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Abstract

High frequency combustion instabilities in liquid propellant rocket engines are investigated using a sub-
scale rocket engine with the propellant combination hydrogen/oxygen at representative conditions. It has
been demonstrated in previous test runs with this combustion chamber that it shows self-excited high fre-
quency combustion instabilities at specific operating conditions with gaseous hydrogen at a temperature
of 115 K. In order to investigate the effect of the hydrogen temperature, this analysis has been expanded
to test runs with liquid hydrogen. It is shown that the hydrogen temperature has a significant influence on
the acoustic behaviour of the combustion chamber and therefore on the observed instabilities.

1. Introduction

High frequency combustion instabilities in liquid propellant rocket engines are a problem which has been known of
since the beginning of the construction of these engines [20]. Because of the complexity of the processes involved,
the phenomenon is still not completely understood. For this reason, models intended to predict the stability behaviour
of liquid propellant rocket engines have had limited success. The pressure oscillations produced by the combustion
have a broad frequency spectrum and can therefore be considered as noise. The combustion chamber reacts to this
broadband acoustic excitation with the oscillation of its eigenmodes. These eigenmode oscillations in turn have an
effect on the combustion. If the combustion processes are sensitive to one of the eigenfrequencies of the combustion
chamber, the combustion starts to oscillate as well, which causes a periodic modulation of the heat release of the flame.
Rayleigh discovered that the energy transfer between the heat release and pressure fluctuations depends on the phase
shift between these two oscillations [14]. When the phase shift becomes zero, a maximum energy transfer between
heat release and the acoustic pressure oscillations occurs, causing a rapid increase of the amplitudes of the oscillations.
High amplitude pressure oscillations increase the heat transfer from the hot combustion gases into the combustion
chamber wall. In the worst case, this increased heat transfer cannot be compensated by the cooling system, causing a
destruction of the combustion chamber wall and therefore of the whole engine. This phenomenon is called combustion
instabilities [6, 23].

The key factor for understanding these instabilities lies in the understanding of the coupling mechanisms between the
acoustics and the combustion as these processes determine the rate of energy transfer [13]. Basic coupling mechanisms
have been discovered so far, but the current understanding does not allow an accurate prediction of the instability
behaviour of a combustion chamber. The strategies used to avoid combustion instabilities still have an empirical
background. To ensure the stability of a rocket engine expensive full scale tests are required. If combustion instabilities
are discovered during these tests, they are addressed by installing damping devices or changing the injector geometry
until a stable design is found.

Experimental investigations of combustion instabilities are usually performed with model combustion chambers spe-
cially designed for this purpose. Examples of such model combustion chambers are those operated at the German
Aerospace Centre (DLR), at the Technical University of Munich (TUM), at ONERA in France, at Purdue University
[22] and Pennsylvania State University [11] in the USA. At DLR Lampoldshausen the “Common Research Chamber”
(CRC) [8] as well as the combustion chamber model “H” (BKH) [5] are used for the investigation of combustion in-
stabilities. At ONERA the “Multiple Injector Combustor” (MIC) as well as the “Very High Amplitude Modulator”
(VHAM) [15] are operated. At the Technical University of Munich, acoustic investigations with cold flow test benches
are performed [7].
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The aim of the investigations performed with these model combustion chambers is to identify the coupling mechanisms
between acoustics and the combustion [5]. All model combustion chambers mentioned in the previous paragraph use
an external excitation system to produce a known acoustic field with high amplitudes in order to analyse the reaction of
the flame to these oscillations. The advantage of these systems is that the acoustic pressure field is known and can be
controlled. On the other hand the acoustic excitations are forced by an external system and not by the combustion itself.
The approach shown in this paper is a different one. The experiments presented here were performed with a subscale
combustion chamber named BKD (combustion chamber model “D”) with the injector head L-42 [19]. In previous
work it has been shown, that this combustion chamber shows self-excited high frequency combustion instabilities
for specific operating conditions [4]. For this reason the combustion chamber has been equipped with appropriate
measurement elements and tested over a large range of operating conditions in order to investigate the dependence
of these self-excited combustion instabilities on operating conditions. Previously, one test run with gaseous hydrogen
with a temperature of around 115 K has already been analysed [4]. In this paper the analysis is extended to more test
runs, including test runs with liquid hydrogen, in order to investigate the effect of hydrogen temperature on the stability
behaviour of the combustion chamber. When the terms gaseous and liquid hydrogen are used here, this means from
which tank of the test bench the hydrogen was taken. In the gaseous hydrogen tank, the hydrogen is stored at ambient
temperature with high pressure. In the liquid hydrogen tank the hydrogen is stored cryogenically. In the injection
manifold of the combustor, hydrogen is, strictly speaking, a supercritical fluid. The abbreviations GH and LH are used
here simply to distinguish the high and low temperature ranges of injected hydrogen.

2. Experimental Setup

The main advantages of the investigation with the experimental combustor BKD are the representative conditions
which can be achieved inside the combustion chamber and the self-excited combustion instabilities which appear at
sepcific operating conditions. Representative in this case means that the BKD combustion chamber with the injector
head L-42 is a multi injector engine with 42 shear coaxial injectors and is operated with the cryogenic fuel combination
liquid oxygen/hydrogen (LOX/H;). The maximum combustion chamber pressure is 80 bar, which means that the liquid
oxygen is in a super critical condition. The combustion chamber has a cylindrical shape with a diameter of 80 mm,
which allows rotating tangential modes to occur [24], [17]. The combustion chamber BKD is operated at the P8 test
bench the research and technology test bench for cryogenic high pressure combustion at DLR Lampoldshausen [19].
The main focus of the test runs presented in this paper is the measurement of the acoustic pressure oscillations inside
the combustion chamber. For this reason a special HF measurement ring was installed between the injector head and
the combustion chamber (see Fig. 1, left). The right illustration in Fig. 1 shows a more detailed representation of this
HF measurement ring. The main measurement elements are the 8 dynamic pressure sensors which are installed flush
mounted around the circumference of the ring with an equiangular distance of 45°. The measurement plane of the ring
is located 5.5 mm behind the faceplate of the injector head.

Injector Head

Combustion Chamber

HF Measurement Ring

Dynamic Pressure Sensor

Figure 1: Combustion Chamber BKD with HF measurement ring installed bewteen the injector head and the combus-
tion chamber (left). HF measurement ring with 8 flush mounted dynamic pressure sensors (right)
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In this paper, the analysis of a total number of seven test runs including test runs with gaseous (GH) and liquid hydrogen
(LH), which were conducted in two different test campaigns, is presented. Each test run consists of several different
load points. Each load point is defined by a combustion chamber pressure p.. and a value of the mixture ratio ROF =
o, [y, [4] with rip, being the oxygen massflow and iy, the hydrogen massflow. All together, the analysis in this
paper includes a total number of 92 load points. 50 of these were obtained from test runs with gaseous hydrogen and
42 from test runs with liquid hydrogen. The acquired data set has been analysed to examine the dependence of the
acoustic oscillations on combustion chamber pressure p,., mixture ratio ROF and hydrogen temperature Ty;.

3. Data Analysis

The data obtained during the two test campaigns has been used for an intensive analysis with the aim to characterise the
acoustic behaviour and its dependence on operating conditions. The analysis presented here is the direct continuation of
the analysis shown in [4], extended to more test runs, including different hydrogen temperatures. Therefore the results
of the analysis presented here not only show the dependence of the acoustic oscillations on different load points but also
the dependence on hydrogen temperature. It will be shown in the following sections, that the hydrogen temperature
has a significant effect on the acoustic behaviour of the combustion chamber. It was demonstrated, that the combustion
chamber BKD with the injector head L-42 shows for specific operating conditions high amplitude pressure oscillations
of the first tangential mode [4]. Fig. 2 shows a comparison of a test run with gaseous hydrogen (GH, left) and liquid
hydrogen (LH, right). In the top axis, the value of a gliding RMS is plotted. This RMS value represents the average
amplitude of the dynamic pressure sensor signal for a time window of 0.2's. The dynamic pressure sensor signal from
which the RMS values were obtained is plotted in the second axis. The third axis shows the signals of the combustion
chamber pressure p.., the mixture ratio ROF, and the hydrogen temperature 715, and therefore the sequence of the test
run. On the right side of Fig. 2 the same information is plotted for a test run with liquid hydrogen. In general, the
dynamic pressure sensor signal shows lower amplitudes compared to the test run with gaseous hydrogen. An important
observation is, that the observed high amplitude osciallations for the load point p..=80 bar, ROF 6 in the GH case,
which is an instability of the first tangential eigenmode [4], are not present for the same load point in the LH case. This
shows that the hydrogen temperature has a significant influence on the acoustic behaviour of the combustion chamber.
The strong oscillations between 70 and 75 s in the GH case are not a 1T instability but a low frequency coupling with
the feed system. In the following sections these aspects will be analysed in more detail. In general, all test runs showed
consistent results and comparable trends with good reproducibility.
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Figure 2: Gliding RMS of the acoustic oscillations as a function of the different operating conditions
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3.1 Mode Identification

Every volume defined by solid walls and filled with a fluid has specific eigenfrequencies which are defined by the
geometry of the walls and the properties of the medium. The differential equation which describes the pressure fields
of the acoustic eigenmodes is the 3-dimensional wave equation [24].

62

TP _ 2 ap (1)
where a is the speed of sound, ¢ the time, and p the acoustic pressure. For the geometry of a closed circular cylinder,
the 3-dimensional wave equation can be solved analytically as shown in [24]. The solution of Eq. (1) for a cylindrical

geometry is the equation for the acoustic pressure field p(r, 8, f) with » and 6 being the cylinder coordinates as well as
the equation for the eigenfrequencies

PN =)

where R is the radius and L the length of the cylinder. The symbols m, n, and ¢ are the wave numbers for which any
positive integer or zero can be chosen. The longitudinal modes are described by the wave number ¢, the tangential
modes by » and the radial modes by m. When two of the wave numbers are zero, the eigenmode is called a pure mode.
If for example m = n = 0 and ¢ = 1 the frequency of the first longitudinal (1L) mode is obtained by Eq. (2). If ¢ = 2,
the mode is called the second longitudinal (2L) which is a higher harmonic of the first longitudinal mode. In this paper
the following terminology will be used: xL for the x" longitudinal mode, xT for the x" tangential mode and xR for
the x'" radial mode. Besides the pure modes exist also the so called combination modes. These modes are created by a
combination of two or three wave numbers. A mode with m = 0, n = 1 and ¢ = 1 for example would be called a IT1L
mode. The values for «,,, are the solutions of

OJp ()
or B

and therefore are the roots of the Bessel function of the first kind of the n™ order, divided by . The values for a,,,
are tabulated in [24]. Eq. (2) can therefore be used to calculate the eigenfrequencies of a cylindrical volume, providing
that the geometry and the speed of sound is known. It has to be considered, that the combustion chamber of a rocket
engine has a cylindrical shape but is not a pure cylinder which is assumed for Eq. (2). The main deviations from
the pure cylindrical geometry are the injector head and the nozzle, which are attached at both ends of the cylindrical
combustion chamber volume. Another, non-geometric but even more important deviation from Eq. (2) is the speed
of sound a. In Eq. (2) a constant speed of sound over the whole volume of the cylinder is assumed. The speed of
sound inside a combustion chamber varies in space as the gas properties inside the chamber are nonuniform. It has
been shown, that despite these deviations it is possible to identify most of the dominant eigenfrequencies measured in
the BKD combustion chamber as pure eigenmodes of a cylinder [4]. Fig. 3 shows a typical power spectral density of
a dynamic pressure sensor signal measured in the combustion chamber BKD. The shown frequencies were calculated
using Eq. (2) with R = 40mm, L = 225mm and a = 1420 m/s [4]. The most dominant peaks which can be seen in
Fig. 3 therefore correspond to the eigenfrequencies of a cylinder and because of this, result from the cylindrical volume
of the combustion chamber. Other peaks could not be identified yet. A more detailed discussion of some of these
unknown eigenfrequencies is given in section 3.3.

Fig. 4 shows two spectrograms, one resulting from a test run with gaseous hydrogen (GH, left) and one resulting
from a test run with liquid hydrogen (LH, right). Under the spectrograms, the dynamic pressure sensor signals which
have been used to calculate the spectrograms are shown. Under the dynamic pressure sensor signals the signals of the
combustion chamber pressure p., the mixture ratio ROF and the hydrogen temperature 7y, can be seen. During the
test run with gaseous hydrogen, the hydrogen temperature had an average value of around 115 K. The test run with
liquid hydrogen shows an average temperature of around 80 K in the beginning and towards the end of the test run an
increase to around 100 K. This increase results from the pressurisation of the liquid hydrogen tank. At the end of the
test, the tank runs out of liquid hydrogen which then causes an increase of the temperature as more and more gaseous
hydrogen is mixed in. The temperature difference between the gaseous and liquid hydrogen case is just 35 K but as will
be shown in this paper, this already has a significant effect on the acoustics of the combustion chamber.

In the left spectrogram of Fig. 4, resulting from a test run with gaseous hydrogen (GH), the 1T mode can be seen as a
broad line around 10 kHz. The three broad lines above the 1T mode are the 2T, 3T and 4T mode. Below the 1T line, the
1L mode around 3 kHz and the 2L. mode around 6 kHz can be seen. By observing the spectrogram of the GH test run,
one aspect immediately stands out: The eigenfrequencies of the chamber change with the operating conditions. The
test sequence consists of four pressure steps and in each pressure step the ROF is varied. If the spectrogram is analysed
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Figure 3: Mode identification by comparing the PSD of a dynamic pressure sensor signal with the analytically calcu-
lated eigenfrequencies of a cylinder [4]
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Figure 4: Spectrorams of a test run with gaseous hydrogen (GH, left) and liquid hydrogen (LH, right)
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carefully one can see that the chamber frequencies are dependent on pressure and ROF with a greater sensitivity to
ROF. From this observation it can be concluded that the change in frequency is caused by a change in the speed of
sound inside the combustion chamber which is dependent on both, pressure and mixture ratio. The dependence of the
speed of sound on operating conditions is analysed in more detail in section 3.2.

When the gaseous hydrogen (GH) spectrogram (Fig. 4, left) is compared with the liquid hydrogen (LH) spectrogram,
some similarities as well as some differences can be observed. First of all the same eigenmodes can be discovered,
although in the LH case they are less clear compared to the GH case. This mainly results from the lower overall
amplitudes of the dynamic pressure sensor signals in the LH case which becomes clear when the two dynamic pressure
sensor signals in Fig. 4 are compared. Again, the 1T mode occurs approximately at 10 kHz, however at the beginning
of the test run the 1T frequency is lower compared to the GH case. As in the GH case, three broad lines above the
IT line can be seen, belonging to the 2T, 3T and 4T mode. Below the 1T line, the 1L and the 2L mode can be found
again. The 2L line which is around 6 kHz should not be mistaken with another very thin line at around 5 kHz. As can
be seen in both spectrograms, for some operating conditions very sharp lines at 5, 10, 15, 20 kHz etc. are visible. These
lines are assumed to result from the LOX system as the slight change in their frequencies corresponds to the change
of the speed of sound of liquid oxygen. The LOX system frequencies might play a role in the instabilities observed in
the BKD combustor with the L-42 injector head, because for unstable load points the 10 kHz line of the LOX system
coincides with the line of the 1T mode of the combustion chamber. But as this would be out of the scope of this paper,
these lines will not be considered furthermore at this point.

Another interesting feature, which can be observed from the two spectrograms are three very sharp lines between the
1T and the 2T mode. As the origin of these lines could not be clarified yet, they will be named x1, x2 and x3 mode
in this paper (see also Fig. 5). In the spectrogram of the LH test run, the highest of these three lines (x3) is often not
visible, as it is very close to the line of the 2T mode in this case. In the GH case, where the hydrogen temperature
is more constant than in the LH case, it can be observed that the ratios of the tangential modes to these x-modes are
constant. When the tangential modes frequencies change, the x-modes change their frequencies in the same way. In
the LH case, a different behaviour can be observed towards the end of the test run, when the hydrogen temperature
starts to increase at around 55 s. It can be seen that the tangential mode frequencies follow the change of the hydrogen
temperature: When the hydrogen temperature starts to increase, so do the frequencies of the tangential modes. The
x-modes on the other hand seem not to be affected by the change of the hydrogen temperature. This aspect will be
analysed in more detail in section 3.3.

Fig. 5 shows two PSDs, one calculated for the dynamic pressure sensor signals of a gaseous hydrogen (GH) test run
and one for a liquid hydrogen (LH) test run. The PSDs were calculated using the Welch method [21] with a Hanning
window [1, 18]. The data is from the same test runs as the spectrograms in Fig. 4. For each PSD a time window of
one second has been extracted out of all eight dynamic pressure sensor signals of the HF measurement ring. For each
signal, the averaged PSD over one second has been calculated and averaged over the eight sensors to obtain one PSD
for the defined time window. For the GH case the time window was set from 89 to 90s and for the LH case from 4
to 5s. This corresponds to the 50 bar, ROF 5 load point for both, GH and LH cases. These load points were selected
for showing an example PSD as there is only little interference with other modes. In the GH case (Fig. 5, left), the
cylinder frequencies (1L, 2L, 1T, 2T, 3T, 4T) are clearly visible as well as the three x-modes (x1, x2, x3). The sharp
peak between the x2 and the x3 mode belongs to the frequencies which are assumed to result from the LOX system
(see Fig. 4). In the LH case only the 1L, 2L, 1T, 2T and 4T as well as the x1 and x2 modes are clearly visible. The
3T mode is too weak to be clearly distinguished. By comparing the two PSDs in Fig. 5 it can be seen that the resonant
frequencies in the LH case are lower than in the GH case.

3.2 Dependence of the Speed of Sound on Operating Conditions

From the spectrograms of section 3.1 it has been observed that the eigenfrequencies are dependent on the operating
conditions. This means that the speed of sound inside the combustion chamber is dependent on the operating conditions.
The following relationships have already been identified by the analysis of the spectrograms:

e The speed of sound decreases with an increase of the mixture ratio (ROF)

e The speed of sound depends on the combustion chamber pressure (p..) but the dependence is small and not clear
e The speed of sound decreases with a decrease of the hydrogen temperature (7y»)

e The pressure dependence is much weaker than the mixture ratio and hydrogen temperature sensitivity

These dependencies are analysed in more detail in this section. As has been already mentioned in section 3.1 the
acoustic behaviour of the combustion chamber can be explained using the equations for a pure circular cylinder (Eq. 2).
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Figure 5: Power spectral density (PSD) calculations of a test run with gaseous hydrogen (left) and liquid hydrogen
(right)

It is therefore possible to create a substitute cylinder with a specified radius R, length L, and speed of sound a, which
has the same eigenfreqeuncies as the combustion chamber. The procedure of creating this substitute cylinder consists
of the following steps: The radius of the cylinder is known as it is identical to the radius of the combustion chamber.
The length of the cylinder is unknown, as the combustion chamber is not a pure cylinder but has a nozzle attached to
one end which increases the length of the combustion chamber but cannot be simplified as an extension of the length
of the cylinder by the length of the nozzle. Also the injector head affects the acoustic length of the cylindrical part.
Actually the length L of the substitute cylinder is a virtual measure which describes the ratio of the longitudinal to the
tangential modes for a given speed of sound. The speed of sound is unknown as it has been explained in section 3.1.
Also the speed of sound of the substitute cylinder is a virtual measure and should not be mistaken for the actual speed
of sound in the combustion chamber which is nonuniform. The speed of sound of the substitute cylinder is such that
it produces the same eigenfrequencies of the substitute cylinder compared to the measured ones in the combustion
chamber. It can be interpretetd as an average speed of sound approximating the nonuniform speed of sound distribution
inside the combustion chamber.

The eigenfrequencies of the combustion chamber can be determined for every load point by calculating an average
PSD for the load point and measuring the positions of the peaks. Hence there exists for every load point a set of
frequencies: fiLexps foLexp» fiTexp> oTexp €tC. If an eigenfrequency cannot be determined from the PSD because it is
unclear which peak is the correct one, this eigenmode is ignored. The procedure of creating the substitute cylinder can
then be transformed into a system of equations using Eq. (2):

al
=5 - ex 4
2L flL, p ( )
a?
EZ = f‘ZL,exp (5)
aay
SR - SiT.exp (6)
aam
2R Sew ™

This equation system can then be transformed into a least squares optimisation problem

min [|fic = foxpl 8)

Jic is a vector containing the eigenfrequencies of the substitute cylinder calculated using Eq. (2), fexp is @ vector con-
taining the eigenfrequencies measured from the PSD and ¥ being the vector with the optimisation variables.

a
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This optimisation problem is then solved using a reflective trust region algorithm [2]. As a result of this optimisation
procedure, a length L and a speed of sound a are obtained which minimise the difference between the eigenfrequencies
of the substitute cylinder and the measured eigenfrequencies. It would be also possible to include the radius R in the
vector X of optimisation variables, but in this case the optimisation problem would have an infinite number of solutions.
As a result of this procedure, for every load point of every test run a set of a and L has been calculated.

Fig. 6 shows the calculated speed of sound of the substitute cylinder plotted against the mixture ratio ROF. Each
symbol corresponds to a combustion chamber pressure level combined with a hydrogen temperature. For the gaseous
hydrogen cases (GH) Fig. 6 represents very well what has already been derived from the spectrograms in Fig. 4: The
speed of sound decreases with increasing mixture ratio. There is also a very weak dependence on the combustion
chamber pressure: Decreasing the chamber pressure causes a slight decrease in the speed of sound, but the effect is
negligible compared to the effect of increasing the mixture ratio. The data points of the liquid hydrogen case show a
greater spreading than the data points of the gaseous hydrogen test runs. This can be easily explained as follows: The
PSD data of the LH test runs in general is more difficult to read because the peaks of the eigenmodes are less clear
which results mainly from the lower amplitudes of the oscillations. Therefore the experimentally obtained frequencies
have a larger error which has an influence on the speed of sound calculated with Eq. (8). Furthermore the hydrogen
temperature is less constant in a liquid hydrogen test run. Especially at the end of the test run when the hydrogen
temperature increases as has been shown in Fig. 4. As the hydrogen temperature also influences the speed of sound
only data points with a nearly constant hydrogen temperature are included in this plot. In general, the same observations
can be made for the liquid hydrogen test run as have been made for the gaseous hydrogen test runs. Increasing the ROF
decreases the speed of sound. Also the weak pressure dependence can be observed in the data points of the LH test
runs. By comparing the data points of the GH and LH test runs it can be observed that the hydrogen temperature has
an even stronger effect on the speed of sound than the mixture ratio.
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Figure 6: Speed of sound a of the substitute cylinder plotted against the mixture ratio for test runs with gaseous (GH)
and liquid hydrogen (LH)

The observations made concerning the dependence of the speed of sound on the mixture ratio ROF, the combustion
chamber pressure p.. and the hydrogen temperature 7y, can be explained theoretically. For an ideal gas, the speed of
sound is given by [16]

a= w/yf = \yR.T (10)

where p is the pressure, p the density, y the heat capacity ratio, R the specific gas constant and 7T the temperature. If
the specific gas constant is replaced by the universal gas constant the following equation is obtained [10]:

a= AT (11)

where R is the universal gas constant and A the molar mass of the gas. If the mixture ratio is increased the temperature
T is increased (see Fig. 7) and therefore the speed of sound should also be increased. It must be considered that the
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molar mass changes as well with the ROF. The average molar mass M of a mixture of ideal gases is given by the sum
of the molar masses of each species multiplied with the mole fractions x of the species [10]. The gas mixture after the
combustion consists of hydrogen and water. The molar mass of this gas mixture therefore is given by

M = )61-12]\41-[2 + XHZOMHZO (12)
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Figure 7: Dependence of the combustion temperature of hydrogen and oxygen on the mixture ratio ROF [3]

The molar mass of water (Mo = 18.015 g/mol) is much higher than the molar mass of hydrogen (M, = 2.0159 g/mol)
[9]. When the ROF is increased, the mole fraction of hydrogen x;, decreases whilst the mole fraction of water xz,0
increases. According to Eq. (12) this leads to an increase of the molar mass of the mixture which again leads to a de-
crease of the speed of sound according to Eq. (11). In the end, the effect of the molar mass is stronger than the change
of the temperature due to the ROF change. If for example the ROF is changed from 2 to 6, the temperature increases by
a factor of 1.8 (see Fig. 7). But the molar mass increases by a factor of 2.3, so in the end the speed of sound decreases.
Therefore an increase of the ROF causes an increase of the molar mass of the combustion gases which results in a
decrease of the speed of sound and of the eigenfrequencies.

The observed eftects can also be proven by the calculation of the speed of sound of the combustion chamber gases
using the NASA CEA code [3]. Fig. 8 shows the speed of sound and its dependence on the mixture ratio ROF and
the combustion chamber pressure p... As can be seen in Fig. 8, the speed of sound increases with an increase of the
combustion chamber pressure. But the effect is quite small compared to the effect of the mixture ratio ROF. This is
in agreement with the experimental observations. That an increase of the pressure causes an increase of the speed of
sound can also be directly concluded from Eq. (10)
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Figure 8: Dependence of the speed of sound of the combustion gases of hydrogen and oxygen on the mixture ratio
ROF and the combustion chamber pressure p.. [3]

The effect of hydrogen temperature is easy to understand. With a lower hydrogen temperature the temperature espe-
cially in the area close to the faceplate decreases significantly. Also the temperature of the combustion gases decreases,
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as more energy is required to heat up the hydrogen. All in all, the decrease of the hydrogen temperature causes a
decrease of the temperature of the gases in the combustion chamber which leads to a reduction of the speed of sound
according to Eq. (10).

3.3 Frequency Ratios

It has been described in section 3.1, that it is difficult to compare theoretically calculated eigenfrequencies for a pure
cylinder (see Eq. (2)) with experimentally obtained eigenfreqeuncies as the speed of sound inside the combustion
chamber is nonuniform and therefore difficult to predict. Another method of comparing theoretical and experimental
eigenfrequencies which does not have this disadvantage is to compare the ratios between the eigenfrequencies. As can
be derived from Eq. (2), the ratios of the eigenfrequencies of a pure cylinder are all independent to the speed of sound
and depend only on physical constants or the geometry of the cylinder. The ratio of the frequency of the 2T mode to
the frequency of the 1T mode for example is

for ) (13)
Sir an

The ratio of the frequency of the 1T mode to the 1L mode is
Sir L
AT =2 14
I @01 (14)

Furthermore this means, that the ratios of the experimentally obtained eigenfrequencies should also be independent to
the speed of sound and therefore be constant for all load points. These frequency ratios can be calculated for the known
eigenmodes as well as for the x-modes (x1, x2 and x3) between the 1T and 2T mode. Fig. 9 shows the ratios for/ fiT,
Syt fors farl firs fx2/ fx1 and fi3/ fx1, which were derived from the experimentally measured eigenfrequencies, plotted
against the hydrogen temperature. As predicted by Eq. (2), these values are independent to the load points.
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Figure 9: Experimentally obtained frequency ratios

Tab. 1 gives a summary of the averaged values of these frequency ratios. As the origin of the x-modes is not identified
yet, these frequency ratios cannot be calculated theoretically. The ratios of the tangential modes on the other hand only
depend on the @, values and can therefore be calculated. Tab. 1 shows also a comparison of the theoretically and
experimentally obtained ratios of the tangential modes as well as the absolute and relative difference. The theoretical
and experimental values are not perfectly identical but show reasonable agreement. This demonstrates that the simple
model of a pure cylinder is already a good representation of the acoustics inside the combustion chamber.

In Fig. 9 the tangential modes were only compared to tangential modes and the x-modes only compared to x-modes.
The spectrogram of the liquid hydrogen test run in Fig. 4 (right) has already shown that the tangential modes and the
x-modes show a difference in the dependence on hydrogen temperature. As the tangential modes follow the increase of
the hydrogen temperature, the x-modes seem not to be affected by it. This means, that the ratios between the tangential
modes and the x-modes are not constant but depend on hydrogen temperature. This dependence is shown in Fig. 10,

10
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Table 1: Mean values of the experimentally obtained frequency ratios com-
pared to the frequency ratios of a pure cylinder

Experimental Theoretical Difference rel. Difference
Sl fir 1.618 1.659 0.041 2.47%
St/ for 1.362 1.376 0.013 0.97 %
Jar/ f3r 1.249 1.266 0.017 1.38 %
Jxal fa 1.084
fxal fa 1.224

where the ratios of the 1%, 2", 3" and 4" tangential mode to the x1 mode are plotted against the hydrogen temperature.
In general, the spreading of the data points is higher compared to the ratios shown in Fig. 9. But the dependence of
these ratios is clearly visible: With lower hydrogen temperatures these ratios decrease. For temperatures above 110 K
they seem to remain constant. This dependence on hydrogen temperature shows that the origin of the x-modes must be
different to that of the tangential modes. A possible source could be the hydrogen manifold as the hydrogen speed of
sound is nearly independent of the temperature for the typical manifold pressures of the L-42 injector head. Therefore
the hydrogen temperature changes the speed of sound of the combustion chamber, as has been shown in section 3.2,
while the speed of sound in the hydrogen manifold remains nearly constant.
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Figure 10: Experimentally obtained frequency ratios of tangential modes to x-modes

3.4 Oscillation amplitudes and their dependence on hydrogen temperature

A detailed analysis of the oscillation amplitudes as a function of the operating conditions was performed for one test
run with gaseous hydrogen [4]. This analysis has now been expanded to all seven test runs including the GH and LH
runs. The focus here will be on the dependence of the amplitudes on hydrogen temperature. The basic idea of this
analysis is, that specific frequency bands are extracted out of the raw dynamic pressure sensor signals from which the
RMS values are calculated in order to get a value for the average amplitude of the oscillations in this frequency band
for every load point. Fig. 11 shows the RMS values of the unfiltered dynamic pressure sensor signals for all 92 load
points. As can be seen, there is a slight trend, that with lower hydrogen temperatures the RMS values decrease. For the
GH test runs 4 points with significantly higher RMS values of around 2.5 bar can be seen. For all GH test runs this is
the load point p.. = 80 bar, ROF 6 which showed reproducible high amplitude 1T oscillations in all four GH test runs
(see also [4]). But as there are many other load points with the same hydrogen temperature this cannot be attributed
to the hydrogen temperature alone. Also for the LH test runs one load point with a significantly higher RMS value of
5 bar, which is twice as high as the 1T oscillations of the GH runs was observed. This RMS value was obtained for the
load point p.. = 80bar, ROF 2 at a hydrogen temperature of approximately 80 K.

If a band pass filter centered on the frequency of the 1T mode is applied to the raw dynamic pressure sensor signals,
only the oscillations of the 1T mode are extracted. The RMS values calculated for these band pass filtered signals
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Figure 11: RMS values of the raw dynamic pressure sensor signals

show the average oscillation amplitude of the 1T mode for every load point. In Fig. 12, the left diagram shows the
RMS values of the 1T mode for all 92 load points, plotted against the hydrogen temperature. The filter used here is a
Butterworth band pass filter of second order [12]. 87 % of the load points show 1T RMS values of under 0.5 bar. But
also in Fig. 12, some load points with significant higher RMS values of the 1T mode can be discovered. Again, the
RMS values around 2 bar are the four p.. = 80bar, ROF 6 load points of the GH test runs. The load point with the
highest 1T RMS value of around 4.7 bar is again the p.. = 80 bar, ROF 2 load point of the LH test run. This shows, that
similar to the other case, the observed oscillations result from a significant instability of the 1T mode, as the RMS value
of the 1T mode in this case is nearly 100 % of the RMS value of the raw signal. Furthermore it can be concluded from
Fig. 12 that the observed instability of the 1T mode is not caused by the hydrogen temperature, as several load points
exist with the same hydrogen temperatures of the unstable load points with very low RMS values of the 1T mode.
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Figure 12: RMS values of 1T mode (left). Ratio of the 1T RMS values to the RMS values of the raw signal (right)

The right diagram in Fig. 12 shows the ratio of the RMS values of the 1T mode to the RMS values of the raw signal,
plotted against the RMS values of the raw signal. As can be seen in Fig. 12, for most load points, this factor is around
0.15. But as soon as the RMS values of the raw signal increase, this ratio increases and becomes nearly 1 for the
strongest oscillations. This shows that whenever a strong oscillation is observed in the BKD combustion chamber it
is primarily caused by the 1T mode. This conclusion has previously been stated before [4], when one test run with 9
load points was analysed. From the new results this observation has been confirmed by further analysis of the other
test runs.
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3.5 Pressure Field Reconstruction

A pressure field reconstruction method, which is able to reconstruct the amplitude and orientation of the first tangential
mode in the plane of the sensors (see Fig. 13), based on the dynamic pressure sensor signals measured on the combus-
tion chamber wall, has been presented by Sliphorst et. al. [17]. It was also shown, that the analytical solution of the
wave equation (Eq. (1)) allows standing 1T modes, rotating 1T modes with a constant angular velocity, and an infinite
number of rotating 1T modes with a non-constant angular velocity to exist.

Figure 13: 1T mode in the plane of the measurement ring, defined by the positions of the dynamic pressure sensors

This pressure field reconstruction method has been applied to the dynamic pressure sensor signals of a test run with
the BKD combustion chamber with gaseous hydrogen [4]. A rotation parameter @ has been introduced, which is a
measure for the average rotation characteristics of the 1T mode for a specific load point. This rotation parameter is a
function of the time 7 and therefore represents the current rotation type of the 1T mode. If ® = O the pressure field of
the 1T mode is a standing wave. For @ > 0 the pressure field of the 1T mode shows a clock wise rotation whilst for
@ < 0 the rotation is counter-clockwise. If ® = 1 or @ = —1 the rotation has a constant angular velocity. As the value
of @ tends towards zero, the more irregular the rotation becomes. In the limiting case of @ = 0 the rotation turns into a
standing wave with fixed positions of the nodes and anti-nodes of the 1T pressure field.

If the absolute values of @ are taken and averaged over the time frame of one load point the average rotation character
of the 1T mode can be calculated. By taking the absolute value of @, the information about the rotation direction is
lost, but the information about the rotation character can still be obtained. If the averaged value of |®| is close to 1, this
means the average rotation character is close to a rotating wave with constant angular velocity. If the averaged value of
|®| is closer to O on the other hand, the rotation character of this load point is closer to a standing 1T mode.

It was shown, that the averaged rotation character depends on the amplitude of the 1T mode [4]. For higher amplitudes
of the 1T mode, lower values of |®| were observed. This means for stronger 1T oscillations the rotation character of the
1T mode tends more towards a standing wave. Therefore the unstable load points show a stronger tendency towards
a standing wave, while all other load points show very similar values of |®| and therefore similar rotation characters.
This observation has already been made for one test run with gaseous hydrogen [4]. This analysis has been expanded
in the current work to more test runs, including test runs with liquid hydrogen. Fig.14 shows the averaged values of
|®|, plotted against the amplitude of the 1T mode. The same tendency as described before [4] has been observed for
the load points of the new test runs.

4. Summary and Conclusions

The analysis presented in this paper was focused on the influence of hydrogen temperature on the acoustic behaviour
of the combustion chamber. It was shown that the mixture ratio ROF, the combustion chamber pressure p.. and the
hydrogen temperature 7y, affect the speed of sound inside the combustion chamber and therefore the eigenfrequencies.
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Figure 14: Averaged rotation parameter |®| of the 1T mode and its dependence on the RMS values of the 1T mode

The effect of the combustion chamber pressure is low compared to the effect of the mixture ratio and the hydrogen
temperature. Furthermore it was demonstrated that the frequency ratios of the tangential modes of the combustion
chamber are independent of operating conditions. The experimentally observed values of these frequency ratios agree
well with the theoretically predicted values. Next to the cylinder modes of the combustion chamber three eigenmodes
with unknown origin, and therefore named x-modes, were analysed. It was shown that the ratio of these x-modes
is also constant and independent of operating conditions. On the other hand the ratio of the tangential modes of the
combustion chamber to these x-modes shows a dependence on hydrogen temperature. This indicates that the x-modes
must result from another volume than the combustion chamber.

The average amplitude of the 1T mode for every analysed load point has been calculated using a band pass filter in
combination with a RMS calculation. It was shown that as soon as strong oscillations appear in the combustion chamber
the oscillation is primarily dominated by an oscillation of the 1T mode. However this was determined to not be an effect
of hydrogen temperature. Unstable load points with high RMS values of the 1T mode where observed for both test runs
with gaseous and with liquid hydrogen. Furthermore, other load points with the same hydrogen temperature showed
only low RMS values of the 1T mode. The hydrogen temperature alone does not cause the observed instabilities,
but it changes the load points where the instabilities appear. A load point which shows 1T oscillations with high
amplitudes in the GH test runs shows no significant 1T amplitudes in the LH test runs. However, the highest observed
IT amplitudes were discovered in one load point of the LH test runs. The fact that the instabilities occur at different
operating conditions for GH and LH test runs can be explained by the strong influence of the hydrogen temperature on
the combustion chamber eigenfrequencies.

The dependence of the eigenfrequencies of the combustion chamber can also be seen in the spectrograms shown in
Fig. 4. For some operating conditions very sharp lines at the frequencies of 5, 10, 15, 20 kHz etc. have been discovered.
These lines show only a little dependence on the operating conditions but seem to play a role as soon as the combustion
chamber hits an unstable load point. As the slight changes of the frequencies of these lines match the change of the
speed of sound of the liquid oxygen it seems that these lines must be a result of the LOX system. In this case the
observed instabilities of the 1T mode would be a coupling of the 1T mode with the LOX system. Further analysis is
currently being conducted to investigate this assumption.

The combustion chamber can be divided into three different systems, with three different values for the speed of
sound: The combustion chamber with the combustion gases, the hydrogen manifold, filled with hydrogen and the LOX
manifold, filled with liquid oxygen. By changing the operating conditions the values for the speed of sound in these
three different systems are changed, but in different ways. It seems that in the combustion chamber not only eigenmodes
of the cylindrical part of the chamber can be seen, but also eigenmodes resulting from the propellant manifolds. As the
lines of the spectrograms in Fig. 4 are dependent on the operating conditions in different ways this information can be
used to distinguish from which system the observed frequencies are resulting.
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