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Figure 1. Responsibilities and roles of the research team.

Project Overview

This project was initiated in Q3 of 2020; the report below summarizes initial activities.

Supersonic civilian transportation is an important growth area. However, combustor conditions experienced in supersonic
engines are in a pressure-temperature range not encountered by existing subsonic engines. New combustor technologies
are needed to optimize emissions of nitrogen oxides (NOX), carbon monoxide (CO), unburnt hydrocarbon (UHC), and nonvolatile particulate matter (nvPM) across the flight mission, while achieving the necessary durability and stability. Fuel-lean
premixed combustion is viewed as a key enabling technology. However, the ability of current design methodologies to predict
the operability and emissions of these combustors at the relevant conditions is unproven. Hence, there is a critical need to
generate high-quality experimental data at relevant conditions, coupled with the development/validation of computational
fluid dynamics (CFD) simulations and reduced order thermoacoustic models. This project will fill this need through a
combination of experiments, large eddy simulations (LES), and thermoacoustic modeling, all applied in a novel lean premixed
combustor that is specifically designed for supersonic civilian transport. Figure 2 shows the elements of this research project.

Figure 2. Elements of the research program.

Task 1 – Experimental Measurements of Flame Structure, Combustion
Dynamics, and Emissions
Georgia Institute of Technology

Objective(s)

This task represents the experimental effort that will measure the flame structure, dynamics, and emissions in a novel micromixer combustor concept, designed specifically for low-emission operation at typical conditions encountered by supersonic
engines. Experiments will be performed across pressures ranging from 80-150 psig (5.5-10 bar) and 600-1000 °F (590-810
K). Optical measurements of in-combustor processes and probe-based exhaust emissions measurements will be made,
providing critical data for understanding these combustors and developing/validating the models in Tasks 2 and 3. Optical
measurements to be deployed include stereoscopic particle image velocimetry (S-PIV), fuel droplet Mie scattering, OH*
chemiluminescence (FL), phase Doppler particle analysis PDPA, 2D time resolved laser induced incandescence (TiRe-LII), fuel
planar laser induced fluorescence (PLIF), and filtered Rayleigh scattering (FRS).

Research Approach
Rig and Diagnostic Development
Activities thus far have focused on designing and testing the laser diagnostics systems for transport and use in test cells at
GE Research. To this end, we have deployed a new high-pressure laminar flame combustor that is capable of replicating the
thermodynamic conditions of interest, but in a laboratory-scale facility that can be easily operated for diagnostic
development. It is capable of operating with both gaseous and pre-vaporized liquid fuels. A schematic of the system is shown
in Figure 3, along with the piping and instrumentation diagram (P&ID) for gaseous fuel operation.

Figure 3. Layout and piping and instrumentation diagram (P&ID) for high-pressure calibration burner.
In addition to the rig design, we also are developing the theory, models, and algorithms required to apply the various laser
diagnostics in the conditions of interest. Regarding FRS, we have designed and set up a unique experiment to measure
Rayleigh-Brillouin scattering (RBS) spectra of combustion-relevant species at elevated temperatures and pressures. RBS
spectral profiles are required to invert the fuel/air ratio from FRS data, which measure the convolution of the spectrum with
a molecular iodine absorption filter. However, theoretical models only are validated for relatively simple species (i.e., diatomic
gases) at or around atmospheric pressure [1]. Increasing the pressure causes a transition from a gas kinetic regime to a
hydrodynamic regime, requiring more complicated model validation [2-4]. Unfortunately, the spectral features of interest are
extremely narrow (e.g., 𝒪(10 MHz) or 𝒪(10 fm)) and cannot be measured using standard equipment.
Our experiment uses a novel virtually imaged phase array (VIPA) to disperse the RBS spectrum, providing unprecedented
resolution and the ability to measure a complete spectrum in a single image. The layout of the experiment is shown in
Figure 4 and a typical preliminary result using an unoptimized VIPA is shown in Figure 5. The latter demonstrates the RBS
spectrum measured for nitrogen at 34 atm and 298 K. Clearly visible is a “triple Lorentzian” profile, generated by the
combination of Doppler-shifted Rayleigh scattering and acoustic Brillouin scattering. We currently are in the process of
measuring spectra for the relevant species at the temperatures and pressures to be studied in this work, which is essential
for Year 2 measurement activities.

Figure 4. Layout of RBS spectrum measurement experiment.

Figure 5. Measured RBS scattering spectra. Left: Raw signal dispersed by VPA. Right: Integrated spectrum.
We have also started developing a time-resolved laser-induced incandescence (TiRe-LII) model, which uses the incandescence
decay profiles to determine soot properties like particle size. By combining this model with ultra-high-speed camera data at
10 MHz, it is possible to estimate planar or volumetric soot particle sizes in turbulent flames. The baseline model is based
on work by Liu et al. [5] and includes laser absorption, conduction, and radiation elements. Additional heat transfer
mechanisms, including sublimation, are currently being validated and integrated into the model in Figure 6. For lower laser
fluences, the dominant heat transfer mechanism is conduction, which includes temperature dependent thermal conductivity
and specific heat. We have also incorporated an iterative solver for determining the heat transfer contributions from the free
molecular and continuum conduction regimes.

Figure 6. TiRe-LII concept. Left: Main physical process contributing to the LII signal. Right: Typical incandescence decay
curves for different particle sizes.
To use this TiRe-LII model, several different fitting strategies can be adopted. One potential strategy is to use Bayesian
inference to determine the most likely parameter values for a given decay profile. A second complementary approach is to
obtain validation measurements of flame properties, such as temperature and soot agglomeration, to reduce the number of
parameters that require fitting. For this preliminary TiRe-LII model, a simple fitting procedure was devised based on validation
data from the literature. First, the temperature response of the model is calculated for different particle sizes. These
temperature profiles are then converted to intensity profiles to create a “decay time-constant” to “soot particle size” library,
as shown in Figure 6. Additional complexity can be added to this fitting procedure in the future that varies multiple
parameters, such as aggregate size, local bath gas temperature, and particle size. For initial validation, ultra-high-speed
camera data from two different flames from our previous work [6] were utilized. The first flame used a laminar ethylene
flame burner, while the second flame utilized a turbulent non-premixed ethylene jet flame. A 1064 nm pulsed laser beam
was then formed into a thin laser sheet to heat up the soot particles in the flame. Data were measured through a 640 nm
(with 75 nm full width at half maximum) filter. The data were then captured at 10 MHz (50 ns exposure) on a non-intensified

ultra-high-speed camera (Shimadzu HPV-X2). Utilizing published values for soot aggregate size (N = 60) and bath gas
temperature (1850 K), we were able to fit our model library data to the incandescence decay at each pixel. This produced
the soot particle sizes estimates shown in Figure 7. These preliminary estimates match well with literature values, which
measure a soot particle size of ~32 nm at the flame edge with a height of ~40 mm above the burner.

Figure 7. 2D TiRe-LII layout and typical results. Top left: Schematic of layout in jet flame experiment. Top right: Temporal
decay measurements. Bottom: Data analysis and deduced particle sizes.
Similarly, soot particle size can be estimated in the atmospheric pressure turbulent jet flame. It is important to note that
turbulent jet flames have temporally varying and spatially varying properties. However, if an average bath gas temperature
of 1628 K is used [7], the TiRe-LII model produces the preliminary soot particle size estimates illustrated in Figure 8. The
experimental data [6] looks at two different regions in the flame, one in the lower soot growth region and one in the higher
soot oxidation region. By comparing estimates of the soot particle size, we can see that the particles are smaller on average
in the growth region than in the oxidation region, which aligns with expectations. In the future, more work is needed to
validate the bath gas temperature, soot agglomerate sizes, and other properties within the flame. Additional measurement
complexities are also anticipated when working in high pressure combustors. We are currently working on fitting strategies
and temperature measurement strategies, like two-color TiRe-LII, to improve our model estimates and reduce uncertainties.

Figure 8. 2D TiRe-LII results in a turbulent jet flame. Left: Flame schematic. Middle: Typical instantaneous soot particle size
snapshots at different Reynolds numbers and heights. Right: Particle size statistics.

Milestones

N/A. Q1 has not been completed at the time of this report.

Major Accomplishments

N/A. Q1 has not been completed at the time of this report.

Publications

N/A. Q1 has not been completed at the time of this report.

Outreach Efforts

N/A. Q1 has not been completed at the time of this report.

Awards

N/A. Q1 has not been completed at the time of this report.

Student Involvement

Samuel Wonfor (PhD Student), Georgia Tech: Design and fabrication of diagnostics test bed.
Andrew Zheng (PhD Candidate), Georgia Tech: Development of algorithms for TiRe-LII processing.
Sundar Ram Manikandan (MS Student), Georgia Tech: Assist in the design and fabrication of diagnostic test bed.
Rachel Thomas (BS Student), Georgia Tech: Assist in the development of post-processing algorithms to analyze
thermoacoustic instabilities.

Plans for Next Period

Over the next project period, we will complete the following activities:
•
Test rig design, fabrication, and commissioning of combustor for studies without acoustic forcing.
•
Measurement system design and testing; diagnostic post-processing algorithm development and validation.
•
Experimental campaign measuring emissions and combustor behavior without acoustic forcing.
•
Data analysis from experimental campaign.
•
Initial design of combustor for studies with acoustic forcing.
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Task 2 – Large Eddy Simulations of Combustor Operation and Emissions
Georgia Institute of Technology

Objectives

Simulation of advanced propulsion and power systems requires treatment of multiscale physics, in turn requiring trade-offs
between cost and accuracy. Achieving the optimal balance is complicated due to the nonlinear nature of turbulent reacting
flows, which involve multiphase mixtures, highly nonlinear chemical kinetics, multiscale velocity and mixing processes,
turbulence-chemistry interactions, compressibility effects (density changes induced by changes in pressure), and variable
inertia effects (density changes induced by changes in composition or heat addition). Coupling between processes occurs
over a wide range of time and length scales, many being smaller than can be resolved in a numerically feasible manner.
Further complications arise when liquid or solid phases are present due to the introduction of dynamically evolving interface
boundaries and the resultant complex exchange processes.
The overarching objective of this task is to provide quantitative insights into the accuracy of select calculations and to assess
critical trade-offs between cost and accuracy. One set of calculations is performed using preferred engineering LES solvers
with the goal of minimizing cost for a targeted accuracy, as required by industry. A companion set of high-resolution LES
calculations are performed using a research solver, the RAPTOR code at Georgia Tech (see Figure 9) [1,2], to provide detailed
information beyond that available from the experiments alone. Complementary information from the first-principles LES and
experimentally measured data provide a unique opportunity to understand the central physics of turbulent combustion
processes in realistic parameter spaces and for making clear assessments of how a given combination of affordable
engineering-based models perform. After achieving an adequate level of validation, results from the high-resolution LES
calculations will provide fundamental information that cannot be measured directly and that is relevant to the development
of lower-order engineering models. Thus, a strong link between theory, experiments, and relevant applications is established.
The ultimate objectives of this task are to a) assess the model fidelity/attributes required to accurately simulate the
operability and emissions; and b) assess the trade-offs between accuracy and cost.

Figure 9. RAPTOR code structure highlighting the hierarchy of sub-models to be targeted for analysis.

Research Approach

To establish a baseline starting point for Task 2, we are currently performing a set of verification studies that demonstrate
the current capabilities of leading sub-models typically used for treatment of partially premixed flames in gas turbines. This
includes the new high-pressure laminar flame combustor shown in Figure 3 at Georgia Tech. Calculations are being
performed using the RAPTOR code framework, which is designed to provide solutions using “first principles” models in
combination with the high-quality numerical methods required to provide maximum quality in the LES solutions.
Simultaneously, we have begun training the GRA who will perform on the simulations (Kalathoor) in collaboration with Dr.
Oefelein on the use of RAPTOR and the related models. The major goal is to stage the simulations toward fully coupled
treatment of the targeted micro-mixer combustor, which will operate across pressures from 80-150 psig (5.5-10 bar) and
temperatures of 600-1000 °F (590-810 K).

Milestones

N/A. Q1 has not been completed at the time of this report.

Major Accomplishments

N/A. Q1 has not been completed at the time of this report.

Publications

N/A. Q1 has not been completed at the time of this report.

Outreach Efforts

N/A. Q1 has not been completed at the time of this report.

Awards

N/A. Q1 has not been completed at the time of this report.

Student Involvement

Sriram Kalathoor (GRA, PhD Candidate), Georgia Tech: Baseline calculations with RAPTOR code.

Plans for Next Period

Over the next project period, we will complete the following activities:
•
LES of spray inflow conditions.
•
Baseline RAPTOR LES of lean premixed combustor experiments.
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Task 3 – Thermoacoustic Modeling
Georgia Institute of Technology

Objective

Lean premixed combustors are susceptible to thermoacoustic instabilities, which increase emissions, decrease efficiency,
reduce combustor life, and produce high-amplitude tonal noise. These instabilities occur in “islands” of the operating space
that should be avoided during operation. Due to the wide range of potential operating conditions, it is not tractable to
perform LES or experiments across all relevant conditions to assess instabilities; reduced order modeling tools (i.e.,
thermoacoustic solvers) must be used. However, these tools have not been validated for the conditions and configurations
of relevance for lean premixed supersonic engine combustors. This task will develop, assess, and validate thermoacoustic
solvers in this situation.

Research Approach

A description of the acoustic response to heat release perturbations is required to close the feedback loop and predict the
dynamics of the complete system. This will be obtained by constructing an acoustics model of the experimental test
combustor section, forcing with a heat release perturbation at the flame location, and measuring the response of the acoustic
pressure and velocity at locations of interest. The acoustic model will be a 3D model solved using the finite element method
to capture 3D geometric features, mean flow fields, and appropriate boundary conditions which are applied at the inlets,
outlets, and locations where acoustics losses occur due to pressure drops.
A unique time-domain approach will be employed to simulate the feedback loop between acoustics and flame responses. An
important advantage to this approach is the direct inclusion of the effect of turbulent heat release on the dynamics of the
system. Another advantage is the ability to rapidly calculate frequencies and amplitudes (as opposed to growth rates) for
both stable and unstable operating conditions in a manner consistent with the physics of the real system. The output from
this modeling process yields a time history of fluctuating velocity, pressure and heat release, which subsequently yields
instability frequencies and amplitudes. The predicted frequencies and amplitudes will be validated against the experimental
measurements. The validated analytical model can consequently be employed in the performance prediction of lean premixed
combustion systems at conditions relevant to supersonic cruise flight operations.
To date, we have begun developing post-processing techniques to analyze experimental data at thermoacoustically unstable
conditions. These techniques are being tested using data from previous collaborative experiments between Georgia Tech
and GE, which focused on combustors for more conventional subsonic engines. Nevertheless, the currently available data
are expected to share similar general features to those being collected during this program.
In particular, we have focused on techniques to analyze the non-linear cross-frequency thermoacoustic coupling mechanisms
that become important at the high energy densities found in practical gas turbines. Such non-linear interactions allow
coupling and “synchronization” between phenomena at different frequencies and in bands around integer frequency ratios
that generally are not considered in thermoacoustic analysis [1]. However, our previous results have shown that they can
drive the dominant dynamics at many conditions that exhibit intermittent bursts of combustion oscillations [2-3].
Understanding these interactions, therefore, is key to understanding the thermoacoustic behavior of the combustor and the
thermoacoustic modeling efforts in Task 3.
To analyze these phenomena, we are employing a combination of spectral proper orthogonal decomposition (SPOD) [4] and
synchronization analysis [5-6]. Coupling between oscillators with natural frequencies 𝑓-. and 𝑓/. that are related by 𝑓-. /𝑓/. ≈
𝑚/𝑛 (for integer values of 𝑚 and 𝑛) can be characterized through the generalized frequency detuning Δ𝑓 . = 𝑚𝑓/. − 𝑛𝑓-. . Since
𝑓-. and 𝑓/. are the natural frequencies of the independent oscillators, Δ𝑓 . does change due to coupling between the
oscillators.

The parameter space over which synchronization occurs for harmonic ratio 𝑚: 𝑛 is roughly V-shaped, as illustrated
schematically in Figure 10, with the V-shaped synchronization region being largest for harmonic ratios. This figure
demonstrates that coupling occurs for any nonzero coupling strength ( 𝐵9 and 𝐵: ), that coupling does not imply
synchronization, and that synchronization is increasingly tolerant to Δ𝑓 . with increasing coupling strengths.

Figure 10. Example of synchronization characteristics as a function of frequency detuning and coupling strength.
Using this underlying theory, we are developing methods to unravel the complex couplings that occur in real gas turbines.
An example is shown in Figure 11, which contains the short-time power spectra (spectrograms) of the pressure and velocity
(measured using SPIV), as well as the SPOD spectra of the spray and heat release rate [3]. In the latter, the size and color of
the dots represents the spectral coherence between SPOD mode pairs, and the energy represents the intensity of the velocity
fluctuations in the mode pair.

Figure 11. Example of thermoacoustic signatures in a pressurized gas turbine combustor. Left: Spectrograms of pressure
(top) and velocity (bottom). Right: SPOD spectra of spray (top) and OH* CL (bottom).
We find that the pressure field oscillates at frequency 𝑓. , whereas the other phenomena (velocity, fuel, heat release) oscillate
at a frequency around 2𝑓. . This frequency is associated with a natural hydrodynamic instability in the system (not shown),
which naturally occurs around 2.1𝑓. in the non-reacting flow at the same operating conditions. The spectrograms
demonstrate time-varying super-harmonic frequency detuning, correlated with time-varying oscillation amplitudes.
Understanding these multi-physics interactions are critical for coupling the heat-release rate and acoustic oscillations in the
thermoacoustic solver.

Milestones

N/A. Q1 has not been completed at the time of this report.

Major Accomplishments

N/A. Q1 has not been completed at the time of this report.

Publications

N/A. Q1 has not been completed at the time of this report.

Outreach Efforts

N/A. Q1 has not been completed at the time of this report.

Awards

N/A. Q1 has not been completed at the time of this report.

Student Involvement

Mitchell Passarelli (GRA, PhD Candidate), Georgia Tech: Development of post-processing algorithms to analyze
thermoacoustic instabilities in gas turbine combustors.

Plans for Next Period

Over the next project period, we will complete the following activity:
•
Acoustic response to heat release dynamics modeling.
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