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ABSTRACT OF THE DISSERTATION

Laser absorption spectroscopy techniques for determining gas properties in high

pressure rocket combustors

by

Daniel D. Lee

Doctor of Philosophy in Department of Mechanical and Aeorspace Engineering

University of California, Los Angeles, 2020

Professor Raymond M. Spearrin, Chair

This dissertation describes laser absorption spectroscopy methods developed for

temperature and carbon oxide (CO and CO2) sensing in high-pressure, fuel-rich

combustion conditions of hydrocarbon-fueled bipropellant rockets. The scope of

the work includes fundamental studies of spectroscopic interactions at high gas

density, development of unique laser tuning and signal processing methods, and

application of prototype sensors to rocket combustion devices under investigation

at the Air Force Research Laboratory in Edwards, CA. Infrared vibrational spectra

of CO and CO2 were probed using tunable semi-conductor lasers to infer gas

properties. Initial sensor design targeted the absorption spectra of CO near

4.98 µm, selected to minimize spectral interference with other combustion gas

species at the extreme temperatures (> 3000 K) and pressures (> 50 atm) of a

kerosene-fueled rocket combustion environment. Successful measurements were

conducted up to 70 bar utilizing a scanned wavelength modulation spectroscopy

technique, creating a new pressure-limit for quantitative in situ species sensing in a

combustion device. At higher pressures (which were tested), collisional-broadening

effects blended the targeted absorption transitions, causing differential absorption

to diminish and reducing the signal-to-noise ratio of the measurements.

ii



To overcome the pressure-constraints, a more advanced laser absorption sens-

ing strategy was developed, targeting the vibrational bandheads of CO near 2.3 µm

and CO2 near 4.2 µm and exploiting the band narrowing effects of collisional

line mixing to counter collisional broadening. Spectral line mixing—typically

observed at high gas densities in which intermolecular collisions are sufficiently

frequent and strong to cause a shift in energy level populations—corresponds to a

transfer of absorption intensity from weak to strong absorption regions, inducing

a narrowing of spectral features. This non-ideal phenomenon is more prominent

in spectrally dense regions, such as bandheads. Targeting infrared bandheads

to exploit line mixing, measurements of CO and CO2 concentration were demon-

strated over a range of high pressures up to 105 bar in a single-element-injector

RP-2/CH4-GOx rocket combustor. To make such measurements quantitative,

spectroscopic models accounting line mixing effects have been developed utilizing

a high-enthalpy shock tube; these models are then employed for interpretation of

measured absorption signals for quantitative temperature and species sensing.
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CHAPTER 1

Introduction

Many optical diagnostic techniques have been developed to measure gas properties

in combustion devices, owing to their non-intrusive and in situ capability as

well as the potential for targeting many thermophysical flow-field scalars that

can be related to light interactions. Among these techniques, laser absorption

spectroscopy (LAS) has proven highly quantitative and relatively robust in harsh

environments for the measurement of temperature and species concentrations,

attained by targeting individual spectral transitions (lines) which can be resolved

with tunable narrow-band light sources and interpreted with a few spectroscopic

parameters. LAS has demonstrated ample success for measuring gas properties

in many practical combustion devices, but few attempts on high-pressure devices

have been demonstrated due to intrinsic limitations at high gas densities. The

highest pressure condition studied in practical combustion devices utilizing LAS,

prior to this work, is approximately 55 bar [1, 2]. At elevated pressures, LAS

falters largely due to collisional broadening which blends and convolutes spectral

lines and scales linearly with pressure. The aim of this work is to advance the

pressure capability of infrared laser absorption spectroscopy for sensing in harsh

high-pressure and high-temperature environments, with specific application to

rocket combustion devices. In this dissertation, the design, development, and

demonstration of novel temperature and carbon oxide (CO and CO2) sensors are

presented in each chapter, which roughly follows the chronological order in which

the research was conducted. In this introductory chapter, specific motivation for

high-pressure combustion diagnostics is first discussed, followed by a review of
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various optical diagnostic techniques to provide context for the novelty of this

work. Previous studies regarding the implementation of these techniques in high

pressure combustion devices are also reviewed to give the reader a sense of the

state-of-the-art. The introduction closes with an overview of the dissertation

chapters that follow.

1.1 Motivation for high pressure diagnostics

According to both the Department of Defense (DOD) and Department of Energy

(DOE), combustion at high pressures is a strong research priority, since increasing

the pressure of all thermodynamic cycles—including rocket combustion—also

increases power density and fuel efficiency [3, 4]. The positive correlations for

various ideal thermodynamic cycles are illustrated in Fig. 1.1. Thermodynamically,
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higher pressure or compression ratio increases cycle efficiency. Consequently,

there has been a persistent effort to increase the operating pressure of various

energy and propulsion devices, including internal combustion (IC) engines, gas

turbines, and rocket engines. More background on these efforts are presented in

the following subsections.

1.1.1 Internal Combustion (IC) Engines

Internal combustion (IC) engines, or reciprocating/piston-cylinder engines, are

the most common form of heat engine used for portable power solutions such as

transportation. The baseline engine types include the port injection spark ignition

engine (PISI), the direct injection spark ignition engine (DISI), and the direct

injection compression ignition engine (DICI) [5]. These varying types of IC engines

are utilized for a range of purposes including automobile and air transportation

and localized power generation (back-up generators). Typical maximum cylinder

pressure can reach between 50 bar and 180 bar depending on the engine type.

Increase in energy consumption due to the growth of human population, in-

creased transportation use, and higher standard of living has lead to undesirable

outcomes, such as depletion of fossil fuel resources, rising fuel prices, and air pol-

lution [6]. Accordingly, there has been a strong desire to increase the fuel efficiency

of IC engines while maintaining nitrogen oxides (NOx ) and particulate matter (PM)

emissions below the current stringent emission mandates [6]. IC engines most

commonly operate on Otto cycle or Diesel cycle and one of the known methods to

improve efficiency is to operate at higher compression ratios as shown in Fig. 1.1.

A promising advanced combustion strategy is homogeneous charge compression

ignition (HCCI), a hybrid combustion concept which combines elements of both

conventional spark ignition engines and compression ignition engines. HCCI

operation achieves very high peak pressures in a nearly constant volume combus-

tion process over relatively short combustion durations (∼ms), resulting in higher
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thermal efficiency [7]. Typical peak pressure for HCCI operation is more than

70 bar and often exceeds 100 bar [8, 9]. In addition to HCCI, some ultra-clean

piston-engine concepts have been developed to operate at peak pressures in excess

of 100 bar [10]. Other research suggests increasing compression ratios higher

than 100:1 using a free-piston device [11] may offer enhanced performance. A

common theme of advanced IC engine research is high-pressure operation.

1.1.2 Gas Turbines

Gas turbines are the most widely used means to generate mechanical power and

electricity at a large scale. Some of the applications of gas turbines include power

plants and jet engines. These gas turbines typically operate on Brayton cycle, where

compressed air and injected fuel goes through constant-pressure combustion

process inside the chamber to produce the heated combustion products that

Figure 1.2: Gas turbine engine pressure ratio trends [12].
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expands through a gas turbine to produce work. Increasing pressure ratio improves

gas turbine performance as shown in Fig. 1.1 and thus, there have been continuous

efforts to develop gas turbines capable of operating at higher pressure ratios [13].

Fig. 1.2 illustrates this trend of increasing pressure ratio of various engines

developed over the past 50 years. It can be noted that over the past several

decades, the pressure ratios of jet engines increased significantly, from around 15

in 1960 to over 40 in the modern era. Parallel efforts in power generation include

development of combined cycle gas turbines (CCGT), consisting of a Brayton cycle-

based topping cycle and Rankine cycle-based bottoming cycle. There has been

similar active research and development to increase compression ratio of the gas

turbine as one of the means to improve thermal efficiency [14].

1.1.3 Rockets

Representative performance metrics of various commercial rocket engines are

summarized in Table 1.1. These rocket engines were developed for different

purposes, resulting distinct characteristic data. For example, the LE-7A and

Vulcain 2, demonstrating comparable thrust levels and operating times, are used

as core engines in launchers with two large thrust boosters each (the HII and

the ARIANE 5, respectively), while the RD-108, Viking 5C, and YF-20B—engines

with similar parameters—are all applied as clusters of engines in the first stage of

launchers without large boosters [15]. Regardless of the design purpose, we can

generally observe increase in performance (specific impulse) with higher operating

pressure, though this is also strongly propellant-dependent. One of the higher

performing flight engines, the RD-180 engine, designed and developed in Russia,

operates at a steady chamber pressure of 257 bar. Current rocket engine research

and development is aimed at operating at even higher pressures. The Raptor

Engine by Space Exploration Technologies (SpaceX), for example, recently broke the

record for highest rocket combustion chamber pressure, reaching approximately

330 bar.
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Table 1.1: Characteristic data of core and main stage engines [15]

Rocket Engine Propellant Thrust Specific Burn Chamber
Engine Cycle Combination [MN] Impulse [s] Time [s] Pressure [bar]

RD-108 SC LOX/Kerosene 0.78 252 290 51
Viking 5C GG N2O4/UH25 0.68 249 142 59
YF-20B GG N2O4/UDMH 0.73 259 170 74
RS-68 GG LOX/Hydrogen 2.89 360 249 97
Merlin GG LOX/RP-1 0.84 282 345 97

Vulcain 2 GG LOX/Hydrogen 0.94 320 600 116
LE-7A SC LOX/Hydrogen 0.84 338 390 121
BE-4 ORSC LOX/Methane 2.4 310 135
SSME SC LOX/Hydrogen 1.82 364 480 205
RS-25 SC LOX/Hydrogen 1.86 366 510 206

RD-0120 SC LOX/Hydrogen 1.51 359 600 218
RD-180 SC LOX/RP-1 3.83 311 270 257
Raptor FFSC LOX/Methane 2.0 330 330

GG: Gas generator cycle, ORSC: Oxygen-rich staged combustion cycle
SC: Stage combustion cycle, FFSC: Full-flow stage combustion cycle

Unfortunately, despite many advanced combustion devices aimed at operating

above 50 bar, a gap in optical diagnostic capability persists at these extreme

conditions, indicative of the acute need to develop new diagnostic capability to

characterize combustion at extreme pressures. Most state-of-the-art combus-

tion diagnostics have been limited to near-atmospheric conditions, with pressure

capability rarely exceeding 10 atm. There have been few but some notable suc-

cesses in measurements of gas properties in high pressure devices, which are

reviewed later in this section. Most closely related to the topic of this dissertation,

laser absorption spectroscopy has shown promising measurement capability up

to approximately 55 bar, probing H2O and CO, but existing capability at these

pressures is still insufficient to fulfill the aforementioned diagnostic needs [1, 2].

This dissertation focuses on the research underlying the development of tempera-

ture and carbon oxide (CO2 and CO) sensing strategies based on infrared laser

absorption that can provide a granular method to assess combustion performance
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of rocket propulsion devices at extreme pressures.

1.2 Optical diagnostic techniques for combustion devices

Optical measurement techniques are favored over traditional measurement meth-

ods (i.e. thermocouples, gas chromatography) for studying flow properties of

combustion devices, due to non-intrusiveness which enables survival in harsh

environments and does not disrupt the flow-field. The various optical techniques

exploit different types of light-matter interactions such as emission, scattering,

and absorption for measurement of gas properties in a flow-field of interest. In

this section, brief reviews on various optical diagnostic techniques are given, along

with previous efforts to apply these techniques in practical combustion devices

operating at elevated pressure (>10 bar).

1.2.1 Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) is an optical diagnostic technique that measures

spontaneous emission of atoms or molecules to infer thermophysical properties.

These properties include temperature, species concentration, velocity, pressure,

and number density. LIF has the capability to measure a wide range of species,

including radicals or atoms (O, H, C...), stable diatomics (O2, CO, NO...), and

polyatomics (CO2, NO2, toluene (C7H8)...) [16] The spatial resolution capability of

LIF (imaging the emission induced by a laser beam or sheet) is the key feature of

the method.

Laser-induced fluorescence includes two steps: (1) absorption of the laser pho-

ton, followed by (2) spontaneous emission. Generally, either continuous wave (CW)

or pulsed lasers are used to excite an atom or a molecule, and photomultiplier

tubes (PMTs) or photodetectors are used to capture spontaneous emission that oc-

curs after some delay. This can be easily extended to two dimensions by expanding
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Figure 1.3: Typical experimental setup for PLIF [16].

the laser beam into a sheet of light and replacing the detector with a 2-D detector

array (i.e., a digital camera) [17]. The technique utilizing this advantage is known

as Planar Laser-Induced Fluorescence (PLIF). The laser beam passes through

a system of optics to form a laser sheet, which passes through the flow-field of

interest. Part of the light is absorbed and some fraction of the absorbed light is

re-emitted as fluorescence. A portion of the fluorescence is captured by a 2-D

detector array such as digital camera, placed perpendicular to the laser sheet,

as shown in Fig. 1.3. This setup requires an accurate alignment and precise

coupling to maximize the optical collection efficiency. In addition, calibration

is required for each specific setup to quantitatively interpret the measurement.

Despite quantitative measurement complexity, PLIF has been extensively utilized

to visual combustion flow fields.

Planar Laser-Induced Fluorescence (PLIF) was first employed to study combus-

tion in 1982 [18, 19] and has been continuously advanced since then. However,

most studies have been conducted at lower pressures (<10 bar) and in a controlled

laboratory setups due to challenges associated with higher pressures. Namely,
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as pressure increases, quenching processes (which scale with pressure) become

dominant, leading to low fluorescence yields. This intrinsic element (quenching)

of PLIF limits quantitative and accurate optical measurements at high pressure.

Consequently, there have been few successful measurements conducted in practi-

cal combustion devices operating at pressures above 10 bar. Notably, Schultz et

al measured formation of nitric oxide in a transparent spark-ignition (SI) engine

at pressure up to 18 bar [20]. Einecke et al measured absolute concentration,

temperature, and fuel/air equivalence ratios inside the SI engine at pressure

up to 22 bar [21]. Rothamer et al optimized tracer-based planar laser-induced

fluorescence (TB-PLIF) imaging diagnostic using 3-pentanone in IC engine up to

15 bar [22].

1.2.2 Coherent Anti-Stokes Raman Spectroscopy (CARS)

Raman scattering is the inelastic scattering of light induced from the interaction

between a molecule and a photon. When the molecule gains energy from the

photon, the scattered photon loses energy that leads to a increase in its wavelength

and this is known as Stokes Raman scattering. By contrast, when the molecule

loses energy, the scattered photon gains energy that leads to a decrease in its

wavelength, which is called Anti-Stokes Raman scattering. The cross-section

for Raman scattering is several orders of magnitude smaller than other optical

diagnostic techniques such as absorption and LIF, requiring high power laser light

sources (i.e. Nd:YAG lasers) [16].

Coherent Anti-Stokes Raman Spectroscopy (CARS) technique measures Anti-

Stokes Raman spectra, utilizing a non-linear four wave parametric process. Two

waves at the pump frequency (ν1) and one wave at the Stokes frequency (ν2) are

focused to a flow-field of interest to produce a new coherent beam at the anti-Stokes

frequency (ν4 = 2ν1 −ν2) [23]. The general setup comprises multiple laser sources

to generate the pump and the Stokes beams, as well as an intricate system of
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optics and detection systems, as shown in Fig. 1.4. Similar to PLIF, the measured

signal depends on optical collection efficiency, and thus requires a sophisticated

alignment and an accurate calibration for quantitative measurement. These

factors can make CARS a complex and expensive experiment; however, the high

temporal and spatial resolution attained from the technique has positioned CARS

as an attractive diagnostic tool in studying combustion [16]. CARS has commonly

been used to measure temperature and species in a flow field of interest. Unlike

some other optical diagnostic techniques, CARS can measure species without an

intrinsic dipole moment, such as IR-inactive molecules (i.e. N2, H2, O2) [16].

Figure 1.4: Schematic of CARS experiment (4-wave mixing) [16].

Over the past decades, some CARS techniques have been used to study gas

properties in practical combustion devices operating at pressure above 10 bar. The

first implementation of CARS in an internal combustion (IC) engine, with operating

pressures up to 20 bar, was accomplished by Stenhouse et al [24]. Since then,

CARS has been developed and employed in other combustion devices operating

at even higher pressures. Smith et al conducted CARS measurements targeting

hydrogen on a LOX/hydrogen rocket combustor up to 60 bar [25]. The following

year, Grisch et al made measurements on a LOX/hydrogen rocket combustor

at slightly higher pressures, reaching 65 bar [23], and shortly thereafter, on a

LOX/CH4 rocket combustor up to 56 bar [26]. CARS was also used to measure

temperature and species inside a gas turbine combustor facility, operating around
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10 bar, by Thariyan et al [27].

1.2.3 Laser Absorption Spectroscopy

Laser absorption spectroscopy (LAS) is an optical diagnostic technique that exploits

absorption of the light—resonant to difference in energy levels of a molecule—to

infer thermo-physical properties, including temperature, pressure, species, and

velocity. Each molecule present in a flow field contains a discrete set of quantum

energy levels, which leads to a unique absorbance spectrum. The infrared offers

access to fundamental vibrational bands of most combustion species. By probing

ro-vibrational transitions in the infrared, LAS has the capability to measure

hydrocarbon fuels (CH4), intermediates (CO), and combustion products (CO2,

H2O). Atoms or molecules without an intrinsic dipole moment associated with

vibration (N2, O2) are not accessible in the infrared, but may be probed in the UV.

Similar to other optical diagnostic techniques, the experimental setup for LAS

consists of laser sources, alignment optics, and detectors as shown in Fig. 1.5;

however, due to high optical cross-sections, lower power sources can be used, often

reducing cost. LAS can also be a calibration-free method due to the ratio-metric

nature of the measurement, and thus doesn’t require any additional calibration

measurements, which simplifies the measurement procedure and data processing.

As mentioned, due to stronger optical cross-section of absorption interactions,

low power semi conductor lasers (i.e. diode lasers, interband cascade lasers (ICL)

quantum cascade lasers (QCL)) are sufficient for sensitive absorption measure-

Figure 1.5: Schematic of LAS experiment.
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ments. Recent advances in mid-infrared photonics have increased wavelength

access in this domain and reduced the size and cost of these lasers to be more

compact and portable. Other mid-IR optical components (i.e. fibers, lens, filters)

have advanced as well, easing the deployment of complete sensor systems to

practical combustion devices.

Laser absorption spectroscpy (LAS) has been used more extensively on practical

combustion devices operating at elevated pressure (>10 bar) compared to other

optical diagnostic techniques, and has shown capability for quantitative sensing.

One of the earlier works by Schlosser et al [28] includes an experiment on a

pulverized-coal-fired (PCF) plant, operating at 16 bar. Sun et al and Sur et

al performed near-infrared absorption measurements of CO, CO2, and H2O in

an entrained flow coal gasifier, which operated around 18 bar [29, 30]. There

have been several works documenting near-infrared water vapor detection by

Reieker et al, Witzel et al, and Burkle et al in an internal combustion (IC) engine,

with pressures ranging from 13 to 20 bar [31, 32, 33]. Near-infrared water vapor

measurement has been conducted in a homogeneous-charge-compression-ignition

(HCCI) engine by Kranendonk et al and Mattison et al [34, 2]. A pulse detonation

engine (PDE) has also been studied through LAS by Sanders et al, Mattison et

al, Spearrin et al, and Goldenstein et al [35, 36, 37, 1]. Out of all the studies

listed above, the measurements conducted in a PDE presented in the work by

Goldenstein et al [1] and in an HCCI engine demonstrated in the work by Mattison

et al [2] were done at the highest operating pressures of 55 bar.

A visual summary of all the previous high-pressure (>10 bar) combustion

diagnostics efforts (to the author’s knowledge), categorized by techniques and

applications, are shown in Fig 1.6. This is based on an extensive literature review,

though admittedly some works may be inadvertently omitted. Most studies have

been conducted after the year 2000, corresponding to simultaneous technical

advancements in lasers and other optical hardware. LAS has been utilized the most

to study gas properties in various types of combustion devices. Out of these devices,

12



Figure 1.6: Previous studies of various optical diagnostic techniques in a practical
combustion devices operating at elevate pressure (>10 bar).

only few attempts were made on rocket combustors, while most studies were

conducted in different types of internal combustion engines. Despite many efforts

to advance optical diagnostic techniques, there has been no successful optical

measurements on practical combustion devices operating above 65 bar. This

contrasts the strong need to have diagnostic capability to characterize combustion

at higher pressure, which is focus of this dissertation. More details on the previous

studies found in the literature review can be noted in Table 1.2.

1.3 Overview of the dissertation

This dissertation describes recent advancements in mid-infrared laser absorp-

tion spectroscopy for sensing in harsh high-pressure and high-temperature en-
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vironments, with specific applications to rocket combustion. The dissertation is

structured in six chapters. After the introduction, the second chapter reviews

the important background on mid-infrared laser absorption spectroscopy and

challenges of laser absorption spectroscopy at extreme combustion conditions.

Chapter 3 demonstrates the design, development, and deployment of carbon

monoxide sensing strategies, with applications to liquid rocket engines operating

at up to 70 bar. Chapter 4 exhibits the advancement of the sensing techniques

discussed in chapter 3, employing line mixing effects to extend measurement

capability up to 105 bar in pressure. In addition to carbon monoxide, quantitative

temperature and carbon dioxide measurements are presented. Chapter 5 includes

a detailed study of line mixing and broadening of CO2 at high temperatures and

high pressures, a spectral model from which was utilized in measurements demon-

strated in chapter 4. A brief summary of line mixing and broadening of CO at

high temperatures and high pressures is also briefly discussed. Each chapter is

intended to be able to largely stand alone with modest referencing across chapters

to avoid redundancy.
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CHAPTER 2

Background on Mid-infrared Laser Absorption

Spectroscopy

2.1 Introduction

Laser absorption spectroscopy (LAS) has been developed and employed over the

past several decades to characterize combustion via measurements of temperature,

pressure, species, and velocity. Many advantages such as non-intrusiveness, high

temporal resolution, and a calibration-free nature promoted LAS as one of the most

established sensing techniques for practical combustion devices. The infrared

wavelength domain enables access to most combustion species with an intrinsic

vibrational dipole and transition strengths of select species are shown in Fig. 2.1.

Historically, most available lasers and optical hardware were developed to

operate in the near infrared (760–2500 nm). The primary motivation for ad-

vancement of hardware was telecommunication development in 1990s; not for

optical gas sensing. Consequently, initial LAS sensing strategies exploited the

commercially developed hardware to probe species available in the near-infrared

at their overtone and combination bands. This limited sensing capability of LAS

for combustion applications, since the fundamental vibrational bands of most

combustion species—where transitions are order of magnitude stronger than

overtone and combination bands—were only accessible in the mid-wave infrared

(2.5–12 µm). Over time, effort has been devoted to the advancement of lasers and

optical hardware in the mid-infrared, leading to emergence of more robust and

compact semi-conductor lasers such as quantum cascade lasers (QCLs), which
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Figure 2.1: Linestrength of combustion relevant species [42]

operate in the mid- to far-infrared(∼3.5–100 µm) and interband cascade lasers

(ICLs), which bridge the wavelength gap between QCLs and diode lasers.

In this chapter, LAS will first be covered followed by two LAS techniques used in

this work for temperature and species measurement. Toward the end of the chapter,

the challenges of LAS at extreme combustion conditions will be addressed. The

strategy to overcome these challenges will conclude the chapter. More thorough

reviews of laser absorption spectroscopy can be found in the literature [16, 42].

2.2 Fundamentals of Laser Absoprtion Spectroscopy

Molecules with an intrinsic dipole moment can absorb radiation when the fre-

quency of the light is resonant with the difference between two discrete energy

states of the molecule. The relationship between the frequency of the absorbed
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photon and the spacing between the two energy states is given by Plank’s Law:

∆E = Eupper −Elower = hν (2.1)

E represents the energy level associated with a species’ quantum state, h is

the Plank constant, and ν is the frequency of the corresponding light. The ro-

vibrational transition refers to concurrent change in vibrational and rotational

state, leading an individual rotational transition to occur within the associated

vibrational band (a group of transitions with equivalent change in vibrational

energy). Each of these unique transitions is broadened by several mechanisms,

which are important factors in understanding challenges of LAS associated with

extreme combustion conditions. More details are discussed later in this chapter.

The Beer-Lambert law shown in eq. 2.2 is the governing equation for absorption

spectroscopy. This equation relates the ratio of the incident and transmitted

intensities to the amount of absorption.

Tν =
(

It

I0

)
ν

= exp(−kνL) (2.2)

Here, Tν is the transmission at the frequency ν, It and I0 refer to transmitted

and incident intensity, respectively, kν is the spectral absorption coefficient at

frequency ν, and L is the absorption path length. The combined quantity kνL

is the spectral absorbance, αν. The absorbance is a function of thermophysical

properties listed in Eq. 2.3

αν =
∑

i
xabsSi (T )ϕ(ν,T,P, xabs)L (2.3)

xabs, the mole fraction, Si (T ) is the temperature-dependent linestrength (transition

strength of quantum transition i at temperature T), and ϕ(ν,T,P, xabs) is a lineshape

function, which captures the spectral line shape with a Voigt profile, accounting

several broadening mechanisms.
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As mentioned previously, discrete transitions are broadened by several mecha-

nisms and these features are captured in the lineshape function. The two main

mechanisms include the Doppler and the collisional broadening, which are often

characterized by the full-width at half-maximum (FWHM). Doppler broadening

occurs when the Doppler-shifted frequency—generated due to velocity components

of molecules and photon propagating at same (or opposite) direction—is resonant

with the absorption transition. The full-width at half-maximum (FWHM) induced

from Doppler broadening, νD , is expressed in Eq. 2.4

∆νD = 7.1623×10−7νo

p
T /M (2.4)

where νo is the transition linecenter frequency, M is molecular weight and T is

temperature [K]. The relationship shown in Eq. 2.4 suggests that the Doppler

broadening increases with higher frequency, temperature, and lighter absorbers.

Collisional (pressure) broadening occurs when inelastic collisions reduce a

molecule’s lifetime in the absorbing energy state. According to Heisenberg Uncer-

tainty Principle, shortening a molecule’s lifetime induces greater uncertainty in

the energy difference or line position, and thus a broader absorption lineshape.

An increase in pressure leads to an increase in the number of collisions and

eventually, to broader absorption lineshape. The full-width at half-maximum

(FWHM) due to collisional effects, νC , is given by Eq. 2.5

∆νC = P
∑
B

xB 2γabs−B (T ) (2.5)

where γabs−B is the temperature dependent collisional broadening coefficient be-

tween the absorbing species and perturbing species B, and is specific to each

line i . The temperature dependence of the collision broadening coefficient can be

captured by a power law:

γi (T ) = γi (T0)

(
T0

T

)n

(2.6)
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Here, T0 is reference temperature, usually room temperature, and n is the collisional-

broadening temperature exponent. The molecular dependence of the collisional

broadening coefficient can be written as: γ∼σabs−B
2/
p
µabs−B , where σabs−B is the

optical collision diameter and µabs−B the reduced mass. According to this relation-

ship and Eq. 2.5, species with a small size and large mass are desired to minimize

pressure broadening.

Accurate LAS measurement of gas properties require an accurate spectroscopic

model and parameters discussed above. Line-by-line simulations, often consid-

ered the most comprehensive method, have been extensively utilized for modeling

absorption spectra. To support this modeling framework, the dependence of the

line positions, strengths, and shapes on gas properties are studied in a precisely

controlled experiment, where thermophysical conditions are known, to build an

accurate spectroscopic model. Then, this model is used for quantitative inference

of gas properties of unknown flow conditions, as shown in Fig. 2.2. Spectroscopic

databases such as HITRAN/HITEMP, GEISA, and CDSD possess well-catalogued

line-by-line spectroscopic parameters in the infrared for relatively small com-

bustion species. Uncatalogued spectroscopic parameters can be measured in a

controlled experimental setup.

Figure 2.2: Flow diagram demonstrating relationship between thermodynamic properties
and spectroscopic parameters and the role of modeling in quantitative sensing
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2.3 Techniques of Laser Absorption Spectroscopy

2.3.1 Scanned Wavelength Direct Absorption Spectroscopy

Scanned-wavelength direct absorption spectroscopy (Scanned-DA) is one of the

most widely utilized LAS techniques due to its ease of operation and simple data

processing. Modern scanned-DA typically employs tunable diode, interband-, and

quantum-cascade lasers to spectrally-resolve the target absorption transitions.

Selected lasers are tuned to scan across one or a few absorption transitions in

the target frequency domain; the light radiation is directed through absorbing gas

and onto a photodetector. The brief schematic of scanned-DA is shown in Fig. 2.3.

Transmitted and incident signals are used to calculate absorbance, using Eq. 2.3.

Integrated absorbance area Ai , given in Eq. 2.7, is often used to simplify the data

interpretation process by eliminating the dependence on line shape, ϕ(ν,T,P, xabs).

Ai =
∫ +∞

−∞
αν = Si (T )P xabsL (2.7)

Two transitions with substantial difference in lower-state energy are desired for

sensitive thermometry. The ratio of the two measured integrated absorbances

can eliminate the pressure, concentration, and pathlength dependence, and

Figure 2.3: Schematics for scanned-wavelength direct absorption spectroscopy [42]
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thus enable temperature inference. Once the temperature is known, species

concentration can be calculated using Eq. 2.7. The work presented in chapter 5

utilizes scanned-DA to measure collisional broadening coefficients of CO2 with Ar

and study CO2 line mixing at high temperatures and high pressures.

2.3.2 Scanned Wavelength Modulation Spectroscopy

In harsh environments, extensive mechanical noise, emission, beam steering,

and scattering induce intensity distortion, attenuation, and oscillation, therefore

complicating scanned-DA post-processing. To account for these challenges, a

more sophisticated technique called scanned wavelength modulation spectroscopy

(scanned-WMS) has been developed and employed for gas sensing applications. In

scanned-WMS, an injection-current tunes the laser in a low frequency waveform

to modulate wavelength across the target absorption transitions. Additionally, a

high frequency (10 kHz–1 MHz) sinusoidal waveform is superimposed onto the

lower frequency waveform. The measured signal is post-processed through a

lock-in amplifier and frequency filtered to extract the second harmonic (2 f ) of the

high modulation frequency, which is sensitive to the absorption line shape curva-

tures (differential absorption), and can be de-sensitized to other attenuation noise

Figure 2.4: Schematics for scanned wavelength modulation spectroscopy [42]
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sources that occur at other frequencies. Absorption features with high differential

absorption are required for sensitive thermophysical measurements. The second

harmonic (2 f ) is typically normalized by first harmonic (1 f ) to eliminate the depen-

dency on intensity variation associated with the harsh environment and compared

to a spectral model to infer gas properties. The overall process is demonstrated in

Fig. 2.4. The work presented in chapters 3 and 4 demonstrates implementation

of scanned-WMS for quantitative species and temperature measurements in a

high-pressure rocket combustor.

2.4 Challenges of Laser Absorption Spectroscopy at extreme

combustion conditions

Aside from optical challenges associated with harsh environments in rocket com-

bustors, there are some fundamental challenges of laser absorption spectroscopy

(LAS) inherent to extreme combustion conditions. Inside the rocket combustion

chamber, temperatures are typically above 3000 K and pressure can reach up

to hundreds of bar. Most absorption spectra are relatively well-isolated at low

temperatures and pressures (around ambient condition); however, increases in

temperature and pressure can lead to more complex spectra that are difficult to

interpret. As temperatures increase, molecules absorb energy and start prop-

agating to higher energy states, which activates more absorption lines. This

temperature-dependence induces a crowding of the spectral domain and changes

well-isolated lines to clusters of lines, complicating the quantitative interpretation

of the measurement.

As aformentioned in section 2.2, the spectral line width of an absorption tran-

sition is a convolution of multiple broadening mechanisms. At elevated pressures,

collisional broadening becomes a predominant factor over other broadening mech-

anisms contributing to spectral broadening, and leads to (1) lower differential

absorption, (2) blending of all adjacent lines, and (3) higher chance of interference
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with other species. An increase in absorption with pressure can also eventually

reach the optically thick limit. More often, it is the blending of discrete spectral

features that reduces differential absorption and limits measurement capability

due to low SNR. Figure 2.5 demonstrates an absorbance plot of CO at various

thermodynamic conditions, illustrating the impact of increases in temperature

and pressure discussed above.
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Figure 2.5: Absorbance simulations of CO near 2064 cm−1 at various thermodynamic
conditions

At high gas densities where intermolecular collisions are sufficiently frequent

and strong to cause a shift in energy level populations, a non-ideal phenomenon

known as spectral line mixing is observed. This phenomenon becomes more

prominent in spectrally dense regions such as bandheads. Line mixing transfers

absorption intensity from weak to strong absorption regions, inducing a narrowing

of spectral features, which is shown in Fig. 2.6. The absorption spectrum can no

longer be expressed as the sum of individual transitions as shown in Eq. 2.3 and
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3351 K and 25.4 atm with simulated CO absorbance and linestrength using the HITEMP
spectral database [43, 44]

thus, requires a new model which accounts the population transfers induced by

line mixing. The spectral modeling process becomes more complicated, however;

the spectral narrowing effects of line mixing is strategically valuable to counteract

the pressure limit induced by the collisional broadening. To extend the pressure

capability of LAS, the novel sensing strategy of exploiting spectral narrowing effects

of line mixing is developed and deployed for temperature and species measurement

in a high pressure rocket combustor. The advancement of the sensing techniques

to extend pressure capability has been demonstrated in chronological order. More

details on the fundamental theory and spectral modeling process of line mixing

are presented in chapter 5.
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CHAPTER 3

Mid-infrared CO sensing in a high-pressure

kerosene-fueled liquid rocket combustor

The contents of this chapter have been published in the journal Applied Physics B

under the full title ’Wavelength modulation spectroscopy near 5 µm for CO sensing

in a high-pressure kerosene-fueled liquid rocket combustor’ [45]. Portions of the

chapter’s content have also been presented at the 2018 AIAA Aerospace Sciences

Meeting [46].

3.1 Introduction

Hydrocarbon-fueled liquid rocket engines (LREs) are used in many modern launch

systems. The high propellant mass fractions and high payload costs of such

systems drive an acute need to maximize the mass-specific thrust of the en-

gine. Combustion performance is a principal factor in determining mass-specific

thrust, or specific impulse, and is usually quantified by a characteristic velocity

(c∗ = p0 A∗/m) attained by measurements of the chamber pressure and total mass

flow rate [47]. Such measurements provide a convenient way to globally quantify

the aggregate of multiple processes that occur in the combustion chamber (e.g.

vaporization, mixing, reaction), but these measures lack the granularity to quan-

tify combustion progress in the spatial domain (i.e. pressure is nearly constant

throughout the chamber). By contrast, knowledge of combustion gas species

along the axis of flow in a rocket combustion device provides a means to assess

combustion progress relative to equilibrium or a fluid dynamic model. Unfortu-
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nately, the harsh conditions internal to hydrocarbon-fueled rocket combustion

devices present a uniquely difficult challenge for species measurements. In this

paper, we describe a novel approach for in situ detection of carbon monoxide in

high-pressure liquid rocket combustors based on mid-infrared laser absorption

spectroscopy.

Despite recent advancements in laser absorption spectroscopy (LAS) for stud-

ies of air-breathing propulsion systems, there have been very few attempts in

developing and applying LAS measurement schemes to rocket propulsion de-

vices. Previous efforts include exhaust plume tomography of water vapor by

Caswell et al on a CH4-GOx rocket motor using a near-infrared (IR) external

cavity diode laser [48], near-IR measurements of ammonia and water vapor by

Makowiecki et al in a simulated hydrazine thruster plume [49], near-IR water

vapor detection by Locke et al in a GH2-GOx rocket combustor up to 8 atm [50],

and infrared measurements of multiple species (N2O, NO, and CO) by Zeng et

al in an ammonium-dinitramide based thrust chamber near 7 atm [51]. Only

the latter two works involved LAS measurements of species internal to a rocket

combustion chamber and at pressures above ambient. Significantly more effort

has been committed to LAS applications in air-breathing propulsion, including

higher pressure environments (> 10 atm). Notable previous works include H2O

measurements in the near-infrared in a gas turbine combustor at pressures up to

30 atm by Caswell et al [40] and mid-infrared detection of H2O and CO above 40

atm in a pulse detonation engine by Goldenstein et al [1] and Spearrin et al [37].

This latter mid-infrared work has informed the design and advancement of the

current CO sensor for rocket applications.

Notable differences exist between air-breathing systems and rocket propulsion

systems that use similar hydrocarbon fuels, and these differences impact sensor

design and operability. Table 3.1 provides a comparison of representative condi-

tions in a typical kerosene-fueled rocket and gas turbine combustor, respectively.

While both systems are designed to minimize the onboard mass of propellants
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Table 3.1: Example conditions of RP-1-LOx (rocket) and JP-4-Air (gas turbine) combustion
gases with representative broadening coefficients of gas components perturbed by nitrogen

RP-1- JP-4- 2γi−N2 (300K )
LOx Air [cm−1/atm]

φ 1.35 0.8
Tmax 3600 K 2000 K
Pmax > 50 atm 25 atm

N2 −− 74% −−
CO 35% < 1% 0.13
CO2 12% 11% 0.15
H2O 32% 10% 0.23
OH 4% < 1% 0.15
O2 <1% 4% −−
H2 11% ¿ 1% −−

per unit thrust, rockets carry both fuel and oxidizer whereas air-breathing sys-

tems carry only the fuel. Air-breathing combustors thus typically burn fuel-lean,

whereas rockets usually burn fuel-rich to maximize specific impulse. This results

in extensive soot formation in the fuel-rich combustion of conventional hydrocar-

bon rocket fuels (i.e. kerosene) [52]. Without the added heat capacity of nitrogen,

rockets also reach much higher combustion temperatures (T > 3000 K), and the

acute need for high thrust demands higher chamber pressures (P > 50 atm). The

extreme thermodynamic conditions typical of hydrocarbon-fueled rocket combus-

tion generally increase spectral interference through band and line broadening [16].

Sooting associated with fuel-rich combustion leads to beam scattering and window

fouling. Differences in oxidizer-to-fuel ratio, combined with the lack of nitrogen,

also yields a unique rocket gas composition and associated spectra from which

to probe. With these factors in mind, a unique sensing strategy is required for

species measurements in hydrocarbon-fueled rockets. In the following sections,

we detail the CO sensor design and development, from theoretical approach to

demonstration on a kerosene-fueled rocket combustor.
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3.2 Theory

3.2.1 Absorption Spectroscopy

The theory of absorption spectroscopy has been thoroughly discussed in previ-

ous works [53] [54] and will only be briefly outlined to describe the analytical

approach and introduce notation. The fundamental relationship governing LAS

measurements is the Beer-Lambert law given by equation 3.1, which relates ther-

modynamic gas properties and mole fraction, xabs, to incident light intensity (I0)

and transmitted light intensity (It ) over the optical path length, L.

αν =− ln

(
It

I0

)
ν

=∑
i

xabsSi (T )ϕ(ν,T,P, xabs)L (3.1)

In projecting monochromatic light across a gas medium (i.e. rocket combustor),

the ratio of light intensities can be measured to determine the spectral absorbance,

αν, of molecules with quantum energy transitions resonant at the optical frequency,

ν. The spectral absorbance can then be directly related to the thermodynamic gas

properties and mole fraction of the absorbing molecule through the spectral line-

strength, Si (T ), and line-shape function, ϕ(ν,T,P, xabs). Developing an LAS sensor

for species measurements in high-pressure and high-temperature environments

requires an accurate accounting of these spectroscopic parameters for each line i

that contributes to the local spectra.

The spectral line-shape can generally be well represented by accounting for

Doppler and collisional broadening, which capture temperature and pressure

dependencies, respectively, with an appropriate line-shape function (e.g. Voigt).

Collisional broadening has a pronounced effect at the high pressures associated

with rocket combustion, leading to undesirable blending of neighboring lines, or

spectral interference, as well as reduced differential absorption that limits range.

This broadening effect is represented by a collisional line-width, ∆νc, defined

in equation 3.2. Here, 2γabs− j is the collisional broadening coefficient between
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perturbing species j and the absorbing species, and is specific to each line i . Its

temperature dependence is typically captured by a power law (equation 3.3).

νc = P
∑

j
x j 2γabs− j (3.2)

γi (T ) = γi (T0)

(
T0

T

)n

(3.3)

To minimize the detrimental effects of line broadening, and maximize pressure

range, a molecule with a low collisional broadening coefficient is advantageous.

The molecular dependence of collisional broadening can be distilled to the optical

collision diameter and reduced mass, γ∼ d 2
i jp
µi j

, such that a combination of small

size and large mass is desired [16].

Table 3.1 compares representative collisional broadening coefficients for the

various components of hydrocarbon combustion gases. First we note that the

homonuclear diatomics are not infrared active. Fortunately, in contrast to lean

air-breathing systems, the high-temperature fuel-rich conditions of hydrocarbon

fueled rockets provide for a large fraction of infrared active diatomic species in the

equilibrium combustion product mixture. The most abundant of these species

is CO, which also exhibits a comparatively low collisional broadening coefficient

relative to the other infrared active species (CO2, H2O, OH), resulting from a smaller

optical diameter than the larger polyatomic species, and a larger molecular mass

than OH. Consequently, CO can have substantially less collisional broadening at

high pressures typical of modern rocket propulsion systems, which lessens the

interference of neighboring lines, preserves differential absorption, and provides

a theoretical basis for LAS measurements in rocket combustion flows above the

pressure limits of previous works discussed in section 1.3.
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3.2.2 Scanned Wavelength Modulation Spectroscopy

A scanned-wavelength modulation spectroscopy (WMS) technique, with normal-

ized second harmonic (2 f ) detection, was employed in this work to measure the

absorption of carbon monoxide. Scanned-WMS has proven advantageous in harsh

environments where entrained particles lead to substantial raw signal noise (scat-

tering and beam steering) and at high pressures (> 50 atm) where the signal

absolute baseline is unavailable [53] [29]. Measurements are conducted by rapidly

injection-current tuning the laser with a high-frequency sinusoidal waveform

superimposed on a lower frequency waveform to modulate wavelength over the

target absorption feature. The raw detector signal is post-processed through a

lock-in amplifier and frequency filtered to isolate the second harmonic (2 f ) of

the modulation frequency, which is sensitive to spectral line-shape curvature

and can be compared to a spectral model to infer gas properties. The slower

scan is used to attain spectral resolution of the harmonic signals. The method

is convenient for eliminating noise at frequencies outside a prescribed passband,

set by the selection of the modulation frequency and frequency filter. Additionally,

1 f -normalization of the 2 f signal eliminates the dependency on laser intensity

variation due to emission and non-absorbing transmission losses [55], important

for a high-temperature sooting environment.

In scanned-WMS, the optical output frequency of the laser, ν(t), can be modeled

with equation 3.4, where ν̄L represents the center frequency/wavenumber of

the modulation, aS and aM are the amplitudes or depths of the slow scan and

modulation waveform, fS and fM are the scan and modulation frequencies, and ψs

and ψM are the corresponding phase shifts.

ν(t ) = ν̄L +νS(t )+νM (t ) = aS sin
(

fS t +ψS
)+aM sin

(
fM +ψM

)
(3.4)

The user has some control in prescribing these parameters, subject to laser

tuning characteristics, which directly affect the harmonic signal strength and
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signal-to-noise ratio (SNR) of the species measurement. Section 3.4 discusses

the approach used to determine modulation settings for the rocket combustor

application and the spectral model from which species concentration is inferred by

comparison to the WMS measurement. First, section 3.3 describes the wavelength

selection that prescribes ν̄L.

3.3 Wavelength Selection

For the target measurement, there are three primary criteria for wavelength se-

lection: (1) strong differential absorption within the laser tuning range, which

translates to a large WMS-2 f signal, (2) minimal interference with other combus-

tion species, namely carbon dioxide and water, and (3) temperature insensitivity.

The strongest CO absorption in the infrared occurs near the fundamental vibra-

tional frequency (2140 cm−1), and this mid-infrared domain has recently become

accessible with room-temperature quantum cascade lasers that can implement

rapid tuning techniques (e.g. scanned-WMS). Figure 3.1 shows the fundamental

CO absorption band centered near 4.7 µm with the neighboring CO2 and H2O

Figure 3.1: Absorption line-strengths of CO, CO2, and H2O at 3000 K (HITEMP [44])
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absorption bands within the surrounding domain of 4.1 to 5.7 µm. This relatively

broad spectral line-strength survey at 3000 K indicates regions of the CO band

that may be favorable for low interference measurements in a high-temperature

rocket environment. The dense CO2 spectra, comprised of many lines and small

line spacing, interferes substantially with the R-branch of CO at frequencies above

2100 cm−1. The H2O spectrum similarly overlaps with CO throughout the domain

of interest but is less crowded compared to the CO2 band. The larger spacing

between water lines allows for some potentially low-interference spectral windows,

and indicates the lower-frequency P-branch of CO as a favorable domain.

Within the P-branch of the fundamental CO band, the spectral lines near 2060

cm−1 have been utilized previously for LAS sensing in air-breathing propulsion

flows [56] [1], and this wavelength was initially considered for the current work.

However, detailed absorption simulations suggest that the much higher tempera-

tures and pressures expected in the rocket environment introduce substantial CO2

interference at this wavelength associated with a combination of Boltzmann broad-

ening of the neighboring CO2 v̄3 band with increased temperature and individual

line broadening with increased pressure. To avoid this CO2 interference, we look

to lower frequencies in the P-branch. Figure 3.2 shows an absorption simulation,

using the HITEMP spectroscopic database [44], of a representative condition for

kerosene-oxygen rocket combustion at 60 atm at select spectral domains near

4.9 µm. This figure highlights the CO2 interference near 2060 cm−1. Note that

thermochemical properties, as assigned in the absorption simulation, have been

estimated using the NASA Chemical Equilibrium with Applications (CEA) tool.

A survey of the remainder of the simulated spectrum in the domain of 1950 to

2100 cm−1 revealed the CO absorption feature near 2008 cm−1 as an attractive

target (also shown in figure 3.2) [53]. The local absorption is primarily comprised

of two rovibrational transitions which blend into one spectral feature at elevated

pressure. The P(31) line in the v(0→1) fundamental band makes the dominant

contribution but the P(20) line in the v(2→3) hot band also contributes at most ex-
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Figure 3.2: Absorption simulations near 2008 cm−1 and 2060 cm−1 at expected equilib-
rium condition; T = 3500 K, XCO = 0.3, XCO2 = 0.15, XH2O = 0.35, L = 2.54 cm

pected conditions. To a lesser degree, the neighboring P(26) line near 2006.8 cm−1

in the v(1→2) band makes a contribution above 50 atm. Most notably, the domain

near 2008 cm−1 has significantly less CO2 interference than 2060 cm−1, and H2O

interference is similar with negligible differential H2O absorption. In addition to

less interference, differential CO absorption is also slightly stronger at 2008 cm−1

at the target high-pressure condition, as broadening coefficients for these higher

rotational quanta (J ) lines are smaller. Due to these advantages, the CO absorp-

tion feature near 2008 cm−1 was selected for this sensing application. Table 3.2

specifies the relevant spectroscopic line parameters in this domain, taken from

the HITEMP database and from the experimental and modeling work of Hartmann

et al [57]. In modeling the spectra, a Voigt line-shape function is used, which has

been shown to be suitable at similar gas densities for other CO lines within the

fundamental band [37]. In calculating line broadening, the gas composition is ap-

proximated from thermochemical calculations. As table 3.2 indicates, broadening

coefficients are available for most collision partners. For the 10 to 15% of species
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Table 3.2: Spectroscopic line assignments and collisional-broadening for the CO lines of
interest [57] [58]. Note: γ (300 K) in units of 10−3∗ (cm−1/atm) and S at 296 K

P (v ′′, J ′′) P (0,31) P(2,20) P(1,26)
v0 (cm−1) 2008.53 2008.42 2006.78
E ′′(cm−1) 1901.1 5051.7 3477.6

S (cm−2/atm) 6.48 x 10−3 2.78 x 10−9 5.09 x 10−6

CO−H2O
γ 94.9 119 106
n 0.61 0.71 0.66

CO−CO2
γ 40.2 51.8 44
n 0.47 0.5 0.48

CO−N2
γ 40.9 52.2 46.3
n 0.47 0.57 0.52

CO−CO γ 43 55 48
n 0.5 0.5 0.5

CO−O2
γ 43.2 46.9 45
n 0.56 0.56 0.56

for which broadening data is not available (e.g. OH, H2, radicals), the broadening

per unit pressure is assumed to equal that of the balance gas.

As for the final wavelength selection criteria, low temperature sensitivity is

desired to minimize influence of temperature uncertainty. It is found that the high

lower state energies of the lines near 2008 cm−1 lend to low temperature sensitivity.

This is discussed in the context of measurable WMS signals in section 3.4.

3.4 Sensor Development

This section describes key elements of sensor development required for successful

application of the spectroscopic sensor design. These elements include the refine-

ment of laser control and tuning parameters, spectral modeling and interpretation

of the WMS harmonic signals, optical engineering, and facility interface and setup.
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3.4.1 Optimizing laser tuning parameters

Within the framework of scanned-WMS, the tuning depths (aS and aM ) and fre-

quencies ( fS and fM ) can be adjusted to optimize signal quality (i.e. signal-to-noise

ratio) for a given gas condition or application environment. A basic analytical

model based on laser tuning characteristics, measured in the laboratory, can be

used to simulate WMS harmonic signals and inform parameter optimization[13].

Two guiding principles in the selection of these parameters should be noted: (1)

Maximizing the WMS-2 f generally maximizes signal-to-noise ratio, and this signal

increases with the level of differential absorption spanned during wavelength mod-

ulation. At high-pressures where laser tuning range is often limited to a fraction

of the absorption line-width, the WMS-2 f tends to increase monotonically with

modulation depth [58]. (2) Modulating at higher frequencies enables higher time
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Figure 3.3: Measured modulation depth at maximum injection current amplitude (±45
mA) as a function of laser modulation frequency
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resolution measurements and tends to improve noise rejection. Time resolution or

sensor bandwidth is determined by the passband frequency which is a prescribed

fraction of the modulation frequency. Additionally, mechanical noise in the system

(vibrations, beam steering, etc.) tends to be more intense at relatively low fre-

quencies (< 10 kHz) and can be avoided by shifting the absorption information to

higher frequencies, thus improving SNR. Unfortunately, laser tuning depth has an

inverse relationship with frequency, and thus a compromise is required between

the competing demands of signal quality and time-resolution.

Figure 3.3 shows the maximum modulation depth versus frequency for the

quantum cascade laser used in this work. The maximum modulation depth

is determined at each frequency by inputting the maximum injection current

range permitted, and measuring the relative wavenumber achieved calibrated

against the free-spectral range of a germanium etalon, through which the light

is projected. Maximum modulation depth is shown to decrease logarithmically

with frequency. Additionally, the benefit of using a large modulation depth for

this high-pressure application is illustrated in figure 3.4 by simulations of the

relative WMS-2 f signal (at 2008.52 cm−1) versus pressure at different modulation

depths achievable with the laser. Modulating at a depth greater than 0.4 cm−1 is

shown to enable significantly expanded pressure range for the sensor. It should

be noted that mid-infrared quantum cascade lasers have improved considerably in

current tuning range in recent years, underlying this advancement in capability.

Nevertheless, a trade-off between tuning frequency and signal strength is evident

Adding a low frequency waveform to the high frequency modulation in order to

spectrally resolve the harmonic signals reduces the available injection current for

modulation, and therefore should be minimized in scan depth. The main purpose

of the slow scan in this application is to ensure that a local peak is measured,

allowing for some uncertainty in pressure shifting of the target transitions. In this

case, fully resolving the harmonic spectra is not required, and a low-amplitude

dithering of the slow scan (i.e. small aS) over the local peak is acceptable. For the
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present work, a scan depth and frequency of 0.141 cm−1 and 100 Hz were selected,

respectively, to capture the local 2 f peak signal associated with the absorption

feature. With the remaining injection current budget, a modulation depth and

frequency of 0.496 cm−1 and 20 kHz were chosen to yield adequate WMS-2 f signal

strength at the highest possible frequency.

3.4.2 Simulation of scanned WMS harmonic signals

To infer species concentration, a model is required to compare simulated signals

(in which species concentration is an input), to measured signals. Here, we follow

the approach of Sun et al [59], in which a measured background laser intensity

(I0), at the scanned-WMS settings, is combined with a simulated absorbance
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versus time function, using ν(t ) per equation 3.4, to generate a simulated laser

transmission signal (S It ). The simulated absorbance spectrum is created using

the spectroscopic parameters detailed in section 3.3, and the optical frequency

response ν(t ) is characterized in the laboratory, and contains the selected laser

tuning parameters ( fS = 100 Hz and aS = 0.141 cm−1, fM = 20 kHz and aM = 0.496

cm−1). The simulated transmitted intensity (S It ), can then be processed through a

digital lock-in amplifier and low-pass filter in the same manner as the measured

transmitted intensity (M It ). The lock-in analysis extracts the WMS harmonic

signals which can be compared between the simulation and measurement, after

background subtraction and normalization.

The simulation process at the scanned-WMS settings used in this work is

illustrated in figure 3.5. The measured background laser intensity (I0) is shown in

blue with a 20 kHz modulation frequency. Simulated transmission signals at a

representative condition ( 30 atm) for the kerosene-oxygen rocket combustor are

also shown at two different input values of CO mole fraction (red and green) and

reflect the molecular absorption. The corresponding background-subtracted WMS-

2 f /1 f harmonic signals, extracted from lock-in analysis of these transmission

signals, are shown in the lower sub-figure. This sub-figure also shows the variation

of the harmonic signals at 100 Hz where the slower scan crosses over the local

WMS-2 f /1 f peaks. This simulation method is used to infer species abundance

by iterating mole fraction to converge the simulated signal with measurement, as

will be shown in section 3.5.

With a complete spectral model, we now revisit the temperature sensitivity

of the measurement technique. At the selected laser settings, we iterate the

simulation process over a range of possible temperatures and pressures in the

rocket combustor, generating a matrix of WMS harmonic signals, from which a

numerical derivative of theWMS-2 f can be taken with respect to temperature at any

given condition. Normalizing this derivative with respect to the signal magnitude

and temperature (i.e. (dS/S)/(dT/T)), we can determine the uncertainty of the
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Figure 3.5: Scanned-WMS intensity signals with simulated absorbance at different XCO

(top), and corresponding WMS-2 f /1 f harmonic signals after lock-in extraction (bottom);
P = 440 psi (30 atm), T = 3570 K, L = 2.54 cm

measured WMS-2 f resulting from an uncertainty in temperature on a percentage

basis. It can be shown that CO mole fraction is approximately linearly proportional

to the WMS-2 f signal such that the derivative can approximate the sensitivity of

the inferred CO concentration measurement to temperature.

This numerical calculation, conducted as a function of temperature from 800

to 3700 K at distinct pressures, is shown in the lower sub-plot of figure 3.6. The

respective line-strengths of the three most dominant transitions that comprise

the absorption feature are also shown as a function of temperature (in the upper

sub-plot) to assist in interpretation of the temperature sensitivity. For all pressure

conditions, temperature sensitivity decreases significantly until it reaches zero

where the local WMS-2 f reaches a maximum. This generally correlates to the
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Figure 3.6: Line-strength and temperature sensitivity of WMS-2 f signal (background
subtracted) near 2008 cm−1 as a function of temperature for various pressures; amod =
0.496 cm−1

maximum of differential absorption related to the summation of contributing

line-strengths. The zero point shifts to higher temperatures as pressure increases

mainly due to a change in relative contribution from the three transitions. At 25

atm, the P(0, 31) makes the dominant contribution to the signal strength, while

at 50 and 70 atm, the P(1, 26) and P(2, 20) lines contribute more substantially. At

temperatures above the inflection point, the temperature sensitivities remain low

as line-strengths decrease gradually. At the primary conditions of interest (2000

to 3700 K) the temperature sensitivity is mostly less than 0.5 at all pressures.

This may be interpreted as estimating that a ∼ 10% uncertainty in temperature

would yield a ∼ 5% uncertainty in species.
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3.5 Experimental Setup

In this section we detail the sensor hardware and interface with the liquid rocket

test article. Figure 3.7 provides a schematic representation of the integration. The

total length of the combustion chamber is approximately 35 cm with a square cross-

section of 6.45 cm2 area. Measurements are taken across a 2.5 cm transverse

optical path-length located 32 cm downstream of the single-element injector.

A distributed-feedback quantum cascade laser with ∼50 mW output power is

used as the single-mode light source to probe the target CO absorption feature

near 2008.5 cm−1. The beam is free-space coupled into a hollow-core fiber (2 m

length) for remote light delivery using a calcium fluoride coupling lens with a

focal length of 100 mm and a multi-axis stage for optical alignment [60]. The

fiber output is then re-collimated using another calcium fluoride lens and pitched

across the combustion chamber (4 mm aperture) through two wedged sapphire

windows (3/8 in. diameter with 1◦ wedge), which were recessed ∼50 cm from the

combustion flow path. The beam diameter was estimated to be ∼2 mm upon re-

collimation. The transmitted light is spectrally filtered to reduce thermal emission

and is collected on a thermo-electrically cooled photovoltaic (PV) detector. Both the

pitch and catch optics were mounted on kinematic mounts to optimize alignment

and maximize the transmitted light intensity during the experiment.

The DFB laser was injection-current tuned to be centered near 2008.52 cm−1

and was driven by a scanning sinusoid at 100 Hz and modulation sinusoid at 20

kHz. The respective modulation depths used were 0.141 cm−1 and 0.496 cm−1,

allowing a maximum wavelength scan range of 0.637 cm−1 to partially resolve the

pressure-broadened transitions illustrated in Figure 3.2. Raw detector voltage

data was typically collected at a sample rate of 5 MS/s in 5 second intervals. Test

article hot-fire tests usually spanned 2 to 3 seconds in duration.

In order to mitigate issues associated with the harsh thermo-mechanical en-

vironment, a number of practical methods were required to ensure successful
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sensor deployment on the rocket combustor. To displace excessive water vapor in

the optical path that could spectrally interfere with CO measurements, nitrogen

was fed into the fiber-optic and pitch assembly to purge the hollow-core fiber.

Another practical issue was soot deposition on the sapphire windows. A helium

purge system was employed in front of the wedged sapphire windows to keep

the windows and recess volume clear. The helium purge pressure was iteratively

adjusted to be just high enough such that soot formation was not observed (per

window inspection between tests), minimizing the penetration depth of the helium

into the combustion chamber [52]. Additionally, to counter mechanical vibrations

and acoustic perturbations, the laser was mounted to a honeycomb vibration-

dampening breadboard and the hollow-core fiber was mechanically supported by

a structural shroud. Lastly, due to thermal radiation from the combustor and

ambient environment, the photovoltaic detector was mounted to a water-cooler

plate to prevent saturation or overheating damage.

3.6 Sensor Demonstration

Initial sensor application occurred at a bipropellant rocket test facility at the Air

Force Research Laboratory in Edwards, CA. The facility is used, amongst other

purposes, for assessment of the combustion characteristics of hydrocarbon rocket

propellants and various injector designs. For the demonstration testing discussed

here, kerosene (RP-2) and oxygen were used as the propellants. In situ CO species

measurements were conducted in the combustion chamber over a pressure range

of 25–70 atm and at oxidizer-to-fuel ratios ranging from 2.5–4.5. The combustion

chamber is a stackable modular design, and the optical section was located at the

furthest downstream location where chemical equilibrium is most likely achieved,

providing a reference point for the measurements. Here we discuss a subset of

the data collected to highlight species measurement capability.

Figure 3.8 shows an example test where chamber pressure and O/F ratio
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reached 58 atm and 2.59, respectively. The sub-figures show the time-resolved

measurements of the WMS-2 f /1 f signal and pressure along with the inferred

species measurement. To infer CO mole fraction, temperature was estimated by

thermochemical calculation while chamber pressure was accurately measured

via a pressure transducer. From the figure, we can observe the abrupt increase

in WMS signal around 1.6 s, corresponding to the introduction of propellants

Figure 3.8: Time evolution of chamber pressure, WMS-2 f /1 f signal (background sub-
tracted), and measured XCO in RP-2-GOx combustor; O/F = 2.59
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and ignition. The WMS signal then decreases as pressure increases. Prior to

ignition there is an increase in chamber pressure associated with the helium

purge gas which is decreased thereafter. Maximum CO concentration occurs at

around 3.1 s and decreases slightly as the combustor reaches steady state. The

concentration measurement at steady state shows good agreement (< 10%) with

equilibrium, calculated to yield XCO = 0.32 at the measured chamber pressure

and equivalence ratio (NASA CEA). Precision error is estimated to be ∼ 9% in this

case, an inverse of the signal-to-noise ratio. In order to estimate uncertainty

introduced by the lack of a temperature measurement, CO concentration was

calculated under two assumed temperature profiles (Teq = 3570 K and 3070 K).

Concentration uncertainty from this estimated temperature uncertainty is < 10%

from ignition to the end of combustion given the low temperature sensitivity of

the measurement.

In figure 3.9, an averaged WMS-2 f /1 f measurement in the steady state region

at two distinct pressures is compared to simulated signals using the WMS model

discussed in section 3.4, assuming equilibrium temperature and floating mole

fraction. A passband filter of 2 kHz was implemented with lock-in analysis of the

harmonics (gray), whereafter 19 scans of the measurements during the steady

state condition were also averaged (blue) to improve SNR. There are a few notable

differences between the two measurements. SNR was ∼ 7 and ∼ 22 for the mea-

surements at 1016 psi and 550 psi, as signal magnitude generally decreases with

pressure as expected. Accordingly, the precision error is estimated to be ∼ 15%

and ∼ 5%, respectively. Another apparent difference is shape. The WMS-2 f /1 f

signal at 550 psi shows a local maximum in both the up scan and down scan. By

contrast, the WMS signal at 1016 psi does not reveal this feature primarily due

to the extreme pressure broadening of the absorbance spectrum that diminishes

this local peak. In either case, the model and measurement are consistent with

the evolution of the signal shape and gives confidence in the broadening model.

The post-processing method described above was applied to data from different
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test conditions to assess the level of agreement between the measurements in

the steady state region and equilibrium conditions calculated via thermochemical

analysis [NASA CEA]. Error bars are applied that combine the measurement noise

with uncertainty related to temperature and spectroscopic model inputs via a

simple sum of square errors. Typical uncertainties were ∼ 10 to 15%. Figure 3.10

shows that the XCO measurement agrees well with chemical equilibrium at most

conditions, especially over 700 psi. There is greater disagreement, beyond the

estimated measurement uncertainty, at lower pressures (< 550 psi) and this is

suspected to be a consequence of the helium purge penetrating further into the
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Figure 3.10: Measured CO mole fraction compared to equilibrium CO mole fraction over
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chamber than intended and effectively decreasing the optical path-length along

the line of sight. Future work in optimizing the purge system geometry may help

minimize this effect.

3.7 Summary

A mid-infrared laser absorption sensor was developed for in situ measurements

of nascent carbon monoxide at practical chamber conditions of hydrocarbon-

fueled rockets. The sensor is enabled by novel wavelength selection in the CO

fundamental band near 4.98 µm with strong differential absorption, low temper-

ature sensitivity, and minimal interference. A scanned wavelength modulation

spectroscopy technique, leveraging recent enhancements in tuning response of

quantum cascade lasers, provided for quantitative signal recovery and interpreta-

tion despite large non-absorption raw signal losses, unavailable baseline signal

caused by high collisional broadening, and noise associated with vibrations and
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emission during facility operation. Time-resolved field measurements of CO mole

fraction were successfully conducted at relevant pressures and oxidizer-to-fuel

ratios on a kerosene-oxygen rocket combustor at the Air Force Research Labora-

tory in Edwards, CA. To the authors’ knowledge, these data represent the first

quantitative species measurements in a hydrocarbon-fueled rocket combustion

chamber at realistic operating conditions (> 40 atm), and an extension in pressure

range (up to 70 atm) for laser absorption combustion diagnostics more generally.

The advantageous features of the CO sensing strategy provide for broad utility in

high-pressure, fuel-rich combustion studies.

3.8 CO measurements at the bandhead near 2.3 µm

To infer temperature using a two-wavelength absorption technique, additional

absorption region of CO at the bandhead near 2.3 µm have been selected by

considering the following criteria: (1) strong differential absorption, (2) minimal

interference with other combustion species, and (3) high temperature sensitivity.

Figure 3.11 demonstrates an absorption simulation of the first overtone band of

CO with other combustion species over a range of pressures. The features shows

minimal interference and strong differential absorption, which is favorable for

sensitive measurements.

Similar to lthe spectroscopic model designed for the fundamental band near

4.9 µm, the initial spectroscopic model for the first overtone band near 2.3 µm

was developed assuming that the total spectral absorbance is equivalent to sum

of all individual transitions (Voigt lineshape summation). A DFB diode laser with

∼5 mW output power was utilized to probe the CO bandhead near 2.3 µm and

characterized to implement a WMS technique, which mitigates environmental

noise and improves the SNR of the measurement. The new sensor has been

deployed on a single-element-injector rocket combustor along with the sensor

developed for the absorption region near 4.9 µm. Consequently, the sensor was
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tested in the combustion chamber over the same conditions presented in sec-

tion 3.6, which include a pressure range of 25–70 atm and at oxidizer-to-fuel ratios

ranging from 2.5–4.5. To collect data from both the fundamental and overtone

bands simultaneously, additional optics including beam splitters, spectral filters

(Spectrogon, 2320±20 nm), and InGaAs photodetectors have been integrated into

the existing experimental setup shown in Fig. 3.7.

Measured raw optical signals at vibrational bandhead of CO near 2.3 µm were

averaged over the steady state region and post-processed through a digital lock-

in amplifier and 2 kHz passband filter to extract the WMS harmonic signals.

Figure 3.12 compares an averaged WMS-2 f /1 f measurement at the first over-

tone bandhead to simulated signals using the developed WMS model, assuming
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chemical equilibrium for mixture composition and temperature and the HITEMP

database for spectral parameters. The measured WMS signal at 2.32 µm exhibited

adequate signal quality over a range of pressures (up to 1016 psi). However, the

measured and simulated WMS-2 f /1 f signals demonstrated substantial disagree-

ment in both magnitude and spectral, which amplified with increase in pressure.

Such trend is shown in Fig. 3.12, using the ratio of the measured and simulated

WMS-2 f /1 f signals. The disagreement between the measured and simulated

WMS-2 f /1 f signals was deemed to be well beyond the typical uncertainties in
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the simulation, indicating a fundamental error in the spectroscopic model as-

sumptions. This was discovered to be a consequence of line-mixing effects (first

introduced in section 2.4), which occur in spectrally-dense regions [61], such as

the bandhead. A deeper investigation of line-mixing effects and novel sensing

strategies exploiting these line-mixing effects to extend the pressure capability of

LAS are presented in the following two chapters.
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CHAPTER 4

Exploiting line-mixing effects for laser absorption

spectroscopy at extreme combustion pressures

The contents of this chapter have been published in the journal Proceedings of

the Combustion Institute under the full title ’Exploiting line mixing effects for

laser absorption spectroscopy at extreme combustion pressures’ [45]. Portions of the

chapter’s content have also been presented at the 11th US National Combustion

Meeting [62] and 2020 AIAA Aerospace Sciences Meeting [63].

4.1 Introduction

Combustion at extreme pressures (> 50 atm) is of increasing significance as

engine developers push the limits of power density, efficiency, and emissions

suppression. Several ultra-clean piston-engine concepts are designed to operate

at peak pressures in excess of 100 atm [10], while modern liquid-propellant rockets

may have steady-state combustion chamber pressures above 200 atm. At these

very high pressures, many of the underlying assumptions present in combustion

modeling become less reliable and predictive capability for engineering design

requires new understanding. To elucidate combustion physics at high-pressure

conditions, controlled experiments coupled with comprehensive diagnostics are

needed. Unfortunately, most state-of-the-art combustion diagnostics have been

limited to much lower pressures (< 20 atm), prompting the need to develop new

high-pressure diagnostic techniques suitable for interrogating the next generation

of combustion systems.
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Laser absorption spectroscopy (LAS) has been extensively utilized for non-

intrusive in situ measurements of temperature and species in harsh combustion

environments [42]. For small molecules (n < 5 atoms) at moderate pressures (<
10 atm), LAS techniques commonly target individual spectral lines or transitions,

which can be resolved with narrow-band lasers and interpreted with a few spec-

troscopic parameters. However, at higher pressures, this line-specific analytical

approach falters, largely due to collisional line broadening, which scales linearly

with pressure. Collisional broadening leads to a blending of adjacent spectral

lines that: (1) decreases differential absorption (i.e. difference in peak-to-valley ab-

sorption in a local spectral domain), (2) causes cross-species interference, and (3)

complicates spectral modeling and interpretation. For LAS methods with limited

spectral bandwidth, the reduction in differential absorption leads to an effective

pressure limit in harsh environments, where non-absorption losses are typical

and difficult to distinguish from molecular absorption without spectral structure.

While few quantitative species diagnostics have been demonstrated above 20

atm in practical combustion environments, some successes can be noted. Caswell

et al. developed near-infrared sources with a wide spectral range to measure

methane, water vapor, and temperature up to 30 atm in a gas turbine combustor

[40]. Mattison et al. similarly probed the near-infrared water spectrum to achieve

in-cylinder measurements up to 54 atm in a HCCI piston-engine [2]. In the mid-

wave infrared, Goldenstein [1] and Spearrin et al. [37] performed LAS of H2O and

CO in a pulse detonation combustor (PDC) at pressures up to 50 atm, targeting

the fundamental vibrational bands. More recently, we extended CO sensing to 70

atm in a rocket combustor using a similar mid-infrared approach [45]. For CO2,

LAS near 20 atm was performed in an entrained-flow coal gasifier, targeting the

CO2 spectra near 2.0 µm [29]. Themes of these prior works include leveraging

advancements in more broadly tunable sources and carefully selecting molecules

and spectral lines that have intrinsically low broadening.

This paper describes a new approach to high-pressure laser absorption sensing
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that exploits the vibrational band narrowing effects of line mixing to significantly

extend pressure capability. Line mixing relates to collision-induced changes in

rotational energy that result in transfers of absorption intensity from weak to

strong regions within a vibrational band. Line-mixing effects are pronounced in

spectrally dense regions, where line spacing is small, such as bandheads. For

CO and CO2, the R-branch bandheads near 2.3 µm and 4.2 µm, respectively,

become active at combustion temperatures, as shown in Fig. 4.1 and Fig. 4.2.

While collisional line broadening diminishes the differential absorption of specific

rovibrational transitions, line mixing counters this effect by narrowing and am-

plifying bandheads, which are comprised of many closely spaced lines. Here, we

target the aforementioned bandheads for laser absorption sensing, investigate and

characterize line-mixing effects on the local spectra over a range of high-pressure
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Figure 4.1: Simulated CO absorbance and linestrengths near 2.3 µm (excluding line-
mixing effects) at representative high-temperature combustion conditions using the
HITEMP spectral database [44]

55



Figure 4.2: Simulated CO2 absorbance and linestrengths near 4.2 µm (excluding line-
mixing effects) at representative high-temperature combustion conditions using the
HITEMP spectral database [44]

and high-temperature conditions, and demonstrate the pressure-capability of the

method via quantitative species measurements in a sub-scale rocket combustor

at pressures up to 104 atm.

4.2 Spectroscopic approach

4.2.1 Line-mixing theory

Spectral line mixing is often observed at high gas densities, where collision-induced

changes in rotational energy distort the molecular spectra within a vibrational

band. Generally, these collisional effects favor intensity exchanges from weak to

strong absorption regions, resulting in a vibrational band narrowing effect and

promoting larger differential absorption. This phenomenon is more prominent in
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spectrally dense regions where line spacing is small, such as bandheads, which

are shown in the linestrength plots of Fig. 4.1 and Fig. 4.2. A spectral bandhead

is the result of vibrational and rotational energy coupling that yields decreasing

line spacing in the R-branches of CO and CO2 stretch bands. For these particular

bands, the convergence and wrap-around of spectral lines is only observed at high

temperatures, where high rotational energy states are populated. Fig. 4.1 and Fig.

4.2 illustrate the set of transitions that make up several CO and CO2 bandheads

near 2.3 µm and 4.2 µm, respectively. As discussed, line mixing is expected

to amplify the bandhead peak intensity and enhance differential absorption at

elevated pressures, rendering these features strategic candidates for LAS sensing

in extreme combustion environments.

To model absorption and account for line-mixing effects, we implement a

relaxation matrix formalism [64] to represent the state-to-state population transfer

rates. A more rigorous theoretical discussion with modeling process details

can be found in other papers from our research group [43, 65]; the steps are

truncated here for brevity. For a monochromatic light source at frequency ν [cm−1],

the spectral absorbance, αν, through a gas medium can be described by the

transmitted and incident light intensities, It and I0, respectively, via the Beer-

Lambert law. Absorbance can then be related to thermophysical flow properties

using the following relationship:

αν =− ln
( It

I0

)
ν

= nL

π
Im(d ·G−1 ·ρ ·d) (4.1)

where n [molec · cm−3] is the total number density of the absorbing species,

L [cm] is the optical path length, ρ is a diagonal matrix containing the lower

state Boltzmann population fractions, and d [cm−1/(molec · cm−2)] 1
2 is a vector of

transition amplitudes [66]. G is a complex matrix given as:

G = νI−ν0 − i PW (4.2)
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I represents the identity matrix, ν0 [cm−1] is a diagonal matrix containing transition

frequencies, P [atm] is pressure, and W [cm−1/atm] is the relaxation matrix.

The relaxation matrix, W, contains all collisional influences on the spectral

shape [67]. The real diagonal terms of W consist of the broadening coefficients, γJ

[cm−1/atm], and the imaginary diagonal terms are the pressure shift coefficients,

∆ν0
J [cm−1/atm]. The real off-diagonal terms are proportional to the state-to-state

population transfer rates, R J→K [cm−1/atm], from initial rotational energy level J

to the final rotational energy level K and the imaginary off-diagonal components

of W describe contributions from rovibrational dephasing [68]. It is important to

note that broadening coefficients can be expressed in terms of the state-to-state

population transfer rates (R) that describe line-mixing effects [61]:

γJ = 1

2

[ ∑
J ′′ 6=K ′′

R J ′′→K ′′ + ∑
J ′ 6=K ′

R J ′→K ′

]
(4.3)

Here, prime (′) and double prime (′′) refer to the upper and lower states.

In this work, the real off-diagonal elements of W were modeled using the

following modified-exponential-gap (MEG) law [69, 70]:

WJK = a1(T )

1+a4

(
E ′′

J
a2kB T

)
1+a4

(
E ′′

J
kB T

)


2

×exp

−a3

(
E ′′

K −E ′′
J

)
kB T

 (4.4)

Here, E ′′ [cm−1] is the lower state energy of the transition and ai are empirical MEG

law coefficients. Methods for obtaining these coefficients are briefly discussed

in Sec. 4.2.2, with more detailed discussions in [43, 65]. It is important to note

that the temperature dependence of the real off-diagonal components is captured

through a1(T ), which follows the power law, analogous to broadening coefficient.

To fully complete the relaxation matrix, the upward and downward population
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transfer rates are related through the detailed-balance principle [71]:

ρ J R J→K = ρK RK→J (4.5)

This indicates that line mixing induces a vibrational band narrowing effect by fa-

voring population transfers from weak transitions to strong transitions, supporting

physical observations of the spectral structure.

Notably, when multiple collision partners are present, the full relaxation matrix

can be expressed as a mixture-weighted summation of the individual perturber

contributions:

W=∑
B

XBWA−B (4.6)

With W fully defined, the simulated spectra, incorporating line-mixing effects, can

now be scaled over a range of temperatures and pressures.

4.2.2 Spectral modeling

To characterize line-mixing effects in the CO and CO2 bandheads, high-temperature

and high-pressure experiments were conducted utilizing a high-enthalpy shock

tube facility at UCLA. Scanned-wavelength direct absorption measurements of

CO near 2.3 µm were obtained at pressures and temperatures ranging from 5–25

atm and 2000–4000 K, respectively, using pure CO gas. CO2 measurements near

4.2 µm were conducted at pressures ranging from 20–60 atm and a slightly lower

temperature range of 2000–3000 K, to minimize dissociation. Shock tube experi-

ments for CO2 were carried out in an argon (Ar) bath gas to minimize non-ideal

gas dynamics (e.g. boundary layers) and provide greater experimental control over

thermodynamic conditions.

In order to describe collision-induced population transfer rates, the modified-

exponential gap law given in Eq. 4.4 was incorporated into the absorbance

modeling framework. Species-specific MEG law coefficients, ai , were obtained by
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least-squares fitting the high-pressure absorbance data from the shock tube facil-

ity with the absorbance model, given by Eq. 4.1. This procedure was carried out

for both CO and CO2 over the range of thermodynamic conditions aforementioned

to capture the temperature and pressure dependence of the relaxation matrix. The

measured species-specific MEG law coefficients can be found in Table 4.1, while

the collisional broadening coefficients can be found in separate works [65, 43].

It should be noted that collisional broadening and line mixing contributions are

separated in the relaxation matrix formalism. To obtain collisional broadening

coefficients and their respective temperature dependencies, shock tube experi-

ments were conducted at low pressures (< 2.5 atm), where individual spectral

transitions are distinct and contributions due to line mixing are negligible. These

broadening coefficients are then implemented in the absorbance modeling frame-

work to study line-mixing at higher-pressures, wherein the off-diagonal elements

of the relaxation matrix, related to mixing rates, can be determined. Figure 4.3

highlights the pressure scalability of the updated absorbance model accounting

for line-mixing effects. Notably, the line-mixing model exhibits excellent agreement

with the measured CO and CO2 spectra over a range of pressures. Additionally,

Fig. 4.3 illustrates that without line mixing, the simulated spectra poorly repre-

sents the measured absorbance near the bandhead, where most of the population

transfers occur. The simulated spectra with no line-mixing effects was modeled

as a sum of Voigt profiles using the HITEMP spectral database [44] with updated

self-broadening coefficients for CO [43] and Ar-broadening coefficients for CO2

Table 4.1: MEG law parameters used in this work

a1 a2 a3 a4

[10−3 cm−1atm−1]

CO-CO 1.52 ± 0.16a 0.51 ± 0.05 5.21 ± 0.10 2
CO2-Ar 53.94 ± 2.49b 4.98 ± 0.25 3.19 ± 0.13 2

a Tr e f = 1500 K with power-law exponent of 1.28 ± 0.06 [43]
b Tr e f = 1200 K with power-law exponent of 2.06 ± 0.07 [65]
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[65].

In order to extend the spectral line mixing models for CO and CO2 developed

in the shock tube to rocket combustion environments, additional assumptions

are required to account for the dependence of the relaxation matrix on mixture

composition. Namely, this involves scaling arguments that relate collisional line

broadening coefficients and the population transfer rates for various perturbing

species. Species-specific broadening coefficients, which are assigned to the real

diagonal components of the relaxation matrices, are found in the literature for

H2O, CO2, CO, and O2 perturbers [57, 72]. This accounts for > 80% of a typical

rocket combustion gas mixture, the remainder of which is assumed to be N2. The

population transfer rates, related to the real off-diagonal elements of the species-

specific relaxation matrices, are obtained by scaling the measured rates (CO-CO

and CO2-Ar) by the ratio of broadening coefficients for each perturber (H2O, CO2,
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CO, O2), as shown in Eq. 4.7 and Eq. 4.8. The basis for this assumption is the

sum rule (Eq. 4.3) that indicates that broadening coefficients scale similarly to

the population transfer rates.

WCO−mi x =∑
B

XBWCO−CO
(
γCO−B

γCO−CO

)
(4.7)

WCO2−mi x =∑
B

XBWCO2−Ar
(
γCO2−B

γCO2−Ar

)
(4.8)

Recall the collisional broadening coefficients and population transfer rates that

comprise WCO−CO and WCO2−Ar have been measured experimentally [65, 43]. For

the sensing application discussed herein, chemical equilibrium is assumed to

dictate mixture composition at a given operating condition for the purposes of

weighting broadening coefficients and mixing parameters in Eq. 4.7 and Eq.

4.8. These modeling adjustments provide a basis for high-pressure spectral

interpretation of LAS measurements in various combustion environments.

4.3 Sensor design

4.3.1 Optical interface

Figure 4.4 illustrates a simplified optomechanical configuration representing

the hardware interface for LAS on the target sub-scale liquid-propellant rocket

combustor. For brevity, a thorough description of the experimental setup can be

found in additional works by the authors [45, 73]; however, details pertaining

to the line-mixing sensing strategy are discussed herein. To target the CO and

CO2 bandheads, a distributed-feedback (DFB) diode laser with ∼10 mW output

power was centered near 2322 nm and an interband cascade laser (ICL) with

∼5 mW output power was centered near 4173 nm, respectively. For two-color

thermometry measurements, an additional DFB quantum cascade laser (QCL)
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Figure 4.4: Optical interface with rocket combustor, including a graphical depiction of
remote-light delivery and collection optics, for high-pressure CO and CO2 measurements

with ∼50 mW output power is employed to probe the fundamental CO absorption

band near 4979 nm [45, 73].

An inherent challenge presented by this approach is the wavelength-specific

nature of many optical components (e.g. detectors, fibers) that potentially in-

creases sensor complexity to pitch and collect multiplexed light at very different

wavelengths. To reconcile this, the incident light is combined and focused into a

hollow-core fiber with broad transmissivity for remote light delivery [60, 74]. The

fiber output is then re-collimated and transmitted across the combustion chamber

through two wedged sapphire windows over a 2.5 cm transverse optical path

length. A beam splitter is installed to separate the transmitted light so that each

beam can be spectrally filtered for its respective wavelength before being collected

on separate thermoelectrically-cooled photodetectors. An InGaAs photodetector

(Thorlabs PDA10D) with a 15 MHz bandwidth is utilized for 2.3 µm light and a

MCT photovoltaic detector (Vigo PVI-4TE-5-1) with a 10 MHz bandwidth is utilized

for 4.2 µm and 5.0 µm light.

Measurements were conducted ∼32 cm downstream of the single-element-

injector, where complete combustion/mixing is most likely to occur. Raw detector

data were collected at a sample rate of 10 MHz for 5-s intervals with hot-fires

spanning 2–3 s in duration. Due to hardware limitations, experiments were
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limited to two light sources per test. Therefore, hot-fires were conducted twice

for each condition, alternating between the ICL targeting the CO2 bandhead

and the QCL targeting the CO fundamental band. The steady-state pressure

trace and laser absorption signals for subsequent hot-fire tests targeting the

same condition typically agreed within 2%, or within measurement uncertainty,

suggesting reasonable repeatability of experiments.

4.3.2 Laser tuning parameters

Scanned-wavelength modulation spectroscopy with second harmonic (2f ) nor-

malized detection was implemented for all rocket combustor measurements in

order to minimize dynamic non-absorption-related light intensity distortion. The

1f normalized-WMS-2f, with background subtraction, provides a well-established

technique to extract signals strongly related to differential absorption while re-

jecting noise associated with beam steering, scattering, and thermal emission

[55]. Measurements are conducted by superimposing a fast sine-wave modulation

on a slow sine-wave scan from which the harmonic components are extracted

using digital lock-in amplification and frequency filtering. Within the framework

of scanned-WMS, the scan depth, as, modulation depth, am, and associated fre-

quencies, fs and fm, can be adjusted to optimize signal quality. Additionally, the

center wavelength of each laser was slightly adjusted (< 0.07 nm) across different

combustor conditions to account for pressure shift in the spectra and maximize

the WMS signal. The parameters for each laser are listed in Table 4.2 and were

selected as a compromise between WMS-2f signal quality (SNR) and effective

measurement rate. Further details on the parametric optimization strategy can

be found in [45, 73].

In probing high-pressure spectra, rapidly tunable distributed feedback lasers

are often unable to resolve differential absorption within achievable modulation

depths due to collisional broadening and blending of adjacent features. Con-
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Table 4.2: Laser scan and modulation parameters

ν [nm] as [cm−1] fs [Hz] am [cm−1] fm [kHz]
2322 2.55 100 0.48 50
4173 0.63 100 0.36 20
4979 0.13 100 0.50 20

sequently, a common desire is to increase spectral bandwidth with broadband

sources. In this work, the band narrowing effects of line mixing are shown, via

spectral simulation, to increase differential absorption by up to a factor of ten

within the narrow tuning range of the selected sources, suggesting persistently

strong harmonic signals with increasing pressure at the somewhat modest scan

and modulation depths shown in Table 4.2. To prove capability, experiments were

performed in a high-pressure combustor.

4.4 Experimental results

4.4.1 Thermochemistry measurements

A series of field measurements were conducted over a range of pressures and

propellant mixture ratios (MR) from 25–104 atm and 2.2–4.6, respectively, on a

single-element-injector rocket combustor with CH4/GOx and RP-2/GOx propellant

combinations. The test facility is located at the Air Force Research Laboratory on

Edwards Air Force Base, CA USA. Fig. 4.5 shows a representative hot-fire test

including time-resolved measurements of pressure and the corresponding WMS-

2f /1f signals at 4.2 µm, 2.3 µm, and 5.0 µm for a steady-state chamber condition

of 27.4 atm and MR of 2.33. An abrupt increase in all WMS-2f /1f signals was

observed around 1.3 s, corresponding to the introduction of propellants and

ignition.

For all three wavelengths, the raw optical signal was averaged over the steady-

state region to improve signal-to-noise ratio (SNR) and was processed through a
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Figure 4.5: Time evolution of chamber pressure for a representative test and the corre-
sponding WMS-2f /1f signals (background subtracted) for CO2 near 4.2 µm and CO near
2.3 µm and 5.0 µm

digital lock-in amplifier to extract the WMS harmonics, from which species and

temperature can be inferred. Fig. 4.6 and Fig. 4.7 compare the measured WMS-

2f /1f signals targeting the CO and CO2 bandheads, respectively, to simulated

WMS-2f /1f signals with and without the updated line-mixing model discussed in

Sec. 4.2.2. Notably, the CO measurements exhibit favorable SNR at pressures up

to 104 atm and the CO2 measurements exhibit similar signal quality up to 82 atm,

the highest respective pressures tested for either sensor. Notably, the divergence

between the models with and without line-mixing effects increases with pressure.

The best-fit WMS signals using the refined spectral model were used to quan-

titatively infer mole fraction and temperature. The ratio of peak WMS signals
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Figure 4.6: Measured WMS-2f /1f signals targeting CO compared to simulated WMS-
2f /1f signals with and without the updated line-mixing model over a range of mixture
ratios and pressures

from 2.3 µm and 5.0 µm was utilized to first obtain temperature, which was then

used to infer CO and CO2 concentration based on absolute signal magnitude

[59, 45]. Figure 4.8 compares the measured temperatures and mole fractions to

chemical equilibrium solver (NASA CEA) predictions [75] for RP-2/GOx, which

can be used to assess combustion progress. The chemical equilibrium results

are bound by the highest and lowest pressures measured, respectively. In order

to obtain mole fraction measurements above 70 atm, where the SNR of the CO

fundamental band measurements was deemed too low, CEA temperature was

assumed. The inferred temperatures from all tests followed the expected trends,

but were slightly lower (generally by 100–300 K) than equilibrium temperature,

typical of incomplete combustion, poor mixing, heat losses, or a cold boundary

layer. Temperature and multi-species measurements can be used to evaluate

overall combustor performance/efficiency and anchor to computational models
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that inform engine design.

4.4.2 Measurement Uncertainty

In this paper, we follow the Taylor series method (TSM) of uncertainty propaga-

tion [76]. The main factors considered in calculating the uncertainties in the

measured temperatures and mole fractions include: (1) uncertainty in pressure

measurements, (2) uncertainty in the spectroscopic model related to composition-

dependent collisional broadening and mixture ratio (MR), and (3) mechanical

noise induced from the harsh combustion environment. For the uncertainty in

mole fraction, the temperature uncertainty has been considered in addition to the

aforementioned contributors since concentration inference requires a temperature

input. The total temperature uncertainty was estimated to be 8–11% for all ex-
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Figure 4.8: Temperature and species measurements with representative error bars at
steady-state combustor conditions compared to NASA CEA predictions over a range of
mixture ratios and pressures for kerosene and oxygen

periments and both CO and CO2 mole fraction uncertainties were approximately

10–13%, with the largest uncertainty corresponding to the highest pressure. In

order to improve these values for future studies, refinement of the spectroscopic

models and further noise mitigation is necessary. Despite this, the mole fraction

measurements are consistent with total carbon conservation and both tempera-

ture and species trend with the anticipated values from chemical equilibrium over

the range of mixture ratios tested. More details regarding uncertainty analysis

can be found in Appendix A.

4.5 Conclusion

A novel laser absorption sensing strategy was developed for quantitative measure-

ments of CO and CO2 at high combustion pressures (P > 50 atm). The technique
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exploits the vibrational band narrowing effects of line mixing, which acutely am-

plify differential absorption at bandheads, and counter the effects of collisional

line broadening. In this work, the CO and CO2 R-branch bandheads near 2.3 µm

and 4.2 µm, respectively, are strategically targeted to extend the pressure-range

capability of in situ sensing of gas properties in combustion environments using

relatively narrow-band light sources. Field measurements were conducted over a

range of high pressures in a sub-scale rocket combustor operated with kerosene

and supercritical methane. In order to quantitatively interpret the measured WMS-

2f /1f signals, spectral line-mixing models were developed for each bandhead

utilizing a high-enthalpy shock tube facility. The refined spectroscopic models

employ a modified-exponential gap law to thermodynamically scale line-mixing

effects, which enabled quantitative inference of temperature, CO, and CO2 in the

liquid-propellant rocket combustor. To the authors’ knowledge this work repre-

sents significant extensions in demonstrated pressure capability, to 104 atm and

82 atm, respectively, for in situ CO and CO2 species measurements in practical

combustion devices. More importantly, the enhanced pressure capability enabled

by the novel spectroscopic strategy provides for a valuable new tool to experimen-

tally investigate and engineer the next generation of high-pressure combustion

systems.

4.6 Uncertainty Analysis

The uncertainty analysis presented here largely follows that of Nair et al. [77].

The uncertainties in temperature and mole fraction of species A were calculated

using Eq. 4.9 and Eq. 4.10, which account for the uncertainty factors described

in Sec. 4.4.2.

(∆T )2 = (∆T∆P )2 + (∆TSpec.)
2 + (∆TSNR)2 (4.9)
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(∆X A)2 = (∆X A,∆P )2 + (∆X A,Spec.)
2 + (∆X A,SNR)2 + (∆XA,∆T )2 (4.10)

Figure 4.9 presents the visual summary of the uncertainties for each variable

along with contributions from the various dependent variables. Typically, the

uncertainties in the spectroscopic model and the environmental noise were the

largest contributors. Mole fraction of CO2 was most susceptible to the temperature

uncertainty. The pressure uncertainty was taken from the difference between the

measured pressure variations and the mean pressure during the test. The inverse

of the SNR from each test was used to estimate uncertainty due to mechanical

noise. In order to estimate the spectroscopic model uncertainty, we define a

mixture-weighted broadening coefficient, γA−mix(T ), as:

γA−mix(T ) =∑
B

XB (γA−B (T )) (4.11)

Figure 4.9: Representative uncertainties for temperature, T , CO mole fraction, XCO, and
CO2 mole fraction, XCO2, for a hot-fire test at P = 56 atm and MR = 3.5
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Per Eq. 4.7 and Eq. 4.8, the uncertainty in the spectroscopic model strongly de-

pends on the uncertainty in the scaling factor, which is the ratio between γA−mix(T )

and broadening coefficients, γCO−CO and γCO2−Ar. The uncertainty of the mixture-

weighted broadening coefficient, ∆γA−mix(T ), is attributed to the uncertainty in the

broadening coefficients of individual perturbers, ∆γA−B (T ), and the uncertainty in

local equivalence ratio, ∆φ, (which determines composition) as shown in Eq. 4.12.

(∆γA−mix(T ))2 =∑
B

[(γA−B (T )∆XB )2 + (XB∆γA−B (T ))2] (4.12)

The mole fractions of the collision partners, XB , were calculated from NASA

CEA [75] and the uncertainty, ∆XB , was estimated based on the uncertainty

in local equivalence ratio:

(∆XB )2 =
(
∂XB

∂φ
∆φ

)2

(4.13)

The uncertainty in the temperature-dependent collisional broadening coefficient,

∆γA−B (T ), for species A with collision partner B is calculated as follows:

(
∆γA−B (T )

γA−B (T )
)2 = (

∆γA−B (T0)

γA−B (T0)
)2 +N 2

B (
∆T

T
)2 + [ln

(T0

T

)
∆NB ]2 (4.14)

The uncertainties in collisional broadening coefficient, ∆γA−B , at reference tem-

perature, T0, and temperature-dependent exponent, ∆NB , were taken from litera-

ture [57, 72, 43]. The uncertainties in γCO−CO and γCO2−Ar were determined from

prior works by the authors [43, 65].

4.7 Additional related studies

4.7.1 CO2 measurements vs Chemical equilibrium

More CO2 measurements were conducted on a coaxial single-element-injector

rocket combustor at the Air Force Research Laboratory (Edwards, CA). A series
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of measurements were conducted over a range of pressures and mixture ratios

(MR) from 28–83 bar and 2.3–4.6, respectively, with RP-2 (kerosene) and gaseous

oxygen as propellants. The combustion chamber is comprised of stackable modular

sections, with optical access located at the furthest downstream axial location,

where chemical equilibrium was most likely to be achieved. In this work, all

measurements have been compared to expected chemical equilibrium, calculated

using NASA CEA [78].
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Figure 4.10: Measured WMS-2f /1f signals for an averaged single scan period compared
to simulated signals with and without the line mixing model for three test conditions of

RP-2/GOx

In order to improve SNR, the raw optical signal was averaged over the steady-

state region of approximately 1 second and post-processed though a digital lock-in

amplifier to extract WMS harmonics. Figure 4.10 compares the averaged WMS-

2f /1f measurements to simulated WMS-2f /1f signals with and without the

developed line-mixing model at different pressures and mixture ratios. Notably,

the CO2 measurements exhibit high SNR at pressures up to 83 bar, indicating

a potential to conduct measurements at even higher pressures. The line-mixing

model shows reasonable agreement with the measurements regarding the spec-
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tral structure for all three test conditions shown. In contrast, simulations not

accounting for line-mixing effects demonstrate large disagreement with the mea-

surement data in both magnitude and spectral shape. The updated model enables

quantitative inference of species concentration from the measured WMS signals

Figure 4.11: CO2 mole fraction measurements with representative error bars at
steady-state combustor conditions compared to CEA over a range of mixture ratios and

pressures for RP-2/GOx

Figure 4.11 compares inferred mole fraction to chemical equilibrium expec-

tations for RP-2/GOx. The CEA results are bounded by the highest and lowest

pressures measured, 83 bar and 28 bar, respectively, and shown for reference.

Previous measurements on the rocket combustor with RP-2/GOx demonstrated

generally 100–300 K lower temperature than equilibrium temperature, potentially

due to poor mixing, heat losses, or a cold boundary layer [43]. Species uncer-

tainties (as shown by error bars) were calculated with an assumed temperature

uncertainty of 200 K, yielding a typical uncertainty of 9%. Notably, the inferred
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CO2 mole fraction from all tests followed the expected trends and agreed well with

equilibrium expectations.

4.7.2 Measurements exploiting line mixing effects in the (0110 → 0111) fun-

damental bandhead of CO2 near 4.2 µm

Additional CO2 vibrational bandhead near 4.2 µm have been selected for species

measurements by considering the following criteria: (1) strong differential absorp-

tion, and (2) minimal interference with other combustion species. Figure 4.12

illustrates the absorption simulation (neglecting line mixing) of the vibrational

bandhead with other combustion species over a range of pressures. The features

present minimal interference and strong differential absorption, which is expected

to further amplify at high-pressure rocket combustion conditions due to the band

narrowing effects induced from line mixing.

0

0.2

0.4

0.6

0.8

1

A
b
s
o
rp

ti
o
n
 [

]

1 bar
25 bar
50 bar

2382 2383 2384 2385

Wavenumber [cm
-1

]

10
-2

L
in

e
s
tr

e
n
g
th

 [
c
m

-2
/a

tm
] COH

2
O

CO
2

e parity
f parity
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pressure dependence and absorption line-strength (HITEMP: T = 3500 K, XCO = 0.30,
XCO2 = 0.10, XH2O = 0.30)
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In order to model the collisional population transfers between neighboring

transitions near the bandhead, a modified-exponential gap rate law was adopted,

which is discussed in early part of the chapter. This allowed the line mixing effect

to be captured within the absorption modeling framework. Notable distinctions for

this targeted vibrational bandheads is that the CO2 bandhead in the (0110 → 0111) is

composed of two subbands with different parities (e and f ). In order to successfully

construct the relaxation matrix, the Fitting-M method has been implemented

where population transfer between different parities is neglected [79]. In other

words, MEG law coefficients for each parity were distinctly inferred through least-

squares fitting routines to the shock tube data. Figure 4.13 demonstrates that the

simulated spectra using the MEG law can accurately reproduce the CO2 bandhead

obtained by shock tube measurements. In addition, Fig. 4.13 illustrates the effect

of varying magnitude of population transfer rates which relates to the degree of

line mixing.
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A series of measurements over a range of pressures and mixture ratios (MR)

from 25–105 bar and 2.2–4, respectively, have been conducted on a single-element-

injector rocket combustor with CH4/GOx as propellants. The same rocket com-

bustor, located at the Air Force Research Laboratory on Edwards Air Force Base,

was used for testing.

Figure 4.14: (bottom ) Time evolution of chamber pressure for a representative test and
(top) averaged WMS-2f /1f signals (background subtracted) shown with simulated WMS
signals at: P = 403.7 psi, T = 3099 K, L = 2.54 cm, and XCO = 0.27

Figure 4.14 shows the pressure evolution in time for an example test with

corresponding averaged WMS-2f /1f signals at 4.2 µm, 2.3 µm, and 4.9 µm for

a steady-state chamber condition of 29 bar and MR ∼ 2.9. Raw optical signals

at three wavelengths have been averaged over the steady-state region to improve

signal-to-noise ratio (SNR) and were processed through a digital lock-in amplifier
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to extract the WMS harmonics, from which species and temperature can be

inferred. The measured WMS signals were compared to simulated WMS signals

using chemical equilibrium (CEA) for mixture composition/temperature and the

HITEMP database for spectral parameters. Measurements at the two rovibrational

bandheads near 4.2 µm and 2.3 µm have been also compared to an updated model

that incorporates line mixing. The measurement at the CO fundamental band

demonstrated relatively close agreement with the simulated HITMEP model while

the measurements at the two bandheads showed substantial disagreement in

both magnitude and spectral shape when not accounting for line mixing. However,

once updating the model to account for line mixing, reasonable agreement with

both bandhead measurements were observed.

Using the updated line mixing model, the WMS signals were interpreted to

Figure 4.15: Temperature and species measurements at steady-state combustor condi-
tions compared to CEA over a range of mixture ratios and pressures
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quantitatively measure temperature and species concentration. The ratio of peak

WMS signals from the 2.3 µm and 4.9 µm was utilized to first obtain temperature,

which was then used to infer CO and CO2 concentration based on absolute signal

magnitude [45][59].

Figure 4.15 compares measured temperature and mole fraction to chemical

equilibrium calculations. The CEA results are bounded by the highest and lowest

pressures measured, 105 bar and 28 bar, respectively. In order to obtain mole

fraction measurements above 100 bar, where the SNR of the CO fundamental band

measurements was deemed too low, the CEA temperature was assumed. Notably,

at these conditions the CO overtone bandhead measurement, which exploited line

mixing, retained high signal quality (SNR > 10) even at the highest pressures (>
100 bar) and was used to infer mole fraction. The inferred temperatures from

all tests followed the expected trends but were slightly lower (generally by 100

- 300 K) than equilibrium temperature, typical of incomplete combustion and

possibly related to thermal boundary layers. CO concentration measurements

were moderately less than CEA, while CO2 concentration measurements were

slightly higher at lower mixture ratios. The relative values are consistent with total

carbon conservation. Generally, mole fraction measurements for both species

trended with mixture ratio as anticipated from chemical equilibrium analysis.
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CHAPTER 5

Line mixing and broadening of CO2 at high

temperatures and high pressures

The contents of this chapter have been published in the Journal of Quantita-

tive Spectroscopy and Radiative Transfer under the full title ’Line mixing and

broadening of carbon dioxide by argon in the v3 bandhead near 4.2 µm at high

temperatures and high pressures’ [65].

5.1 Introduction

Carbon dioxide (CO2) is an important molecule in climatology, biology, planetary

astronomy, and combustion chemistry. High-temperature spectroscopy of CO2 is

relevant for remote sensing of extraterrestrial atmospheres [80, 81], combustion

diagnostics [82], and thermal radiation modeling in the development of planetary

entry systems [83, 84]. In these applications, quantitative simulation and analysis

is enabled by accurate spectroscopic data with appropriate thermodynamic scaling

across relevant conditions. This work experimentally investigates the CO2 spectra

near 4.2 µm at high-temperature conditions relevant to combustion and propulsion

over a broad range of pressures (up to 58.3 atm), with the goal of developing an

accurate model of the target spectral domain that accurately captures relevant

collisional effects.

The far-wing R-branch transitions of the CO2 asymmetric stretch (v3) fundamen-

tal bands near 4.2 µm have been extensively used for quantitative thermochemical
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sensing in combustion flows, owing to the high absorptivity and spectral isolation

from other combustion species. Researchers have targeted several rovibrational

transitions in these bands for CO2 measurements to characterize scramjet com-

bustor performance [74] (T = 1500–2500 K, P < 2 atm) and spatially-resolve

thermochemistry in flames [85, 86, 87, 88, 89, 90] (T = 1000–2200 K, P ≤ 1 atm).

Several shock tube kinetics studies of combustion chemistry have been aided

by sensitive time-resolved CO2 species measurements probing this infrared re-

gion [56, 91, 92, 93] (T = 500–2000 K, P ≤ 6 atm). More recently, this spectral

domain comprising the bandhead was targeted for in-chamber rocket combus-
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tion gas sensing at much higher temperatures and pressures (T > 3000 K, P

> 50 atm) [63]. At high gas densities, spectrally dense bandhead regions are

susceptible to collisional line mixing in addition to broadening [94]. Here we ex-

amine line broadening and mixing of CO2 in argon (Ar) for a group of high-energy

transitions belonging to the v1v2
l2 v3(0000 → 0001) and (0110 → 0111) bandheads of

CO2 near 4.17 µm. The target domain of interest for line-mixing studies is shown

in Fig. 5.1. The remainder of the manuscript will refer to these regions collectively

using a shorthand notation, v3(0 → 1).

Many researchers have quantified and modeled CO2 line broadening for transi-

tions in the v3(0 → 1) bands, with some reporting broadening effects in Ar [95, 96,
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97, 98, 99, 100, 56, 101], which is often used as a bath gas for chemical kinetics

studies in shock tubes. However, to the authors’ knowledge no experimentally-

measured Ar-broadening parameters are reported for rotational quantum number

transitions larger than J = 100, as indicated in Fig. 5.2. This is due to most

experimental measurements of line broadening coefficients for CO2 having been

conducted below 1000 K, wherein such lines are weakly active. We focus this

experimental study to 1200–3000 K and evaluate lines with higher rotational

energies (E ′′ = 3920–8090 cm−1).

Line mixing is a band narrowing effect that occurs at high gas densities,

resulting from collision-induced changes in rotational energy and is most evident

when collisional linewidths are on the order of line spacing [61]. Line mixing within

and in the wings of the v3 band of CO2 has been investigated previously [102, 103,

104, 105, 98, 106, 107], owing in part to its relevance in sensing of the Cytherean1

atmosphere [80], where pressures at the planet surface can exceed 90 atm. Here

we study line mixing in the bandhead of the v3(0 → 1) fundamental band of CO2

at elevated pressures and very high temperatures (up to 2850 K) relevant to

hydrocarbon-fueled combustion conditions, wherein (similar to broadening) higher

rotational energy states are more populated and prior work is absent.

This paper describes the experimental measurements and modeling of the

aforementioned line broadening and mixing effects in the v3(0 → 1) fundamental

bandhead region of CO2 at high temperatures and high pressures, with Ar as the

collision partner. After establishing the theoretical framework, we present the

experimental methods, including the optical setup, shock tube apparatus, and

data processing techniques required to obtain broadening and mixing parameters

from laser absorption measurements. Broadening parameters are determined

at moderate pressures (P < 0.8 atm), where many individual lines can be dis-

tinguished. An exponential gap model is then developed to capture line-mixing

1The word Venusian is also occasionally used to describe properties or behavior pertaining to
the planet Venus [108].
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effects by fitting multi-line absorption spectra at high-pressure conditions (up

to 58.3 atm) generated in a shock tube. The broadening and mixing models are

shown to enable accurate spectral simulation of CO2 near 4.2 µm over a broad

range of temperatures and pressures.

5.2 Theory

The theory of laser absorption spectroscopy is described thoroughly in the litera-

ture [16]. A previous work by our group on line mixing in CO bandhead spectra [43]

provides an analogous and more detailed review on the theoretical framework em-

ployed for this study. However, since varying definitions and symbols are present

in the literature, we provide a brief overview to assist the reader with context and

nomenclature definitions.

5.2.1 Absorption spectroscopy and line broadening

The transmission, τν, of monochromatic light at frequency, ν, through a uniform

absorbing gas medium is expressed by the Beer-Lambert law in Eq. (5.1):

τν =
(

I

Io

)
ν

= exp(−αν) (5.1)

where Io and I are the incident and transmitted light intensities, respectively, and

αν is the spectral absorbance. In the spectral vicinity of a single transition, the

spectral absorbance relates to thermophysical gas properties through Eq. (5.2):

αν = S(T )N Lφ(ν) (5.2)

where S(T ) [cm−1/(molec · cm−2)] is the line strength of the transition, L [cm] is the

path length, φ(ν) [cm] is the line shape function, and N [molec · cm−3] is the total
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number density of the absorbing species, given by:

N = P X

kB T
·10−6 (5.3)

Here, P is the pressure with units of [Pa], X is the mole fraction of the absorber,

kB [J/K] is the Boltzmann constant, and T [K] is the temperature. Based on the

compressibility factors for CO2 and Ar, deviations from the ideal gas assumption

implied in Eq. (5.3) are not expected to exceed 0.4% for any condition in this

study [109]. We model the spectral line shape, φ(ν), using a Voigt profile [61], a

convolution of a Lorentzian and a Gaussian profile accounting for collisional and

Doppler broadening, respectively. For the Voigt lineshape, both collisional and

Doppler broadening are characterized by full width at half maximum (FWHM)

parameter; ∆νC [cm−1] for collisional broadening and ∆νD [cm−1] for Doppler broad-

ening. Doppler linewidth is given by Eq. (5.4) [16]:

∆νD = ν0(7.1623 ·10−7)

√
T

M
(5.4)

where ν0 [cm−1] is the transition linecenter and M [g·mol−1] is the molecular weight

of the absorbing species. Collisional width scales with the collision frequency of

the absorbing molecule A (adjusted for quantum state), and is modeled as the

product of pressure and the sum of mole fraction weighted collisional broadening

coefficients of each perturbing species B:

∆νC = P
∑
B

XB 2γA−B (T ) (5.5)

where γA−B (T ) [cm−1atm−1] is the transition-dependent collisional broadening

coefficient at temperature, T . Note that in Eq. (5.5), total pressure, P , has units of

[atm].

As shown in Eq. (5.5), collisional broadening scales with pressure linearly. The
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temperature dependence of γA−B (T ) is modeled as a power law expression:

γA−B (T ) = γA−B (T0)

(
T0

T

)nA−B

(5.6)

where γA−B (T0) [cm−1atm−1] is the broadening coefficient at a reference temperature,

T0, and nA−B is the line-specific temperature exponent of the absorbing species.

As lines become more closely spaced together or pressure increases, the spectral

absorbance, αν, at a given wavenumber, ν, is no longer a function of just one

spectral transition, but is rather a summation of all neighboring transitions as

demonstrated in the bandhead shown in Fig. 5.1. In this work, we measure values

of γCO2−Ar over a range of temperatures (1200–3000 K) and sub-atmospheric pres-

sures to distinguish 17 transitions within the range of J = 99–145. Transitions are

probed in both the (0000 → 0001) and (0110 → 0111) fundamental bands, recognizing

weak vibrational dependence. For each transition, a power law fit with temperature

is used to infer nCO2−Ar and we report γCO2−Ar(T0) at a reference temperature of

T0 = 1200 K. The parameters for inaccessible (overly blended) lines are determined

via interpolation.

5.2.2 Line mixing

Line mixing is a phenomena in which molecular collisions induce a change in

rotational energy, typically within a given vibrational energy level. These collision-

induced transfers between rotational energy states result in an intensity exchange

between neighboring transitions and often leads to a vibrational band narrowing

effect [61], which enhances high-absorbing regions. This effect scales with collision

frequency (or pressure) and is pronounced in spectrally dense regions, such as

bandheads, where line spacing is small. An illustration of the line mixing process

for two rovibrational transitions is depicted in Fig. 5.3.

In modeling line-mixing effects, we utilize the relaxation matrix formalism [64],

which accounts for aggregate collisional effects (broadening and mixing) on the
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molecular spectra. In the following equations and figures, J and K refer to tran-

sitions between lower and upper states J ′′ → J ′ and K ′′ → K ′, wherein the state

space is generally distinguished from the line space here with the use of prime

(′) and double prime (′′) symbols. We express the absorbance, αν, for overlapping

transitions, within the impact approximation [110], in the following form:

αν = N L

π
Im(d ·G−1 ·ρ ·d) (5.7)

where ρ is a diagonal matrix with nonzero elements defined by the lower state

Boltzmann population fraction and d [cm−1/(molec · cm−2)] 1
2 is a vector describing

transition amplitudes. Another equivalent form of Eq. (5.7) is shown in the

Appendix of Bendana et al [43].

The dependence on wavenumber, ν [cm−1], in Eq. (5.7) is within G [cm−1], a
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complex matrix defined as:

G= νI−ν0 − i PW= νI−H (5.8)

where I is the identity matrix, ν0 [cm−1] is a diagonal matrix of transition frequen-

cies, and W [cm−1/atm] is the relaxation matrix [64]. In Eq. (5.8), total pressure, P ,

is in units of [atm]. The frequency-independent matrix, H, can be diagonalized by a

matrix A using a similarity transform [111] to obtain a diagonal eigenvalue matrix

with diagonal elements, ωJ [cm−1]. Since G differs from H only by a constant

diagonal matrix, G−1 is also diagonalized by A. Eq. (5.7) can now be written as a

function of ν summing over all equivalent lines, J :

αν = N L

π
Im

[∑
J

(d ·A)J (A−1 ·ρ ·d)J

(ν−ωJ )

]
(5.9)

We capture line-mixing effects with a relaxation matrix, which is given by:

WJK =


γJ − i∆ν0,J if J = K

−ARR R J ′′→K ′′ if J 6= K
(5.10)

where the real diagonal elements of W are the broadening coefficients, γJ , dis-

cussed previously (Sec. 5.2.1) and the imaginary diagonal elements are the pres-

sure shifts, ∆ν0,J [cm−1/atm]. The imaginary off-diagonal components of W repre-

sent contributions from rovibrational dephasing [68], which can be approximated

as zero, and the real off-diagonal elements are approximated by elements propor-

tional to state-specific population transfer rates R J ′′→K ′′ [cm−1/atm] multiplied by a

scaling factor ARR [61].

Since collisions generally promote the Boltzmann distribution of population,

the reciprocal population transfer rates, R J ′′→K ′′ and RK ′′→J ′′, respectively, are re-

lated through the detailed-balance principle [71]. If the off-diagonal elements

of the relaxation matrix, WJK , are set to zero, Eq. (5.7) simplifies to the sum of
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the Lorentzian lines with no line-mixing effects. Invoking the random phase

approximation [100], broadening coefficients can be related to the state-to-state

population transfer rates (R) between lower and upper states [61]:

γJ = 1

2

[ ∑
J ′′ 6=K ′′

R J ′′→K ′′ + ∑
J ′ 6=K ′

R J ′→K ′

]
(5.11)

This equation assumes negligible dephasing contributions from elastic colli-

sions [112].

For multiple collision partners, the full relaxation matrix is expressed as a

summation of the individual perturber contributions:

W=∑
B

XBWA−B (5.12)

We model the real off-diagonal elements of W with a modified-exponential-gap

(MEG) law [69, 70] with the form:

WJK = a1(T )

1+a4

(
E ′′

J
a2kB T

)
1+a4

(
E ′′

J
kB T

)


2

×exp

−a3

(
E ′′

K −E ′′
J

)
kB T

 (5.13)

where a1(T ) [cm−1/atm], a2, and a3 are species-specific MEG law coefficients

obtained by fitting measured absorbance data to the model using a nonlinear

least-squares fitting routine. a4 describes the collision duration [69] based on

distance of closest approach [113] and for this study is set to a4 = 2 as an estimate

for collisions of linear molecules [43]. The MEG law formulation described here

has been successfully implemented for several linear molecules [114, 115, 43],

including CO2 [116, 117]. Though some of these studies have used different a4

values, the sensitivity of a4 has been tested using a4 = 1 and a4 = 1.5 and found to

have negligible influence on the results [116, 114].

The species-specific MEG law coefficients at a given temperature can be ob-

89



tained by fitting absorbance spectra [118]. a1(T ) can be modeled as a power law

expression to determine the temperature dependence of the relaxation matrix

components:

a1(T ) = a1(T0)
(T0

T

)m
(5.14)

where a1(T0) is the MEG law coefficient at a reference temperature, T0, and m is de-

fined as the temperature exponent, obtained by fitting multiple sets of absorbance

data over a range of temperatures.

Similar to the reported broadening coefficients, γCO2−Ar, we report measured

values of MEG law coefficients for ai and the associated temperature exponent,

m, at a reference temperature of T0 = 1200 K. We show that these parameters

can be used to accurately model line-mixing effects in the (0000 → 0001) bandhead

of CO2 near 4.17 µm at high pressures (10–60 atm) over a temperature range of

1200–3000 K.

5.3 Experimental methods

The experiments in this work were conducted using a high-enthalpy shock tube

facility [43, 119]. We provide a brief description here for context and reader clarity.

The shock tube and corresponding optical setup are illustrated in Fig. 5.4. All

laser absorption measurements are attained behind reflected shock waves that

near-instantaneously heat a prescribed gas mixture to target conditions for a

short test time (milliseconds). Initial reflected shock conditions are determined by

measurements of the incident shock speed and normal shock relations, yielding a

typical uncertainty of ∼1% in temperature when properly accounting for vibrational

relaxation of the gas mixture [120]. Prior to each experiment, a roughing pump

(Alcatel Adixen 2021i) was used to vacuum down the shock tube to < 1×10−3 Torr.

Test gas mixtures were barometrically prepared in a 12.5 L agitated mixing tank

using a heated capacitance manometer (MKS 627D Baratron) with a full-scale
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pressure range of 1000 Torr and an uncertainty of 0.12% of the reading. At higher

pressures, an additional pressure transducer (Setra GCT-225) with an accuracy

of 0.25% of the full scale (1000 psi) was used to prepare mixtures. All gases

were supplied by Airgas, Inc. with purity levels of 99.999% for CO2, 99.999% for

Ar, and 99.995% for N2 and He. Different mixtures were prepared for collisional

broadening and line mixing investigations (2%–5% CO2/Ar) depending on the

expected intensity of the transitions being measured; higher concentrations of

CO2 were used for the higher J lines to increase absorbance and measurement

signal-to-noise. Different driver gases (either N2 or He) and diaphragm thicknesses

were used depending on the reflected shock conditions desired.

Two continuous-wave (CW) distributed feedback (DFB) interband cascade lasers

(Nanoplus) were utilized to spectrally-resolve the mid-infrared CO2 spectra. Each

ICL has approximately ∼3 mW output power, and is rapidly tunable via injection

current. One ICL targeted the primary domain of interest near 4.17 µm (2395–

2398 cm−1) to study lines near the (0000 → 0001) bandhead. As seen in Fig. 5.1, this

spectral region consists of even J = 100–144. As is common in bandheads, many of

these lines are blended together even at moderate pressures (< 0.5 atm), precluding

distinct broadeningmeasurements for several lines. To build amore comprehensive

broadening dataset and establish a J-dependence, additional CO2 transitions from

the neighboring (0110 → 0111) band with similar J (99–145) were also evaluated

using an ICL near 4.19 µm (2383–2385 cm−1). It should be noted that vibrational

dependence of broadening is expected to be less than 2% [121, 122] and, as

a result, was considered negligible. While the two aforementioned bands were

targeted for broadening measurements of similar high J lines, only the (0000 → 0001)

bandhead near 2398 cm−1 was investigated for line mixing. To confirm that CO2

did not dissociate into CO during the shock-heated experiments, we also used a

quantum cascade laser (QCL, ALPES) centered at 4.98 µm targeting the P(0,31)

and P(2,20) transitions in the CO fundamental bands (∆v = 1).

The interband cascade lasers were injection current tuned with 10 kHz triangle
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waveforms, shown in Fig. 5.4, over a wavenumber range of ∼1.6 cm−1 at various

intervals between 2382–2400 cm−1. Similarly, the QCL targeting CO was tuned over

a wavenumber range of ∼1.2 cm−1 between 2008–2009 cm−1 at a similar frequency.

For all lasers, the injection current was scanned below the lasing threshold to

account for transient thermal emission during the measurements. The relative

frequency of the laser light during the scan was determined using a germanium

etalon with a free spectral range of 0.0231 cm−1. During the experiments, the

incident light was pitched through a CaF2 beamsplitter and across the shock

tube through two 0.5° wedged sapphire windows with a 9.5 mm aperture, as

shown in Fig. 5.4. The transmitted light was again passed through a beamsplitter,

followed by a bandpass spectral filter (Electro Optical Components, 4210±42 nm

or Spectrogon, 4960±148 nm) to separate the two light sources. After the spectral

filters, the light from each respective wavelength passed through an iris to mitigate

thermal emission, and was focused onto a thermo-electrically cooled photodetector

(Vigo PVI-4TE-5) using a CaF2 plano-convex lens. Incident and reflected shock

pressures were measured by a dynamic pressure transducer (Kistler 601B1)

mounted in one of the test section ports and connected to a charge amplifier

(Kistler 5018A). Pressure and detector data were collected on a PicoScope 4000

series data acquisition module at 80 MHz while detector data were sampled at the

maximum detector bandwidth of 10 MHz, yielding an equivalent measurement

rate of 5 MHz.

Representative raw time-resolved signals from a shock tube experiment are

shown in Fig. 5.4. Following the passage of the incident and reflected shocks, the

target lines appear as the high temperatures more densely populate the high J ′′

rotational energy levels. During the experiment, a non-ideal pressure rise was

occasionally observed and accounted for by assuming isentropic compression of

the test gas [43]. This assumption has been validated as an accurate method for

correcting thermodynamic conditions behind reflected shock waves [123]. For a

single scan interval, the change in temperature and pressure are less than 0.75%
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and 0.5%, respectively; thus, the thermodynamic properties were assigned at the

scan mid-point and assumed to be constant during each scan.

Shock tube experiments for Ar line broadening parameters of CO2 were con-

ducted over a temperature range of 1200–3000 K and a pressure range of 0.352–

0.804 atm. Moderate pressures were targeted for line-broadening experiments

to minimize spectral blending amongst neighboring transitions and resolve the

line-specific broadening and temperature coefficients discussed in Section 5.2.1.

Shock tube experiments for line-mixing parameters covered a temperature and

pressure range of 2000–3000 K and 16.5–58.3 atm, respectively. Higher pressures

were targeted for line-mixing experiments in order to determine MEG law coeffi-

cients and prove pressure scalability. A complete test matrix of all the experimental

conditions for these measurements can be found in the Supplementary Material.

For each experiment, absorbance, αν, was determined through Eq. (5.1) via

measurements of incident and transmitted intensity, I0 and I . The incident

laser light intensity through the shock tube was measured without a mixture

present prior to each shock experiment to provide a baseline I0 for calculation

of αν. Each scan of the transmitted laser intensity, I , was corrected for detector

offset from both emission and dark current noise by tuning below the lasing

threshold. Minimal emission was observed throughout the tests, as seen in the

representative data from Fig. 5.4. To obtain line-broadening coefficients, the

measured absorbance spectra for a group of transitions (regions identified in

Fig. 5.5) was least-squares fit with Voigt lineshape functions with broadening

coefficient, γ(T ), and line position, ν0, set as the free parameters. It should be

noted that since the fit was performed on a group of transitions, the relative line

position is critical; therefore, the bounds for ν0 were determined by uncertainties

in the etalon measurement. X , T , P , and L were held constant and determined

from the barometric mixture preparation, reflected shock conditions, and shock

tube geometry. The minor self-broadening from CO2 was also included in the

simulation, effectively correcting for this contribution. For higher-pressure line-
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mixing experiments, the MEG law coefficients were set as free parameters with the

diagonals of the relaxation matrix assigned with the pre-determined broadening

coefficients.

5.4 Results and discussion

Temperature dependent line-broadening coefficients of CO2 with Ar are reported

for transitions in the range of J = 99–145, suitable for spectral modeling over

a temperature range of 1200–3000 K. Seventeen transitions are measured di-

rectly through line fitting, while the remainder are inferred via interpolation (and

compared with measured spectra). Line mixing coefficients are also reported for

the (0000 → 0001) bandhead region near 2395–2398 cm−1 to capture the spectral

distortion effects at pressures up to 58 atm and similarly high temperatures.

The following two subsections detail the line-broadening and line-mixing results,

respectively.

5.4.1 Line broadening

As described in Sec. 3, scanned-wavelength laser absorption measurements were

made behind reflected shocks to gather CO2 spectral data from 1200–3000 K. Rep-

resentative single-scan absorbance measurements from shock tube experiments

with corresponding Voigt line fits are shown in Fig. 5.5 for the spectral regions (A,

B, and C) evaluated in this work. As indicated and aforementioned, measurements

were conducted in two different bands to empirically-determine Ar-broadening

parameters for rovibrational transitions in the range of J= 99–145. The primary

motivation of this work was to accurately model the (0000 → 0001) bandhead region

near 2395–2398 cm−1 over a wide range of temperatures and pressures. However,

fitting individual lines in this domain proved difficult due to severe overlap near

the bandhead. As such, distinct line fits in the (0000 → 0001) band were restricted
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to Region B, near 4.17 µm, which included only 6 of the 22 lines of interest (note

only even J are allowed in this band). Despite the dataset including transitions

before and after the bandhead (higher and lower J ), the sparse number of lines

was deemed insufficient to infer the parameters of the intermediate J . Accordingly,

an additional 11 transitions near 4.19 µm were distinctly measured from the

(0110 → 0111) band, shown in Fig. 5.5 Region A. This region similarly includes a

number of other lines that could not be fit reliably due to severe overlap or weak

absorbance and are excluded in subsequent data analysis. The 17 lines from

which fitting parameters were used are labeled in red by their lower state rotational

quantum number in Fig. 5.5.

Region C in Fig. 5.5 shows a comparison between a low-pressure measurement

of the blended (0000 → 0001) bandhead and a simulation using the line broadening

parameters which were interpolated based on the measurements from Regions

A and B. Details regarding the data analysis process to obtain these results are

discussed here. Generally, the Voigt fits of lines in Regions A and B produced

low peak residuals (1–2%). At high temperatures and moderate pressures the

Ar-broadened spectra exhibited some evidence of collisional narrowing (gull-wing

residual) [124], but the signal-to-noise ratio was deemed insufficient to rigorously

evaluate more advanced lineshapes than the Voigt (which performed quite well).

In order to accurately determine Ar-broadened line parameters from the Voigt

fits, the contribution from self-broadening, calculated from the line parameters

reported in the HITEMP database [44], have been subtracted from the measured

collision widths.

Figure 5.6 shows the CO2–Ar broadening coefficient versus temperature for

a subset of transitions before and after the bandhead, representing all relevant

temperature conditions. The measured broadening coefficients were fit with a

power law to obtain a temperature dependence, γ(T ), for each transition. It can

be noted that at the lower temperatures, the highest J lines could not be reliably

discerned, reducing the number of data points available to the power law fit. To
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Figure 5.6: Ar-broadening coefficients for the transitions of interest with power law fits
for 765–3000 K.

help reduce uncertainty in the temperature dependence for the lines measured in

this work and constrain the power law fits, we incorporate estimates of γCO2−Ar

at 765 K by performing a linear regression of data reported by Thibault [100]

measured for lower J transitions [125]. More detail on the calculation of these

estimates and their associated uncertainties is provided in 5.6. Subsequently,

the γ(T ) values for each measured transition were used in a linear regression to

estimate the relationship between γ(T ) vs J , shown as dash-dotted lines in Fig. 5.7,

for different temperatures.

As discussed previously, line-broadening experiments targeted lower pressures

(<0.8 atm) to minimize spectral blending from neighboring transitions, which

become more significant near the bandhead and complicates the spectral fitting.

Despite utilizing multiple bandheads and the low pressures of the experiments,

the R(113)–R(137) transitions are too closely spaced and blended to reliably fit
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and extract broadening information. Accordingly, we infer broadening coefficients

for these lines via the linear interpolation, as indicated in Fig. 5.7. The linear

relationship between γCO2−Ar [cm−1/atm] and J at temperature 1200 K can be

expressed with the following equation:

γCO2−Ar(1200 K ) = 0.025−9.205×10−5(J ) (5.15)

Temperature-dependent exponents nCO2−Ar for all measured and interpolated

transitions are determined by similarly fitting the inferred broadening coefficients

γCO2−Ar (T ) over the range of test temperatures. The resulting values of nCO2−Ar can
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be modeled as a function of J using the following equation:

nCO2−Ar = 0.708−2.417×10−3(J ) (5.16)

Note this expression is only considered suitable for J = 99–145. The corresponding

broadening parameters for select transitions and their uncertainties are listed in

Table 5.1 with a reference temperature of T0 = 1200 K. Superscripts in the table

indicate if the reported parameter is from an interpolated transition. Power-law

fits of all measured broadening coefficients versus temperature (similar to the

subset shown in Fig. 5.6) are provided in the Supplementary Material to support

these summary results. The values in Table 5.1 and predicted by Eq. (5.16) are

considered most appropriate for a temperature range T = 1200–3000 K.

Revisiting Fig. 5.5, it can be noted that the interpolated broadening parameters

in Region C, when coupled with a Voigt lineshape simulation, yield excellent

agreement with measured spectra. The spectra in Region C exhibits very low

residuals (< 2%) despite the indirect inference using data from Regions A and B.

The slightly more pronounced discrepancy at the bandhead near 2397.3 cm−1

provides evidence of line-mixing effects even at these lower pressures [85, 87].

5.4.2 Line mixing

As discussed in Sec. 5.2.2, the relaxation matrix, W, accounts for the collision-

induced population transfer rates that determine line mixing and narrowing effects

in the molecular spectra. The real diagonal elements of W are the broadening

coefficients, γJ , the imaginary diagonal elements are the pressure shifts, ∆ν0,J , the

real off-diagonal elements are proportional to the state-specific population transfer

rates, R J ′′→K ′′, and the imaginary off-diagonal components are approximated as zero.

The reported broadening coefficients in Table 5.1 and pressure shift coefficients

from the HITEMP database [44] are used to complete the real and imaginary

diagonal elements of W, respectively. Though the HITEMP database only provides
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Table 5.1: Ar-broadened line parameters for the CO2 v3(0 → 1) bands

Transition γCO2−Ar(1200 K) nCO2−Ar
(v ′′

3 , J ′′) [10−3 cm−1atm−1]

R(0,100) 15.26 ± 0.63 0.466 ± 0.012
R(0,105) 14.80 ± 0.55a 0.454 ± 0.014a

R(0,110) 14.34 ± 1.18 0.442 ± 0.024
R(0,115) 13.88 ± 1.38a 0.430 ± 0.023a

R(0,120) 13.42 ± 1.23a 0.418 ± 0.040a

R(0,125) 12.96 ± 1.19a 0.406 ± 0.039a

R(0,130) 12.50 ± 1.15a 0.394 ± 0.038a

R(0,135) 12.04 ± 1.01a 0.382 ± 0.053a

R(0,140) 11.58 ± 0.92 0.370 ± 0.053
R(0,145) 11.12 ± 0.68 0.357 ± 0.024

a Interpolation based on J-dependence (refer-
ence Fig. 5.7)

CO2-air pressure shift coefficients, deviations from this assumption were found to

negligibly affect the fitting results. The real off-diagonal elements were obtained

through the MEG law, described by Eq. (5.13), and the detailed balance principle

for a grouping of 34 transitions from J = 88–154. To find the MEG law coefficients,

ai , high pressure absorbance data measured using the shock tube facility are

least-squares fit with the absorbance model given by Eq. (5.7), with a1, a2, and a3

set as the free parameters. This procedure was carried out with test gas mixtures

of 2% CO2/Ar to obtain the appropriate rates for CO2-Ar collisions using Eq. (5.12).

A comparison of representative high-pressure absorbance data collected in the

shock tube at 36 atm and 2493 K is shown in Fig. 5.8 with various simulations.

The measured data is compared to simulated results using the line-mixing model

developed in the present work and a model developed by Lamouroux et al [107]

for CO2 line mixing in air based on the HITRAN 2016 database [125]. Notably,

the air-broadened line-mixing model based on HITRAN 2016 poorly represents

the measured spectra at all wavenumbers of interest; the disagreement is largely

due to several missing high J transitions, which are included in the HITEMP

database [44]. Using the HITEMP database with the updated Ar-broadening
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Figure 5.8: Absorbance measurement of the (0000 → 0001) fundamental bandhead of CO2
at 2493 K and 36 atm with spectral simulations using Eq. (5.2) (green), Eq. (5.7) (red)
with varying magnitude of population transfer rates, including no population transfers
(a1 = 0), and the line mixing model developed by Lamouroux et al [107] available in the
HITRAN database [125] (grey).

parameters reported in Table 5.1 yields a prediction closer to the measurement;

however, without considering line mixing, the simulated spectra significantly

underpredicts absorbance near the bandhead, where pronounced narrowing

occurs. Implementing the aforementioned MEG law fitting routine enables a

highly accurate reconstruction of the spectra with residual < 3%. This compares

to a disagreement of nearly 30% at the bandhead peak without accounting for

line mixing. Notably, away from the bandhead, the line mixing model still agrees

well with both the measured absorbance and converges to simulated spectra that

ignores line mixing. To illustrate the sensitivity to the MEG law coefficients, we
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adjust the a1 parameter (+45%) to vary the degree of line mixing and visualize

the associated changes in the spectra. As population transfer rates increase,

line mixing favors intensity transfers from weak absorption regions to strong

absorption regions, consequently narrowing the spectral structure and increasing

the differential absorption near the bandhead.

It is informative to compare the transfer rates of different transitions as a

function of ∆J . Figure 5.9 shows the real off-diagonal elements of the relaxation

matrix, WJK , which are proportional to the state-to-state transfer rates, R J ′′→K ′′,

for select transitions given by the line mixing model at two conditions. In this

bandhead, similar to others [43, 67], we observe that R J ′′→K ′′ decays as ∆J increases,

which may be interpreted as collision-induced transfers across larger differences
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Figure 5.9: WJK given by the MEG model, from selected initial states J ′′= 100, 110, 120,
130, and 140 to final K ′′ states, plotted as ∆J = K ′′− J ′′.
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in rotational levels requiring more energy. Fig. 5.9 illustrates that at higher tem-

peratures, the population transfers from larger ∆J become more significant. This

can be described through Eq. (5.13). Notably, the relaxation matrix scales linearly

with pressure, but the relative probability of collision-induced transfers between

a given ∆J is only dependent on temperature. As shown here and similar to our

previous line-mixing study [43], at very high temperatures (> 2500 K), population

transfers with ∆J >±1 significantly contribute to the population redistribution in

the bandhead.

With the MEG law coefficients inferred empirically at various conditions, the

temperature dependence of a1(T ) was found through Eq. (5.14) by fitting exper-

imental data at different temperatures, while holding a2 and a3 constant. The

temperature dependence of the relaxation matrix is captured in Fig. 5.10 for CO2-
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Figure 5.10: Best-fit determinations of a1 for different temperatures (markers) with power
law fits (dashed line) for CO2-Ar collisional line mixing.
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Table 5.2: Temperature-dependent MEG law parameters determined in this work

a1(1200 K) a2 a3 a4 m
[10−3 cm−1atm−1]

CO2-Ar 53.94 ± 2.49 4.98 ± 0.25 3.19 ± 0.13 2 2.06 ± 0.07

Ar collisions. Notably, the temperature exponents for the off-diagonal components

of the relaxation matrix are larger than those of the corresponding broadening

coefficients. For CO2-Ar collisions, a2 and a3 were obtained at 2571 K and 58.3 atm

with a1 reported at a reference temperature of T0 = 1200 K. The reported MEG law

coefficients can be found in Table 5.2. Importantly, the WJK elements proportional

to the specific transfer rates obtained by the reported MEG law coefficients do

not completely sum up to the broadening coefficient (as shown in Eq. (5.11)) due

to either the ARR factor being less than unity or other state-changing collisions

outside of the domain considered. For a given rovibrational line, the proxy transfer

rates for the grouping of lines considered here summed to a typical value of approx-

imately 70% of the corresponding broadening coefficient. As such, caution should

be exercised in using this relaxation matrix beyond modeling the target absorption

spectra, as the real off-diagonal absolute values have not been normalized.

With an established temperature dependence for WJK and γJ , the target band-

head spectra can be simulated over a wide range of temperatures and pressures.

To validate the pressure scalability and accuracy of the line mixing model, a series

of shock tube experiments were conducted from 16.5–58.3 atm for 2% CO2/Ar at

similar temperatures, respectively, as shown in Fig. 5.11. At all conditions, the

line mixing model exhibits excellent agreement with the measured absorbance

spectra.

5.5 Conclusion

Ar-broadening coefficients and temperature-dependent exponents have been re-

ported for mid-wave infrared CO2 transitions (J = 99–145) in the v3(0 → 1) fun-
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Figure 5.11: CO2-Ar: measured spectral absorbance compared to the developed MEG
model used capture line-mixing effects over a range of pressures. The simulated spectral
absorbance with no line mixing is illustrated for reference.

damental bands near 4.2 µm. Experiments were conducted over a wide range

of temperatures, 1200–3000 K, utilizing a shock tube facility. To the authors’

knowledge, this work represents the first experimental study of these very high

rotational energy transitions (E ′′ = 3920–8090 cm−1), extending the spectroscopic

knowledge base of temperature-dependent broadening for CO2. With broaden-

ing parameters established, a modified exponential gap model was developed

to capture the thermodynamic scaling of the relaxation matrix, proportional to

state-specific collisional transfer rates associated with line mixing. The line-mixing

model developed in this work is shown to accurately simulate the bandhead spec-

tral domain (2395–2398 cm−1) over a wide range of temperatures and pressures,
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1200–3000 K and 16.5–58.3 atm, relevant to combustion and planetary entry.

5.6 Uncertainty analysis

The uncertainty analysis presented here follows the analysis presented in the

Appendix of Bendana et al [43], with added discussion for inferring the properties

for the lines other than those which were directly measured. The broadening

parameters reported in Table 5.1 and the MEG law coefficients reported in Table 5.2

are provided with uncertainty estimates, the calculations of which are detailed in

this Appendix. Unless otherwise noted, we follow the Taylor series method (TSM)

of uncertainty propagation [76], in which the uncertainty of a variable r , ∆r , is

given by:

(∆r )2 =
(
∂r

∂x1
∆x1

)2

+
(
∂r

∂x2
∆x2

)2

+·· · (5.17)

where xi are dependent variables and ∆xi are their respective uncertainties.

5.6.1 Thermodynamic state variables

The parameters we report are determined frommeasurements made at various ther-

modynamic conditions, uncertainties of which ultimately affect the temperature-

and pressure-dependence of the associated models.

In this study, uncertainty in pressure is dominated by uncertainty in the

reflected shock pressure ∆P5 due to uncertainties in the inputs to the normal

shock relations. Likewise, there is uncertainty in the reflected shock temperature,

∆T5. For the sake of brevity, the uncertainties ∆P5 and ∆T5 will not be discussed

here in further detail; however, we note that significant contributors include

uncertainties in the composition of the driven gas (from the barometric mixture

preparation), uncertainties in the time-of-arrival measurements that determine

shock velocity, and small uncertainties in the initial pressure P1 and temperature

T1. Further information regarding uncertainties in reflected shock conditions can
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be found in the work by Campbell et al [120].

5.6.2 Broadening coefficient

The uncertainties in collisional broadening coefficient γA−B (T0) (for absorber A

by perturber B ), ∆γA−B (T0), and temperature-dependent exponent, ∆nA−B , are

determined by applying a linear regression to the natural logarithm of Eq. (5.6).

In this case, the standard errors of the slopes and intercepts of the fitted lines are

∆nA−B and ∆γA−B (T0), respectively. In our linear regressions, we follow the approach

of York et al [126], incorporating variable uncertainties in both x and y to provide

slope and intercept standard errors more reflective of variable measurement quality

amongst the data. This allows us to utilize measurements from both the shock

tube described in this manuscript as well as values estimated from the work of

Thibault [100] in the same regression (as shown in Fig. 5.6), despite that each

of the experiments utilized a different facility and has different measurement

uncertainties.

As mentioned in Section 5.4.1, we estimated γ for high J transitions at 765 K by

performing a linear regression on values of γ reported by Thibault [100] validated

for lower J transitions (J = 51–100). This estimate assumes a linear dependence

of γ on J for J ≥ 51. The regression, which is weighted according to the reported

measurement uncertainty, is shown in Fig. 5.12. Since the data are extrapolated,

uncertainties in estimated γ, ∆γ, are conservatively calculated by summing in

quadrature the nearest reported measurement uncertainty (∆γmeas for J = 100)

and the variation resulting from uncertainty in the linear regression, ∆γr eg :

∆γJ≥100 =
√

(∆γmeas)2 + (∆γr eg )2 (5.18)

Values of ∆γr eg at 765 K for J = 101–145 (examples shown in Fig. 5.6) are determined

by varying the possible regressions to determine a variation in possible γ which

still reproduce measured γ for J = 51–100 constrained to within the 2σ reported
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measurement uncertainty. This span is noted by dashed lines in Fig. 5.12.

∆γA−B (T0) and ∆nA−B have uncertainty dependence on ∆T (discussed previously)

and ∆γA−B (T ). We can determine ∆γA−B (T ) by applying Eq. (5.17) to Eq. (5.5) after

rearranging to solve for γA−B (T ):

(
∆γA−B (T )

γA−B (T )

)2

=
(
∆(∆vC )

2P XB

)2

+
(
∆vC∆P

2P 2XB

)2

+
(
∆vC∆XB

2P X 2
B

− ∆XB

XB

∑
C

XCγA−C (T )

)2

+
(

1

XB

∑
C
∆XCγA−C (T )

)2

+
(

1

XB

∑
C

XC∆γA−C (T )

)2

(5.19)

Eq. (5.19) describes the uncertainty dependence of the broadening coefficient of

absorber A by perturber B, γA−B (T ), on the uncertainties in collisional width ∆vC ,

total pressure P , mole fraction of perturber B, XB , and broadening influences of

any other perturbers C (which includes self-broadening by A). When considering

only a single perturber B, as in this study, C = A to account for the influence
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of self-broadening. ∆P is determined from ∆P5, and mole fraction uncertainties

∆Xi are determined based on the barometric mixture preparation uncertainties.

Collisional width ∆vC is determined from a Voigt fit of the measured absorbance

spectra, and so ∆(∆vC ) is estimated by multiplying the maximum residual of the

Voigt fit by ∆vC , typically less than 3%.

Thus, the uncertainty dependencies of ∆γA−B (T0) and ∆nA−B are all accounted

for. For interpolated values of γA−B (T ) between J of 113–137 which were not directly

measured (noted with superscript a in Table 5.1), ∆γA−B (T )/γA−B (T ) was assumed

to be the same as the largest ∆γA−B (T )/γA−B (T ) calculated for directly measured

transitions; in this study, approximately 9%.

5.6.3 MEG law coefficients

The MEG coefficients a1(T ), a2, and a3 for each experiment are empirically deter-

mined by a nonlinear least-squares fit so their uncertainties cannot be interpreted

as meaningfully through physical relationships as described by Eq. (5.17). There-

fore, we estimate uncertainties for these coefficients in a manner consistent with

how the model will be used; i.e., to accurately simulate absorption spectra in the

range of thermodynamic conditions described in this work. The uncertainties

in a1(T ), a2 and a3 for each high-pressure shock tube experiment were inferred

by varying the wavenumber range over which the least-squares fit described

in Section 5.4.2 was implemented. The differences between the values of ai

determined from simulating the wavelength range of the measured experiment

(2396–2398 cm−1) and the values of ai determined from simulating the wave-

length range of the (0000 → 0001) band before overlapping with the other band

(2385–2398 cm−1) were taken to conservatively estimate ∆ai . This represents

the uncertainty associated with using experimental data gathered from a limited

spectral range to model the line mixing behavior of the entire band.

The uncertainties for a1(T ), ∆a1(T ), are shown as error bars in Fig. 5.10. To-
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gether with ∆T , these are used in the linear regression determination of a1(T0)

and m to obtain their respective uncertainties ∆a1(T0) and ∆m using the same

approach of York et al [126] as described for ∆γA−B (T0) and ∆nA−B .

5.7 Supplementary Material

Table 5.3: Shock tube experimental conditions for Ar-broadening and line-mixing mea-
surements for the CO2 v3(0 → 1) bands

ν [µm] Temperature [K] Pressure [atm]

4.17a 1370.32 0.42
4.17a 1559.14 0.35
4.17a 1740.59 0.50
4.17a 2007.02 0.53
4.17a 2198.26 0.44
4.17a 2518.39 0.55
4.17a 2744.43 0.53
4.17a 2859.77 0.36
4.19a 1248.85 0.62
4.19a 1558.19 0.80
4.19a 1787.65 0.80
4.19a 2118.88 0.76
4.19a 2482.74 0.60
4.19a 2636.52 0.65
4.19a 2840.02 0.52
4.17b 2021.64 22.36
4.17b 2228.93 33.77
4.17b 2359.57 16.52
4.17b 2376.15 23.46
4.17b 2441.44 32.50
4.17b 2492.94 36.43
4.17b 2542.57 18.97
4.17b 2571.17 58.25
4.17b 2665.14 45.19
4.17b 2692.79 35.28
4.17b 2726.98 37.77
4.17b 2879.59 35.21
4.17b 2893.98 25.80

a Low-pressure shocks for broadening
measurements

b High-pressure shocks for line mixing
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Figure 5.13: CO2-Ar broadening coefficients and temperature exponents for ν(010 → 011)
bandhead (a) R(99), (b) R(101), (c) R(102), (d) R(109), (e) R(112), and (f) R(138) with
power-law fits for 765–3000 K. Units of γ(1200 K) given in [10−3 cm−1atm−1].
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Figure 5.14: CO2-Ar broadening coefficients and temperature exponents for ν(010 → 011)
bandhead (a) R(144) and (b) R(145) with power-law fits for 765–3000 K. Units of γ(1200 K)
given in [10−3 cm−1atm−1].
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Figure 5.15: CO2-Ar broadening coefficients and temperature exponents for ν(000 → 001)
bandhead (a) R(100), (b) R(102), (c) R(104), (d) R(140), (e) R(142), and (f) R(144) with
power-law fits for 765–3000 K. Units of γ(1200 K) given in [10−3 cm−1atm−1].
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5.8 Line mixing and broadening of carbon monoxide at high

temperatures and high pressures

In addition to CO2, line mixing and broadening of carbon monoxide has been

studied in depth as a part of developing a novel sensing strategy, which exploits

spectral narrowing effects of line mixing to extend pressure capability of LAS.

Temperature-dependent line mixing and line broadening parameters of CO were

empirically-determined for 17 rovibrational transitions, R(42)–R(58), in the v(1 → 3)
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Figure 5.16: (top) Absorbance of the first overtone bandhead of CO at 3200 K and
1.07 atm with corresponding Voigt fits. (bottom) Residuals of the Voigt fit, showing larger
disagreement at the bandhead.
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bandhead of carbon monoxide near 2.3 µm. Collisional effects on the high rota-

tional energy lines (E ′′ = 5500–8600 cm−1) in the R-branch were studied over a

range of temperatures from 1200–3750 K in a shock tube and heated gas cell.

Measured spectra comprising the target lines in Ar and CO bath gases were fit

with Voigt profiles at near-atmospheric pressures to determine line-broadening

coefficients, with temperature dependence accounted by a power law. A represen-

tative single-scan absorbance measurement from a shock tube experiment with

corresponding Voigt line fits is presented in Fig. 5.16. The broadening coefficient,

γCO−B (T ), for each transition, was set as the free parameter and determined by

using a least squares fitting routine. At high temperatures and low pressures
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Figure 5.17: CO-Ar: measured spectral absorbance compared to the developed MEG
model used capture line-mixing effects over a range of pressures. The simulated spectral
absorbance with no line mixing is illustrated for reference.
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both CO-broadening and Ar-broadening experiments exhibited some evidence

of collisional narrowing (gull-wing residual) likely due to a reduction in Doppler

broadening from velocity-changing collisions [124]. Evidence of line mixing effects

can also be observed where the Voigt lineshape summation is unable to properly

fit the measured absorbance near the bandhead.

With line broadening established, line-mixing effects were examined at elevated

pressures up to 60 atm at similar temperatures, reflecting conditions in high-

pressure combustion environments. A modified exponential gap model for line

mixing was developed to capture the pressure and temperature dependence of

collisional transfer rates for the bandhead region using the relaxation matrix

formalism. The thermodynamic scaling of the developed line-mixing model is

shown in Fig. 5.17. The line-mixing model developed in this work quantitatively

resolves the spectral domain over a range of extreme temperatures and pressures,

2000–3600 K and 5–60 atm, relevant to rocket combustion. Greater details on

this synergistic effort can be found in the pending dissertation of Fabio Bendana

(UCLA).
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CHAPTER 6

Conclusion and future research direction

The research presented here demonstrates advancements in mid-infrared laser

absorption spectroscopy for sensing temperature and carbon oxide (CO and CO2)

in harsh high-pressure and high-temperature environments, with specific appli-

cations to rocket combustion devices. First, a new mid-infrared wavelength of

carbon monoxide was selected and probed to enhance pressure capability and

enable a first application of mid-IR LAS to rocket systems. To further extend the

pressure capability, a novel sensing strategy which exploits the band narrowing

effects of line mixing at the bandheads of carbon oxide (CO and CO2), has been

developed in a shock tube and translated to field measurements. This sensing

strategy was deployed to high-pressure liquid rocket combustor with CH4/GOx

and RP-2/GOx propellant combinations and demonstrated temperature measure-

ment up to 70 bar, CO mole fraction measurement up to 105 bar and CO2 mole

fraction measurement up to 83 bar. In addition to the sensor development process,

an extensive efforts were devoted to overcome challenges associated with harsh

environments of the rocket combustor. A purge system was integrated into the

engine to clear the optical path obstructed by soots and supplementary structures

were manufactured to secure and protect fiber, collimation optics, and detector

assembly from the environmental noise. In total, primary contributions from the

author to the field of laser absorption diagnostics include fundamental study in

line mixing effect, additions to CO2 high-temperature spectroscopic databases,

and significant extensions in pressure capability of laser absorption spectroscopy

by developing a novel sensing strategy, exploiting the line mixing effects. The
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rocket combustion sensing applications were also novel and proved the theoretical

capability of the new sensing techniques in practical systems.

6.1 Future research directions

This section briefly describes future potential work associated with the over-arching

research endeavor.

6.1.1 Coarse spatially-resolved measurements

All field measurements in this research were conducted at the furthest downstream

location of the rocket combustion chamber, shown in Figure 6.1. The rocket engine

utilized in the experiments is composed of multiple modular sections, in which

the last section allows for optical access. This section can be swapped with engine

blocks at three different locations along the chamber. A future research goal

involves conducting measurements at these locations to spatially resolve CO, CO2,

and temperature throughout the length of the chamber. These measurements

will enable studies of direct chemical-to-thermal energy conversion during com-

bustion, providing a basis to assess performance in the rocket combustor. Other

researchers have conducted computational studies for the rocket combustor, and

Figure 6.1: Test hardware schematic for single-injector-element rocket combustor at
AFRL Edwards with integrated laser absorption sensor for CO
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these measurements would allow them to anchor and improve computational

model.

6.1.2 Multi-bandhead temperature sensing strategy

Temperature measurements from previous studies have been limited to 70 bar

due to extreme pressure broadening in rovibrational transitions near 4.9 µm.

Differential absorption of targeted regions decreased, causing the WMS signal to

eventually diminish. In contrast, measurements targeting two bandheads near

2.3 µm and 4.2 µm showed promising results, where spectral narrowing effects

from the line-mixing amplified the signal. The next goal will be to target additional

bandhead regions rather than the fundamental vibrational lines near 4.9 µm in

order to successfully implement two color thermometry. There are a few potential

candidates shown in 6.2.

Figure 6.2: Absorbance simulations of CO and CO2 at high temperature (3500K) and
high pressure (100 atm) indicating the distinct bandhead features at rocket conditions
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To ensure temperature measurement capability of the proposed novel sensing

strategy, bandheads of CO have been investigated in greater details. In addition

to previously utilized bandhead near 4305 cm−1 (ν(1 → 3)), bandhead near 4360

cm−1 (ν(0 → 2)) can be selected as the second targeted absorption region. The

temperature sensitivity of the local peak absorbance ratio, R = α(λ1)/α(λ2), were

evaluated as a function of temperature, presented in fig. 6.3. The temperature

sensitivity was evaluated at two pressure conditions and demonstrated not only

high sensitivity for both conditions but also a surprising trend, where sensitivity

increases with pressure. According to this simulation, a novel multi-bandhead

sensing strategy of exploiting line-mixing effects on two bandheads is expected

to extend pressure capability of temperature measurement in rocket combustion

chambers.
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