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Experimental Investigation of a Small-Scale Oxygen-Hydrogen
Rotating Detonation Rocket Combustor
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General | and Justin S. Hardi **
DLR, Institute of Space Propulsion, Lampoldshausen, Germany, 74239

Ewen Bard
DLR, Institute of Space Propulsion, Lampoldshausen, Germany, 74239
DMPE, ONERA, Université Paris Saclay, Palaiseau, F-91123, France

This study presents the design methodology and results from initial testing of an experimental
hydrogen-oxygen rotating detonation combustor (RDC). A small-scale heat sink chamber was
designed for studying rotating detonative combustion for rocket propulsion applications. Initial
testing was performed to verify the design methodology. The initial tests used gaseous propellants
with oxidizer-to-fuel mixture ratios between 5 and 9 and total mass flow rates between 16
and 70 g/s. During the tests pressure oscillations were observed which showed significantly
higher frequencies than the expected frequency for one wave calculated with the theoretical
detonation (CJ) velocity. The imaging from a high-speed camera directed upstream into the
annular combustion chamber was analyzed with different post-processing methods and the
results indicated 2 to 5 traveling waves, depending on the operating conditions. The multiple
waves explain the high pressure oscillation frequency. For most of the cases, the calculated
wave speed was around 1700 m/s and thus low compared to the theoretical detonation velocity
of oxygen-hydrogen. The data indicates that for these conditions no stable detonation wave
dynamics are achieved, but a rather chaotic behavior with counter-rotating waves, longitudinal
thermoaocustic modes and switching wave directions. However, there are also short periods
for which evenly distributed co-rotating waves were observed. For that case the wave speed
exceeded 2000 m/s and reached 72% of the CJ-velocity.

I. Introduction

He maximum attainable thermal efficiency of conventional rocket combustion devices is limited by the ideal

Brayton-Joule thermodynamic cycle. The Brayton-Joule cycle is characterized by constant pressure, or isobaric,
heat addition. The combustion for this cycle is categorized as deflagration, since it produces flame front that propagates
at sub-sonic velocities of O (1 — 10%) m/s resulting in slightly reduced density and pressure of the combustion products.
In contrast, the detonative combustion process produces a flame front that reaches supersonic velocities of O (103) m/s,
inducing a shock front and a significant increase in both the pressure and the density of the combustion products [1]].

The detonation combustion process can be defined according to either the Humphrey or, more accurately [2], the
Fickett-Jacobs thermodynamic cycles [3]]. The pressure gain of the detonation results in higher thermal efficiency.
This gain in thermal efficiency has been determined to be in excess of 20%, theoretically allowing significant gain
in the specific impulse /g, of the rocket engine [4} [5]. For the given reason, there is a rapidly growing interest in
utilizing detonation for both the energy sector and propulsion. Under the various approaches of utilizing detonative
combustion for propulsion, the so called Rotating Detonation Engine (RDE) is currently a promising candidate. The
Rotating Detonation Engine (RDE) is an evolution of the Pulsed Detonation Engine (PDE), where the detonation wave
is initiated inside an annular chamber rather than a tube, and propellant is continuously supplied into the chamber to
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sustain the propagation of the detonation such that only an initial ignition and deflagration to detonation transition
(DDT) is necessary. By doing so continuously traveling and self-sustaining detonation waves can be achieved. Due
to the high detonation velocity the repetition rate of these circumferentially traveling waves is typically on the order
of several Kilohertz and thus RDEs offer a quasi-steady thrust. In the following paragraph a short description of the
working principle of RDEs as well as a brief historic overview of RDE research is given.

A schematic of the RDE combustion process is demonstrated in Figure[I|for an annular chamber with length L.,
outer diameter d. and channel width A. The mixture is injected (1) from the aft end of the chamber (2) such that a
rotating detonation front (3), spaced by a spatial period / from a successive detonation front, combusts the fresh mixture
layer (4) that has reached a sufficient fill height &, for complete combustion. As a result, an oblique shock (5) is produced
by the detonation wave, and the products of combustion exit though the open end of the chamber (6), producing thrust.

Fig.1 Schematic of the working principle of an RDE, adapted from [6]. 1 - propellant injection; 2 - injection
plane; 3 - detonation front; 4 - fresh propellant layer; S - oblique shock; 6 - exit plane; 7, - height of propellant
layer consumed by detonation front; L. - length of combustion chamber; A - channel width; d,. - outer diameter
of chamber; / - spatial period between co-rotating detonations.

Despite the aforementionend potential /;,, increase, another advantage of RDEs is that the chemical reactions due to
detonation can be achieved in more compact combustion chambers and offers the potential to reduce the weight of a
propulsion system. A previous study indicated, that an Ariane 5 evolution based on detonative propulsion in the main
and upper-stage, could increase the payload by 14% [7]].

Voitsekhovskii made the first experimental efforts to confine a continuously propagating detonation wave using
gaseous acetylene and oxygen within an annular enclosure in 1959 [8]]. Following his work, which was the first to
demonstrate the physical structure of rotating detonation waves with photography, the initial groundwork had been
laid for future research efforts towards realizing propulsion devices operating on this principle. During the 1960s at
the University of Michigan, Nicholls et al. performed theoretical analyses and experiments on a small-scale annular
detonation rocket motor [9], the results of which were published in 1966, to validate the feasibility of pressure gain
combustion for rocket propulsion applications. Unfortunately, they did not manage to sustain the detonation waves and
concluded that the excessively turbulent internal flow field was the primary cause for the unstable detonations. Further
significant research on RDEs would not be published until some decades later.

In 2006, Bykovskii et al. conducted breakthrough experimental and theoretical analyses of RDEs [10] with various
chamber geometries and studied different propellant combinations. These experiments demonstrated previously unseen
stability of detonation wave propagation in an annular geometry, revealing in particular the significance of the mixture
equivalence ratio on the operational stability. Empirical chamber design formulas for the critical measures of chamber
length, diameter and channel width were derived from the experimental data that have been prominently used since.
Later in 2009, Bykovskii et al. published data from experiments using two sizes of cone-shaped RDE combustors
operating on gaseous hydrogen and oxygen [[L1]. These tests varied the initial mixture equivalence ratios from 1.10to
1.64 and the total mass flow rates from around 70 gs~! to 180 gs~!. A low counter-pressure collector tank was used,



and it was found that an increase in the counter-pressure was beneficial to detonation wave stability. The test data was
finally used to validate a proposed numerical model for the structure and characteristics of detonation waves.

From the 2010s to present day, international research and development efforts on RDE technologies have increased
substantially [12]. As a result of these advancements, some critical milestones have been surpassed [[12H17]]. The
first vehicle to achieve flight using an RDE as its propulsion system was devised by Okninski et. al in 2016 at the
Warsaw University of Technology and Institute of Aviation in Poland [18]]. On September 15 in 2021, the first flight
demonstration of this rocket took place [15)]. The RDE used liquid propane and nitrous oxide as propellant, and fired
for 3.2 s, accelerating the 9.5 kg wet mass rocket to a maximum speed of 93 ms~! and an altitude of 450 m. Shortly
prior to the aforementioned milestone, the world’s first in-space flight demonstration of an RDE was achieved by a
research group at the Nagoya University in collaboration with the Japan Aerospace Exploration Agency (JAXA) and
several other institutes [16]. The RDE propulsion system was launched in 2021 on a sounding rocket with an apogee of
235 km. The RDE generated a thrust of 500 N, and fired for a total duration of 6 s. The research and development of this
seminal RDE hardware was carried out by Kasahara et al. [19]]. It had an outer diameter of 68 mm and a channel width
of 8 mm, using 120 injector orifices 1.0 mm in diameter arranged in pairs. Most recently, test validations have also
been made at NASA Marshall Space Flight Center, where they have used novel additive manufacturing methods and
materials to construct RDE demonstration hardware that sustained a 17.8 kN thrust at a chamber pressure of 43 bar for a
ground-braking 1 min duration. Currently, a new version with even higher thrust is under development at NASA [14].

However, despite the aforementioned progress that has been achieved, RDEs are still far from replacing conventional
rocket propulsion systems and significant research is still required in order to mature the technology. Furthermore,
many experimental studies are currently focussing either on air-breathing RDEs (hydrogen-air) or in case of rocket
propulsion on hydrocarbon-oxygen propellant combinations [[12, 14} 1517, [19-23]]. Studies on hydrogen-oxygen RDEs
are currently still quite rare [[11} 24, 25]]. On the other hand, a rocket propulsion system based on oxygen-hydrogen
detonation potentially offers a vacuum I, exceeding 500 s and is thus highly interesting.

It is therefore the goal of this study to experimentally study the detonation characteristics of a hydrogen-oxygen
rotating detonation combustor. A small-scale rocket RDE was developed, manufactured and tested at the DLR Institute
of Space Propulsion in Lampoldshausen. The experiment design and the results of the first conducted test campaign are
presented in this paper.

I1. Experimental methods

A. Small-Scale RDC experiment

In this section, the design of the detonation experiment will be introduced. Since this is the first RDE setup at the
DLR Institute of Space Propulsion, a simple and robust small-scale experiment was designed to be operated at the
research test bed M3 with the potential to extend the tests to larger mass flow rates in future studies. For the design and
initial testing the propellant combination of gaseous oxygen and hydrogen was chosen. A modular design was chosen,
such that the hardware can also be easily modified to test other injectors or propellant combinations in future studies.

1. Chamber design

For the first design iteration of the annular combustion chamber, the well-known semi-empirical relations from
Bykovskii et al. [[10] were applied. The detonation cell size A for O,-H; at ambient pressure and temperature for close
to stoichiometric conditions is around 1.3 mm [[17} 26} 27]. An in-house tool with NASA CEA cross-functionality was
used to determine the channel width A for nominal operational parameters by solving a modified version of Wolariski’s
detonation wave multiplicity equation [4} 27]

m

A pughzny,

(1-2) ey

while satisfying Bykovskii’s empirical critical condition ((A),;, = 0.2h;) where h, = (12 £ 5) A is the fill height as
estimated by Bykovskii [[10], and & has been introduced as a correction factor due to the cumulative effect of injector
blockage due to high-pressure zones, which has been the focus of recent research [28]. Based on a compromise of the
proposed dimensions of the python tool and availability of material and cost-effective machinability, an outer diameter
of the chamber d. of 68.0 mm was chosen, which is exceeding the minimum value of 28 times the detonation cell width
as empirically derived by Bykovskii. The length of the combustion chamber L. is 50.0 mm, but the modular design of



the RDC assembly allows for shorter or longer configurations if desired. The channel width A is 4.5 mm. A simple
heat-sink design was chosen for the first RDE test specimen at DLR. For that reason, the injection plate and chamber
components are made out of copper-alloy, whereas the manifold plate is made from stainless steel. Figure[2]shows a
cut-view schematic and a photograph of the small-scale RDC. An aerospike nozzle with a contraction ratio of about 2
can be installed at the exit of the annular RDC chamber, as is indicated in the left part of Fig.[2] For better visualization
most of the hot-fire tests so far have been conducted without a nozzle at the chamber exit (without parts 5 and 6 in

Fig. 2(a)).
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(a) Cut-view schematic of the RDC design [29]. (b) RCD without the nozzle installed at the M3 test bench.

Fig.2 Experimental setup of the small-scale Oxygen-Hydrogen RDC

2. Injector design

The injector plate featured unlike impinging injectors to supply the gaseous propellants into the combustion channel
through 72 pairs of injection elements. The O, orifices have a diameter of 1.5 mm and the H; orifices a diameter of
1.0mm. The injection element angles were configured asymmetrically with respect to the channel center-line, such
that the resulting mixing sheet should be approximately parallel to the chamber axis in order to prevent oxidizer-rich
zones close to the chamber walls. To prevent back-flow in the injector, it was designed such that the H, jet reached
a speed of 1 Ma for a total mass flow rate of 45 gs~!. To further promote mixing within the channel, in addition to
a large number of orifices, the O, injector elements were sized such that the difference in axial velocity to the Hj
jet was minimized. Since these design parameters are coupled, and minimization of several of them was desirable,
multi-variable optimization techniques were used to arrive at a satisfactory design solution.

3. Ignition and detonation initiation

The first tests with this RDC setup were initiated by a direct spark plug. By doing so, ignition of the engine was
successfully repeatable and also triggered cirumferentially traveling waves [29]. The more recent tests presented in this
work were initiated by a O,-H, predetonator. The predetonator plenum is connected to a straight pipe with an inner
diameter of 4 mm. A Shchelkin spiral based on a stainless steel spring installed and covers the first part of the tube in
order to generate turbulence and accelerate the flame front to support the DDT. The predetonator tube enters the RDC
chamber tangentially under an angle of =~ 22.5°.

B. Test bench M3.1
The initial run-in tests were conducted at the M3 test field at the DLR Institute of Space Propulsion in Lampoldshausen.
The M3 test field has been in service for research and technology development for cryogenic rocket propulsion for more
than 30 years and currently houses three active test positions for tests with cryogenic media liquid oxygen and liquid
nitrogen, and gaseous hydrogen or hydrocarbon fuels on a laboratory scale and feed-line pressures of up to 40 bar [30].
The test bench M3.1 is designed for injection, ignition and combustion testing. Test sequences can be varied by
fast reacting test bench valves that allow a sequencing of the fuel and oxidizer flow in the order of milliseconds with



a reproducibility in the order of about 5 ms for gaseous media. At the moment tests with LOX/H; and LOX/CH;, at
sub-critical pressure levels are possible, where the temperature ranges for gaseous Hy are 200 K to ambient and gaseous
CHy4 are about 230 K to ambient, respectively [30].

C. Operating conditions

So far approximately 30 hot-fire tests have been conducted with the described RDC experiment at the test bench
M3. Due to the safety restrictions of test bench M3.1 the total mass flow rate into the detonation chamber was limited
to about 70 g/s. With the given dimensions of the annular chamber this yields a maximum achievable mass flux of
~ 80 kg/m?/s. Compared to other rocket RDE experiments in literature [11}, 24} 25| 31, 32]] this puts the operating
conditions at the lower end of mass flows and mass fluxes. For the initial tests the propellants oxygen and hydrogen
were injected with roughly ambient temperatures. For most of the runs the target oxidizer to fuel mixture ratios (ROF
=rpy /M) were close to stoichiometric, but still fuel-rich in order to protect the hardware during tests (ROF = 5 to 8).
However, also a few tests with slightly oxidizer-rich mixture ratios of up to about 9 have been tested. Due to the heat
sink chamber design short test durations of about 0.7s have been realized.

D. Diagnostics

The RDC chamber and injector head as well as the M3 test bench are equipped with various diagnostics for the
experimental investigation. These measurements can be classified into the low-sampling rate signals, which are recorded
to characterize the mean operating conditions and the measurements for the investigation of the wave dynamics with a
high sampling rate.

1. Steady operating conditions

The experiment is equipped with four static pressure sensors, two of which are installed in the annular combustion
chamber at 8 mm and 38 mm downstream of the injection plane. The other two sensors are connected to the manifold
volumes of the injector head for oxidizer and fuel respectively. The signals are recorded with 1 kHz. The pressure
sensors are Kistler type 4043A and have a measurement range from O to 20 bar. In addition, type K thermocouples are
installed in both manifolds of the injector head to measure the propellant temperature. Additional thermocouples are
installed in the chamber wall in order to evaluate the safety margin of the wall structure of the heat sink hardware.

The mass flow rates are measured by coriolis mass flow meters in the feedline of the M3 test bench. The mass flow
rate for both fuel and oxidizer and thus the total injected flow rate and the propellant mixture ratio in the chamber is
controlled by the pressures of each propellant run tank. While the coriolis flowmeters deliver precise mass flow rate
measurements during the steady state conditions of the tests, the measurements are not ideal during the transients of the
short test durations, since they are installed a certain distance upstream of the RDC and also due to the nature of the
measurement technology itself. For that reason, a mass flow rate correction based on the injector discharge coefficients
and the measured manifold pressures have been made in order to determine more accurate and better time-resolved
injection conditions during the transients.

2. High-frequency pressure sensors

To study the dynamics of the pressure oscillation inside the annular combustion chamber, three piezoelectric pressure
sensors are installed in the outer chamber wall at a distance of 8 mm downstream of the injection plane. In the first tests
with this RDC, one Kistler type 601C sensor was flush-mounted and two Kistler type 603C were installed with a small
cavity in order to protect the sensors from the harsh conditions inside the chamber. Since the flush-mounted sensor was
able to withstand several hot-fire tests, the hardware has been modified for the recent tests and all three piezoeletric
sensors are now flush-mounted. In the tests of this study the pressure sensor signals were recorded with 2 MHz. The
measurement range of the sensors was set to +50 bar.

3. Optical diagnostics

A visualization of the detonation chamber annulus was also realized for most of the conducted RDC hot-fire tests. A
high-speed camera (Photron SA-Z) was installed about 7 m downstream of the RDC chamber exit. A sketch of the setup
is presented in Fig.[3] In order to properly track the traveling waves a frame rate 180,000 frames per second (FPS) was
used. A sufficient spatial resolution could still be realized due to a 500 mm tele lens and resulted in about 200 x 200
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Fig.3 Sketch of the test setup with the optical diagnostics.

pixels covering the chamber annulus. Caused by the high frame rates and the corresponding short exposure times, the
overall captured intensity of the images is quite low. For that reason no optical filter is applied and the whole visible
range of the H»-O, combustion emission spectra is captured and the intensity cannot be attributed to a specific flame
emission.

E. Data analysing methods
In order to better investigate and visualize the dynamics of the combustion inside the annular channel, post-processing
methods can be applied to the high-speed imaging [20, 33].

1. Dynamic Mode Decomposition

In a previous study, Dynamic Mode Decomposition (DMD) was used to analyze the dynamic content of the
high-speed imaging [29]]. DMD as described by Schmid [34] enables the extraction of dominant periodically fluctuating
phenomena at different frequencies. The DMD method has been used in past thermoacoustic instability research
in order to extract the flame response from visualization data of conventional rocket combustion chambers [35] [36].
Furthermore, it has also already been applied to the high-speed imaging of the waves of annular RDEs 20 [37]]. Image
sequences between 15 and 50 ms duration were processed. With the given sampling rate, the corresponding frequency
resolution of the DMD modes is between 20 and 60 Hz. Each DMD mode is defined by a temporal component that
describes how the mode oscillates in time and a spatial mode including the information of the intensity fluctuation of
each pixel around the mean value. A more detailed description of the implementation of the DMD can be found in
further publications [35,136].

It has to be mentioned though, that the DMD assumes a linear transformation and therefore DMD is a well-suited
tool to extract periodic dynamics from large data sets. However, over the duration of the image sequence the most
dominant periodic dynamics are somewhat averaged and the information of non-linear or non-periodic effects, such as a
short period of counter-rotating modes could be lost by DMD.

2. Azimuth-time history extraction (AFRL method)

To overcome the issue of the time-averaging of the DMD method, an additional high-speed imaging post-processing
method has been implemented. The method is based on the publications from Bennewitz et al. [22,|33]]. The goal of
the algorithm is to determine the number of waves rotating in the RDC annulus, their direction and frequency. The
high-speed camera data is divided into intervals of a chosen length. In a first step an image correction is performed that
includes the subtraction of a mean picture to emphasize the wave fronts. The second step aims to locate the chamber
annulus by running a pixel wise FFT and to extract areas showing the highest amplitudes of oscillations, which have
a frequency that lies within a predefined range of detonation waves. These pixels are then used to detect the wave
trajectory by using a Taubin fit. Afterwards the combustor annulus is circumferentially subdivided into 360 bins and



mapped as a vertical vector over the time. The last step consists in applying a 2D-FFT on the now polar transformed
picture data, to obtain the desired information: the number of waves and the corresponding speed and direction. The
described method has already been applied to various RDE experiments and successfully extracted the wave number,
direction and speed [38].

I11. Results

The small-scale RDC has been tested more than 30 times at the DLR test bench M3. Two images of hot-fire tests
can be seen in Fig. 4] No significant hardware damage has been observed. This shows that the designed hardware is
able to withstand the harsh conditions of such tests with the chosen test duration even without an active cooling.

Figure @ also shows the behavior of the exhaust gases. In this particular test, the predetonator fired into the RDC
chamber later than anticipated. The left side of the Figure shows the exhaust gases before the firing of the predetonator,
whereas the right side shows the same view after the firing of the predetonator. The propellant flow rates were
already at steady-state and unchanged between the two images. There is a large difference between the exhaust plume
characteristics. The Figure on the left side, shows the experiment before a predetonator introduces detonation waves
into the chamber. Also the pressure sensors and the high-speed camera visualization show, that strong wave dynamics
are not present at this time. However, after the predetonator firing, high-frequency pressure oscillations can be seen
in the pressure sensor signals and spinning wave dynamics are also observed on the high-speed camera. The current
interpretation is therefore, that the left image shows the RDC in deflagration mode. Due to the short chamber length of
50 mm most of the combustion happens outside the chamber and thus a bright and large afterburning exhaust plume can
be observed. On the other hand, after the firing of the predetonator, the wave dynamics greatly enhances mixing and
combustion inside the RDC chamber and thus the exhaust plume size and brightness is significantly reduced.

(a) RDC exhaust before firing of predetonator (b) RDC exhaust after firing of predetonator

Fig. 4 Hot-fire test of the small-scale RDC at the test bench M3.

In the following, the observed wave dynamics of the tests similar to the right side of Fig. [ will be characterized. In
this study, the experimental results and post-processing procedures of two exemplary test runs with different operating
conditions will be presented. A systematic study of all operating conditions and conducted test runs is out of the scope
of this paper.

A. Steady state operating conditions

For these tests the total mass flow rate injected into the RDC was between 16 and 70.9 g/s, corresponding to chamber
mass fluxes of 18-80 kg/m?/s. The propellant mixture ratios were aimed to be close to stoichiometric but still on the
fuel-rich side in order to protect the test hardware. The resulting ROFs of the tests during almost steady state conditions
were between 5 and 9. During the start-up of the tests and also towards the end of the test the propellant flow rates
varied significantly, resulting in lower total flow rates and also different mixture ratios.

Figure 5] shows the measured static pressures in the propellant manifolds and the RDC chamber for two test runs with
the minimum and maximum mass flow rates, respectively. In both cases it can be observed that after a rapid start-up
transient a longer duration of about 500 ms of steady-state operating conditions is achieved. Then the O, flow rate is
decreased prior to the fuel before the full shut-down leading to a decreasing oxidizer mass flow rate and thus injection
pressure and finally the test shut-down after 700 ms.
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Fig. 5 Static pressures in the RDC experiment (chamber and both injector manifolds) for a typical RDE test.
Here, with a total mass flow rate of about 42 g/s

The flow at the annular chamber exit is not choked when the nozzle is not installed and the mean chamber pressure
is marginally above ambient for the tests. The manifold pressures indicate that both propellants are choked for the
design flow rates as was intended in the design of the injectors. However, for tests with reduced total mass flow rates,
the injector flow can also become subsonic [29].

In this study, the wave dynamics of two exemplary operating conditions will be analyzed. The operating conditions
of the two load points in terms of the chamber mass flux and the propellant mixture ratio ROF, are summarized in
Table[I] As can be seen, there is no significant difference in the mass flux between LP1 and LP2. Only the mixture ratio
indicates different injection and combustion conditions.

Load point LP1 LP2
chamber mass flux [kg/m?2/s] | 78 54
ROF [-] 8.6 7.8

Table 1 Overview of investigated operating conditions

B. Chamber pressure oscillations

The outer wall of the chamber is equipped with three piezoelectric pressure sensors from Kistler, which have been
sampled with 2 MHz. Figure [6]shows a zoomed in view of a flush-mounted pressure sensor for the two investigated load
points. The signal has been high-pass filtered (f >60 Hz) to compensate the thermal drift of the sensor that the pressure
oscillates approximately around O bar. Strong pressure oscillations with a clearly non-linear (non sinusoidal) wave
shape can be observed. The amplitude in positive pressure direction is significantly larger than the negative amplitude
and the pressure rise is fast relative to the oscillation period. These are characteristics which are typical for detonation
waves [4, 132, 39]].

Figure [/|now shows calculated PSDs of two exemplary test conditions. The PSDs have been calculated with the
Welch method and the results are plotted in linear scale. A dominant peak can clearly be detected in both PSDs.
The peak frequency for the two conditions can be found at 39 kHz and at 28 kHz, respectively. Multiple tests have
been conducted with total mass flow rates comparable to the test of Fig. and the pressure signals showed that the
dynamics are well reproducible with a peak frequency at about 39 kHz.

The observed frequencies are much higher than expected, because the frequency of one detonation wave at these
conditions and with the given chamber dimensions was estimated with about 11 kHz (assuming 80% uc ).
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Fig.7 PSD of the pressure oscillations inside the RDC chamber for two tests with different total mass flow rates

C. High-Speed imaging

Figure 8] and Figure [0 show a sequence of six images of the high-speed camera for both the load points in false
color. Overall the intensity of the images and thus the available gray-scale increments are quite limited due to the short
exposure time of the high-speed camera. For better visualization the mean image has been subtracted and the contrast
was increased.

Regions with higher and lower intensity can be observed inside the annular channel of the RDC. For the first
operating condition (LP1) there are in total 5 regions with increased intensity. However, for some of the snapshots the 5
waves appear less bright and also the dimension of the bright spots varies over the 6 frames. The 5 modes have been
observed for a number of tests with a similar mass flow rate and was reproducible. For LP1, the direction of the waves
cannot be easily identified. For that reason, additional post-processing methods need to be applied, in order to better
understand the wave dynamics for that condition.

For the second load point (LP2) there are three evenly distributed regions with higher intensity. Even though the
intensity shows some variation, the three waves are present in all six snapshots. Furthermore, the direction of the waves
can also clearly be identified. So, in this case there are clearly three co-existing waves in all six snapshots and the waves



Fig. 9 Post-Treated imaging of the RDC during hot-fire test for LP2

seem to consistently co-rotate in anti-clockwise direction. The increase of the number of modes with increasing mass
flow rate is consistent with observations from other RDE experiments [21} [31]].

Knowing the number of waves and the peak oscillation frequency, the wave speed can be estimated. Using equation|2]
with the outer diameter of the chamber d.., the number of waves n,, and the peak oscillation frequency f, the calculated
wave speed u,, is about 1700 m/s for the 5 wave case and 2050 m/s for the three wave case, respectively.
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In order to better understand the combustion wave dynamics in the annular chamber, the high-speed imaging can
be processed with DMD. This has been already been done in a previous study with the same RDC experiment but at
slightly different operating conditions. The captured peak frequency by the DMD analysis of the high-speed imaging
was identical to the peak frequency of the pressure sensor data [29]. Figure[I0]shows the spatial DMD mode recombined
with the mean image for the dominant DMD frequency. The spatial mode shapes of the DMD analysis improves the

f= ()

Max Max

Min Min

(a) DMD mode with five waves (b) DMD mode with three waves

Fig. 10 DMD spatial mode shapes for two different operating conditions of a previous study [29]

visibility of the waves and gives consistent results to the snapshots from the high-speed imaging data. However, due to
the assumption of the linear approximation of the DMD method and the averaged DMD mode over several hundred
images, important information such as switching of the mode direction, or counter-rotating waves can potentially get
lost in the DMD analysis.

To investigate why such a significant difference in wave speed was observed for the two conditions, the azimuthal-time
plot, as introduced by Bennewitz et al. [22| 311 33], are presented in Fig.[TT} For the first load point, shown in Fig.[TT(a)|
a complex pattern of parallel and opposing lines can be observed. There are 5 lines indicating 5 waves in clock-wise
direction as well as 5 lines indicating 5 anti-clockwise rotating waves. Furthermore, the weak lines seem to always
match at similar angular positions, where a brighter spot of crossing lines appears. This can be therefore interpreted as
5 counter-rotating waves, totaling in 10 waves in the annular channel. The sequence of the high-speed imaging and
also the DMD mode shape are therefore not presenting the complete number of waves in the chamber, but rather the
locations where the counter-rotating waves meet resulting in increased emission intensity.

240.2 2404 2406 ongs 30.4 30.6
Time [ms] Time [ms]
(a) LP1 (b) LP2

Fig. 11 Azimuthal-time evolution of the travelling waves

11



For the second load point (LP2), the azimuthal-time plot shows a significantly different behavior. In Fig. [I1(b)| three
parallel lines can be seen. No opposing lines are present and aside from some slight variations, the lines also show a
more evenly distributed brightness along the circumference. Thus, in this case there are three co-rotating waves in the
annular combustion chamber.

D. Discussion of the results

For both investigated load points, the calculated wave speed is less than the theoretical CJ-velocity at these conditions,
which for H;-O, at ambient conditions and stoichiometric mixture ratio is 2840 m/s [40, 41]]. In order to rule out,
that the observed dynamics are just thermoaocustic oscillations, the experimental wave speed can also be compared
with the speed of sound of the combustion products. Assuming 100% combustion efficiency the speed of sound of
the deflagrative combustion products at ambient pressure and with ambient injection temperatures can be calculated
with NASA CEA [42]]. For the given conditions, the ideal deflagrative speed of sound is about 1400 m/s and thus
significantly lower than the observed wave speeds. This shows that in both cases the waves are supersonic. The observed
Mach-number is about 1.3 to 1.5 compared to the deflagrative combustion products and with respect to the fresh, unburnt
gas mixture Ma of 3.5 - 4.2 was achieved.

In addition, taking into account the shape of the pressure waves, the current conclusion is, that detonation waves
have been observed with the given experimental setup. However, the relative wave speed with respect to the theoretical
CJ-velocity is only about 62% for the 5 counter-rotating wave case and 72% for the three co-rotating waves. While
the relative wave speed of the five wave case is at a lower level compared to other experiments, the 72% wave speed
for the three wave case is comparable to other rocket RDE experiments with hydrogen [11} 24} |43]] and also with
methane [[17, 21} 44]]. Furthermore, a reduction of wave speed with increasing wave number is also consistent with
other rocket RDE experiments [[14} 17, 21} 22]].

IV. Summary and Outlook

A small-scale oxygen-hydrogen rotating detonation rocket combustor has been developed at the DLR Institute of
Space Propulsion. The experiment has already been tested about 30 times without damage.

The high-frequency data of both pressure oscillations and high-speed imaging through the end of the annular
chamber revealed that strong combustion dynamics are present inside the chamber during the hot-fire tests. The observed
oscillation frequencies of these wave dynamics were up to 40 kHz whereas the predicted frequency of one ideal (CJ)
detonation wave is about 14 kHz for this setup.

The amplitudes recorded by the piezoelectric pressure sensors were low compared to ideal oxygen-hydrogen
detonation peak pressure. Possible explanations are non-ideal positioning of the sensors or degrading sensors due to the
high-number of thermal shocks that can lead to decreasing sensitivity of the sensors. However, the observed pressure
signals still show steep-fronted waves with typical characteristics of detonation waves.

The analysis of the high-speed imaging revealed the number of waves and thus the wave speed was calculated. For
the case of five waves only about 63% of the CJ-velocity was achieved. This can be attributed to mainly two things: 1)
the high number of waves and insufficient time-scales for the injectors to form a fresh gas mixture before the next wave
arrives and 2) counter-rotating waves as was found out by the azimuthal-time plot analysis. On the other hand, for the
three wave case the azimuthal-time plot showed that the waves are co-rotating and a relative wave speed of 72% of
CJ was realized. Due to the fact that this wave speed is clearly supersonic and also the measured shape of the wave
front, it can be concluded that hydrogen-oxygen detonation waves have been achieved with this experimental setup.
However, from the deficiency of the wave speed compared to the ideal CJ-velocity it is also evident, that the mixing of
the fresh gases is not ideal and that there are significant losses inside the RDC. These losses also lead to a reduction of
detonation peak-pressure and can therefore explain to a certain extent the low oscillation amplitudes recorded by the
pressure sensors.

In most of the conducted tests so far, a behavior similar to the five counter-rotating waves was observed and there are
only a few periods of short duration which show stable co-rotating waves. For that reason, it is the goal of future work to
gain a better understanding of the wave dynamics in order to find operating conditions which lead to stable co-rotating
waves and also to extend the range of the operating conditions to higher mass flow rates. In addition, even for the stable
co-rotating waves, there are still large deficiencies of the wave speed indicating insufficient mixing and high losses. For
the given reasons, the experimental studies will be continued and both the design and the diagnostics will be improved
with the goal to achieve stable detonation waves with higher velocities and over a larger range of operating conditions.
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