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Abstract

This article presents a numerical investigation of a rotating detonation engine (RDE). The simulation explores the instability
mechanism of detonation waves in the RDE with micro-convergent-nozzle injection. The process is modeled by the two-
dimensional reactive Euler equations with detailed chemical reaction kinetics for the injection of premixed stoichiometric
hydrogen—air. The numerical results show an interesting instability phenomenon whereby an unstable detonation wave rotates
circumferentially at the fuel injection head of the chamber. The shape of the fresh fuel layer is irregular, which is different from
that in previous numerical simulations. The height and strength of the detonation wave are periodically fluctuating, as well as
the mass flow rate of the reactants into the chamber. Based on the time evolution of the detonation wave, it is found that the
detonation wave oscillates due to the interaction of fuel injection and weak transverse shock waves following the detonation
wave. The detonation wave, the shape of the fresh fuel layer, and the mass flow rate influence each other. Therefore, this
oscillation remains in the flow field, as does the instability of the detonation wave. This finding is in good agreement with

previous experiments.
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1 Introduction

Detonation is a supersonic combustion phenomenon char-
acterized by the coupling of a shock wave with the
chemical reaction heat release behind it. Compared with
conventional combustion, detonation allows more intense,
more thermodynamically beneficial, and more stable burn-
ing of various fuels in smaller chambers. Because of
these advantages, detonation waves have been explored
extensively for propulsion applications. Among all engines
based on detonation combustion, the rotating detonation
engine (RDE) has received increasing attention world-
wide due to its inherently higher thermodynamic effi-
ciency and excellent propulsion performance, compared
with conventional rocket engines and turbojet engines that
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are based on constant-pressure combustion. The RDE has
great potential to become a supersonic propulsion sys-
tem.

The basic concept of rotating detonation waves was
proposed by Voitsekhovskii [1] in the 1960s. He experi-
mentally achieved a short-lived rotating detonation wave
in a disk-shaped chamber, using premixed acetylene and
oxygen. In the following 20 years, little attention was paid
to the development of the RDE. In the mid-1990s, exten-
sive testing of the RDE was resumed in the Institute of
Hydrodynamics by Bykovskii et al. [2]. They carried out
a series of experimental research programs on the RDE,
in various geometries using different fuels. They made
remarkable achievements in verifying the feasibility of the
RDE. Then, mainly due to the promotion of Wolanski [3,
4], the RDE has become a focus of research worldwide.
Currently, there are many research groups working on the
RDE in Russia [5, 6], USA [7-9], Japan [10, 11], France
[12, 13], and China [14-16]. Advancements have been
obtained not only in numerical simulations but also in exper-
iments.

For propulsion systems, it is an essential requirement
for the RDE to run stably. However, under practical condi-
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tions, detonation waves are not always stable. The detonation
propagation mode depends on the engine design parameters,
including the chamber geometry, injection conditions, and
the mass flow rate of reactants. Previous experiments have
shown that when the engine design parameters are changed,
unstable detonation propagation processes can be observed.
Some researchers paid attention to the effect of the mass flow
rate on the stability of the RDE. Bykovskii et al. [17] found
that higher mass flow rates generally result in more deto-
nation waves in the RDE. Wolanski [3] pointed out that it
was necessary to create a sufficient volume of fresh mixture
ahead of the detonation waves for the stable operation of the
RDE. They proposed a new parameter, the so-called detona-
tion wave number, to judge whether the detonation waves are
stable or not. The experimental results obtained by Liu et al.
[18] showed that the strength of detonation waves oscillated
periodically when the mass flow rate increased. Wu et al.
[19] numerically simulated this phenomenon by increasing
the injection total pressure to increase the mass flow rate
into the RDE. Other researchers analyzed the instability phe-
nomenon in the RDE. According to the fluctuation frequency
of the experimental pressure history, Wang et al. [20] found
that these instability phenomena fall into three categories:
low-frequency, intermediate-frequency, and high-frequency
detonation instabilities. Anand et al. [21] found a similar low-
frequency instability phenomenon in experiments. They both
determined that the low-frequency instability was caused by
the interaction of the fuel injection and the detonation waves.
Subsequently, Anand et al. [9] identified four kinds of fun-
damental instabilities in the RDE. They proposed that this
low-frequency instability may be due to a low-frequency
oscillation in the air inlet, which in turn may be generated by
Helmholtz resonance instigated in the air inlet by the rotat-
ing detonation wave. Nevertheless, due to the difficulty of
three-dimensional visualization of the RDE flow field, it is
difficult to explain the mechanism behind this low-frequency
instability.

In this study, a two-dimensional numerical simulation
is performed to further explore the mechanism of this
low-frequency instability. The injection velocity and pres-
sure at the inlet wall are discussed based on the time
evolution of detonation waves. The pressure gradient in
the overall flow field is evaluated to reveal the interac-
tion between the injection of fresh gas and the detonation
wave.

2 Physical modeling and numerical method
2.1 Physical modeling

The RDE chamber is a coaxial annular cavity. Detonation
waves propagate azimuthally in the annulus, while com-
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bustible mixture is injected from the head end, and the burnt
gas leaves out of the downstream exit. The width of the
annulus is much smaller than the outer radius, and there-
fore, a “zero” thickness can be assumed, as shown in Fig. 1a.
Figure 1b shows the numerical simulation field by unrav-
eling the thin chamber to a plane. In the present study, the
radius and length of the RDE are 0.01 and 0.05 m, respec-
tively.

The premixed stoichiometric hydrogen—air mixture is
injected into the chamber through a large number of micro-
convergent nozzles distributed uniformly on the injection
wall (edge 2 in Fig. 1b). The injection stagnation pressure
po and temperature 7Ty are set to 0.5 MPa and 360 K, respec-
tively. From the isentropic relationship, the corresponding
critical pressure pr is 0.264 MPa. The injection boundary
condition is specified according to the local pressure p,, just
near the wall. (1) When py, > po, the reaction mixture is
not injected into the chamber, i.e., rigid wall condition is set
locally. (2) When p. <pw <po, the injection condition is
evaluated from the isentropic relationship and the injection
is subsonic. (3) When py, <pcr, the injection is not affected
by the wall pressure and the injection is sonic. At the exit
(edge 3 in Fig. 1b), the type of boundary condition depends
on the local flow state. (1) The exit pressure sets the ambi-
ent pressure po, = 0.1 MPa when the exhaust gas speed is
subsonic. (2) When the exhaust gas speed is supersonic, the
exit pressure is extrapolated from the values in the chamber.
The edges 1a and 1b are set to periodic boundary conditions.
The boundary conditions are similar to those used in [10,
22].

A section of a typical one-dimensional detonation wave
is placed at the head-end region I to initiate the two-
dimensional detonation, as shown in Fig. 1. Region II is
initially filled with premixed stoichiometric hydrogen—air
mixtures at a pressure of 0.1 MPa and temperature of
300 K.

2.2 Numerical method

The flow field is governed by the two-dimensional (cylin-
drical coordinates are used) conservative reactive Euler
equations. Viscosity, thermal conduction, and mass diffusion
are ignored in this study, similar to [10, 11, 14, 15, 22]. Euler
equations with source terms in cylindrical coordinates are
expressed as:

AU 9F 3G
R (1)
at 90 oz

where the conservative variable vector U, the convective flux
vectors F' and G, and the source vector S are, respectively,
defined as:
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Fig. 1 Physical model. a Schematic of the RDE. b Two-dimensional plane model
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Fig. 2 Comparison of the detonation flow field for three grid sizes. a Contours of the hydrogen mass fraction for three grid sizes. b Pressure contours
for three grid sizes
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The total energy per unit volume E is defined
as:
1 2, .2
E=Y pihi—p+5p(uf+ul). 3

where /; is the specific enthalpy of the ith species (J/kg). The
density of the ith species is expressed as:

pi = pYi, “

where Y; is the mass fraction of the ith species. The pro-
duction rate w; of the ith species is obtained using detailed
chemical reaction kinetics for hydrogen—air [23]. The ther-
modynamic properties are approximated by polynomial

Table 1 Comparison of the detonation wave height and velocity for
three grid sizes

Grid size (mm) Detonation wave Detonation velocity

height (mm) (m/s)
0.1 6.7 1932.3
0.15 6.6 1926.4
0.2 6.6 1926.4
Fig. 3 Instantaneous contours at Time=694us

694 |us. a Pressure contour. b
Contour of the hydrogen mass
fraction

r-0 (m)

z (m)

(a)
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expressions as a function of the temperature. The coefficients
of the polynomials are obtained from the JANAF tables [24].

The Strang’s operator splitting method is employed to split
the fluid flow and the chemical reaction. The convective flux
terms are solved by the fifth-order monotonicity-preserving
weighted essentially non-oscillatory scheme (MPWENO),
and the time integration is performed by a third-order
total variation diminishing (TVD) Runge—Kutta method.
The chemical reaction source terms are treated in a lin-
early point-implicit manner to avoid the stiffness prob-
lem.

3 Results and discussion
3.1 Grid dependency

The detonation flow field for a premixed stoichiometric
hydrogen—air mixture for three computational grid sizes of
0.1, 0.15, and 0.2 mm is shown in Fig. 2. It is found that
the three grid sizes produce the same detonation flow field,
especially the irregular shape of the fresh fuel layer shown
in Fig. 2a. To further validate the grid dependency, compar-
ison of detonation wave height and velocity for the three
grid sizes is given in Table 1. It can be seen that the det-
onation wave heights are similar, as well as the detonation
velocities, although the detonation velocity with grid size
of 0.1 mm is slightly larger than those with grid sizes of
0.15 and 0.2 mm. Furthermore, the detonation velocities are
all over 96% of the theoretical CJ detonation velocity of
2000.3 m/s, which validates the numerical method. The aim
of this study is to investigate the instability in the RDE, but
not the micro-cells or detailed wave structures. Considering
the computational cost, the grid size of 0.15 mm was used in
the present study.

Time=694us
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z (m)
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Fig.4 Temporal evolution of pressure and detonation wave height.
a Pressure history of detonation wave. b Temporal evolution of det-
onation wave height

3.2 Instability mechanism in the RDE

A detonation wave forms that rotates circumferentially at the
head of the chamber, as shown in Fig. 3. Figure 4 shows
the periodic oscillations of the height and strength of the
detonation wave. A similar phenomenon has been seen in pre-
vious experiments [9, 20, 21]. The average cycle period and
the detonation velocity are 32.5 ws and 1932.3 m/s, respec-
tively. The velocity is 96.6% of the theoretical CJ value (about
2000.3 m/s) under the same conditions.

The fresh gas injection velocity with respect to time at
points located between point A (0, 0.0121) and point C (0,
0.0554) is recorded, and their integral obtained by the New-
ton—Cotes formula is calculated from 670 to 694 s, forming
the border line of the fresh fuel layer, as shown in Fig. 5.
The border line of the fresh fuel layer given by the integral
calculation is in good agreement with that obtained from the
simulation, especially point B. Therefore, the irregular shape
of the fresh fuel layer is caused by injection conditions. Nine
points near the point B are evenly spaced between point (0,
0.032) and point (0, 0.038), where pressures and injection
velocities at these points with respect to time are recorded,
as shown in Fig. 6. The detonation pressure rises successively
from point 1 to point 9. Afterward, the pressure at each point
declines gradually due to the effect of rarefaction waves. The

0.06 -

border line by integration
border line by simulation

A

[T IR NN |
0.01 0.02 0.03 0.04

z (m)

Fig.5 Borderline of the fresh fuel layer

fresh fuel is injected into the chamber when py is higher than
the local chamber pressure at each point.

As shown in Fig. 6a, the fresh fuel is successively injected
into the chamber through points 1, 2, and 3. The fuel injec-
tion is continuous at these three points, whose pressures
are always lower than pg, though there are several slight
pressure oscillations observed after the front passes. The
pressure oscillations at points 4, 5, and 6 are so large that
sometimes the pressure becomes greater than pg, as shown
in Fig. 6b. As a result, the injection is cut off for a period
of time until the pressure becomes lower than pg. The sit-
uation at points 7, 8, and 9 is similar to that at points
1, 2, and 3, as shown in Fig. 6¢c. The only difference is
that the total time for injection at point 7, 8, and 9 is
shorter.

The accumulation of fresh gas at each point is calculated
from 670 to 694 ws. The results are given in Table 2. Point
5 (overlapping with point B) has the smallest accumulation
of fresh gas, which explains why the detonation height is
minimum in Fig. 5.

Figure 7 shows that the pressure profile along the inlet
wall varies with a fixed shape. Furthermore, the pres-
sure in each location of the inlet wall is greater than
Per- Therefore, the inlet micro-convergent nozzles are not
choked. And pressure oscillations can affect the injection
velocity at each nozzle. Because the height and strength
of the detonation wave oscillate periodically, the pres-
sure oscillation in the flow field must be periodic. As a
consequence, the mass flow rate is periodically fluctuat-
ing, as shown in Fig. 8. The fluctuating mass flow rate
can, in turn, aggravate oscillations in the flow field.

The calculated logarithmic pressure gradient contours

are shown in Fig. 9. From 671.5 to 678.5 ws, the height of
the detonation wave changes from the lowest to the highest
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Fig. 6 Temporal evolution of the injection velocity and pressure at points 1-9. a Temporal evolution of injection velocities and pressures at points
1-3. b Temporal evolution of injection velocities and pressures at points 4—6. ¢ Temporal evolution of injection velocities and pressures at points

7-9
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Table 2 Accumulation of fresh

. Point
gas at points 1-9 omes

Point 1 Point2 Point3 Point4 Point5 Point6 Point7 Point8 Point9

Accumulation of fresh 2.2
gas (mm)
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Fig. 7 Pressure distribution of overall inlet wall
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Fig. 8 Temporal evolution of mass flow rate

and then reaches the lowest again at 682.7 ws. The periodic
oscillation of the detonation wave height produces a group
of transverse weak shock waves, making the flow field
extremely complicated. These weak shock waves propagate
to the inlet wall, collide with it, reflect, and then spread

downstream. At 686.6 s, some weak shock waves collide
with the fresh fuel layer (at point B or point 5 in Fig. 5), pro-
ducing a local pressure which is greater than pg. As a result,
the fuel injection is cut off until to 690.8 s. However, fresh
gas starts to be injected through point 7, 8, and 9 (see Fig. 5),
when point B (point 5) is blocked. The process coincides
with the evolution of the velocity at point 5 in Fig. 6b. Weak
shock waves also collide with the fresh fuel layer at points
1-4 and points 6-9, but the pressure oscillations caused by
these waves are so slight as not to block fuel injection at these
points. This coincides well with the phenomena in Fig. 6a, c.

4 Conclusions

A two-dimensional numerical simulation of the RDE with
detailed chemical reaction kinetics for the premixed stoichio-
metric hydrogen—air mixture was carried out. The instability
mechanism of detonation waves manifested as oscillations
in the wave height and strength in the RDE with micro-
convergent-nozzle injection was explored. The detonation
wave oscillates due to the interaction between fuel injection
and the detonation wave. The oscillation of the detonation
wave produces a group of weak shock waves, making the
flow field very complicated. Some weak shock waves col-
lide with the inlet wall, producing an instant pressure rise
greater than the injection stagnation pressure, which stops
the fuel injection at these high-pressure locations. Simulta-
neously, fresh fuel can be injected into the chamber near the
blocked locations. As a consequence, the fresh fuel layer
height varies with time, which in turn causes the detonation
wave to oscillate. Furthermore, the micro-convergent nozzles
are not choked, and therefore, the mass flow rate fluctuates
due to pressure oscillations. The fluctuating mass flow rate
can aggravate oscillations in the flow field, contributing to
the fresh fuel layer irregularity. This irregularity remains
in the flow field, as does the instability of the detonation
wave.
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