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List of figure captions
Fig. 1.

Cross-section schematic of RDE.

Fig. 2.

Typical axial images of self-luminescence in the combustion chamber taken with a highspeed camera (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

Fig. 3.

Typical lateral images of self-luminescence of exhaust plume taken with a high-speed
camera (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

Fig. 4.

Time histories of measured data (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

Fig. 5.

Dependence of combustion chamber pressure on cross-section area ratio (C2H4–O2,  =
1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

Fig. 6

Dependence of specific impulse on combustion chamber pressure (C2H4–O2,  =
1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

Fig. 7

Dependence of

/

,

on h /λ (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1

kPa).
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Abstract
We describe the critical condition necessary for the inner cylinder radius of a rotating detonation engine (RDE)

used for in-space rocket propulsion to sustain adequate thruster performance. Using gaseous C2H4 and O2 as the

propellant, we measured thrust and impulse of the RDE experimentally, varying in the inner cylinder radius ri from

31 mm (typical annular configuration) to 0 (no-inner-cylinder configuration), while keeping the outer cylinder radius

(ro = 39 mm) and propellant injector position (rinj = 35 mm) constant. In the experiments, we also performed high-

speed imaging of self-luminescence in the combustion chamber and engine plume. In the case of relatively large

inner cylinder radii (ri = 23 and 31 mm), rotating detonation waves in the combustion chamber attached to the inner

cylinder surface, whereas for relatively small inner cylinder radii (ri = 0, 9, and 15 mm), rotating detonation waves

were observed to detach from the inner cylinder surface. In these small inner radii cases, strong chemical

luminescence was observed in the plume, probably due to the existence of soot. On the other hand, for cases where

ri = 15, 23, and 31 mm, the specific impulses were greater than 80 % of the ideal value at correct expansion.

Meanwhile, for cases ri = 0 and 9 mm, the specific impulses were below 80 % of the ideal expansion value. This was

considered to be due to the imperfect detonation combustion (deflagration combustion) observed in small inner

cylinder radius cases. Our results suggest that in our experimental conditions, ri = 15 mm was close to the critical

condition for sustaining rotating detonation in a suitable state for efficient thrust generation. This condition of the in

the inner cylinder radius corresponds to critical condition to the condition in the reduced unburned layer height of

3

4.5–6.5.

Keywords
Rotating detonation engine, critical condition of detonation, detonation

Nomenclature
Ac

=

cross-sectional area of combustion chamber,  (ro2 – ri2)

Ainj

=

total area of injection halls

Ao

=

cross-sectional area of outer cylinder, ro2

Cc

=

calibration constant for mass flow rate

D

=

detonation velocity

=

detonation frequency

g0

=

gravitational acceleration at sea level

h

=

height of injected unburnt mixture layer

=

specific impulse (evaluated based on thrust and mass flow rate)

=

propellant mass flow rate

=

number of detonation wave

ṁ
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pb

=

backpressure

pc

=

pressure of combustion chamber

pple

=

pressure of plenum chamber

R

=

gas constant

ri

=

inner cylinder radius of combustion chamber

rinj

=

radial position of the centerline of propellant injection halls

ro

=

outer cylinder radius of combustion chamber

T

=

temperature



=

specific heat ratio



=

detonation cell width



=

density



=

propellant equivalence ratio of

1. Introduction
Detonation, which is one form of combustion wave traveling in a premixed fuel-oxidizer mixture in the gas

phase, has remarkable characteristics in that it can attain higher combustion temperature and speed than deflagration,

the other form of combustion wave, given the same initial conditions [1–3]. Because higher combustion temperature
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can lead to higher thermal efficiencies in a thermodynamic cycle, and higher combustion speed can lead to completion

of combustion at shorter distances, many researchers are attempting to utilize detonation in combustion engines,

including propulsion devices (e.g., rocket and jet engines).

Propulsion devices utilizing detonation can generally be classified into two types: the pulse detonation engine

(PDE), and the rotating detonation engine (RDE) [4]. A PDE generates thrust by intermittent detonation combustion

in a tube-shaped combustor, and has a remarkable advantage in terms of controllability of the total impulse compared

to RDE [5]. On the other hand, an RDE generates thrust by continuous detonation combustion, which is maintained

in its combustion chamber in the form of a rotating detonation wave [6–8]. RDE can usually exert higher thrust

densities than PDE, because with continuous combustion, the throughput of the propellant can also be high. Hence

RDEs are currently attracting increased attention as primary thrusters for space and aircraft propulsion.

Typically, the combustion chamber of an RDE is a narrow, annular channel, and thus consists of inner and outer

cylinders. Several studies characterized the structure of rotating detonation waves in RDE combustors with annular

combustion chambers. Nakayama et al. [9–10], Kudo et al. [11], and Sugiyama et al. [12] investigated the structure

of detonation waves propagating within curved channels filled with fuel-oxidizer mixtures, and discussed the critical

condition in channel curvature for the stable propagation of a rotating detonation wave. On the other hand, there are

some variants in the combustion chamber geometry of RDE. Bykovskii et al. [6, 13] realized stable rotating

detonation waves in disk-shaped combustion chambers. They visualized the detonation waves in the combustion
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chambers by a streak camera, and proposed the basic flow structure. Nakagami et al. [14–15] further investigated the

structure of rotating detonation waves in a disk-shaped combustion chamber. Tang, Wang, and Shao [16] proposed

another geometry for the combustion chamber, i.e., a cylindrical chamber similar to the annular one but without an

inner cylinder. Using this cylindrical combustion chamber, they performed 3-D flow simulation with a single-step

chemical kinetics model, and concluded that detonation waves could rotate continuously in the chamber. In

experiments, Wei et al. [17] and Anand et al. [18] later confirmed stable realization of rotating detonation waves in

an RDE with a cylindrical combustion chamber although thrust was not measured in their studies.

Here, a cylindrical RDE with no inner cylinder can lead to realization of a smaller and simpler RDE compared

to typical annular RDEs, because removing the inner cylinder makes it possible to reduce not only the size of the

combustion chamber for an identical cross-sectional area, but also the cooling arrangement for the inner cylinder.

Therefore, the cylindrical RDE may be a preferable option, and could be particularly important for in-space

propulsion devices. However, the impact of removing the inner cylinder from the RDE has not yet been fully clarified.

In the present study, we measure thrust in an RDE using gaseous ethylene and oxygen as the propellant, and varying

the inner-cylinder radius ri from 31 mm (typical annular configuration) to 0 (no-inner-cylinder configuration) under

a constant outer cylinder radius ro = 39 mm and propellant injection position rinj = 35 mm. We perform high-speed

imaging of self-luminescence in the combustion chamber and engine plume to identify the characteristics of the

combustion.

7

2. Experimental Setup
Figure 1 presents a cross-sectional schematic of the RDE investigated in this study. The RDE had separate fuel

and oxidizer plenum chambers, and a doublet impinging-type propellant injector plate at the bottom of the

combustion chamber. In Fig. 1, a cylindrical coordinate system is defined as the z-direction corresponds to the

symmetry axis. The origin of the coordinate system is at the intersection of the symmetry axis and injector surface.

The outer cylinder wall of the combustion chamber is at ro = 39 mm, and its outlet is at zh = 70 mm. The radial

location of the inner cylinder wall of the combustion chamber, the inner cylinder radius ri, was varied in a range from

0–31 mm. The diameter of both the fuel and oxidizer injection holes was 1 mm. There were 120 injection holes in

each. The centerline of the injection holes was located at rinj = 35 mm, and the radial distance between the centers of

neighboring fuel and oxidizer injection holes, constituting a doublet, was 3.0 mm.

Fig. 1. Cross-section schematic of RDE.
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An experiment was conducted using a vacuum combustion facility that consisted mainly of a vacuum chamber,

thrust stand, and propellant supply system. The vacuum chamber had a volume of 30.1 m3, and could be evacuated

by two rotary pumps. The RDE was attached to a sliding platform on the thrust stand. This platform had one horizontal

translational degree of freedom, was rigidly fixed to the main body of the thrust stand through a load cell (MODEL-

DUD/Aikoh Engineering). The load cell measured the thrust.

The propellant supply system consisted mainly of fuel and oxidizer tanks, pneumatic valves, and orifices. The

gaseous ethylene and oxygen used as the propellant were supplied to the plenum chambers of the RDE. Mass flow

rates of fuel and oxidizer were regulated by changing the diameter of the orifices along the supply lines. Flows in the

supply lines were choked at the orifices and injection holes before ignition by keeping the pressure of tanks and

plenum chambers, and the pressure ratios across orifices and injection holes sufficiently high [19]. Although the

pressure ratio across injection holes could sometimes be less than the critical pressure ratio after ignition, due to the

rise in combustion-chamber pressure, the mass flow rate in the supply line was kept constant because the choking

condition was satisfied at the orifice. In the experiments, mass flow rates were evaluated based on the total cross-

section area of the injection holes and plenum pressures before ignition with Eq. (1) [20].
⁄

(1)

The calibration constant Cc in Eq. (1) was preliminarily determined by comparing a known mass flow rate with the
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right-hand side of Eq. (1). The error of the mass flow rate was mainly attributed to error in the calibration constant,

and this error was evaluated to be less than 10 %.

The experimental procedure was as follows. The vacuum chamber was first evacuated to a designated pressure

pb. The propellant was then supplied to the RDE. Once the propellant had attained a steady state, an initiator, or pre-

detonator, ignited the RDE in response to an ignition signal. After 0.4-s operation, the valves were closed, and the

combustion was terminated. Because the capacities of the propellant tanks are sufficiently large, the mass flow rates

were kept approximately constant during RDE operation, i.e., the decreases in the mass flow rate were less than 3 %.

During operation, the time histories of thrust F, combustion-chamber pressures pc, fuel and oxidizer plenum chambers

pple, and backpressure pb were recorded by a data logger. Combustion chamber pressure pc was measured via a

pressure port in the outer cylinder 9-mm downstream from the injector surface. High-speed cameras were also

employed to record sequential images of self-luminescence in the combustion chamber and engine plume.

3. Results and Discussion
The experimental conditions and a summary of the measurement results are listed in Table 1. The inner cylinder

radius ri was varied at 0, 9, 15, 23, and 31 mm. Note that an inner cylinder radius of 0 mm essentially means a no-

inner-cylinder configuration. Throughout the all RDE runs, the propellant mass flow rate ṁ and equivalence ratio ϕ

were controlled within the range of 136±6 g/s and 1.18±0.17, respectively (aside from measurement errors). The

backpressure pb, or vacuum chamber pressure, was in the range of 5±1 kPa before each operation. Combustion
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chamber pressure pc, and thrust F, were evaluated as time-averaged values. The specific impulse

with

= F/ṁg0. The number of detonation wave

, detonation frequency

was evaluated

, and detonation velocity D were

evaluated based on the observation by high-speed cameras. For all inner-cylinder radii, including the no-inner-

cylinder configuration (ri = 0 mm), the RDE operated with rotating detonation waves.

Table 1.

Experimental conditions and summary of results

Run

ri

ṁ

ϕ

pc

F

D

#

[mm]

[g/s]

[-]

[kPa]

[N]

[s]

[-]

[kHz]

[m/s]

1

0

130±13

1.19±0.1

47±3

200±10

156±16

1

10.8±0.3

2370±50

2

9

138±14

1.13±0.1

47±3

237±12

175±17

1

10.5±0.3

2300±50

3

15

132±13

1.01±0.1

48±3

251±13

194±19

1

8.6±0.3

1900±50

4

23

133±13

1.01±0.1

61±3

265±13

203±20

1

10.8±0.3

2380±50

5

31

135±14

1.01±0.1

120±3

303±15

229±23

2

18.9±0.3

2080±50

6

0

131±13

1.12±0.1

47±3

221±11

173±17

1

10.7±0.3

2360±50

7

0

135±14

1.34±0.1

51±3

225±13

171±17

1

10.6±0.3

2340±50

8

0

136±14

1.18±0.1

47±3

225±13

168±17

1

10.1±0.3

2210±50

9

31

135±14

1.28±0.1

123±3

312±15

236±24

2

19.0±0.3

2090±50

10

31

136±14

1.09±0.1

140±3

306±15

229±23

3

24.3±0.3

1780±50

11

31

140±14

1.10±0.1

140±3

303±15

222±22

3

24.3±0.3

1780±50

12

31

142±14

1.09±0.1

126±3

306±15

220±22

2

18.9±0.3

2080±50

3.1. Structure of Flow and Combustion Field
To summarize this section, Fig. 1 proposes a schematic illustration of the flow and combustion fields of an RDE

deduced from axial and lateral direction images of the self-luminescence. The axial-direction images of the inside of

the combustion chamber showed regions where detonation or deflagration combustion occurred. Meanwhile lateral-
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direction images of the exhaust plumes revealed Mach-disk-like discontinuity. In this study, non-detonation

combustion was regard as deflagration combustion in accordance with accepted definitions (e.g. [3]). We identified

the deflagration region based on the following: (1) strong illuminants generated in the combustor were observed in

the lateral photographs of the plume (Fig. 3) for small inner cylinder cases, indicating incomplete detonation

combustion within the combustor; and (2) as per previous studies, deflagration regions are supposed to arise adjacent

to detonation regions [21].

Figure 2 shows typical axial photographs of self-luminescence in the combustion chamber for run number 1–5.

The interval between frames was 6.25 s. In the case of ri = 0 and 23 mm, images have been vertically reflected for

ease of comparison with the other cases. In the case of ri = 0, 9, 15, and 23 mm, single rotating detonation waves can

be observed, whereas two rotating detonation waves are observed in the case of ri = 31 mm. Additionally, detonation

waves attach to the inner cylinder wall in the case of ri = 23 and 31 mm, whereas they detached from the inner

cylinder wall in the case of ri = 0, 9, and 15 mm. In conjunction with this, the specific impulse deteriorated in the

case of ri = 0 and 9 mm as described below. Thus, we regard the case where ri = 15 mm as the critical case to sustain

the rotating detonation wave in a suitable state for efficient thrust generation. The cases with larger inner cylinder

radius (ri = 23 and 31 mm) and smaller inner cylinder radius (ri = 23 and 31 mm) were classified into supercritical

and subcritical cases, respectively.

As may be seen in Fig. 2, different regional characteristics were observed in all cases. These included relatively
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sharply outlined regions, which can be interpreted as detonation waves, and relatively vaguely outlined regions with

rather weak luminescence, which can be interpreted as the consequence of non-detonation combustion. The region

with weak luminescence appeared to expand with a decrease of the inner cylinder radius. In a numerical simulation

for an RDE with the no-inner-cylinder configuration [16], rotating detonation waves attached to the outer wall, while

non-detonation (i.e., deflagration) combustion occurred in an inner region of the combustor. Our observations were

in good accord with these characteristics of the combustion structure.

Fig. 2. Typical axial images of self-luminescence in the combustion chamber taken with a high-speed camera (C2H4–
O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa). Black and white was inverted. For ri = 0 and 23 mm, the images
are reflected vertically. See also Supplemental Material, Movies S2(a), (b), (c), (d), and (e).
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Figure 3 shows typical lateral images of the self-luminescence of exhaust plumes for run number 1–5. In all

cases, Mach-disk-like discontinuities of luminescence can be observed, and these become sharper with an increase

of the inner cylinder radius. As may be seen, for example, in Fig. 3(e3), some discontinuities connecting with the

Mach-disk-like discontinuity are visible upstream of it. These should be interpreted as oblique shock waves, and their

upstream edges do not seem to connect with the outer cylinder outlet edge of the combustion chamber. This is thought

to mean that there are barrel shocks downstream of the outlet, and the exhaust plumes are supersonic and under

expansion. In the case of ri = 0, and 9 mm (subcritical cases), and 15 mm (critical case), there are areas where strong

chemical luminescence of soot can be seen, as shown in Fig. 3. This is due to incomplete combustion in the

deflagration combustion region, as shown in Fig. 1.
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Fig. 3. Typical lateral images of self-luminescence of exhaust plume taken with a high-speed camera (C2H4–O2,  =
1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa). Black and white was inverted. See also Supplemental Material, Movies
S3(a), (b), (c), (d), and (e).

3.2. Thrust and Impulse Performance
Figure 4 shows the time history of the thrust and pressure of combustion chamber. The origin of the time axis

was set to that of the ignition signal. In Fig. 4(a), thrusts of approximately 50 N can be seen before ignition. This is

due to cold gas jets without combustion. After ignition, thrusts rise and reach steady states by 0.2 s. In Fig. 4(b),

plateaus can be seen also for pressure histories during combustion as with the case of thrust. To obtain time-averaged

thrust F and pressure of the combustion chamber pc, we used the region between the two dashed lines in Fig 4, i.e., t

15

= 0.2–0.35 s. In a stable operation, the averaged values of thrust and combustion chamber pressure are independent

of the time region if the region is selected from the plateau of the time history. Thus, from the viewpoint of ease of

data processing, we chose the same time region for all cases. The detonation frequencies f were also evaluated as

time-averaged values. However, time history of the detonation frequency cannot be directly recorded by the data

logger, but has to be reduced from sequential images recorded by the high-speed cameras. Thus, the detonation

frequencies were evaluated as inverses of averaged rotating periods of detonation waves in arbitrary 10 revolutions

within the time region stated above, i.e., t = 0.20.35 s, also for ease of data processing. In general, the detonation

frequency is constant as long as the operation is stable (see, for e.g., [22]). We confirmed that difference in a 10-

revolution-averaged value is equivalent to 20-revolution-averaged value within an error of 1 %, and the 10-

revolustion-averaged value has a sufficient accuracy. The propagation speed of detonation waves D was calculated

with

2

⁄

. Note that the circumferential length at the centerline radius of the injection holes rinj = 35

mm was used for the calculation of the displacement of detonation waves.

(a) Thrust
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(b) Pressure of the combustor chamber
Fig. 4. Time histories of measured data (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa). Dashed lines
indicate time region for averaging.

As shown in Table 1, the propagation speed of detonation waves was 2300 m/s except for the cases ri = 15 and

31 mm (1760 m/s for the ri = 31 mm), whereas the Chapman–Jouguet (C–J) detonation velocity is 2800 m/s for

ethylene-oxygen mixture. The velocity deficit of detonation waves in an RDE, which can be as low as 40 % of C–J

velocity [26], is thought to be due mainly to the curvature effect, incomplete mixing of fuel and oxidizer, and dilution

of the fuel-oxidizer mixture by burned gas. This phenomenon has been confirmed both experimentally and

numerically by many researchers (e.g., [6, 21]). In general, the velocity deficits in RDEs are enhanced with increases

in the number of detonation wave heads in combustors (e.g., [6]). However, the impact of reduced wave speed on

RDE performance is not significant [21]. It is also known that the number of detonation wave heads increases with

the propellant mass flux in the combustor [6].

Figure 5 shows dependence of combustion chamber pressure pc on cross-section area ratio Ac / Ao. As shown in

the figure, the pressure decreases with the increase in channel cross-sectional area Ac; i.e., with the decrease in the
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inner cylinder radius. The pressure trend is approximately inversely proportional to the channel cross-sectional area.

This is because injected propellant undergoes more significant expansion in a wider chamber. As a result, the thrust

did not decrease with the increase of the inner cylinder radius.

Fig. 5. Dependence of combustion chamber pressure on cross-section area ratio (C2H4–O2,  = 1.18±0.17, ṁ = 136±6
g/s, pb = 5±1 kPa). Dashed line is an inversely proportional curve.

Figure 6 plots the specific impulse

correct expansion

,

versus the combustion pressure pc. In Fig. 6, ideal specific impulse at

was also shown as a function of the pressure of the combustion chamber by a solid line.

The ideal specific impulse was computed using the NASA-CEA code [23] for an equivalence ratio of 1.14 and a

backpressure of 5 kPa. As shown in Fig. 6, the specific impulses for supercritical cases were greater than 80 % of

ideal correct expansion curve value. However, the specific impulses for subcritical cases were less than 80 % of the

ideal value. This can be due to the incomplete detonation. For small inner cylinder radius cases (ri = 0 and 9), the

local equivalence ratio is thought to deteriorate in the vicinity of the inner cylinder wall because of the large distance
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from the injection position.

Fig. 6. Dependence of specific impulse on combustion chamber pressure (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s,
pb = 5±1 kPa). Symbols are measured data. Error bars are shown only for the case where ri = 23 mm as a typical
example. Solid line is ideal correct expansion curve computed by the NASA CEA code [26].

Figure 7 plots the ratio of

to

,

versus the ratio of the height of unburned mixture layer [6] h to the

detonation cell width λ. The height of the unburned mixture layer was calculated by

⁄

, here the

density was calculated with the ideal gas law at the pressure of the combustion chamber and a temperature of 300 K.

The detonation cell width was evaluated approximately using a best fit curve [24] to measured data for stoichiometric

ethylene-oxygen mixtures in the Detonation Database [25–28],

72.312

.

(2)

here  is in mm and pc is in kPa. As shown in Fig. 7, for the critical case (ri = 15 mm) and supercritical case (ri = 23

and 31 mm), the reduced unburned mixture layer height, h / λ, is relatively large and greater than 6.5. Meanwhile, for

the subcritical cases (ri = 0 and 9 mm), the reduced height is relatively small and less than 4.5. Hence, the critical
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condition in the inner cylinder radius (ri = 15 mm) corresponds to critical condition to the condition in the reduced

unburned layer height, i.e., h / λ = 4.5–6.5. These experimental results suggest that the deterioration in the specific

impulse can be avoided in the no-inner-cylinder configuration if a sufficient height of the unburned mixture layer is

attained by reducing the outer cylinder radius and/or increasing the propellant mass flow rate.

Fig. 7. Dependence of

/

,

on h /λ (C2H4–O2,  = 1.18±0.17, ṁ = 136±6 g/s, pb = 5±1 kPa).

4. Conclusions
We tested a nozzleless RDE with a C2H4–O2 propellant in a low-backpressure environment while varying the

inner cylinder radius, ri, in a range from 0 (no-inner-cylinder configuration) to 31 mm (typical annular configuration).

In the experiments, we also performed high-speed imaging of self-luminescence in the combustion chamber and

engine plume. In the case of relatively large inner cylinder radii (ri = 23 and 31 mm), rotating detonation waves in

the combustion chamber attached to the inner cylinder surface, whereas for relatively small inner cylinder radii (ri =

0, 9, and 15 mm), rotating detonation waves were observed to detach from the inner cylinder surface. In these small
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inner radii cases, strong chemical luminescence was observed in the plume, probably due to the existence of soot.

On the other hand, for cases where ri = 15, 23, and 31 mm, the specific impulses were greater than 80 % of the ideal

value at correct expansion. Meanwhile, for cases ri = 0 and 9 mm, the specific impulses were below 80 % of the ideal

expansion value. This was considered to be due to the imperfect detonation combustion (deflagration combustion)

observed in small inner cylinder radius cases. Our results suggest that in our experimental conditions, ri = 15 mm

was close to the critical condition for sustaining rotating detonation in a suitable state for efficient thrust generation.
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Supplemental Material (Movie Caption)
Movie S2(a): Axial movie of self-luminescence in the combustion chamber taken with a high-speed camera (ri

= 0 mm) (.mov file).

Movie S2(b): Axial movie of self-luminescence in the combustion chamber taken with a high-speed camera ( ri

= 9 mm) (.mov file).

Movie S2 (c): Axial movie of self-luminescence in the combustion chamber taken with a high-speed camera ri
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= 15 mm) (.mov file).

Movie S2 (d): Axial movie of self-luminescence in the combustion chamber taken with a high-speed camera ri

= 23 mm) (.mov file).

Movie S2 (e): Axial movie of self-luminescence in the combustion chamber taken with a high-speed camera ri

= 31 mm) (.mov file).

Movie S3 (a): Lateral movie of self-luminescence in the combustion chamber taken with the high-speed camera

ri = 0 mm) (.mov file).

Movie S3 (b): Lateral movie of self-luminescence in the combustion chamber taken with a high-speed camera

ri = 9 mm) (.mov file).

Movie S3 (c): Lateral movie of self-luminescence in the combustion chamber taken with a high-speed camera

ri=15 mm) (.mov file).

Movie S3 (d): Lateral movie of self-luminescence in the combustion chamber taken with a high-speed camera

ri = 23 mm) (.mov file).

Movie S3 (e): Lateral movie of self-luminescence in the combustion chamber taken with a high-speed camera

ri = 31 mm) (.mov file)
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