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Abstract: Hot-fire tests were performed with a single-injector research combustor featuring a large
optical access (255 × 38 mm) for flame imaging. These tests were conducted with the propellant
combination of liquid oxygen and compressed natural gas (LOX/CNG) at conditions relevant for
main- and upper-stage engines. The large optical access enabled synchronized flame imaging using
OH* and CH* radiation wavelengths covering an area of the combustion chamber from the injection
plane to shortly before the contraction section of the nozzle for two sets of operating conditions.
Combined with temperature, pressure and unsteady pressure measurements, these data provide
a high-quality basis for validation of numerical modeling. Flame width and opening angle were
extracted from the imaging in order to determine the flame topology. A two dimensional Rayleigh
Index was calculated for an acoustically unexcited and excited interval. These Rayleigh Indices are in
good agreement with the thermoacoustic state of the chamber.

Keywords: liquid propellant rocket engine; supercritical combustion; optical access; LOX/Methane;
single-injector

1. Introduction

Liquid propellant rocket engines (LPREs) are a key technology of global launcher
propulsion. Because it is predicted to be cheaper, easier to handle and more promising in
terms of reusability [1,2] there is a growing interest in the propellant combination of liquid
oxygen and methane (LOX/CH4). Examples of LOX/CH4 engine development programs
are the Japanese LE-8 [3], the Chinese TQ-11 and TQ-12, the European Prometheus [4] and
M-10, and the Raptor and BE-4 in the US [2].

Due to its direct influence on flame anchoring, combustion stability, system pressure
and overall performance, the injector design [5,6] is a crucial element in the development
of LPREs. The shear coaxial type of injector has proven itself in LOX/hydrogen (LOX/H2)
engines, and since the density difference of LOX and CH4 at injection is also significant,
they are expected to be well suited for LOX/CH4 engines too. Since the design of a
coaxial injector is based upon the velocity difference of the injected high- and low-density
propellants, the velocity ratio (VR) of fuel injection velocity (u f ) to oxidizer injection
velocity (uo)

VR =
u f

uo
(1)

and the complementary momentum flux ratio (J) including the density of fuel (ρ f ) and
oxidizer (ρo) and, thus, a pressure dependency

J =
ρ f u2

f

ρou2
o

(2)

Aerospace 2022, 9, 410. https://doi.org/10.3390/aerospace9080410 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace9080410
https://doi.org/10.3390/aerospace9080410
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-5050-2506
https://orcid.org/0000-0003-4136-8496
https://orcid.org/0000-0003-3258-5261
https://doi.org/10.3390/aerospace9080410
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace9080410?type=check_update&version=2


Aerospace 2022, 9, 410 2 of 16

are important design parameters. They are an indicator of the shear forces arising from
the velocity difference of the injected propellants and thus the degree of driving of atom-
ization and mixing [5–7]. For modern LOX/Hydrogen (LOX/H2) engines the VR ranges
between 10 and 20 [6,8–10], but no comparable data are available for operational LOX/CH4
engines. Previous experimental work operated their injection element in VR ranges from
5–52 [11–14].

Often the injectors are placed in sub-scale experiments to validate the desired perfor-
mance before implementing into full-scale engines. A more resource-saving approach is
the use of CFD simulations in the process of developing new injectors and rocket engines.
Numerical modeling of the highly turbulent reactive flow including large thermal gradi-
ents from cryogenic fluids up to temperatures of more than 3500 K, real gas effects and
combustion of non-premixed diffusion flames is still a challenging topic. Depending of the
injection pressure (sub- or supercritical) either the droplet atomization and vaporization or
pseudo-boiling has to be modeled additionally [15].

These processes also contribute to oscillating heat release (q̇′). If the heat release is in
phase with the pressure oscillations (p′) in the chamber the necessary condition for harming
high-frequency (HF) combustion instabilities is met. The Rayleigh Criterion provides a
mathematical description of this criterion∫ T

0

∫
V

p′(~x, t)q̇′(~x, t)dVdt > 0. (3)

While p′ can be easily extracted from the experiment, this is very difficult for q̇′.
In former studies regarding flame–acoustic interaction in LPRE combustion, OH*

radiation measurements have been used as a marker for heat release rate [16–18]. Recent
investigations [19,20] reveal that ultraviolet (UV/OH*) radiation suffers from high self-
absorption at pressures relevant for most LPREs. The measured intensity is dominated
by emissions from the side of the flame closest to the observer, and is not a line-of-sight
integrated intensity. Further limitation is given for temperatures above 2700 K, where
OH* emission is driven rather by thermal excitation than chemiluminescence. Thus, no
direct relation between its measurement and q̇′ is given. Investigations regarding the blue
spectral region (BR/CH*) suggests that blue radiation does not suffer from this shortcoming
and therefore provides a greater depth of view [19,20]. Still, the lack of an established
proportionality between line-of-sight integrated radiation measurements and q̇′, neither for
blue nor ultraviolet wavelengths, is an hindrance. However, correlation of the intensity
measurements with the pressure can give a qualitative indication of the interaction.

A more straightforward approach is the direct extraction of q̇′ from simulations [21,22],
considering that the aforementioned processes are captured correctly. Thorough valida-
tion of numerical models for injection and combustion requires not only experimentally
determined global parameters such as combustion chamber pressure and mass flow rates,
but also highly detailed information concerning flow parameters and boundary conditions.
Hence, there is a need for suitable experimental data [23,24]. Here, subscale combustion
chambers play a special role because these allow the use of an optical access in combination
with high-resolution optical systems.

The DLR optical rocket combustor model ‘N’ (BKN) addresses the aforementioned
lack of validation test cases. The experiment is extensively equipped with conventional
diagnostics, such as thermocouples and pressure sensors and thus able to provide well-
defined boundary conditions. The large optical access enables the examination of a great
portion of the flame such as steady state time averaged flame properties and thermoacous-
tic interaction in response to different sets of operating conditions. This work presents
experiments with BKN and the same experimental setup as in previous experiments with
LOX/H2 [25], but with the distinction of using the propellant combination of LOX and
compressed natural gas (CNG). High-speed flame emission imaging of the OH* and CH*
radiations was conducted.
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First the experimental setup including the optical diagnostics and operating conditions
will be presented. Then the methodology of the performed analysis will be described.
Finally, the influence of two operating conditions on the flame topology will be discussed
and the flame response during an interval of heightened acoustic excitation of the first
longitudinal resonance frequency (1 L mode) of the chamber will be compared to a non-
excited interval.

2. Experimental Method
2.1. Combustion Chamber

The hot-fire tests presented in this work were conducted at the European Research and
Technology Test Facility P8 [26] for cryogenic rocket engines with BKN. The experimental
hardware consists of a single-element injector head, an optical chamber segment with
50 mm diameter and a convergent divergent nozzle with a throat diameter (dt) of 14.5 mm.
and an overall length (lcc) from injection plane to nozzle throat of 359 mm. This results in
a characteristic length (L*) of 4.05 m, which is quite normal for a single-injector, optically
accessible combustor. The schematic of the combustor configuration is illustrated Figure 1.
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Figure 1. Experimental combustion chamber configuration.

The geometry of the optical access’ inner surface matches the contour of the com-
bustion chamber wall to minimize disturbance to the symmetry of the flow field in the
combustion chamber [25].

In order to provide an extensive set of boundary conditions, at least one thermocouple,
static pressure sensor and unsteady pressure sensor are mounted to the manifolds for LOX
(To,Po,p′o), CNG (Tf ,Pf ,p′f ) and window cooling (Tc,Pc,p′c). The chamber segment features
the same kind of measurement devices. Thermocouples sampled at a rate of 100 Hz are
mounted to the chamber segment in two different ways. A total of 13 thermocouples
(Tcc,1−13) protrude approximately 0.1 mm into the chamber and are distributed every
20 mm between 4.5 mm and 244.5 mm downstream of the injection plane. An additional 12
thermocouples (Tccs,1−12) are mounted within the walls in contact with the structure, 1 mm
back from the combustion chamber wall and also placed every 20 mm between 34.5 mm
and 254.5 mm downstream of the faceplate. Static pressure sensors (Pcc,1−13) sampled at
a rate of 100 Hz are connected to the chamber at 13 axial positions every 20 mm between
4.5 mm and 244.5 mm and, therefore, at the same axial positions as Tcc,1−13. For acoustic
measurements, six flush mounted unsteady pressure sensors are positioned at distances
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of 34.5 mm, 84.5 mm, 94.5 mm, 134.5 mm, 164.5 mm and 234.5 mm downstream of the
faceplate. The signals are sampled at a rate of 100 kHz and have a measurement range of
±30 bar.

LOX and CNG are injected through a shear coaxial injection element with a tapered
LOX post. A shear coaxial element was chosen to allow direct comparability with LOX/H2
combustion since the density of CNG is an order of magnitude lower than LOX, giving the
necessary density ratio crucial for this kind of injector. Film cooling with CNG reducing the
heat load on the optical access, without affecting the imaging quality, is also injected via an
annular gap between chamber wall and faceplate. Both injection systems are illustrated in
Figure 2. The dimensions of the injection system are given in Table 1.

do,po

do,ex

do,or

df,ex

hf,gap

dc,ex

hc,gap

α

lo,or

lre

lo,po

lf,an

Figure 2. Injection system configuration [25].

Table 1. Geometrical dimensions of injection systems.

Symbol do,or lo,or do,po lo,po

Unit mm mm mm mm
Value 2.2 4.0 5.5 127.0

Symbol do,ex α l f ,an d f ,ex

Unit mm ° mm mm
Value 6.3 8 34.5 8.2

Symbol h f ,gap dc,ex hc,gap lre

Unit mm mm mm mm
Value 0.5 50.0 0.4 4.0

2.2. Flame Radiation Imaging

The flame emission of UV and BR were investigated within this experiment. Hydro-
carbon flames exhibit a more complex emission spectrum (Figure 3) than pure hydrogen
flames [20]. Nevertheless, assumptions, based on pure hydrogen flames can be transferred
to flames of methane combustion due to the dominating effect of the hydrogen atoms in
the chemical reaction.

A previous study [27] on the combustion of liquid methane and liquid oxygen under
high pressure in a rocket combustor revealed optical spectra as depicted in Figure 3. At the
time the spectrum was recorded, a combustion chamber pressure of 11.5 bar was measured.
The ultraviolet spectral regime is clearly dominated by the intense radiation of the OH*
radical with a major emission band around 307 nm and a less pronounced band around
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285 nm. Higher wavelengths of the visible range up to 700 nm show a continuous radiation
background. However, only the CH* emission band at 436 nm appeared clearly with a
sufficient signal to noice ratio. Emission bands of other constituents such as CO2 and C2
could not be detected using a spectrograph with a focal length of 163 mm and a reflecting
grating with 150 grooves/mm.

Figure 3. Flame emission spectrum of a LOX/LCH4 combustion at 11.5 bar [27].

In conclusion, three molecule species contribute to the UV-Vis regime of the spectrum:
The excited hydroxyl radical (OH*) with its intense emission bands around 310 nm, the
excited H2O2 molecule which is theorized to strongly contribute to the broad spectral
continuum around 450 nm [28] and the methylidyne radical (CH*) at 436 nm [27]. While
Equation (4) describes the path for OH* production according to Kathrotia et al. [29] and
Leo et al. [30], Equation (5) describes the same for CH* according to Kojima et al. [31]
and Gaydon et al. [32]. The constituent M is an arbitrary species in the system that is
necessary for conservation of momentum. Formation of the H2O2 radical is depicted in
Equation (6) as described by Padley [33]. Other possible radiation sources, such as the
Schumann–Runge lines of the O2 molecule, can be neglected [34]. The high-speed camera
system using the bandpass filter for λ = 436 nm thus records the contribution of mainly
H2O2 and CH* radiation.

Both ultraviolet and blue spectral regimes respond to increasing pressure with a higher
emissivity. However, while for ambient conditions the UV radiation is predominant, a
pressure of more than 60 bar results in a visible (BR) radiation that is the most intense
spectral feature [20].

H + O + M→ OH∗ + M (4)

C + H + M→ CH∗ + M (5)

OH + OH→ H2O2
∗ (6)

2.3. Optical Setup

Flame and combustion visualization of UV and BR was carried out using two syn-
chronously and coaxially recording high-speed camera systems. A dichroic mirror (trans-
parent for visible light and reflective for UV radiation) split the optical axis in order to
obtain an identical field of view for both camera systems. Compressed air-cooled metal
housing prevented the optical setup from overheating and mechanical damage.

The blue (CH*) flame emission was recorded by a Photron® Fastcam SA-Z type 2100K-
M-64G camera model. Its proprietary design, advanced CMOS image sensor, has an active
area of 20.48 × 20.48 mm and 1024 × 1024 pixels, respectively. The RAM capacity of 64 GB
allows the storage of 43,682 frames at full resolution. Flame emission, without background
illumination, was recorded with 2000–20,000 fps and exposure times of 2.5–250 µs. A Carl
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Zeiss® Makro-Planar ZF.2 lens with f=100 mm and an aperture of 2.8 was used, equipped
with a band pass filter (CWL: 436 nm; FWHM: 10 nm; T(436 nm): 50%) from Andover
Corporation (Figure 4, right).

Figure 4. Wavelength-dependent transmission of the optical bandpass filter with a center wavelength
of 306.8 nm (left), and 436.0 nm (right) [25].

Ultraviolet radiation (OH* chemiluminescence) was recorded using an image-intensified
Photron® Fastcam SA-X2 type 480K-M4 high-speed camera, also equipped with an identical
proprietary design advanced CMOS image sensor. Frame rates of 2000–20,000 Hz were
applied. The UV radiation was converted into visible light using a Hamamatsu® image
intensifier, model C10880 GHD1101, which was attached to the camera’s lens mount. Gate
width and gain were set for optimal image quality. A Nikon® UV-Nikkor f = 105 mm lens
with an aperture of 4.5 was used, equipped with a UV band pass filter (CWL— 306.8 nm;
FWHM— 10 nm; T(306.8 nm)— 64% (Figure 4, left).

2.4. Operating Conditions

In this test campaign with BKN and the propellant combination, LOX/CNG tests were
conducted at chamber pressures of up to 66 bar and ROFs at the main injector of up to
3. Data of two load points (LPs) originating from two different test runs are presented in
this work.

Both tests are presented in Figures 5 and 6. The test sequences are described with
traces of the static chamber pressure Pcc, LOX injection temperature To, CNG injection
temperature Tf , and ratio of oxidizer to fuel mass flow rate ROF (bottom). These traces of
parameters describe the perfomed sequence of operating conditions, while the raw unsteady
pressure signal (middle) and the spectrogram (top) describe the acoustic character. Here,
the frequency of the first longitudinal (1 L) resonance frequency at approximately 1.3 kHz
is rouhgly half the value as in previous testing with the same combustor and similar Pcc
but with LOX/H2 propellants. The duration of each load point is at least about 0.4 s, which
allows a steady-state thermal equilibrium condition to be reached. The intervals used for
extracting the data of both LPs (9.1–9.5 s in each test) are highlighted in gray. High-speed
imaging of OH* and CH* with 20 kfps for LP1 and 7.2 kfps for LP2 is available.

Both test runs are characterized by short-lived heightened excitation of the chamber 1
L mode. In the second test run these events seem to occur more often. Table 2 summarizes
the steady state test condition and the injections condition for both load points. The data
are mean values from a sample period of 0.4 s.
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Figure 5. Test Sequences of first test with operating conditions and gray highlighted intervals used
for extracting the data for load point 1.

Table 2. Steady state and injection conditions for both load points.

Parameter Unit Load Point Uncertainty

1 2

Pcc bar 66.8 66.2 ±1.1%
ROF 2.8 3.0 ±5%

ṁo kg/s 0.362 0.365 ±3%
ṁ f kg/s 0.129 0.123 ±3%
ṁc kg/s 0.298 0.290 ±3%
To K 121 125 ±3.5 K
Tf K 279 277 ±3.5 K
Tc K 280 277 ±2.0 K
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Figure 6. Test Sequences of second test with operating conditions and gray highlighted interval used
for extracting the data for load point 2.

3. Methodology
3.1. Flame Topology Analysis

Two different aspects, the flame opening angle and flame width, were measured within
the framework of the flame topology analysis. For the flame opening angle a threshold
based flame boundary detection algorithm [25] was applied to a time averaged image of
the corresponding LP. The first order polynomial for angle extraction was fitted to the flame
boundary within the first 6% of the flames’ optically accessible length. This corresponds to
15.2 mm. For the flame width, mean values of each row were calculated. In this case, 75%
of the peak intensity from the time-averaged OH* and blue radiation images were used to
define the flame width at three-quarter maximum (FlW34M). Because no significant drop
of the flame’s intensity was identifiable in the flow direction, a similar definition of the
flame length was not applicable.

3.2. Flame Dynamics Analysis

Application of the dynamic mode decomposition (DMD) enables isolating the un-
derlying dynamics in the data to its frequencies. The multi-variable implementation of
DMD [18] allows a direct analysis of the high-speed imaging in relation to sensor data.
Therefore, the latter data are resampled to the snapshots of high-speed imaging and added
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as pseudo-pixels to the input matrix of the DMD algorithm. After performing the decompo-
sition, 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 individually, but is filtered
to modes containing the same frequency content.

The decomposed pressure oscillations gained from the DMD are used to reconstruct
the pressure field in the chamber. 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 and 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
chamber. Combining both (intensity and pressure) reconstructions, a 2D Rayleigh Index
via Equation (7) for each (or multiple) frequencies referring to the decomposed mode(s) m
can be calculated.

RI(x, r) = ∑
m
(|p′(x, r, f (m))||I′(x, r, f (m))|

cos(Θp′−I′(x, r, f (m))))

(7)

Here, I′ denotes the fluctuating part of the captured intensity, p′ the pressure oscilla-
tions and Θp′−I′ the phase difference (according to Equation (8)) between those signals for
each pixel in dependency of the reconstructed mode and thus the frequency.

Θp′−I′(x, r, f (m))) = Θp′(x,r, f (m)) −ΘI′(x,r, f (m)) (8)

4. Results and Discussion
4.1. Flame Characteristics

First, the flames’ topology will be examined for both LPs. It should be noted that all
flame visualizations (Figures 7–11) present the OH* on the top and the CH* imaging at the
bottom. Both kinds of radiation also compare the same half of the flame in both UV and BR.
The blue imaging in the lower half of the figures is a mirrored image of the upper half of
the flame from the same instance as the OH* image. The amplification in the OH* image
intensifier was set to a high value, enabling high contrasts in the near injector region. This
leads to a nearly uniform intensity distribution further downstream.

Figure 7 visualizes three instantaneous snapshots extracted from the interval of LP1.
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Figure 7. Instantaneous snapshots of the OH* (top) and CH* (bottom) imaging in the interval
between 9.1 and 9.5 s of LP1 with three different kinds of flame anchoring observed.

While the left snapshot shows a continuous intensity signal from the injection plane
to the end of the enlarged view of the near injector region, this is not the case for the
middle and the right ones. The middle snapshot illustrates circular structures, perhaps
vortices, downstream of the LOX post-tip followed by a short absence of intensity. In the
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right snapshot, there is no intensity measurable at all in the first 12 mm. Therefore, these
snapshots indicate a unstable flame anchoring, which is also present in LP2.

Figures 8 and 9 show instantaneous snapshots from the flame radiation measurements
and giving an insight into the highly turbulent character of the flame.
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Figure 8. Instantaneous flame radiation imaging (OH*/CH*) of LP1.
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Figure 9. Instantaneous flame radiation imaging (OH*/CH*) of LP2.

Figure 9, for LP2, further features an interruption with nearly diminished intensity.
This implies detachment of big pockets of combustion products prior to the end of the
optically accessible region.

Time-averaged images over the whole duration of each LP are illustrated in Figure 10
for LP1 and Figure 11 for LP2. From these, preliminary analysis of the injection parameters’
influence on the flame’s topology such as opening angle and flame width can be derived.
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Figure 10. Time-averaged flame radiation imaging (OH*/CH*) of LP1.
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Figure 11. Time-averaged flame radiation imaging (OH*/CH*) of LP2.

The injection parameters (VR and J) with the derived geometrical flame parameters
(flame width and opening angle) are summarized in Table 3.

Table 3. Injection parameters and flame topology for both load points.

Parameter Unit Load Point

1 2

VR 17.1 15.6
J 15.8 13.6

OH*

Opening angle ° 16 ± 8 28 ± 12

CH*

Opening angle ° 12.5 ± 6.5 9.5 ± 5.5
Flame width mm 20.3 ± 0.2 19.0 ± 0.2

As already mentioned, the amplification of the OH* has been set to obtain a high
contrast in the near injector region. Even low intensities of short appearance contribute
to the mean image to a non-negligible extent. The shutter time of the CH* camera, on
the other hand, has been adjusted to enable the visualization of intensity gradients and
fluctuations through the whole flame. In short, the mean images in the UV emphasize
short-term events, while the mean images in the BR have a more global character.

This explains the high uncertainty for the angles derived from OH* and the very
different values from both kinds of measurements. The high opening angle for LP1 is a
result of a combination of the unstable flame anchoring and the intermittent excitation of
the chamber 1 L mode, which causes the flame to pulsate with exaggerated spreading. The
increased value and uncertainty for LP2 could indicate a higher recurrence rate of these
effects for the LP with lower ROF and thus a lower VR and J number as well. The angles
and the flame width of the CH* measurements follow the expected trend of higher shear
forces (higher value of VR and J) between both propellants leading to increased values
for both geometrical parameters [25,35]. Due to the nearly uniform intensity distribution
of the UV measurements over a great portion of the flame, a meaningful derivation of a
flame width is not feasible. Since the extracted trends in terms of opening angle and flame
width correspond to those observed in the previous tests with LOX/H2, it can be assumed
that the flame opening angle grows asymptotically towards a certain limit with increasing
momentum flux ratio and the flame length for LP1 should be shorter than for LP2.

The chamber’s boundary conditions are provided in terms of axially distributed hot
gas temperatures, structural temperatures and pressure distribution in Figures 12–14.
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Figure 12. Temperature distribution of hot gas thermocouples downstream of injection plane.

The axial development of both LPs is quite similar. Slightly increased temperatures
are measured for LP2, which is to be expected since LP2 has a higher ROF and therefore the
highest equilibrium gas temperature. For both LPs the temperature measurement feature
a sudden increase of nearly 300 K between the probe location at 24.5 mm and 44.5 mm
downstream of the faceplate. This probably results from the flame, which is not stable
anchored at the LOX post-tip throughout the whole LPs, as illustrated in Figure 7.

The stagnation of the temperature increase, approximately 100 mm downstream of the
injection plane, is hypothesized to be caused by an interaction of flame with the surrounding
cooling film. After this stagnation, the temperature grows again asymptotically towards
the maximum value at 204.5 mm between 950 K and 1000 K, followed by a slight decrease
in the hot gas temperature. This indicates that the most intense combustion takes place
upstream of this measurement location.
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Figure 13. Temperature distribution of thermocouples in chamber wall downstream of injection plane.

The stagnation of the temperature increase is also visible in the temperature measure-
ments of the chamber wall, 1 mm distanced from the hot gas side (Figure 13). The sudden
increase of the temperature is not captured in these measurements hence the first structural
thermocouple is located 34.5 mm downstream of the injection plane. Slightly elevated
values of the structural temperature for LP2 are consistent with the hot gas measurements.
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Figure 14. Pressure distribution in chamber downstream of injection plane.

The pressure distribution (Figure 14) within the chamber between 0 and 244.5 mm
stays nearly constant along the chamber axis for both LPs. A slightly decreasing pressure is
identifiable approaching the nozzle. This behavior was expected due to the high contraction
ratio (εc) of the nozzle. High values for εc lead to nearly constant static pressure in the
chamber while rapidly decreasing in the nozzle section.

4.2. Flame Response

Next, the results of a preliminary flame acoustic interaction analysis will be presented.
Although the analysis is performed for LP1, it is qualitatively also applicable for LP2.
Figure 15 shows the zoomed section of the pressure trace of LP1 between 9.2 and 9.5 s.
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Figure 15. High-pass filtered signal of p′cc,1 with a cut-off frequency of 300 Hz.

Within this section two different intervals are highlighted in gray. The first interval
is characterized by small amplitudes in the high-frequency regime. The second interval
features excitation of the chamber’s 1 L mode at approximately 1340 Hz. In the test sequence
spectrograms for both load points (Figures 5 and 6) it can be seen that the excitation of the
chamber 1 L mode is more frequent for LP2. A potential explanation for this is the lower
J-number, describing the less-effective mixing of the propellants.

A 2D Rayleigh Index combining fluctuating CH* radiation intensity and the acoustic
field based on the unsteady pressure measurements and their phase correlation according
to Equation (7) is illustrated in Figure 16 for the 1 L frequency in the first interval. The
corresponding 2D Rayleigh Index for the second interval with excited amplitudes of the 1 L
mode is given in Figure 17. It should be noted here that the fluctuating intensity has been
normalized by the mean intensity and unsteady pressure signals by the mean chamber
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pressure. Both two-dimensional visualizations of the Rayleigh Indices have been plotted
with the same limitations for the color axis. Therefore, qualitative and also, to a certain
degree, quantitative comparisons are possible. While the red color indicates regions in
which the intensity and pressure signal are in phase and thus the necessary condition for
growing amplitudes is met, the absolute phase difference for both signals is greater than
90° in the blue region.
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Figure 16. 2D Rayleigh Index of the chamber’s first longitudinal resonance mode based upon CH*
radiation for the first interval in LP1.
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Figure 17. 2D Rayleigh Index of the chamber’s first longitudinal resonance mode based upon CH*
radiation for the second interval in LP1.

The overall integrated Rayleigh Index for both intervals is positive, which indicates
that the necessary condition for growing thermoacoustic amplitudes is met. This seems
reasonable considering an almost instantaneous transition from an unexcited to an excited
state and thus only small perturbations are sufficient to switch between both thermoacoustic
states. However, comparing both Rayleigh Indices, two major differences can be noticed.
First the global interaction between the flame’s intensity and pressure is stronger for the
excited interval of LP1. The integral Rayleigh Index over the whole optical accessible region
shows a 17-times-higher value compared to the unexcited interval of LP1. Secondly, the
response differs in the near injector region, which is known to play an important role in the
stability of an engine [36,37]. While nearly no interaction occurs in first interval, a strong
and positive interaction is identifiable for the second interval with an excitation of 1 L mode
in the chamber.

5. Conclusions

Two different operating conditions met by a sub-scale rocket combustion chamber
with large optical access were presented in this work. Within both LPs, periods of thermoa-
coustical stable and unstable behavior occurred.

The propellant combination LOX/CNG was injected through a shear coaxial injection
element. For both load points, the steady-state flame opening angle was extracted from
simultaneous radiation imaging filtered in the UV and blue wavelength ranges. For the
measurements in the blue regime, the flame width was extracted additionally. A measure-
ment for the flame length was not feasible; hence, no significant drop in intensity was
noticeable in the optically accessible region. However, consolidation of these measurements
with the axial development of temperature and pressure signals give well-defined informa-
tion on the boundary conditions in the combustion chamber and enhances its utility as a
test case for validating numerical modeling of LOX/CNG flames.

The influence of the momentum flux ratio and the velocity ratio on the flame’s topology
has been analyzed. Higher values of those injection parameters lead to a wider flame and
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steeper opening angle for the CH* intensity measurements. These findings are in good
agreement with the enhanced mixing due to increased J values proposed by the literature.
On the other hand, the OH* intensity measurements showed the opposite behavior. Here,
the amplification of the intensity was adjusted to provide high intensities in the near
injector region. The higher measured angles are hypothesized to be a result of short-lived
periods of a lifted flame and intermittent excitation of the first longitudinal resonance mode
of the chamber. The increased value of opening angle and its uncertainty for LP2 thus
indicate that the recurrence rate of the aforementioned flame events is higher. The analyzed
optical data indicates unstable flame anchoring for shear coaxial injection elements and the
propellant combination of LOX/CNG for the tested operating conditions.

As expected, the measured hot gas and structural temperatures were higher for the LP
with an ROF of 3. Due to the high contraction ratio, the pressure distribution stayed nearly
constant along the chamber axis for each load point before entering the nozzle section.

The calculated 2D Rayleigh Indices were in good agreement with the observed com-
bustion behavior. During the interval of the heightened excitation of the chamber’s first
longitudinal resonance frequency, a more intense flame response is noticeable. Additionally
a higher interaction between pressure and flame occurred, especially in the near injector
region, which is in good agreement with the literature, where the near injector region is
shown to strongly contribute to engine stability. These findings provide early insights into
the kind of flame dynamics that can arise for LOX/CNG combustion from main-stage scale
shear coaxial injectors.
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