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Abstract

Experimental measurements of the unsteady heat addition field, are critical. Chemiluminescence
intensity is a function of pressure, strain rate, equivalence ratio, and turbulence level. These flame
properties have large variations in unstable rocket combustion, thus chemiluminescence may not
be a direct indicator of heat release. Detailed chemical kinetics modeling is used to investigate
the relationship between chemiluminescence and heat release rate of the flame. The model is
validated by comparing against recorded chemiluminescence. Comparison of the model with
point measurements illustrates the relation between the heat release and the chemiluminecence
during unstable combustion.

1. Introduction

Combustion instability is a common recurring problem for bi-propellant rocket engines. Decades of successful
operation of rocket combustors has failed to yield a complete understanding of combustion instability. 2
Instabilities arise due to coupling between the natural acoustic modes of a combustor and the unsteady
processes of combustion. High-frequency combustion instabilities in excess of 1000 Hz are detrimental to
combustor performance and lead to catastrophic failures in engines due to over-pressure and overheating.
Via acoustic coupling with hydrodynamics, combustor geometry is strongly correlated with the formation
of instabilities, and, as a result, a complete characterization of this complex process may only be obtained
during full scale engine testing. If the stability characteristics of the combustor can be adequately modeled,
large savings can be made in the cost of engine development.

Currently available modeling techniques and technologies do not allow for complete simulation of a
full scale combustor. Recently, however, high-fidelity CFD models have shown some ability of being able to
match stability behavior in subscale experimental combustors with a limited domain ,>~7>? and historical rates
in computational advancements suggest that computations including partial full scale geometry and multi-
injector interactions will be possible in the next decade. An alternative strategy in the engine development
cycle can take advantage of targeted full scale simulations with derived reduced order models from such high
fidelity models accelerating the design process. This coalescence of experimentation and model validation
should produce a complete and powerful model of combustion instability for rocket and other propulsion
systems. The most complex part of this approach is the measurement and comparison of unsteady heat
addition.

High fidelity CFD models of unstable combustion require a huge amount of computational resources.
Modeling flow physics alone on length and time scales small enough to resolve critical low mechanisms limits
the capabilities of recent models. As a result, axisymmetric assumptions and simplified chemical kinetics
models are typically used to represent very complex combustion systems. It has been suggested that three
dimensional models with detailed chemical kinetics modeling are required to accurately capture the heat
release process that is so critical to the development of an unstable combustion environment. %7

The transfer of energy from the combustion of propellants to the acoustic energy field is the primary
mechanism that creates acoustically coupled combustion instability. Testing of CFD models through exper-
imentation is an integral step in the development of tools to predict and mitigate combustion instability in
engine design. Predicted pressure modes alone can show excellent agreement to experimental data,®? but
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direct comparison of the combustion energy release is more challenging. A direct measurement of transient
heat release in a practical combustor is not feasible and measurement techniques that do not interfere with
the flame itself are limited. Collection of light emitted from chemiluminescent species in the flame is com-
monly employed to estimate locations of high heat release. This technique relies on several fundamental
assumptions, such as the spatio-temporal coincidence of light emission and heat release, optical depth of the
flame, and three-dimensional effects, all of which are addressed in the present study.

This study is a step towards quantitative comparison between the unsteady heat release measured in
experiment and predicted by simulation and an investigation of the ability of chemiluminescence measure-
ments to provide this comparison. To that end, two techniques are utilized. The first provides a comparison
between model and recorded chemiluminescence images while the second technique allows point measure-
ments to better quantify location specific cyclic behavior. The second technique uses broadband spectral
imaging of flame emission via a fiber optic probe to reveal the species that contributed to light emission in
past optically band-pass filtered imaging experiments. To complement new experimental data, a detailed
chemical kinetics model that includes chemiluminescent species was employed in the computations to allow
a direct comparison between the emitting species and infer a link to heat release. A brief history of previous
research on the flame under investigation and a survey of investigations on chemiluminescence as a heat
release indicator are presented in Section 2. Experimentation focuses on improving the quantitative nature
of optical measurements and gaining insight on the use of combustion light emission as an indicator of heat
release. Section 3 describes the experimental and modeling approach taken to investigate the heat release
and chemiluminescent species distributions in a highly unstable flame. Results of spectroscopic imaging of
the combustion light emission are compared to results from a CFD simulation of the flame, incorporating
detailed chemical kinetics model in Section 4. An analysis is presented describing the simulated extraction
of chemiluminescence data from the computational model. Finally, conclusions on the suitability of this
approach for model validation for the subject flame are presented in Section 5.

2. Background

2.1 Review of CVRC Instability Modeling and Experimentation

The continuously variable resonance combustor (CVRC) was developed to study the mechanics of self-excited
high frequency combustion instability in a practical rocket combustor. Gas phase propellants were used in
a sub-scale single injector element configuration to remove inter-element interactions and liquid atomization
physics, reducing the cost of computational modeling of the configuration.® The design allowed for charac-
terization of the chamber acoustic field based on high frequency pressure measurements. Previous studies
focused on high amplitude pressure oscillations in the combustor near the fundamental acoustic frequency,
their harmonics, and their growth and decay.®-® Continuous variation of the oxidizer post length allowed for
a resonance sweep from a quarter wave to a three-quarter wave resonant combustor.

Early modeling efforts showed reasonably good comparison with pressure fluctuations measured in the
combustor. Self-excited instabilities could be predicted, but oscillation frequencies and limit cycle amplitudes
differed from experimental results, a result that can be at least partly attributed to the adiabatic wall
assumption in the model.*">? Early models relied on simple global chemical kinetic models to represent the
complex methane oxidation reaction,* which resulted in differences in heat release magnitude and distribution
between the model and experiment. CH* chemiluminescence, under the assumption that it is a heat release
indicator, was used to characterize the fluctuating heat release distribution in the CVRC experiment. Due
to line-of-sight integration of light emission signals and optical distortion caused by the glass combustor wall,
comparisons between the experiment and model are limited in this regard.

2.2 Use of chemiluminescence as an optical diagnostic

Heat release rate in flames is a fundamental property involved in the evolution of unstable combustion
behavior. To study heat release as it relates to interactions with acoustics requires a reliable indicator that is
easily observable in experiments. Optical emissions from flames, including chemiluminescence, are commonly
used as a combustion diagnostic because they are readily measurable with inexpensive detection equipment
and occur naturally in the combustion process being observed. Chemiluminescence results from the relaxation
of electronically excited species that are produced via chemical reactions in the combustion zone. In oxygen-
hydrocarbon flames the species CH*, OH*, Co*, and CO2* are responsible for most of the light emission in
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the visible and ultraviolet wavelengths.!%>!! By studying the light emission from these species, some insight
can be gained about the energy release in the reaction zone of the flame.

The adequacy of chemiluminescence to indicate heat release from combustion reactions has been studied
for decades. Much fundamental research has been performed on the topic using controlled burners in various
configurations and using flames of varying equivalence ratio, strain rate, curvature, pressure, and reactant
combinations. Early experiments made use of radical species emission as indication of heat release in both
practical and laboratory combustors, but with no thorough understanding of the chemical reaction pathways
from which the emitting species originated.'*'3 Later studies have investigated in detail the effects of
variation in flame properties on chemiluminescence of several species.!* 32

It is widely agreed that Co* chemiluminescence is an inadequate indicator of heat release in the combus-
tion reaction zone, as it is not spatially correlated with the heat release and is not associated with the major
energy releasing reaction pathway for hydrocarbon flames. While Co* chemiluminescence is more prevalent
in fuel rich flames, it has been observed that the Co* emission intensity increases monotonically, without
any trend with respect to the equivalence ratio as it passes the stoichiometric value. Thus the Co* emission
does not trend with expected maximum heat release levels in the flame.!% 15 Tt is also suggested that Co* is
produced by a number of reactions in the overall kinetics model and thus may not compare uniquely to the
heat release in a spatial or temporal sense.'”

Extensive studies, both experimental and numerical, have shown that COs* emission could be consid-
ered a good indicator of integrated or total heat release and even local heat release for low turbulence flames.
Samaniego et al.'® showed that CO5* chemiluminescence intensity varies monotonically but not uniquely
with most flame properties, dependent upon which property is varied. Najm et al.!”7 indicate that COy*
emission may have a complex dependence on flame curvature and flow history, but has been shown to have
maximum emission intensity near stoichiometric equivalence ratios.!* Production of the CO.* radical has
been associated with the combination of CO and O near the end of the main carbon reaction in the methane
oxidation reaction.l”1?

Most commonly, chemiluminescence from the OH* and CH* species has been used as a combustion
diagnostic, not only as a heat release indicator, but also to indicate other flame properties such as equivalence
ratio and temperature.2%:2! Several studies involving premixed and diffusion flames at atmospheric pressure
have indicated that OH* chemiluminescence is an important heat release marker because it coincides spatially
with CH, a main reaction chain product.!%16-20:22 Smith et al.2®> determined that the major production of
OH* radicals is due to the reaction of CH molecules with O5. Studies that observed OH* chemiluminescence
in turbulent flames and flames with high strain rates reported poor agreement with heat release in that the
emission varies strongly with turbulence levels and even disappears at high strain rates.!”>24726 At elevated
pressures, it has been suggested computationally that thermal excitation of OH molecules is the primary
source for OH* radicals rather than chemical excitation that would be associated with the heat generating
reaction path.?7

Similar arguments either confirm or deny chemiluminescence as an adequate heat
release indicator. It has been shown that a quasi-steady state assumption for CH* production can be assumed
reasonably, as CH* radicals are largely chemically excited?®2° rather than thermally excited. In nearly all
studies, the use of chemiluminescence as a heat release indicator is qualified on a case by case basis with
variable results depending on strain rate, equivalence ratio, degree of turbulence, degree of premixing, and
pressure of the flame. To remove the effects of flame property variation on the chemiluminescence, it has
been shown that the ratios of certain species can be used to indicate equivalence ratio, independent of flame
strain rate, but dependent on pressure and temperature.'% 30

Recent studies have investigated laser induced fluorescence (LIF) techniques to excite intermediate
reaction product species such as CH,O and OH that are associated with the main chemical reaction chain
in methane air flames.?> Variability induced by spontaneous emission intensity is removed, however, LIF
measurements are also challenging in high pressure flames due to collisional quenching of excited species and
the high laser pulse energy required to produce a detectable fluorescence signal.

In summary, the heat release rate depends on equivalence ratio, mass flow rate, temperature, pressure,
and local flame strain rate. In an unstable rocket combustor, each of these properties may vary widely,
even on small length and time scales. Very little fundamental research has been performed on the ability of
chemiluminescent species to indicate heat release in highly unsteady flames. Experimental chemiluminescence
images of combustion behavior near the dump plane via two radical species, CH* and OH*, have been obtained
for the unstable combustor configuration. Both of the species have been used as markers of heat release in
various experiments,?® 3! but modeling of these radicals has been limited to relatively simple flames®® and is
rarely found in multi-dimensional simulations.??> A major difficulty in their inclusion as a computed species
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lies in the absence of their source species in the kinetics mechanisms that are typically used for the simulations.
With a detailed kinetics model, like the GRI-1.2, this no longer is the case, and both CH* and OH* can be
computed as quasi-steady species in a post-processing step with minimal computational cost. The assumption
of quasi-steadiness can be expected to be better held for CH* than OH* because of its lower concentrations.?®

3. Approach

3.1 Detailed Chemistry Models

Combustion instability is a manifestation of complex inter-dependencies of various processes occurring in a
combustion chamber. To further understand the observations as well as to develop strategic knowledge, it
is important to complement the experiments with modeling. High fidelity CFD models have shown promise
in this regard.>">? Most of these models, however, utilize global reaction schemes, owing to the significant
computational cost and challenges associated with detailed chemical kinetics models. Such models of methane
combustion include between one and four reactions that attempt to reproduce the laminar flame speeds or
species profiles.?334 In the case of premixed flames these aspects are important, but in the case of non-
premixed flames, such as in the CVRC combustor, a more important characteristic is the induction period or
ignition delay. This is the time taken by a mixture at a specified initial condition and composition to ignite.
A comparison of the ignition delay predictions by various global mechanisms and the established detailed
mechanisms is shown in Figure 1.

For conditions and compositions relevant to the CVRC operating conditions, the ignition delay predic-
tions of the global mechanisms are one or more orders of magnitude shorter, and except in the case of single
step mechanism, do not follow the trend of the detailed mechanism. Including detailed chemical kinetics
is therefore beneficial to model the combustion instability, wherein accurate transients are important. In
addition to improved reliability of the chemical kinetics model, inclusion of the detailed chemistry enables
computation of radicals CH* and OH* that are observed through chemiluminescence imaging, thus allowing
a direct comparison with the experiments. This merging of experimental and computational investigation is
expected to shed light on the underlying physics of the coupling between combustion and fluid dynamics.
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Figure 1: Comparison of ignition delay predictions for various mechanisms for compositions and conditions
relevant to CVRC.

In the current study, we employ the reaction mechanism for CH* and OH* production and quenching
presented by Hossain and Nakamura,?® assuming quasi-steady state behavior of the two radicals and neglect-
ing transport. Intensity of the chemiluminescence is obtained from the concentration of the radicals using
the reported Einstein coefficient A = 1.85 x 10° s~!. Volume integral corresponding to the viewing area of
the optical probe is calculated and its phase average is plotted along with the pressure at the same location
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to obtain a direct comparison with the experiments.
3.2 Experimental Configuration

As described previously, the CVRC test article has been used extensively to produce data sets for comparison
to high fidelity CFD models.*® The CVRC was designed to investigate the stability characteristics of an
oxidizer centered shear-coaxial type injector element, common to oxidizer rich staged combustion engines,
in a self excited unstable combustion environment. The oxidizer post length can be varied continuously
during a test by changing the axial position of an orifice plate within the post. It has been shown by varying
the resonant lengths of the combustor that the oxidizer post length plays a critical role in the stability of
the injector element. In model validation experiments, the combustor burns decomposed 90% concentrated
hydrogen peroxide and gaseous methane at a total equivalence ratio of 0.8, total mass flow rate of 0.345 kg/s,
and average chamber pressure of 1.4 MPa. Although CFD modeling of the CVRC is performed using an
oxidizer post length of 14 cm, in experimentation the oxidizer post length can be varied from 19 cm to 8.9 cm
or fixed at any length in between. For translating oxidizer post tests, the post length is assumed to be quasi-
static for small time intervals for comparison to computational models in which the geometry is fixed. In all
cases in this discussion the oxidizer post length is 14 cm, a length associated with high amplitude instability.
Figure 2 shows the combustor configuration. Head end chamber sections are interchanged dependent upon
the type of measurements being performed.

Combustion
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Catalyst
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Fuel Injector

Ox Injector

Translating
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Oxidizer Post Optically Accessible
Oxidizer Manitold Chamber Section

Figure 2: Cross section of the CVRC combustor. The head end chamber segment indicates location of
fused quartz optically accessible chamber section and fiber optic ported chamber section. The computational
domain is outlined by a red dashed line.

3.3 Chemiluminescence Imaging and Spectroscopy

Investigations of chemiluminescence in the CVRC combustor involve line of sight imaging of the combustor
head end at 10 kHz frame rates through a fused quartz combustion chamber segment and optical band
pass filters around wavelengths associated with OH* and CH* chemiluminescence near 309 nm and 431
nm respectively. The results offer two dimensional line-of-sight integrated spatial and temporal trends in
relatively large wavelength bands of emitted light. Obscuration by the quartz glass combustor wall results in
relatively low spatial resolution. Distortion from intensified imaging equipment required to collect emission
signals in the UV-Visible spectrum also remove detail from collected images. The two dimensional images,
when processed using Abel transform techniques, are able to provide qualitative comparisons of large scale
general behavior between the experiment and computational model.

For improved spatial resolution of optical measurements and to increase the quantitative nature of the
results, broadband spectral imaging of the CVRC combustion emission was performed using a fiber optic-
coupled imaging spectrometer. The head end chamber section was replaced with one allowing integration
of a 400 micron diameter fused silica fiber optic probe allowing collection of UV-Vis light emission. Several
ports in the chamber allowed for line-of-sight light collection through the center-line of the combustion zone at
various axial locations. As installed, the field of view of the fiber probe has an included angle of approximately
6.75 degrees extending 45 mm across the chamber diameter resulting in a probe volume of 717.2 mm?®. The
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probe coupled light into a Horiba Scientific iHR550 imaging spectrometer with an entrance slit width of 0.2
mm. The spectrometer was configured with a 150 g/mm diffraction grating resulting in a spectral range of
265-470 nm for the detector used, capturing both OH* and CH* emission bands. Spectra were imaged at
10,000 samples/sec using a high speed UV intensifier and CMOS detector. Spectra and pressure data were
collected simultaneously from an axial location located 23.8 mm downstream of the injector dump plane for
direct comparison to computational model data. The hardware configuration is depicted in Figure 3.
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Figure 3: Configuration of spectroscopic imaging equipment.

3.4 Comparison of Model and Experimental Data

To extract model data that best represent experimental optical probe measurements, an understanding of
the optical probe volume is required. The probe volume or field of view of the fiber optic probe used in this
experiment is determined by the fiber diameter and the optic port geometry in the combustor chamber wall.
The optic port in the chamber wall provides the limiting aperture in this case. The included angle of the
probe volume, 6.75°, was calculated using ray transfer matrix analysis of the most extreme ray captured
by the probe. The analysis accounted for apertures at the fiber face and in the optic port in the chamber
wall, refraction through the sapphire window at the bottom of the optic port, and relative distances of the
components in the optic port. It was assumed that light transmitted to the fiber via reflections from hardware
surfaces were negligible, no light was collected from within the optical port, refraction index gradients in the
combustion gas were negligible, and that chemiluminescence for the wavelengths under investigation were not
reabsorbed by the combustion gas, that is to say the gas is optically thin. The validity of this final assumption
was investigated in depth as reabsorption of the emission signal may significantly skew the comparability of
model and experimental data.

To represent this probe volume in the model data, the 2-D mesh was first revolved about its center axis,
transforming it into a 3-D axisymmetric grid. Cell centers on this grid that fell within the probe volume were
isolated, and the relative amount of light collected from each was determined using the ray transfer matrix
analysis technique. Assuming diffuse emission of light from the center of each cell, a factor was calculated
as the fraction of diffuse light emission collected by the optical fiber. A cross section of the probe volume
in the computational domain is shown in Figure 4 where the points representing the cell centers are colored
by the calculated fraction of the diffusely emitted light collected by the optic probe. It should be noted that
a large fraction of the light is collected near the probe face, despite the smaller cross section of the probe
volume, rapidly decreasing towards the end of the probe volume. It is therefore likely that the emission data
collected will represent emission activity nearer to the combustor wall.

The second assumption, that the medium is optically thin, is critical to the direct comparison of
experimental and model data, since re-absorption of light can significantly skew the line-of-sight integrated
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Figure 4: Cross section of optical probe volume colored by fraction of diffuse light collected from each
cell based on ray transfer matrix analysis. Each data point represents the center of a cell in the revolved
axisymmetric computational model. Variation in density of data points and circular groups of data points
are caused by the revolution of the original 2-D axisymmetric mesh and cell density variation in the mesh.

optical measurements. In order to ascertain that no such skewness exists, optical depth analysis of the CH*
and OH* data from computational model is performed.
The absorption fraction, «, is extracted from the Beer-Lambert law, and can be expressed as

a= Il =exp(—K(n,\)g(\,T)z) = exp(—o (A, T)nz) (1)
0
in terms of the ratio of transmitted to incident light, I/Iy, line strength, K, population number density, n,
wavelength, A\, normalized line shape profile, g, temperature, T, and optical path length, z. A second form
of the Beer-Lambert law is expressed using optical path length, macroscopic cross-section, o, and number
density directly.?” Absorption and emissivity were first parametrically investigated for their dependence on
number density, collisional line width, Doppler line width and optical path length.

Absorption or emission line strength is a function of number density and wavelength, while the line
shape profile is a function of wavelength and temperature. The number density and optical path length
were found to be the most significant parameters affecting the absorption fraction or emissivity. Since line
strength is directly proportional to number density, from Equation 1 it is clear that the natural logarithm of
the absorption fraction is directly proportional to both the number density and the optical path length.

The absorption properties of ground state OH and CH molecules are shown in Figure 5 where optical
transmissivity is calculated as a function of number density for varying optical path lengths. This study was
performed for the emission wavelengths of the OH* and CH* radicals. Transmissivity is the complement of
the absorption fraction and reflects how well an electromagnetic wave at a particular frequency is able to
propagate through an optical medium. It is clear that for a particular optical path length there is a threshold
limit on number density of optical absorbers, above which complete optical absorption occurs.

The number densities of the absorbing species at the particular spectral wavelengths of interest within
the probe volume can be predicted from the detailed chemical kinetics model as described previously. Figure 6
shows the number density averaged over the probe volume for a single pressure wave period of the emitting
and ground state species of interest. In the case of CH, Figure 6a, the ground state population is sufficiently
small to allow nearly complete transmission of CH* emission. This is not the case for the OH molecule,
Figure 6b, where ground state populations are near or beyond the threshold value for significant absorption.

The maximum optical path length within the probe volume is the diameter of the chamber, which is
approximately 0.045 m. Figure 6b shows that for nearly the entire pressure wave period, the OH* emission
is completely absorbed over the longest optical path length. It should be noted that Figure 6represents the
volume averaged number densities of the various species of interest, and localized variations in number density
could be significant. The locally high OH number density greatly increases the optical thickness and as such
the OH* emissions are likely completely absorbed suggesting that the collected emissions are produced near
the surface of the combustor wall, near the optic probe face. Chemiluminescent OH*, therefore, may not be a
good marker of the main reaction zone.In the case of CH* emission, Figure 6a shows that the number density
of the corresponding ground state absorbers is low throughout the pressure period so that the products of
combustion can be considered to be optically thin.

It is known that in high pressure flames, CO2* chemiluminescence can be significant in a broadband
spectrum encompassing the OH* and CH* emission wavelength bands. Figure 6 shows a relatively high
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Figure 5: (a) CH and (b) OH transmissivity as a function of number density for varying optical path lengths.
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Figure 6: Number density of emitting and absorbing species in the wavelength range of interest. Transmis-
sivity of the medium to both (a) CH* and (b) OH* chemiluminescence are shown.

number density of COq in the probe volume which is a potential absorber of OH* and CH* emissions. It was
expected that since CO4 emits within the spectral range of emissions from OH* and CH* that it would most
likely contribute to the optical absorption within the same spectral range.

Using the semi-empirical macroscopic absorption cross-section relations developed by Oehlschaerger et
al.3” for the UV spectral range of hot CO4, and extrapolating the data to fit the spectral range of interest,
it was found that the macroscopic absorption cross-sections at the approximate gas temperature within the
probe volume are extremely low. The order of magnitude of the cross-sections are low enough to offset
the relatively high number density such that for the spectral range of wavelengths of interest CO2 has an
insignificant role in optical absorption of OH* and CH* chemiluminescence.
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4. Results
4.1 General Behavior

A typical test of the CVRC begins with a period of oxidizer only flow to allow the hydrogen peroxide catalyst
bed to reach operating temperature. Fuel flow is initiated and ignition is achieved by injection of a 12 mL
JP-8 slug at 10 seconds. Translation of the oxidizer post choke plate begins at 11 seconds, reducing the
oxidizer post length from 19 cm to 8.9 cm over 2 seconds during bi-propellant operation prior to shutdown.
Pressure data recorded from the combustor head end is shown in Figure 7. The transition to unstable
operation occurs at 12 seconds when the oxidizer post length is approximately 14.5 cm. The spectrogram of
head end pressure in Figure 7 shows the transition to unstable operation and the corresponding oxidizer post
length. Pressure oscillation amplitude is approximately 1 MPa with a fundamental frequency of 1312 Hz. The
pressure oscillation is characterized by a steep-fronted pressure rise followed by a more gradual expansion as
shown in Figure 8 with several smaller peaks caused by reflected waves and higher modal frequencies. Pressure
measurements at several axial locations in the combustor and oxidizer post indicate traveling pressure waves,
rather than standing waves, are present in the combustor at high oscillation amplitudes. This behavior is
also observed in computational models.?>~">?

6 i i i i 12000y : 122

. 10000 ! i e »

IS
.
)

8000

Pressure [MPa]
5]
Frequency [Hz]
=
Oxidizer Post Length [cm]

6000| !
‘ 14
2r 4000
712
1t 2000 10
0 ‘ ‘ ‘ ‘ 0 ki “M‘-Mﬂ' Wik Ju\“&‘.ﬁl“'u\\{:"‘{if b i Y s
5 7 9 11 13 15 5 7 9 11 13 1
Time [s] Time [s]

Figure 7: Typical head end chamber pressure trace (left) and spectrogram of head end pressure (right)
comparing intensity of frequency content in pressure over time.

4.2 Chemiluminescence Imaging

The computational model in this study has the capability of predicting heat release with high spatial and
temporal resolution, but there is no experimental measurement available to validate heat release predictions
from the model. The reaction steps that were added to the chemical kinetics model to simulate CH* and
OH* production enable an additional link for more direct comparison of experimental and model data. By
linking the experimental and model data using the light emission and pressure signals, inferences can be
drawn regarding the relative spatial and temporal heat release response based on that predicted by the
model. Although any comparisons between the concentrations of emitters are qualitative, a temporal signal
can be quite precise, therefore providing some level of confidence in the model.

The phase averaged pressure cycle at the head end of the combustor is shown in Figure 9, and the
corresponding visual comparison is shown in Figure 10. The experimental images represent emission from
the CH* radical. The images are inverse Abel transformed to account for line of sight measurements and
phase averaged to diminish cycle to cycle variations. Simulation images are from axisymmetric computations
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Figure 8: Typical pressure wave shape recorded in combustor head end.

and are similarly phase averaged. At the start of the cycle, during pressure rise, high intensity emission is seen
near the wall of the combustor in both computational and experimental images. At or near the peak pressure,
occuring at cycle point 3, the high intensity region displays a shift away from the wall. Pressure in the head
end decreases from cycle points 7 to 15, while the luminosity of the CH* radicals indicates reduced number
density. Towards the end of the cycle, points 18 to 20 show increasing intensity, marking the beginning of the
next cycle. The same structural sequence can be seen in the computed CH* radical. The results suggest that
the sequence of events starts with a partially mixed fuel-oxidizer jet hitting the combustor wall and rolling
up to form two vortices. The upstream vortex interacts with the corner recirculation zone near the back step
of the combustor. The corner recirculation zone contains hot products and, being on the periphery of the
fuel-oxidizer mixture in the shear layer, forms a high concentration CH* region.

4.3 Spectroscopy of Chemiluminescent Emission

The average emission spectrum collected by the fiber optic probe during unstable operation of the CVRC
is shown in Figure 11. The average spectrum indicates a strong emission from the 423 = X?II transition
of OH* near 309 nm. Emission from the A2A = X?2II transition of CH* near 431 nm is significantly lower
in average intensity, and light emission in this wavelength range is dominated by broadband CO2* emission
as expected from a high pressure lean hydrocarbon flame.'® Two strong peaks at 328 nm and 338 nm
are emission from atomic silver®® that is eroded from the hydrogen peroxide catalyst bed. The spectrum
is corrected for variation in the quantum efficiency of the imaging hardware over the wavelength range of
interest.

To relate the unsteady heat release field to the strongly resonant flow, it is most useful to consider
pressure phase locked average signals of light emission, thus averaging cycle-to-cycle variability. Phase aver-
aging was performed over 25 pressure oscillation periods at the first longitudinal acoustic mode frequency of
1312 Hz. A cubic spline interpolation was performed to generate 50 data points per oscillation period and
averaging was performed at each of these points. Although continuously translating, the average oxidizer
post length during this interval is 14 ¢cm, a thoroughly studied unstable configuration for the CVRC.*7?

To compare the relative intensities of the OH* and CH* emission signals, the CO2* background emission
was assumed to be self similar and was approximated by a fifth order polynomial as shown by Lauer?* and
subtracted from the spectra. It is evident in these spectra that the CH* emission signal is only slightly
more intense than the noise level, but is still detectable despite the high pressure conditions of the flame.
The phase averaged and normalized OH* and CH* emission signals are plotted against the phase averaged
pressure signal in Figure 12. Comparison of the light emission and pressure signal shows that the peak OH*
emission lags the peak pressure by about 40 degrees while the peak CH* emission leads the peak pressure by
about 50 degrees on average. Thus, the total phase difference between peak OH* and CH* chemiluminescence
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Figure 9: Phase averaged pressure cycle measured in the experiment (green) and predicted by computation
(red).

is about 90 degrees. Although the line-of-sight nature of the measurement obscures the spatial detail of the
flow field, the difference in phase of maximum OH* and CH* chemiluminescence suggests a distinct difference
in the spatio-temporal evolution of the two species.

Data for OH* and CH* photon emission was collected from the computational domain using the probe
volume geometry discussed previously. Pressure and heat release data were also collected and averaged over
the probe volume to enable a more direct comparison to the emission signals. Figure 13 shows the pressure
fluctuation, OH* and CH* emission intensities, and heat release rate averaged over 25 pressure cycles based
on the computational model described previously.

Phase averaged pressure signals shown in Figure 14a during limit cycle operation show excellent agree-
ment between the experiment and model data. Average amplitudes are well predicted for the duration of the
pressure cycle. Figure 14b shows the comparison of phase averaged and normalized OH* emission intensity.
This comparison reveals that although the general trend in OH* emission intensity is consistent between
the model and the experiment, the maximum emission intensity predicted by the model is shifted in phase
compared the signal measured in the experiment. This effect could either be due to the phase averaging or
due to the assumption of quasi-steady state of this radical. Accurate phase averaging requires the cycle to
be a smooth sinusoid, allowing for accurate determination of the phase. The steep fronted pressure cycle
does not fit this requirement and can lead to errors in averaging. The assumption of quasi-steady state OH*
radical is more expensive to deal with since it will require modeling production, destruction and transport
of the additional species. Figure 14c shows the comparison of phase averaged CH* emission intensity. Phase
angles of peak values of CH* emission as predicted in the computational model agree well with the exper-
imental measurements. A secondary maximum occurs in the measured CH* signal at a phase angle of 200
degrees that is not predicted by the model and is not evident in the experimental or model data for the OH*
emission. Although the general trend in CH* intensity is captured by the model, there are small features in
the measured signal that are different from the model predictions. It should also be recognized here that the
CH* signal may have some uncertainties due to the CO5* extraction process and hence the overall trend seen
should outweigh the details in the present comparison. The model does suggest a local maximum near 300
degrees that is not seen in the experimental data. Figure 14d compares chemiluminescent emission signals
measured from the experiment to the heat release fluctuation predicted by the model on the basis of pressure

11
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Figure 10: Inverse able transformed comparison between CH* chemiluminescence measured in the experiment
(top) and predicted by computation (bottom).
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Figure 11: Average emission spectrum measured during unstable combustion indicating OH*, CH*, and CO2*
emission. Two strong lines at 328nm and 338nm are emission from atomic silver eroded from the hydrogen
peroxide catalyst bed.?®
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Figure 12: Phase averaged pressure (green) and emission spectrum for 25 phase averaged pressure oscillation
periods measured at an axial location 23.8 mm downstream of the injector dump plane.
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Figure 13: Phase averaged pressure heat release and radical species production rates measured from the
computational model. OH* and CH* rates are determined by integrating throughout the probe volume with
geometric weighting applied as discussed previously..

based phase averaging.

The model is able to predict the phase averaged pressure curve with trend-wise accuracy and, on this
basis, the model heat release fluctuation and experimental emission measurements are compared directly, with
the pressure curve providing the reference between the model and the experiment. Under the assumption
that the model can accurately predict the timing of heat release with respect to the phase of the pressure
signal, this result suggests that in line of sight integrated measurements neither OH* or CH* measurements
are sufficient as indicators of heat release. The emission signals from both species are significantly out of
phase with the predicted heat release in the probe volume. The peak CH* emission from the experiment
leads the predicted peak heat release by approximately 30 degrees in terms of pressure phase angle while the
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and model heat release.

14



Bedard, Fuller, Sardeshmukh, Anderson. UNSTABLE COMBUSTION MODEL COMPARISON

peak OH* emission from the experiment follows predicted peak heat release by approximately 60 degrees.
Considering that the model has captured the relative timing of chemiluminescent emissions from OH* and
CH*, and neither of these signals appear to be able to directly indicate heat release suggests that neither
signal can be quantified in other ways to determine the heat release location and magnitude directly, however,
considering the turbulent nature of the reaction zone and line-of-sight integrated optical measurements, the
combined experimental-computational approach towards chemiluminescent emission measurements described
here does have the potential to provide an estimate of spatio-temporal trends in heat release fluctuations,
and given the difficulties associated with both computations and measurements, simultaneous advancement
is necessary to obtain quantifiable comparisons.

5. Conclusions

Measurements of the unsteady heat release field in a rocket combustor are key to understanding the mecha-
nisms of combustion instability, validating high-fidelity simulations, and developing reduced-order models for
combustion response. Although direct measurements are not presently possible, efforts to determine the best
approximate method for a given application are needed. High-frequency measurements of the flame emission
is a common means to acquire an approximate map of the time-dependent combustion field.

The most common species monitored for heat release are OH* and CH*, and previous studies have
shown that their chemiluminescence intensities are functions of pressure, strain rate, equivalence ratio and
turbulence level. Reacting flows in rocket combustors are highly intermittent, three-dimensional and turbulent
with extreme rates of energy release. Local pressure can change by 50% in a fraction of a millisecond. Since
the flame properties change so profoundly in space and time in a rocket combustor, it is difficult to decouple
the emission from all other variables. Since line-of-sight integrated measurements of OH* and CH* obviously
cannot provide a resolved mapping of heat release in this complex flow field, an appropriate simulation is
needed for interpretation.

To allow a more direct means for comparing simulation and measurement, a predictive capability for
CH* and OH* production was implemented into a detached eddy simulation of the experiment. The flame
emission spectra between 265 and 470 nm were measured at 10,000 s~! using a fiber optic probe. A model
of emission in the probe volume was developed and applied to both the experiment and simulation. The
emission model was also used to show that CH* is optically thin, and that significant self-absorption of OH*
occurs.

The detailed chemistry model was able to predict the strong OH* emission and to some extent the weaker
CH* emission intensity as observed in the experiment. Both experimental data and the detailed chemistry
kinetics model indicate a phase difference in the line-of-sight integrated chemiluminescence measurements
of OH* and CH* radical species at the location being investigated. Experimental phase averaged spectra
indicate that the phase angle of peak CH* chemiluminescence is about 50 degrees ahead of the pressure
peak, while the computational model predicts a phase lead of about 60 degrees. The phase angle of peak
OH* chemiluminescence lags peak pressure by about 40 degrees as measured in the experiment, while in the
computational model peak OH* chemiluminescence lags peak pressure by only about 7 degrees. Calculation
of the radicals OH* and CH* from computations is based on the assumption of a quasi-steady state of the
radical. While this is expected to be accurate for CH*, it may not be perfect in the case of OH* due to
relatively higher concentrations and longer life of the OH* radical. A better way to compare OH* needs
to consider it to be a transported species as a part of the kinetics mechanism. This modified approach is
proposed for future computations.

Although literature suggests that the heat release cannot be compared directly to chemiluminescence
in the experiment under all conditions, CFD model data reveal the spatial distribution of heat release in the
combustor. The model suggests a strong spatial correlation between the heat release and the intensity of OH*
and CH*. Considering only the volume observable by the fiber optic probe in the experiment, predicted heat
release tends to follow CH* emission more closely than OH* emission, however on a phase averaged basis, both
CH* and OH* emission exhibit a phase shift compared to predicted heat release. Under the assumption that
the model can accurately predict the timing of heat release with respect to the phase of the pressure signal,
this result suggests that neither line-of-sight measurement accurately indicates heat release. The CFD model
shows a more complex set of interactions. The flame front and heat release zone is intricate with significant
axial and radial variations. These effects cannot be observed in simple line-of-sight measurements commonly
employed for observing high pressure turbulent flames. Motion of circulating flow through the probe volume
may skew the observed phase relationship between heat release, pressure, and chemiluminescence intensity
changes.
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The average spectrum indicates that optically band-pass filtered images of high pressure turbulent
combustion may contain substantial emission from species that are not necessarily of interest. In the case
of lean, high pressure, turbulent, non-premixed flames such as that of the CVRC, COy* chemiluminescence
is dominant in the CH* emission band and also has a significant contribution in the OH* emission band.
Low CH* emission intensity in the CVRC flame makes detection difficult, and measurements may not have
the fidelity required for resolution of spatial and temporal distributions. Therefore, one must use caution in
analyzing CH* or OH* chemiluminescence images under the assumption that they represent energy release
as they are affected by emission from other species.

The methods described here enable non-intrusive measurement of the combustion process that can be
compared directly to simulation data. Fiber optic probes offer a robust and compact installation and allow
for pressure measurement at coincident locations in small combustors. Refinement of the technique used here
is recommended for future applications. Detectors with increased sensitivity would allow measurements at
increased repetition rates and signal levels. A thorough understanding of optical probe volume geometry and
opacity of the combustion gas to emission signals must be verified experimentally and is critical to improving
confidence in comparisons to simulation data. Optical measurements should be located strategically and probe
volumes optimized to provide the most insightful comparisons. Improvements in simulations such as modeling
excited species transport and additional chemiluminescent species like CO5*, as well as extending the domain
to three dimensions, should be met with advancements in experimental measurement capabilities. Concurrent
improvements in both simulations and experimental diagnostic techniques will improve understanding of
unstable combustion dynamics in rocket combustors.
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