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The present study discusses disc-type rotating detonation engine (DRDE) experimentally
and numerically. The experimental work shows that the detonation propagates in three
different modes; single, dual, and hybrid. The operating frequency of dual-wave mode is 1.8-
2.1 times faster than that of single wave mode. The number of detonation wave can be
predicted based on the pressure history and the operating frequency signal. The numerical
work shows the performance of 3D numerical analysis of DRDE with uniform injection case
and multiport injection case. By increasing the wave number from one to two, the detonation
propagation velocity decreases by 18.7 %. The one-detonation head case gives some better
performance to the flow than the two-detonation head case. The inlet flow angle to the radial
turbine becomes about 50 degrees to the radial direction no matter how large the plenum
chamber is.
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I. Introduction

H int of disc type rotating detonation engine (RDE) was given by Nakagawa et al. (2017)[1] of Kasahara’s
group, who were trying to visualize a standard RDE detonation structure to see its dynamics in an
ethylene/oxygen mixture. Then they cut the size of their standard RDE shorter like a disc shaped RDE to see the
rotating part of detonation clearer to avoid its three-dimensional effect. They could see the clearer injection jet
structure and rotating detonation interaction well, but not in detail. Their average detonation speed was about 1600
m/s for C2H4/O, mixture at the equivalence ratio of 1.6.

At the almost same time with the Kasahara group’s development of disc-like RDE, USAFRL/ISSI did perform a
RDE experiment on the open-loop of real gas turbine engine (P63GTE) (Naples et al. ,2017 [2]) . They studied good
or bad of the combination between RDE and GTE, and obtained the result after 20 min run that the performance of
RDE-GTE was reasonable or probably better than that of GTE alone.

Later since its exhaust gas flows out near the center axis and it can be made more compact than standard RDE,
the USAFRL group started to study radial-RDE (RRDE) or disc-RDE (DRDE) extensively. Huff et al. (2018) [3]
pointed out the characteristics of RDE are generally (1) high combuster exit pressure, (2) compact design, (3) high
combustion efficiency, (4) large work, and desined disc-RDE to run eight times and to get about 70 % of CJ
detonation speed. They wanted to see whether the RRDE performance is better than that of standard RDE. McClearn
et al. (2018) [4] investigated probably first time in the world the performance of the RRDE designed by Huff et al.
[3] and connected with a radial inflow turbine. They did not find any serious damage when they run connecting with
the radial inflow turbine to obtain the increase of power per round. They also found that the mass flow rate increases
at the maximum power, but knew there is a limit of mass flow rate. However they said the RRDE has a good future
and must be checked their performance further. Then Huff et al. (2018) [5] studied the performance of their RRDE
coupled with a bleed air turbine to confirm that its power increases as its rotation increases. Again they promised the
future of their RRDE.

Last year (2019) the flow visualization experiment in RRDE was presented by Boller et al. (2019) [6] of AFRL to
show how the detonation wave propagates in radial direction. Their RRDE has one or two detonation waves (DW) :
the one-DW is unstable basically to move between the inner nozzle edge and outer wall, the DW becomes stable
when it is in the two-DW mode. These phenomena were confirmed visually. As for turbine connection, the flow
from RRDE to turbine is affected by the change of DW and give a possible damage to the turbine.

Then Huff et al. (2019) [7] said about the usefulness of RRDE for a compact rapid response power generator in
aircraft that a coupling between RRDE and GTE is an answer for such case. In their paper the relation between the
geometry of RRDE and detonation mode and the performance of GTE with RRDE are discussed.

At 2020 AIAA SciTech meeting, the Japanese RDE-GTE group (Hayashi et al. [8]) presented a preliminary
DRDE study. The numerical study of a 3-D DDRE performance with a H/O2 mixture showed that the detonation
velocity becomes higher than C-J values when the initial stagnation injection pressures are 0.5~1.0 MPa, which is
different from the experiment described below. We also found that the flow angle to the radial direction was anout
50 degrees. One-DW and two-DW cases were simulated to find that two-DW case gradually became one-DW time.
In all simulations we did not calculate any back flow at injection.

Paxson (2020) [10] also did calculate a DDRE using the quasi-2D, two-species, reactive Euler equations without
inlet back flow and it turned out that DW sticked to the inner wall as well as the outer wall. Their detonation speed
was faster at the inward case than C-J detonation value and slower at the outward case.

Muraleetharan et al. (2020) [11] used a constant hight geometry of RRDE chamber section to compre that with
the constant area geometry chamber which is popular. They found that the constant hight geometry chamber
provides the reduction of the pressure loss created by expansion fans on both radial sides of the DW.

At the present presentation our experimental work done by Ishii’s group will show the visualization for of the
single-wave mode , dual-wave mode, and hybrid-wave mode, operating frequency of DW, pressure history, and
operating frequency by DFT spectrum of detonation propagation for DRDE. The 3D numerical simulations are
performed by Tsuboi’s group to show the visualization of DRDE detailed flow structure and the effect of flow field
characteristics on the DRDE performance. Especially the uniform fuel and oxidizer injection using the 3D Euler
equations and multiple-injection system cases using 3D Navier-Stokes equations will be discussed.

Il. Experiments
The DDRE system for the experimental study is shown in Fig.1 and its mixture supply system is shown in Fig.2.
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Fig. 1 Schematic diagram of the DRDE combustion Fig. 2 Mixture supply system of the present DDRE

The whole system schematic diagragm used last year is shown in Fig.1 and its mixture supply system is shown in
Fig.2. This time the experiments were performed with the new top plate (Figs.3 and 4) which is a little different
from the last year’s one (Fig.1) and has an acrylic glass for visualization. Reactant gases (both H, and air) flow from
the combustion chamber circumference to the radial direction, burn by rotating detonations, and come out to the
center direction. The flow channel cross section is planned to be constant along the gas flow pass (the constant area
geometry [11]).

As shown in Figs.1 and 2, fuel is hydrogen and is supplied by 120 orifice holes of 0.51 mm in diameter, which are
located at circumferential direction. Oxidiser is air and is supplied from the circumference through slits distributed
circumferencially. Hydrogen and air jets are collided each other at 90 degrees to get uniform mixtures. After both
jets collided, they flow into the combustion chamber. The detonation is initiated by an initiator tube installed near
the circumference of combustion chamber. A stoichiometric Ho/O, mixture is filled before hand and is ignited by a
spark plug at this small tube end to send off detonation to the combustion chamber. The behavior of rotating
detonation in the combustion chamber is grasped by two pressure gauges of P1 and P2 (Kisler 603B1) which are
located at the wall of the combustion chamber (see Fig.1).

Figure 2 shows the mixture supply system. Hydrogen and air are atored in the tanks in advance, then are provided
into the combustion chamber through the several pipes. Table 1 shows the supply time of each gas is controlled by a
solenoid valve and is 226 ms considering the tank volume, mass flow rate, and equivalence ratio.
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Fig. 4 Schematics of the DRDE with the glass plate.
3



Table 1 Test running time, mass flow rate, and equivarence ratio.

Test running time 226ms
Mass flow rate 290 + 10g/s
Equivalence Ratio 0.55~1.45

Table 2 Test gas and its supply method for DRDE and initiator.

Initiator
Test gas H, and AIR H, — 0,

Gases are temporarily store in tank.
Supply method (Direct supply from the cylinder
cause insufficient of mass flow rate)

Direct supply from the
cylinder.

Table 2 shows the mixtures and their supply methods for DRDE and the initiator. As shown in Fig.2, The test
flow rate of hydrogen and air needs a sufficient amount, hence the hydrogen and air tanks for the DRDE are much
larger than that for the initiator.

The visualization system with the high speed camera of NAC (MEMRECAM High Speed Camera Series) is
shown in Fig.5. The framing speed are 3.0x10* and 4.0x10% This high speed camera covers the entire combustion
chamber field. The dump tank in Fig.5 is for sucking the high pressure exhaust gases to keep the test room at low
pressure. The test room works as a pressure holder, a sound absorver and a explosion protector.
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Fig. 5 Schematic configuration of visuarization set up: (a) the wjhole view, (b) the high
speed camera focused photo.

A. High speed camera photo: Single detonation wave mode

The result of high speed camera photo for the single detonation wave mode case is shown in Fig.6. This case is
obtained at the total mass flow rate of 296 g/s and at the equivalence ratio of 0.767. The frame speed of the high
speed camera was 30000 f/s. The detonation wave rotated at the counter clockwise direction along the outer edge of
the DRDE combustion chamber. The expansion fan was appeared to tilte upward and to move away from the DW.
We also recognized the chemiluminescence of the reflected wave from the inner wall.
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Fig. 6 Detonation wave propagation structure; Single DW mode.

B. High speed camera photo: Dual detonation wave mode

The result of high speed camera photo for the dual detonation wave mode case is shown in Fig.7. This case is
obtained at the total mass flow rate of 298 g/s and at the equivalence ratio of 0.841. The frame speed of the high
speed camera was 30000 f/s. Two detonation waves rotated at the clockwise direction along the outer edge of the
DRDE combustion chamber. However the blightness of DWs is less than the case of single DW mode. The
expansion fan was not seen for this case. But DW is more stable than that at the case of single DW mode.
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Fig. 7 Detonation wave propagation structure; Dual DW mode.

C. High speed camera photo: Hybrid detonation wave mode

The result of high speed camera photo for the hybrid detonation wave mode case is shown in Fig.8. This
case is obtained at the total mass flow rate of 290 g/s and at the equivalence ratio of 1.45. The frame speed of
the high speed camera was 40000 f/s. This case has a single and a dual DW which coexist and rotate in
clockwise direction at the first time and later rotate in counter-clockwise direction to become stable along the
outer edge of the DRDE combustion chamber. The expansion fan was not seen in this case too. The mode shift
from clockwise rotation to counter-clockwise rotation takes 80 ms.



Fig. 8 Detonation wave propagation structure; Hybrid DW mode.

D. Discrete Fourier Transform for DRDE

We used the discrete fourier transform (DFT) to find out the dominant frequency of DRDE. Figure 9 is the
frequency profiles for DRDE DW rotation mode where (a) is the single DW mode, (b) the dual DW mode, and (c)
the hybrid DW mode. The x-axis of the frequency profile is time, the y-axis is the frequency, and z-axis is the
spectrum intensity. We obtained the dominant frequency of the single DW mode is 3.4 kHz, that of the dual DW
mode is 6.1 kHz, and that of the hybrid DW mode is 3.2 kHz for the single DW and 6.4 kHz for the dual DW mode.
The relation between the frequency and the equivalence ratio of mixture is described in Fig. 10.
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Fig. 9 Dominant frequency of DRDE based on DFT.

E. Pressure histories of DRDE from pressure transducer near the injection
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Fig. 10 Pressure time-history profiles of DRDE: (a) single DW mode, (b) dual DW mode, and
(c) hybrid DW mode.

The pressure histories are obtained using the oressure transducer neer the injectiom. We can find the average
frequency of the detonation in DRDE. The average frequency is calculated from the following Eq. (1):

f=3zrk &
where i is the time interval. The average frequency of the single DW mode was 3.3 kHz, that of the dual DW mode
was 5.9 kHz, and that of the single DW mode in the hybrid DW mode was 3.4 kHz and that of the dual DW mode in
the hybrid DW mode was 6.7 kHz. The pressure time-history profiles are shown in Fig.10 for (a) the single DW
mode, (b) the dual DW mode, and (c) the hybrid DW mode. From these pressure history, the dual DW mode looks
more stable than the other two DW modes. From the experimental results for stability, the uniform pressure peak
can be achieved by balancing the pressure in the combustion chamber and by increasing the wave number from the

comparison between the single DW mode and the dual DW mode. In many standard RDE experiments, we know the
higher wave number provides the better stability.

F. Conclusion
The followings are obtained as a conclusion:

(1) Detonation wave propagates along the outer diameter of combustion chamber.

(2) At the constant mass flow rate 7h = 290 + 10g/s under 0.55 to 1.45 range of the equivalence ratio,
the detonation propagates in three different modes; single, dual, and hybrid.

(3) The operating frequency of dual-wave mode is 1.8~2.1times faster than that of single wave mode.

(4) The number of detonation wave can be predicted based on the pressure history and the operating
frequency signal.



I11. Numerical Analyses

A. Numerical method

The three-dimensional compressible Euler equations with 9 species and 21 reactions and with an uniform
injection system as well as the three-dimensional compressive Navier-Stokes equations with 9 species and 21
reactions and with a multi ignition system are used as the governing equations. A semi-implicit method for source
terms and explicit way for the other terms are applied. The numerical flux in the convection term uses AUSMDV
[12] with the second-order MUSCL and minmod limiter. The integration of the source term applies for the point
implicit method. The time integration uses three-stage TVD Runge-Kutta method. The UT-JAXA [13] reaction
model with nine species and twenty one chemical reactions are used for the detailed chemical reaction mechanism,
which is good for not only high temperature but also high pressure combustion.

B. Computational details
[Uniform injection system]

Figure 11 shows the numerical injection system which is used for the uniform injection way. present
computational grid system. The present DRDE is used by Hoff et al. [3]. The results of 1D detonation is used as an
ignition source to start 3D DRDE calculation. The micro-nozzles are set at all outer circumference region. The
amount of the injected gaseous mixture is controlled by the nozzle area ratio, Ae/At. The injection of the mixture is
supersonic. Because the supersonic air inlet comes out due to the high pressure in the combustion chamber, two
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Fig. 11 Numerical injection system
of DRDE for the uniform injection.

1D detonation

boundary condition systems, supersonic and subsonic, are used for the injection of the H,/O, mixture. The following

four-step system developed by Zhdan et al. [14] is used this time:

(1) If the inlet pressure is higher than the nozzle pressure, the pressure is extrapolated and the speed sets to zero.

(2) If the pressure at the inlet is lower than the nozzle pressure and higher than the pressure behind the inlet, the
pressure is extrapolated.

(3) If the inlet pressure is between the supersonic condition and the subsonic condition, the pressure is extrapolated.

(4) If the inlet pressure is very low, gas accelerates in the expansion region of the nozzle and the injection speed is
supersonic.

The grid system is that the three-dimensional region is devided by three numerical zones (Fig. 12). Table 3
provides the number of the grid points for the three zones and the total grid numbers. The grid number of the
dimension is (radial number)x(axial number)x(circumferential number). The connection of different grids is
provided by interpolation coefficients. The mesh is made fine in the detonation propagation zone (Zone 1). The
minimum grid size is 2.5 um in the radial direction of the zones 1 and 2. In the present study the flow field inside the
combustion chamber is calculated in Zones 1 and 2 and the flow field behind the exit is calculated in zone 3.



radial Zone 3

2.399 mm
; 0.676 mm

axial

0.466 mm

(b) The grid system of (c) The grid system of zones 2 and 3

(@) The grid system of
zone 2

zones 1 nad 2

Fig. 12 Computational grid system: (a) zones 1 and 2, (b) zone 2, and (c) zones 2 and 3.
Table 3 The computational arids for the uniform iniection svstem

Zone 1 Zone 2 Zone 3
Grid point (i x j x k) | 81x21x601 | 204x21x131 | 110x99x71
Total grid points 2245000

The numerical condition is that the injection mixture of H,/O; is stoichiometric; initial air temperature is 300 K
and initial air pressure is 0.1 MPa; The micro-nozzle area ratio to the nozzle throat Ae/At is 5.0; the stagnation

pressure is set to a low value of 0.5 MPa.

[Multiport injection system]
The multiport injection system is also applied to see the difference between the uniform injection and the multiport

injection where the number of injection ports is 45 this time.
Injection form; Uniform injection, Multiport injection

(b)
45 numerical ports

in simulation

(@)

Fig. 13 The two-injection system: (a) uniform injection system and
(b) multiport injection system.
[Initial conditions]

The initial condition for this DRDE siumulations is described in Table 4.
Table 4 The initial conditions for both the uniform injection system and multiport injection system

@ Number of wave

@ stagnation pressure

comparison comparison
Mixture gas H,/0, H,/0,
Number of detonation wave 1-wave 1-wave, 2-wave
Euler equations Euler equations,

Governing equation
Navier-Stokes equations

(injection position)
Multiport injection

Uniform injection

Injection form
Micro nozzle area ratio 5.0 5.0
Stagnation pressure (Pst) 0.5,0.8, 1.0 MPa 0.5 MPa
Stagnation temperature 300 K 300 K
Equivalence ratio 1.0 1.0




C. Results and discussion for numerical simulation

The main study for DRDE this time is (1) the characteristics of the internal flow field and the effect of the
plenum pressure on the internal flow field; and (2) the characteristics of the internal flow field for two-detonation
wave case. But first of all, the difference of detonation structure between using the uniform injection system and
using the multiport injection syste.

[Uniform injection and multiport injection]

The present study will first show the difference between the uniform injection system and as Fig.14 shows the
unburned region is larger for the uniform injection case than that for the multiport injection system. Hence the
multiport injection system which is closer to the real case will give the unstable condition for DRDE system. Fig. 15

Uniform injection Multiport injection

(b)
Fig. 14 The comparison of flow field using (a) the uniform uyection system
and (b) the multiport injection system.

(b)

» a2

Fig. 15 The detonation structure using the multiport injection system: all have the unreacted pockets.
shows the case using the multiport injection system. The detonation structure gradually collapses by non-reacted
pockets appearance. This is a typical detonation failour case. As far as the detonation propagation velocity, the
propagation velocity (3014 m/s) of the multiport injection case provided 3.3 % less velocity than that for the
uniform injection case (3118 m/s).

[The effect of wave number on the detonation propagation velocity]

The effect of the wave number on the detonation propagation velocity was studied and the one detonation head
case has fater propagation velocity (3014 m/s) than that with two-detonation head case. Figure 16 shows the
temperature and pressure comparison between the one-detonation case and two-detonation case.

One-detonation Two-detonation One-detonation Two-detonation
head heads head heads
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Fig. 16 The effect of wave number on (a) temperature protile and (b) pressure protile.

Obviously when two-detonation heads are in the DRDE, there will be the interaction between two detonation
heads and then the momentum and energy loss between them. Hence the detonation front speed becomes slower for
two-detonation head case than that of one-detonation head.

[The effect of wave number on the flow velocity into the turbine]

When the wave number becomes two from one, the flow angle to the turbine becomes small and the average
flow-in velocity to the turbine also becomes slower (in this case the flow-in velocity to the turbine for one-
detonation head case is 1166 m/s, while that for two-detonation head case is 1059 m/s. From those values, the
velocity deceleration is 107 m/s which is 9.1 % down. Hence for the case of DRDE, the more detonation head makes
weeker detonation velocity. However the total momentum for two might be larger than that for one. Figure 17 shows
the temperature and velocity vector profiles for twocases. From those results it looks not much difference netween
two cases, but since the propagation velocity of one-wave case gives faster detonation front speed, the combustion
field is still warm when the detonation front comes next turn.

//H\ ‘
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)

(a) One-detonation head (b) Two-detonation heads

Fig. 17 The effect of wave number on (a) one-detonation head and (b) two-
detonation heads.

D. Conclusion
The experimental and numerical study of DRDE are performed to figure out its features and flow property in the
combustion chamber. Some of the important results are found as follows:
(1) The DRDE detonation propagation velocity increases and becomes faster than the C-J velocity as the plenum
pressure goes up.
(2) The inlet flow angle to the radial turbine becomes about 50 degrees to the radial direction no matter how large
the plemum chamber is.
(3) By increasing the plenum chamber pressure, the pressure in the combustion chamber becomes high, but the
Mach number was not affected by the plenum pressure.
(4) By increasing the wave number from 1 to 2, the detonation propagation velocity decreases 18.7 %.
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