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Abstract

The excitation mechanism of a thermoacoustic instability in a 42-element research rocket thrust chamber with representative
operating conditions with respect to European cryogenic rocket engines is investigated in detail. From previous research it
was known that the chamber | T mode can be excited by persistent heat release rate oscillations which are modulated by the
resonant modes of the liquid oxygen injectors. The excitation source of the longitudinal injector eigenmodes is investigated in
this study. Fibre-optical probes measuring the OH* dynamics from the recess volume of two injectors showed additional
frequency content which could neither be explained by the chamber acoustics, nor the acoustics of the injection system.
Instead, the temporal evolution of these frequencies correlate with the oxidizer flow velocity. In this work we show that
the additional flame modulation originates from a hydrodynamic effect in the injection system. Even though the exact pro-
cess cannot be precisely identified, an effect designated orifice whistling at the injector inlet orifice seems to be a
likely candidate. Combining the new results with previous publications about this combustor, it is now possible
to explain past and present observations in terms of the hydrodynamic and thermoacoustic conditions which are
necessary for the combustion instability to appear. The conditions, which lead to an injection-driven excitation of
the |T mode are matching frequencies of the 2L mode of the injectors and the chamber |IT mode as well as a
Strouhal number between 0.2 and 0.4 based on the length and flow velocity of the injector inlet orifice.
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combustion, whereas with injection coupling, pressure or
mass flow variations in the injectors interact with chamber
pressure oscillations and amplify them through a modulation
of the combustion dynamics. As stated by Hutt and Rocker®
instabilities due to injection coupling are never completely
independent of the intrinsic processes, because they define if

Introduction

High-frequency combustion instabilities represent a serious
risk during the development and operation of liquid propellant
rocket engines.' These oscillations are generated by the inter-
action of unsteady heat release and the combustion chamber
acoustics. Based on the extremely high power density of
rocket combustion chambers, this can cause fast growing pres-

sure oscillations, which may result in damage of the engine.2

According to Rayleigh® energy is transferred into the pres-
sure field if the heat release rate oscillation is in phase with
pressure. The actual underlying coupling mechanisms are
usually divided into intrinsic and injection coupled mechan-
isms.* Intrinsic coupling describes mechanisms caused by
variation of subprocesses inside the chamber as mixing and
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the heat release oscillations driven by the injector response is
in phase with chamber pressure fluctuations.

Cases of coupling between the liquid oxidizer (LOX)
tube and the combustion chamber, have been reported by
Jensen et al.s, for the J-2S engine,“’6 by Klein et al.7,
Martin et al.® and others.’”"! This shows that LOX injection
coupling is a common excitation source of thermoacoustic
instabilities in cryogenic rocket engines.

There is no general agreement on which processes actu-
ally lead to the excitation of the LOX post acoustics, which
then can excite injection-coupled combustion instabilities.
In the literature several potential processes have been iden-
tified, such as two-phase flow of the injected propellants,’
turbulent, broadband combustion noise,'* close frequency
spacing with an acoustic mode of the chamber, combustion
processes in the recess region of the injection elements''
and hydrodynamic flow effects.'?

Combustion instabilities due to LOX post coupling were
also observed in the research combustor model "D’ (BKD)
at DLR Lampoldshausen.'>'*'> This instability is charac-
terized by an increased amplitude of the first tangential res-
onant mode (1T) around 10kHz. A detailed analysis of the
test data showed a dependency of the chamber resonance
frequencies on the operating conditions, like the chamber
pressure p., the propellant mixture ratio (ROF
= moy/myy) and the hydrogen temperature TH2.12’15 In
tests with hydrogen injection temperatures around 95K,
self-excited instabilities of the 1T mode occurred. To
analyze the effect of hydrogen injection temperature on sta-
bility, test runs with cold H, were also conducted.
However, in contrast to what is generally expected®!'
the 10kHz instability no longer occurred. This behaviour
was later reproduced with a hydrogen temperature
ramping experiment.'> The observations were explained
with an injector-driven mechanism. It was shown that the
combustion process is modulated with frequencies match-
ing the longitudinal resonant modes of the LOX
posts."*!> As soon as the 1T frequency matches the
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Figure |I. |IT mode amplitudes plotted over the frequency
spacing between the 1T and the LOX post 2L frequency.'*

frequency of the LOX post 2L mode, the Rayleigh criterion
can be fulfilled and the acoustic oscillations can be ampli-
fied. This relation is shown in Figure 1.

It can also be seen in Figure 1 that there are several con-
ditions with a low frequency spacing, but which show no
excitation of the 1T mode. For that reason, Groning'?
described a low frequency spacing as a necessary condition
for the instability in BKD, but not a sufficient one. Another
interesting aspect of Gronings'? analysis was, that the LOX
post eigenmodes were also excited for stable chamber con-
ditions. Therefore, Groning'? argued that the LOX post
acoustic needs to have an excitation mechanism, which is
independent of the chamber acoustics. Thus, one remaining
gap in gaining a better understanding of the excitation
mechanism of the instability in BKD is the identification
of source of the LOX post acoustic modes. This process
could have a positive influence on the flame response at
the frequencies of the LOX injectors, which could help to
discriminate between stable and unstable conditions that
have a very close frequency spacing. Thus, by identifying
this additional process, it will hopefully be possible to
better define the conditions for an excitation of the 1T
mode in this combustor.

Experimental setup and method

Thrust chamber BKD

The tests for this analysis were conducted with the research
combustor BKD at the European Research and Technology
Test Facility P8 for cryogenic high-pressure combustion.
This combustor offers an experimental platform to study
self-excited combustion instabilities under representative
conditions, including cryogenic propellants, multiple
injector elements and combustion chamber pressures

Figure 2. Thrust chamber BKD.
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exceeding the critical pressure of oxygen. The combus-
tor, as shown in Figure 2, consists of three main ele-
ments: injector head, cylindrical combustion chamber
segment and a nozzle segment. The chamber diameter
is 80 mm. The throat diameter of 50 mm gives represen-
tative nondimensional chamber geometry parameters,
such as a contraction ratio of 2.56 and a characteristic
chamber length of L* =0.66m. In order to realize
long test duration, both the cylindrical and the nozzle
segment are water-cooled.

The injector head consists of 42 shear coaxial injection
elements with a recessed and tapered LOX post. A
drawing of a BKD injection element is presented in
Figure 3. Due to a small H, annulus width the injector is
characterized by rather large velocity ratios, even for the
use of cold hydrogen.

Measurement technique

As can be seen in Figure 2, a measurement ring equipped
with high-frequency diagnostics was placed between the
injector head and the cylindrical segment. BKD can be
equipped with different versions of the measurement ring.
Initially Groning'? used a measurement ring which
covered the first 15.5mm of the combustion chamber.
This ring was equipped with eight flush-mounted acoustic
pressure sensors (Kistler type 6043A) and specially devel-
oped fibre-optical probes, which allowed measurements of
the local OH* emissions. Both the high-frequency pressure
oscillation sensors and the fibre-optical probes share a
common measurement plane, which is placed 5.5 mm
downstream of the injection plane.

Within the framework of recent BKD instability investi-
gations, a new version of the measurement ring has been
designed. This longer ring now covers the first 25.5 mm
of the combustion chamber and therefore needs active
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LOX orifice plate
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Figure 3. BKD injector element.

water cooling. By implementing the new, longer measure-
ment ring in BKD, the length of the entire combustion
chamber increased by 10mm. This ring, presented in
Figure 4, still contains eight acoustic pressure sensors at
the same locations as the previous ring.

The pressure sensors have an angular spacing of 45°,
which is optimized for the reconstruction of the first tangen-
tial mode’s pressure field. The sensors were set to have a
dynamic pressure range of +30bar. The oscillation
signals were recorded with a sampling frequency of 100
kHz and a 30 kHz anti-aliasing filter was used.

The main purpose of the ring modifications was to
increase the optical access capabilities in BKD. The most
important modification of the new measurement ring, was
the capability to place an 18mm diameter sapphire
window, see Figure 4 and Figure 5. This allowed the first
2D flame visualization in a multi-element rocket engine
with a self-excited combustion instability at representative
conditions, such as cryogenic propellants and supercritical
chamber pressures. The investigation of the 2D flame
dynamics from the sapphire window have already been
published in previous studies.'®"”

However, in this paper the analysis concentrates on the
pressure oscillations and the signals from the fibre-optical
probes. The probes contain a small sapphire rod through
which the radiation is transferred through optical fibres to
photomultipliers (PMs). OH* filters (310 +5nm) are
mounted between the fibres and the PM detectors. The
OH* intensity signals I(¢) are sampled with 100 kHz. The
full acceptance angle of the optical probes is less than 2°.
This narrow field of view is used to align each probe with
individual flames of the injector head, as can be seen in
Figure 5.

The new measurement ring still contained four of the
fibre-optical probes, which are placed in the measurement
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Figure 4. Measurement ring with improved optical access.
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Figure 5. Field of view of the optical components in the
measurement ring. The optical probes PMI und PM2 measure
OH?* emission from the recess volume of two of the 42 injectors.

plane 5.5 mm downstream of the injection plane. In add-
ition, two optical probes were added, which measure OH*
emission through small drilling holes in the faceplate of
BKD from the recess volumes of two of the 42 injection ele-
ments. These probes (PM1 and PM2) are shown on the left
side of Figure 5. The radial drilling holes through the face-
plate and into the recess volume have a small diameter of
0.5 mm in order to disturb the flow and combustion inside
the recess of these two injectors as little as possible. The
centre of the holes is placed 0.5 mm downstream of the
LOX post tip, such that the axial distance of 0.25 mm to
0.75 mm of the recess length of 2 mm is optically access-
ible. A detailed view of the recess volume and the radial
drilling hole through the faceplate is presented in Figure 6.
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Figure 6. Detailed view of the injector exit and the recess
volume of one of the injectors which allow OH* measurements
from the recess volume through a radial drilling hole in the
faceplate.

Operating conditions

The BKD combustor is operated under representative con-
ditions with respect to European LOX/H, rocket engines.
The results described in this paper are taken from tests
with chamber pressures (p..) varying between 50-80 bar
and the propellant mixture ratio (ROF) was between 3
and 6. For the load point of 80 bar and ROF = 6 the total
propellant mass flow rate is 6.7 kg/s, which yields a thrust
of 25 kN and a thermal power of about 90 MW. This puts
BKD at the lower end of upper stage engines.

In the conducted test campaigns so far, BKD was oper-
ated with different hydrogen temperatures in order to study
the impact of Ty, on the self-excited instabilities. The P8
test bench is equipped with two different hydrogen feed
systems, called the GH (gaseous H;), or LH (liquid H)
interface, respectively. The hydrogen of the GH interface
is stored in high pressure tanks under ambient temperature
conditions. A heat exchanger filled with liquid nitrogen is
used to cool down the hydrogen to more representative tem-
peratures around 95 K at injection. The LH interface feeds the
test bench with hydrogen which is stored as a cryogenic fluid.
Using the LH interface yields a Ty, of around 45 K. It should
be noted that the abbreviations GH and LH do not describe the
proper thermodynamic state of the H, at injection, as in both
cases it is a supercritical fluid. Using both hydrogen interfaces
simultaneously and mixing the streams has also been used to
perform a hydrogen temperature ramping (HTR) experiment
with BKD.'*'> However, in this study only test results from
GH injection conditions are considered.

Investigation of flame dynamics in recent
BKD stability campaigns

As was described before, the BKD combustor has been
modified for improved optical access. With the modified
experiment several tests were conducted. Figure 7 shows
a spectrogram of the chamber pressure oscillations from a
ROF-ramping test sequence of the modified experimental
setup of BKD with the optical access measurement ring.
For the consistency to the previous studies of Groning '? the
dB-scaling of the spectrogram is calculated with the reference
pressure of 80bar. It can be observed that the combustion
chamber acoustics behave similar to the Groning tests.'

The combustion chamber pressure has only little influ-
ence on the chamber acoustics. The chamber mode frequen-
cies are mostly affected by the propellant mixture ratio
ROF. An increase of the ROF for each pressure stage
leads to a gradual decrease of the acoustic chamber eigen-
frequencies. For specific operating conditions (ROF 5 to 6
at higher chamber pressures of 70 and 80bar) the
chamber 1T mode can get excited.

The corresponding combustion dynamics measured
through OH* dynamics with the fibre-optical probes in
the measurement plane, is presented in Figure 8.
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Figure 7. p'-spectrogram for a ROF-ramping test sequence of
BKD with the optical modifications.
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Figure 8. OH*-spectrogram for the ROF-ramping test shown in
Figure 7.

Similar to the observations of Groning'* the combustion
dynamics are dominated by sharp lines at multiples of 5 kHz,
which correspond to the LOX post resonant modes.'*
However, similar to the results of the analysis of the flame
dynamics through the optical access window in BKD'® for a
low chamber pressure of 50bar the LOX post lines are no
longer present. This dependency of the excitation of the acous-
tic eigenmodes in the LOX injectors on operating conditions
now opens the opportunity to investigate the excitation
source of the injector acoustics.

Analysis of the internal excitation
mechanism of the LOX post acoustics

In this chapter, the theoretical excitation sources of
injector acoustics, described in the introduction, will be

investigated for the combustion chamber BKD operated
with LOX/H,.

Combustion noise

In turbulent combustion, a broadband combustion noise is
permanently present.'®*?° These stochastic pressure fluc-
tuations can weakly excite the acoustic eigenmodes of the
system.'*!'” According to Gréning,'? turbulent combustion
noise is therefore a possible source of excitation of the
excited injector eigenmodes. However, in the framework
of recent BKD test campaigns with optical access, it was
shown that at a low combustion chamber pressures of 50
bar, the modulation of the combustion dynamics by the
LOX-post eigenmodes wasn’t observed.'® At first, this
observation seemed to be contradictory to Gronings
observations,12 in which it was described, that the LOX
posts are permanently excited. However, Groning'?
mostly investigated load points with chamber pressures
ranging from 60 to 80bar. Also, in Gronings BKD test
runs, it can be observed, that the amplitudes of the
LOX post lines decrease with decreasing chamber pres-
sure. They are strong for 70 and 80bar and only
weakly present for 60bar. A similar behaviour can be
observed in Figure 8. At a pressure of 50 bar the lines
can no longer be observed.

Figure 9 compares the relative noise intensity in BKD
for different operating conditions. In the power spectral
density (PSD) calculation, the respective mean combustion
chamber pressure was used for the dB-scaling.

As can be seen in the two diagrams, the load points at
different combustor pressures have a comparable, relative
combustion noise level. This can be seen in the curve of
the PSDs up to the first combustion chamber mode (1L at
about 2.5kHz) and also in the frequency intervals
between the combustion chamber modes. Apart from the
1T mode at 10kHz, which is known to be unstable for
Pec = 80bar and ROF 6, the stable combustion chamber
modes, which are excited by the broadband combustion
noise, also have comparable peak heights. No significant
difference in relative combustion chamber noise is seen
between different combustion chamber pressures.
However, if combustion noise were the excitation source
of the LOX-post-acoustics, the noise intensity should
differ significantly between higher combustor pressures
(70-80bar) and lower combustor pressures (50—60 bar).
Therefore, the turbulent combustion noise cannot be the
sole source of excitation of the LOX posts.

Cavitation

Klein et al.” described that the injection-coupled combus-
tion instability in a LOX/LNG combustor was related to
the two-phase flow of the injected LOX. Another recent
studiy also reported a connection between low-frequency
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Figure 9. PSDs of pressure oscillations inside the BKD combustion chamber for different operating conditions.
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Figure 10. Cavitation number ¢ calculated for the LOX
injectors in a ROF ramping test run.

combustion instabilities in a rocket engine with two-phase
flow effects in the injection system.?' In laboratory experi-
ments with pipe flows of water’” and cryogenic nitrogen, >
cavitation effects at orifices were found to be an acoustic
source. Thus, cavitation in the LOX orifice could also con-
tribute to acoustic excitation of the LOX injector tubes. As
shown in Figure 3, the LOX in BKD also flows from a
larger dome volume through a sharp-edged orifice into
the post. The probability of cavitation is usually estimated
with cavitation numbers. Here, the definition of the cavita-
tion number given by Testud et al.>* was applied to the flow
conditions of the LOX orifice in BKD, see Eq. 1. Cavitation

22,23 .
occurs for 0 < 1°7°” and can sometimes even be observed
for 6 < 2.2

Pecec — Pv
c—=— "

= (1)
P02 — Pece

Here, poy is the pressure in the LOX manifold of the
injector head and p, is the vapour pressure of LOX,
which is calculated by NIST REFPROP? for the measured
LOX temperature. The cavitation number was calculated
for the conducted ROF-ramping test over the entire test dur-
ation. Figure 10 shows the calculated cavitation number of
the ROF ramping test.

For all steady-state operating conditions the calculated
cavitation numbers are ¢ > 4. Cavitation effects in the
LOX orifice plate can therefore not be responsible for the
acoustic excitation of the oxygen injectors in BKD.

Varying flame anchoring positions in the injector
recess

In a single injector experiment by JAXA, LOX injector
coupling was observed in experiments with gradually
decreasing hydrogen injection temperatures. It was
hypothesized by the authors that different combustion
modes in the recess are related to the excitation of instabil-
ity.!! Similarly, Hulka and Hutt® describe that in the case of
the J-28S, the recess volume acted as an amplifier of the LOX
post oscillations. Groning'* also pointed out that combus-
tion in the recess is a possible source of excitation of the
LOX post modes in BKD. In BKD tests with the propellant
combination LOX/LNG, injector-coupled combustion
instabilities occurred in a configuration with recess,
whereas no instabilities occurred without recess.® In this
study also evidence was presented, that depending on the
injection condition both lifted and anchored flames can be
present with LOX/LNG combustion.

For the LOX/H, propellant combination, the flame is
generally assumed to anchor at the LOX post tip.
However, in order that the LOX injector modes are
excited for some operating points and not excited for
other load points, there would need to be lifted flames
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only for some operating points, as postulated by Nunome
et al.'!

As already observed by Groning,'” the signal of the
optical probes in the measuring plane of the measuring
ring in BKD drops to almost zero at times during cold
hydrogen (LH) injection temperatures. Groning'? could
not conclusively elucidate this effect, but pointed out that
this could be explained by lifted flames or by blocked
probes. The temporary blockage of the optical probes
during cold H; injection conditions could be due to the for-
mation of condensed water or even ice on the sapphire rod
of the probe from the mixing of combustion products with
cryogenic propellants in the reciruluation zone. Whether
indeed lifted flames lead to the loss of the OH* signals
and thus possibly represent a source of excitation of the
LOX posts will be investigated again in more detail in
this section. Figure 11 shows two optical probe signals
for a hydrogen temperature ramping (HTR) test run of
BKD. The upper diagram shows the normalized optical
probe signal at position PMS5 in the measurement plane.
As already known from previous experiments, it can be
seen that the intensity drops as soon as the low H; tempera-
tures are reached at about 20s. Until the end of the experi-
ment, the PM5 signal shows high values again only for a
short time. For that reason, the suddon drop of the PM5
intensity signal at about 20 s is most likely a result of a con-
densed water film which forms on the sapphire rod of the
optical probe during the period of cold hydrogen injection.

In the middle diagram of Figure 11 the OH* signal of an
optical probe from the recess volume at the position PM1
can be seen. This signal does not stop at 20 s, but continues
to record significant OH* emission intensities until the
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Figure I1. Comparison of the optical probe signals from the
combustion chamber (top) and the recess region (middle) for
a hydrogen-temperature-ramping test with BKD.

combustion chamber is shut off. The results therefore
represent strong evidence that the flames anchor consist-
ently at the LOX post even in the presence of cold hydro-
gen. This is consistent with Groning’s conclusion,'* in
which it is also pointed out that there is no other experimen-
tal evidence of lifted flames in BKD. Furthermore, aside
from the hypothesis of Nunome et al. '!, to the authors’
knowledge there exists no other experimental study which
reported lifted flames for LOX/H, combustion with shear
coaxial injectors. It is thus concluded that different flame
positions in the recess do not represent the source of excita-
tion of LOX injector acoustics as was the postulated mech-
anism of Nunome et al."" Thus, the sudden intensity drop of
the PMS5 signal on top of Figure 11 is most likely a result of
a condensed water, which forms a light absorbing film on
the sapphire rod of the optical probe during the period of
cols hydrogen injection.

Combustion dynamics in the recess volume

As was presented, lifted and anchored flames and thus com-
bution or no combustion in the recess volume cannot be the
source for the LOX post acoustic eigenmodes. Next, the
combustion dynamics in the recess volume will be investi-
gated. Figures 12 and 13 show spectrograms from the two
optical probes, which measure the OH* dynamics in the
recess volume in the ROF ramping test.

For 80bar chamber pressure the dominant LOX post
lines at multiples of 5 kHz can be observed. This confirms,
that the modulation of the combustion by the acoustic
eigenmodes of the LOX injectors already exists in the
recess. However, for the lower chamber pressure between
50 and 70 bar the LOX post lines at 5kHz and 10 kHz get
weaker and eventually even fully disappear. Instead, a
new dynamic system can be observed, which has not yet
been detected in previous studies about the BKD instability.

This new dynamic system shows a step-wise reduction
of frequency with decreasing chamber pressure. For each
constant chamber pressure, the frequency follows the
ROF-ramps. Since the speed of sound in the combustion
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Figure 12. OH*-spectrogram of the optical probe PMI in the
recess volume during the ROF-ramping test, shown in Figure 7.
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Figure 13. OH*-spectrogram of the optical probe PM2 in the
recess volume during the ROF-ramping test, shown in Figure 7.
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Figure 14. Temporal evolution of the speed of sound of the
propellants in the injector head for the ROF-ramping test.

chamber reduces with increasing ROF, while the new
dynamic system shows the opposite dependency on ROF,
this new frequency content cannot be resulting from the
chamber acoustics. Therefore, it is investigated next, if
this new frequency content can be explained by acoustic
oscillations in the injection system. Figure 14 shows the
temporal behaviour of the speed of sound of the propellants
in the injector head. Since in the investigated test run, the
propellant temperatures are kept almost constant, the
speed of sound in the injection system doesn’t show large
variation. When steady state conditions are achieved at
about 5s both ¢y, and cpp show less than 10% variation
for the remaining duration of the test.

In contrast, the new dynamic system observed in the
recess region reduces from more than 8 kHz at the 80 and
70 bar pressure stages to less than 6 kHz for 50 bar. The fre-
quency variation over the test duration is therefore more
than 40%. Therefore, neither, the LOX, nor the hydrogen
speed of sound correlate with the newly detected dynamic
system in the recess volume. Thus, these oscillations
cannot be of acoustic origin.

Hydrodynamic effects

Since the new frequencies in the combustion dynamics of
BKD cannot result from acoustic oscillations, it is investi-
gated next if they can originate from hydrodynamic
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Figure 15. Hydrodynamic processes in a shear coaxial injection
element. Modified from Tsohas and Heister.'?

modes which originate from periodic vortex shedding.
Combustion does not only react sensitively to acoustic per-
turbations, but can also respond to flow dynamics, such as
periodic vortices, which increase the mixing locally and
also lead to a fluctuation of the heat release rate. In solid
rocket motors periodic vortex shedding at transitions between
segments or due to curvatures in the propellant grain are one
of the main excitation sources of combustion instabilities.'®
Several experimental”’ ' and numerical studies?®'*3%73
also show that hydrodynamics effects can be related to
oscillations of the heat release rate and the pressure in the
combustion chamber. Culick”’ states that is has been known
since the 50s, that periodic vortex shedding can excite the
acoustic resonant modes of the combustion chamber.

According to Tsohas and Heister'? it is commonly
known that the dynamic processes in the injectors are
major contributors to combustion instabilities in liquid pro-
pellant rocket engines. Figure 15 shows the different hydro-
dynamic processes that can appear in a liquid propellant
rocket engine shear coaxial injector element based on the
study of Tsohas and Heister.'? These effects can potentially
interact and amplify acoustic oscillations in the injectors or
lead to modulated injection rates and hence play a role
within high-frequency combustion instabilities.

Within hydrodynamics the shedding frequency is
thereby depending on the flow velocity # and a characteris-
tic length of the flow geometry L. This relation is typically
expressed by a non-dimensional Strouhal number, as shown
in Eq. 2.

St = L (2)

u

Figure 16 shows the volumetric flow rate of the propellants
in the injector head. It can be observed that the LOX flow
velocity has a similar temporal distribution as the new fre-
quency content in the OH* dynamics measured in the recess
volumes as shown in Figures 12 and 13. Furthermore, the
hydrogen volumetric flow rate does only barely change
between the different pressure stages and shows an anti-
proportional temporal evolution during constant chamber
pressures. For that reason, only hydrodynamic effects of
the LOX flow will be investigated in this study.
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Based on the observation, that the dynamic system in the
recess volume only correlates with the LOX volumetric
flow, only hydrodynamic effects in the LOX injection
system are considered. Possible hydrodynamic processes
of the LOX injection are the natural jet instability of the
liquid LOX jet*®**3° wake instabilities at the LOX post
tip'>?*23, the sudden increase of the cross-sectional area
from the LOX post inlet orifice into the LOX post, which
is known in literature as a backward facing step
(BFS)37’28’38’39 and the so-called orifice whistling of the
inlet orifce.”>*****> The detailed definition of the
Strouhal numbers and the Strouhal number ranges of
maximum amplification can be found in the given
references.

Table 1 summarizes the Strouhal number ranges for the
aforementioned investigated hydrodynamic effects and the
estimated frequency which could get excited by the
effect. The corresponding frequency of each effect was cal-
culated for the mean Strouhal number of the given ranges
and the LOX flow velocity of the most unstable load
point of BKD, which is 80bar ROF 6 at GH injection
conditions.

The frequency of the natural jet instability of the liquid
oxygen is with 1.1kHz too low to either be responsible
for the new dynamic content in the recess volume nor the
excitation source of the LOX post acoustics. In addition,
the wake instability frequency at the LOX post tip is too
high. The best matching frequencies seem to be resulting
from the vortex shedding at the LOX inlet orifice.
Thereby the orifice whistling frequency comes close to
the 1L mode of the LOX post and could therefore poten-
tially amplify this mode. Furthermore, within the rocket
propulsion community it is known that badly designed
injector orifices can lead to flow or combustion
instabilities.>*°

Due to limited diagnostics in the BKD injection system,
a definitive experimental proof of which hydrodynamic
effect leads to the acoustic excitation of the LOX post
eigenmodes  unfortunately cannot be  presented.
Nevertheless, an effect known as “orifice whistling” is

() 1 L 1 1
0 20 40 60 80

Time [s]

Figure 16. Volumetric flow rate of the propellants in the
injection system during the ROF-ramping test.

currently the most likely candidate for the observed fre-
quencies in the PM spectrograms. This effect can excite
acoustic oscillations in pipes up- or downstream of
sharp-edged orifices and the calculated Strouhal number
is in a range, for which several publications reported an
acoustic excitation through the flow through short orifice
holes ?2340-41.43:444245 "1t should be mentioned that
actual orifice geometry of BKD with a length to diameter
ratio of about 1.5 falls in the range between short and
long orifice holes for which only little information about
the whistling potential has been published. For that
reason, in this study it is assumed that the Strouhal
number range of orifice whistling of short holes is applic-
able to the BKD injector orifice as well. However, this
assumption should be investigated in future studies.
Nevertheless, a coupled CFD/CAA analysis of the BKD
instability by Schulze*’ mentioned unexpected vortical
structures downstream of the LOX injector orifice and
that they could interact with the LOX post resonant
modes in BKD. Another numerical study of the LOX
injector flow of BKD also showed that vortical structures
appear in and downstream of the orifice and are able to
excite the acoustic resonant modes of the post without
any additional external forcing.*® Besides, an experimental
investigation of the intra-injector dynamics conducted with
water-flow and an optical accessible inlet orifice further
revealed that the longitudinal acoustic resonance modes
downstream of the inlet orifice can get excited by the
orifice flow dynamics for the right flow conditions.**
Figure 17 shows a spectrogram of the OH* oscillations
measured through a fibre-optical probe in the measurement
plane during the ROF-ramping test run. Overlaid are the
first two LOX post eigenmodes via the dashed lines. In add-
ition, the calculated whistling frequencies for St = 0.35 and
the first overtone (St = 0.7) are presented by black lines.
It can be observed that there is a broadband peak correl-
ating with the prediction of the orifice whistling frequency.
Besides, it is also evident that the LOX post eigenmodes get
excited when the vortex shedding frequency is close to the
acoustic eigenfrequencies. This dependency is further
investigated and the results are shown in Figure 18. Here
the OH* oscillations from the fibre-optical probes in the
measurement plane are bandpass-filtered around the 1L

Table I. Overview of potential hydrodynamic effects in the BKD
LOX injection system and the estimated frequency of maximum
amplification estimated for the most unstable load point of

pec = 80bar at ROF 6 and GH injection.

effect St range frequency for BKD
jet instability 0.2-0.4 I.2kHz
wake instability at post tip 0.13-0.2 12.4 kHz
BFS of inlet orifice 0.13-0.2 8.9 kHz
orifice whistling 0.18-0.58 4.9 kHz




Armbruster et al.

127

mode of the LOX post and normalized. The 1L mode of the
LOX post is considered, because compared to the LOX post
2L mode its oscillation is not influenced by the chamber 1T
mode. However, it is assumed that if the LOX post 1L mode
is getting excited by a hydrodynamic effect, this will also
excite the relevant overtone (2L) which is known to lead
to the combustion instability in BKD '*. The ROF
ramping test run is separated into time windows with 0.2
s length and for each time window the Strouhal number
of the LOX post 1L. mode based on the orifice length and
LOX flow velocity in the orifice is calculated. The grey
background indicates the Strouhal number range for
orifice whistling for short circular holes according to litera-
ture 223-40-4144434245 I+ can be observed that the highest
oscillation amplitudes with the LOX post 1L mode
appears for Strouhal numbers around 0.35. For Strouhal
numbers above the typical whistling range, the OH* oscil-
lations are weaker, thus indicating that the LOX post acous-
tics are amplified by a hydrodynamic effect.

Thus, the periodic vortex shedding of the LOX inlet
orifice can explain both the newly detected frequency
content in the combustion dynamics in BKD and the exci-
tation source of the LOX post acoustics.

Excitation processes of the combustion
instability in BKD

Now that the excitation source of the LOX post acoustics
has been identified to be resulting from periodic vortex
shedding in the LOX injection system, it can be analyzed
if this additional condition for the LOX post excitation
can now better explain the condition for the excitation of
an instability in BKD. From the aforementioned analysis
it can be expected that the strongest excitation of the
LOX post resonance modes appears for Strouhal-numbers
around 0.3 to 0.4 in BKD. It can, for that reason, also be
expected that the highest injection-driven 1T-mode ampli-
tudes also appear for these Strouhal-numbers. Figure 19

- LOX post eigenmodes
LOX orifice hydrodynamics
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Figure 17. OH*-spectrogram of the optical-probe PM5 during
the ROF-ramping test with indicated hydrodynamic frequencies
for St =0.35 and St =0.7.

shows the 1T-amplitudes for different operating conditions
plotted over the Strouhal number of the LOX injector
orifice calculted for the 1L mode of the injectors.

It can clearly be observed that the highest 1T-amplitudes
appear for Strouhal-numbers between 0.3 and 0.4. In add-
ition, the filling colour of the scatter points indicates the
absolute value of the frequency spacing between the
chamber 1T mode and the LOX post 2L mode. In agree-
ment with the results of Groning et al. '* the other condition
for the excitation of the 1T mode is a close Afir_az.
Figure 20 now shows the relation between the 1T mode
amplitudes and the frequency spacing between the
chamber 1T mode and the LOX post 2L mode, which has
already been presented in the introduction section.
However, now the filling of the scattering symbols also
indicates if the LOX post eigenmodes are excited by a
hydrodynamic effect of the LOX flow, or not. Filled
symbols are in the reported range of Strouhal numbers for
an excitation of the LOX post modes due to orifice whist-
ling, whereas white symbols shouldn’t have excited LOX
posts.

Through the combined information of the frequency
spacing and the Strouhal number of the LOX post excita-
tion, now a more complete and consistent picture of the
BKD excitation processes of the combustion instability
can be drawn. Only if the two necessary conditions
(Af < 160Hz'*" and 0.2 < St <0.4) are combined, the
1T mode gets excited to significant amplitudes.

From previous studies on the BKD combustion instabil-
ity, it is known that the excited LOX post eigenmodes can
also be observed for stable combustion conditions. This can
now be explained through the hydrodynamic excitation
mechanism of the LOX posts. This leads to a modulation
of the combustion, but not necessarily to a combustion
instability. Hence, the newly identified hydrodynamic amp-
lification mechanism of the LOX injector acoustics
increases the flame response at the eigenfrequencies of the

ot
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Figure 18. LOX post IL mode filtered and normalized OH*
oscillation amplitude from the measurement plane plotted over
the calculated Strouhal number of the LOX post IL mode based
on the orifice flow for the ROF ramping test.
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Figure 19. Amplitude of the IT mode plotted over the
Strouhal-number of the LOX post orifice calculated. The colour
of the symbols shows the absolute value of the frequency spacing
between the chamber IT mode and the LOX post 2L mode.
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Figure 20. Amplitude of the IT mode as function of the
frequency spacing to the LOX post 2L mode and the Strouhal
number of the LOX inlet orifice.

LOX injectors. In order to produce a combustion instability,
the resonance frequency of the chamber 1T mode needs to
match the already hydrodynamically excited 2L. mode of the
LOX posts. This interaction between hydrodynamics and ther-
moacoustics is presented in Figure 21.

Summary and Conclusion

The DLR research combustion chamber BKD shows self-
excited combustion instabilities of the 1T mode for
certain operating conditions. In previous studies the basic
instability excitation mechanism was identified as
LOX-injection coupling. This is a rather common instabil-
ity excitation mechanism for cryogenic rocket engines
with shear coaxial injectors. However, so far it was not
understood which processes lead to the excitation of the
acoustic eigenmodes of the LOX post tubes, which then
modulate the injection and heat release rate in the
chamber that lead to the combustion instability.

Thermoacoustics

> Uy Pox U oy q Pir
Pos !@ 7\ / - N .
LOX post 2L mode
periodic LOX injectior
Mean LOX orifice LOX injector Lulation @’
flow |~ hydrodynamics " lacoustics — [modulation j—IT mode

Figure 21. Sketch of the relation between hydrodynamics and
thermoacoustics in the excitation of the BKD combustion
instability.

Several LOX post excitation sources which have been
described in publications were investigated for BKD in
this study. The results of the analysis show that broadband
combustion noise, and two-phase flow effects are unlikely
to be responsible for the LOX post acoustic excitation. In
addition, the unique application of fibre-optical probes to
measure OH* oscillations in the recess-volume of the injec-
tors could be used to rule out intermittent flame anchoring
as a factor.

Further analysis of the flame dynamics measured in the
recess volumes revealed additional dynamic frequency
content which was not of acoustic origin. These oscillations
correlate with the temporal evolution of the LOX flow vel-
ocity in the injection system. For that reason, an internal
hydrodynamic excitation source of the LOX-post acoustics
was hypothesized. Finally, the required combination of
conditions, which lead to an excitation of the chamber 1T
mode in this combustor are a close frequency spacing
between the acoustic eigenmodes of the LOX injectors
and the chamber 1T mode and a Strouhal number, which
can lead to a flow-induced excitation of the longitudinal
eigenmodes in the LOX injectors.
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