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Abstract

A novel cross-band laser absorption spectroscopy technique has been developed for quantitative measurements of gas tem-
perature and carbon monoxide (CO) in high-pressure, high-temperature rocket combustion flows. The strategy enables a broad
range of sensor operability by simultaneously probing rovibrational transitions in both the fundamental and first overtone
bands of CO near 4.98 pm and 2.32 pm, respectively, which sustain large differences in temperature dependence despite
collisional broadening. Scanned-wavelength modulation spectroscopy methods are integrated for noise rejection in the harsh
rocket operating environment. Initial experiments using the cross-band thermometry technique have been conducted on a
single-element-injector rocket combustor with RP-2/GOx and CH, /GOx propellant combinations at pressures up to 75 bar.
Measurements of the first overtone bandhead (2.32 pm) maintained adequate signal-to-noise at even higher pressures (up to
105 bar), although deviating significantly from spectral simulations. To account for collisional effects at high gas densities,
empirical models for line mixing, developed via shock tube studies, were employed to enable quantitative interpretation of

measured signals for temperature and CO mole fraction in the rocket combustor.

1 Introduction

For chemical rockets, combustion chamber pressure directly
influences mass-specific thrust, or specific impulse, which
is a critical factor to enabling higher payload mass frac-
tions and mission capability. Higher combustion pressures
increase specific impulse via two primary mechanisms: (1)
high pressures suppress dissociation of major products,
yielding higher combustion temperatures and character-
istic velocities, and (2) higher pressure ratios between the
chamber and exhaust yield a higher nozzle thrust coefficient.
Due to these factors, considerable effort has been placed in
maximizing combustion chamber pressure in rockets. As a
point of reference, Space Exploration Technologies Corp.
(SpaceX) recently announced a combustion chamber pres-
sure record of 269 bar in the new Raptor CH, /O, rocket
engine, which is currently in development [1]. To assess
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combustion performance and support research and develop-
ment of the next generation of chemical rockets, diagnostics
capable of operating in high-pressure environments on this
order of magnitude are needed.

Rocket combustor performance is typically evaluated
through c* efficiency, n = ¢*/c}, .|, where ¢* = pyA* /11 and
involves measurement of the chamber pressure and total
propellant mass flow rate. Such measurements provide a
convenient global assessment of the conversion of chemical
energy to thermal energy, but, because pressure is nominally
constant in a combustor, they lack any information on spe-
cific internal mechanisms that may cause low combustion
performance. A more granular approach would be to meas-
ure and track the changes in gas composition and tempera-
ture along the axis of flow [2]. The spatial variation of these
parameters internal to a rocket combustion chamber reflects
the evolution of mixing, evaporation, and chemical kinetics
that dictate overall performance. Unfortunately, the extreme
thermodynamic operating conditions typical of liquid-pro-
pellant rocket combustion (7 > 3000 K, P > 50 bar) and
sooting propensity associated with hydrocarbon fuel-rich
combustion present a challenging environment for measur-
ing temperature and species in situ [3].

Laser absorption spectroscopy (LAS) has been uti-
lized for quantitative in situ measurements of species and
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temperature for a variety of harsh combustion environments,
including some applications to rockets. Several works have
been dedicated to LAS measurements in rocket plumes near
ambient pressure [4, 5], while a limited number of in-cham-
ber measurements at elevated pressures have also been dem-
onstrated. Specifically, Locke et al. conducted near-infrared
absorption measurements of water vapor in a GH,/GOx
rocket combustor up to 8 bar [6], and Zeng et al. performed
infrared absorption measurements of N,O, NO, and CO in
an ammonium-dinitramide-based rocket thrust chamber near
7 bar [7]. It can be noted that these pressures (< 10 bar) are
quite low by rocket standards. At high pressures (> 50 bar),
collisional broadening and blending of the spectra signifi-
cantly reduce the number of isolated features for conducting
thermometry and species measurements, as seen in Fig. 1,
presenting unique challenges for sensor design. Recently,
our research group utilized a wavelength modulation spec-
troscopy technique in the mid-infrared to measure CO
mole fraction in a kerosene-fueled liquid rocket combustor
at pressures up to 70 bar, marking a breakthrough in rel-
evant pressure capability [8, 9]. Here, we build on this prior
work, introducing a novel multi-wavelength strategy that
adds in situ temperature measurement capability at practi-
cal rocket combustion pressures.

This paper describes the development and deployment of
a unique cross-band infrared laser absorption spectroscopy
(LAS) sensing strategy for in situ temperature and species
measurements in high-pressure rocket flows. Key elements
of novelty and significance include: (1) wavelength selection
strategy, (2) high-pressure range capability, and (3) application
to a relevant rocket combustion environment. The measure-
ment technique simultaneously probes transitions in both the
fundamental (4.98 pm) and first overtone (2.32 pm) infrared
bands of nascent carbon monoxide (CO), indicated in Fig. 1,
exploiting the distinct temperature dependencies at disparate
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Fig. 1 Spectral transmission of CO, H,0O, and CO,, highlighting tar-
geted wavelengths for the cross-band sensing strategy. Simulated con-
ditions are representative of a liquid-propellant rocket combustor with
an optical pathlength of 2.5 cm
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wavelengths to achieve a broad range of sensor operability (at
high pressures). Notably, deviations in spectral behavior (i.e.,
line mixing) at the high gas densities targeted in this work are
shown to require changes in spectroscopic modeling meth-
ods to enable quantitative data interpretation. To demonstrate
capability, the cross-band thermometry and species sensing
method is deployed on a single-element-injector rocket com-
bustor operating on RP-2/GOx and CH, /GOx propellant com-
binations, reaching pressures up to 105 bar.

2 Theory
2.1 Laser absorption spectroscopy

The theory of laser absorption spectroscopy has been dis-
cussed extensively in previous works [3, 10] and is only briefly
outlined to introduce nomenclature and describe the analytical
approach. For a monochromatic light source at frequency v,
the spectral absorbance «,, through a gas medium is given by
the Beer—Lambert law in Eq. (1):
It

a,=—In <I_O> = ) S,(T)¢,(VINL )

v
where I, and I, are the transmitted and incident light intensi-
ties, respectively. The spectral absorbance is directly related
to thermophysical gas properties as given in Eq. (1), where
S,(T)[cm~!/(molec - cm~2)] is the line strength of the
quantum transition J, ¢;(v) [cm] is the line shape function,
N [molec - cm~]is the total number density, and L [cm] is
the optical pathlength.

The spectral line shape can usually be well represented by
accounting for both Doppler and collisional broadening with
a Voigt profile. Temperature and pressure line shape depend-
encies are captured within each broadening mechanism and
are often characterized by the full width at half maximum
(FWHM). Av [cm™!] represents linewidth contributions due
to collisional broadening and Avy, [cm™!] for Doppler broaden-
ing. At the high pressures associated with rocket combustion
flows, collisional broadening has a pronounced effect, typically
leading to an undesirable blending of the spectra. Additionally,
the blending of neighboring transitions increases the likelihood
of spectral interference from other species and reduces differ-

ential absorption. The pressure dependence of Av- is expressed
in Eq. (2):

AVC =P ;XBZJ/A—B(T) (2)

where P [atm] is pressure, X is the mole fraction of the
perturbing molecule B, and y,_z [cm™! atm™'] is the tran-
sition-dependent collisional broadening coefficient of the
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absorbing molecule A with the perturber B. The temperature
dependence of y,_p is typically captured by the power law:

T, "
Ya_p(T) = YA—B(T0)<7> 3

where T, [K] is a reference temperature and n is the spe-
cies- and transition-specific temperature exponent. In order
to minimize the unfavorable effects of line broadening and
maximize pressure range capabilities, a molecule with a low
collisional broadening coefficient is beneficial. The molecu-
lar dependence of collisional broadening coefficient can be
expressed as: y ~ 0%,/ +/Hap Where o, is the optical colli-
sion diameter and y 45 the reduced mass. Therefore, targeting
a molecule with a small size and large mass is favorable at
high pressures.

2.2 Line mixing at high gas densities

While the previously described framework for additive line-
by-line spectral absorbance modeling is adequate over a broad
range of conditions, it fails to capture some collision physics
at very high gas densities relevant to this work, namely line
mixing. Line mixing refers to collision-induced rotational
energy transfers (typically within the same vibrational levels)
that distort molecular spectra at high collision frequencies.
Intensity transfers between neighboring transitions are more
pronounced in spectrally dense regions, such as bandheads,
where line spacing is small and result in a vibrational band
narrowing effect.

To model line-mixing effects at high pressures, we imple-
ment a relaxation matrix formalism [11] to capture collisional
transfer rates between rotational energy levels. A rigorous
theoretical discussion with modeling process details can be
found in another paper from our group [12], while these steps
are truncated here for brevity. It should be noted that Eq. (1)
requires modification to capture spectral intensity and shape
for a group of transitions encountering line mixing. For neigh-
boring transitions, absorbance can alternatively be expressed
within the impact approximation as [13, 14]:

X DY Nydydy ()

X Im{{{J|[Z ~ Ly — iPW]'K))}

where h[J - s]is Planck’s constant, ¢ [cm/s] is the speed of
light, kg [J/K] is the Boltzmann constant, N, [molec - cm™]
is the number density of the initial level, and d; and d are
the weighted transition-moments. X [cm~!], Ly [cm~'], and
W [cm~! /atm] are operators in Liouville line space. X and

L, are diagonals associated with the wavenumber of the cal-
culation v and the transition line center v, respectively.

All collisional influences on spectral shape are contained
in the relaxation matrix W. The real diagonal elements of
W are the broadening coefficients y; discussed in Sect. 2.1,
and the imaginary diagonal elements are the pressure shifts
Avy, [ecm~! /atm]. The real off-diagonal elements represent
the state-specific population transfer rates R,_ x [cm~! /atm]
from initial rotational energy level J to the final rotational
energy level K. The real part of the relaxation matrix W is
given by:

no R R _k
R R
Re(W) :2_>1 72 :2—>K (5)
“Ryoy —Rjsn 1y

Notably, if the population transfer rates are set to zero for all
transitions, Eq. (4) simply represents the sum of the Lorentz-
ian lines with no line-mixing effects. For linear molecules,
the broadening coefficient can also be written in terms of the
total depopulation rates, as shown in Eq. (6) [15]:

Y= Z Rk (6)

J#K

The imaginary off-diagonal components of W represent
rotational dephasing; however, previous works have found
this contribution to be negligible for collisionally-nar-
rowed infrared spectra at both low and high gas densities
[16]. Accordingly, rotational dephasing contributions were
approximated as zero for all transitions considered in this
work. When multiple collision partners are present, the full
relaxation matrix can be written as a summation of indi-
vidual perturber contributions, similar to broadening.

In this study, the collision-induced population transfer
rates R;_, x were modeled using a modified-exponential-gap
(MEG) law, as shown in Eq. (7):

E// 2
l+a ( . )
4 arkgT

Rk =a(T) I3
b+ “4(@_9) %)
—a EH _ EII
Xexpl 3(kKT J)‘|
B

where E”[cm™!] is the lower state energy and
a,(T) [cm™! /atm], a,, and a; are species-specific MEG law
coefficients. a, describes the collision duration [17] based on
distance of closest approach [18]. The temperature depend-
ence of a,(T) can be modeled using a power law analogous
to the broadening coefficient. The MEG law coefficients
used in this work were obtained from previous line-mixing
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studies conducted by our research group [12]. Since col-
lisions promote the Boltzmann population distribution,
the upward and downward population transfer rates can be
related through the detailed-balance principle [19]:

PkRyk—; = PRk ®)
where p is defined as the Boltzmann population fraction.
The detailed-balance principle suggests that line mixing
favors population transfers from weak transitions to strong
transitions, inducing a spectral band narrowing effect and
enhancing high-absorbing regions. Consequently, narrowing
of the spectral shape due to line mixing preserves differen-
tial absorption at high pressures and has potential to extend
pressure capabilities of scanned-wavelength laser absorption
methods.

2.3 Scanned-wavelength modulation spectroscopy

A scanned-wavelength modulation spectroscopy (WMS)
technique with second harmonic (2f) normalized detection
was implemented for all laser absorption measurements con-
ducted in this work. Scanned-WMS has proven advantageous
for sensing applications in harsh environments because of its
insensitivity to noise in the transmitted light intensity, which
may result from mechanical vibrations of the test article,
window fouling, dynamic thermal emission, or particle scat-
tering. The technique is well detailed in literature [20, 21]
but is briefly reviewed for context.

Measurements are conducted by rapidly injection-current
tuning the laser with a high-frequency sinusoidal waveform
superimposed on a low-frequency sinusoidal waveform to
modulate laser intensity and wavelength over the target
absorption feature. The optical output frequency of the laser
v() can be modeled through Eq. (9):

V(1) =V + vg(t) + vy (9)

. . 9
= ag sin (fgt + wy) + ay, sin (it + wy,) ©)

where V; is the center frequency of the modulation, vg is
the scan frequency, and v,, is the modulation frequency.
The subscripts S and M denote the scan and modulation,
respectively, where ag is the scan depth, a,, is the modulation
depth, fis the frequency, and v is the corresponding phase
shifts. These parameters are predetermined in the labora-
tory subject to laser tuning characteristics (as discussed in
Sect. 3.2), as they directly influence the harmonic signal
strength and the signal-to-noise ratio (SNR) of the meas-
urement. The harmonics of the wavelength modulation are
related to the absorbance spectra and can be simulated using
the approach of Sun et al. [22]. The raw detector signal is
post-processed through a lock-in amplifier to isolate the har-
monic signals of the modulation frequency and eliminate
noise outside the prescribed passband. The second harmonic
signal is sensitive to the absorption line shape curvature
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(differential absorption) and can be compared to a spectral
model to infer gas properties. Non-absorbing transmission
losses and noise in the transmitted light intensity are negated
by normalizing the second harmonic WMS signal (2f) by
the first harmonic (1f). The 1f normalized-WMS 2f tech-
nique is well suited to the harsh rocket engine environment
that involves dynamic non-absorption-related light intensity
distortion.

3 Sensor design
3.1 Wavelength selection

Rocket combustors typically operate fuel-rich and at rela-
tively extreme thermodynamic conditions (P > 50 bar,
T > 3000 K). For a hydrocarbon fuel and oxygen, the equi-
librium combustion product mixture includes a large fraction
(%) of infrared-active diatomic species (OH, CO) as well
as the major products (CO,, H,0). High concentrations of
carbon monoxide (X5 > 30%) provide an attractive tar-
get to track changes in gas composition and thermodynamic
state as a measure of combustion progress. CO has smaller
collisional cross sections than the larger polyatomic prod-
ucts (e.g., CO,, H,0) and therefore can have substantially
less spectral broadening at high pressures, as discussed in
Sect. 2.1 [10]. This fundamental spectroscopic characteristic
helps preserve differential absorption and lessens interfer-
ence at elevated pressures, providing a basis for the develop-
ment of an LAS thermometry technique above the pressure
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Fig.2 Simulated absorption spectra in CO’s fundamental band
and first overtone band, illustrating collisional effects at high pres-
sures. Simulated conditions: T = 3500 K, Xco = 30%, Xy o = 30%,
Xco, = 10% i
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limits (~ 50 bar) of previous work [23]. Accordingly, this
effort targets carbon monoxide absorption in the infrared.

Gas temperature and species mole fraction are com-
monly inferred using a two-wavelength absorption tech-
nique [10]. Wavelength-pair selection criteria include: (1)
absorbance between optically thin and thick limits, (2)
minimal interference from other absorbing species, and
(3) high temperature sensitivity. All three of these criteria
become more challenging to meet at high gas pressures.
As aforementioned, collisional broadening scales linearly
with pressure and blends transitions. This reduces differ-
ential absorbance and increases interference. Moreover,
due to scaling of absorbance with gas density, the stronger
vibrational bands can become optically thick at relatively
short pathlengths in high-pressure environments. Figure 1
highlights these issues, showing simulated transmission
through a 2.5 cm optical path for a representative hydro-
carbon rocket combustion product mixture at 100 bar. Due
to extreme line broadening, spectral interference by H,O
and CO, is prevalent throughout the infrared. The CO
spectra (shown in red) can be accessed in the P-branch of
the fundamental band near 4.98 pm and in the R-branch
bandheads of the first overtone near 2.32 pm, with minimal
but not entirely avoidable interference. Zoomed-in regions
of this domain can be seen in Fig. 2. The wavelength
region near 4.98 pm is dominated by the P(J = 31) line
of the ground state fundamental band, but also includes
contributions from other neighboring hot band lines [8].
The first overtone bandhead near 2.32 pm consists of mul-
tiple transitions (J = 40-60) belonging to the v(1 — 3)
hot band, with some overlapping contributions from the
ground state v(0 — 2) first overtone band [12].

For thermometry, ideally two neighboring lines or wave-
lengths can be accessed with a single light source and/or

IENGS —-—-25bar
2+ Sl — — 100 bar | 1
\~
~.
2 \'\
E —_—— - ~ - -
‘w15 =~ < —~— \,\. 4
S Cross-band strategy =~ — __ ~~.
9] 1 q ~ - R
o (2008.5cm™ " & 4305.2cm ) =~ -
:é —
g 17 1
)
Q
§
= o5t Intra-band strategy J
-~ -1 -1
r———— (2006.8 cm™ & 2008.5cm )
- — e e —
O 1 1
2500 3000 3500 4000

Temperature [K]

Fig.3 Temperature sensitivity (dR/R)/(dT/T) of the cross-band sens-
ing strategy compared to more traditional intra-band sensing strate-
gies at elevated pressures

shared detection optics. Unfortunately, at very high pres-
sures the local spectra within a band becomes sufficiently
blended that wavelengths in close proximity have increas-
ingly similar temperature dependence, determined by the
aggregate line strengths and lower state energy levels of
the many overlapping transitions. This results in accessible
wavelength pairs within the same band having poor tem-
perature sensitivity, which reduces thermometry range and
accuracy. This effect is quantified and shown in Fig. 3. A
candidate intra-band wavelength pair was selected within
the accessible low-interference region of the fundamental
band near 4.98 pm. However, the temperature sensitivity of
the local peak absorbance ratio, R = a(4,)/a(4,), was found
to be undesirably low. To resolve this limitation, a cross-
band wavelength pair from the disparate fundamental (4;:
4.98 pm) and first overtone (4, : 2.32 pm) bands of carbon
monoxide was considered and proved to yield superior tem-
perature sensitivity at high pressures, consistent with other
cross-band techniques [24-26]. The specific wavelength
selections are shown in Fig. 2.

Spectral interference from other major infrared-active
hydrocarbon combustion products is minimal at both wave-
lengths relative to the surrounding domain, but significant
on an absolute basis. A scanned-wavelength modulation
spectroscopy technique employing normalized second har-
monic detection is utilized to recover signals related to the
differential absorption at each wavelength in the harsh rocket
environment, similar to our prior work [8]. This approach
generally negates the influence of baseline signal changes
including attenuation associated with spectrally-flat absorp-
tion such as the H,O interference noted in Fig. 2 [20, 22].

3.2 Optimizing laser tuning parameters

As mentioned, the scan and modulation depths (ag and
ayy) and associated tuning frequencies (fg and fy;) of the
optical output can be adjusted to optimize the quality of
the WMS harmonic signals for a target gas condition and
measurement environment. A model of the WMS harmon-
ics based on laser-specific tuning characteristics is utilized
to inform parametric optimization [22]. For this sensor,
optimum modulation depth is deemed the value at which
the WMS-2f signal is maximized. Although the 2f and 1f
signals are typically not maximized at the same modulation
depth, maximizing 2f generally increases the signal-to-noise
of the normalized WMS-2f/ 1f measurement. In probing
high-pressure spectra, rapidly tunable semiconductor lasers
are often unable to achieve an optimal modulation depth
and the 2f monotonically increases with ay, until it reaches
a maximum limit. SNR can be further influenced by modu-
lation frequency. Modulating at higher frequencies enables
high time resolution measurements and typically suppresses
noise. Common noise sources (vibrations, beam steering,
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etc.) in engine applications usually occur at relatively low
frequencies (< 10 kHz) and can be mitigated by modulat-
ing at much higher frequencies and filtering around those
frequencies. Unfortunately, modulation frequency has an
inverse relationship with modulation depth (see Fig. 4 (top)),
and thus, a compromise is required between the competing
demands of signal quality and time resolution. Addition-
ally, adding a low-frequency waveform to the high-frequency
modulation further reduces the maximum modulation depth
available. The low-frequency scan is added to ensure that
the local absorption peak is measured, allowing for some
uncertainty in the pressure shift of the targeted transitions.
However, since it is not necessary to fully resolve the har-
monic spectra to interpret measurement data, the scan depth
of the low-frequency waveform can be minimized in order
to maximize the modulation depth.

Figure 4 (top) illustrates the maximum modulation depth
at different frequencies for the two lasers chosen for the
cross-band technique. To target CO’s fundamental band
near 4.98 um and first overtone band near 2.32 um, a dis-
tributed feedback (DFB) quantum cascade laser (QCL) and
DFB diode laser are utilized, respectively. The maximum
modulation depth is determined by injecting the maximum
allowable current range at a given frequency and measur-
ing the corresponding change in relative wavenumber with
a germanium etalon. For both light sources, maximum
modulation depth is shown to decrease logarithmically as
frequency increases. Figure 4 (bottom) also illustrates the
simulated WMS-2f signals (ay; = 0.5 cm™!) for both lasers
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Fig.4 (top) Maximum modulation depth over a range of frequencies
for the QCL near 4.98 pm and the DFB diode near 2.32 pm. (bottom)
Simulated WMS-2f signals (ay; = 0.5 cm™") over a range of pressures
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over a range of pressures at the targeted wavelengths for
a representative rocket combustion condition. As pressure
increases and the spectra broadens, the second harmonic
signal generally decreases due to its sensitivity to line shape
curvature, which is diminishing. As a result, it is desired to
utilize a large modulation depth at high pressures to fully
capture the spectral shape and maximize pressure range
capability. When comparing the two wavelengths, the WMS-
2f from the fundamental band starts higher but decreases
at a much faster rate than the overtone band. This relates
to the favorable characteristics of the bandhead in retain-
ing spectral structure at extreme conditions. Furthermore,
the bandhead region is subject to high-pressure line-mixing
effects, which induce a spectral narrowing of the vibrational
band and preserves differential absorption. Consequently,
accounting for line mixing results in a higher WMS-2f signal
across all pressures in the first overtone band. The benefit of
exploiting this phenomenon increases with increasing pres-
sure. Figure 4 (bottom) shows that at 100 bar, line mixing
results in nearly an order of magnitude gain in the WMS-
2f signal relative to the simulation that ignores line mixing
(discussed further later).

For the present work, a scan depth of 0.13 cm~!at 100 Hz
was chosen for the QCL near 4.98 pm. The remaining injec-
tion-current budget was allocated to a modulation depth
of 0.50 cm™! at 20 kHz. For the DFB diode laser centered
near 2.32 pm, a scan depth of 2.55 cm™! at 100 Hz was uti-
lized. Similar to the QCL, the remaining injection-current
budget was devoted to a modulation depth of 0.48 cm™! at
50 kHz. These parameters were selected as a compromise of
the competing demands aforementioned, aiming to achieve
high WMS-2fsignal quality (SNR) over a pressure range of
20-100 bar.

3.3 Optical interface

Figure 5 illustrates the optical configuration for the cross-band
absorption sensing technique and hardware interface for con-
ducting measurements at a fixed axial location on the target
liquid bipropellant rocket combustor. To probe the fundamen-
tal CO absorption band near 4.98 um and the first overtone
band near 2.32 pm, a DFB QCL with ~ 50 mW output power
and a DFB diode laser with ~ 5 mW output power are uti-
lized, respectively. An inherent challenge presented by this
approach is the wavelength-specific nature of many optical
components (e.g., detectors, fibers) that potentially increases
sensor complexity. To reconcile this, both incident beams
are free-space coupled into one hollow-core fiber with broad
transmissivity (300 pm diameter) [27, 28]. The fiber output
is then re-collimated using another CaF, lens and is transmit-
ted across the combustion chamber through two wedged sap-
phire windows (3/8 in. diameter with 1° wedge). The sapphire
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windows have an aperture of 4 mm and are recessed ~ 5 cm
from the combustion flow path. A beam splitter separates the
transmitted light so that each beam can be spectrally filtered
for its respective wavelength (Spectrogon, 2320 + 20 nm and
4960 + 148 nm) before being collected on distinct thermo-
electrically cooled photodetectors. An InGaAs photodetector
(Thorlabs PDA10D) with 15 MHz bandwidth is utilized for
2.32 pm light and a MCT photovoltaic detector (Vigo PVI-
4TE-5-1) with 10 MHz bandwidth is utilized for 4.98 pm light.
Measurements are taken across a 2.5 cm transverse optical
pathlength located ~ 32 cm downstream of the single-element
injector. Raw detector data were typically collected at a sample

rate of 10 MHz for 5-s intervals with hot-fires spanning 2-3 s
in duration.

The optical setup described above included mechanical
mounts for beam pointing and translation, which were used
to optimize alignment and maximize the transmitted light
intensity during the experiment. A number of complemen-
tary hardware-related elements, including a N, purge system
in the fiber-optic and pitch assembly and a He purge system
in the chamber, were implemented to mitigate signal-convo-
luting factors in the test environment. The N, purge system
displaces excessive water vapor in the optical path that can
spectrally interfere with CO. The He purge system aims to
minimize soot deposition on the sapphire windows by keeping
the optical path clear [29]. Laser tuning and signal processing
methods discussed in Sect. 2.3 were also chosen to mitigate
environmental noise.

4 Experimental results
4.1 Initial sensor demonstration

A series of measurements over a range of pressures and
mixture ratios (MR) were conducted on a single-element-
injector rocket combustor with both CH,/GOx and RP-2/
GOx as propellants. The test facility is located at the Air
Force Research Laboratory on Edwards Air Force Base.
These measurements build on prior research from our
group conducted at the same facility by introducing the
cross-band thermometry that enables in situ temperature
measurement capability at practical rocket combustion
pressures [8]. For the tests discussed here, the modular
chamber block with optical access was located at the
furthest location downstream of the injector (~ 32 cm),
where complete combustion and mixing is most likely to
occur. Measurements using CH,/GOx were conducted at
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Fig.7 Measured WMS-2f / 1f signals near 4.98 pm compared to a
chemical equilibrium simulation at two chamber pressures and mix-
ture ratios

pressures and MR ranging from 25 to 105 bar and 2.2
to 4, respectively, while pressures and MR using RP-2/
GOx ranged from 25 to 75 bar and 2.5 to 4.5, respectively.
The details discussed below focus on experiments using
CH,/GOx as propellants but are generally representative
of all datasets.

Raw optical signals at both wavelengths were processed
through a digital lock-in amplifier to extract the WMS har-
monics, from which gas properties could be interpreted.
Figure 6 shows the pressure evolution in time for an
example test with corresponding WMS-2f/ 1f signals at
4.98 pm and 2.32 um for a steady-state chamber condition
of 28 bar and MR of 2.33. The WMS-2f/ 1f signals are
background subtracted, with the background taken prior to
ignition. The initial rise in pressure around 0.3 s is asso-
ciated with the purge gas. An abrupt increase in both the
pressure and WMS-2f/ 1fsignals around 1.3 s corresponds
to the introduction of propellants and ignition, indicat-
ing CO presence in the combustor. As chamber pressure
increases toward steady state, the WMS-2f/ 1f signals
slightly decrease due to spectral broadening and reduced
differential absorption (more pronounced in the 4.98 pm
signal). At steady state, 100 Hz oscillations, corresponding
to the scan frequency of each laser, become clearly evident
in both the 4.98 pm and 2.32 pm signals. As mentioned in
Sect. 3.3, hot-fire tests typically span a 2—3 s duration with
detector data sampled for 5 s.

Figures 7 and 8 compare measured WMS-2f/ 1f signals
to WMS-2f/ 1f simulations assuming chemical equilibrium

@ Springer

for mixture composition and temperature and the HITEMP
database [30] for spectral parameters for both 4.98 pm and
2.32 um. The WMS harmonics are extracted by using a
digital lock-in amplifier and a 2 kHz passband filter and
then averaged over ~ 50 cycles throughout the steady-state
chamber condition. Figure 7 illustrates the measurement
at the fundamental band for two conditions: 29 bar with a
MR of 2.86 and 73 bar with a MR of 2.91. The 100 Hz
oscillations from the laser scan (present in Fig. 6) are more
clearly evident in these zoomed-in WMS-2f/ 1f signals. The
measurements conducted near 4.98 pm demonstrated rela-
tively close agreement with the simulated model at chemical
equilibrium. At higher pressures, spectral broadening and
reduced differential absorption lower the SNR of the funda-
mental band; however, a measurement is still discernible at
pressures up to 75 bar, consistent with our prior work [8].
Figure 8 illustrates the measurement at the first overtone
bandhead for two conditions: 28 bar with a MR of 2.33 and
105 bar with a MR of 2.93. Notably, the SNR only mod-
estly decreases across this wide pressure range. However,
the measured and simulated WMS-2f/ 1f signals exhibit
substantial disagreement, beyond typical uncertainties, in
both magnitude and spectral shape, indicating a fundamen-
tal error in the spectroscopic modeling of the first overtone
band. This was suspected to be a consequence of line-mixing
effects (discussed in Sect. 2.2), which occur in spectrally-
dense regions [31], such as the bandhead, and were unac-
counted for in the original model. In Fig. 8, estimates of

T T T

P: 28 bar
0.1+ MR: 2.33

Measurement
Simulation

0.05 -

WMS-2f/1f
o

0.05 -

X :22.8%
0.025 co ]

0.014 0.016

Relative Time [s]

0.01 0.012

Fig.8 Measured WMS-2f / 1f signals near 2.32 um compared to
a chemical equilibrium simulation with initial estimates of spectro-
scopic uncertainty (¥, = 10%) bound in gray at two chamber pres-
sures and mixture ratios
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Fig.9 Measured WMS-2f/ 1f signals with SNR compared to chemi-
cal equilibrium simulations for both 4.98 ym and 2.32 um over rele-
vant mixture ratios and pressures

tral simulation to elucidate the extent of the disagreement.
Similar data analysis was carried out for a series of test
conditions represented in Fig. 9, which highlights trends in
SNR and accuracy of the initial simulation model. Measured
WMS-2f/ 1f signals are normalized by simulated WMS-
2f/ 1f signals and plotted over the range of pressures and MR
conducted. As mentioned previously, the simulated WMS-
2f/ 1f signal assumes chemical equilibrium for temperature
and composition and the HITEMP database parameters with
Voigt lineshapes for spectral properties. The WMS signals
at 4.98 pm show good agreement with NASA’s Chemical
Equilibrium with Applications (CEA) software [32] and
HITEMP up to 75 bar. However, as pressure increases, col-
lisional-broadening effects in the fundamental band cause
the targeted absorption features to broaden and the differ-
ential absorption to diminish (see Fig. 2). This results in
a diminishing SNR that approaches unity around 80 bar,
deeming any measurements at extended pressures unreli-
able. The measured WMS signal at 2.32 pm demonstrated
adequate signal quality (SNR > 10) at pressures up to 105
bar, as seen in Fig. 8. However, disagreement between the
simulated and measured signals was substantial, increasing
nearly linearly with pressure to almost an order of magnitude
disagreement at the highest pressures. As discussed previ-
ously, such disagreement was deemed well beyond the typi-
cal uncertainties in the simulation and hypothesized to be a
more fundamental error in the spectroscopic model assump-
tions. It can be noted that by assuming a temperature, the

broadening-related error (y,,;, + 10%) are added to the spec-

fundamental band measurement near 4.98 pm could solely
be used to infer CO concentration, as demonstrated in previ-
ous works [8, 9]. To measure temperature, both wavelengths
are needed. Therefore, to reconcile the large disagreement
between the simulated and measured signals near 2.32 pm,
a deeper investigation of the spectral characteristics of the
targeted CO v(1 — 3) bandhead was initiated.

4.2 Interpretation of line-mixing effects

Line-mixing effects in the v(1 — 3) first overtone bandhead
of CO at high temperatures and high pressures have been
recently studied by our research group on a high-enthalpy
shock tube [12]. Direct absorption measurements of CO
near 2.32 pm were conducted behind reflected shock waves
over a range of pressures (5—60 bar) and temperatures
(1200-3750 K) relevant to liquid-propellant rocket combus-
tors. An example of the spectroscopic data highlighting the
non-ideal phenomena and modeling at these conditions is
discussed briefly here, while a more comprehensive dataset
and discussion are available in another paper by the authors
[12]. As seen in Fig. 10, the measured absorption spectra at
a representative rocket condition demonstrate large disagree-
ment when compared to a simulated spectra with no line-
mixing effects. The translation of this disagreement to the
WMS-2f/ 1f signal can also be observed. At high gas den-
sities, collision-induced rotational energy transfers within
the same vibrational band induce a spectral narrowing

Measurement T:3731 K

121 Simulation w/out line mixing P: 37 bar
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Fig. 10 CO absorbance measurement of the first overtone bandhead
near 2.32 pm with corresponding WMS-2f/ 1f signals compared to an
empirical MEG law model accounting for line-mixing effects and a
spectral simulation with no line mixing
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effect that amplifies high-absorbing regions. This results in
larger differential absorption (i.e., larger WMS-2f/ 1f) in
the measured spectra, as observed in the initial sensor dem-
onstration in Fig. 8. In order to model the collision-induced
population transfers between transitions near the bandhead,
a modified-exponential gap (MEG) rate law was adopted
[33-35] (discussed in Sect. 2.2). The adjustable parameters
in the MEG law were obtained by implementing a least-
squares fitting routine to the measured data. This allowed
line-mixing effects to be accounted within the absorption
modeling framework described in Sect. 2.2. Measurements
over a range of pressures and temperatures further provide
for scaling over the full range of relevant thermodynamic
conditions present in a rocket combustion chamber. Fig-
ure 10 illustrates that the simulated spectra using the MEG
law can accurately represent CO absorption in first overtone
bandhead. Similarly, the updated spectroscopic line-mixing
model in Fig. 10 shows the improved agreement in WMS-
2f/ 1f signal that can be achieved by accounting for line-
mixing effects.

The controlled shock tube investigation provided con-
crete support of the line-mixing hypothesis for the initial
disagreement observed in the field data and, with appropri-
ate estimates for the population transfer rates, provides a
critical new framework for quantitative interpretation of the
CH,/GOx and RP-2/GOx rocket combustor data. The shock
tube study focused on quantifying collisional transfer rates
and broadening for pure CO and CO perturbed by Ar. In
order to account for species-dependent collisional broaden-
ing and line mixing in the rocket gas mixtures, additional
assumptions were required. Notably, chemical equilibrium
was assumed to dictate the composition for the range of

mixture ratios and pressures tested. Species-specific spec-
tral parameters and MEG law coefficients were used where
available in the literature for other perturbers [35-38], and
otherwise scaled with ratios of broadening coefficients con-
sistent with Eq. (6). The modified absorption model was
integrated into the WMS harmonic simulations to interpret
the high-pressure rocket combustor data.

4.3 High-pressure rocket characterization

With a modified absorption model to account for line-mix-
ing effects at high pressures, the WMS signal from CO’s
first overtone band (shown in Fig. 8) can be interpreted
and utilized with the fundamental band (shown in Fig. 7)
to quantitatively infer temperature and CO mole fraction.
Temperature is obtained by taking the ratio of the measured
peak WMS-2f/ 1f signals from the two wavelengths and
comparing to simulated values. With temperature known,
CO concentration can be inferred from absolute WMS-2f/ 1f
signal magnitude [8, 22]. Figure 11 compares measured tem-
peratures and mole fractions to chemical equilibrium. The
chemical equilibrium results are bounded by the highest and
lowest pressures measured, 105 bar and 28 bar, respectively,
and shown for reference. In order to obtain mole fraction
measurements above 100 bar, where the SNR at 4.98 pm
drops below unity, the chemical equilibrium temperature
was assumed, and the first overtone bandhead (2.32 pm),
which exhibited promising signal quality (SNR > 10) even
at the highest pressures (> 100 bar), was solely used to infer
mole fraction.

Representative error bars in temperature and mole
fraction based on the standard deviation of the measured
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4000 [ O P:2535bar A P:45-75bar  { P >100 bar] los
= TTTCEA T e
3500 R —?— A '"_'}' """"""""""""" A- 105
&< 3000 r - {04
‘l’ “\\ i
p=}
< . CEA 3
@ 2500 . S 103 X
g i A
g = "Ny, \‘t:;\
2 - R
L o L R |
2000 A °a ES—_ 0.2
¢ TTRInaA
1500 |- - {01
CH 4lGOx RP-2/GOx
1000 - . : ‘ , , . . y
25 3 35 4 25 3 35 4 45

MR

Fig. 11 Temperature and species measurements with representative error bars at steady-state combustor conditions for CH, /GOx and RP-2/GOx
up to 105 bar. Measured temperature and mole fractions are compared to chemical equilibrium over a range of mixture ratios and pressures
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harmonic signals are shown in Fig. 11. Temperature preci-
sion for all CH, /GOx and RP-2/GOx tests ranged from 5 to
14% and 5 to 9%, respectively, while mole fraction precision
ranged from 6 to 12% for both fuels. The highest potential
error (worst precision) occurs at the highest pressures, as
expected. The inferred temperatures from all tests followed
the expected trends but were slightly lower (generally by
100-300 K) than equilibrium temperature, indicative of
incomplete combustion, poor mixing, heat losses, or a cold
boundary layer. For inferred CO mole fraction, more dis-
tinct differences have been observed between the two fuels.
Species measurements from CH,/GOx tests were consist-
ently less than chemical equilibrium while measurements
from RP-2/GOx testing were nearly equivalent or slightly
higher. This discrepancy may be attributed to the differences
in single-element injector designs and performance, suggest-
ing lower performance with the CH,/GOx configuration,
consistent with lower ¢ * efficiency measured independently.
It should also be noted that modest uncertainty remains in
the spectroscopic model related to composition-dependent
collisional broadening and line mixing. Even with these
uncertainties, mole fraction measurements for both fuels
follow the trend anticipated from chemical equilibrium in
close proximity. The differences observed between fuel and
injector combinations support the utility of the sensor in
evaluating rocket combustion performance.

5 Conclusion

A novel cross-band infrared laser absorption sensing strat-
egy probing carbon monoxide at the vibrational bands
near 4.98 pm and 2.32 um was developed and deployed to
quantitatively measure temperature and species concen-
tration in high-pressure rocket combustion environments.
The initial target application for the diagnostic technique
was a single-element-injector rocket combustor at the U.S.
Air Force Research Laboratory, Edwards. Measurements
were performed by collecting and interpreting harmonics
of wavelength modulation (WMS-2f/ 1f) related to absorp-
tion at each target wavelength over a range of pressures and
mixture ratios for both CH,/GOx and RP-2/GOx propellant
combinations. The method exhibited an ability to overcome
challenges associated with the extreme thermodynamic con-
ditions and sooting propensity of the rocket combustor. Data
collected at the fundamental vibrational band (4.98 pm)
showed reliable signal quality up to 75 bar, while data from
the first overtone bandhead (2.32 pm) exhibited favorable
SNR up to 105 bar, with the clear potential to conduct meas-
urements at even higher pressures.

In order to interpret the signals from the first overtone
bandhead, a modified spectroscopic model was developed
to account for the temperature- and pressure-dependent

line-mixing effects occurring at high gas densities. Using
the modified absorption model, temperatures in the rocket
combustor were successfully inferred to be in the 2900-3600
K range for the various tests, showing similar but consist-
ently lower values than equilibrium predictions by 3—-12%.
Quantitative characterization of temperature and species
in the rocket combustion gases for the CH, and RP-2 fuels
identified possible differences in injection/mixing perfor-
mance that likely cause the disagreements with equilibrium
predictions. Notably, the injector appeared to perform worse
for the CH,/GOx configuration, most pronounced by rela-
tively low CO mole fraction values suggesting incomplete
combustion. To the authors” knowledge, these measurements
represent new limits in pressure capability for non-intrusive
temperature and species combustion diagnostics. More
importantly, the unique pressure capability of the sensing
strategy provides for a useful method for evaluating com-
bustion efficiency/performance at practical rocket operating
conditions and novel datasets that can be compared to react-
ing flow computational models.
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