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Abstract

A unique spectroscopic strategy has been developed for laser absorption sensing of carbon monoxide (CO)
and carbon dioxide (CO,) at extreme pressures (P > 50 atm) relevant to modern combustion devices. The
strategy exploits the band narrowing effects of line mixing, which acutely impact spectrally dense regions,
such as bandheads, where line spacing is small. Line mixing is shown to counter collisional line-broadening
effects that reduce differential absorption at elevated pressures and often limit the pressure range of laser
absorption methods. In this work, the R-branch bandheads of CO and CO,, which are only observed at high
temperatures relevant to combustion, are targeted near 2.3 pm and 4.2 pm, respectively. Spectral line-mixing
models were developed for each bandhead region to account for the collision-induced population transfer
rates between rotational energy states over a wide range of elevated temperatures and pressures. Modified-
exponential-gap models using the relaxation matrix formalism were shown to capture the thermodynamic
dependence of the population transfer rates and enabled scaling. Differential absorption at the bandheads
was observed to increase by up to a factor of ten at high gas densities, due to line-mixing effects, enabling
detection with relatively narrow-band tunable semi-conductor lasers. With refined spectroscopic models, laser
absorption measurements of temperature, CO, and CO, were demonstrated over a range of high pressures
(up to 104 atm) in a sub-scale rocket combustor operated with kerosene and supercritical methane.
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1. Introduction

Combustion at extreme pressures (> 50 atm)
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pressures in excess of 100 atm [1], while mod-
ern 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 be-
come less reliable and predictive capability for en-
gineering design requires new understanding. To
elucidate combustion physics at high-pressure con-
ditions, controlled experiments coupled with com-
prehensive 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.

Laser absorption spectroscopy (LAS) has been
extensively utilized for non-intrusive in situ mea-
surements of temperature and species in harsh
combustion environments [2]. For small molecules
(n < 5 atoms) at moderate pressures (< 10 atm),
LAS techniques commonly target individual spec-
tral 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 lin-
early with pressure. Collisional broadening leads
to a blending of adjacent spectral lines that: (1)
decreases differential absorption (i.e. difference in
peak-to-valley absorption in a local spectral do-
main), (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 diffi-
cult to distinguish from molecular absorption with-
out spectral structure.
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Fig. 1. Simulated CO absorbance and linestrengths near
2.3 pm (excluding line-mixing effects) at representa-
tive high-temperature combustion conditions using the
HITEMP spectral database [3].
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Fig. 2. Simulated CO,; absorbance and linestrengths near
4.2 pm (excluding line-mixing effects) at representa-
tive high-temperature combustion conditions using the
HITEMP spectral database [3].

While few quantitative species diagnostics have
been demonstrated above 20 atm in practical com-
bustion 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 tur-
bine combustor [4]. Mattison et al. similarly probed
the near-infrared water spectrum to achieve in-
cylinder measurements up to 54 atm in a HCCI
piston-engine [5]. In the mid-wave infrared, Gold-
enstein [6] and Spearrin et al. [7] performed LAS
of H,O and CO in a pulse detonation combus-
tor (PDC) at pressures up to 50 atm, targeting the
fundamental vibrational bands. More recently, we
extended CO sensing to 70 atm in a rocket com-
bustor using a similar mid-infrared approach [8].
For CO,, LAS near 20 atm was performed in an
entrained-flow coal gasifier, targeting the CO; spec-
tra near 2.0 pm [9]. 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 that exploits the
vibrational band narrowing effects of line mixing to
significantly extend pressure capability. Line mix-
ing relates to collision-induced changes in rota-
tional energy that result in transfers of absorp-
tion intensity from weak to strong regions within
a vibrational band. Line-mixing effects are pro-
nounced in spectrally dense regions, where line
spacing is small, such as bandheads. For CO and
CO,, the R-branch bandheads near 2.3 um and 4.2
pm, respectively, become active at combustion tem-
peratures, as shown in Figs. 1 and 2. While colli-
sional line broadening diminishes the differential
absorption of specific rovibrational transitions, line
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mixing counters this effect by narrowing and am-
plifying bandheads, which are comprised of many
closely spaced lines. Here, we target the aforemen-
tioned bandheads for laser absorption sensing, in-
vestigate and characterize line-mixing effects on the
local spectra over a range of high-pressure and
high-temperature conditions, and demonstrate the
pressure-capability of the method via quantitative
species measurements in a sub-scale rocket com-
bustor at pressures up to 104 atm.

2. Spectroscopic approach
2.1. Line-mixing theory

Spectral line mixing is often observed at high gas
densities, where collision-induced changes in rota-
tional energy distort the molecular spectra within
a vibrational band. Generally, these collisional ef-
fects 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 spectrally dense regions where line spacing is
small, such as bandheads, which are shown in
the linestrength plots of Figs. 1 and 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 CO, 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. Figures 1 and 2 illustrate the
set of transitions that make up several CO and CO,
bandheads near 2.3 pm and 4.2 pm, 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 [10] to represent the state-to-state pop-
ulation transfer rates. A more rigorous theoreti-
cal discussion with modeling process details can
be found in other papers from our research group
[11,12]; the steps are truncated here for brevity.
For a monochromatic light source at frequency v
[ecm~!], the spectral absorbance, o, through a gas
medium can be described by the transmitted and
incident light intensities, I, and Iy, respectively, via
the Beer-Lambert law. Absorbance can then be re-
lated to thermophysical flow properties using the
following relationship:

I L
ozvz—ln(—t> — Y m@d-G " p-d) 1)
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where n [molec - cm™3] is the total number den-
sity of the absorbing species, L [cm] is the optical
path length, p is a diagonal matrix containing the

lower state Boltzmann population fractions, and d
[em~'/(molec - cm~2)]? is a vector of transition
amplitudes [13]. G is a complex matrix given as:

G=vI—v’' —iPW )

I represents the identity matrix, v’ [cm™'] is a di-
agonal matrix containing transition frequencies, P
[atm] is pressure, and W [cm~!/atm] is the relaxation
matrix.

The relaxation matrix, W, contains all colli-
sional influences on the spectral shape [14]. The real
diagonal terms of W consist of the broadening co-
efficients, y; [cm~!/atm], and the imaginary diag-
onal terms are the pressure shift coefficients, Av?
[cm~!/atm]. The real off-diagonal terms are pro-
portional to the state-to-state population transfer
rates, Ry_, x [cm~!/atm], from initial rotational en-
ergy level J to the final rotational energy level K
and the imaginary off-diagonal components of W
describe contributions from rovibrational dephas-
ing [15]. 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 [16]:

vi= % Z Ryrkxr + Z Ry g (3

J'#K" J#£K'

Here, prime () and double prime (") refer to the up-
per and lower states.

In this work, the real off-diagonal elements of
W were modeled using the following modified-
exponential-gap (MEG) law [17,18]:

EY 2
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Here, E” [cm~']is the lower state energy of the tran-
sition and «; are empirical MEG law coefficients.
Methods for obtaining these coefficients are briefly
discussed in Section 2.2, with more detailed discus-
sions in [11,12]. It is important to note that the tem-
perature dependence of the real off-diagonal com-
ponents is captured through a;(7), which follows
the power law, analogous to broadening coefficient.
To fully complete the relaxation matrix, the upward
and downward population transfer rates are related
through the detailed-balance principle [19]:

PsRjk = pxRik— s )

This indicates that line mixing induces a vibra-
tional band narrowing effect by favoring popu-
lation transfers from weak transitions to strong
transitions, supporting physical observations of the
spectral structure.
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Notably, when multiple collision partners are
present, the full relaxation matrix can be expressed
as a mixture-weighted summation of the individual
perturber contributions:

WZZXBWA,B (6)
B

With W fully defined, the simulated spectra, incor-
porating line-mixing effects, can now be scaled over
a range of temperatures and pressures.

2.2. Spectral modeling

To characterize line-mixing effects in the CO
and CO, bandheads, high-temperature and high-
pressure experiments were conducted utilizing
a high-enthalpy shock tube facility at UCLA.
Scanned-wavelength direct absorption measure-
ments of CO near 2.3 pm were obtained at pres-
sures and temperatures ranging from 5-25 atm and
2000-4000 K, respectively, using pure CO gas. CO,
measurements near 4.2 pm were conducted at pres-
sures ranging from 20-60 atm and a slightly lower
temperature range of 2000-3000 K, to minimize
dissociation. Shock tube experiments for CO, 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 thermo-
dynamic conditions.

In order to describe collision-induced popula-
tion transfer rates, the modified-exponential gap
law given in Eq. (4) was incorporated into the
absorbance modeling framework. Species-specific
MEG law coefficients, a;, were obtained by least-
squares fitting the high-pressure absorbance data
from the shock tube facility with the absorbance
model, given by Eq. (1). This procedure was carried
out for both CO and CO, over the range of thermo-
dynamic conditions aforementioned to capture the
temperature and pressure dependence of the relax-
ation matrix. The measured species-specific MEG
law coefficients can be found in Table 1, while the
collisional broadening coefficients can be found in
separate works [11,12]. It should be noted that col-
lisional broadening and line mixing contributions
are separated in the relaxation matrix formalism.
To obtain collisional broadening coefficients and
their respective temperature dependencies, shock
tube experiments were conducted at low pressures
(< 2.5 atm), where individual spectral transitions
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Fig. 3. Measured spectral absorbance for (left) CO-CO
and (right) CO,-Ar compared to the developed MEG
model used to capture line-mixing effects over a range of
pressures.

are distinct and contributions due to line mix-
ing are negligible. These broadening coefficients
are then implemented in the absorbance modeling
framework to study line-mixing at higher-pressures,
wherein the off-diagonal elements of the relax-
ation matrix, related to mixing rates, can be deter-
mined. Figure 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 CO, spectra over a range of pressures. Addi-
tionally, Fig. 3 illustrates that without line mixing,
the simulated spectra poorly represents the mea-
sured 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 spec-
tral database [3] with updated self-broadening coef-
ficients for CO [11] and Ar-broadening coefficients
for CO, [12].

In order to extend the spectral line mixing mod-
els for CO and CO, developed in the shock tube
to rocket combustion environments, additional as-
sumptions are required to account for the depen-
dence of the relaxation matrix on mixture com-
position. Namely, this involves scaling arguments
that relate collisional line broadening coefficients
and the population transfer rates for various per-

Table 1
MEG law parameters used in this work.
ap a az ay
[1073 cm~latm™!]
CO-CO 1.52 £ 0.16* 0.51 £ 0.05 5.21 £ 0.10 2
CO,-Ar 53.94 4 2.49° 498 + 0.25 3.19 £ 0.13 2

4 Ty = 1500 K with power-law exponent of 1.28 4 0.06 [11]
b Ty.y = 1200 K with power-law exponent of 2.06 & 0.07 [12]
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turbing species. Species-specific broadening coef-
ficients, which are assigned to the real diagonal
components of the relaxation matrices, are found
in the literature for H,O, CO,, CO, and O, per-
turbers [20,21]. This accounts for > 80% of a typ-
ical rocket combustion gas mixture, the remain-
der of which is assumed to be N,. The population
transfer rates, related to the real off-diagonal el-
ements of the species-specific relaxation matrices,
are obtained by scaling the measured rates (CO-CO
and CO,-Ar) by the ratio of broadening coefficients
for each perturber (H,O, CO,, CO, O,), as shown
in Egs. (7) and (8). The basis for this assumption
is the sum rule (Eq. (3)) that indicates that broad-
ening coefficients scale similarly to the population
transfer rates.

Yco-
Weooms = XBWCO—CO( ! ) (M
3 Yco-co
WCOg—mix = Z XBWCOZAr< Yco,-5 ) (8)
B YCO,—Ar

Recall the collisional broadening coefficients and
population transfer rates that comprise Wco_co
and Wco,_ar have been measured experimen-
tally [11,12]. For the sensing application discussed
herein, chemical equilibrium is assumed to dictate
mixture composition at a given operating condi-
tion for the purposes of weighting broadening co-
efficients and mixing parameters in Eqs. (7) and
(8). These modeling adjustments provide a basis for
high-pressure spectral interpretation of LAS mea-
surements in various combustion environments.

3. Sensor design
3.1. Optical interface

Figure 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 descrip-
tion of the experimental setup can be found in addi-

tional works by the authors [8,22]; however, details
pertaining to the line-mixing sensing strategy are

Optical 527 @ -
fiber ’V
DFB ICL AR
(4173 nm) .‘" Pitch

DFB QCL
(4979 nm) .

DFB DIODE
(2322 nm)

Photodetectors

Fig. 4. Optical interface with rocket combustor, including
a graphical depiction of remote-light delivery and collec-
tion optics, for high-pressure CO and CO; measurements.

discussed herein. To target the CO and CO, band-
heads, 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 measure-
ments, an additional DFB quantum cascade laser
(QCL) with ~ 50 mW output power is employed to
probe the fundamental CO absorption band near
4979 nm [8,22].

An inherent challenge presented by this ap-
proach is the wavelength-specific nature of many
optical components (e.g. detectors, fibers) that po-
tentially increases sensor complexity to pitch and
collect multiplexed light at very different wave-
lengths. To reconcile this, the incident light is
combined and focused into a hollow-core fiber
with broad transmissivity for remote light deliv-
ery [23,24]. 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 split-
ter is installed to separate the transmitted light so
that each beam can be spectrally filtered for its re-
spective wavelength before being collected on sepa-
rate thermoelectrically-cooled photodetectors. An
InGaAs photodetector (Thorlabs PDA10D) with a
15 MHz bandwidth is utilized for 2.3 pm light and
a MCT photovoltaic detector (Vigo PVI-4TE-5-1)
with a 10 MHz bandwidth is utilized for 4.2 um and
5.0 wm light.

Measurements were conducted ~ 32 cm down-
stream of the single-element-injector, where com-
plete 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 span-
ning 2-3 s in duration. Due to hardware limitations,
experiments were limited to two light sources per
test. Therefore, hot-fires were conducted twice for
each condition, alternating between the ICL target-
ing the CO, 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 uncer-
tainty, suggesting reasonable repeatability of exper-
iments.

3.2. Laser tuning parameters

Scanned-wavelength modulation spectroscopy
with second harmonic (2f) normalized detec-
tion 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 rejecting noise associated with
beam steering, scattering, and thermal emission
[25]. Measurements are conducted by superimpos-
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Table 2
Laser scan and modulation parameters.

vinm] asfem™']  fi[Hz] amlem™'] fu [kHz]

2322 2.55 100 0.48 50
4173 0.63 100 0.36 20
4979 0.13 100 0.50 20

ing 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, a;, modulation
depth, a,,, and associated frequencies, f; and f,,,
can be adjusted to optimize signal quality. Addi-
tionally, 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 2 and
were selected as a compromise between WMS-2f
signal quality (SNR) and effective measurement
rate. Further details on the parametric optimiza-
tion strategy can be found in [8,22].

In probing high-pressure spectra, rapidly tun-
able distributed feedback lasers are often unable
to resolve differential absorption within achievable
modulation depths due to collisional broadening
and blending of adjacent features. Consequently,
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 absorp-
tion by up to a factor of ten within the narrow tun-
ing range of the selected sources, suggesting per-
sistently strong harmonic signals with increasing
pressure at the somewhat modest scan and modu-
lation depths shown in Table 2. To prove capabil-
ity, experiments were performed in a high-pressure
combustor.

4. Experimental results
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, respec-
tively, on a single-element-injector rocket combus-
tor with CH4/GOx and RP-2/GOx propellant com-
binations. The test facility is located at the Air
Force Research Laboratory on Edwards Air Force
Base, CA USA. Figure 5 shows a representative
hot-fire test including time-resolved measurements
of pressure and the corresponding WMS-2f/1f sig-
nals at 4.2 pm, 2.3 um, and 5.0 wm for a steady-
state chamber condition of 27.4 atm and MR of
2.33. An abrupt increase in all WMS-2f/1f signals
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Fig. 5. Time evolution of chamber pressure for a repre-
sentative test and the corresponding WMS-2f/1f signals
(background subtracted) for CO, near 4.2 pm and CO
near 2.3 pum and 5.0 pm.

was observed around 1.3 s, corresponding to the in-
troduction of propellants and ignition.

For all three wavelengths, the raw optical sig-
nal was averaged over the steady-state region to
improve signal-to-noise ratio (SNR) and was pro-
cessed through a digital lock-in amplifier to ex-
tract the WMS harmonics, from which species and
temperature can be inferred. Figures 6 and 7 com-
pare the measured WMS-2f/1f signals targeting the
CO and CO,; bandheads, respectively, to simulated
WMS-2f/1f signals with and without the updated
line-mixing model discussed in Section 2.2. No-
tably, the CO measurements exhibit favorable SNR

Measurement =—==—==— No line mixing = = = Line mixing
P =27 atm . P =59 atm
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0.1 Xgo=0.14 Xoo-035 103
0.2
0.05
0.1
S~
=
a' 0 P =69 P
= =104
Q| RP-2GOX yrozsr | CHJ/GOX yalhes"
;O_4 XCO=0.33 XCO= 0.11
)
0.05
0.2

. J
Ao N -L\ [ e —~

0.002 0.004 0.002 0.004
Relative Time [s]

Fig. 6. Measured WMS-2f/1f signals targeting CO com-
pared to simulated WMS-2f/1f signals with and without
the updated line-mixing model over a range of mixture
ratios and pressures.
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Fig. 7. Measured WMS-2f/1f signals targeting CO, com-
pared to simulated WMS-2f/1f signals with and without
the updated line-mixing model over a range of mixture
ratios and pressures.

at pressures up to 104 atm and the CO, measure-
ments 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 spec-
tral model were used to quantitatively infer mole
fraction and temperature. The ratio of peak WMS
signals from 2.3 pm and 5.0 wm was utilized to first
obtain temperature, which was then used to infer
CO and CO; concentration based on absolute sig-
nal magnitude [8,26]. Figure 8 compares the mea-
sured temperatures and mole fractions to chem-
ical equilibrium solver (NASA CEA) predictions
[27] for RP-2/GOx, which can be used to assess
combustion progress. The chemical equilibrium re-

@® P:3040atm MW P:50-65atm A P:70-85atm

3500 | 05
< 3000 | i
o
=
T 25001 0.3 -
[3]
£
@ 2000 0.2

1500 0.1

RP-2/GOXx
1000 0
25 3 35 4 45
MR

Fig. 8. Temperature and species measurements with rep-
resentative error bars at steady-state combustor condi-
tions compared to NASA CEA predictions over a range
of mixture ratios and pressures for kerosene and oxygen.

sults 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 as-
sumed. The inferred temperatures from all tests fol-
lowed the expected trends, but were slightly lower
(generally by 100-300 K) than equilibrium temper-
ature, typical of incomplete combustion, poor mix-
ing, heat losses, or a cold boundary layer. Tempera-
ture and multi-species measurements can be used to
evaluate overall combustor performance/efficiency
and anchor to computational models that inform
engine design.

4.2. Measurement uncertainty

In this paper, we follow the Taylor series method
(TSM) of uncertainty propagation [28]. 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 temper-
ature uncertainty has been considered in addition
to the aforementioned contributors since concen-
tration inference requires a temperature input. The
total temperature uncertainty was estimated to be
8-11% for all experiments and both CO and CO,
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 spec-
troscopic models and further noise mitigation is
necessary. Despite this, the mole fraction measure-
ments are consistent with total carbon conserva-
tion and both temperature and species trend with
the anticipated values from chemical equilibrium
over the range of mixture ratios tested. More de-
tails regarding uncertainty analysis can be found in
Appendix A.

5. Conclusion

A novel laser absorption sensing strategy was
developed for quantitative measurements of CO
and CO, at high combustion pressures (P > 50
atm). The technique exploits the vibrational band
narrowing effects of line mixing, which acutely
amplify differential absorption at bandheads, and
counter the effects of collisional line broadening.
In this work, the CO and CO, R-branch band-
heads near 2.3 pm and 4.2 pm, 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 con-
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ducted 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, spec-
tral line-mixing models were developed for each
bandhead utilizing a high-enthalpy shock tube fa-
cility. The refined spectroscopic models employ a
modified-exponential gap law to thermodynami-
cally scale line-mixing effects, which enabled quan-
titative inference of temperature, CO, and CO, in
the liquid-propellant rocket combustor. To the au-
thors” knowledge this work represents significant
extensions in demonstrated pressure capability, to
104 atm and 82 atm, respectively, for in situ CO and
CO, species measurements in practical combustion
devices. More importantly, the enhanced pressure
capability enabled by the novel spectroscopic strat-
egy provides for a valuable new tool to experimen-
tally investigate and engineer the next generation of
high-pressure combustion systems.
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Appendix A. Uncertainty analysis

The uncertainty analysis presented here largely
follows that of Nair et al. [29]. The uncertainties
in temperature and mole fraction of species 4 were
calculated using Eqs. A.1 and A.2, which account
for the uncertainty factors described in Section 4.2.

(ATY = (ATap)* + (ATspec )’ + (ATsnr)” (A1)

(AX4) = (AX4ap) + (AX4spec)
+(AXssnr) + (AXaar) (A.2)

Figure A.1 presents the visual summary of the
uncertainties for each variable along with contribu-
tions from the various dependent variables. Typi-
cally, the uncertainties in the spectroscopic model

[%]

Fig. A.1. Representative uncertainties for temperature, 7,
CO mole fraction, Xco, and CO; mole fraction, Xco, , for
a hot-fire test at P = 56 atm and MR = 3.5

and the environmental noise were the largest con-
tributors. Mole fraction of CO, was most suscep-
tible 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 spec-
troscopic model uncertainty, we define a mixture-
weighted broadening coefficient, ya_mix(T), as:

Va—mix(T') = ZXB(VA—B(T)) (A.3)
B

Per Egs. (7) and (8), the uncertainty in the spectro-
scopic model strongly depends on the uncertainty
in the scaling factor, which is the ratio between
v4-mix(T) and broadening coefficients, yco_co and
yco,-ar- The uncertainty of the mixture-weighted
broadening coefficient, Ay,_mix(7), is attributed to
the uncertainty in the broadening coefficients of
individual perturbers, Ay,_p(T), and the uncer-
tainty in local equivalence ratio, A¢, (which deter-
mines composition) as shown in Eq. (A.4).

(AVa-min(T)Y = Y [(va-p(T)AXp)
B

+ (XpAya_p(T))] (A4)

The mole fractions of the collision partners, X3,
were calculated from NASA CEA [27] and the un-
certainty, A Xp, was estimated based on the uncer-
tainty in local equivalence ratio:

. (X5 )
(AXp) = (WM)) (A5)

The uncertainty in the temperature-dependent
collisional broadening coefficient, Ay, _g(T), for
species 4 with collision partner B is calculated as
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follows:
<AyAB(T)>2 B (AVAB(TO)>2 N Z(M)z
vas(T) vas(Ty) AT
T 2
+|{In{ = JANp (A.6)

T
The uncertainties in collisional broadening co-
efficient, Ay, _p, at reference temperature, T,
and temperature-dependent exponent, ANg, were
taken from literature [11,20,21]. The uncertainties

in yco—co and yco,-ar were determined from prior
works by the authors [11,12].
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