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1 Introduction 

Rotating detonation engine (RDE), which generates thrust by supersonic combustion, has been getting 
attention as a novel heat engine. Detonation in this engine can provide high theoretical thermal efficiency 
[1,2] and is expected to reduce the size of the combustor due to the compression effect by the shock 
wave and the rapid completion of combustion. So, the application of detonation to heat engines has been 
considered and there are a lot of research about it. In the typical RDE, detonation propagates through 
the unburned gas flowed from the bottom of the annular combustor. The expansion after the combustion 
accelerates the burned gas in the axial direction, and it is exhausted from the combustor outlet. 

One of the problems for the practical use of RDE is the high heat load on the combustor walls because 
of the high temperature by the continuous propagation of detonation [3,4]. To achieve a long-time 
operation with a simple geometry, which is one of the advantages of detonation engines, the system is 
necessary that can cool the walls without using an external cooling system. To reduce this heat load on 
the combustor walls, Goto et al. [5] conducted an experiment using combustor with different structure 
than conventional RDEs. The features of this combustor are as follows. Firstly, the inner wall of the 
combustor is removed. Such a RDE, which is called a cylindrical or hollow RDE, can reduce the heat 
wall on the inner wall. It has been experimentally confirmed that it provides the similar performance as 
the annular RDE [6]. Numerical analysis has also shown that detonation propagation can be sustained 
in this geometry [7]. In addition, to reduce the heat load on the outer wall, the fuel and oxidizer are 
injected from the combustor side wall, as opposed to the conventional flow from the bottom expecting 
that the unburned gas would have a cooling effect. This experiment showed that the increase in heat flux 
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to the wall was limited to about 18-25 % when the mass flow rate was doubled, and that a layer of 
unburned gas reduced the heat input near the outer wall of the combustor.  

As described above, research has been conducted with injection from the combustor side wall to reduce 
the heat load. However, due to the propagation velocity of detonation and the complex flow field in 
RDE, it is difficult to observe the phenomena in detail, so the effect of the injector on the combustor 
side wall on the detonation propagation is not clear. So, the objective of this study is to clarify the effect 
of injector configuration on the detonation propagation in the cylindrical rotating detonation combustor. 
In this paper, an inviscid numerical analysis is performed with H2-Air premixed gas injection for 
cylindrical RDE with a short combustor used in the experiment by Yokoo et al. [8]. Two configurations 
with the injector located at the bottom or side of the combustor were considered. The effects of injection 
from the combustor side wall on the flow field and thrust performance were investigated. 

2 Numerical Aspects 

The governing equations were three-dimensional compressible Euler equation and conservation low of 
9 species (H2, O2, H, O, OH, H2O, HO2, H2O2, N2). Also, to enclose the system, the equation of state 
was used assuming thermally perfect gas condition. 𝜌 is density, 𝑝 is pressure, 𝑒 is total energy, R is gas 
constant, and T is temperature. The Subscript i shows the physical quantity for ith species. 

Thermodynamic properties were calculated by NASA polynomials [9]. The convective term is 
discretized by AUSM-DV [10] 3rd ordered by MUSCL method. Time integration method for fluid is 3 
step 3rd order TVD Runge-Kutta method [11], and courant number is 0.3. Time integration for source 
term is Point implicit method with 5 times inner iteration. The chemical reaction model is that proposed 
by Hong et al. [12], which considers 20 elementary reactions including 9 species. 

Figure 1 shows the calculation domain in this research. Two types of injector configurations, (a) the base 
injection and (b) the side injection, were considered. In reference to the short combustor in the 
experiment by Yokoo et al. [8], the combustor was set to 20 mm in length and diameter, and 24 injector 
pairs were arranged in the circumferential direction. The diameter of each injector is 1.2 mm. In addition, 
to simulate the flow field with the non-premixed inflow, two rows of injectors were arranged so that the 
unburned mixture collided with each other at 90°, as shown in Fig. 1(c). The center of the injector located 
at r = 8.5 mm and 6.5 mm for the base injection, at z = 2.0 mm and 4.0 mm for the side injection. In this 
analysis, the annular and orthogonal grids were overlapped, and the values were interpolated in r-θ plane. 
The number of grid points of annular region in the θ, r, and z directions was 1001 × 97 × 398 = 38.6 
Mpts., and that of orthogonal region was 311 × 311 × 398 = 38.5 Mpts.. The grid width is 25.1-66.7 µm. 
The wall boundary is slip wall, and constant pressure of 10 kPa is set for outer region. 

At the injector surface, the inlet conditions were changed dynamically depending on the pressure in the 
combustor, where the total pressure and total temperature were set to 1 MPa and 298.15 K. 2H2-O2-
3.76N2 premixed gas was injected. When flow is choked, pressure is 0.528 MPa and temperature is 
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248.4 K. In this condition, the induction length is 201.9 µm and the C-J velocity is 2012 m/s. 

3 Result and Discussion 

Figures 2 and 3 show the instantaneous pressure and temperature distribution in the combustor of the 
base injection and the side injection respectively. These figures show the pressure at r = 10 mm and the 
pressure and temperature at z = 3.5 mm. In addition, Table 1 shows the propagation velocities of the last 
2 laps and thrust performance averaged during the last lap. DCJ is for choked inflow condition. 

Figure 2 shows the flow features of the base injection, which is the typical injector configuration. In Fig. 
2 (a), there is one wave with large pressure increase, which propagates to the left direction in the figure. 
In Fig. 2 (b), there is a high-pressure region along the outer wall. This is corresponded to the propagating 
wave. The compression waves from the high-pressure region spread and gradually weakened as away 
from the detonation wave. This trend is similar to the numerical research by Tang et al. [7]. The 
temperature distribution in Fig. 2 (c) shows the low temperature unburned mixture in front of the wave 
and the high temperature gas behind the wave. The average propagation velocity of the last two laps 
was 2060 ms-1. 

Next, the characteristics of the flow field obtained in the side injection are described, in which the 
injectors are placed on the side of the combustor. Figure 3 (a) shows two vertical thin waves and high-
pressure regions near the injector. These waves propagated to the left in the combustor like the wave in 
base injection. In Fig. 3 (b), the high-pressure regions corresponding the propagating waves are observed, 
and pressure is high in a wide range of the combustor. In the temperature distribution in Fig. 3 (c), there 
is low temperature unburned mixtures near the outer wall from the side injectors. The burned gas is 
observed near the center of the combustor. The average propagation velocity of the last two laps was 
1442 ms-1. Thus, there was difference in the flow field in the combustor depending on the injector 
configuration. 

To compare the differences in the flow field obtained for different injector configuration, Fig. 4 (a) (b) 
shows the axial pressure profiles in the combustor, (a) the instantaneous maximum pressure and (b) the 
spatiotemporal average pressure to the distance from the bottom z. The maximum pressure profiles are 
in the same moment as in Figs. 2 and 3, and the average pressure profiles are averaged during the last 
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Figure 1: Calculation domain and condition. Injector configuration of (a) base injection, (b) side 
injection, and (c) injection configuration 



T. Sada                                                                    Numerical Investigation on Injector Configuration of RDE 

28th ICDERS – June 19-24, 2022 – Napoli 4 

 

 

 

 
lap. In the instantaneous maximum pressure profiles, the pressure of the base injection is especially high 
under the z = 10 mm. For the averaged pressure profiles, a similar profile is obtained from z = 5 mm to 
the outlet. Below z = 5 mm, the averaged pressure of the side injection is higher than that of the base 
injection, with a maximum difference of about 30%. In summary, the maximum pressure was 
particularly high for the base injection, which has a high propagation velocity, but when averaged, 
similar pressures were obtained for both injector configurations.  

Figure 4 (c) (d) shows the spatiotemporal average profiles of (c) the mole fraction of H2 and (d) the axial 
Mach number during the last lap. Figure 4 (c) shows different peaks depending on the injector 
configuration, with a maximum at the bottom for the base injection and at around z = 3.5 mm for the 
side injection. This is due to the difference of z-position of the injectors. However, the fuel consumed 
to the combustor outlet under both conditions. At the combustor outlet, the mole fraction of H2 in the 
base injection is larger by 0.0113 than that in the side injection. In Fig. 4 (d), the axial Mach number of 
the base injection was particularly large near the bottom. Although the Mach number near the bottom is 
small in the side injection, acceleration of the burned gas was obtained to the combustor outlet as well. 
In both cases, the burned gas was accelerated to about the speed of sound. 

Finally, the thrust and specific impulse are shown in Table 1 with theoretical values. The thrusts in this 
simulation are averaged during one lap propagation. These values are calculated as the summation of 
the momentum and pressure thrusts with the control surface method [13]. The theoretical values are 
calculated using the values from NASA-CEA [14] assuming constant-pressure combustion, frozen flow, 
and sonic exhaust. From Table 1, the specific impulse was 176 s for the base injection and 164 s for the 
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Figure 2: Flow fields in the base injection case. (a) pressure (r = 10 mm, outer wall), (b) pressure   
(z = 3.5 mm), and (c) temperature (z = 3.5 mm). 

 

Figure 3: Flow fields in the side injection case. (a) pressure (r = 10 mm, outer wall), (b) pressure   
(z = 3.5 mm), and (c) temperature (z = 3.5 mm). 
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Injector 
configuration 𝑚̇ / gs-1 

D / ms-1 Thrust / N Isp / s 

D1 D2 Dave DCJ
* F Ftheory Isp Isp,theory 

base 99.1 2009 2111 2060 
2012 

171 167 176 172 

side 100 1468 1416 1442 162 168 164 172 
* choked inflow condition 

 

 
side injection, which was 102.3 % and 95.4 % of the theoretical value. This result shows that it is slightly 
inferior to the theoretical specific impulse in the side injection, but the performance is close. This could 
be due to differences in the amount of fuel consumption over the combustor outlet. 

4 Conclusion 

We have numerically investigated the cylindrical RDE combustor with 20 mm in diameter and length 
using the stoichiometric hydrogen-air premixed gas. Two types of the injector configurations, the base 
injection and the side injection, were examined. The following findings are obtained. 

From the pressure fields and profiles, the shape of the propagating waves varied depending on the 
injector configuration. In the side injection, the thin waves and high-pressure near the injector are 
observed. In addition, the average mole fraction profile of H2 in r-θ plane indicates that H2 is consumed 
to the combustor outlet in both cases, and the burned mixture accelerates to sonic flow toward the outlet. 
The specific impulse of the side injection case was 95.4% of the theoretical value. There were 
differences in wave structure depending on the position of the injector, but the effect on the performance 
of the short combustor is small. Thus, we concluded that in the short cylindrical combustor, RDE with 
injectors on the combustor side wall, which was proposed to reduce the heat load of the combustor wall 
in the previous research, can provide similar performance with the injection from the bottom. 
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Table 1: Summary of the results of mass flow rate, propagation velocity, and thrust performance 

Figure 4: Axial profiles. (a) instantaneous maximum pressure, (b) spatiotemporal average pressure, 
(c) spatiotemporal average mole fraction of H2, and spatiotemporal average axial Mach number. 
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