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Abstract

The internal flow structures of detonation wave were experimentally analyzed in an optically accessible hollow rotating

detonation combustor with multiple chamber lengths. The cylindrical RDC has a glass chamber wall, 20 mm in diameter,

which allowed us to capture the combustion self-luminescence. A chamber 70 mm in length was first tested using C,H4-O>

and H>—O, as propellants. Images with a strong self-luminescence region near the bottom were obtained, confirming the

small extent of the region where most of the heat release occurs as found in our previous research. Based on the

visualization experiments, we tested RDCs with shorter chamber walls of 40 and 20 mm. The detonation wave was also

observed in the shorter chambers, and its velocity was not affected by the difference in chamber length. Thrust performance

was also maintained compared to the longer chamber, and the short cylindrical RDC had the same specific impulse

tendency as the cylindrical (hollow) or annular 70-mm chamber RDC. Finally, we calculated the pressure distributions of

various chamber lengths, and found they were also consistent with the measured pressure at the bottom and exit. We

concluded that the short-chamber cylindrical RDC with equal length and diameter maintained thrust performance similar

to the longer annular RDC, further expanding the potential of compact RDCs.
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Nomenclature

A = cross-sectional area of combustion chamber (= nd,2/4)

D = wave velocity of detonation
d = diameter
d, = combustion chamber diameter



Iy

I sp,theo

I sp, ie

Pb

Pe

ple

thrust

specific impulse

theoretical specific impulse

specific impulse calculated under the assumption of ideally expanded

combustion chamber length

mass flow rate

Mach number

pressure

back pressure

pressure of combustion at chamber bottom

pressure of chamber at z =65 mm

axial position of combustion chamber

axial position of chemical reaction completion

displacement thickness of boundary layer

hole diameter

equivalence ratio

Subscripts

combustion chamber

chamber exit

initial

plenum



0x = oxidizer

f = fuel

z = axial position

1. Introduction

A detonation wave that is self-sustained and propagates in a premixed fuel-oxidizer mixture has a compression effect

ahead of the combustion zone. It therefore features higher combustion product gas temperature and pressure compared to

deflagrative combustion [1, 2, 3]. The immediate completion of combustion due to the supersonic combustion wave is also

a characteristic of detonation combustion. These advantages encourage the use of detonation combustion in engines,

particularly in the aerospace field. Engines based on detonation combustion can lead to a more compact combustor than

conventional engines, and may reduce the load on the compressor due to the self-compression effect of detonation

combustion [3, 4, 5]. Therefore, various types of combustors using detonative combustion have been proposed. Rotating

detonation engines (RDE) and pulse detonation engines (PDE) [6] are the typical forms of such engines; other forms such

as a reflective shuttling detonation combustor (RSDC) [7] have also been proposed.

For practical implementation of detonation combustion in engines, the analysis of the internal flow field in detonation

engines is crucial. This was addressed by several researchers by means of an optically accessible detonation combustors.

Rankin et al. [8] obtained mid-infrared pictures of high-temperature water vapor and ultraviolet images of OH*

chemiluminescence in an optically accessible, annular geometry, non-premixed H,-Air RDC [9]. They described he

structure of detonation wave in detail and observed the wave’s behavior at various mass flow rates and equivalent ratios.

Chacon and Gamba [10] described the detonation sstructure present in an obround geometry combustor and performed 10

Hz OH-PLIF and OH* chemiluminesncec detailed flow field description. They observed non-uniform propagation due to

non-ideal conditions of the combustor and “parasitic combustion,” which is a deflagration combustion region



accompanying detonation waves [11]. Bohon et al. [12] measured self-luminescence and high-frequency pressure

simultaneously in an RDC with various mass flow rates and equivalent conditions, classified the propagation mode of

detonation waves by mass flow rate, and suggested that pressure and luminance increase when the wave passes.

Athmanathan et al. [13] presented a detailed unsteady dynamic description of the detonation structure through time resolved

MHz rate chemiluminescence and complementary URANS simulations. This work revealed the presence of azimuthal

reflected shock combustion present in non-premixed annular RDCs. Other researchers have also evaluated thrust

performance using methods for conventional rocket engines, such as quasi-one-dimensional (1-D) flow theory [14-15].

Knowlen et al. [14] analyzed the flow field in RDE by Rayleigh flow theory, and found that the exit flow calculated from

the conditions downstream and upstream of the detonation wave reached supersonic velocity. Goto et al. [15] evaluated

steady performance and heat-load of RDE by utilizing a method designed for conventional rocket engines. These studies

describe the presence of complicated flow fields in RDCs and justify detailed time-resolved measurements in optically

accessible RDCs.

Typical RDCs have an annular combustor, and generate thrust by a detonation wave rotating at the bottom of a slit

chamber. Several studies, however, revealed that RDEs without an inner cylinder also work as a detonation engine [16-20].

Cylindrical, inner-core-less RDEs have potential advantages. Removing the inner cylinder enables a more compact RDE,

and solves thermal problems related to the inner cylinder. Tang et al. [16] numerically demonstrated that detonation waves

could rotate continuously in a hollow RDE combustion chamber. Wei et al. [17] and Anand et al. [18] also confirmed that

it was possible to realize a stable rotating detonation wave experimentally in a cylindrical RDE. Kawasaki et al. [19] and

Yokoo et al. [20] investigated the thrust performance of RDE with various inner-cylinder radii, and obtained the critical

condition of mass flux. On the other hand, a cylindrical RDE has no channel which sustains the detonation wave, and the

wave may tend not to stand perpendicularly to the outer wall. This may weaken the wave and thrust performance, but it



was also confirmed that the performance is the same as an annular design by adjusting the mass flux of the cylindrical

RDE. In any case, internal flow structure of the cylindrical RDE has not been analyzed enough whereas the structure of

other forms of detonation engines has been as mentioned above.

In this study, we describe the detailed of the detonation structure present in a cylindrical RDC using C,H4-O, and H»-

O, as propellants. Through MHz rate imaging, we observe the combustion zone to originate near the injection site for both

ethylene/oxygen and hydrogen/oxygen combinations.. We also compared the self-luminescence observation results to the

internal flow numerical model proposed in previous research [20]. In addition to the fuel/oxidizer change, an optimal

combustor necessitates a short combustor length. We studied the effects varying the chamber length. The thrust

performance and combustion were compared to the experimental results of the cylindrical RDC with a 70-mm long

chamber. We found that a cylindrical RDC with a shorter chamber could achieve the same specific impulse as a cylindrical,

or even annular, RDC with a longer chamber. We also analyzed the internal flow and revealed that the internal flow model

proposed in our previous work could be applied to the various geometrical and supply conditions of the RDC. [20]

2. Experimental apparatus and conditions

Figure 1 presents schematics and Fig. 2 photographs of the rotating detonation combustor (RDC) without an inner core.

RDC chambers had 2 types of wall: the stainless steel wall shown in Fig. 1a and Fig. 2a, and the glass wall shown in Fig.

1b and Fig. 2b. Pressure distribution could be measured with the stainless steel wall, and self-luminescence could be

observed from the radial direction with the glass wall. Both an acrylic (PMMA) and quartz glass were utilized as the

combustor wall of the RDC. Hence, the inside of the chamber during combustion could be observed from the side of the

cylinder using a high-speed camera (Shimadzu HPV-X2). The combustion chamber diameter d, was 20 mm, and the RDC

had neither a convergent nor divergent nozzle. The chamber length L of the stainless wall was 70 mm, and L of the glass



wall was varied at 70, 40 and 20 mm. The optically accessible length, however, was L—12 mm from the bottom due to the

12-mm long endplate shown in Figs. 1b and 2b.

The RDC had 24-pairs of doublet, impinging injectors on the bottom surface, arranged in circles with diameters of 9

mm for fuel, and 15 mm for oxidizer, as shown in Fig. 1c. The diameter of the injector holes was 0.8 mm, and fuel (from

inside) and oxidizer (from outside) impinged at an angle of 45 degrees. A pressure measurement port was also installed at

the bottom center. The stainless steel chamber wall and endplate had a pressure measurement port and detonation initiator

port, respectively. The RDC was initiated with gunpowder or a pre-detonator. C;Hs—O, and H>—O, were the propellants

tested here. In the case of C;Hs—O,, we also measured thrust by installing the RDC on the thrust stand, and captured an

axial self-luminescence image with a high-speed camera (Phantom, v2011), in addition to the image captured from the side

of the RDE with the Shimadzu HPV-X2. For the H,—O» tests, a hydrogen-oxygen pre-detonator charge was fired near the

exit to initiate the detonations. The test duration was 300 ms, and the high-speed camera (Shimadzu HPV-X2) was triggered

150 ms after the start of the RDC. Only in Test 7, the camera was also attached to an image intensifier (Lambert Instruments

HiCATT, GaAsP enhanced red, 280-800 nm) coupled with a 105-mm UV lens (Nikon, UV-Nikkor) to capture the

broadband chemiluminescence, including OH*, blue flame emission and high-temperature water vapor [21].
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Fig. 1 Schematics of the cylindrical RDE: (a) the cylindrical RDE with a stainless wall used in pressure distribution measurement; (b) the

pressure port

optically accessible, cylindrical RDE with a glass wall; and detailed view of (c) the injector surface seen from the RDE exit.
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Fig. 2 Pictures of the two types cylindrical RDE: (a) the cylindrical RDE with the stainless wall; and (b) the optically accessible, cylindrical
RDE with the glass wall.
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3. Results and discussion

The experimental conditions and a summary of the measurement results are presented in Table 1. We varied the
propellant between Tests 1-6 (with C;Hs—05) and Test 7 (with H2—05). We also measured thrust in Tests 1-6, so specific
impulse was obtained in these cases. Wall type was also different in each experiment. In Tests 1-3, we used the stainless
combustor wall with seven pressure ports along the axial direction shown in Fig. 1a. In Tests 47, we used the glass wall
in order to obtain self-luminescence images. In addition, PMMA and quartz were used in the optically accessible cylinder
wall. The quartz wall was used in Test 4, and the PMMA wall in the other tests due to ready availability [21]. The quartz
allows UV transmission and finer detail in the images, although this does not affect the discussion of the current paper.

The wave speed D was calculated from D = zd/T, where T is the period of the rotating wave, averaged using 10 cycles
of rotation, and d is the diameter of the driving wave. Here, we assumed d = 15 mm. D was calculated using the axial
pictures in Tests 1-6, because images were also captured from the axial direction in those cases. Although axial pictures
were not taken and side pictures were used for the calculation in Test 7, the detonation speed was not affected by the
distortion caused by the cylindrical window in the calculation method explained above. In all cases, the supersonic waves

were observed in the combustor, and were sustained for the combustion duration (300 ms). This should mean the wave was



sustained and combined with the combustion, which is consistent with the definition of detonation combustion [2].

Therefore, the phenomenon in the combustor is regarded as detonation combustion.

Table 1. Experimental conditions and a summary of the measurement results.

L m D Do F Isp D
Test Propellant Wall [mm] [g/s] [-] [kPa] [N] [s] m/s
1* C,Hs-O, S/S** 70 27 1.3 6 59 226 1276
2% CHs-O2 S/SH* 70 36 1.8 11 88 246 1328
3 CHs-O2 S/S** 70 41 1.8 12 98 244 1336
4 C>H4-0, Quartz 70 26 1.3 45 46 183 1461
5 C>H4-0, PMMA 40 27 1.4 13 61 233 1294
6 C,H4-0, PMMA 20 27 1.3 13 56 213 1269
7 H>-0O; PMMA 70 22 1.5 100 - - 1586

*The conditions and results of Tests 1 and 2 are cited from previous research [18]. **S/S = Stainless Steel

M1: (9 text lines + 2 lines) % 7.6 words/line x 2 columns + 23 words = 190 words

3.1 Heat release region and internal flow model of the cylindrical RDC

Figure 3 contains continuous images of self-luminescence captured by the high-speed camera at the side of the RDC.
Figure 3a shows the images from Test 4 (C,H4-O; experiment), in which the images were captured at 2,000,000 frames/s
(0.5 ps/frame), 127.5 ps duration, and with an exposure time of 0.5 ps. The black and white of the images are inverted in
order to clarify the position of the strong luminance region. First, it may be observed that the strong self-luminescence (i.e.,
combustion) region spreads only near the bottom, from the bottom to 15-20 mm in the axial direction. This result confirms
that the combustion of the RDC is completed near the injector surface. Figure 3b, which is the result of Test 7 (H>—O,
experiment), also supports this assumption. The images were captured at 1,000,000 frames/s for a duration of 256 ps with
a short exposure time of 100 ns, which enabled us to obtain 10 samples in one cycle of a rotating wave. Self-luminescence
captured in Fig. 3b is limited to chemical emission in the visible to near-IR, respectively, by the PMMA transmission
spectrum and response of the camera intensifier. Reactions of H* and OH* (centered at 400-500 nm) and emission from

high temperature water vapor (centered at 600—800 nm) [21, 22] are involved in the burned gas of H,-O, combustion, and



luminance is uniform from near the injector. Therefore, we assume that combustion is completed near the injector even if
the other propellant is used, and burned gas just flows to the chamber exit after the combustion region. This was also
confirmed by the pressure measurement.

Other phenomena were observed in the continuous images. As indicated by the red dotted line in Fig. 3a, the strongest
region of the luminance, which is assumed to be the detonation wavefront, looks like a forward-tilting wave. In the H»-O»
experiment, an interaction is observed between the shock wave extending to the exit and the burned gas. As shown in Fig.
3b, a “double-pole wave structure” appears in the chamber. This double-pole wave structure rotates around the center axis
of the RDC while maintaining its structure, continuously generated from the bottom and moving to the exit. Hence, there
is a shock wave in the chamber, but the burned gas flow is not affected so much, which means the flow structure is probably
regarded as the steady phenomena. Although these transient phenomena involved with the detonation wave inside hollow

RDCs are worth discussing, we focus on the steady phenomenon of internal flow and combustion phenomena.
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Fig. 3 Photographs of the self-luminescence taken from the radial direction in (a) Test 4 (C2H4—02), and (b) Test 7 (H2—02) experiments

(supplemental material: Movie S1 and S2).
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MI1: (104 mm + 10 mm) x 2.2 words/mm X 2 column + 26 words = 527 words

The most important point of the observations is that they strongly support the internal flow model assumption proposed
in our previous paper [20]. Figure 4 shows the averaged luminance of Test 4 and pressure distribution measured in Tests 2
and 3. The slope of the pressure decreases along the axial direction and changes at z = 20 mm, a key phenomenon observed
in our previous research. Here, luminescence observation confirms that the changing point of the slope is consistent with
the strong luminescence region. Figure 5 shows the proposed scheme of the internal flow of a cylindrical RDC, based on
pressure measurements in our previous study. In the model, following the intense heat release near the chamber bottom,
burned gas is accelerated further by the effect of boundary layer growth and reaches sonic velocity at the chamber exit.

This proposed model is called the “Rayleigh-flow boundary-layer-growth choking model.”
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Fig. 4 Averaged luminance of Test 4 compared to the pressure distributions of Tests 2—4. Black and white in the image are inverted. Strong self-

luminescence area spreads from the bottom to around 20 mm.

MI1: (65 mm + 10 mm) x 2.2 words/mm + 33 words = 198 words
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Fig. 5 Scheme of Rayleigh-flow and boundary-layer-growth choking model [20].

M1: (45 mm + 10 mm) x 2.2 words/mm + 8 words = 129 words

3.2 Performance of the cylindrical RDC with different chamber length conditions

Figures 3 and 4 and the measurement results of pressure distribution suggest that combustion is completed near the
chamber bottom. As a result, we theorized that the chamber length of the RDC could be shortened without decreasing thrust
performance. In order to confirm this, PMMA chamber walls shorter than 70 mm were made and combustion tests were
conducted as Tests 5 and 6 in Table 1. Chamber length was 40 mm in Test 5 and 20 mm in Test 6. Other experimental
conditions were the same as in Tests 1 and 4, except for the back-pressure condition of Test 4. We conducted experiments
under these conditions and observed the detonation wave in shorter chambers, as depicted in Fig. 6. The velocities of the
wave were almost the same in 3 cases (Tests 1, 5 and 6, which had the same test conditions except for chamber length).
Here, D=1281+13 m/s, as shown in Table 1. This suggests that chamber length does not affect the velocity of the detonation.
Figure 7 compares the self-luminescence from the side in Tests 4-6. Note that the exit region of the chamber (to 12-mm
from exit) is invisible due to the metal structure plate. It is clear that the combustion region in the shorter combustor
conditions was distributed near the bottom, as in the 70-mm chamber length. The strong self-luminescence area finishes
near the bottom, and self-luminescence is hardly observed beyond the chamber exit. This suggests that the chamber length

of the RDC has little effect on the combustion phenomenon.
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Fig. 6. Continuous axial photographs of single wave detonation observed in shorter chambers.
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Fig. 7. Radial pictures of the cylindrical RDC with different chamber lengths.

M1: (52 mm + 10 mm) X 2.2 words/mm + 10 words = 146 words

Figure 8 shows the thrust performance of Tests 1, 5, and 6. Axial thrust in these test cases was within £3 N, so measured
thrust performance was also not affected by chamber length. Figure 9 compares the thrust performance of the shorter
cylindrical combustor RDC with an annular 70-mm combustor. The solid line represents the theoretical specific impulse
of RDCs (Zsp, theo) suggested in previous research based on the control surface theory [20], and the dashed line is the specific
impulse calculated under the assumption that flow is expanded ideally (/sp, ic). The specific impulse of the shorter chamber
RDCs was 80-90% of the /.. This suggests that combustion in the RDC is completed within the same length as the
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chamber diameter (20 mm), and a cylindrical RDC with a shorter combustor has a thrust performance equal to the annular

RDC.
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Fig. 8. Thrust of the cylindrical RDE in the different chamber length conditions. Experimental conditions are the same in Tests 1, 5, and 6.

M1: (54 mm + 10 mm) X 2.2 words/mm + 21 words = 162 words
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(black circles) and an annular RDC measured by Kawasaki et al. [19] (black triangles) are also plotted.

M1: (54 mm + 10 mm) X 2.2 words/mm + 41 words = 181 words

Finally, we discuss the internal flow model of the shorter chamber RDC. Since Tests 5 and 6 were conducted using the
glass wall chamber, we did not obtain the pressure distribution, and the pressure was measured only at the bottom and exit.
Figure 10 shows pressure measured along the axial direction and calculated the pressure distribution based on the
“Rayleigh-flow boundary-layer-growth choking model.” The method for the modeled pressure distribution calculation was

proposed in our previous study [20]. In the method, the governing equations in this model are as follows:
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Here, u, p, p, Aer, and A (0 <1 < 1) represent axial velocity, pressure, density, effective cross-sectional area, and a reaction
progress variable, respectively. These are variables of axial position z. Effective cross-sectional area Aer = m/4(do-25") is the
area of the chamber reduced by the boundary layer. 5" is the displacement thickness of the boundary layer theory modeled

as:

k
0" =R_TZ (4)

z
where £ is a constant coefficient involved in the extent of the boundary-layer-growth. The reaction progress variable A
represents the progress of chemical reaction or combustion: 1 equals 0 before the onset of reaction, and 4 = 1 indicates the
completed reaction. We assume that combustion ends at a certain axial position z, and then 2 is defined as follows:
A== (=220 (S z0) )

where 4 is 0 at z = 0, and fixed at 4 = 1 if z is larger than z.. k and z. are the fitting parameters of the Rayleigh-flow
boundary-layer-growth choking model. The fitting parameter k is determined to satisfy the assumption of sonic velocity at
the chamber exit.

In terms of parameters, z is set as 20 mm as with the L = 70-mm case from self-luminescence observation, and & is
0.23 for Test 5 and 0.27 for Test 6 to satisfy M =1 at the chamber exit. Other initial parameters are decided by experimental
conditions. For example, the total released chemical energy per unit mass Q, which is calculated by the NASA-CEA
constant pressure combustion mode, was 6300 kJ/kg for each case. Calculated results were close to measured pressure at
the chamber exit. This result suggests that the “Rayleigh-flow boundary-layer-growth choking model” can be applied to

RDCs with various conditions, such as different combustor geometries, mass flow rate, and equivalent ratios. Although the

15



interpretation of and decision method for coefficient & remains as future work, the proposed model and its conformity to

the experimental results reveal that the time-averaged flow structure of the RDC is interpretable by the conventional

governing equations of the compressible flow.
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Fig. 10. Calculated pressure distributions of Tests 2, 5, and 6 based on Rayleigh-flow boundary-layer-growth choking model.

M1: (54 mm + 10 mm) X 2.2 words/mm + 14 words = 154 words

4. Conclusions

For the C;H4—0, and H,—O, mixtures, the nozzle-less, cylindrical RDE was tested with an optically accessible chamber

walls with different lengths. In the C,H4—O» tests, a strong self-luminescence area was observed near the chamber bottom.

The region spread from the bottom to 20 mm, and when this is regarded as a heat release zone, it is consistent with the

pressure distribution results. Tests were also conducted with the H>—O, and axially uniform luminance was obtained. Since

the luminance should derive from the emission of burned gas, the test with the other propellant also supported the

assumption that combustion of RDCs is completed immediately. These experimental results are also consistent with the

internal flow model proposed in our previous study (Rayleigh-flow boundary-layer-growth choking model), which was

based on pressure distribution measurements.

Based on the self-luminescence observation results with a chamber length of 70 mm, we attempted to shorten the

chamber length. Results revealed that the rotating detonation wave could be observed in a cylindrical RDC with shorter

16



chamber length (40 and 20 mm). Detonation wave velocity and thrust performance did not appear to be affected by the

difference in chamber length. In other words, in an RDC in which the chamber had the same length as diameter, the

combustion worked and the thrust performance was not altered compared to a cylindrical or annular RDC with a longer

chamber length. Finally, we calculated the pressure distribution model of the RDC with various chamber lengths and results

were consistent with the pressure measurements. This confirmed that the “Rayleigh-flow boundary-layer-growth choking

model” can be applied to RDCs with various geometrical and supply conditions.
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Table 1

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Movie S1

Movie S2

Table and figure captions

Experimental conditions and a summary of the measurement results.

*The conditions and results of Tests 1 and 2 are cited from previous research [18].
Schematics of the cylindrical RDE: (a) the cylindrical RDE with a stainless wall used in pressure distribution
measurement; (b) the optically accessible, cylindrical RDE with a glass wall; and detailed view of (c) the
injector surface seen from the RDE exit.
Pictures of the two types cylindrical RDE: (a) the cylindrical RDE with a metal wall; and (b) the optically
accessible, cylindrical RDE with a glass wall.
Photographs of the self-luminescence taken from the radial direction in (a) Test 4 (C2Hs—02) and (b) Test 7
(H2—-02) experiments (supplemental material: Movie S1 and S2).
Averaged luminance of Test 4 compared to the pressure distributions of Tests 2—4. Black and white in the
images are inverted. Strong self-luminescence area spreads from the bottom to around 20mm.

Scheme of Rayleigh-flow and boundary-layer-growth choking model [18].

Continuous axial photographs of single wave detonation observed in shorter chambers.

Radial pictures of the cylindrical RDC with different chamber lengths.

Thrust of the cylindrical RDE in the different chamber length conditions. Experimental conditions are the same

in Tests 1, 5, and 6.

Measured Isp are plotted by the pressure ratio of p. to p». Experimental /s, of the cylindrical RDC measured in
our previous research [18] (black circles) and an annular RDC measured by Kawasaki et al. [17] (black

triangles) are also plotted.

Calculated pressure distributions of Tests 2, 5, and 6 based on Rayleigh-flow boundary-layer-growth choking

model.

Supplemental Material (Movie captions)

Photograph taken from the side of the RDE in Test 4 (C2H4—O2 case). Black and white in the images are
inverted.

Photograph taken from side of the RDE in Test 7 (H>—O2 case).
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