optical layout of the CARS laser cart and primary/secondary CARS systems.
PC: pulse compressor. OPA: optical parametric amplifier. BS: beam splitter. SHBC: second
harmonic bandwidth compressor. A detailed diagram of the Transmission/Collection plates
is shown in Fig. 4.7.

The output of one pulse compressor is directed to a fs optical parametric amplifier (Light
Conversion TOPAS-Prime). The purpose of the amplifier is to convert the pump beam to a
specific wavelength that can effectively excite the molecular transitions of interest. In this
particular experiment, the pump pulse is tuned to a wavelength of 674 nm, which facilitates
the excitation of Q-branch transitions for Ns.

The output from the second pulse compressor is split using a beam splitter. The transmit-
ted beam serves as the Stokes beam and remains unaltered from the compressor output. The
reflected beam is directed to a pulse shaper to generate a narrowband, picosecond probe beam.
Given the anticipated high temperatures in the UVaSCF test section during the experiment,

generating a sufficient amount of CARS signal using a single laser pulse becomes challenging.
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To address this challenge, the second harmonic bandwidth compressor (SHBC) discussed
in Chapter 2.3 was integrated on the laser cart in order to use a high-energy probe to
maximize CARS signal generation. Motorized delay stages are included for each beam to
ensure precise and repeatable temporal overlap at the measurement region, enhancing the
accuracy of the measurements.

Figure 4.3 illustrates the measured time profile of the SHBC output used in the experiment.
The measurement was conducted by performing a cross-correlation in time between the probe
pulse and the pump/Stokes pulses in a jet of argon, with the non-resonant excitation being
measured. The experiment employed a 2.47 ps probe, a shorter pulse duration than those
shown in Chapter 2.3. A shorter pulse duration was chosen in order to maximize CARS signal
intensity by setting the probe delay as close to the Raman excitation as possible without

losing spectral resolution.

1k

Experiment
Fit

FWHM: 2.47 ps

Time (ps)

Figure 4.3: Time profile of the SHBC output used in the experiment. The measured pulse
duration was 2.47 ps.

The three beams—pump, Stokes, and probe—are routed to the scramjet from an adjacent
room where the CARS cart is located onto an optical table located within the tunnel room.
The beam energies used in this experiment for pump, Stokes, and probe were 301 1J, 195 nJ,
and 514 pJ, respectively. For the primary fs/ps CARS system, pump, Stokes, and probe are

routed together to the test section by a series of 3”7 mirrors (ThorLabs E02). These mirrors
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direct the beams through a three-axis stepper-motor driven translation stage system and
onto the transmission plate mounted on the stage system. Figure 4.4 depicts a 3D model of

this layout created by colleague, Zach Morris.
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Figure 4.4: Beam routing in UVA Supersonic Combustion Facility.

Two different transmission plate layouts were utilized in the experiment as the initial
design proved insufficient in generating the necessary CARS signal to acquire single-shot
measurements in preliminary tests in the UVaSCF flame. As a result, modifications were
implemented to enhance signal generation within the tunnel. This section will discuss both
plate designs and outline the changes made to improve signal generation.

In the initial design shown in Fig. 4.5, each beam on the transmission plate was directed
individually to a 150 mm focal length lens. The crossing angle was 7.6°.

During the initial test campaigns conducted in the UVaSCF, it was discovered that the

initial design of the transmission plate did not generate a satisfactory level of signal for
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Figure 4.5: Initial design of the optical plates used in the experiment.

CARS measurements within the flame. To address this issue, two strategies were employed
to enhance CARS signal generation. Firstly, the transmission plate was redesigned to reduce
the crossing angle of the beams. By decreasing the angle at which the beams intersected,
the overlapping region was increased, resulting in increased CARS signal generation due to
the larger number of molecules being sampled. Secondly, telescopes were incorporated into
the Stokes and pump beam paths to improve beam quality at the focal plane and match the
plane at which both beams achieve their minimum size. For the pump beam, a telescope
consisting of a -150 mm lens and a 130 mm lens was included on the CARS laser cart in
order magnify the beam, which results in a smaller beam waist at the focal plane. For the
Stokes beam, a telescope consisting of a 130 mm lens and a -100 mm lens was included to
correct for astigmatism at the crossing plane, as shown in Fig. 4.6(A). Figure 4.6(B) shows
a beam profile image after the telescope was implemented in the beam path, which shows
significant improvement in mode quality of the beam at the focal plane.

In the probe beam path, a relay imaging system consisting of a 750 mm spherical lens
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Figure 4.6: Beam profile images of the Stokes beam at the focal plane. A) No telescope. B)
With telescope.

and a 1 m spherical lens is utilized to increase the beam diameter and maintain good beam
quality after propagation from the second harmonic bandwidth compressor (SHBC) to the
combustion tunnel. These changes ensured that the beams were focused and crossed in the
same plane, maximizing laser fluence within the probe volume.

The revised design of the transmission plate is depicted in Fig. 4.7. In this design, the
pump and probe beams are reflected off a single dichroic mirror towards the focusing lens,
while the Stokes beam passes through the dichroic. By using the dichroic mirror, the crossing
angle of the beams is reduced, maximizing the region of beam overlap and enhancing CARS
signal generation. The beam crossing angle in this configuration was 4.58°.

To aid in alignment, a removable magnetic plate with a beam sampler, neutral density
filters, and a camera mounted on it is positioned after the focal lens. This allows for
visualization of the spatial overlap of the beams and assists in alignment procedures. The
focal plane imaging system, similar to those employed by previous researchers [72, 29], helps
ensure precise alignment and control of beam overlap.

Due to potential misalignment caused by facility vibrations and limited access during
tunnel operations, remote adjustment of beam crossing is necessary. The transmission plate
incorporates two sets of routing mirrors for each beam, along with two remotely operated
picomotor optical mounts, enabling precise control over beam alignment and overlap from a

remote location.
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Figure 4.7: Beam path and optical setup of the transmission and collection plates shown in
Fig. 4.4 used to overlap the beams in the combustion tunnel.

After crossing in the test section, the beams pass through a second lens of equal focal
length to collimate the CARS signal. As shown in Fig. 4.7, this lens is placed on a manual
translation stage to ensure collimation after the system is moved into the test section,
where window refraction can affect collimation. The CARS signal is then directed back to
the transmission plate and a separate periscope assembly via the three-axis stage system.
Subsequently, the signal is directed to a spectrometer and an electron-multiplied CCD camera
for detection.

To aid in initial alignment of the CARS system through the facility windows, a mock test
section with dimensions identical to the tunnel test section was created. The CARS system
was first aligned in the air adjacent to the tunnel test section and then translated into the
mock test section, with only the front window placed in the beam path. Using the focal plane
imaging system and camera, the beams were crossed at the plane where they focused after
experiencing refraction effects from the window. Once CARS signal generation through the

front window was achieved, the back window was added. However, the introduction of the
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second window caused additional refraction effects, resulting in misalignment of the collection
optics. This was rectified by translating the collimating lens on the collection plate to the
plane where the CARS signal was collimated with both windows in the beam path.
Additionally, a secondary CARS system, shown in Fig. 4.2, is accessible by removing
a 3”7 mirror on a magnetic base that directs the beams towards the UVaSCF test section.
Motorized stages on the CARS cart allow for precise compensation of path length differences
between the primary and secondary CARS systems. The final mirror before the spectrometer,
used for collecting CARS signal from the primary system, can be translated aside to enable
the routing of signal from the secondary system into the spectrometer. This allows for
quick transitions between the primary and secondary systems (less than 1 hour), facilitating

comparison of measurements obtained from both systems.

4.2.3 Spatial Resolution

The spatial resolution of the CARS measurements in this experiment was estimated using a
small jet of argon gas placed in the mock test section. The resonant CARS signal intensity
was measured while translating the jet through the probe volume. As the argon gas replaces
the air, a decrease in signal intensity is observed, as shown in Fig. 4.8. A Gaussian curve
was fit to the data, which is a fit to the measured convolution of the argon jet and the CARS
measurement, volume. The FWHM of the fit to the data was 886 pm.

An estimate of the CARS measurement volume can be extracted from this fit analytically
by simulating the jet as a Gaussian with a FWHM of 520.7 pm, the inner diameter of the
needle in the mock test section, and by assuming that the CARS probe volume is also
Gaussian. Under this assumption, the convolution of the CARS probe volume and the
simulated jet should have a FWHM that equals the measured convolution of the argon jet
and CARS probe volume.

The equation relating the FWHM of the CARS probe volume, the FWHM of the argon

jet, and the FWHM of the measureed convolution is given by
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FWH Myens, = 2V2002(V a2 + b2), (4.1)

where a and b are related to the FWHM of the CARS probe volume and the FWHM of the

argon jet by

FHWMCARS = 2aV 2(n?2 (42)
and
FHW My = 2bV7/2In2. (4.3)

Thus, the estimated size of the CARS measurement volume was estimated to be 569 pm.
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Figure 4.8: Estimate of the CARS measurement volume derived from the simulation of the
argon jet and the experimental measured convolution of the Ar jet and the CARS probe
volume.
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4.3 Facility Considerations

4.3.1 CARS System Stability

A preliminary analysis was conducted to assess the stability of the fs/ps CARS optics and
optical tables during operation of the combustion tunnel. The CARS system, spanning two
rooms, two optical tables, and multiple optical breadboards, presented a potential alignment
challenge when the facility was operational.

CARS spectra were acquired using the secondary CARS system during an unrelated
experiment utilizing the UVaSCF. The objective of this analysis was to evaluate whether the
operation of the combustion tunnel would impact the stability of the CARS system and the
overlap of the laser beams. By acquiring CARS spectra during tunnel operation, the effects

of vibrations and other disturbances generated by the tunnel could be assessed.

s, 6000 -
= )
< 4000 | ERRD B s
= SRS, ol
2 s
= 2000 +
O
@
0 L 1 L |
0 50 100 150 200
Minutes
%6000_0oOoOOOOoooOooOOoOOOOooooooooo
=i
4;—3) 4000—0OOooooOoOoooooOOOOOOOOOoOOoOO
&
) L
S 000 o Tunnel on, no flame
o Flame on
0 L L I L L |
0 5 10 15 20 25 30

Shot Number

Figure 4.9: A) Measured CARS signal intensity during tunnel operation. B) Shot to shot
CARS signal intensity while the tunnel was in operation with and without combustion.
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In Fig. 4.9(A), the measured CARS signal intensity during the operation of the tunnel
is shown. The measurements were recorded starting while the facility air was heating and
during combustion testing. Throughout the experiment, the CARS signal exhibited a slight
decrease in intensity, which can be attributed to typical beam drift observed during a normal
day. Two outliers in the data correspond to moments when the laser was temporarily blocked.
In Fig. 4.9(B) The blue data shows the shot-to-shot variation in CARS signal intensity during
tunnel operation without combustion occurring. The red data illustrates the shot-to-shot
variation in CARS signal intensity while the flame was active in the tunnel. In both cases,
the CARS signal intensity remained constant, providing assurance regarding the stability of
the laser system and alleviating concerns related to mechanical vibrations arising from the
operation of the combustion tunnel.

These findings indicate that the fs/ps CARS system and its optical tables maintained
stability and beam overlap even during the operation of the tunnel. The relatively stable
CARS signal intensity throughout the experiment, apart from expected beam drift, reinforces
confidence in the stability of the CARS system for conducting accurate measurements in the

during operation of the combustion tunnel.

4.3.2 Test Section Windows

Degradation of the windows during facility operation is expected due to the high-temperatures
and extended test times. However, early tests in the UVaSCF with fs/ps CARS observed
catastrophic window damage beyond what is typically expected. The image in Fig. 4.10 shows
the window degradation that occurred during a test campaign in the UVaSCF. The damage
to the windows limited optical access to areas away from the flame, making measurements
within the cavity inaccessible.

It was later discovered that the window damage was caused by coolant flow on the surface
of the windows during tunnel warm up. The coolant would then fuse to the window when the

flame was ignited. The coolant was present due to a leak in the plumbing system, resulting
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Figure 4.10: Photograph of the window degradation prohibiting CARS measurements.

in coolant getting trapped between the combustor gasket and the tunnel window. Fig. 4.11

provides an image showing the coolant present in the test section.

Figure 4.11: Coolant present in the test section.

After identifying the issue, fixing the coolant leak, and cleaning the windows, the tunnel
was able to operate without catastrophic degradation to the windows. This allowed for optical

access to the entire test section, enabling measurements within the cavity of the UVaSCF.
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4.4 Test Cases and Measurement Locations

Table 4.1 summarizes the different CARS test cases performed in the UVaSCF, where both
the global equivalence ratio and location of fuel injection were varied to investigate their

impact on fuel distribution and temperatures within the combustor.

Table 4.1: Fueling conditions used for CARS measurement campaign.

’ Case \ Gglobal \ m(CyHy) (g/s) \ Fuel Injectors ‘

1 0.20 | 2.536 Bl, B2
2 0.32 | 4.014 B1, B2
3 0.20 | A: 0.627, B: 1.882 | A, BI, B2

In Case 1, a global equivalence ratio of @giobar = 0.20 was chosen, and the B1 and B2
injectors were used. Case 2 utilized the same fuel injectors but with an increased fuel
flow rate, resulting in @gioba1 = 0.32. The comparison between Case 1 and Case 2 allows
for an assessment of how variations in fuel rates for a fixed injector location impact flame
temperature and fuel distribution.

Case 3 employed the injectors located in the isolator (A), in addition to the B1 and B2
injectors, at a global equivalence ratio of ¢gopa1 = 0.20. This maintains the same global
equivalence ratio as Case 1, but introduces fuel further upstream in the isolator, which
increases the amount of fuel-air premixing before reaching the cavity. Consequently, the
fuel locally injected in rows Bl and B2 is decreased. By comparing Case 3 with Case 1,
it is possible to examine how changes in the amount of premixing before the cavity, while
maintaining a constant global equivalence ratio, affect flame temperature and fuel distribution
within the combustor.

Wall pressure measurements provide additional insights into interpreting the tempera-
ture measurements in the combustor. Figure 4.12 displays the wall pressure distributions
throughout the test section for each test case. Lower pressures are observed upstream under

leaner conditions. This can be attributed to the location of the shock train, which affects the
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pressure distribution in the combustor. The shock train position is influenced by factors such

as fueling conditions and injection strategies.
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Figure 4.12: Wall pressure measurements for Cases 1, 2, and 3.

Figure 4.13 illustrates the location of the CARS measurements taken in the UVaSCF.
To facilitate comparisons between test cases, specific measurement points are assigned
nomenclature based on this diagram. The nomenclature is used to refer to temperature

measurements and compare them across different test cases.
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Figure 4.13: Nomenclature for CARS measurement locations in the model scramjet.
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The x-plane measurement planes are identified by the first digit in the location labels
shown in Fig. 4.13. For instance, the plane containing measurement points 3.1, 3.2, and 3.3
is referred to as plane 3, while the plane containing positions 1.5 and 1.6 is referred to as
plane 1.

The numbers after the decimal point in the nomenclature indicate the y-plane where the
measurements are located. Rows of measurements are referred to according to this digit. For
example, row 1 corresponds to points 3.1, 4.1, 5.1, and 6.1, while row 4 corresponds to points
24,54, 74, and 9.4.

Concerns were raised regarding potential shifts in the combustion tunnel during heating,
which could lead to variations in measurement locations between test cases. However,
synchronized OH PLIF images acquired at each position were used to determine measurement
location during the test. The same PLIF images were then used to confirm that the
measurement locations remained consistent throughout test cases 1 to 3 in post-processing.
This consistency allows for direct comparisons of temperature and concentration at each
location between the cases. The exception to this is measurement plane 3, and this data was

shifted to be closer to the cavity leading edge for Case 2.

4.5 Results and Discussion

4.5.1 Temperature Measurements

Gas temperatures were extracted from the CARS spectra using the spectral fitting routine
described in Chapter 2.5 of the thesis. In Fig. 4.14, a sample single shot CARS spectrum
with the resulting best-fit temperature. A histogram of fit temperatures for 3,000 single shot
CARS spectra from this position is also shown in the figure. Average temperatures and
standard deviations at each measurement location were determined from the histogram.
Figure 4.15 shows shot-averaged CARS spectra with the resulting best-fit temperature

for the three delays used in the experiment: 4.5 ps, 32 ps, and 42 ps. These probe delays
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Figure 4.14: A) Sample single-shot CARS with the resulting best-fit temperature. B) His-
togram corresponding to Case 1, position 4.1. Average fit temperature: 2075 K. Temperature
standard deviation: 223 K.

were chosen in order to have sensitivity over a broad range of temperatures.

Figure 4.16 shows histograms of best-fit temperatures of 3000 single-shot spectra corre-
sponding to CARS spectra acquired at 4.5 ps and 42 ps. The average fit temperature between
the two delays was within 10 K, and they also resulted in similar histograms. This result
demonstrates that there is good agreement in the fit temperatures between the two delays at
the same measurement position and same test case.

Figure 4.18 shows the average fit temperatures at each measurement location for each case.
This plot provides an overview of the temperature distribution throughout the measurement
domain, allowing for observations of spatial temperature variations.

Figure 4.18 reveals that the temperature upstream of the cavity step is notably lower
for Case 1 compared to Case 2 and Case 3. For instance, at position 1.5, the average fit
temperature in Case 1 is 803.986 K, while in Case 2 and Case 3, the average temperatures are
899.184 K and 827.77 K, respectively. These temperatures were measured with a probe delay
of 32 ps, where CARS spectral features are particularly sensitive to changes in rotational

temperature. Figure 4.17 provides a sample temperature fit and histogram illustrating this
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Figure 4.15: Averaged CARS spectra acquired at three probe delays. A) 4.5 ps, B) 32 ps, C)
42 ps.

lower temperature range.

For Case 1 and Case 3, where the global equivalence ratio was the same, measured
pressure distributions were similar as shown earlier in Fig. 4.12. However, despite the similar
pressures, Case 1 exhibited lower temperatures at these positions compared to Case 3. This
highlights that the importance of local in-situ measurements of temperature, as the two
fueling configurations result in different temperatures at discrete points in the flow although
they have similar pressure distributions. In contrast, Case 2, which had the highest global
equivalence ratio, experienced elevated pressures upstream of the cavity step. This higher
pressure condition contributed to the higher temperatures observed at positions 1.5, 1.6, and

2.4 in Case 2 compared to the leaner conditions.
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Figure 4.17: CARS data set acquired at a 32 ps probe delay. Data acquired at position 1.5 for
Case 3. A) Sample temperature fit at a probe delay of 32 ps. B) Histogram of temperature
at position 1.5 for Case 3.

The measured temperatures at the discrete locations shown in Fig. 4.18 were interpolated
using a cubic interpolation algorithm in MATLAB to generate the contour plots in Fig. 4.19.
The contour plots provide a visual representation of the temperature distribution within
the cavity for each case. Figure 4.20 presents a contour plot of the temperature standard
deviation within the cavity. The trends observed in these figures will be discussed below.

The degree of heat release within the cavity flameholder can be observed from these
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figures. In Case 1 and Case 3 (Pgiobar = 0.20), higher temperatures are observed closer to the

floor of the cavity compared to Case 2 (¢giona1 = 0.32). A noticeable difference in temperature
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Figure 4.18: Average fit temperatures in the combustor. A) Case 1.
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is observed at position 5.1 (center of the cavity, adjacent to the floor) between Case 2 and
Case 3. The average fit temperature at this position in Case 3 is 11.63% higher compared
to Case 2 (2325 K vs. 2083 K), and temperatures across measurement row 1 (adjacent to
cavity floor) are 6.43% greater in Case 3 than in Case 2. Temperatures in this measurement
row are relatively similar between Case 1 and Case 3 which had the same global equivalence
ratio. The average temperature in this row was 1.39% greater in Case 3 than in Case 1. This
suggests that a global equivalence ratio of 0.20 results in greater heat release in the cavity
than a global equivalence ratio of 0.32. At position 7.1 (located in the plane of the cavity
ramp, close to the floor), Case 3 exhibits the highest average fit temperature, followed by
Case 1 and Case 2. The average fit temperatures at this position for Case 3, Case 1, and
Case 2 are 2063 K, 1987 K, and 1911 K, respectively. These results align with the decreasing
order of local injection at B1 and B2, which also suggests that a global equivalence ratio of
0.20 results in greater heat release within the cavity compared to a global equivalence ratio
of 0.32. Furthermore, when comparing Case 1 and Case 3, slightly higher temperatures are
observed for Case 3, where there is less fuel at B1 and B2. Thus, we can conclude that there
is a trend that there is greater amounts of heat release closer to the floor of the cavity with
less fuel at B1 and B2.

In Case 1 and Case 3, two distinct "hot” regions are observed. In Case 1, the region with
the highest temperature is found in plane 6, just upstream of the cavity ramp. On the other
hand, in Case 3, the highest temperature is observed in plane 5, closer to the cavity leading
edge. This difference could possibly be attributed to the different x-positions at which fuel
enters the cavity in the two fueling schemes. This could be due to the differences in the
momentum of the fuel jets that allows fuel to penetrate at a different depth with different
mounts of fuel injected.

Temperatures downstream of the cavity ramp show significant differences between Case
1 and Case 3, despite having the same global equivalence ratio. Fig. 4.18(A) and 4.18(C)

demonstrate that Case 1 records higher temperatures at these positions compared to Case
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3. At position 8.4, the temperature in Case 1 is 371 K higher than in Case 3 (1647 K vs.
1276 K), and at position 9.1, the temperature in Case 1 is 313 K higher than in Case 3
(1600 K vs. 1287 K). Additionally, temperatures at these two positions are higher in Case 2
compared to Case 3, potentially due to the higher pressures observed at these planes for a
global equivalence ratio of 0.32. This observation again shows that even though Case 1 and
Case 3 show nearly identical pressure distributions measured at the walls, they have very
different temperature distributions when measuring local in-situ temperature.

From the contour plots shown in Fig. 4.19, it is evident that Case 2 exhibits colder
temperatures in the cavity overall when compared to Cases 1 and 3. This could be due
to the fact that the local equivalence ratio in the cavity is greater than the stoichiometric
ratio in Case 2, resulting in less heat release and lower temperatures. In contrast, Cases 1
and 3 exhibit pockets of higher temperature in the cavity. This could be because the local
equivalence ratio is closer to 1, leading to higher temperatures.

Figure 4.21 shows the average fit temperatures along measurement rows 1, 2, and 3
for each test case. It is observed that temperatures along measurement row 2 exhibit less
variability in temperature in Case 2 compared to the leaner conditions of Cases 1 and 3. Fig.
4.21(B) presents a plot that compares cavity x-position and temperature for these points.
Case 2 shows the least temperature variation along this row. In contrast, both Case 1 and
Case 3 display spatial variations in local temperature as the distance from the cavity edge
increases. This suggests that there is less spatial variation in measured temperature along
these measurement points with more fuel at B1 and B2, as in Case 2.

The greater temperature uniformity in Case 2 could potentially be attributed to a change
in the shear layer resulting from the richer injection into the cavity. To further investigate
this phenomenon, a histogram of the fit temperatures for points 5.1, 5.2, and 5.3 in Case 3 is
shown in Fig. 4.22. Notably, a bimodal distribution is observed in Fig. 4.22(B), indicating
significant fluctuations in the presence of hot products and cooler reactants at this position.

In contrast, this fluctuation is absent at the richer condition of Case 2. This supports the
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notion that the location of the unsteady shear layer is changing between the different fueling

schemes. Future investigations, including a comparison with synchronized OH planar laser

induced fluorescence images, can provide further confirmation of this hypothesis.

It is important to consider the distribution of instantaneous temperature measurements

like the one observed in Fig. 4.22(B) when interpreting the maps of temperature standard

deviation shown in Fig. 4.20. The reported values in some regions may not follow a normal

Gaussian distribution due to the local flowfield at those locations.
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(©).
4.5.2 Qualitative Fuel Distributions

Quantitative measurements of local fuel concentration were not available in this experiment
due to the lack of a CARS spectral model for CoH4. However, qualitative measurements of
fuel species relative to Ny can be obtained by analyzing the ratios of spectral line intensities
associated with the molecules of interest.

A peak ratio approach was employed , where the square root of the intensity of CoHy
(represented by Ic,pg,) was divided by the square root of the intensity of Ny (represented by
In,). This ratio, \/m / \/[_N2 , provides a qualitative measurement of the CoHy concentration
based on the area under the curve of the spectral features [34].

While these qualitative measurements offer insights into how the fuel distribution in the
engine changes between cases, they do not provide precise quantitative values. Additional
efforts to achieve quantitative measurements of local equivalence ratio are underway and are
discussed in detail in Chapter 5 of this thesis.

A sample CARS spectrum showing Ny and CyH, is shown in Fig. 4.23(A). Despite the
pump beam being tuned to excite Ny at 2331 cm™!, the broadband excitation provided
by the fs pulses also resulted in the excitation of the CoHy v; band at 3022 ecm~!. This
spectral feature was utilized to compute ratios between the Ny and CoHy spectral features

for qualitative comparison of CoHy concentration among the different test cases.
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Figure 4.23: A) CARS spectra recorded at a 4.5 ps probe delay with CoHy present. Data
recorded at position 1.5 for Case 2. B) Histogram of measured peak ratios at this position.

To determine the relative CoH, presence, the peak ratio between the CoH, band and the
N, feature was calculated for each frame. Frames with a CoHy signal-to-noise ratio below 5
were excluded to ensure that concentrations were not computed for frames below the detection
limit of ethylene. Average peak ratios and standard deviations were then calculated for each
measurement location.

Figure 4.23(B) provides a histogram of the calculated CoHy concentration for a specific
measurement position, illustrating that the distribution of values does not follow a normal
distribution, which is possibly due to many frames where CoHy is below the detection limit.
This characteristic should be considered when interpreting the plots of standard deviation
given later.

Average CoHy peak ratios above the fuel injectors for Cases 1, 2, and 3 are presented in
Fig. 4.25. These measurement locations were selected during Case 1 data acquisition based
on where significant fuel was visible in the CARS spectra. The same positions were recorded
and repeated for Case 2 and Case 3.

Consistent with expectations, the highest concentration of CoHy is observed directly above
the B2 fuel injectors in all three cases. Case 2, which had the highest local injection at Bl

and B2, exhibited the greatest concentration of CoHy at this point.
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Figure 4.24: Average CyHy peak ratio upstream of the cavity. A) Case 1. B) Case 2. C) Case
3.

Fuel is detected at greater distances from the injectors (larger y-positions) for both Case
2 and Case 3 compared to Case 1. In Case 2, this can be attributed to more fuel penetrating
into the free stream due to the increased pressure of the fuel jet resulting from the higher
local fuel injection at B1 and B2. In Case 3, the presence of fuel further away from the wall is
likely due to the mixing of the fuel injected at position A (in the isolator) with the freestream
air. Since the fuel at position A was injected from the same side of the tunnel as the Bl
and B2 injectors, most of the fuel is concentrated closer to the wall of the combustor, which

explains in the absence of fuel closer the center of the duct even with fuel injection in the
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Figure 4.25: CyH, peak ratio standard deviation upstream of the cavity. A) Case 1. B) Case
2. C) Case 3.

isolator.

The contour plots in Fig. 4.26 illustrate the average CoH, peak ratio distribution in the
cavity for each test case, while the contour plots in Fig. 4.27 depict the standard deviation
in CoH, peak ratios in the cavity. These contour plots were generated in the same manner as
the temperature contour plots (using a cubic interpolation in MATLAB).

In Case 1, a significant portion of the fuel enters the cavity at plane 5. This suggests that
the majority of the fuel enters the cavity at the middle or at the rear of the cavity. In Case 2,

a higher concentration of fuel is observed closer to the leading edge of the cavity. In Case 3,
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most of the fuel enters the cavity near the leading edge and does not mix as far downstream
as in Case 1.

Notably, the fuel concentration at position 3.3 (just downstream of the cavity leading
edge) is approximately 5 times higher in Case 3 compared to Case 1, although there is more
fuel injected locally at B1 and B2 in Case 1. This could be due to the fact that the fuel in
Case 3 does not penetrate as far into the free stream as Case 1 due to the lower momentum of
the fuel plume. It could be that the fuel near the wall is entering the cavity just downstream
of the leading edge as most of the fuel is present close to the wall. Greater characterization
of the fuel distribution in measurement row 4, as well as insight into the shock structures,
could provide insight into why this is the case.

Case 1 and Case 3 exhibit significantly different fuel distributions within the cavity despite
having the same global equivalence ratio. This highlights the impact injector configuration
and fuel injection location can have on the fuel distribution and the resulting temperatures
that are observed in the cavity. The observed differences in fuel distribution are consistent
with the earlier observation that the location of greatest heat release in the cavity occurs at
lower x-positions in Case 3 compared to the other cases (as indicated by the temperature
contour plots).

A correlation between measured relative fuel concentration and measured temperature at
a single measurement location is depicted in Fig. 4.28. These measurements were recorded
for Case 2 at position 2.4. CARS spectra here were acquired at 32 ps. From this figure, it is
evident that the fit temperatures tend to decrease with increasing relative fuel concentration
at this location. This explains why Case 1 observed lower temperatures upstream of the
cavity leading edge than Case 3, despite their similar pressure distributions. Case 1 had more
cold fuel injected at B1 and B2 than Case 3, and so lower temperatures are observed due to
greater mixing between the fuel and the air.

It is worth noting that the correlation between fuel concentration and temperatures within

the flame could not be established due to noise limitations. However, future investigations
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Figure 4.28: Correlation between measured relative fuel concentration and measured temper-
ature. Data recorded at Case 2, position 2.4 with CARS spectra acquired at 32 ps.

should focus on targeted excitation of CyH, during testing, allowing for more exploration of

concentration-temperature relationships within the flame.

4.6 Conclusion

In conclusion, the variations in fuel injection location and global equivalence ratio have a
significant impact on the temperature distribution within the combustor cavity. Less fuel
injection at rows B1 and B2 results in higher temperatures near the cavity floor, and a
global equivalence ratio of 0.20 corresponds to greater heat release and higher temperatures
measured within the cavity compared to a global equivalence ratio of 0.32.

Temperature differences upstream of the cavity close-out ramp suggest that factors beyond
global equivalence ratio, such as the pressure distribution as dictated by location of the shock
train in the combustor, can influence the temperature profiles within the combustor.

These results highlight the significance of fueling conditions and injection strategies in
influencing flame stabilization behavior within a scramjet combustor. Further investigations—

including synchronized imaging techniques and further analysis of the data collected in
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this work—can enhance understanding of these phenomena and inform the optimization of
scramjet engine technology.
Future work will involve developing methods to quantify local equivalence ratio from

CARS spectra. Potential methods to accomplish this are discussed in the following chapter.



Chapter 5

Quantifying Local Equivalence Ratio

with fs/ps CARS

5.1 Motivation and Objectives

Equivalence ratio is defined as the ratio between the fuel-to-oxidizer ratio and the stoichio-

metric fuel-to-oxidizer ratio, given by

Mgt/ (5.1)
(T fuet/ Moz ) st

Global equivalence ratios in the engine can be calculated from the fuel and air flow rates,

but the local distribution of fuel and air cannot be discerned from the global equivalence ratio.

Combustion behavior is dictated by how the fuel and air is distributed locally at various

locations in the engine, or local equivalence ratios. Measurements of local equivalence ratios

would provide significant insight into how fueling conditions impact combustion in a scramjet
engine.

Quantitative measurements of local equivalence ratios with fs/ps CARS would be enabled

by the development of a time-domain fs/ps CARS model specifically for the fuel species

90
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or by utilizing a calibration method. Both Cy;H, and Hs have been used as fuels in the
UVaSCF scramjet facility. However, the existing spectral model used in this thesis [58, 59]
does not currently include the capability to simulate the CARS response of CoH4 or Hy. The
current model is primarily limited to diatomic molecules such as Ny and O,, necessitating an
expansion of the model to incorporate CoHy for the purpose of quantifying local equivalence
ratios.

The theory for simulating the time and frequency spectral response of diatomic molecules
has been previously described in literature [32, 73], but modeling of molecules such as CoHy
has been limited due to the computational complexity arising from the polyatomic structure
of the molecule.

In this chapter, efforts to quantify local equivalence ratios with fs/ps CARS are discussed.
Experimental spectra of No, Oy, and CoH4 were obtained at a distance of 2.5 mm from the
exit of an in-line gas heater to compare them with a preliminary and simplified fs/ps CARS
model for CoH4. Additionally, a calibration method, which can be used to measure local
equivalence ratios in the absence of a complete CARS model, was tested for various mixtures

of CoHy, Ny, and O5 across a temperature range of 300 K to 500 K.

5.2 CARS Spectral Modeling of Fuel Species

5.2.1 Hydrogen (H,)

In the case of Hy, the calculation of the molecular response function (Eq. 2.6) will allow the
use of a fs/ps CARS model to measure temperature and relative concentration when Hy is
present. The theory used to calculate spectral line positions and intensities are discussed
here.

For Raman transition frequencies of diatomic molecules, the vibrational energy levels

can be calculated by treating the molecule as an anharmonic oscillator. The vibrational
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energies, denoted as G(v), can be directly calculated from known molecular constants using

the equation:

1 1 1 1
G(v) = we(v + 5) — weTe(v + 5)2 + weYe (v + 5)3 — Weze(V + 5)4 + .. (5.2)

Here, v represents the vibrational quantum number, w, is the first vibrational constant (har-
monic frequency), and wex,, weye, and w2z, are additional vibrational anharmonic correction
constants.

Rotational energy levels for diatomic molecules can be calculated by treating the molecule
as a rigid rotor. The rotational energy, denoted as F,(J), of the rigid rotor is given by the

equation:

Fo(J) = B,J(J +1) — D, J*(J +1)2, (5.3)

where J represents the rotational quantum number, B, is a rotational constant, and D, is
another rotational constant that accounts for centrifugal forces on the bond. The rotational

constants can be expanded using known molecular constants:

1 1

B, :Be—ae(v+§)+%(v—l—§)2—... (5.4)
1 1,

D, =D, +. (v—|—§)+5e(v—|—§) + ... (5.5)

In Eq. 5.4 and Eq. 5.5, B, and D, are written as expansions with known molecular constants.
The molecular constants used to calculate both vibrational and rotational energies for Hy are
included in Table 5.1.

Raman intensities were calculated by applying a Boltzmann distribution and utilizing
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Table 5.1: Molecular constants for calculating Hy line positions.

’ Constant \ Value \ Source ‘

we 4401.21 | [71]
Wee 121.33 | [74]
Wele 0.812 [75]
WeZe 0 [75]
B, 60.853 | [74]
Qe 3.062 [74]
Ve 0.057 | [77]
D. 0.0471 | [7]]
B. -0.0027 | [77]
e 0.74144 | [71]

Table 5.2: Molecular constants for calculating H, Raman intensities.

’ Constant \ Value \ Source ‘
B. 60.853 [74]
We 4401.21 | [71]
a 0.7894 [76]
ay -1.6029 [62]
~! 0.0276528 | [77]
g—; 2.57712 [77]
Eso 0.027 [ ]
Faniso 0.79 [ ]

Raman cross sections based on Eq. 2.9, along with the Herman-Wallis factors described in
Eq. 2.10. The constants used for these calculations can be found in Table 5.2.

The Q-branch line positions and corresponding Raman intensities for Hy are presented
using a stick diagram in Fig. 5.1. Notably, even at relatively low temperatures such as 273
K, higher level rotational states exhibit significant population. This is illustrated in Fig. 5.2,
which depicts the population distribution for Hy derived from a Boltzmann distribution at
various temperatures.

Fig. 5.3 illustrates the simulated Q-branch CARS spectra of Hy at a temperature of T =
273 K, specifically at a probe delay of 6 ps, assuming the absence of collisional broadening.

In this simulation, the wavelengths of the electric fields used for pump, Stokes, and probe
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Figure 5.1: Stick diagram of Q-branch line positions and Raman intensities for Hy at T =
273 K.

Figure 5.2: Boltzmann distributions of Hy at three different temperatures: T = 273 K, T =
1200 K, and T = 2000 K.
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are 600 nm, 800 nm, and 400 nm, respectively. The selection of a 600 nm pump wavelength

aligns with the frequency of the transition v =0,J =0—-v=1,J =0.
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Figure 5.3: Q-branch CARS spectra of Hy. T' = 273 K, Tprpe = 6 ps.

A comprehensive calculation of the molecular response function for Hy requires a collisional

linewidth model, which has not yet been implemented in the current model.

5.2.2 Ethylene (CyH,)

The fs/ps CARS response of CoHy presents challenges in simulation due to its polyatomic
structure, requiring methods to reduce computational complexity and cost. Unlike diatomic
molecules such as Ny and Oy which are commonly investigated, the simulation of CoHy is
more complex. CoHy is an asymmetric top molecule with 12 normal modes of vibration, out

of which four modes are Raman active. These modes of vibration are:
e v;: symmetric CH stretch
e 15 CC stretch

e v3: symmetric HCH bending
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e v5: asymmetric CH stretch

While v4, v5, and 3 are polarized bands, the v5 band is depolarized and is not observed in
CARS spectra. A band is considered depolarized if the depolarization ratio (p) is greater
than 0.75 [78]. The depolarization ratio is determined by the ratio of peak intensities of the

parallel and perpendicular components of Raman scattered light as given by the equation:

]perpendicular . (5 . 6)

p prng
]parallel

In the case of the v5 band of CyHy, the asymmetric nature of the vibration leads to
depolarization of the band since the polarization of the Raman scattered light is perpendicular
to the incident electric fields [79]. As a result, the simulation of the v5 band can be omitted,
while the Raman spectra of v, 15, and 3 must be simulated to model the CARS spectra of
CsyHy accurately.

Quantum mechanical descriptions do not provide explicit theory to represent the energy
levels of an asymmetric top molecule [30], making precise calculations of rotational energy
levels computationally demanding. The immense number of sub-levels (2J + 1) associated
with each value of J further complicates accurate simulation of the molecule. Therefore,
simplifying assumptions are necessary in modeling the CARS spectra of CoHy. Similar
simplifications have been employed in previous studies on polyatomic molecules like methane
(CHy) and CO; to model fs/ps CARS spectra [21, 59].

Ongoing work involves the calculation of the molecular response function (Eq. 2.6)
specifically for CoHy, and a preliminary model is currently under development. Vibrational
energies for the Raman-active modes of CoHy are calculated by treating each mode as an
independent anharmonic oscillator, disregarding mode coupling. The vibrational energies (G)
can be calculated using Eq. 5.2. To account for anharmonicity in the vibrational energies of

CyHy, the second-order vibrational constant (wex.) is calculated using known fundamental
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and harmonic frequencies for each vibrational mode. For the ground vibrational state, w.x,

is given by

Wo — We

(5.7)

Wele = —

where wy is the fundamental frequency and w, is the harmonic frequency. The fundamental
and harmonic frequencies for the Raman-active vibrational modes of CoHy are extracted from
Ref. [32], as shown in Table 5.3. From these values, the w.z. values for these modes can be

calculated, and these values are also presented in Table 5.3.

Table 5.3: Vibrational constants for calculating CoHy energy levels.

’ Constant | v \ Vo \ U3 ‘
Wo 3022.03 | 1625.40 | 1343.54
We 3153 1655 1370
WeLe 65.485 | 14.800 | 13.230

The vibrational energy levels of CyH, accounting for anharmonicity were calculated by
considering each vibrational mode as an independent anharmonic oscillator. Based on the
calculated values of w.x. for each mode, the vibrational energy levels were determined. The
energy level diagram depicting these vibrational energy levels is shown in Fig. 5.4.

Raman shifts for Q-branch transitions at J = 0 were calculated using Eq. 2.7. Ongoing
work towards complete model development involves the calculation of rovibrational energies
for each vibrational mode of CoHy. The determination of these energies is crucial for accurately
modeling the Raman transition frequencies. To assess the temperature-dependent portion of
the Raman transition intensities, the population distribution of the molecular energy levels
was calculated using a Boltzmann distribution.

To accurately determine the temperature and relative concentration, it is necessary to
determine the molecular constants for CoH, that are used in the calculation of Raman cross

sections (Eq. 2.9). In the current work, relative Raman cross-sections with respect to Ny for
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Figure 5.4: Energy level diagram accounting for zero-point energy for vy, v5, and v3 modes of
CoH,y from v =0to v = 6.

the different Raman-active vibrational modes of CoHy were obtained from Ref. [33]. These
relative cross section values are listed in Table 5.4.

Table 5.4: Raman cross sections relative to Ny for the Raman-active vibrational modes of
Ethylene.

| Wavenumber | (22) |
3020 6.4
1623 2.1
1342 2.8

Finally, a Gaussian lineshape was convolved with the calculated transition line positions
to estimate the Raman spectra of CoH,. This approach was used as a substitute for a
collisionally-broadened linewidth model. A sample of the simulated spectra, specifically for a

temperature of 1100 K, is depicted in Fig. 5.5.
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Figure 5.5: Simulated Raman spectrum of vy, 15, and v3 modes of CoHy at T = 1100 K.

5.3 Calibration Method

An alternative approach for measuring relative species concentration in the absence of a fully
developed fs/ps CARS time-domain model is a calibration method. In a previous study, a
quasi-calibration method was employed to determine the concentration of ethylene using ns
CARS [30]. This method is currently being considered for quantifying fuel/air ratios based
on acquired fs/ps CARS spectra.

Engel et al. [341] and Brauer and Leipertz [31] have demonstrated that mole fractions can
be directly extracted from CARS spectra by relating the measured CARS signal intensity to
the number density in the measurement volume. The CARS signal intensity is proportional

to the square of the number density and is related by the following expression:

N2 o Icars

— (5.8)
Ailr (55);

where A; is an experimental constant, Iyg is the non-resonant CARS intensity, and (g—g)i
is the relative Raman cross section of the molecule of interest. The mole fraction of a gas

component is then given by
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(5.9)

Thus, for a binary mixture of CoHy, No, and O,, the mole fraction of CoHy can be calculated

as

NCQH4
NCQH4 + NN2 + N02

X02H4 = (510)

The mole fraction can be directly related to the CARS signal intensity using the equation:

\V1cars(CaHa)

vV Inr(C2Hy) (5.11)
Icars(C2Ha) | 1 VIcars(N2) | \/Icars(O2) 7 .
VINR(C2Hy) K| \/Inr(N2) VINR(O2)

XCoHy =

where K is a constant that includes all quantities not dependent on temperature or gas com-
position. The value of K can be determined by fitting the equation for various temperatures,
generating a calibration curve. This curve can then be utilized to extract measurements of

relative species concentration from CARS spectra for a known temperature.

5.4 Experimental Setup

The CARS optical setup utilized in this chapter is depicted in Fig. 5.6. This configuration
is similar to the general experimental setup for vibrational CARS described in Chapter 2.2.
The pump beam was tuned to 660 nm and 700 nm to target Ny, Oo, and the various modes
of CyHy simultaneously. A 4f-pulse shaper was employed to generate a ps probe. The gas
temperature was measured using a thermocouple placed 4.5 mm from the exit of the gas cell

heater. The gas was heated using a custom-built in-line gas cell heater built in the laboratory.
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Figure 5.6: CARS optical layout used to acquire spectra of heated mixtures of ethylene and
air.

The flow rates used in the experiment are presented in Table 5.5. The mole fractions of
the gas mixture were determined based on the mass flow controllers (MFCs) by converting

the flow rates from standard liters per minute (SLPM) to molar flow rates (mol/s).

Table 5.5: Flow rates used and corresponding concentration of CoHy.

| CoHy (SLPM) | Air (SLPM) | x(CHy) |

0.25 4.75 0.05
0.5 4.5 0.10
0.75 4.25 0.15
1 4 0.20
1.25 3.75 0.25
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5.5 Results and Discussion

5.5.1 Preliminary Model Validation

The experimental spectra of ethylene/air mixtures were collected to investigate the effect of
temperature and species concentration on the spectral features related to CoHy, Oo, and No.
To study the temperature response, a heated gas jet was utilized. A sample of these spectra

at two temperatures, T = 300 K and T = 500 K, is shown in Fig. 5.7(A).
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Figure 5.7: A) CARS spectra obtained at 300 K (blue) and 500 K (red) for a mixture
consisting of 20% ethylene and 80% air. The spectra demonstrate how the spectral features

change with temperature (B) and species concentration (C).

The experimental data shows the presence of spectral features corresponding to higher
level rotational states in the v, band of CoHy even at relatively low temperatures. This
observation suggests that CoHy exhibits greater sensitivity to temperature compared to
molecules like Ny, where such features are not observed. This behavior must be accurately
incorporated into the model to ensure accurate temperature measurements using CoHy, CARS.

In Fig. 5.7(B), the response of the peak ratio of CoHy features to changes in temperature
is shown. This figure illustrates how the relative intensities of the CoHy peaks vary with

temperature. Fig. 5.7(C) displays the response of the peak ratio of CoHy features to changes

in the CoH,/O4 composition.
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These figures indicate that not only the relative species concentration but also the
temperature influence the differences in CARS signal intensity between the CoHy features.
Accurate modeling of the temperature dependence of these features is necessary and will be
pursued to complete the CoH, model and enable measurements of local equivalence ratios
using CARS spectra.

The preliminary model for CoH, was compared with low-temperature experimental
spectra, as shown in Fig. 5.8, to validate the spectral line positions. Although there are minor

discrepancies in the line positions, there is a significant discrepancy in the CARS intensity.

) T =300 K
— CyHy (v3) Model
Expt.
g 0.8 Xp
3 N,
0.6 +
-*5 CoHy (v2)
g
= 04+
A 0,
o
= 0.2+
@
0

1400 1600 1800 2000 2200
Wavenumber

Figure 5.8: A comparison of the fs/ps CARS model (red) and experimental measurements
(blue) at 300 K.

To improve the accuracy of the CARS model for CoHy, several additional calculations and
considerations need to be addressed. One important aspect is the calculation of Placzek-Teller
coefficients and Herman-Wallis factors for each vibrational mode of CoH,, which are used in
Eq. 2.9 to calculate Raman cross sections. These factors must be determined in order to
accurately estimate the intensity of the CARS signal.

Future work should focus on calculating these coefficients and factors to fully simulate
CoHy fs/ps CARS spectra over the entire temperature range of interest. Additionally, a more

comprehensive calculation of energy levels, including higher rotational states, is necessary
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to complete the model. This is important because the experimental spectra show evidence
of higher-level rotational states in the v5 band of CoHy at low temperatures. Incorporating
these higher-level states into the model will improve its accuracy and allow for more reliable

temperature measurements using CoH, CARS.

5.5.2 Low Temperature Calibration for Measuring Local Equiva-

lence Ratio

A calibration curve was generated to measure mole fractions in mixtures of CoH, and air.
The curve was created by acquiring CARS spectra in the gas cell heater at temperatures
ranging from 300 K to 500 K. The concentrations of CoHy in the mixtures varied from 5% to
25%.

Two sample CARS spectra acquired at 300 K were shown in Fig. 5.9. Both spectra
shown here are normalized to the Nitrogen feature. The red line corresponds to a CoHy mole
fraction of 0.25, indicating a higher concentration of CoHy in the mixture. The blue line

corresponds to a CoHy mole fraction of 0.05, representing a lower concentration.
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Figure 5.9: Experimental CARS spectra of a mixture of Ethylene and air. Both spectra are
normalized to Nitrogen.
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Table 5.6 displays the measured mole fractions of CoHy using the calibration method.
The 14 band of CoH, was used to measure these mole fractions at various temperatures
ranging from 300 K to 500 K in 50 K increments. The mole fractions correspond to different

concentrations of CoHy (0.05, 0.10, 0.15, 0.20, and 0.25).

Table 5.6: Measured mole fraction of CoH, using the constant K determined from the 14
band of CyH,. Measurements are shown for T = 300 K to 500 K in increments of 50 K.

| Temp. (K) [0.05 [0.10 [015 [020 [0.25 |

300 0.0484 | 0.0991 | 0.1491 | 0.2006 | 0.2514
350 0.0534 | 0.0996 | 0.1539 | 0.1928 | 0.2527
400 0.0469 | 0.1005 | 0.1494 | 0.2016 | 0.2492
450 0.0474 | 0.0885 | 0.1408 | 0.1991 | 0.2596
500 0.0456 | 0.0901 | 0.1486 | 0.2002 | 0.2558

The constant K in Eq. 5.11 was determined by employing a fitting routine to minimize
the discrepancy between the measured CoHy mole fractions obtained from CARS and the
mole fractions derived from the mass flow controllers. Table 5.7 presents the values of K

obtained at different temperatures.

Table 5.7: Values for K found for 300 K to 500 K for the v; band of CyH,.

| Temperature (K) | K (const.) |

300 0.0738
350 0.0802
400 0.1010
450 0.1515
200 0.2605

Figure 5.10 illustrates the measured mole fractions of CoH, plotted against the mole
fractions determined from the mass flow controllers at each temperature. The figure includes
a line of best fit that represents the relationship between the measured mole fractions and
the known mole fractions. These results serve to demonstrate the process of calibrating and
validating the measurement of CoH, mole fractions using the constant K found for the 14

band of CsH,. This method can be performed for each band of CoHy observed. Accurate
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calibration of the constant K as a function of temperature will allow for the determination of

accurate CoHy mole fractions based on CARS spectra.
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Figure 5.10: Measured mole fractions of CoHy obtained from the 4 band of CoHy are plotted
as a function of mole fraction determined from the mass flow controller. The trend line
represents the relationship between the measured mole fractions and the known mole fractions.

Figure 5.11 depicts the values of the constant K plotted against temperature and a
polynomial curve fit to the data. The curve fit was generated using a MATLAB polynomial
fitting routine. It is important to note that this curve fit is specifically applicable when
utilizing the v; band of CoHy for extracting mole fractions from CARS spectra. The curve
provides a mathematical representation of the relationship between the constant K and
temperature, aiding in the accurate determination of CoH, mole fractions based on CARS
measurements involving the 4 band of CyHy.

Figure 5.12 displays the measured mole fractions obtained from CARS using both the 15

and v3 bands of CoHy at T = 300 K, along with a trend line representing the mole fraction



Results and Discussion 107

5.5

0.3 ¢

0.2}

K (arb

0.1}

300 350 400 450 500 550
T (K)

Figure 5.11: Calibration curve generated from values of K found from T = 300 K to 500 K.
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Figure 5.12: Measured mole fractions of CoH, from the 5 and v3 bands of CoHy, and trend
line as a function of mole fraction determined from mass flow controller.

determined from the mass flow controllers. Table 5.8 presents the measured mole fractions of
CyHy at T = 300 K that were obtained from CARS using the three Raman active vibrational
modes of CoHy, namely, v, 15, and vs.

The comparison between the measured mole fractions of CoH4 obtained from CARS and

the mole fractions calculated from mass flow rates show good agreement overall for all three
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Table 5.8: Measured mole fraction of CoH, for T = 300 K for each band of CyHy.

(X(CoH)[wrc = ]0.05 ]0.10 [015 [020 025 |
X(CoHy)|cans: v | 0.0484 | 0.0991 | 0.1491 | 0.2006 | 0.2514
X(CoHy)|cans: vs | 0.0568 | 0.1051 | 0.1518 | 0.2012 | 0.2531
X(CoHy)|cas: vs | 0.0518 | 0.1006 | 0.1481 | 0.1978 | 0.2483

modes of CoH4, indicating accurate fitting of the calibration parameter K for all three modes.
However, there is a slight decrease in accuracy observed in the mole fraction measured with
CARS at a gas mixture of x(CoH,)|MFC = 0.05. This discrepancy is likely attributed to the
limitated accuracy of the mass flow controller to regulate lower flow rates, considering that
the flow rate used in the experiment was 0.25 SLPM. It is important to note this limitation

when interpreting the CARS measurements at lower mole fractions of CoHy.

5.6 Conclusion

In conclusion, this chapter addressed the need for a method to quantify local equivalence
ratios in the UVaSCF. Two main approaches were discussed: developing a fs/ps CARS model
for the fuel species of interest and implementing a calibration method.

Experimental spectra of No, Os, and CyH, were obtained near the exit of a gas heater.
These measurements served two purposes: validating a preliminary fs/ps CARS model
specifically for CoHy and demonstrating a calibration technique to extract quantitative
measurements of species concentration using CARS.

The validation of the preliminary model for CoH, involved comparing it with low-
temperature experimental spectra. While there were minor discrepancies in the line positions,
a significant discrepancy was observed in the CARS intensity.

Additional work is required to complete the molecular response function for CoH, and

H,, taking into account collisional broadening effects. Additionally, a calibration at the
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temperatures expected in the UVaSCF needs to be performed in order to accurately quantify

local equivalence ratios using this method.



Chapter 6

Summary and Future Work

6.1 Summary

In this thesis, a novel counter-propagating beam configuration for fs/ps CARS was developed
to achieve spatial resolution of 15.52 pm. The size of the measurement region was demonstrated
to depend on the pulse width, which can be adjusted using the post-amplification pulse
compressor. Additionally, the location of the CARS probe volume could be adjusted by
varying only the temporal overlap between the excitation pulses. The counter-propagating
fs/ps CARS system was used to successfully resolve the temperature profile within a microscale
sonic gas jet with a measured FWHM of 66 pm, highlighting its ability to resolve microscale
variations in temperature.

These results demonstrate the impact and the potential of fs/ps CoPCARS for various
applications requiring precise spatial resolution. This technique can be applied to environments
with steep gradients where conventional phase matching schemes would result in significant
spatial averaging due to larger probe volumes. A significant impact of this work is that
microscale spatial resolution can be achieved with a compact experimental setup (low crossing
angles), enabling the integration of a high-resolution fs/ps CARS system in test facilities

with limited optical access and spatial limitations.

110
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Furthermore, a fs/ps CARS system using traditional BOXCARS phase-matching was
successfully implemented in the UVaSCF model scramjet to quantify temperatures throughout
the combustor, including the flameholding cavity, without the use of window standoffs. This
allowed for mapping temperatures at different test conditions investigating changes in global
equivalence ratio and fuel injection location. Local temperature measurements revealed
differences between test cases that were not resolvable using wall pressure measurements.
These in-situ measurements enable investigation of flame stabilization behavior in a supersonic
flow that cannot be performed with wall instrumentation.

The integration of a fs/ps CARS system into the UVaSCF has laid the groundwork for
future measurement campaigns in the facility to investigate flame stability in a scramjet
engine. Extensive measurements of properties throughout the combustor can be taken for
various operating conditions to generate an experimental database for validation of numerical
simulations. fs/ps CARS can also be used to provide inlet conditions for CFD simulations
for a variety of operating conditions.

A CARS spectral model for CoHy is under development to enable quantitative measure-
ments of local equivalence ratio with fs/ps CARS in the UVaSCF. Comparisons of CoHy line
positions calculated in the model were compared to experimentally acquired CoHy CARS
spectra. Additionally, a calibration method to measure CoHy-air ratios from fs/ps CARS
spectra was tested at low temperatures (T = 300 K to T = 500 K), and can be pursued as

an alternative to the CARS spectral model.

6.2 Future Work

In the future, the counter-propagating phase-matching configuration could be implemented
for measurements in a turbulent flame, taking advantage of its capability to characterize

gradients in a reacting flow. To enable time-resolved measurements, a high-energy probe
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such as an SHBC or a standalone ps laser amplifier would be necessary due to the small size
of the probe volume resulting from the two counter-propagating fs pulses.

In the UVaSCF, future work should focus on further analysis of the test results discussed
in Chapter 4 and further investigations of flame stabilization behavior. Schlieren imaging can
provide insights into changes in shock structures within the combustor, which may explain
variations in fuel distribution under similar global equivalence ratios.

Additionally, finer mapping of the cavity can be achieved using 0D-CARS to characterize
temperature gradients across the shear layer above the cavity. Alternatively, implementing a
1-dimensional fs/ps CARS system in the UVaSCF could improve the resolution of gradients
in the flow. Complete characterization of the inlet conditions for each test case should be
performed for use in numerical flow simulations. Additional investigation of the correlation
between fuel concentration and temperatures in the engine can be achieved by targeting the
CyHy4 Raman frequency more efficiently.

The computation of the full molecular response function for CoH, must be completed
to enable the direct quantitative measurement of local equivalence ratio using fs/ps CARS.
This involves calculating the Placzek-Teller coefficients and Herman-Wallis factors, as well as
including higher rotational states in the energy level calculations for CoHy. These improve-
ments will lead to more accurate calculation of CoHy fs/ps CARS spectra. Alternatively, a
calibration at higher temperatures can be performed in the UVaSCF to enable quantitative

measurements in the absence of a full spectral model.
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