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Abstract: The effect of chamber depth on the continuously rotating detonation
engines(RDE) flow field is discussed. The results demonstrate that the radial
dimension is not obvious when the chamber depth is small. However when the
chamber depth is 10mm or 14mm, the radial dimensional phenomenon is more and
more obvious. At the head wall, shock waves reflect repeatedly between the inner
wall and outer wall. Both regular reflection and mach reflection exist at the head
wall. The length of mach stem increases as the chamber depth is increased. The
maximum pressure and thrust linearly increases with increasing the chamber depth.
The detonation height and specific impulse are shown to be nearly constant as the
chamber depth is increased.
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1 Introduction

Detonation is a shock-induced combustion process in which the energy from the combustion release
supports the shock to propagate. The shock compresses the mixture to initiate the detonation and
provides it with energy to be self-sustained [1]. In terms of propulsive applications, a detonation-
based engine has higher propulsive efficiency, wider operating ranges from low subsonic to high
supersonic speed, and simpler and more compact combustor designs [2]. The most common type of a
detonation-based propulsion system is pulse detonation engines (PDE). But there are several hurdles
that need to be overcome in the PDE research [2,3]. There have been alternative attempts to use
detonation combustion into a propulsion system, called rotating detonation engines (RDE).

The basic phenomenon of the RDE have been experimentally and theoretically investigated by
Bykovskii et al. [4], followed by the pioneering works of Voitsekhovskii [5] and Nicholls et al. [6].
Wolanski et al. [7] achieved experimentally the rotating detonation in a coaxial combustion chamber
where the detonation velocity was close to the Chapman-Jouguet value. They also obtained the range
of propagation stability as a function of chamber pressure, composition, and geometry [8]. In the
numerical simulation aspect, Zhdan et al. [9] performed two-dimensional unsteady modeling of the
rotating detonation in an annular chamber with a hydrogen-oxygen mixture, and Davidenko et al. [10]
simulated the rotating detonation with the detailed kinetic model of a hydrogen and oxygen mixture.
Recently, Hishida et al. [11] numerically studied the detailed flow field structure of the rotating
detonation with the two-step chemistry of an argon-diluted hydrogen and oxygen mixture. Tae-
Hyeong et al. [12] investigated the influence of various design parameters on the propulsive



performance where parametric variables include total pressure, total temperature, injection area ratio,
axial chamber length and the number of detonation waves. Shao et al. [13,14] comprehensively
studied three-dimensional (3D) numerical simulations in the RDE. They obtained multi-cycles of the
rotating detonation, and discussed several key issues, including the fuel injection limit, self-ignition,
thrust performance and nozzle effects.

In the numerical investigation of RDE, most researchers assume that the distance between the two
coaxial cylinders is much smaller than their diameters and axial length, so the flow field can be
approximated as a two-dimensional (2D) plane without thickness along the radial direction [12]. The
difference of the flow field within the RDE along the radial direction has never been investigated. In
present work, the radial dimensional phenomenon of the flow field within the RDE is investigated in
the coaxial annulus combustion chamber. At the head end, shock waves repeatedly reflect between the
inner wall and the outer wall. We find that both the regular reflection and the mach reflection exist at
the head end. The Mach stem will be different because of the different chamber geometry. Through
this research, the 3D flow field structure of the RDE can be better understood, and the numerical
results can provide basis for the explanation of experimental results.

2 Numerical Method and Physical Modeling

Three-dimensional Euler equations with chemical reaction are used as governing equations. A one-
step chemical reaction model of stoichiometric hydrogen/air is used. Viscosity, thermal conduction
and mass diffusion are ignored.

The governing equations in the calculated coordinates as follows:
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where the dependent variable vectorU , convective flux vectors E , F andG , and source vector S are
defined as
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The pressure p and total energy € are calculated by using equations of state:

p=pRT
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where p is density, R gas constant, T temperature, y specific heat ratio and ( heat release per



unit mass. The mass production rate is:

@, = O!j_f =-Apexp(-E, /(RT))

where [ is the mass proportion of reaction mixture gas, Apreexponential factor and E_ activation

energy per unit mass. A detailed description of all the parameters can be found in [15]. Flux terms are
solved by using 5-order MPWENO scheme [16], and the time integration is performed by using 3-
order TVD Runge-Kutta method. The grid size is 0.2mm along the radial and the axial direction. The
grid number is 800 along the azimuthal direction. The grid dependency has been validated in [14].
The combustion chamber of the RDE is a coaxial cavity with a toroidal section in Fig.1. A detonation
wave propagates azimuthally in the annular chamber while a combustible mixture is injected from the
head end, and then the burnt gas spurts out of the downstream exit. At the head end, there are a large
number of Laval micro-nozzles to axially inject premixed hydrogen/air gas into the combustion
chamber. The mass flux of the incoming fuel is controlled by the relationship between the inlet
stagnation pressure and flow pressures at the head end.
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Fig.1 RDE propagation schematic structure. 1- detonation wave, 2- burnt product, 3- fresh premixed gas,
4- contact surface, 5- oblique shock wave, 6- detonation wave propagation direction.

The flow field is initially filled with quiescent, combustible products mixture at pressure 0.101MPa
and temperature 300K. A one-dimensional C-J detonation wave is distributed in a limited region near
the head end in order to initiate the stoichiometric hydrogen/air gas mixture. The injection boundary
condition is specified according to [14]. A rigid wall condition is used at the inner wall and the outer
wall. Boundary conditions on the outflow boundary correspond to a non-reflecting surface.

3 Results and Discussion

The numerical simulation is performed in three different combustion chambers whose chamber depth
is 4mm, 10mm and 14mm respectively. The chamber length is 4.8cm, and the inner radius is 3 cm.
the inlet stagnation pressure is 3MPa and the environment pressure is 0.05MPa. Fig. 2 shows the
pressure and the temperature contours after the detonation propagating stably. When the chamber
depth is A=10mm and A =14mm, it is seen clearly that there is shock wave reflection repeatedly
between the inner wall and the outer wall near the head end. The form of shock wave reflection is not
only limited to the regular reflection, but also the mach reflection exists at the inner wall. The length
of mach stem increases as the chamber depth is increased. The maximum pressure in the whole flow
field increases as the chamber depth increasing.
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(b) Temperature contour as the chamber depth increasing.

Fig. 2 Pressure (a) and temperature(b) contour when the chamber depth is 4mm, 10mm, and 14mm.

We extend the annulus of the combustion chamber to a two-dimensional plane in order to analyzing
clearly the flow field variation along the radial direction. Fig. 3 shows the pressure contour on the
inner annulus, the middle annulus and the outer annulus of the combustion chamber after the
detonation propagates stably in the three chamber geometries. Fig. 3 (a) shows that the difference of
flow field along radial direction is not obvious when the chamber depth A =4mm is small. The
maximum pressure increases with the radius of annulus increasing. The difference of flow field is
more and more obvious along the radial direction when the chamber depth increases that is
A=10mm and A =14mm, as shown in Fig. 3 (b) and (c). The flow field shows total different wave
characteristics on the inner annulus, the middle annulus and the outer annulus. The maximum pressure
on the outer annular is highest, and then on the inner annular, the maximum pressure on the middle
annular is lowest. Fig. 3 (b) and (c) show that there are two strong waves on the inner annulus. One is
the detonation front, and the other exists because of the mach reflection. At the front of the mach stem
the pressure decreases because of the mach reflection, so a little fresh gas can be injected into the
combustion chamber (as shown domain 2 in Fig. 2 (b)), and then it is burned rapidly. The pressure
and the temperature increase at the mach stem, so the second wave is stronger than the detonation
wave on the inner wall.
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(a) Chamber depth is 4mm.
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(b) Chamber depth is 10mm.
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Fig. 3 Pressure distribution at the inner annulus, middle annulus and outer annulus as the chamber depth
increases.

Fig. 4 shows the influence of the chamber depth on detonation height h and maximum pressure (a),
thrust and specific impulse (b). The maximum pressure and the thrust linearly increase with
increasing the chamber depth. The detonation height and the fuel-based gross specific impulse are
shown to be nearly constant as the chamber depth is increased. When the chamber depth is 14mm, the
disturbance of the specific impulse is larger than that when the chamber depth is 4mm or 10mm after
detonation propagating stably. When the initial conditions are the same, the detonation wave need
longer time to propagation stably with the chamber depth increasing.
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Fig. 4 Several parameters variation as the chamber depth increasing.

4 Conclusions

Shock waves reflect repeatedly between the inner wall and the outer wall near the head end. The
form of shock wave reflection is not only limited to the regular reflection, but also the mach
reflection exists at the inner wall. The length of mach stem increases as the chamber depth is
increased. The maximum pressure and thrust linearly increases with increasing the chamber depth.
The detonation height and specific impulse are shown to be nearly constant as the chamber depth is
increased. When the initial conditions are the same, the detonation wave need longer time to
propagation stably with the chamber depth increasing.
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