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Abstract: A disk-shaped rotating detonation engine with H2/air mixture was tested to identify the
impact of combustor outlet geometry on the engine’s operating characteristics. Three combustor
outlet diameters and five outlet lengths are employed in the experiments. Results show that with the
increase of combustor convergent ratio, the propagation stability of the rotating detonation wave
decreases, and the propagation velocity and pressure peak decrease slightly. When the convergent
ratio increases to a certain value (1.70 in this study), a “platform zone” with a lower pressure value
appears before the sharp rise of the dynamic pressure curve. The propagation mode varies with
the increase of mass flow rate at different convergent ratios. As the mass flow rate increases, the
wave head number in the combustor increases. But the change rule of propagation mode with
mass flow rate is greatly affected by convergent ratio. Increasing the convergent ratio is conducive
to the formation of multi-wave modes, and the critical mass flow rate for mode transition drops
sharply. When the convergent ratio increases to 1.70, the unstable asymmetric dual-wave mode
is obtained. With the increase in the convergent ratio, the engine’s operating range and operating
stability decrease significantly. Finally, changing the combustor outlet length has little influence on
the engine’s operating characteristics and detonation-wave parameters.

Keywords: disk-shaped rotating detonation engine; outlet geometry; propagating characteristic;
operation range; detonation-wave parameters

1. Introduction

A Rotating Detonation Engine (RDE) is a new propulsion device based on detonation
combustion, which has the advantages of fast energy release rate, high thermal cycle
efficiency, self-pressurization, short reaction zone, etc. RDE has the advantages of simple
construction, high operating frequency, and wide operation range, so it gets widespread
attention recently. Moreover, RDE can be applied to all kinds of propulsive engines
including rocket-based mode [1,2], ramjet-based mode [3,4], and RDE turbine combined-
cycle engines [5,6]. The operation characteristics of Rotating Detonation Combustors (RDC)
with different configurations have been researched [7–9].

Researchers have studied the influence of geometric parameters such as different
combustor configurations [10,11], diameters, widths, and injection structures [12–14]
on Rotating Detonation Wave (RDW) propagation characteristics and engine thrust
performance [15] in annular RDE and obtained multiple circumferential rotating deto-
nation modes and axial pulse detonation modes [16,17]. It was found that the RDW
propagation mode is greatly affected by the injection structure [18]. Compression and
expansion of the chamber’s outer and inner walls affect the RDW propagation [19].
With the increase of chamber width, the detonation wave between the two walls in-
clines. The RDW propagation stability decreases with the increase of the chamber’s
outer diameter [20]. Increasing the chamber width, the variation of RDW flow field
structure along the radial direction increases [21]. Hansmetzger et al. [7] studied the
influence of inner wall geometry on RDW propagation in the annular combustor and
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found that the velocity and pressure of the detonation wave increased when the length
of the center body was shortened or the center half angle was increased. Fan et al. [22]
investigated the impact of combustor width on RDW fueled by ethylene and air and
found that as the combustor width increased, the RDW propagated more steadily and
faster, but the average thrust decreased. Zhu et al. [23] studied the RDW propagation
characteristics and performance parameters influenced by nozzle configurations. Re-
sults showed that increasing the equivalence ratio or reducing the nozzle throat area
were more likely to form unstable propagation modes. Wolański et al. [24] designed a
special system of liquid fuel injection, which was based on injecting into the detonation
chamber a preheated liquid fuel partially mixed with hot air. Two different liquid fuels,
extraction gasoline, and Jet-A fuel were tested in the annular chamber. The research
was carried out for different equivalence ratios, and in all tested conditions, detonation
was achieved. Zhao et al. [25] investigated the effects of the exit convergent ratio on
the RDW initiation processes and obtained that the RDW establishment time increased
with the convergent ratio. Deng et al. [26] verified the feasibility of mode control in
rotating detonation combustors and further studied the mode transition mechanism
under different combustor lengths and outlet blockage ratios.

Tang et al. [27] proposed a hollow RDE without an inner wall and studied the influence
of fuel injection area ratio on detonation wave propagation mode and engine propulsion
performance [28]. Results showed that with the increase of fuel injection area ratio, the wave
head number of detonation wave increased, and the specific impulse increased accordingly.
Zhang et al. [29,30] verified the experimental feasibility of hollow RDE by reducing the
length of the inner cylinder of the annular RDE and studied the RDW characteristics in
the hollow combustor with a Laval nozzle. It was found that the detonation wave number
increased with the increase in the nozzle contraction ratio. Liu et al. [31] realized the
methane–air rotating detonation in hollow chambers with different diameters and found
that the operating range enlarged with the increase of chamber diameter. Reduction in
chamber diameter or increase in nozzle contraction ratio would lead to continuous rotating
detonation deterioration. Rong et al. [32] studied the complex wave structure in a hollow
combustor with a Laval nozzle and found that decreasing the nozzle convergence ratio can
significantly weaken the counterrotating shock wave in a combustor and make the RDW
propagate more stable. Sun et al. [33] found that a Laval nozzle is beneficial for a hollow
RDE to achieve more steady operation and higher thrust output. The height of detonation
waves decreases with a larger contraction ratio.

For disk-shaped RDE, Bykovskii [9,34–36] and Paxson [37] studied the operation
characteristics of disk-shaped RDE under two injection methods that is radially inward
flowing and radially outward flowing. Results showed that the inward-flowing RDE
outperformed the outward-flowing variant. They also investigated the effect of combustor
geometry on the RDW propagation characteristics and found that the wave head number
of detonation wave increased with the increase of combustor size. McClearn [38] and
Huff [39] et al. studied the influences of the throat area, channel area, and nozzle exit area of
the engine on the operating mode and detonation parameters and obtained that decreasing
nozzle area ratio was conducive to the formation of multi-wave modes. Watanabe et al. [40]
studied the effect of stagnation pressure on RDW propagation patterns at different injection
systems and obtained that with the increase of stagnation pressure, both the velocity and
pressure increased significantly. Based on the research above, Ishiyama [41] and Huff [42]
proposed the concept of a rotating detonation turbine engine, including a centrifugal
compressor, a disk-shaped combustor, and a radial flow turbine. Several combustion
modes in C2H4/O2 mixture were obtained, and the phenomena of detonation decoupling
and re-initiation were observed in the combustor [43]. The RDW propagation processes
under different combustor channel heights and injection conditions were also studied and
obtained that increasing mass flux produced more power and more efficiency for turbine
RDE [42]. Wolański et al. [44] developed disk-shaped detonation chambers working on
liquid propellants with regenerative cooling. The specific impulse obtained from the disk-
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shaped engine was equal to 1600 m/s, about 80% of the theoretical value. For a con-shaped
engine with regenerative cooling, the specific impulse increased to 2005 m/s. They also
launched the first-in-the-world rocket powered by a disk-shaped detonation liquid rocket
engine [45]. The rocket engine worked for 3.2 s, accelerating the rocket to a speed of 93 m/s,
which allowed the rocket to reach an altitude of nearly 500 m. It was the world’s first
attempt to use a rotating detonation engine powered by liquid propellants to propel a
rocket.

In view of the special disk-shaped combustor, it is conducive to capturing the full
wave system and flame development by visualization [46,47]. Furthermore, studies have
shown that the disk-shaped RDE has good matching with centrifugal compressors and
radial flow turbines [41–43], which has wide application prospects. Based on the analysis
above, the research on the combustor configuration and geometric parameters is mainly
focused on the annular RDE. There is research on the influence of the geometric parameters
of disk-shaped combustors on RDW propagation characteristics. It is essential to study the
RDE operation characteristics and its influencing factors in this configuration. Based on
this, the primary aim of the current work is to study the influence of combustor outlet con-
figuration on the operating characteristics of disk-shaped RDE. Employing high-frequency
pressure and ion measurement methods by changing the combustor outlet diameter and
length, the influence rules of combustor outlet geometry on the RDW propagation stability,
propagation mode, detonation-wave parameter, and RDE operating range are studied
in depth. Basic research of the RDW propagation in the disk-shaped RDE is not only
essential to enrich the detonation physical mechanism but also for engineering applications
of detonation propulsion.

2. Materials and Methods

The disk-shaped RDE experimental system includes a reactant supply system (2–8, 13,
15), disk-shaped RDEs (1), ignition system (9, 13, 15), measurement, and data acquisition
system (10–12, 14, 16), as shown in Figures 1–3 represent the air and H2 tanks, which
are used to provide the oxidizer and fuel required for detonation. The reducing valve (4)
and sonic nozzle (5) are used to control the flow rate of supply pipelines. During the test,
the sonic nozzle reaches choking state. By regulating the exit pressure of the upstream
reducing valves (4), the supply mass flow rates of fuel and oxidizer are adjusted in the tests.
The mass flow rates of fuel and oxidizer are regulated using the flow choking formula for
calculation. The uncertainties associated with mass flow rate and equivalence ratio are
analyzed through linearized systematic error. The uncertainty in pressure and temperature
upstream of the sonic nozzles is ±0.30 bar and ±5.0 K, respectively. For the case with air
and hydrogen mass flow rates of 206 g/s and 9.5 g/s (equivalence ratio of 1.58, which will
be employed in the following section), the uncertainties in air and hydrogen mass flow
rates are ±5.32 g/s and ±0.31 g/s, respectively. This results in an error of ±0.066 in the
equivalence ratio. The ball valve (6) is used to manually control the interruption of the
supply pipeline. The electromagnetic valve (7) can achieve the on–off control of the supply
pipeline through timing control, with a response time on the order of milliseconds. This
ensures that the time error of the experimental sequence remains within an acceptable
range. The flashback arrester (8) is installed on the fuel supply pipeline to prevent flame
from returning and safety accidents. The disk-shaped RDE is ignited by spark plug (9).
Ten, eleven, and twelve represent sensors. The ion probe (10) is used to measure the flame
front signal in the combustor. The piezoelectric sensor (11) is used to measure the dynamic
pressure signal of detonation waves. The piezoresistive sensors (12) are used to measure the
average pressure in the combustor and the injection pressures in the air and H2 plenums.
In brief, 13 and 14 represent the control system and data-acquisition system, respectively,
and 15 and 16 are the computers for control and acquisition in the tests.
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Figure 1. Schematic of disk-shaped RDE experimental system (1-disk-shaped RDE; 2-air tanks; 3-H2 
tanks; 4-reducing valve; 5-sonic nozzle; 6-ball valve; 7-electromagnetic valve; 8-flashback arrester; 
9-spark plug; 10-ion probe; 11-piezoelectric sensor; 12-piezoresistive sensor; 13-control system; 14-
data-acquisition system; 15, 16-computer; the red dashed lines represent the data acquisition chan-
nels, while the blue doĴed lines represent the control channels.). 
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Figure 2. Schematic of disk-shaped RDE (unit: mm, 1-H2 supply pipeline; 2-H2 plenum; 3-injection 
surface; 4-air plenum; 5-air supply pipeline; 6-spark plug; 7-combustor; 8-ion probe; 9-piezoresistive 
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Figure 1. Schematic of disk-shaped RDE experimental system (1-disk-shaped RDE; 2-air tanks; 3-H2

tanks; 4-reducing valve; 5-sonic nozzle; 6-ball valve; 7-electromagnetic valve; 8-flashback arrester;
9-spark plug; 10-ion probe; 11-piezoelectric sensor; 12-piezoresistive sensor; 13-control system;
14-data-acquisition system; 15, 16-computer; the red dashed lines represent the data acquisition
channels, while the blue dotted lines represent the control channels.).
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Figure 2. Schematic of disk-shaped RDE (unit: mm, 1-H2 supply pipeline; 2-H2 plenum; 3-injection
surface; 4-air plenum; 5-air supply pipeline; 6-spark plug; 7-combustor; 8-ion probe; 9-piezoresistive
sensor; 10-piezoelectric sensor; 11-outlet): (a) schematic diagram of engine; (b) RDC instrumentation
schematic; (c) schematic diagram of ion probe measurement system.
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Figure 3. Dynamic pressure traces in the combustor with different convergent ratios (206 g/s,
ER = 1.58): (a) CR = 1.08, #1; (b) FFT result of p1 , #1; (c) CR = 1.36, #2; (d) FFT result of p1 , #2;
(e) CR = 1.70, #3; (f) FFT result of p1 , #3. In subfigure (a), the arrow (1) represents the pressure
peak captured by PCB1; the arrow (2) represents the pressure peak captured by PCB2; the arrow
(3) represents the secondary peak captured by PCB2. In subfigure (c), the arrows represent the
platform zone.
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In this study, the disk-shaped structure is employed, and the engine schematic is
shown in Figure 2. Different from the annular RDE, the disk-shaped combustor has a
special structure. H2 and air are supplied from ports 1 and 5 into the plenums. The
reactants are injected into the combustor radially inward from the annulus with a diameter
of 120 mm (d1), and the injection surface (3) is shown in Figure 2. Using a non-premixed
injection method, air as oxidizer is injected into the combustor through Laval-nozzle slit,
whereas H2 as fuel is injected through 120 uniformly distributed orifices (not shown in
Figure 2). The walls on both sides and the injection annulus form a rotating detonation
combustion channel (7). The reactants are initiated by a low-energy spark plug (6), and one
or more rotating detonation waves are rapidly formed in the combustor. The detonation
wave rotates and propagates in the circumferential direction, and the combustion products
expand in the radial direction, converge in the center, and discharge axially from outlet
(11), as shown in Figure 2.

Three combustor outlet diameters (d2) are selected in this experiment, which is marked
as engine M1, M2, and M3, respectively. In Figure 2a, l is the length of outlet straight section.
Five groups of outlet length are selected for study. The impact of outlet length on RDW
propagation characteristics is studied by replacing the outlet straight section of engine
M2, which is marked as engine M2_1~M2_5. Table 1 lists the geometric parameters of
combustor with different outlet diameters and lengths. The channel convergent ratio (CR)
is defined as CR = SInlet/Smin, where SInlet is the inlet area of the combustor, and Smin is
the minimum channel area. The combustion products exhaust into the atmosphere directly,
and the environmental pressure and temperature are 1.0 bar and 285 K, respectively.

Table 1. Geometric parameters of different engines.

No. d1/mm d2/mm l/mm Inlet Area/mm2 Minimum Area/mm2 Convergent Ratio

M1 120 56 46 2450.44 2277.19 1.08
M2_3 120 50 46 2450.44 1805.19 1.36

M3 120 46 46 2450.44 1441.52 1.7
M2_1 120 50 20 2450.44 1805.19 1.36
M2_2 120 50 30 2450.44 1805.19 1.36
M2_4 120 50 60 2450.44 1805.19 1.36
M2_5 120 50 80 2450.44 1805.19 1.36

The dynamic high-frequency pressure sensors are installed on the right side of combus-
tor, as shown in Figure 2b. Two piezoelectric sensors (PCB113B24, 10, p1, p2) are arranged
to capture the dynamic pressure signals in combustor, and circumferentially separated by
90◦. The resonant frequency of the PCB pressure sensor is great than 500 kHz, and the
rise time is less than 1.0 µs, with the measurement range of 6, 895 kPa. An ion probe (8,
I1) is installed on the left side to monitor the flame signal in the combustor, with the same
position as the dynamic pressure sensor (p1).

The operation principle of the ion probe is to detect the propagating reaction front,
combustion mode, propagation velocity of the reaction front, and flame surface thickness
by measuring the ion current in the reactive medium [48]. The ion probe used in this paper
is designed by our own research team. A host of detonation tube ignition tests are carried
out to test the rise time of the ion probe, and the rise time is obtained at less than 10 µs,
which is sufficient to capture the RDW flame front. Figure 2c shows the schematic diagram
of ion probe measurement system.

Three piezoresistive sensors (9) are employed to measure the average pressures in
the reactant plenums and combustor. The accuracy grade of the piezoresistive sensors is
1%FS, and the response time is less than 1 ms. The above-mentioned sensors have been
employed in previous research [26,49], which are sufficient to satisfy the RDE experimental
requirements.

NI X series multifunction DAQ with data-acquisition card (USB-6366) is used to
acquire the sensor signals. The maximum sampling frequency is 2 M/s per channel, and
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the input resolution is 16 bits. All instrumentations are sampled at an acquisition rate of
500 kHz in this study. Other details of the experimental system have been described in
Ref. [50].

3. Results

In this paper, the disk-shaped rotating detonation combustor is used as the test object to
study the influence of combustor outlet geometry on the RDW propagating characteristics.
First of all, the operating process of the disk-shaped RDE is analyzed briefly [49].

The disk-shaped RDE adopts a separate injection method. The electromagnetic valves
in the fuel and oxidizer supply pipelines open simultaneously, and H2 and air are injected
through orifices and slots into the combustor, respectively. After 1 s of reactants supply,
the ignition system is triggered. The spark plug discharges and ignites the reactants in the
combustor. The flame develops and accelerates rapidly and undergoes the deflagration
to detonation transition (DDT), and finally forms a stable and continuous propagating
rotating detonation wave. The detailed studies on the RDW initiation process are shown
in Ref. [51]. By capturing the dynamic pressure signals in the combustor and average
pressures in the combustor and plenums, the RDW propagating mode and propagating
stability are judged. After the engine operates for about 0.2 s, the electromagnetic valves
shut off to stop the reactants supply. The remaining gases in the pipeline maintain the RDW
propagating for a period of time. Finally, the engine shuts down due to the lack of reactants.
The detailed studies on the RDW propagation mode and propagation stability are shown
in Refs. [49,52].

In this study, by changing the combustor geometry, the effects of outlet diameter and
outlet length on the RDW propagating process and operating mode are studied. Three
kinds of combustor outlet diameters are selected, which are 56, 50, and 46 mm, respectively.
Five kinds of combustor outlet lengths are selected, which are 20, 30, 46, 60, and 80 mm for
experimental research. The detailed geometry sizes of the combustors are listed in Table 1.
The typical experimental conditions are shown in Table 2, where the abbreviations of SW
and SDW stand for Single-wave mode and Symmetric Dual-wave mode, respectively.

Table 2. Experimental conditions.

Case Mass Flow Rate of H2
(g/s)

Mass Flow Rate of Air
(g/s)

Equivalence Ratio
(ER)

Convergent Ratio
(CR)

Outlet Length
(mm) Mode

#1 9.5 206 1.58 1.08 46 SW
#2 9.5 206 1.58 1.36 46 SW
#3 9.5 206 1.58 1.70 46 SW
#4 9.5 282 1.15 1.08 46 SW
#5 9.5 282 1.15 1.36 46 SW
#6 9.5 282 1.15 1.70 46 SDW
#7 4.8 140 1.18 1.36 20 SW
#8 4.8 140 1.18 1.36 30 SW
#9 4.8 140 1.18 1.36 46 SW

#10 4.8 140 1.18 1.36 60 SW
#11 4.8 140 1.18 1.36 80 SW

3.1. Effect of Convergent Ratio on RDW Propagating Process and Parameters

Table 1 lists the geometry parameters of the combustors with different outlet diameters.
As shown, the outlet diameter decreases from 56 mm to 50 mm and finally to 46 mm, and
the channel convergent ratio increases from 1.08 to 1.36 and then to 1.7. Taking operating
conditions #1, #2, and #3 as examples, the influences of convergent ratio on the RDW
propagating process and detonation-wave parameters are analyzed in detail. The injection
conditions of the above three operating conditions are basically the same, only changing
the channel convergent ratio. Figures 3–5 show the dynamic pressure traces, Fast Fourier
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Transform results, and ion signals captured in the combustor at the above three operating
conditions, respectively.
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Figure 4. Comparison of ion signal and dynamic pressure curves (#2).
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Figure 5. Ion signal curve in the combustor (#3): (a) ion signal trace; (b) partially enlarged view of ion
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blue dashed box in subfigure (a) corresponds to the ion signal shown in subfigure (b). In subfigure
(b), the arrow (1) represents the regions where the troughs of the ion signal do not return to zero; the
arrow (2) indicates the regions where the peak of the ion voltage approaches zero.

As shown in Figure 3, at the conditions of three convergent ratios, the RDE always
operates in a single-wave mode. Figure 3a,c,e show the dynamic pressure traces captured in
the RDC with different convergent ratios, where p1 and p2 are the dynamic pressure curves
acquired at diameters 102 mm and 82 mm, respectively. As shown, when the convergent
ratio is 1.08 or 1.36, the dynamic pressure traces fluctuate steadily. The pressure peaks
in the stable operating stage fluctuate slightly over time, and the peak of the p2 curve is
slightly less than that of p1. From the partially enlarged views, the dynamic pressure curve
shows the fluctuation characteristics of “sharp rise and falling slowly” in one propagating
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period, which fits the characteristics of a typical detonation-wave pressure curve, as shown
in Figure 3a,c.

Figure 3e shows the dynamic pressure traces in the combustor with a convergent ratio
of 1.70. As shown, the dynamic pressure traces show unstable oscillation characteristics.
The pressure peak changes periodically, accompanied by low-frequency instability. From
the partially enlarged view in Figure 3e, the waveform of the dynamic pressure curve also
shows a characteristic of “sharp rise and falling slowly”. But there is a “platform zone”
with low peaks before the sharp rise of the pressure curve, as shown by the arrows in
Figure 3e, which indicates that a weak shock wave passes through the PCB sensors before
the incoming detonation wave.

In addition, this “platform zone” is only observed in the RDC with the convergent
ratio of 1.70. From published literature, Deng et al. [53] also found this “platform” in the
annular RDC and found that the platform would vanish with the increase of air mass
flux. They thought that there were two key factors causing the platform. One reason
was the average pressure in the chamber was lower than the backpressure, and then a
shock wave was generated to balance the pressure between both. Another reason was that
the secondary reaction caused by remnant mixtures intensified the shock and pushed its
propagation back to the chamber. But in this study, the injection conditions of cases #1–#3
are consistent. The inducement of the platform zone is no longer the mass flow rate, but
the increase in the channel convergence ratio of the RDC. For a combustor with a larger
convergent ratio, the oblique shock wave induced by the rotating detonation wave reflects
and forms a shock wave in the outlet convergent section. The reflected shock wave passes
back to the combustor, sweeping through the dynamic pressure sensors, and generates a
platform zone ahead of the detonation wave.

Figure 3b,d,f shows the Fast Fourier Transform results of dynamic pressure, p1, in cases
#1, #2, and #3, respectively. As shown, under the aforementioned operating conditions,
RDWs propagate in a single-wave mode, and spectral analysis reveals clear dominant
frequencies, which correspond to the propagation dominant frequencies of RDWs. Specifi-
cally, in cases #1, #2, and #3, the propagation dominant frequencies of RDWs are 5.84 kHz,
5.78 kHz, and 5.62 kHz, respectively. As the channel convergence ratio increases, the
propagation frequency of RDWs gradually decreases.

Overall, in the RDC with a small convergent ratio, RDW propagates steadily, and the
detonation-wave pressure peak fluctuates slightly. However, at the same injection condition,
increasing the channel convergent ratio, the RDE operating stability decreases, and the
RDW propagation frequency decreases correspondingly. The fluctuation amplitude of the
pressure peak increases correspondingly, and a platform structure with lower pressure
appears in front of the detonation wave.

Figure 4 shows the comparison of the dynamic pressure signal and ion signal in the
combustor in case #2. From Section 2, the PCB pressure sensor (p1) and the ion probe (I1)
are installed at the same position, but on both sides. From Figure 4, the rising edges of the
dynamic pressure signal and the ion signal are basically consistent, as well as the oscillation
frequency. It is indicated that the shock wave front is well coupled with the flame front,
which is in line with the characteristics of detonation waves. In the disk-shaped RDC, the
rotating detonation wave is indeed initiated and propagates continuously.

From Figure 3e, when the channel convergent ratio increases to 1.70, in addition to
the high-frequency pressure oscillations caused by RDW propagation, the pressure peak
also shows a periodic oscillation, with an oscillation frequency of approximately 436 Hz. In
case #3, the RDW propagation frequency is approximately 5.62 kHz. Compared with the
RDW frequency, the periodic oscillation frequency of the pressure peak is reduced by one
order of magnitude, which is called a low-frequency oscillation phenomenon.

Figure 5 shows the ion signal curve in the combustor at case #3. According to the
partially enlarged image of the ion signal curve shown in Figure 5b, it can be observed that
under the operating condition of case #3, the ion voltage signal exhibits periodic oscillations
over time. However, the oscillation process is highly unstable, with significant fluctuations
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in the amplitude over time. In some periods, the troughs of the ion signal do not return to
zero, as indicated by arrow (1) in Figure 5b. This may be attributed to the delayed expulsion
of high-temperature detonation combustion products, leading to intensified deflagration
at the contact surface, and thereby raising the ion concentration at the monitoring point.
Furthermore, there are even interruptions in certain regions of the ion curve, as indicated by
arrow (2) in Figure 5b. This indicates an unstable propagation process of RDWs under this
operating condition. During some propagation cycles, the combustion reaction induced by
the detonation wave is relatively weak. Moreover, further Fast Fourier Transform (FFT)
is conducted on the ion signal, revealing a dominant frequency of 5.62 kHz, which is
consistent with the dominant frequency of the dynamic pressure signal shown in Figure 3e.

Additionally, based on Figure 5a, the low-frequency oscillation phenomenon is also
observed in the ion signal, that is, the amplitude of ion voltage varies periodically with
time. This indicates that at this condition, the RDW propagation process is unstable, and
the intensity of the detonation wave varies periodically in strong and weakness over time.
Further research on the propagation characteristics of this low-frequency instability is
presented in Ref. [54]. In this study, it is found that increasing the channel convergent ratio
will reduce the RDW propagation stability and promote the formation of low-frequency
oscillation instability.

In addition, from Figures 3 and 5, the detonation-wave parameters are also greatly af-
fected by the combustor convergent ratio, including pressure peak and propagation velocity.
The detonation-wave pressure peak and propagation velocity at a diameter of 102 mm are
shown in Figure 6. With the increase of convergent ratio, both the detonation-wave pressure
peak and velocity decrease, and the decline rate gradually increases. Additionally, the
standard deviation of detonation-wave parameters increases significantly with the increase
of the convergent ratio, indicating that the RDW propagation stability decreases with the
increase of the convergent ratio. Here are the reasons: On the one hand, as the convergent
ratio increases, the average pressure in the combustor increases, which is conducive to
the organization of detonation combustion and enhances the velocity and pressure of the
detonation wave. On the other hand, an increase in the convergent ratio will hinder the
discharge of high-pressure detonation products. The prolonged residence time of high-
temperature products in the combustion chamber intensifies the deflagration process on the
contact surface, resulting in a decrease in detonation combustion efficiency. Additionally,
the excessively high chamber pressure obstructs the injection process of fresh reactants,
leading to a lower reactant layer ahead of the detonation wave. As a result, the intensity
of the detonation wave is significantly reduced due to the influence of lateral expansion
waves, and the propagation process becomes more unstable. Considering the combustor
outlet geometry used in our study, the negative impacts of increasing the convergence ratio
outweigh the positive effects. Consequently, the velocity and pressure of the detonation
wave decrease while the convergence ratio increases, with an increasing rate of decline.

Figure 7 shows the influences of combustor convergent ratio and equivalence ratio
on detonation-wave propagation velocity. From Figure 7, the variation tendency of RDW
propagation velocity on reactants equivalence ratio is consistent in the combustors with
different convergent ratios, which shows that the propagation velocity gradually increases
with the increase of equivalence ratio. In addition, from Figure 7, at the identic injection
condition and propagation mode, the convergent ratio of the combustor has a small impact
on the RDW propagation velocity. In the combustor with a small channel convergent ratio,
the propagation velocity is slightly higher.
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Figure 7. Detonation-wave propagating velocity variation at different convergent ratios and equiva-
lence ratios (206 g/s, monitoring point: 102 mm; SW: single-wave mode; SDW: symmetric dual-wave
mode; ADW: asymmetric dual-wave mode).

In summary, within the scope of operating conditions studied in this paper, increasing
the convergent ratio of the disk-shaped RDC, the RDE stable operation range is reduced
significantly. and the RDW propagation stability is also reduced. However, it has little
impact on the detonation-wave parameters, and increasing the convergent ratio will slightly
reduce the RDW propagation velocity and pressure peak. The reasons for the above changes
have been explained, which is that increasing the convergent ratio will hinder the discharge
of high-pressure detonation products. Fresh reactants cannot be injected timely. As a result,
the reactants mixing efficiency and reactants layer height decrease, leading to the RDW
propagation instability.

Furthermore, the error bars in Figure 7 show the standard deviations of the RDW
propagation velocity, in order to characterize the dispersion degree of detonation-wave
parameters in each condition. As shown, under one combustor structure, as the equivalence
ratio increases, the standard deviation is roughly decreased. The standard deviation of
symmetric dual-wave mode is lower than that of single-wave mode, but the standard
deviation of asymmetric dual-wave mode is higher. At the same injecting conditions,
the standard deviation of detonation-wave parameters decreases with the decrease of the
combustor convergent ratio. In conclusion, by increasing the reactants equivalence ratio
or decreasing the combustor convergent ratio, the standard deviation of RDW parameters
decreases, indicating that the RDW propagation stability is improved. In addition, the
propagation stability of stable multi-wave mode is higher than that of single-wave mode.



Aerospace 2023, 10, 732 12 of 22

3.2. Effect of Convergent Ratio on RDW Propagation at Higher Mass Flow Rates

Changing reactants’ mass flow rates, it is obtained that at higher mass flow rates, the
combustor convergent ratio will affect the RDW propagation mode. Taking cases #4, #5,
and #6 as examples, the impact of convergent ratio on wave head number in the combustor
is analyzed. The captured dynamic pressure curves are shown in Figure 8.
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Figure 8. Effect of convergent ratio on the RDW propagation mode (282 g/s, ER = 1.15): (a) CR = 1.08,
#4; (b) CR = 1.36, #5; (c) CR = 1.70, #6.

As shown in Figure 8, in case #4, RDW propagates steadily in a single-wave mode
in the RDC with a convergent ratio of 1.08. The detonation-wave pressure peak and
velocity fluctuate slightly with time. When the convergent ratio increases to 1.36, the RDW
propagating mode in the RDC is still single-wave mode, as shown in Figure 8b. But, in each
period, the secondary peak appears after the main peak of the dynamic pressure curves,
which is consistent with the curves in Figure 3c. When the convergent ratio increases to 1.70,
the RDW propagation mode is transformed into a stable co-rotating dual-wave mode at the
same injection condition, as shown in Figure 8c. Compared with the single-wave mode
under the same injection condition, the detonation-wave pressure peak in the dual-wave
mode is significantly reduced. A secondary peak also appears behind the main peak of the
pressure curve. To sum up, under the condition of a higher mass flow rate, increasing the
convergent ratio can increase the number of wave heads in the combustor.

In addition, compared to the injection conditions of case #3, the mass flow rate of
case #6 is larger and the equivalence ratio is closer to the stoichiometric ratio. The reactant
height, mixing efficiency, and chemical reactivity of the reactants at case #6 increase, making
it easier to promote the formation of dual-wave mode.
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Figure 9 shows the mean values and standard deviations of the detonation-wave
velocity and pressure peak at a diameter of 102 mm at 282 g/s. Similar to Figure 6, with
the increase of convergent ratio, the mean values of the detonation-wave parameters
decrease, and the standard deviations increase slightly. In addition, zone (1) in Figure 9
shows the detonation-wave parameters of the dual-wave mode. Compared with the single-
wave mode, the detonation-wave propagation velocity and pressure peak are significantly
reduced, but the standard deviation is also reduced. It is indicated that in the dual-wave
mode, the intensity of a single detonation wave is significantly reduced, but the propagation
stability is improved.
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Figure 9. Effect of convergent ratio on the detonation-wave parameters (282 g/s, monitoring point:
102 mm).

3.3. Effect of Convergent Ratio on RDE Operation Mode

This section mainly studies the impact of the combustor convergent ratio on the RDE
operation mode. The reactants equivalence ratio is about 1.10. Figure 10 shows the variation
of RDE operation mode and RDW propagation frequency with a mass flow rate in three
combustors with different convergent ratios.
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As shown in Figure 10, with the increase in mass flow rate, the operation mode of
RDE with different convergent ratios varies. In the combustors with convergent ratios of
1.08 and 1.36, the changing rules of RDE operating mode with mass flow rate are consis-
tent. Specifically, with the increase of mass flow rate, the operating mode is transformed
from unstable propagation mode to stable single-wave mode and then transformed into
symmetric dual-wave mode. A low-frequency instability (LFI) is obtained near the critical
condition of modes switching, as shown in Figure 10a,b. As for the combustor with a con-
vergent ratio of 1.70, with the increase of mass flow rate, the RDE operating mode changes
from single-wave mode to unstable asymmetric dual-wave mode, and RDE operates in an
unstable hybrid mode of asymmetric dual-wave mode and symmetric dual-wave mode
(ADW/SDW hybrid mode) at some conditions. When the mass flow rate continues to
increase, the RDE operation mode is transformed into symmetric dual-wave mode, as
shown in Figure 10c. Moreover, when the mass flow rate is greater than 400 g/s, the RDE
operation process tends to be unstable, and the standard deviation of RDW frequency
increases significantly.

In addition, the critical mass flow rate of mode transformation varies with the com-
bustor convergent ratio. When the convergent ratio increases from 1.08 to 1.36, the critical
mass flow rate for the transition from SW mode to SDW mode decreases slightly, from
338 g/s to 323 g/s. But when the convergent ratio increases to 1.70, the critical mass flow
rates for mode transformation are significantly reduced. The critical mass flow rate for
the transformation from SW mode to ADW mode is 104 g/s, and the critical mass flow
rate for the transformation from ADW mode to SDW mode is 270 g/s. Furthermore, when
the convergent ratio increases to 1.70, the asymmetric dual-wave mode is obtained in the
combustor, which indicates that increasing the channel convergent ratio promotes the
formation of an unstable multi-wave mode.

According to the standard deviations shown in Figure 10a–c, when the convergent
ratio is 1.08 or 1.36, the standard deviation of RDW frequency is relatively small, and the
frequency fluctuation amplitude is less than 7.5%, including the unstable propagation
mode. The frequency fluctuation amplitude in the stable propagation mode is mostly less
than 2%. These indicate that the RDW propagation process is stable. When the convergent
ratio increases to 1.70, the standard deviation of frequency increases significantly. For
the stable propagation mode, the frequency fluctuation amplitude ranges from 1.5% to
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10.8%. While for the unstable ADW mode, the frequency fluctuation amplitude is about
20%. It is further proved that the RDW propagation stability will be greatly reduced when
the channel convergent ratio increases to a certain value (1.70 in this study). Moreover,
Figure 10d compares the RDW frequencies in the combustor with different convergent
ratios. It is obtained that at the same injecting conditions, the RDW propagation frequency
is almost independent of the combustor convergent ratio.

In conclusion, with the increase of combustor convergent ratio, the critical mass flow
rate of mode transformation decreases, which is conducive to the formation of multi-wave
modes in the RDC. When the convergent ratio increases to a certain value, an unstable
asymmetric dual-wave mode is obtained in the combustor. This is because with the increase
of the combustor convergent ratio, the high-temperature detonative products are not easy
to discharge, and the residence time in the combustor increases, leading to the enhancement
of the deflagration intensity on the contact surface. The above process is conducive to the
generation of local hot spots. In addition, the combustor convergent ratio increases, which
is equivalent to installing a convergent nozzle at the outlet, and the oblique shock wave
derived from RDW will reflect on the outlet convergent surface. The reflected shock wave
propagates upstream to the reactants layer and then induces local hot spots. Therefore,
increasing the convergent ratio is conducive to the generation of multi-wave operation
modes in the combustor.

However, if the combustor convergent ratio is too large, the residence time of detona-
tive products in the combustor is too long, which will seriously affect the injection process
and injection stability of fresh reactants. The reactant height ahead of the detonation wave
is unstable, which in turn leads to the decline of the RDW propagation stability. There
will even be a periodic increase and decrease in detonation strength, that is, obtaining
unstable asymmetric dual-wave mode [52]. Therefore, when the combustor convergent
ratio increases to 1.70 in this study, the RDW propagation stability is dropped sharply, and
an unstable ADW mode is obtained.

3.4. Effect of Convergent Ratio on RDE Operation Range

The influence of the combustor convergent ratio on the RDE operation range is further
studied. Figure 11 shows the RDE operation mode and the scope of equivalence ratio for
RDW propagation at different convergent ratios. Where F represents the operating condi-
tions of failure initiation, that is, the combustion process was not successfully established
in the disk-shaped combustor. The air mass flow rates at the experimental conditions used
in this section are consistent, about 206 g/s.

As shown in Figure 11, at the condition of air mass flow rate of 206 g/s, in the
combustor with the convergent ratio of 1.08 or 1.36, the RDE always operates in the single-
wave mode within the detonable scope of equivalence ratio. However, in the combustor
with the convergent ratio of 1.70, with the increase of equivalence ratio, the RDE operating
mode changes from SW mode to ADW mode, and then is transformed into SDW mode.
As the equivalence ratio continues to increase, the RDE operating mode is converted to
ADW mode again, and eventually transformed into SW mode, which further proves that
increasing the combustor convergent ratio is conducive to the formation of multi-wave
mode.

From the error bars of the frequency shown in Figure 11, when the RDE operates
in a SW mode, the standard deviation of frequency is small, indicating that the RDW
propagation process is relatively stable. But in the combustor with a convergent ratio
of 1.70, an unstable ADW mode is obtained, and the error bar increases significantly. It
is further proved that the RDW propagation stability will be reduced significantly if the
combustor convergent ratio is too large.
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Figure 11. RDE stable operation range of equivalence ratio at different convergent ratios (206 g/s,
F: failure of initiation; SW: single-wave mode; SW/ADW: single-wave and asymmetric dual-wave
mode; SDW: symmetric dual-wave mode; ADW: asymmetric dual-wave mode; LFI: low-frequency
instability).

Moreover, from Figure 11, the RDE operation range also changes significantly with
the variation of the combustor convergent ratio. In this study, when the convergent ratio is
1.08, the engine has the widest operating range of equivalence ratio, about from 0.52 to 1.95.
With the increase of convergent ratio, the lower limit of engine operation increases slightly,
but the upper limit decreases significantly. In this study, when the convergent ratio is 1.36
or 1.70, the lower limit of the RDE operating equivalence ratio is 0.80 and 0.73, respectively,
and the upper limit is about 1.60. Compared with the combustor with the convergent ratio
of 1.08, the RDE operating range is significantly reduced. But there is little difference in
the operating range of engines with convergent ratios of 1.36 and 1.70. In conclusion, for
the disk-shaped RDE studied in this paper, increasing the combustor convergent ratio is
conducive to the formation of multi-wave modes, but the stable operating range of the
engine is reduced, and the corresponding operating stability is also reduced.

3.5. Effect of Outlet Length on RDW Propagating Characteristic

In this section, the influences of different combustor outlet lengths on the RDW
propagation process and detonation-wave parameters are studied by replacing the outlet
straight section of engine M2 (CR = 1.36). Typical test conditions are listed in Table 2.
Cases #7–#11 are selected for research. Five lengths of straight section outlets are used for
experimental research, namely 20, 30, 46, 60, and 80 mm. At the same injecting condition
(mass flow rate of 139.6 m/s, equivalence ratio of 1.18), the dynamic pressure curves in the
combustor with different outlet lengths are obtained, as shown in Figure 12.
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Figure 12. Dynamic pressure traces in the RDC with different length outlets (140 g/s, ER = 1.18,
CR = 1.36): (a) l = 20 mm, #7; (b) l = 30 mm, #8; (c) l = 46 mm, #9; (d) l = 60 mm, #10; (e) l = 80 mm,
#11. In subfigures (c) and (e), the arrows (1) represent the secondary peak captured by PCB1.As
shown in Figure 12, in case #7, RDW always propagates in a stable single-wave mode in the
combustor with different outlet lengths. The waveforms of the dynamic pressure trace obtained
in the combustors are basically consistent, and the curves show a characteristic of “sharp rise and
falling slowly” in one cycle, which is in line with the pressure curve characteristics of detonation
waves.
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In addition, a secondary peak is discovered after the main wave peak caused by
the detonation wave, and the second peak value is about half of the main peak. This is
mainly due to the included angle between the detonation wave and the normal direction
of the injecting surface. The reflected shock wave formed by the reflection of detonation
wave on the injecting surface, which is consistent with the previous numerical simulation
results [55].

In order to study the influence of combustor outlet length on RDW parameters,
Figure 13 shows the influence of outlet length on RDW propagation velocity and pres-
sure peak at different air mass flow rates. The data in the figure are the mean values and
standard deviations of detonation-wave parameters at a diameter of 102 mm. Four groups
of air mass flow rates (140 g/s, 206 g/s, 300 g/s, and 353 g/s, respectively) are selected for
experiments, and the reactant equivalence ratio is about 1.2.
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Figure 13. Detonation-wave parameters variation at different convergent ratios and mass flow rates
(ER = 1.20, monitoring point: 102 mm, SW: single-wave mode; SDW: symmetric dual-wave mode;
ADW: asymmetric dual-wave mode): (a) velocity; (b) pressure peak.

From Figure 13, at the same injecting condition, the RDW propagation velocity and
pressure peak vary slightly with the change of combustor outlet length, and the RDW prop-
agation mode has not changed. However, the RDW propagation velocity and pressure peak
are greatly affected by mass flow rate. The variation trend of detonation-wave parameters
with mass flow rate is consistent under different outlet lengths. As shown in Figure 13a,
with the increase of mass flow rate, the RDW propagation velocity increases linearly, but
when the mass flow rate increases to 353 g/s, the average velocity decreases significantly.
This is because, at this mass flow rate, the RDW propagation mode is transformed from
SW mode to SDW mode. The detonation-wave strength and parameters in SDW mode
are lower than those in SW mode. Figure 13b shows the variation of RDW pressure peak
with mass flow rate. Similar to the velocity, the pressure peak increases with the increase of
mass flow rate. When the mass flow rate increases to 353 g/s, the RDW pressure peak in
SDW mode is significantly lower than that in SW mode.

Furthermore, the standard deviations of detonation-wave parameters at different oper-
ating conditions are counted, as shown in the error bars in Figure 13. At the same injection
condition, the standard deviations have little difference in the combustor with different
outlet lengths, indicating that the outlet length has little influence on the fluctuation of
detonation-wave parameters. With the increase of mass flow rate, the standard deviations
of detonation-wave parameters increase gradually. The standard deviation in the SDW
mode is lower than that in the SW mode. In addition, it is found that the standard devi-
ations increase significantly at the mass flow rate of 300 g/s. This is because an unstable
low-frequency oscillation phenomenon is observed at this operating condition, and the
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detonation-wave pressure peak performs a periodic sine oscillation over time [52]. This
low-frequency instability leads to a significant increase in fluctuations of detonation-wave
parameters, especially pressure peak. The above propagation characteristics are almost not
affected by the combustor outlet length.

In conclusion, changing the combustor outlet length has little influence on the RDW
propagation process, operation mode, and detonation-wave parameters.

4. Conclusions

In this paper, a series of experiments is performed to study the propagating charac-
teristics of H2/air rotating detonation wave in different combustor outlet geometries in a
disk-shaped rotating detonation engine. By changing the outlet diameter, outlet length,
injecting mass flow rate of reactants, and equivalence ratio, the influence of engine config-
uration on the RDW propagation process, detonation-wave parameters, RDE operation
mode, and operating range are studied. The results are as follows:

(1) At the same injecting condition, with the increase of combustor convergent ratio, the
RDW propagation stability decreases, and the fluctuation amplitude of the detonation-wave
pressure peak increases. When the convergent ratio increases to a certain value, a “platform
zone” with a lower pressure value appears before the sharp rise of the pressure curve. The
changing rules of RDW propagation velocity with equivalence ratio are consistent in the
combustors with different convergent ratios. The velocity increases gradually with the
increase of the equivalence ratio. The velocity and pressure peak decreases slightly with
the increase of the combustor convergent ratio.

(2) The propagation mode of the rotating detonation wave varies with the increase
in mass flow rate at different convergent ratios, but the change rule is greatly affected by
the convergent ratio. When the convergent ratio is smaller (1.08 or 1.36 in this study), as
the mass flow rate increases, the propagation mode is changed from unstable propagation
mode to stable single-wave mode, and finally transformed into symmetric dual-wave mode.
When the convergent ratio increases to a certain value (1.70 in this paper), with the increase
of mass flow rate, the RDW propagation mode first changes from single-wave mode to
unstable asymmetric dual-wave mode, and then transformed into co-rotating symmetric
dual-wave mode.

(3) Increasing the combustor convergent ratio is conducive to the formation of multi-
wave modes in the disk-shaped combustor, and the critical mass flow rate for mode
transition decreases. When the combustor convergent ratio increases to a certain value (1.70
in this study), the unstable asymmetric dual-wave mode is obtained. When the combustor
convergent ratio increases, the lower limit of equivalence ratio for RDE stable operation
increases slightly, but the upper limit decreases significantly, and the stable operating range
of the engine decreases significantly.

(4) Changing the combustor outlet length has little influence on the propagation
characteristics of the rotating detonation wave, detonation-wave parameter, and engine
operation mode.
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Nomenclature

RDE Rotating detonation engine
RDC Rotating detonation combustor
RDW Rotating detonation wave
DDT Detonation to Detonation Transition
SW Single-wave mode
SDW Symmetric dual-wave mode
ADW Asymmetric dual-wave mode
USW Unstable single-wave mode
F Failure initiation
SW/ADW Single-wave and asymmetric dual-wave mode
ADW/SDW Asymmetric dual-wave and symmetric dual-wave mode
LFI Low frequency instability
CR Convergent ratio
ER Equivalence ratio
p1p Pressure peak
v1 Velocity
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