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Jan MARTIN,1)† Wolfgang ARMBRUSTER,1) Michael BÖRNER,1) Justin HARDI,1) and Michael OSCHWALD1),2)

1)Institute of Space Propulsion, German Aerospace Center (DLR), 74239 Lampoldshausen, Germany
2)Institute of Jet Propulsion and Turbomachinery, RWTH Aachen University, 52062 Aachen, Germany

(Received July 5th, 2023)

Hot fire tests including flame radiation and acoustic measurements were performed in a single-element rocket com-
bustor with large optical access (255x38 mm) for sub- and supercritical injection conditions. Three test campaigns were
conducted with the propellant combination of liquid oxygen and hydrogen (LOX/H2), liquid oxygen and compressed-
natural-gas (LOX/CNG), as well as liquid oxygen and liquefied natural gas (LOX/LNG) at conditions relevant for main-
and upper-stage rocket engines. High-speed imaging of the flame in blue radiation wavelengths (capturing CH* when
natural gas was the fuel) was conducted. For the analysis of the flame-acoustic interaction, these measurements are related
with the interpolated acoustic pressure distribution in the chamber.While three load points (LPs) feature high-amplitude,
self-sustaining oscillations of the longitudinal acoustic resonance modes, one LP is intermittently unstable and two LPs
are stable. Three different regions of interest (ROIs) were used to calculate flame transfer functions (FTFs) from the 2D
imaging data, each increasing successively in their extent. While the phase difference between the radiation intensity and
acoustic pressure is consistent for all three ROIs, the gain values differ. The largest ROI including the complete extent of
the optically accessible region provided gain values qualitatively most consistent with expected distributions.
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Nomenclature

q̇′ : heat release rate
p′ : unsteady pressure
d : diameter
l : length
T : temperature
P : pressure
h : height

ROF : ratio of oxidizer to fuel mass flow rate
ROI : region of interest

UV/OH* : radiation in the ultraviolet wavelengths,
including emissions of the OH* radical

BR/CH* : radiation in the ultraviolet wavelengths,
including emissions of the CH* radical
with hydrocarbon fuels

CWL : center wavelength
FWHM : full width at half maximum

LP : load point; set of operating conditions
H2 : Hydrogen

CNG : compressed-natural-gas
LNG : liquefied-natural-gas

Subscripts
o : oxidizer, here liquid-oxygen
f : fuel
t : nozzle throat

cc : combustion chamber
c : cooling, here compressed-natural-gas

†Corresponding author, jan.martin@dlr.de

1. Introduction

Liquid-propellant rocket engines (LPREs) are a key tech-
nology of most launcher propulsion systems. The occurence
of high-frequency combustion instabilities imposes a high
risk on the safe operation of LPREs. The Rayleigh-Criterion
provides a theoretical foundation for thermoacoustics driv-
ing, which can lead to combustion instabilities.5) If pressure
oscillations (p′) are in phase with heat release oscillations (q̇′)
the necessary condition for growing amplitudes is met. Un-
derstanding the interaction of the combustion and chamber
acoustics is crucial for identifying and eliminating the risk
of occurrence of combustion instabilities. The mathematical
description of this criterion is given in Eq. 1.

∫ T

0

∫
V

p′(x⃗, t)q̇′(x⃗, t)dVdt > 0 (1)

The prediction of combustion instabilities stays a challeng-
ing topic even though the chamber acoustics itself are theo-
retically well understood. One important aspect in predicting
this unwanted combustion behavior in LPREs is the descrip-
tion of the flame response to mass flow (velocity) or pres-
sure oscillations. Functions describing the frequency depen-
dent heat release response are referred to as flame transfer
functions (FTFs) and can be applied in low-order models.6, 7)

FTFs are usually defined as normalized integrated heat re-
lease rate oscillations Q̇′ in response to p′8, 9, 31) (Eq. 2) or
more often in response to acoustic velocity (u′)10–12, 25, 32)
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FT F(ω) =
q̇′(ω)/ ¯̇q
p′(ω)/P̄

(2)

A shortcoming in the experimental determination of FTFs
is that no direct measurement of the heat release rate is possi-
ble. In former studies regarding flame-acoustic interaction in
LPRE combustion OH* radiation measurements have been
used as a marker for heat release rate.14, 15, 31) Recent in-
vestigations16, 17) reveal that UV radiation suffers from high
self-absorption at pressures relevant for most LPREs. The
measured intensity is dominated by emission closest to the
observer.17) Further limitation is given at temperature above
2700 K,17) where OH* emission is driven rather by thermal
excitation than chemiluminescence. Thus no direct relation
between its measurement and q̇′ is given. Investigations re-
garding the blue region of the O2-H2 spectrum16, 17) in hydro-
gen combustion and CH* emission in methane combustion
suggest that blue radiation does not suffer from this short-
coming and therefore is a better marker for time resolved heat
releases under such conditions.18) Although there is a lack
of an established proportionality between line-of-sight inte-
grated radiation measurements and q̇′, neither for blue nor
OH* wavelengths,16) previous experiments with this experi-
ments showed their potential as qualitative markers for heat
release.19)

However, the FTFs of a injection element can be ex-
tracted from cost-effective sub-scale single-injector experi-
ments. The implementation of the experimental FTFs in ap-
propriate low-order models can be able to predict the like-
lihood of combustion instabilities in the full-scale engine.
Therefore, the application of FTFs in combination with low-
order models can be a useful, low-resources, and fast ap-
proach for the assessment of the potential of thermoacoustic
instabilities in the development process of rocket engines.

The experimental DLR rocket combuster model ’N’
(BKN), with its large optical access, enables the investiga-
tion of a great portion of the flame’s behavior in response
to a wide range of operating conditions. An examination
of the 2D-Rayleigh-Index spectra for different sets of oper-
ating conditions (load points; LPs) has been previously con-
ducted.19) The present work aims to derive flame transfer
functions for the same operating conditions and discuss these
with respect to the 2D-Rayleigh-Index spectra and experi-
mental conditions.

First the experimental setup in terms of a brief description
of BKN, the optical diagnostics and the operating conditions
are presented. Then the methodology of the performed anal-
ysis will be described. Finally the results of this analysis will
be presented and discussed.

2. Experimental Method

2.1. Combustion Chamber
In the framework of the presented tests BKN consisted of

a single-element injector, an optical chamber segment with
50 mm diameter, up to three additional chamber segments
and a convergent divergent nozzle. A schematic of the ex-
perimental hardware including the instrumentation as well as
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Fig. 1. Combustor and injection element schematics27)

injection element is illustrated in Fig.1. The shear coaxial
injection element features a tapered and recessed LOX post
(Fig. 1(b)). The throat diameter of the nozzle (dthroat) mea-
sured 14.5 mm. The length of the combustor (lcc) from face-
plate to the nozzle throat with a diameter was varied between
359, 429, 539 and 609 mm. The dimensions of the optically
accessible region are 253.5 mm in length (lwindow) and 38 mm
in height (hwindow).

A detailed description of the experiment has been provided
in previous publications about experiments with gaseous hy-
drogen,20) CNG21) or LNG19) as fuel. At least one temper-
ature measurement with a sampling rate of 100 Hz and a
static pressure measurement with a sampling rate of 1000 Hz
were available in the LOX manifold (To,Po) and fuel mani-
fold (Tf ,Pf) to determine the thermodynamic state of the flu-
ids. For acoustic measurements, six flush mounted, unsteady
pressure sensors (p′cc,1−6) are axially distributed at distances
of 34.5, 84.5, 94.5, 134.5, 164.5 and 234.5 mm downstream
of the faceplate. The signals are sampled at a rate of 100 kHz
with a 30 kHz second order anti-aliasing filter and have a
measurement range of ±30 bar. The hot-fire tests presented
in this work were conducted at the European Research and
Technology Test Facility P8 for cryogenic rocket engines.
2.2. Optical Diagnostics

High-speed imaging of the ultraviolet (UV/OH*) and blue
optical regime (BR/CH*) was carried out using two, syn-
chronous high-speed cameras coaxially orientated with the
same field of view recording between 2000-20000 frames per
second (fps). A dichroic mirror (transparent for visible light
and reflective for UV radiation) split the optical axis for ob-
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Table 1. Operating conditions
LP Pcc ROF 1L Frequency Stable

2,H2 64.3 bar 5.8 2425 Hz ✓

1,CNG 66.8 bar 2.8 1310 Hz ✓/✗
1,LNG 62.9 bar 3.5 815 Hz ✗

2,LNG 65.4 bar 3.0 806 Hz ✗

3,LNG 41.3 bar 3.4 920 Hz ✗

4,LNG 40.5 bar 2.5 830 Hz ✓

Uncertainty ±1.1% ±5%

taining an identical field of view for both camera systems.
The filters are specified by a center wavelength (CWL) of
310 nm for OH* and 436 nm for CH* radiation, both with a
full width at half maximum (FWHM) of 10 nm.
2.3. Operating Conditions

Data from six load points (LPs) originating from four dif-
ferent test runs in three different campaigns are discussed in
detail in this work. The first LP (2,H2) during stable combus-
tion from the first test campaign with hydrogen (H2) as fuel is
at a chamber pressure (Pcc) of 64.3 bar and ratio of oxidizer
to fuel (ROF= ṁo

ṁf
) at the main injector of 5.8. The second LP

(1,CNG) features compressed-natural-gas as fuel and inter-
mittent excitation of the chamber longitudinal resonance (L-)
modes at a Pcc of 66.8 bar and ROF of 2.8. Finally in the re-
maining four LPs CNG was mixed with liquefied-natural-gas
(LNG) at chamber pressure values between 40.5 and 65.4 bar
and ROFs between 2.5 and 3.5. The subcritical LP with Pcc
of 40.5 bar and ROF of 2.5 is characterized by stable com-
bustion while the other three LPs from this campaign are
characterized by self-sustaining high-amplitude combustion
instabilities of the L-modes. The operating conditions in-
cluding the combustion stability behavior are summed up in
Table 1. High-speed imaging of OH* and in the blue radi-
ation wavelengths (including CH* for hydrocarbon combus-
tion) with 13.5 kfps for LP1,LNG and LP2,LNG and 20 kfps
for LP2,H2, LP1,CNG, LP3,LNG and LP4,LNG is available.
While the chamber pressure is above the critical pressure with
respect to oxygen and hydrogen/methane (supercritical) for
LP2,H2 to LP2,LNG, this is not the case for LP3,LNG and
LP4,LNG (subcritical).

3. Methodology

3.1. Decomposition and reconstruction of dynamic data
A multi-variable implementation of dynamic mode decom-

position (DMD) following Beinke31) was used to analyze
high-speed imaging data. Resampling additional sensor data
to the snapshots of high-speed imaging and adding those as
pseudo-pixels to the DMD enables a more straightforward
analysis of imaging in relation to sensor data. Performing
the DMD on this data isolates the underlying dynamics in
the data to its frequencies, here the flame imaging and sensor
measurements. Afterwards the matrix containing the spatial
data of each mode is divided again in the imaging and sensor
data. Thus each type of measurement can be treated individ-
ually but is filtered to modes containing the same frequency
content. This method allows to investigate the reconstructed
flame dynamics, the pressure oscillations and their phase re-
lationship in the chamber at frequencies of interest.

The decomposed pressure oscillations gained from the
DMD are used to reconstruct the pressure field in the cham-
ber. A spline-interpolation method is used to reconstruct a
1D-pressure distribution between faceplate and nozzle throat
with the additional condition of zero pressure gradients at
both ends, but also at the chamber walls. Due to the analysis
of a single injection element in this work, a uniform pressure
field at any radial position within the chamber is assumed and
the 1D-pressure distribution is extended to the whole cham-
ber.
3.2. Flame dynamics analysis

The decomposed and reconstructed data offers various op-
portunities to investigate flame-acoustic interaction. First the
dynamic behavior of the flame itself can be easily analyzed by
recombining the spatial data of the decomposed images with
the temporal data. However, this work focused on combined
(intensity and pressure) reconstructions. The radiation in the
blue wavelengths was found to be optically thin compared to
the radiation in the ultraviolet regime due to a higher ratio
of excited to ground state concentrations for the CH* radical.
Furthermore a shorter duration of the peak CH* concentra-
tion improves the suitability of CH* as a marker for time-
resolved heat release.18) Although these findings were ob-
served at subcritical pressure conditions and for supercritical
pressure conditions, the spectrum shows a strong influence of
the continuum emission around 430 nm .28) Nevertheless, a
previous work showed the qualitative suitability of CH* as a
marker for heat release above this validated range.19) There-
fore, the radiation in the blue wavelengths is used as an in-
tensity measurement in this work.

Combinations of both data sources enables the calculation
of a 2D Rayleigh-Index via Eq. 3 for each (or multiple) fre-
quencies referring to the decomposed mode(s) m.

RI(x, r) =
∑

m

(|p′(x, r, f (m))||I′(x, r, f (m))|

cos(Θp′−I′ (x, r, f (m))))
(3)

Here I′ denotes the fluctuating part of the captured intensity,
p′ the pressure oscillations and Θp′−I′ the phase difference
(according to Eq. 4) between those signals for each pixel
in dependency of the reconstructed mode and thus the fre-
quency.

Θp′−I′ (x, r, f (m))) = Θp′(x,r,f(m)) − ΘI′(x,r,f(m)) (4)

A normalized 2D gain of the flame to the local pressure fluc-
tuations can be calculated according to Eq. 5 (based on Eq.2).

n(x, r, f (m)) =
|I′(x, r, f (m))|/Ī
|p′cc,1(x, r, f (m))|/Pcc

(5)

While the fluctuating portion of the intensity is normalized
by the mean intensity value Ī, the acoustic pressure fluctua-
tions are normalized by the mean chamber pressure Pcc in the
corresponding evaluation interval. If either the reconstructed
or the raw data in the time domain is reduced to 1D signals
an experimental FTF can be calculated according to Vold et
al.22) dividing the cross-spectral density (CSD) of input (here
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Fig. 2. Integral Rayleigh Index spectra. Note that the y-axis scale is linear below absolute values of 100 and logarithmic above.19)

unsteady pressure) and output signal (here intensity fluctua-
tion) by the power spectral density (PSD) of the input signal
(Eq. 6).

FT F(ω) =
CS D(p′cc,1(t)/Pcc, I′(t)/Ī)

PS D(p′(t)/Pcc)
(6)

4. Results and Discussion

4.1. Flame Response
First the flame response will be presented in form of inte-

gral Rayleigh indices. These indices are obtained by integrat-
ing the 2D Rayleigh index distribution (according to Eq. 3)
over the entire optical accessible region for each mode. The
Rayleigh Index spectra for all six LPs are shown in Fig. 2.

It was found in a previous publication that these reflect the
thermodynamic state of the combustor.19)

LPs H2 (LP2,H2; Fig. 2(a)) and LNG (LP4,LNG; Fig. 2(c))
with stable combustion exhibit almost no response of the
flame radiation throughout the majority of the frequency
spectrum. Positive values are observed in the low frequency
range where broadband combustion noise is always present.
However, LP1,CNG shows a different picture during an inter-
val characterized by an intermittent excitation of the cham-
ber’s first longitudinal resonance mode (1L mode) Fig. 2(b)).
Here, a minor positive flame response can be seen. The
LPs with high amplitude instabilities show a strong flame
response, especially in the vicinity of the chamber eigen-
modes. The supercritical LP1,LNG (Fig. 2(d)) and LP2,LNG
(Fig. 2(e)) have a positive value of the Rayleigh Index for the
first two eigenmodes and a negative value for the third mode
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Fig. 3. 2D Rayleigh-Index distribution at various frequencies for LP1, LNG.

and above. On the other hand, the subcritical LP3,LNG,
shows strong positive responses for all observable frequen-
cies near the chamber eigenmodes. A possible explanation
could be that the flame response may differ for sub- and su-
percritical conditions due to the well-known differences in at-
omization and mixing characteristics for the regimes. How-
ever, further investigation is required to seek a physical ex-
planation for this observation.

2D-Rayleigh-Indices provide information about the spatial
distribution of regions with intensified flame response. This
information can provide insight about the regions that con-
tribute most to the integral Rayleigh-Index and can indicate
potential coupling mechanisms. Fig. 3 visualizes the 2D-
Rayleigh-Index distributions for the most prominent frequen-
cies of the Rayleigh-Index spectra for LP1,LNG (Fig. 2(d)).
It should be noted that the color axis limitations for Fig. 3(a)
and Fig. 3(b) were lowered to emphasize the near injector re-
gion, resulting in over-saturation further downstream.

Fig. 3(a) shows the first strong response in the Rayleigh-
Index spectra at a frequency of 315 Hz. Since the LOX post’s
first longitudinal resonance frequency under these conditions
is estimated to be approximately at 2.7 kHz, this cannot be the
source of this observation. The derivation of Strouhal num-
bers based on the geometrical dimensions in the injection sys-
tem indicates that this frequency falls within the range where
vortex shedding is likely to occur at the backward-facing step
of the LOX post tip.29) The 2D-Rayleigh-Index representa-
tion at this frequency displays a counter-phased distribution
above and below the center of the optical accessible region
near the injection plane. This indicates a rotating vortex shed-
ding at the LOX post tip and thus a helical structure on the
LOX jet.

The 2D-Rayleigh-Index at 635 Hz is provided in Fig. 3(b).
Again, an acoustic LOX-post-coupling can be excluded.

Strouhal number correlations suggest that this frequency
band may be linked to free jet instabilities30) of the LOX jet.
Support for this hydrodynamic phenomenon is provided by
the 2D-Rayleigh-Index. Here, phase-symmetrical structures
with respect to the center-line are visible in the near injector
region. A downstream propagation of this LOX jet perturba-
tions is indicated by the alternating blue and red structures.
The development of combustion instabilities are recognized
to be often linked to hydrodynamics processes.29)

During the high-amplitude combustion instabilities of
LP1,LNG both mechanisms are active and in phase with
the acoustic pressure oscillations in the near injector region
which is know to play a major contributing role to the com-
bustor (in-)stability.9, 33) The hydrodynamics may, therefore,
affect the thermoacoustic behavior of the combustor and con-
tribute to deveveloping and sustaining the high-amplitude
combustions instabilities noticed for LP1,LNG to LP3, LNG.

Fig. 3(c) shows the 2D-Rayleigh-Index for the 1L mode
of the chamber, which provides the highest peak in the
Rayleigh-Index spectra (Fig. 2(d)). In addition to a strongly
positive overall index, it can be seen that nearly the whole
flame zone is positively coupled with the acoustic pressure
oscillations. This shows that the reaction rates for the com-
bustion of LOX and natural gas under these operating con-
ditions favor a positive feedback-loop between the pressure
oscillations and the heat release fluctuations. This positive
feedback loop is a necessary condition for thermoacoustic in-
stabilities to grow and be sustained according to the Rayleigh
criterion (Eq.1).

The 2L mode in Fig. 3(d) draws a similar picture, albeit
with weaker but still positive coupling compared to the 1L
mode. Also the results of the 3L mode and th 4L mode are in
line with the Rayleigh-Index spectra for this LP (Fig. 2(d)).
While the overall Rayleigh-Index is neutral or slightly posi-
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Fig. 4. Flame transfer function of each LP.
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Fig. 5. Instantaneous (top) and time-averaged (bottom) flame radiation imaging (CH*) for the stable and intermittent unstable LPs with ROIs for FTF
calculation indicated.

tive/negative in the vicinity of the 3L frequency (Fig. 3(e)), it
is clearly negative for the 4L mode (Fig. 3(e)).
4.2. Flame Transfer Function

Next the flame transfer functions (FTFs) for all six LPs will
be presented. As mentioned earlier, FTFs are based on the
integrated heat release response to acoustic pressure (p′) or
velocity (u′) oscillations. Typically, determining the FTF for
an experimental setup involves perturbing the injected mass
flow at various frequencies and measuring the corresponding
response in the heat release rate (Q̇′).25) However, this ap-
proach was not applicable to the experimental setup in these
experiments.

Instead, the the acoustic pressure at the head end of the
chamber (p′cc,1) was used to approximate the pressure fluctu-
ations experienced by the injected mass flow. The FTFs are
calculated according to Eq. 6 using p′cc,1 and the radiation in-
tensity measurements, which are reduced to a 1D signal by

averaging the intensity within a region of interest (ROI).
However, without explicit excitation of the injected mass

flow at specific frequencies, there is a risk of obtaining non-
physical high gains at certain frequencies during the calcu-
lation of FTFs. This can occur if the input signal (pressure)
and the output signal (intensity) are incoherent, and a inten-
sity fluctuation, even with low amplitude, is correlated with
a negligible pressure fluctuation. To mitigate this, only gains
and phases at frequencies where the coherence of the input
and output signal exceeds 90% are considered.

The gain and phase of the FTFs for each LP are provided
in Fig. 4. Three different ROIs are compared. The first ROI
(ROI1, gray line) represents the average intensity measure-
ments in the direct vicinity of the acoustic pressure measure-
ment p′cc,1, corresponding to ±4 mm axial distance from the
sensor’s center. The second ROI (ROI2, purple line) covers
the area between injection plane and 60 mm further down-
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Fig. 6. Instantaneous (top) and time-averaged (bottom) flame radiation imaging (CH*) for the unstable LPs with ROIs for FTF calculation indicated.

stream. This ensures that, depending on the configuration,
at least up to the 3L mode the intensity measurements are
extracted from the upstream part of the nodal line. Finally,
the third ROI (ROI3, blue line) features an averaged inten-
sity over the whole optical accessible region. Instantaneous
and time-averaged flame radiation imaging (CH*), with the
corresponding ROIs for flame transfer function calculation
indicated, are provided in Fig. 5 and Fig. 6.

It should be noted here that due to a lack of an estab-
lished proportionality between line-of-sight integrated radia-
tion measurement and heat release rate, a relative comparison
of the gains within a ROI for a LP are possible, but the abso-
lute gain values are difficult to interpret. Therefore, the gain
values of each FTF are normalized with the maximum gain
within the same FTF. The phase of the FTFs is plotted so that
negative values indicate a leading pressure signal.

As expected from the Rayleigh-Index spectra (Fig. 2(a))
there are hardly coherent frequencies for the stable LP2,H2

(Fig. 4(a)). More specifically, for ROI1, there are no coher-
ent frequencies. For ROI2 and ROI3 two respectively one
coherent frequencies are available but at more or less arbi-
trary values. The same applies roughly for the second stable
LP3,LNG (Fig. 4(f)). Again, only two coherent frequencies
are available, but at more or less arbitrary values.

This changes for LP1,CNG (Fig. 4(b)) with an intermittent
excited 1L mode. Here, pressure and intensity fluctuations
are coherent near the 1L, 2L and 3L mode of the chamber for
all three ROIs. However, the development of the gain is un-
expected compared to the Rayleigh-Index spectra (Fig. 2(a)).
One would expect to observe the highest gain at the 1L fre-
quency. A possible explanation could be provided by the in-
termittent occurring instabilities preventing steady-state con-
ditions in terms of oscillating acoustic pressure and fluctuat-
ing heat release rates from being reached. The phase differ-
ence between pressure and intensity fluctuations seems to be
most reasonable for ROI3. Ideally a constant time lag among

Journal of Evolving Space Activities Vol. 3 (2025) 8



Table 2. Time lag values
LP Pcc ROF Time Lag [ms] Uncertainty

2,H2 64.3 bar 5.8 0.025 ±0.05
1,CNG 66.8 bar 2.8 0.1 ±0.1
1,LNG 62.9 bar 3.5 0.15 ±0.05
2,LNG 65.4 bar 3.0 0.12 ±0.05
3,LNG 41.3 bar 3.4 0.17 ±0.1
4,LNG 40.5 bar 2.5 0.2 ±0.1

all frequencies should result in a linear increasing phase lag.
Results as one would expect from the Rayleigh-Index spec-

tra can be observed for LP4,LNG, LP1,LNG and LP2,LNG
(Fig. 4(c)-4(e)). Here, at least for ROI3, the gain values of
the FTF are highest for the 1L mode. Also the phase lags are
in line with the findings of the Rayleigh-Index spectra. For
example the Rayleigh-Index spectra for LP1,LNG (Fig. 2(d))
suggest that acoustic oscillation and heat release rate are in
phase for the 1L and 2L mode, 90◦ phase shifted for the 3L
mode and counter-phased for the modes above. This is con-
firmed by the phase difference of the corresponding FTF. For
the 1L and 2L mode the absolute phase difference is below
90◦, indicating positive coupling. At the 3L frequency, the
phase lag is pretty much 90◦, resulting neither in driving nor
coupling. Finally the phase lags rises above 90◦ resulting in
a negative coupling.

The averaged time lag values for extracted for each LP and
ROI3 are summarized in Tab. 2. The extracted time lag val-
ues and their relation to each other are consistent with lit-
erature. LP2,H2, which uses hydrogen as fuel, features the
lowest time lag value. This is consistent with the faster re-
action kinetics of hydrogen compared to natural gas respec-
tively methane.26) Additionally, the time lag values of the
subcritical LPs using natural gas as fuel are increased com-
pared to the supercritical LPs. This can be explained by the
additional vaporization processes of subcritical injected pro-
pellants prior to reaction.4)

It can be concluded that the used approach to determine the
flame transfer functions seems to provide reasonable results if
intensified excitation at certain frequencies is available. The
best results in terms of gain are received for ROI3, if the
whole optical accessible region is considered. The phase dif-
ference between pressure and intensity signal is pretty similar
for all three ROIs.

5. Conclusion

The flame response in terms of Rayleigh-Index spectra and
flame transfer functions of six different sets of operating con-
ditions, or load points (LPs), in a single-injector rocket com-
bustor have been examined.

For the stable LPs, positive Rayleigh-Index values could
only be found in the low frequency range where broad-
band combustion noise is always present. In the Rayleigh-
Index spectra of the LPs from intervals in which the chamber
longitudinal resonance modes were excited, high integrated
Rayleigh-Index values appear at the corresponding frequen-
cies. Evaluation of the 2D-Rayleigh-Index distributions at
these frequencies for one LP revealed the potential of hydro-
dynamics playing a role in driving the high-amplitude limit-

cycle combustion instabilities.
Three different regions of interest were considered to cal-

culate flame transfer functions for all six load points. While
the phase differences between pressure and intensity signal
were consistent for all three ROIs and in line with those ex-
pected from the Rayleigh-Index spectra, the gain differed.
The ROI which included the intensity distribution through-
out the entire optically accessible region provided the results
qualitatively most consistent with that of other thermoacous-
tic studies in literature.

In conclusion, both the Rayleigh-Index spectra and the
flame transfer functions reflect the thermoacoustic state of
the sub-scale combustor well, validating the method for in-
jector screening and generating validation data for numerical
simulation.
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