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ABSTRACT

Many aspects are currently under investigation be-
fore practical implementation of Rotating Detonation
Engines (RDE). A key aspect is the ability to control
the detonation regime, which is characterized by the
number of wave fronts, their direction of rotation and
velocity. The purpose of testing a small-scale rotat-
ing detonation chamber (RDC) is to identify the main
operation and injection conditions governing the det-
onation dynamics under various injection conditions
at affordable cost. This paper will present the meth-
ods used to characterize various detonation regimes
obtained during one test run. Dynamic measure-
ments of wall pressure in the chamber and high-
speed video recordings are complementary data to
evaluate the established regimes of detonation dur-
ing RDC operation.

1. INTRODUCTION

The last two decades have seen an exponentially
growing interest in Rotating Detonation Engines
(RDE), also known as Continuous Detonation
Wave Engines (CDWE) [1, 2]. The fundamental
operating principle of an RDE involves contin-
uous rotation of one or more detonation waves
in a mixture of propellants, which are injected in
an annular combustor, called Rotating Detonation
Chamber or RDC, as shown schematically on Fig. 1.

Experimental, numerical and theoretical studies
have been discussing potential benefits of RDEs,
such as higher efficiency, compared with quasi-
isobaric combustors, and component downsizing
due to shorter combustion times [3–7]. These im-
provements are still under investigation.

Figure 1: RDE operating principle: (1) propellant
injection, (2) injection plane, (3) detonation fronts,
(4) fresh mixture layer, (5) oblique shocks attached
to the detonations, (6) chamber outlet plane [8].

Experimental techniques to study rotating detona-
tion are now well documented [9–11]. High-speed
camera recordings, e.g.[12–16], are commonly im-
plemented, but the large amount of data thus gen-
erated over a few hundred milliseconds requires au-
tomated post-processing. This paper describes an
experimental work on the detonation regimes in an
RDC operated with hydrogen (GH2) - oxygen (GO2)
mixtures. The analysis uses an implementation of
the image processing method of Bennewitz et al.
[17, 18] and is cross-checked with unsteady pres-
sure evolution recorded at the RDC wall.
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2. RDE EXPERIMENTAL SETUP

The first subsection describes the RDC geometry
and the initiation method, the second the pressure
and mass flow rate measurement techniques, and
the third the high-speed visualization conditions.

2.1. RDC model geometry

Figure 2: Sub-scale RDC model with a chocking
plug on the top and without throat in the bottom: (1)
Manifold plate, (2) Injector plate, (3) Measurement
ring, (4) Ignition ring, (5) Core cylinder, short, (6)

Core cylinder, long, (7) Throat plug

Figure 2 shows the sub-scale RDC. The manifold
plate (1) consists of two separate annular plenums.
Gaseous propellants are fed in the chamber through
an injector plate (2) in the ”unlike doublet” configu-
ration, e.g. (Ref), to form a fresh mixture layer. The
plate has 72 pairs of normal impinging orifices in-
clined from the axial direction at: 35° for oxygen and
55° for hydrogen. The orifice diameters are 1 mm
and 1.5 mm for GO2 and GH2, respectively. The
RDC outer wall is made up of the measurement ring
(3) and the ignition ring (4). The chamber outer di-
ameter is 68mm. The length from the injection plane
to the combustor outlet is 60 mm. The setup then
has two configurations. The first one (Fig. 2, bot-
tom) includes the center bodies (5) and (6) which
are 59 mm diameter plain cylinders constituting the
inner wall of the chamber, so the RDC width is 4.5
mm. The second one (Fig. 2, top) includes the cen-
ter body (6) – but not the (5) – and a sonic throat (7)
with a 50 % cross-sectional restriction. Parts (2) to
(7) are made of a plain copper alloy which, acting as
a heat sink, enables short test duration of approxi-
mately 0.7 seconds.
The detonation is initiated using a classical predet-
onator, here implemented as a 4 mm diameter tube
connected to the RDC outer wall at the ignition ring
(2), using GH2-GO2 as the driver.

2.2. Pressure and flow rate measurements

Three KISTLER 603-A pressure sensors, imple-
mented at the sampling rate of 2 MHz, were flush
mounted with the RDC outer wall on the measure-
ment ring (3) (Fig. 3) with the angle of 135° between
P1 and P2 and between P2 and P3. The axial dis-
tance of the sensors to the injection plane was 8mm.
Figure 8-top shows a typical pressure signal.

Figure 3: Locations of the different
transducers in the measurement ring 8 mm

downstream from the injection plane

The pressure was also measured using four
KISTLER 4043A sensors implemented at the
sampling rate of 10 kHz, one at the manifold ring
for each propellant, and two within the combustion
chamber at 8 and 38 mm downstream from the
injection plane. Figures 4 shows an example of
pressure evolution recording.

The propellant mass flow rates were measured us-
ing two Coriolis flowmeters sampled at 100 Hz
mounted in the feeding lines. Mass flow rates of ∼
70 g/s, i.e. mass flux of ∼ 80 kg/m²/s, were found
sufficient to achieve rotating detonation regimes us-
ing GH2-GO2 in the RDC described above. In
most tests, the mixture ratio ROF = ṁO2/ṁH2 was
maintained below the stoichiometric value, i.e. 5
< ROF < 8, to prevent the hardware oxidation, but
a few tests were conducted with oxidizer-rich condi-
tions, i.e. ROF ∼ 9. Figure 5 and 6 show example
of mass flow rates and ROF conditions during test.

2.3. High-speed video recording

A Photron SA-Z high-speed camera, positioned
seven meters downstream away from the RDC out-
let, was implemented at a frame rate of 180 kHz and
the resolution of 256 x 256 pixels, resulting in ap-
proximately 200 x 200 pixels over the annulus area.
No specific emission filter is used.

2



3. REFERENCE TEST CONDITIONS

The configuration used for the test described below
is the straight RDC chamber (Fig. 2, bottom). The
mass flow rates of ˙mO2 and ṁH2 could be varied dur-
ing the test run. Figure 4 shows the evolution of the
static pressure recorded in the propellant plenums
and in the combustion chamber for the conditions of
mass flow rates and mixture ratio on Figures 5 and
6.

0 100 200 300 400 500 600 700 800
t [ms]

0

1

2

3

4

Pr
es

su
re

 [b
ar

]

Pchamber

PO2

PH2

Figure 4: Pressure evolution in the propellant
plenums and the combustion chamber

The Coriolis flowmeters require the rates to be cor-
rected. Reason for that is their low sampling rate and
the distance between their installation place and the
injectors. The discharge coefficient Cd of each injec-
tor is calculated over the most stabilized part of the
Coriolis measurement curve

Cd =
ṁ

A
√
2ρ∆P

, Eq.1

where ∆P is the pressure difference between the
manifold plenums and the chamber, A is the cross-
sectional injector area and ρ the gas density. Fig-
ure 5 shows the corrected mass flow rates. The to-
tal mass flow rate ṁtotal varies from 48 to 53 g/s
and decreases to 38 g/s during the closing of the
oxygen valve. The manifold pressures of the pro-
pellants are controlled to run with different mixture
ratios ROF during the test, following a step-shaped
profile (Fig.6). This ratio was varied from close to
stoichiometry (ROFst = 7.94) to rich (ROF ≳ 4.8).

4. IMAGE PROCESSING METHOD

This processing method [17, 18] aims to circumvent
the shortcoming due to time-averaging inherent in
the Dynamic Mode Decomposition (DMD) [19], a
modal decomposition technique commonly used
to study periodic phenomena in fluid dynamics.
However, DMD results may be ambiguous when
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Figure 5: Evolution of the GO2 and GH2
mass flow rates
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Figure 6: Evolution of the mixture ratio (ROF)

applied to the wave dynamics in RDCs due to
unsteady phenomena involving detonation onset or
failure, and changes in wave propagation direction.
The algorithm automates the determination of the
number, the rotation direction and the frequency of
the wave fronts.

In our conditions, the high-speed camera recording
is segmented into intervals of 500 frames, a num-
ber that was found to provide a satisfying compro-
mise between the accuracy of the results and a rea-
sonable processing time. The first step was an im-
age correction which included subtracting the mean
image and adjusting the brightness with a correc-
tion factor to emphasize the detonation wave fronts
(Fig.7). The second step is to locate the chamber
annulus by conducting a pixel-wise FFT and extract
the areas with highest oscillation amplitudes which
correspond to frequencies for an expected range of
wave front numbers. These pixels are then used to
detect the wave trajectories based on a Taubin fit
[20]. The combustor annulus is next conveniently di-
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Figure 7: Three-wave mode of detonation
with enhanced contrast [21]

vided into 360 bins. Figure 8 (bottom) shows an ex-
ample of the angular position θ as a function of time t
diagram obtained after post-processing. Each point
is colored according to the average luminescence
evaluated in one bin at a given time.
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Figure 8: Synchronized pressure evolution
(top, sensor P1) and wave front angular
position in a 3 co-rotating mode (bottom)

The final step consists in a 2D-FFT analysis on the
θ - t matrix. This analysis reveals periodic modes in
both temporal and angular coordinates, which high-
lights the wave number and corresponding rotation
frequency and direction. Figure 9 shows the result-
ing Nw − f diagram for the time interval 27 - 28
ms. Negative sign ofNw corresponds to the counter-
clockwise rotation direction, and a positive sign to
the clockwise direction.
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Figure 9: Number of wave fronts and rotation
frequency from the 2D-FFT analysis of the

diagram on Fig.8, bottom

We have applied this implementation to various RDC
experiments, providing data on the wave number
Nw, the rotation direction and frequency f, and thus
deriving the tangential wave velocity UD

UD =
πdoutf

Nw
, Eq.2

where dout is the annulus outer diameter.

5. TEST RUN ANALYSIS

5.1. Detonation regime

The processing algorithm is reproduced over the
whole test duration to isolate stable regimes and
detect regime changes. Since the results mostly
showed a counter-rotating regime [21], i.e., two
groups of waves rotating in opposite directions, the
Nw − f diagram often showed two or more bright
points of nearly the same intensity. Figure 9 shows
the case of two bright points, one indicating a regime
corresponding to ∼28 kHz and 3 waves rotating in
the counterclockwise direction (negative wave num-
ber) and another at 35 kHz and 5 waves in the clock-
wise direction (positive wave number). To decide
whether or not a secondary mode is physically valid,
an empirical criterion was defined as follows: if the
intensity of the secondary mode detected by the al-
gorithm reaches more than 50% of the most intense
one, then it is considered as an physical mode. Dif-
ferent values of the criterion threshold have been
tested and the 50% threshold appeared to be the
most suitable.
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Figure 10: Evolution of the number of waves
occurring in the RDC during the test run as
defined by the image processing method

with a 50% threshold

Fig.10 shows the wave numbers detected during the
test run. The point colors correspond to the wave ro-
tation direction. The black dot indicates both clock-
wise (green) and counter-clockwise (red) rotation di-
rections in the same interval, i.e. if the black dot
is shown in one circle, then an opposite rotating
mode exists. When both rotation modes have the
sameNw, then the green and red circles overlap and
change to a dark-red tone, such as in the interval 210
< t < 400 ms, where the algorithm identified 5 pairs
of counter-rotating waves. As to the dynamics of the
detonation waves during the test run, many obser-
vations can be made from the diagram on Fig.10.
The test features a complex transient phase, within
the interval 0 < t < 210 ms. During the first 80 ms,
the detonation regime varied from counter-rotating
waves (2 - 2 mode), 3 co-rotating waves, then to 3 -
3 and also 4 - 4 counter-rotating modes. During the
interval 80 < t < 200 ms, asymmetrical modes are
observed with 4 and 5 counter-rotating waves (4 - 5
mode) in the opposite direction. This mode switched
to 5 - 4 mode at t ∼ 90 ms. Between 200 ms and
430 ms, 5 counter-rotating waves are observed in
the chamber. For 430 < t < 615 ms, 5 co-rotating
waves stabilize. Finally the red area at the end of
the test interval indicates that the results of the im-
age analysis are varying too much to make valid ob-
servations.

5.2. Wall pressure dynamics

High-frequency recordings of the wall pressure in-
side the RDC, e.g. Fig.8, can be represented in the
form of a spectrogram, e.g. Fig.11. It was com-
puted with a frequency resolution of 400 Hz, a win-
dow length of 8192 points per segment and 4096
points overlapping between segments [22, 23].
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Figure 11: Spectrogram of the pressure - t
signal on Fig. 8, (top) over the whole test

duration

The dominant mode frequencies are indicated by
the highest intensity in the spectrogram. Several
transitions between quasi-steady phases are ob-
served when the dominant mode frequency changes
abruptly. These phases correspond to the sev-
eral detonation regimes indicated by the diagram on
Fig.10. For example, there are two co-existing dom-
inant frequencies for 70 < t < 200 ms. Then a 20
ms transition phase leads to another stable phase
with two dominant frequencies for 220 < t < 410 ms.
Finally, for 450 < t < 600 ms, a single-frequency
regime establishes.

5.3. Wave propagation velocity

Figure 12 shows the evolution of the wave velocity
resulting from the image processing analysis (see
Sect. 4). A general good agreement is found be-
tween the two measurement techniques: the transi-
tion times and quasi-steady phases on Fig.12 match
those on Fig.11.The first observation is that detona-
tion velocities ranging from 1600 m/s to more than
2200 m/s were achieved during this test. Another
important trend is that the co-rotating modes of det-
onation (points without black dot) have higher veloc-
ities than the corresponding counter-rotating modes
(points with black dot) with the same number of
waves in a group. This will be further discussed in
Sect. 6. It is worth mentioning that the dominant
frequencies determined by both measurement tech-
niques differ by 0.42 %, i.e. a difference in the deto-
nation velocity of only 8.5 m/s.
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Load Point R 1 R 2 R 3 R 4
Mass flow rate [g/s] 51.35 48.8 51.47 [53.3 - 44]
ROF 7.77 7.58 6.4 [5.8 - 5]
Wave mode 3 4 - 5 5 - 5 5
Wave velocity [m/s] 2029.5 1742.1 - 1615 1773.1 - 1700 1884.6
Ratio UD / DCJ [%] 71 60.5 - 55.8 58.7 - 53.2 [60.8 - 58.4]

Table 1: Regimes and their corresponding interval averaged main parameters
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Figure 12: Test run analysis : Wave speed
over time

We now describe the four types of regimes ob-
tained during the test run. Figure 13 collectively
shows the θ − t and Nw − f diagrams associ-
ated to each regime. Table 1 summarizes the
observed conditions and detonation wave veloci-
ties over the four different regimes presented above.

The first one (Regime 1 on Fig.12, here after re-
ferred to as ”R”) featured 3 co-rotating waves. It was
obtained during the interval 25 < t < 40 ms. The θ−t
and Nw − f diagrams are shown on Fig.13 (a). This
mode corresponds to a dominant frequency of 28.6
kHz, which corresponds to a detonation velocity
UD≈ 2030 m/s. The ideal Chapman-Jouguet (CJ)
velocity was evaluated to DCJ = 2859.4 m/s using
the NASA CEA computer program for ideal detona-
tion products [24]. The thermodynamic parameters
for detonation calculation are : P0 = 1 bar, T0 = 285
K, hydrogen as fuel reactant, the equivalence ratio
Φ = ROFst / ROF = 7.94 / ROF which was averaged
over the regime interval and reactants injection
temperatures Tfuel = Toxidizer = 285 K. This gives a
detonation velocity relative to the CJ velocity of 71%.

The second regime (R 2), obtained for 100 < t <
200 ms, featured 5 waves rotating clockwise and 4
waves rotating counter-clockwise. Each group of
waves propagate at a velocity of 1615 and 1742

m/s respectively. Figure 13 (b) shows 5 and 4
wave fronts intersecting each other. The dominant
frequencies are 37.8 kHz and 32.7 kHz respectively.

The third regime (R 3), observed for 200 < t < 400
ms, featured 5 co-rotating and 5 counter-rotating
waves. During this phase, the counterclockwise
rotating waves are still propagating at a higher
velocity than the clockwise rotating waves, at about
1775 m/s and 1725 m/s, respectively. On Fig.13
(c, left), we note that the intersection points are
staying on a horizontal line, compared to Fig.13 (b,
left) where they were slightly descending over time
since the regime was unsymmetrical.

Finally, for the interval ∼ 430 < t < ∼ 610 ms, 5
co-rotating waves (R 4) stabilized at a velocity of
roughly 1885 m/s. This is a unexpected observa-
tion since this quasi-steady regime is obtained while
both the mass flow rate and ROF are strongly de-
creasing (see Figs. 4 to 6). In particular, the ROF
dropped from 5.8 to 4.6. Fig. 13 (d) shows the cor-
responding fronts and frequency of operation.
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(b) 4 VS 5 counter-rotating waves - R2
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(c) 5 VS 5 counter-rotating waves - R3
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(d) 5 co-rotating waves - R4
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Figure 13: θ - t (left panel) and Nw - f (right panel) diagrams for different detonation regimes observed
during the test run
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6. DISCUSSION

Counter-rotating modes are less interesting than co-
rotating ones because they correspond to less effi-
cient combustion. They are characterized by varia-
tions in the wave intensity between collisions, which
produce a strong local impact on the injector opera-
tion. However, understanding the mechanisms that
drive the evolution from one regime to another with
regard to the injection physical parameters (mass
flow rate, mixture ratio, fluid velocity at the injec-
tion) brings knowledge to the characterization of the
propellant mixing efficiency given an injector. Open
questions are:

• How to explain the stable asymmetrical regime
with 4 - 5 counter-rotating waves? Could this
interpretation result from the setup of the image
processing method?

• What could be the explanation for a difference
in the wave velocities in the regime with 5 - 5
counter-rotating waves, since it is a symmetric
mode?

• Which physical parameter of the injection could
be the leading factor controlling the regime
changes? For example, why did the mass-flow
rate ramping down seem to have triggered a
transition from 5 - 5 counter-rotating waves to
5 co-rotating waves?

These questions will be addressed by testing further
parameter ranges in upcoming campaign and CFD
simulations.

7. CONCLUSION

This paper presents and analyses experimental
results for a model RDE combustor operated
with gaseous hydrogen and oxygen. Dynamic
measurements of wall pressure and high-speed
video recordings allows determination of the most
favorable conditions for the detonation propagation
and the most efficient regimes of RDC operation.
Based on an image processing method [17, 18] that
circumvent the shortcoming due to time-averaging
inherent in the Dynamic Mode Decomposition
(DMD) [19], different detonation regimes are identi-
fied. Three and five co-rotating wave modes show
higher rotation velocities than the corresponding
counter-rotating modes. The implemented tech-
niques will help to analyse other test runs and
to obtain RDC model characteristics in a wide
range of conditions. The data will be used in CFD
simulations to further evaluate the RDE efficiency
and loss factors.
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