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Rotating detonation engines have complex unsteady flow fields that have been observed
to give rise to multiple wave systems beyond the main detonation wave they are intended to
produce. In this work we have developed a new analysis technique we refer to Circuit Wave
Analysis to identify and describe the system of waves associated with the reaction fronts
that exist in the RDE from time-resolved, high-speed end-view chemiluminescence movies
of the reaction fronts. For each wave system, we then extract the speed of the wave, its
direction and strength (from a measure of spectral power). Through this approach we have
determined that under a range of operating conditions RDE flow fields are characterized by
three separate wave systems: the main detonation wave and two secondary wave systems,
which, based on their relationship relative to the main detonation wave, we refer to as the
counter rotating fast wave and counter rotating slow wave pair, respectively. The properties
of all three waves vary with both operation condition (air mass flow rate and equivalence
ratio) and the configuration of the air inlet and fuel injector. The controlling mechanisms
behind the secondary wave systems are not currently known. However, the impact that
secondary waves have on some of the detonation properties can be observed in select cases.
For example, the presence of a secondary wave has been observed to correspond with a
reduction in detonation wave speed.

I. Introduction

RDEs are a type of combustor that use detonation waves to consume reactants instead of deflagration
waves as in traditional gas turbine engines. The use of detonation over deflagration causes a pressure rise
during combustion, an effect that is termed pressure gain combustion. This pressure gain allows for additional
work to be extracted by the turbomachinery, thus increasing the thermal efficiency of the cycle.

A RDE is composed of an annular channel with a width that is small compared to the diameter of the
device. Fresh reactants are continuously fed into the device in the axial direction by an injection system;
injection of fuel and oxidizer is typically separate (non-premixed). A detonation wave travels within the
channel in the azimuthal direction consuming the fresh reactants along the entrance to the channel; post-
detonation gases are then exhausted at the opposite end of the channel.

Because the detonation waves present in RDEs travel at very high speeds on the order of 1 to 2 km/s,1–4

the use of high-speed measurement instrumentation is required. Therefore, for test times lasting a few
seconds large amounts of data are generated recording thousands of operation cycles. In this work we
analyze chemiluminescence video acquired in a laboratory scale RDE in order to characterize the prevalence
(whether a given wave system is present) and velocities of secondary wave systems under different conditions
of operation (mass flow rates and global equivalence ratios). Secondary wave systems have been observed by
a number of experimental groups for a variety of injection schemes and operation conditions.5–7 Previous
work has shown it is possible to extract detonation wave speed information from x-t diagrams using image
analysis techniques such as the Hough transform. Here we will present a technique capable of identifying
any number of wave systems in a systematic manner.

In this study we detail a new method for the identification of waves traveling in closed circuits we term
Circuit Wave Analysis. This technique is composed of a series of mathematical operations that together
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Figure 1. Stylized depictions of the three air inlet / fuel injection configurations considered in this study.

allow for the identification of multiple wave systems in RDEs. Through the use of the technique we are able
to assess quantities such as wave speed, direction, strength (a measure of spectral power), and wavelength.
We have found that across the three injection schemes we have investigated there are three independent
wave systems that may appear during detonation operation. These three wave systems have been termed,
the detonation wave, the counter propagating fast wave, and the counter propagating wave pair. The
speed, prevalence, and strength of the two secondary wave systems varies throughout the operation regime,
depending on air mass flow rate, equivalence ratio and injector scheme. While the origin of these waves is
currently under investigation, some of the potential impacts they may have are discussed. In particular the
counter propagating wave pair is correlated with a reduction in detonation wave speed. This observation
is consistent with additional work at the University of Michigan investigating parasitic combustion in RDE
flow fields.8,9

II. Description of the Experimental Setup

In this section we will briefly describe the experimental setup, including the overall geometry of the
RDE, injection schemes, instrumentation, as well as the control scheme used to capture all data. Additional
information can be found in a previous study on the same hardware and data sets in Duvall et al.10

A. Description of the RDE and Air/Fuel Handling Systems

The MRDE is a six inch outer diameter laboratory scale RDE. It is composed of a series of stackable
elements that define the body of the RDE and the internal flow path, which is defined by properly contoured
interchangeable plates. This overall design allows for implementing and testing a variety of air inlet and fuel
injector configurations solely by replacing one or two plates. The tree air inlet / fuel injection configurations
shown in figure 1 are considered in this work and correspond to canonical configurations that could be found
in RDEs for different applications. The first configuration is an axial air inlet with discrete fuel injector and
it is a configuration that could be intended for jet engine applications with axial turbomachinery.11 The
second configuration is a semi impinging doublet jet injector and could be found in rocket applications.12 The
third configuration is a radial air inlet with transverse fuel injection (jet in crossflow type), which is perhaps
the most widely studied configuration7 and is applicable for engines relying on centrifugal compressors such
as those intended for helicopters.

1. Axial Air Inlet Injector

The axial air inlet (AAI) configuration is based on a geometry that was considered in a computational work
conducted at the Naval Research Lab.11 The air inlet flow consists of air flowing axially over a smooth
one-sided contoured surface. This surface narrows down to a injection gap of 1.52 mm around the entire
channel, for an area ratio between the channel and the throat of 5:1. Fuel is injected into the detonation
channel from the upper face of the contour from 120 evenly spaced individual jets with a diameter of 0.89
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mm arranged around the circumference of the contour. The jets are perpendicular to the face of the contour
which is itself angled at 30 degrees below the horizontal toward the outer wall of the MRDE.

2. Semi-Impinging Jet Injector

The design for the semi-impinging jet (SIJ) configuration is based on a geometry that was considered in a
computational work done at ONERA.12 The design utilizes staggered jets arranged around the circumference
of the detonation channel. The jets are angled toward the center of the channel with oxidizer injecting from
the inner radius and fuel from the outer radius. A key feature of the injectors is that the fuel and oxidizer jets
are offset in such a way that the jets only overlap over a fraction of their exit area. In this design the injectors
are oriented such that they inject towards the middle of the channel, unlike the ONERA scheme where they
inject azimuthally. This change over their design was needed to facilitate machining considerations. The
injectors consist of 120 evenly spaced holes with a diameter of 0.89 mm for fuel, and 1.2 mm for air.

3. Jet in Crossflow Configuration (AFRL)

The jet in crossflow (JIC) configuration is a radial air inlet with transverse fuel injection and it is based on
the RDE operated by the Air Force Research Lab at Wright Patterson Air Force Base.7 In this scheme air
flows radially around a chamfered corner expanding radially from an inner plenum. As the air flow goes
around the corner it entrains fuel from transverse injectors that are oriented axially. The fuel injectors consist
of 120 evenly spaced holes with a diameter of 0.89 mm. This design was included because of its extensive
use in computational and experimental research in the field, as well as the simplicity of the configuration.
As such it serves as a benchmark to which other configurations can be compared.

B. Instrumentation and Measurements

The outer wall and the (air/fuel) plenum chambers of the RDE are instrumented with various piece of
instrumentation. A summary of the outer-wall instrumentation is give in figure 2 where the outer wall is
unwrapped to show the distribution of the instrumentation. In addition, optical access to the detonation
chamber is available from the exhaust side, and it is used to collect high-speed chemiluminescence videos of
the detonation wave propagating through the detonation channel.

The outer wall is instrumented with 16 capillary tube average pressure (CTAP) measurements points.
CTAPs are constructed from 1 mm diameter, 90 cm long flush-mounted capillary tubes terminated with
a slow response pressure transducer. The CTAPs are distributed axially at a fixed azimuthal location as
shown in figure 2. They span from upstream of the air slot contraction to the mid-length point to the
detonation chamber. One more CTAP measurement point is located near the open end of the detonation
channel. The outer wall is also instrumented with four high-speed pressure transducers. Two transducers are
flush-mounted Kulite transducers and are located axially at a fixed azimuthal location as indicated in figure
2. Finally, two transducers (PCB 113B26) are recess mounted and are located at a fixed axial location and
separated 45◦ apart straddling the azimuthal location of CTAP measurements. A microphone (PCB) located
in the test room approximately two meters away from the device is used to record the acoustic signature of
the operation conditions, and it is used to monitor the operation of the device.

High-frame rate chemiluminescence video of the detonation wave as observed from the exhaust of the
RDE were taken with a high-speed CMOS camera (Phantom v711) operating at 55,016 frames per second
with an exposure time of 10 µs. The camera uses a 50 mm lens to acquire a field of view of about 174 mm
× 169 mm with a resolution of 288 × 280 pixels. The camera observed the exit of the RDE axially into the
device through a fused quartz window built into the exhaust system from approximately two meters away.

C. Control and Data Acquisition Systems

The test facility utilizes a high-pressure air and fuel supply systems, and a high-temperature exhaust. Electro-
pneumatic solenoid ball valves and precision orifices are used to control and meter the flow of reactants to
the MRDE. Pressure controllers are used in conjunction with air loaded regulators to set the fuel and air
pressures. Cold flow testing is performed beforehand with pressure measurements taken across the orifices
to verify choked flow by comparison with the critical pressure ratio. Control of all hardware and operation
of the device is conducted with a LabVIEW-based controller. The timing sequence during a run is directly
controlled by a LabVIEW controller with dedicated data acquisition cards (NI PCI-6259). All high speed

3 of 14

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 (

jo
ur

na
ls

 o
nl

y)
 -

 S
ee

 n
ot

es
 o

n 
A

ug
us

t 1
6,

 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
9-

01
98

 



Figure 2. Schematic diagram showing the azimuthal and axial location of various sensors on the outer wall of
the RDE.

measurements are taken with an additional dedicated LabVIEW data acquisition card (NI PCI-6133). The
MRDE is directly connected to an exhaust system, and uses a downstream afterburner as the ignition source.

III. Circuit Wave Analysis

One of the key challenges in understanding the wave dynamics of RDEs is the need to systematically
capture information about any waves travelling in the annulus that contribute to the overall dynamics of
the system. Of particular interest is the existence and impact of waves secondary to the primary detonation
wave(s). Hence, the speed, direction, wavelength, amplitude information of these waves and how they interact
with each other is of interest. In previous work, some information about wave dynamics have been extracted
from detonation chamber pressure measurements such as peak pressures, here we follow the same approach
for estimating these quantities.13 In this study we extract detailed information about the system of waves
that may exist during operation of the RDE from the high-speed movies of chemiluminescence collected at
the open end of the RDE. Before discussing the results in the next section, in this section we discuss an
analysis technique, which we refer to as circuit wave analysis, that we have developed to analyze high-speed
chemiluminescence videos to identify any wave system present during operation and extract their properties
of interest. The techniques is based on a sequential application of a series of operations that once combined,
allow us to extract the desired information. Circuit wave analysis is based on the following operations: (1)
construction of the x-t diagram from end-view, high-speed videos of chemiluminescence; (2) application of
a Galilean shifted Fourier transform to the resulting x-t diagram, from which wavelength and strength are
extracted; and (3) application of the modified Radon transform to extract speed of any wave that exist
during the operation of the device. This technique is called wave circuit analysis because, while we have
developed it for use in RDE research, it is applicable to any system with periodic boundary conditions (what
we call a closed circuit) and with information available throughout the circuit. In our case the circuit is
composed of the detonation annulus for which we have high framing rate chemiluminescence videos for the
entire annulus.

A. Construction of the x-t Diagram

The high speed chemiluminescence video of the annulus was processed into a space-time diagram (here
simply referred to as x-t diagram) for a portion of the steady flow. The technique used to construct x-t
diagrams is similar to the technique used at the Air Force Research Lab.14 For each frame of the video the
annulus is discretized into 101 sectors distributed evenly over the azimuthal dimension of the annulus and
the light intensity within each sector is integrated and normalized by the number of pixels into a single value
for each sector for each frame. In practice, this reduces each image in the video to a column vector of light
intensity. Combining all of the frames throughout the video creates a matrix, or the x-t diagram, showing
the propagation of the waves (i.e., the trajectory) through the device. An example x-t diagram constructed
for a representative case of operation of the MRDE is shown in figure 3 where the x-axis is time and the
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y-axis is the angular position in the channel.

B. Galilean Shifted Fourier Spectrum

The Galilean Shifted Fourier Spectrum (GSFS) is an analysis step that we have developed by combining
a Galilean shift to a time-resolved signal with its Fourier transform to readily identify the existence of
the coherent propagation of features that we generally term as “waves”. This approach facilitates the
determination of various properties of the waves traveling through the annulus of the MRDE. This technique
is applied to the x-t diagram constructed from the high-speed chemiluminescence and identifies the following
information: (1) wave speed, (2) wave direction, (3) wave temporal frequency, and (4) wavelength. Additional
processing of the GSFS also allows for the formulation of a measure of spectral power we call strength.

The basic principle of the technique is to use the lab reference frame x-t diagram to construct a second
“velocity shifted” x-t diagram that would have been observed had the observer (i.e., the camera) been
spinning at a fixed angular velocity Ω (magnitude and direction). In practice, this is a Galilean frame of
reference shift to the whole x-t diagram. Upon construction of the shifted x-t diagram, a one-dimensional
temporal Fourier transform is taken for all location in the annulus (i.e., along each row of the x-t diagram).
We then repeat the process for a range of angular shift velocities Ω and organize the results in a shift velocity
vs frequency plot. It is the combination of these shifted Fourier transforms over a range of shift velocities
that results in what we term the Galilean Shifted Fourier Spectrum. The usefulness of the technique lies in
the observation that at the correct angular shift velocity the detonation wave will appear stationary and the
frequency associated with it will fall to zero. This is true of any wave regardless of direction or speed, so
long as it is approximately periodic for the duration of time considered. We can then apply this method to
the full x-t diagram to extract time-average wave properties, or to a short section of the x-t diagram (e.g.,
for a time duration equivalent to Nc cycles, such as Nc = 10) to evaluate the temporal variation of the wave
properties during the operation of the device.

Let D denote the x-t diagram made of an N × M matrix, where N (subscript i) is the number of
discretized bins distributed over the annulus and M (subscript j) is the number of snapshots. Then each
row of the GSFS can be expressed as follows:

Gk,p = max{F (Di,∗;k)} = max{D̂i,p} (1)

for i = 1, ...N and collectively define the GSFS matrix Gk at a specific shift velocity vk. The quantity
F (Di,∗;k) denotes the one-dimensional Fourier transform along the i-th row of a Galilean shifted x-t diagram
Dk resulting in frequencies fp, which is expressed as

Di,j;k = Dl,j (2)

for j = 1, ...M , and where l is a linear interpolation of azimuthal position and light intensity within a time
column based on the following definition, with periodic bounds on l:

l = (x0)i + vktj (3)

Figure 3. Example x-t diagram made from high speed chemiluminescence for a representative run of the
MRDE, showing waves traveling in the positive azimuthal direction. The main detonation wave is shown
circled in red, while one of the counter propagating wave pair is circled in yellow.
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Figure 4. Visualization of the process to construct a GSFS from the initial x-t diagram constructed from high
speed video. Different azimuthal bins will have different spectra, all bins must be considered. For simplicity
three bins are shown in red, yellow, and white, along with their corresponding trajectories in time and space.

Here vk = ΩkR is the shift velocity (it has a magnitude and direction defined by its sign) associated with
angular shift velocity Ωk for a circuit of radius R, tj is the time associated with the column being shifted,
and (x0)i is the initial azimuthal position of a given row. The equation is used to find the Galilean shifted
position for each snapshot in time. Here vk can take on any value and to construct a GSFS it is necessary
to apply a shift velocity over a range of values (magnitude and direction). When vk = 0 it is equivalent to
taking the Fourier transform of the lab reference frame x-t diagram. The entire mathematical process can
be visualized as shown in the example of figure 4.

By shifting over a range of velocities it is possible to identify the presence of a wave, its speed and
its direction. When the shifted velocity vk matches the wave speed and direction, the observed rotational
frequency of that wave will be reduced to zero. It is important to note that for every reference frame and
resulting x-t diagram, each row of the x-t diagram will result in a unique temporal Fourier spectra. In order
to reduce these many spectra to one it is possible to take an average where:

Gk,p =
1

N

N∑
i=1

D̂i,p (4)

where p denotes the index of the frequency resulting from the Fourier transform. However instead we take
the maximum value for a given frequency fp across all N observers, or simply:

Gk,p = max{D̂i,p} (5)

This is because a wave becomes stationary in its reference frame. In this reference frame a set of observers
(i.e., azimuthal bins) along the circuit do not all see the same light intensity. An observer at the detonation
wave for instance will see a higher intensity than one ahead of it in the fill region. However, in the lab
reference frame all observers along the circuit see a wave of approximately equal intensity passing by at the
rotational frequency of the wave. In order to preserve the spectral power when a wave becomes approximately
stationary, the maximum is taken rather than an average. The process outlined above results in diagrams
that can be used to identify the various properties of all waves present in a closed circuit system.

An example of a representative GSFS plot constructed for a reference case of typical RDE operation is
shown in figure 5. From this GSFS it is possible to identify important features. For instance the grouping of
straight lines emanating from the ak/DCJ = −0.8 y-intercept indicate a grouping of harmonics all of which
travel at the same speed (0.8DCJ) in the clock-wise azimuthal direction (negative value) within the annulus.
In addition, the different slope of each straight line in this grouping each indicate a different wavelength
corresponding to separate harmonics, with the line of largest slope representing the fundamental. The slope
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Figure 5. Example GSFS showing the main propagation direction of the detonation wave as well as secondary
waves present in the system. The y-intercept of the main detonation wave is highlighted by the red circle.
Harmonics of the wave in the zero velocity shifted frame of reference are indicated with red dots.

of the line corresponding to the fundamental represents the wavenumber of that wave, which once combined
with its propagation speed allows to determine the number of waves. This analysis technique produces
information similar to a 2-D Fourier transform over space and time directly applied to the x-t diagram, but
this representation allows for easier identification of coherent wave structures such, as the detonation wave
and secondary waves, which are mathematically represented by a series of waves all moving at the same
velocity.

When in a wave speed reference frame all frequencies associated with a wave tend toward zero, the
spectral power of a given wave is fixed regardless of the reference frame. In the wave reference frame it is
then possible to integrate over a small range of low frequencies to get the total spectral power associated with
the wave (including all of its harmonics) without any contribution from other waves. We refer to the total
spectral power associated with a wave as strength, and it is used to quantify the relative power associated
with a wave. Integration is most easily achieved once velocity information has been extracted from the
GSFS, which is the next step in the analysis method. The representation of the wave system captured by
the GSFS lend itself to conveniently and automatically identify the wave speed and number using a modified
Radon transform operation, which is the last step of the processing. Note that more than one wave system
can be captured by the GSFS, where each wave system is represented by a grouping of lines with properties
similar to the one described here and shown in the example of figure 5. In fact, as we will discuss further
below, this method allows us to identify secondary and tertiary waves in addition to the primary detonation
wave.

C. Modified Radon Transform

While the GSFS is very intuitive for the identification of waves to the naked eye it still needs to be further
processed to extract wave speeds and directions in an automated fashion. In order to do this we can reduce the
GSFS to a series of curves that are easier to manipulate automatically through a modified Radon transform.
The Radon transform is a method typically used in image processing for identifying lines in images and is a
more general transformation of the Hough transform. A line can be constructed using two parameters, the
angle the perpendicular of the line makes with the a reference axis (e.g., the x-axis), θ, and the minimum
distance between the origin of the coordinate axis and the line, r. This transform allows to project a single
pixel in real space of the image onto a curve in r−θ space describing all possible lines that pass through that
pixel. If two pixels lie together on a line then the two curves in r−θ space overlap. We then superimpose the
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(a) (b)

Figure 6. Visualization of the modified Radon transform principle used to construct curves identifying the
presence of various waves at a variety of speeds. Part a) shows an example GSFS with the first four wave
number ’V’ shapes being swept along the velocity axis, and part b) shows the resulting modified Radon curves.

value of each transform over any number of curves that intersect. This creates a contour map in r− θ space.
Large peaks in the transformed space correspond to bright lines in the original space with the coordinates
of the peak giving both defining parameters of the line. This basic idea can be modified to look for any
arbitrary shape in images that can be properly parameterized.

In the case of the GSFS the shape we are interested in is the characteristic sideways ’V’ shape made
by waves in the circuit. Because the waves we are interested in take place in a closed circuit with periodic
boundary conditions, waves can only have an integer number of waves in the circumference. This means
that the wavelength of a given wave is either C, C/2, C/3, ... etc. where C is the circumference of the
closed circuit. Because they are discrete values so too are the slopes. Because the slopes are discrete values
and always emanate from the zero frequency axis, we can parameterize the ’V’ shape as being based solely
on wave speed and the wave number. In order to compute the transform for a given wave number, it is
only necessary to sum pixel values which lie along a pair of lines that correspond to the ’V’ shape. In our
case we have normalized both velocity and frequency by the ideal detonation speed, this causes waves with
a wavelength of 1 (i.e., one wave in the annulus) to appear as lines with slopes of 1 and -1, wavelengths of
1/2 have lines with slopes of 1/2 and -1/2 etc. This allows for the easy construction of the target shape as
a pair of lines intersecting on the y axis with slopes corresponding to the wavelength of the wave.

The technique amounts to a sliding filter applied to the GSFS, where pixel values underneath the filter
window are summed. When the filter lies over a region without a wave as shown in figure 6(a) the integrated
values will be low, whereas when it crosses over the region corresponding to the detonation all four wave
shapes will register large values when integrated. Each wave shape is swept independently resulting in
peaks for some wave numbers that are unique and do not appear in other wave numbers. In figure 6(a)
the first four wave number shapes are shown being swept along the speed axis, with the resulting curves
being shown in figure 6(b). By turning the GSFS into a set of curves the process of extracting wave speeds
becomes relatively simple, and lends itself readily to automation. Quadratic curve fitting can then be used
for peak finding to estimate wave velocity with sub-resolution accuracy. Once the wave velocities are known,
additional information can be extracted from GSFS, particularly the strength of the wave.

D. Properties and Benefits

Circuit wave analysis (CWA) has a number of benefits over various other analysis techniques that have
been used in the literature. Circuit wave analysis is capable of identifying any number of wave systems
present in the annulus of an RDE even those that are very weak (in intensity) compared to the detonation
wave, a current limitation of line identification algorithm approaches. However, it does not have as good a
temporal resolution as the line algorithm approaches. The use of the GSFS does allow for improved temporal
capabilities when compared to 2D spatio-temporal Fourier transforms. This is because the modified Radon

8 of 14

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 (

jo
ur

na
ls

 o
nl

y)
 -

 S
ee

 n
ot

es
 o

n 
A

ug
us

t 1
6,

 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
9-

01
98

 



Figure 7. Example of temporally resolved application of CWA. Information about three wave systems detected
by the method are shown. Circles refer to the main detonation wave, squares to a counter propagating fast
wave, and diamonds to a counter propagating slow wave pair.

transform looks for shapes in the GSFS that depend on speed rather than frequency, thus it is insensitive
to the reduction of frequency resolution needed to gain temporal resolution. This allows the use of CWA
over short periods of time while still being able to accurately measure wave speed. An example of such
a computation for one of our runs is shown in figure 7, where CWA is performed over an interval of time
equivalent to 7 detonation cycles for the entire duration of the run, allowing to describe the temporal variation
of wave speed, wave strength, and direction for three wave systems that exist in the operation of RDE under
the specific conditions of this case, the nature of the three waves will be exapanded upon in the next section.
In figure 7 three sets of data are shown and differentiated by symbols shape. Each set of data refers to a
different type of wave, which all co-exist in the operation configuration of the case of figure 7. The figure
shows the time variation of the speed of each of the three waves (normalized by the ideal detonation wave
speed at the nominal global equivalence ratio). The color of the symbols is used to indicate a measure of the
strength of a given wave at a given time. They are shown on a logarithmic scale due to the large dynamic
range between the main detonation wave and the far dimmer secondary waves.

IV. Investigation of Secondary Wave Systems by the Application of CWA

From the Circuit Wave Analysis(CWA) outlined above we have identified three dominant wave systems
existing in the annulus for all of our injector configurations and across the operating conditions when the
system operates in detonation mode. The relative strength and prevalence of any of the wave systems
depends on the configuration of the air inlet and fuel injection schemes being used as well as the operating
conditions (mass flow rate and equivalence ratio). The three waves that we have identified and we describe
further are:

1. The main detonation wave that propagates with speed D;

2. A fast wave traveling counter to the primary detonation wave (or simply a counter propagating fast
wave) at approximately the same speed of the primary detonation wave, or generally at a speed UF ;

3. A slow moving pair of co-rotating waves spaced 180o apart that move counter to the primary detonation
wave (or simply a counter propagating slow wave pair) at a speed UP .

The three waves described here do not account for all of the tones and waves that might be identified in the
spectra constructed from high-speed pressure measurements and chemiluminescence videos.10,13 They are
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however the three wave systems for which the data suggests physical independence. Here we mean physical
independence to mean that they are physical processes occurring in the device rather than a mathematical
artifact describing the physics of one of the waves or the interaction between different waves. This conclusion
was made because all three waves are identifiable in all measurements taken thus far, including direct
observation in x-t diagrams without any processing techniques beyond the x-t diagram. Tones and waves
not described in this section are currently believed to be the result of the Fourier representation describing
non-linear processes or interactions between the three waves described here. This is an aspect that we are
further evaluating.

The presence of these three waves is determined with CWA. However, to remove waves that are considered
weak, a lower cutoff value for the intensity of light associated with one of the two secondary wave systems was
placed at 150 times dimmer than the main detonation wave. In the next section we describe the properties
of each of the three wave systems further.

1. Detonation Wave

The primary detonation wave has been observed in all of our injection geometries to travel at approximately
0.75 to 0.85 DCJ . This was initially observed in high-speed pressure measurements and high-speed chemi-
luminescence videos. Through the use of the GSFS, what were previously thought to be harmonics can
now be confirmed. In figure 5 it can be seen that all harmonics of the detonation wave emanate from the
same velocity shift intercept, circled in red. These waves emanating from this intercept move with the same
velocity as one another and correspond to the harmonics of the detonation wave. In the stationary frame of
reference shown by the zero shift velocity line, these tones become 0.8 and its harmonics.

2. Counter Propagating Fast Wave

For all injectors, a counter propagating wave moving at approximately the same speed or moderately slower
(up to 200 m/s) than the main detonation wave but counter to it was detected for some operation conditions.
This secondary wave is difficult to detect with a single pressure sensor because when its speed matches the
detonation wave speed they cannot be differentiated from it. It is however readily identified through CWA.
For most conditions this counter propagating wave is much dimmer than the main detonation wave, typically
1 to 2 orders of magnitude. It is most apparent in the SIJ injector, here the fast counter propagating wave
approaches both the same speed and spectral power as the primary detonation wave.

3. Counter Propagating Slow Wave Pair

For all injection schemes, certain operations conditions result in a tertiary tone not associated with a deto-
nation. This tone presents itself in high-speed pressure measurements as spectral content at approximately
1.05fCJ . CWA shows that this tone corresponds to a pair of waves co-rotating counter to the propagation
of the main detonation wave at a velocity of approximately 0.5DCJ or 1000 m/s, which correspond approxi-
mately to the acoustic speed of the post-detonation gases. These waves can also be observed directly in the
x-t diagram shown in figure 3 circled in yellow. Thes spectral power of thsee counter propagating waves are
typically an order of magnitude weaker than the that of the detonation wave.

V. Prevalence of Secondary Wave Systems

Information extracted with the use of CWA allows for the construction of more detailed operation maps.
Previous operation maps for the MRDE could only identify whether the engine operated in the detonation
mode or not, the detonation mode being characterized by any number of detonation waves. These maps are
shown in figures 8(a) through 8(c). For most operating conditions we have tested we observe detonation
being successfully stabilized in the annulus of the RDE within a fraction of a second and persisting until the
end of the experimental run. The exceptions for the AAI are at low air mass flow rates and high equivalence
ratios. For the JIC configuration, low equivalence ratio operation results in (longitudinal) pulsed combustion.

With CWA results we are able to construct what we term wave maps for operation conditions that result
in detonation. These wave maps are shown in figures 8(d) through 8(f) and show whether a given secondary
wave is present in the MRDE for a given injector configuration and operating condition. We term prevalence
the existence of any of the three wave systems.
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(a) (b) (c)

(d) (e) (f)

Figure 8. a)-c) operation maps for the three injection configurations showing the operation mode for given
operation conditions. d)-f) shows the prevalence of secondary waves for the same conditions of a)-c). Case a)
and d) correspond to the AAI configuration; case b) and e) correspond to the JIC configuration; and c) and
f) correspond to the SIJ configuration.

For the AAI and JIC configurations there is no easily discernible trend in the prevalence of a given wave.
However for the SIJ injector the counter propagating slow wave pair ceases to exist at higher equivalence ratio
and air mass fluxes. This corresponds to regions of increasing fuel mass flow rate. Because the mechanisms
that sustain and drive the secondary wave systems are not currently known, it is difficult to hypothesize as to
why this may be the case. Understanding the nature and source of these waves is the focus of current work.
It should be noted that both operation maps and wave maps were constructed during steady operation,
during which mass flow rates, spectral content, and detonation wave propagation direction, were either held
or observed to be constant.

VI. Speed of Secondary Wave Systems

As part of our initial investigation into the wave dynamics of RDEs we have compiled the mean speeds
for all three wave systems across all injectors for all cases that result in detonation. Here we have plotted
them together in a set of plots in figure 9. Each plot compares one of the three wave speeds against one of
the other two, with all speeds having been normalized. The detonation wave and the counter propagating
fast wave are normalized by the ideal detonation velocity DCJ (≈1900 m/s) and the counter propagating
wave slow pair by the ideal detonation products speed of sound aCJ (≈1000 m/s) evaluated at the nominal
global equivalence ratio of that particular operating point. It is important to note that points in a given
plot are only shown if that operation condition resulted in both waves being compared. Values for the
detonation speeds are denoted with the subscript D, the counter propagating fast wave with subscript F ,
and the counter propagating slow wave pair as subscript P . Across all cases the detonation speed ranges
from 0.6 to 0.9 of DCJ , with the counter propagating fast wave having a similar range of values. The counter
propagating slow wave pair is slower, traveling in the range 0.9 to 1.1 of aCJ . The counter propagating wave
pair speed is very near the sonic speed of detonation products in all cases, suggesting the wave is closely
related to acoustic modes of the annular combustion chamber. The most immediate trend seen in the speed
data is in figure 9(a). Here the majority of points lie on the diagonal line denoted by a red dashed line.
The strong relationship between the two speeds suggest that the propagation of the two waves is inherently
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(a) (b) (c)

Figure 9. Summary of the speed of each of wave system across all operating conditions: a) Counter propagating
fast wave speed as a function of detonation speed; b) Counter propagating slow wave pair speed as a function
of detonation speed; and c) Counter propagating slow wave pair speed as a function of counter propagating
fast wave speed.

coupled. This is not always the case as evidenced by those points that lie off the diagonal line. The reason
for a given operation condition resulting in one behavior versus the other is not currently known. All air inlet
and fuel injector configurations have exhibited both behaviors depending on operation condition. In figure
9(b) there is a possible equivalence ratio dependence on the relationship between the main detonation speed
and its counter propagating slow wave pair. For a given equivalence ratio there is a reciprocal trend between
the two quantities. With higher detonation speeds being associated with lower wave pair speeds. Higher
equivalence ratios tend to move the curve closer to zero while lower equivalence ratios push the curve further
out. Currently there is no readily discernible trend in figure 9(c). Understanding the driving mechanics
behind these velocities is the focus of current work.

VII. Potential Secondary Wave Effects

While the source and propagation mechanisms of the secondary wave systems are not currently under-
stood, some of the potential effects they have on RDE operation and performance can be observed in select
cases. In a set of data taken during long duration experimental runs on the AAI configuration, the counter
propagating slow wave pair was observed to disappear after approximately two seconds of run time. Dur-
ing the entire run flow rates were kept stable to the same nominal condition of 90 kg s−1 m−2 with an
equivalence ratio of 0.6. Upon the disappearance of the secondary wave, the speed of the main detonation
wave increased. A waterfall spectrum constructed from high-speed pressure measurements taken during the
run is shown in figure 10 and shows the switching between operation. Prior to 8 seconds the secondary
wave is present in pressure measurements as a tone at approximately 1.1fCJ with the main detonation wave
appearing at approximately 0.8fCJ . However, past 8 seconds the secondary wave ceases to exist. At the
same time the main detonation increases in speed by approximately 50 m/s or 3% of the ideal CJ detonation
speed. A number of spectral tones present in the first half of the run also cease along with the counter
wave pair. This suggests the tones were either direct representations of the wave or representations of the
interaction between the main detonation wave and the secondary wave system. If wave speeds are taken to
be a measure of the ideality of the detonation wave, then measurements suggest the presence of the counter
propagating wave pair is in some form a non-ideality hindering the wave and impacting performance. Some
of our ongoing work suggests a correlation between counter propagating waves and parasitic combustion in
the fill region prior to the detonation wave where the impact of parasitic combustion reduces wave speed
and pressure ratio when compared to the ideal case.8,9

VIII. Conclusions

The development of Circuit Wave Analysis has allowed for a greater understanding into the characteris-
tics of wave systems present in rotating detonation engines. Over a wide range of operating conditions as
well as air inlet and fuel injector configurations, the MRDE has been found to operate in some combination
of three distinct wave systems: (1) the main detonation wave; (2) a counter-rotating fast wave; and (3) a
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Figure 10. Waterfall spectrum constructed from high-speed pressure measurements for a single run. Halfway
through the run the secondary wave system ceases to exist, correlating with an increase in detonation wave
speed.

counter-rotating slow wave pair. The main detonation wave system is found for most operation conditions
with secondary wave systems being present under specific operation conditions. The controlling mechanisms
responsible for the secondary wave systems are not currently known and their prevalence at a given oper-
ation condition does not follow any easily discerned pattern. Some relationships between the various wave
speeds have been identified, namely the matching of the counter propagating fast wave speed with the main
detonation wave for most operation conditions. An additional potential dependence on equivalence ratio is
observed in the relationship between detonation speed and counter propagating slow wave pair speed. A
correlation between the presence of one of the counter propagating wave pair and the main detonation wave
speed at constant operation conditions was observed, wherein the prevalence of the counter propagating
wave pair correlated with a decrease in detonation speed. The mechanism by which the secondary wave
system was creating a velocity deficit in the main detonation wave is not known, but is hypothesized to be
related to parasitic combustion in the fill region as is observed in some of our concurrent studies.8,9 The
correlation implies that the secondary wave system poses a non-ideal hindrance to the detonation wave and
may negatively impact performance.
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