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Abstract. As innovation in flight continues to expand and attract commercial and research interest, it is essen-
tial to understand unpredictable elements in combustion mechanics closely tied to the longevity of
propulsion systems. Past examples and current efforts prioritized by NASA demonstrate the impor-
tance of utilizing computational methods to address unpredictability in modern propulsion methods.
In particular, research in thermoacoustic instability seeks to mitigate the perturbations which arise
from a combination of the combined heat release and acoustic waves in the combustion process.
Thermoacoustic instability can lead to functionality concerns in gas turbines, engines and rockets.
This topic has increasing relevance to the development of propulsion systems, which frequently em-
ploy lean-burning combustion processes. By incorporating greater amounts of air, lean combustion
processes have the dual purpose of enhancing performance while also decreasing emissions, but are
especially susceptible to instabilities in the form of high-pressure oscillations. This project focuses
on the use of Fourier analysis techniques to characterize these oscillations in combustion simulations
when changing the exit area opening size, reaction rate, and fuel flow rate. Analysis found rela-
tively straightforward results when variables were manipulated independently, and observed more
interesting nonlinear behavior when altered together.

1. Introduction. In many engineered systems, reducing or avoiding instability is best for
performance. It is especially important for power generation processes within gas turbines
and combustors, where vibrations and resulting heat transfer can quickly become problematic
[3][4][5][6][7]. Previous studies have developed promising mitigation strategies through active
control methods and have provided numerous computational approaches to anticipate insta-
bilities [3][4][5][7][8][9][12]. They can also be passively avoided by redesigning the geometry
of a combustor, but in actual implementations this case is expensive and less practical. A
popular active control approach is to change part of the system, such as modulating fuel flow.
In the context of the relevance of these changes to NASA’s aeronautics directorate, modern
aircraft combustors that implement premixed flow are known to result in unpredictable heat
release patterns accompanied by vibration-causing acoustics [1][7][11]. The utilized NASA
simulator is a crude approximation of a real aircraft combustor where the fuel injector in-
troduces premixed flow. The fuel-air mixture then reaches the combustion chamber further
downstream, sparking the actual combustion process and generating power /thrust.

In this project, data was obtained using the NASA Sectored One-Dimensional (S1D)
Combustor Simulation [1][2][11] to effectively capture acoustic perturbations resulting from
injecting premixed fuel. While lean burning combustors are prone to problematic vibrations,
pressure readings themselves are ultimately self-limiting. This means pressure magnitude
remains more or less constant in the long run, but can lead to issues in practice when pressure
fluctuations surpass the physical limits of the combustor [3][4][6]. When instabilities are
mentioned, it is referring to the long-term magnitude or size of these pressure measurements.
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Figure 1: 3-sectored combustor configuration with 202 cells, from “NASA One-Dimensional
Combustor Simulation-User Manual for SID_ML,” 2014 [1]

For the most part, the default recommended parameters were used to configure the combustor.
Pressure signals were quantified in M ATLAB u sing F ourier t ransformations t o o btain the
dominant pressure frequencies, and in this way can describe the long-term pressure magnitude
and frequency results given by the combustor in repeated trials. Under the right conditions,
the simulator’s pressure readings grow larger until they settle at a particular magnitude and
frequency.

2. Simulator Configuration. T he S 1D c ombustor s imulation w as o btained t hrough the
NASA open source software catalog, which includes all of the accompanying documentation
and source files [ 1]. The simulation itself is comprised of three FORTRAN 77 source code files
which must be compiled to create the simulator program. It obtains its starting state from the
input file fl ametub.dat. The included S1D Configuration program simplifies the configuration
process and automatically edits the source code to the desired parameters based on user-
inputted settings. Following the model detailed in the user manual and the configuration guide
included with the coding package, the simulated combustor has three sectors represented by
the physical structure shown in Figure 1. The combustor is comprised of 200 numerical cells,
which each record data on the pressure, velocity, temperature, and reactant fraction of the
system at that point in the combustor. The cell numbers increase as you move downstream
or towards the right end of the combustor. For the measurements presented in this paper,
measurements are taken from cell 99.

The simulator outputs two files: fl ametub.new an d ou t.dat. Th e fir st sto res the last
state of the previously run simulation, which allows for convenient ”real time” adjustments
to the combustor by updating the simulator input file flametub.dat with fla metub.new. The
out.dat file h olds o ne-dimensional d ata for four variables a cross t he t ime p eriod s pecified in
the simulation.

The following parameters were used to configure t he simulation a nd r emained a t these
values across all trials:
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Configuration Parameters

Parameter Type Value

Output frequency 5000 Hz

Combustor length 5.453 ft.

Speed of sound 1809 ft/sec
Number of sectors 3

Flameholder index 97
Fuel injector index 89
Noise index 89
Upstream Pressure Index 117
Downstream Pressure Index 176
Ipent 26

df1 0.9403

cf0 0.9701

cfl -0.9701

The bottom four parameters beginning with Ipcnt are the noise filter parameters for the
simulator. Sector changes were placed at cells 91 and 87, and the sector area ratio option was
chosen to designate a contraction and expansion in the combustor geometry. Specifically, the
area ratio at index 91 was AR1 = 0.208125, and AR2 = 0.029444 at index 87. Referencing
Figure 1, these area ratios translate to dividing the smaller area at the transition points over
the larger area. An expansion occurs at the point referenced with AR1, and a contraction at
the point with AR2.

The role of the fuel injector is to ensure the simulation resembles a practical combustor.
The noise feature is closely related to the fuel injector and has a considerable impact on
the obtained measurements. As advised in the configuration guide, noise was placed nearby
the fuel injector and distributed over no more than two cells (one cell in this case). When
introduced to the combustor simulation using the perturbation feature in the simulation,
noise allows the results to more closely resemble what would be observed in a similar physical
experiment. All analyses after simulation trials were done in MATLAB.

3. Simulation Procedure. As previously stated, pressure served as the form of mea-
surement. Separate simulation trials approximate what would be physically observed when
changes are made to a combustor currently at a state of steady operations after fuel injection.
To examine the impact of changing elements of the combustor, four parameters were varied
to compare their outputs. They are 1) perturbation level 2) exit area opening size 3) reaction
rate and 4) fuel flow rate. These variables were manipulated separately and then pairwise to-
gether to discern the magnitude of unstable behavior in the combustor as important variables
were changed. It is important to note that the simulator yields deterministic results. With the
sample input file and configuration parameters, the simulator creates identical results when
run multiple times as opposed to having an uncontrollable element of randomness as would be
seen in multiple physical trials. In addition, the simulator’s output is dominated by a single
frequency, or in other words the peaks in pressure readings occur at a regular time interval.

Comparisons between different configurations were done beginning at the time step where
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asymptotic behavior begins. To select a time where pressure settles at its limit, a particular
simulation where pressure readings grow uniformly was used as an idealized case. This ref-
erence point had the following key parameter values which will be referred to as the default
settings for the variables that are later changed independently to observe differences in their
impacts on pressure values:

1. Perturbation/noise level = 0.0
2. Exit area opening size = 0.105
3. Reaction rate constant = 25.0
4. Fuel flow rate = 35.8

These settings were used to simulate an idealized case where the instability develops
uniformly, and remain non-dimensional on account of a complicated system of differential
equations underlying the simulator. The amount of noise introduced by setting a higher
perturbation level is meant to "muddy up” the simulator output so that it more closely
resembles what would be seen in a trial for a real combustor. Setting it to zero for the
base case likens it to theoretical behavior. In addition, simulations that exhibited unstable
behavior gradually grew in pressure magnitude until they reached a long-term state. It is
easiest to observe this time-dependent effect at times around 30 time units or longer. The
simulation allows the user to specify a time to begin recording outputs, as well as the total run
time. Using details from the accompanying user manual, it was calculated that 30 time units
corresponds to 0.09 seconds. This base case output is shown in Figure 2 for simulation times
0 to 60. Another view of the inner workings within the combustor is included in Figure 3 as
contours of pressure and temperature at the same settings for times 0 to 30.
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Figure 2: Pressure readings from idealized simulation scenario
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Figure 3: 1-dimensional pressure and velocity data along time

Rather than comparing the pressure outputs for different combustor configurations across
all time points, it was necessary to determine a time at which long term asymptotic behavior
begins for consistent analysis. The pressure data clearly does not reach the long-term mag-
nitude before 20 time units (see Figure 2), and therefore the search began at t=20. A series
of Fourier transforms were then conducted to compare the dominant frequencies between dif-
ferent simulations after pressure readings have already settled at their long-term patterns.
Fourier transforms are a well-known technique in the realm of signal processing which de-
composes a potentially noisy input signal into its frequency components. More specifically,
it effectively translates a complicated signal into a theoretically unlimited number of sine
and cosine waves with varying amplitudes and frequencies. The starting point of asymptotic
behavior was obtained using the following process:

1. Conduct simulations with time intervals 10 time steps each, from 20-30 to 60-70 with
the perturbation level set to 0.

For each interval:

2. Extract pressure data vector at cell 99, a point slightly downstream from the fuel
injector.

3. Conduct a fast Fourier transform (fft()) on the vector, which outputs a complex-valued
vector representing the frequency components of the input data.

4. Set the first cell of data to zero, which records the 0Hz frequency and would be
disproportionally large.

5. Find the distance between adjacent time periods by calculating the norm between the
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absolute value of the Fourier coefficients, which gives the distance of each point in the
complex plane. The results are shown in the table below.

Time Periods Compared | Norm of Difference
[20, 30], [30, 40] 0.9513
(30, 40], [40, 50] 0.3762
[40, 50], [50 60] 0.3065
[50, 60], [60, 70] 0.2954
[60, 70], [70, 80] 0.3108

This preliminary process revealed that the differences between Fourier coefficients from
adjacent time periods quickly begins to decrease, leveling out at a value of approximately
0.3. Based on these observations, the earliest time where long-term pressure readings begin
was selected as 40. This time represents the point at which frequency components of the
pressure data no longer vary to an extent that is meaningful for analysis. Based on the
recommended length of time to record data in the simulator documentation, the analysis is
based on measurement taken across 20 time units (t=40-60).

Next, the following procedure was used to quantify the nature of pressure data at differ-
ent parameter settings [10]. These steps take place after a fast Fourier transform has been
conducted on the pressure data.

1. Set the first cell of data to zero, which records the OHz frequency and would be
disproportionally large.

2. Plot the absolute value of the pressure Fourier coefficients, giving the distance of each
point in the complex plane.

3. Mark the locations of the two resulting peaks, representing the positive and negative

versions of the dominant frequency.

4. Set all points excluding the peaks to zero.

5. To visualize, conduct an inverse fast Fourier transform (ifft()) on the Fourier coeffi-

cients, now only two entries, to extract the sinusoidal signal.

The following snippet of code expedites this process by taking the complex vector of Fourier
coefficients and outputting a real-valued vector of all zeros except for the dominant frequency
(largest absolute value) at its original index. The code does not consider the theoretical case
in which multiple signal frequencies have identical absolute values. In this scenario, more than
one underlying signal element would contribute equally to drive the overall pressure output,
e.g. vibrations within the combustor and temperature changes have the same significant
impact on pressure. This observation is highly unlikely in a physical system and did not arise
with the NASA S1D simulator.
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function result = zero_except_max(vec)
vec(1l) = 0;
result = zeros(size(vec));
max_val = max(abs(vec));
result (abs(vec) = max_val) = max_val;
end

Extracted signal, Noise=0.0, t=40-60
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Figure 4: Extracted signal with default settings, noise level = 0.0

4. Findings.

4.1. Controlling Individual Variables. After proceeding through the above steps, changes
to the perturbation level were implemented to examine the differences in the extracted sinu-
soidal signal. Firstly, changes in perturbation level had little to no effect on t he underlying
signal. According to the provided configuration g uide, v alues a bove 0 .85 a re 1 ikely unrea-
sonable when it comes to creating output that emulates measurements from a real physical
combustor test. Therefore, simulations were run with perturbation levels of 0, 0.5, and 0.8.
In cases with default settings which differed only by p erturbation level, t he signal s hown in
Figure 4 was extracted. It makes sense that the same signal would be extracted from trials
that differ only by noise level, since t he differences in noise are precisely what is filtered out
in the Fourier transform. It should be noted that time values plotted along the horizontal
axis represent the time since the simulation began recording data. That is, the time that had
elapsed since the simulation has already been running for 40 time units.

Exit area size was changed over the interval [0.090, 0.120] with steps of size 0.0025. Reac-
tion rate took values from 10 to 100 in multiples of 5, and fuel flow rate values between [30,
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Figure 5: Manipulation of exit area, reaction rate, and fuel flow rate independently

40] in increments of 0.5 were used. The bounds of the horizontal axis for each parameter are
informed by certain values of exit area and fuel flow at which pressure output of the simulator
discontinues. Reaction rate does not have bounds for which the simulator stops producing
useful readings. These cases may represent the result of parameter combinations that are in-
feasible for actual combustor operation. In comparison to identical Fourier coefficients when
noise level is altered, more variability was observed in the Fourier coefficients be tween trials
with different exit area opening sizes. The magnitude of the differences between the base case
365
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and trials for various exit area opening sizes is shown in Figure 5, as well as reaction rates and
fuel flow r ates. T he m agnitude r epresented on t he vertical a xis r epresents t he n orm o f the
difference between each plotted trial and the base case using the time period of t=40-60 time
units. While this magnitude is defined ast he distance b etween t he Fourier c oefficients of a
trial and the base case, it may be more useful to think of the magnitude value as the intensity
of unstable behavior with specific combustor variable s ettings. Each d ata p oint o bserved for
a particular variable was calculated by changing only the variable of interest, while the other
variables remained set at their default value. For example, all plotted data points for changes
in exit area opening size were run with noise level at 0.5, reaction rate of 25, and fuel flow
rate of 35.8. The overall plot for variations in exit area opening size suggests that there is a
negative relationship between the exit area size and the magnitude of unstable behavior in the
combustor, which levels out at a magnitude of approximately 8. The steep dip at the center of
the graph can be explained by the properties of the Fourier transform. Since the reference case
has identical parameter settings to the trials shown except for exit area opening size, values
closer to the default exit area size of 0.105 lead to a significantly s maller v alue. Specifically,
the magnitude of the difference at t he default exit area 0.105is 0.0246, again demonstrating
a minimal difference in the underlying signal between trials with different perturbation levels
but the same settings otherwise. Moving further outwards from the default exit area size,
Trials within 0.025 units of the default value of 0.105 have a fundamental signals that are
especially similar to the base case.

Analysis of the magnitude of difference between Fourier coefficients with different reaction
rates shows a less clear relationship between reaction rate and the fundamental underlying
pressure signal. However, we still see the expected negligible norm of differences b etween the
measured case and reference case at the default reaction rate of 25. Interestingly, a reaction
rate of 30 has a more similar fundamental signal to the reference case than a reaction rate of
20 which results in a much larger difference despite being the same distance away from 25.

Somewhat of an opposite relationship exists when comparing the effect of fuel fl ow rate
and exit area opening size. That is, while there is an expected dip in the fuel flow rate plot, the
magnitude of Fourier coefficient differences seems to be gradually rising wit h higher fuel flow
rates rather than decreasing as seen when exit area opening size is increased. There is also a
visibly wide range of fuel flow rate values t hat more closely resemble t he base ¢ ase. Overall,
the single-variable plots show a positive relationship for fuel flow r ate, n egative relationship
for exit area opening size, and an indeterminate effect of reaction r ate on t he m agnitude of
unstable behavior.

4.2. Controlling Variable Pairs. To extend beyond the observed measurements of un-
stable behavior when a single variable is altered, this procedure to calculate the magnitude
of differences b etween a r eference c ase and s imulations o f i nterest w as r epeated for all 919
possible pairwise combinations of exit area opening size, reaction rate, and fuel flow rate val-
ues discussed in subsection 4.1. When two chosen parameters were manipulated, the excluded
third variable remained at its default value. Figure 6 shows the resulting heatmaps of repeated
calculations done in MATLAB.

The observed patterns in scenarios where two variables are changed simultaneously are
more complex compared to varying each of the three variables individually. The heatmaps
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indicate significant interactions between each chosen pair of variables, as the magnitude of the
instability measured in the combustor is nonlinear and harder to determine when two variables
are manipulated simultaneously. However, it is possible to discern some relationships between
variable pairs, most notably between exit area and fuel flow w here a 1ow m agnitude can be
obtained when fuel flow rate is approximately 340 times the exit area opening size.

It is also important to address the color scale given by the heat maps. A low magnitude
of differences is still interpreted as h aving a fundamental p ressure signal t hat r esembles the
base case. In a small number of parameter pairings, the simulator did not produce useful
pressure readings. These are marked by grey dots, and cell values for those simulations were
set as blank (NaN) prior to creation of the heat map. While the range of possible magnitudes
are similar in all three heatmaps, further work is required to determine whether a particular
magnitude of underlying signal differences b egins t o cause structural problems in a physical
combustor. The heat maps go so far as to suggest that certain variable configurations will
cause pressure to stray further from an ideal case.

5. Conclusion. Instabilities continue to be an important aspect of lean combustion en-
gines that are in prevalent use today. To better understand pressure fluctuations that accom-
pany unwanted vibrations from heat release, differences b etween a t heoretical b ase case and
trials that emulate readings that would be seen in physical tests were compared using the
Fourier transform. Using the Sectored One-Dimensional Combustion Simulator from NASA,
the impact of manipulations of key variables on long-term instabilities were analyzed and
compared by the underlying signal of their outputs.

The variables of exit area opening size, reaction rate, and fuel flow r ate w ere changed
first independently and t hen in p airs. For each combination o f variables, an approximation
of a real-world combustor was configured and run to measure the magnitude of the difference
between fundamental pressure signals. In the one-dimensional case, relatively straightforward
monotone results were obtained. When two variables were changed together, more interesting
nonlinear relationships depending on the variable pair were observed. Together, these findings
indicate that particular configurations are likely to lead to pressure fluctuations with a larger
difference in its f undamental s ignal compared t o a t heoretical b ase ¢ ase. Future w ork may
aim to assess these findings in a physical laboratory setting, with the challenge of translating
non-dimensional variables into real-valued changes.

6. Future Research. The most accessible extension of this project would be to conduct
a similar analysis but for the remaining variables in the output of the simulator. They are
density, velocity, and the reactant fraction (as well as temperature which can be found by
dividing pressure by density). Results from separate analyses for each of these variables
would certainly be interesting to compare with the end product of this project.

Manipulating additional variables and characterizing their effect o nt he m agnitude of
pressure fluctuations w ould f urther b enefit an un derstanding of th ermoacoustic instability
stemming from lean combustion. Namely, changes in geometry and fuel injector location
would likely lead to significant ¢ hangesin b ehavior f or t he v ariables o fi nterest. Custom
settings in the geometry of this simulated combustor were not included in the scope of the
project as it requires a substantially higher level of experience to determine realistic changes in
configuration and important aspects such as the proportional area between sectors. Similarly,
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if the fuel injector is moved it must be contained within a reasonably positioned injector
section. As the source of premixed flow, altering its location would likely have interesting
effects on the development of perturbations.

As a continuation of the progress made in this project, the project’s original goal to create

a surrogate model using what is known about the pressure outputs from the system remains
an opportunity to apply concepts from dynamical systems modeling to extract data from
simulated unstable behavior and create an approximation of global dynamics.
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