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Oblique detonation engines have promising applications in hypersonic propulsion due to their compact combustor

and high thermal efficiency. However, it is still challenging to achieve stabilized oblique detonation wave in a broad

range of flight conditions. This work aims to study the evolution of oblique detonation wave structure in an unsteady

inflow with sinusoidal velocity disturbance and to propose a control method to maintain a stable oblique detonation

wave in an unsteady inflow. Simulations are conducted for oblique detonationwaves in a stoichiometric hydrogen/air

mixture, and the detailed chemistry is considered.Results demonstrate that for low-frequency inflowdisturbances the

autoignition point on thewedge exhibits a smooth trajectory. In contrast, high-frequency inflowdisturbances give rise

to a new reaction front that subsequently triggers a detonation wave within the induction region, resulting in an

abnormal path for the autoignition point. A proportional controller is effectively used to maintain the autoignition

point at the desired position, thus stabilizing the oblique detonation wave in unsteady inflow conditions. By

implementing the proportional controller, the oblique detonation wave retains relative stability. Moreover, the

proportional controller exhibits robust performance in nonideal inflows affected by other types of disturbances,

including temperature and attack angle perturbations.

I. Introduction

R ECENTLY, there has been great interest in detonation engines

that have promising applications in hypersonic propulsion

[1–5]. An oblique detonation engine (ODE) is suitable for operating

at high Mach number and thereby has been widely studied [6,7]. In

ODE, the wedge-stabilized oblique detonation wave (ODW) struc-

ture mainly consists of the leading oblique shock wave (OSW),

reaction front (RF), and oblique detonation front (ODF) [8]. The

transition of OSW to ODF can be achieved via a smooth shock front

or multiwave point [9–11]. In the literature, the effects of Mach

number, attack angle, and mixture state on the ODW structure have

been widely investigated [12–17]. It is found that the initiation

position and combustion efficiency of ODW are sensitive to inflow

parameters and wedge angles [12–18]. Specifically, the ODW may

detach from the wedge, and the reactant may fail to be ignited in a

finite-length combustor under low flight Mach number [18,19].

Moreover, the flow and thermal states in a hypersonic propulsion

system are usually unsteady. It is necessary to understand the evolu-

tion of theODWstructure in unsteady conditions [20] and tomaintain

stable ODW under unsteady inflows [21,22]. This motivates the

present study.

There are some studies on the ODW structure affected by different

disturbance types including inflow,mixture composition, and thermal

states. Fusina et al. [23] introduced small disturbance into a mixture

composition and found that the ODW is resilient to such transient

disturbance. Liu et al. [20] considered the transient disturbance char-

acterized by the high-pressure jet and confirmed the existence of

multiple solutions of the ODW structure for the same incoming flow.

Similar hysteresis phenomena are also observedwhen the flight attack

angle is changed [24]. Furthermore, Yang et al. [25,26] studied the

influence of single-pulse sinusoidal density/temperature disturbances

on ODW structures and found that the ODW front can quickly return

to the original state when the single-pulse disturbance is over, which

indicates the ODWs are relatively robustness to external, transient

disturbances [27]. However, multipulse sinusoidal disturbances

destroy or restructure the dynamic behaviors of oblique detonation

combustions, and they are mainly dependent on the disturbance

frequencies and amplitudes. Using the dynamic mesh technique,

Sun et al. [7] studied the ODWevolution under the changing wedge

angles, and results indicate the ODW position and structure can be

effectively affected by adjusting the geometry configuration of com-

bustion chamber. It is inspiring progress, and the controllable wedge

variations may counteract the influence of other unsteady factors and

keep the ODW structure relatively stable under unsteady conditions.

For the practical situations in an airbreathing engine, the gas stream is

more complicated, and the noticeable effects of unsteadiness on

detonation combustion are nonnegligible.
To control the ODW, the magnetohydrodynamic technology with

an ionized mixture and the novel wedge with a step or cavity have

been proposed to stabilize the ODW locating in a certain region for

different inflow Mach numbers [21,22,28]. Their results indicate the

ODW ignition position can be controlled to the designed location for

a steady incoming flow, but the proposed regulation methods are

invalid for the unsteady circumstances.
Two limitations of the existing studies can be concluded as fol-

lows: one is that the ODW resistance against disturbances is crucial

for the applications of ODE but relevant researches are still insuffi-

cient; another is that the previous ODW regulation methods are
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unsuitable for highly unsteady inflows. It is necessary to develop
more effective methods (i.e., the automatic control technology) to
ensure the ODW’s optimum structure and position in unsteady con-
ditions and broaden the ODE’s operating boundary. Motivated by
these considerations, the present work first examines the transient
evolution of the ODW structure in unsteady conditions with velocity
disturbance and then attempts to test an automatic control method
to keep the ODW structure and position relatively stable under
unsteady conditions. As a classical control method, the propor-
tional-integral-differential (PID) control system [29,30] has been
widely applied in engineering machinery [31–34] due to its great
robustness. Hence, a PID-based control system is proposed to regu-
late the ODW in this work. The two-dimensional simulations with
detailed chemistry are conducted for wedge-induced ODW for a
stoichiometric hydrogen/air mixture. The main research content
consists of three parts. First, the steadyODWstructures are simulated
as the reference to the transient ODWs in an unsteady inflow. Second,
the sinusoidal velocity disturbances of the inflow with different
amplitudes and frequencies are introduced, and the ODW structure
evolutions are presented, and their evolution patterns are summa-
rized. Third, a regulation method based on proportional controller is
proposed to keep the ODW structures and positions relatively stable
under unsteady conditions.
The paper is organized as follows. The model and numerical

methods are introduced in Sec. II. Then, the influence of sinusoidal
inflow velocity disturbance on transient ODW structure is assessed,
and a regulationmethod based on proportional controller is proposed
and tested in Sec. III. The conclusions are summarized in Sec. IV.

II. Model and Numerical Methods

The computational domain is chosenby referring toprevious studies
[7,25,26] and schematically described as the dotted rectangle in Fig. 1.
The size of rectangle domain is −0.3 ≤ x ≤ 3 cm and 0 ≤ y ≤ 2 cm.
The supersonic inflow condition is employed on the left boundary and
the top boundary, and the flow parameters are fixed. The right boun-
dary is the model as the supersonic outflow. On the bottom boundary,
the outflow condition is used in −0.3 ≤ x ≤ 0 cm to avoid the singu-
larity at the wedge tip, and the wedge surface (i.e., 0 ≤ x ≤ 3 cm) is
simulated as the slipwall. In the simulations, the inflow parameters are
specified according to the flight altitude (H0 � 20 km) and flight
Mach number (Ma0 � 9). The airstream has been compressed the
inlet, and thus the inflow states are specified asP0 � 196.3 kPa,T0 �
814.4 K [16]. The inflow velocity V0 is set as 2660.8 m/s, which is
slightly higher than the velocity (2481.9 m/s) given by Teng et al. [16]
to move the autoignition position to the middle of the computational
domain in Fig. 1. The ignition lengthLi is defined as the distance from
the leading edge to the autoignition position that is defined as the
maximumheat-release point along thewedge surface. The attack angle
θ0 is set as 17deg. The inflow is the stoichiometricH2∕airmixture, and
the detailed hydrogen reaction mechanism published by Burke et al.
[35], including 13 species and 27 reactions, is used to describe the
combustion process, which has been applied widely in hydrogen
combustion simulations [7,16,36].

Because complex disturbance can be regarded as the superposition
of a series of sinusoidal disturbances with different frequencies,
phase positions, and amplitudes, the sinusoidal velocity disturbance
is imposed to simulate the unsteady inflow, and the inflow velocity
varies as

V�t� � 1.0� A ⋅ sin
2π

TC

t ⋅ V0 (1)

where V�t� is the temporal inflow velocity, A is the disturbance
amplitude, and TC represents the disturbance period.
Because thewedge length in this study is only 3 cm, the theoretical

boundary-layer thickness is thin enough, and the thin boundary layer
has little effects on the ODWinitiation structures [37,38]. The effects
of viscosity on the regular detonation wave structure are slight and
usually ignored [39]. To illustrate this point, the influence of viscosity
effects on the results in this work is discussed in Appendix A. Hence,
the Euler equations coupledwith a detailed reactionmodel are solved
in this work as

∂ρ
∂t

� ∂�ρui�
∂xi

� 0

∂�ρui�
∂t

� ∂
∂xj

�ρuiuj� �
dp

dxi
� 0; i � x; y

∂�ρE�
∂t

� ∂
∂xj

��ρE� p�uj� � 0

∂�ρYk�
∂t

� ∂�ρuiYk�
∂xi

� ωk; k � 1; : : : ; N − 1 (2)

where thevariables ρ, (ui,uj),p, andE are the density, velocity vector,
pressure, and total energy per unitmass, respectively.Yk andωk are the
mass fraction and reaction rate of species k, respectively.N is the total
number of species. For the gas-phase mixture, the ideal gas equation is
used to describe its state, and the thermodynamic properties are
described according to the JointArmyNavyAir Force (JANAF)model
[40]. The reaction rate follows the Arrhenius law [41].
The compressible reactive flow solver, detonationFoam [7], devel-

oped based on OpenFOAM [42], is used to solve the governing
equations. The finite volume method is used in the solver, in which
the second-order MUSCL scheme [43] is adopted to reconstruct the
face-centered values from the body-centered data and the modified
Riemann solver, HLLC-P [44], is used to calculate the convection
fluxes. For the time integration, the first-order splittingmethod [45] is
adopted to separately solve the reaction term and convection term.
The stiffness ordinary differential equation calculating chemical
reaction terms is solved by the seulex solver [46], and the first-
order implicit Euler scheme is used for time advance. Planar/cellular
detonations have been simulated to prove the reliability of the solver
in previous work [7].
To ensure the simulation results are credible, the grid convergence

verification is conducted first. The ODWs for the mixture of P0, T0,
and V0 are solved using three different girds (i.e., Δx � Δy �
20 μm, Δx � Δy � 10 μm, and Δx � Δy � 5 μm), and the

Fig. 1 Schematic of wedge-inducedODWand simulation settings. SODW: secondary oblique detonationwave;MODW:main oblique detonationwave.
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comparison of simulated results are displayed in Fig. 2. The time step
is determined by theCourant number, the velocity, and grid size of the
local flowfield. For these three cases, theCourant number is set to 0.2.
That means the time step used is dependent on the grid size and it
decreases as the grid size reduces. Figure 2a shows the ODW temper-
ature contours for uniform grids Δx � Δy � 10 μm and Δx �
Δy � 5 μm. It is seen the wave structures are almost identical for
these twogrid sizes. The temperature and pressure distributions along
the line y � 0.2 cm are also extracted and illustrated in Figs. 2b and
2c. The curves of grids Δx � Δy � 10 μm and Δx � Δy � 5 μm
almost overlap, quantitatively meaning that the simulation results
obtained in this paper are independent of the grid scales and time
steps. Hence, the uniform grids with Δx � Δy � 10 μm are used in

the remaining simulations, and the time step is around 5 × 10−10 s.
Besides, we have repeated the simulation result of oblique detonation
given by Teng et al. [16] in Appendix B to ensure that the numerical
simulation results in this work are reliable.

III. Results and Discussion

A. Steady ODW Structure

In Fig. 2a, the inflow velocity is set asV0. The transition ofOSW to
main oblique detonation wave (MODW) is achieved via a multiwave
point, and it is usually referred to as the abrupt ODW. The ignition
length in Fig. 2a equals 1.34 cm and is near the theoretical result
(1.37 cm) that is calculated based on the mixture state behind the
OSW (P � 7.99 atm, T � 1263 K, and VS � 2385 m∕s). Figure 3
shows the steady ODW structures for inflow velocity V equaling

0.9V0, 0.95V0, 1.05V0, and 1.1V0. With an increase in inflow veloc-

ity, the OSW compression is getting stronger, and the temperature of

compressed mixture increases synchronously. The theoretical ignition

lengths ofV � 0.9V0,0.95V0,1.05V0, and1.1V0 are 2.13, 1.76, 1.17,

and 0.89 cm, respectively. The simulated ignition lengths are 2.06,

1.78, 1.20, and 0.88 cm. Slight errors between theorical and simulated

results further indicate the simulations are reliable.
Figure 3 shows the inflow velocity variation has a huge influence on

the wave structures and downstream detonation angles. When V �
0.9V0, the autoignition first occurs on the wedge surface, and then the

formedRFgradually translates into a secondarydetonationwave for the

reactivity gradient originated from the asynchronous compression of

the leading OSW. Finally, the interactions between the OSW and

secondary oblique detonation wave (SODW) trigger an oblique deto-

nation in the mainstream. An increase in inflow velocity leads to a

higher temperature behindOSWand reduces the ignition length. At the

same time, the proportion ofMODWin the induction region is reduced

greatly, and the angle of detonation wave has an obvious decrease.

Therefore, it is undeniable that the unsteadiness of inflow velocities

plays a major role in the application of oblique detonations.

B. Evolution of ODW Structure in Unsteady Inflows

Before introducing periodic disturbance into the inflow, the influ-

ence of half-sinusoidal velocitydisturbance is studied at first. Figure 4

shows the evolutions of ignition length for different disturbance

periods. For the inflow velocity increasing process, the steady

ODW for V � 0.9V0 is set as the initial flowfield. Then, the inflow

Fig. 2 Comparison of simulation results obtained from three grid sizes of Δx � Δy � 20 μm, Δx � Δy � 10 μm, and Δx � Δy � 5 μm for V � V0.
a) The ODW temperature contours for Δx � Δy � 5 μm andΔx � Δy � 10 μm. b) The temperature and c) the pressure distributions along the line at
y � 0.2 cm for these three grids.

Fig. 3 Steady ODW temperature contours for inflow velocity of a) V � 0.9V0, b) V � 0.95V0, c) V � 1.05V0, and d) V � 1.1V0.
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velocity increases from 0.9V0 to 1.1V0, and the autoignition length
along the wedge surface is recorded and shown in Fig. 4a, in which
the autoignition point moves upstream. For the inflow velocity
decreasing process, the steady ODW for V � 1.1V0 is set as the
initial flowfield. Then, the inflow velocity decreases from 1.1V0 to
0.9V0, and the corresponding results are presented in Fig. 4b.
According to the moving direction of the autoignition point, the
former is defined as the upstream transition process, and the latter
is referred to as the downstream transition process.
For the upstream transition processes in Fig. 4a, there are two

evolution regimes for different disturbance periods. For high-
frequency disturbance (TC � 20 μs), a sharp change occurs, and
the ignition length suddenly decreases from 2.06 (t � 0.45TC) to
0.87 cm �t � 0.50TC�. The sudden motion of the autoignition point
for the inflow with high-frequency disturbance was also observed in
our previous work [7], in which the attack angle disturbance instead
of the velocity disturbance is imposed. In Fig. 5, the temporal temper-
ature contours during the upstream transition process forTC � 20 μs
are presented. In Fig. 5b, a new autoignition point occurs at x ≈
1.02 cm and t � 10 μs, and it subsequently induces a new reaction
front. The local heat release promotes the formation of shock wave
and finally initiates a new ODW (see Figs. 5c and 5d). Hence, the
dramatic change of the ignition length is attributed to the formation of
the new autoignition point before the original ODW.
Figure 4b records the ignition length variation during the down-

stream transition processes for different disturbance periods. For
TC � 20 μs, the variation of the ignition length obviously consists of
two stages. As shown in Fig. 4b, the autoignition point has a sinusoidal
trajectory in the first stage, while the slope of the curve remains
unchanged in the second stage; in other words, the autoignition point’s

movement speed is almost constant in the second stage. To explain this
point, Fig. 6 shows the temporal temperature contours during the
downstream transition process for TC � 20 μs. At t � 9 μs (during
the first stage), the RF near thewedge surface constricts backward from
the initial position x � 0.87 cm to x � 1.37 cm, which is caused by
the decrease of the mixture temperature behind the OSW. Then, the
moving RF merges with the SODWat t � 12 μs (see Fig. 6b), and a
normal detonation wave (NDW) is formed. Thereafter, the NDW
dominates the evolutions of ignition position on the wedge surface
(see Fig. 6c) until the presence of the new RF that corresponds to the
ignition length of the new-state mixture for V � 0.9V0. Sun et al. [7]
found that the OSW/NDW/MODW structure is the quasi-steady state
during the transition process, resulting in a constant wave propagation
speed dominated by the Chapman–Jouget velocity of the detonation
wave and the inflow velocity. Combining the ignition point trajectory
for TC � 20 μs in Fig. 4b and the temporal ODW structure in Fig. 6, it
is found that the first-stage variation in Fig. 4b corresponds to the
backward movement of the RF, while the NDW-moving process is
responsible for the second-stage evolution. As for the cases with larger
disturbance periods in the downstream transition processes (see the
curves for TC � 50; 100, and 500 μs in Fig. 4b), the ignition length
evolution is almost similar to the sinusoidal law, and it is speculated that
the reaction front always survives in the evolution processes and there is
no NDW similar to the case with TC � 20 μs.
Figure 7 schematically shows the influence regimes of the disturb-

ance on the induction of ODW. The blue lines in Fig. 7 represent the
state-changed mixture propagation trajectories. Figure 7a shows that
when the inflow velocity increases from 0.9V0 to 1.1V0 a dramatic
speed increase causes the strengthened OSW and sharp increase of
mixture temperature behind theOSW.Consequently, the state-changed

Fig. 5 Temporal evolution of ODW temperature contours for upstream transition process with inflow velocity changing from 0.9V0 to 1.1V0 and
TC � 20 μs.

Fig. 4 The ignition length evolutions in inflow with half-sinusoidal velocity disturbances for different periods of TC � 20;50;100, and 500 μs in
a) upstream transition process and b) downstream transition process.
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mixture autoignites before it reaches the original reaction front.
Figure 7b shows that when the inflow velocity decreases from 1.1V0

to 0.9V0 the mixture temperature decreases, and the corresponding
ignition delay time increases.When the state-changed front reaches the
original reaction front, autoignition does not occur in the new-state
mixture, and thereby the original reaction front moves downstream.
However, there exists a difference in the velocities between the near-
wall RF and the SODW. The SODW velocity is mainly dependent on
the postshock flow velocity and the Chapman–Jouget detonation
velocity, both of which exhibit insensitivity to inflow velocity changes.
Conversely, the velocity of the near-wall RF is predominantly deter-
mined by the temperature behind the oblique shock, which is closely
related to the magnitude of the velocity perturbation period. The near-
wall RF’s velocity is slowwhen the perturbation period is large and fast
when it is small. Notably, when the perturbation period is particularly
small, the near-wall RF’s velocity exceeds that of the SODW, resulting
in the formation of the wave structure illustrated in Fig. 6.
The temporal numerical schlieren diagrams during the upstreamand

downstream transition processes for TC � 500 μs are recorded in
Fig. 8. When the inflow velocity decreases from 1.1V0 to 0.9V0 (see
Fig. 8a), the ODW front gradually moves out of its original place to a
newposition, and there is no new reaction front in the induction region.
For the downstream transition process in Fig. 8b, a similar phenome-
non can be observed, while it is regarded as the reverse process of the
upstream transition process. In any case, when the disturbance period
is large enough, the RF/SODW structure always survives, and the
ignition length is dominated by the autoignition ofmixture all the time.
Meanwhile, the ODW structure almost evolves in a series of quasi-
steady structures; in other words, the downstream and upstream proc-
esses share the same pathway of ODW structure evolutions.
The given simulation results indicate that the evolution regimes of

ODWstructure aremainlydeterminedbydisturbanceperiods.For long-
period disturbance, the response time of ODW flowfield is adequate,
and the ignition properties of reactants in the induction region have a

good following performance of the inflow velocity disturbance. Hence,

the autoignition point moves in the sinusoidal form, similarly to the

inflow disturbance, and this transition process is defined as the normal

transitions. For short-period disturbance, the ODW fails to follow the

Fig. 7 The influence regimes of the disturbance on the induction region of ODW during the inflow state-changing process.

Fig. 8 Temporal ODW numerical schlieren diagram evolution during
a) upstream transition process and b) downstream transition process for
TC � 500 μs. The schlieren diagrams are calculated by second-order
density gradient.

Fig. 6 Temporal evolution of temperature contours for downstream transition process with inflow velocity changing from 1.1V0 to 0.9V0 and
TC � 20 μs.
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fast-changing velocity, and a new autoignition region occurs in the

induction region, causing the abnormal trajectory of the autoignition

point in upstream transition process. Compared to the flow structures,

the induction delay time of reactants has a higher sensibility to thermo-

dynamic state. The movement of the original ODW is behind the

autoignition point on the wedge surface, which leads to the disappear-

ance of autoignition reaction front and the formation of the NDW in

downstream transition process. This can change the original trajectory

of the autoignition point and can be defined as the morbid transition.

Note that the given results are obtained in the case of half-sinusoidal

disturbance, and the ODW structure evolution in periodic sinusoidal

disturbance should be analyzed to elaborate their similarity and differ-

ence. First, a series of sinusoidal velocity disturbance with amplitude

A � 10% and different periods is imposed, and the corresponding

ignition length evolutions are recorded inFig. 9 (see the red curves). As

a comparison, the inflow velocity variations are also plotted (see the

black curves). When TC � 20 μs (see Fig. 9a), the curve slope has

two-stage characteristic in the upstream process, and the ignition

length dramatically decreases in the downstream process; in other

words, morbid transition occurs. As TC increases, the morbid transi-

tion phenomenonbecomesweaker and finally transfers into the normal

transitions when TC ≥ 100 μs (see Figs. 9d–9f). Then, the amplitude

A is decreased from 10 to 5%, and the temporal ignition lengths are

recorded in Fig. 10.Qualitatively, Fig. 10 shows the same evolutionary

lawswith thatA � 10% inFig. 9. Thatmeansmorbid transitions occur

for short-period disturbance while normal transitions occur for long-

period disturbance. Compared with the results in Fig. 9, it is found in

Fig. 10 that the morbid transition can transfer to the normal transitions

at shorter disturbance period (i.e., TC � 100 μs for A � 10% and

TC � 50 μs for A � 5%). Hence, morbid transitions of the autoigni-

tion point can bemore easily observed for the case of larger-amplitude

disturbance when the disturbance frequency is relatively low.

Fig. 9 The ignition length varies with time in unsteady inflows with different-period sinusoidal velocity disturbances. The disturbance amplitude

A � 10%.

Fig. 10 The ignition length varies with time in unsteady inflows with different-period sinusoidal velocity disturbances. The disturbance amplitude
A � 5%.
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Figure 11 shows the autoignition point trajectories in velocity-

phase space for A � 5 and 10% with different disturbance periods.

For TC � 20 μs, there is an obvious difference in the evolution

pathways between the upstream transition process and the down-

stream transition process.With the disturbance frequencydecreasing,

the autoignition point trajectories in these two transition processes

tend to be consistent. In Fig. 11, when the disturbance period is

500 μs, the upstream and downstream transition processes almost

share the same evolution pathway. It is supposed that as the disturb-

ance period further increases the autoignition point trajectories in the

upstream and downstream transition processes will tend to be the

same path; in other words, the transient ODW structure is only

determined by the inflow state and evolves in a series quasi-steady

state.

The mentioned results show that the ODW structure and its posi-

tion in the combustion chamber will change drastically due to the

unsteady inflow with sinusoidal velocity disturbance. The stabilized

ODWin unsteady operating conditions is not easy to implement. The

evolution regimes of ODWobtained by changing the inflow velocity

in this work are very similar to that obtained by Sun et al. [7] by

changing thewedge angle; in other words, for the inflow velocity and

attack angle increasing process, the ODW moves upstream as a

reaction front, while it degenerates into a NDWmoving downstream

during the inflow velocity and attack angle decreasing process. This

inspires us to offset the effect of inflow velocity perturbations on the

ODW structure and position by changing the wedge angle, so as to

keep the ODW stationary in the unsteady situations.

C. Control of ODW Structure in Unsteady Inflow

Based on the results in Sec. III.B, a regulationmethod based on the

PID controller is proposed to obtain a stable ODW in unsteady

inflows, in which the angle of the wedge angle is adjusted automati-

cally to counteract the effects of inflow fluctuations. The schematic of

the wedge-induced ODW regulation system based on the PID con-

troller is described in Fig. 12. First, a target ignition position xt can be
preset as the regulation objective. The temperature sensors are

arranged on the wedge surface to identify the actual ignition position

xi. Then, xt and xi are used by the PID controller to calculate the

wedge rotation angular velocity ω. For approaching the target igni-
tion position, the wedge will be rotated at the angular velocity ω to
adjust the actual ignition position. It is supposed that the ODW
structure can be stabilized in a relatively narrow area in unsteady
inflows through this real-time regulation system.
As illustrated in Fig. 12, the PID controller consists of the propor-

tional controller (P controller), the integral controller (I controller),
and the derivative controller (D controller). The wedge rotation
angular velocity ω is calculated by PID controller as

ω�t� � KP�xt − xi� � KI �xt − xi� dt� KD

d�xt − xi�
dt

(3)

whereKP,KI , andKD are the PID controller coefficients. In general,
increasing the proportional gain can improve the response speed and
disturbance rejection ability of the controller. However, if the propor-
tional gain is too high, it can cause system oscillation or even
instability. Increasing the integral gain can improve the stability
and accuracy of the controller. However, if the integral gain is set
too large, it can cause overshoot, sluggish response, and even insta-
bility. Increasing the derivative gain can improve the response speed
and disturbance rejection ability of the controller and reduce over-
shoot. However, large derivative gain can cause noise amplification,
sluggish response, and even instability. Therefore, the PID controller
parameters should be systematically tested and chosen. The tuning
method for PID controller coefficients can be found in [29,47]. In this
work, KI � 0 and KD � 0; in other words, only the proportional

controller is used, and KP � 107 rad∕�s ⋅m� if not specified. In
Eq. (3), ω is the input parameter of the combustion chamber, which
is the actuator in the regulation system. In this work, the dynamic
mesh library provided by Jasak [48] is used to simulate the wedge
rotation. To reproduce more realistic inflow disturbances, the Perlin
noise [49] is used to generate the pseudorandom noise of the inflow
velocity, and then the noise signal is fitted using eight sin functions.
Hence, the results in this work are repeatable, and the fitted disturb-
ance is calculated as

f�t� �
8

n�1

an ⋅ sin bn
t

TC

� cn � dn (4)

where TC is an adjustable parameter to adjust the disturbance fre-
quency; an, bn, cn, and dn are the fitting coefficients, and their values
are in Table C1. The inflow velocity V�t� is calculated as

V�t� � �1� A ⋅ f�t�� ⋅ V0 (5)

where A is the adjustable parameter to adjust the disturbance ampli-
tude. In the following simulations, A is set as 10%.
First, the high-frequency pseudorandom noise with TC � 20 μs is

calculated. The inflow velocity that varies with time is recorded in
Fig. 13a, and it oscillates randomly around V0. Then, the transient
ODW structures under pseudorandom inflow with/without the P

Fig. 12 Schematic of wedge-induced ODW regulation system based on
PID controller.

Fig. 11 The ignition length trajectories in the velocity-phase space for unsteady inflows with different-period sinusoidal velocity disturbance. The
disturbance amplitude is a) A � 5% and b)A � 10%.
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controller are numerically simulated, and the actual ignition positions
are recorded in Fig. 13b. The blue line denotes the result of the case
without the P controller, and it oscillates sharply. Compared with the
steady-state ignition position (V � V0 and xt � xi � 1.34 cm), the
maximum error between xt and xi in the transient process is 0.77 cm.
When the P controller is applied (see the red line), the large-
displacement oscillation of ignition position is almost inhibited.
The maximum error between xt and xi is only 0.07 cm, and the error
is reduced by 90.9% compared with the result without the P con-
troller. The probability density functions of xi with and without the
PID controller are shown in Fig. 13c, and the actual ignition position
is mainly centered in the target range (xt � 1.34 cm) when the P
controller is applied. The angle between the inflow and the wedge
during the P controller regulation process is recorded in Fig. 13d, and
it oscillates within 2 deg. Hence, a slight variation in wedge angle has
an efficient control effect on ODW ignition position, and this control
method shall have a good practicability in applications.
To further display the effects of the regulation system on ODWs in

the inflow with pseudorandom noise, the comparisons of temperature
contourswithout (seeFigs. 14a–14d) andwith controller (seeFigs. 14e–
14h) are shown in Fig. 14. The ODW structures without the controller
change drastically, while the relatively stable ODW structures are
acquired with the effects of the regulation system. From the results in
Figs. 13 and 14, we can conclude that the great effects of the regulation
system have been achieved for ODWs. This method can help to acquire
a more stable ODW flowfield and make the ODW ignition position
always stay in the target region even for the unsteady inflows.
To examine the applicability of the regulation system, the pseu-

dorandom disturbance period is increased. For the results with TC �
100 μs in Fig. 15a, the oscillation amplitude of actual ignition
position is greatly suppressed when the P controller is applied. The
maximum error between xt and xi is reduced from 0.37 to 0.01 cm,
and 97.3% reduction is achieved. For the case TC � 500 μs in

Fig. 16a, note Kp is reduced to 106 rad∕�s ⋅m� to keep the system
stable. Themaximumerror between xt and xi for caseTC � 500 μs is

reduced from 0.36 cm to 0.02 cm. The probability density functions
for TC � 100 μs and TC � 500 μs are also recorded separately in
Figs. 15c and 16c. The actual ignition position is concentratedly
distributed around the target ignition position for the processes with
the P controller. Comparing the data in Figs. 13–16, better regulation
effects are achieved for lower-frequency disturbance.
For the three mentioned cases corresponding to different disturb-

ance periods, the rotational angular velocities of the wedge are
recorded in Figs. 13–16, and the results show ω decreases as the
disturbance frequency decreases during the regulation process. For
TC � 20 μs, the maximum value of ω is approximately 2000 rad∕s
(see Fig. 13d), while it decreases to about 500 rad∕s for TC � 100 μs
(see Fig. 15b) and to about 100 rad∕s for TC � 500 μs (see Fig. 16b).
It illustrates that the requirement for the actuator response speed of the
proposed regulation method is contingent upon the working condi-
tions. For example, when the operating condition is strongly unsteady,
a higher actuator response speed is needed. In contrast, when unsteady
factor is weakened, the performance requirement for actuators will be
relaxed. Besides, to demonstrate the effectiveness of the proposed
regulation method, we used perturbations of the unsteady inflow with
higher frequency and amplitude thanwould typically occur in practical
conditions. Even so, for the case in which TC � 500 μs, a motor

operating at 103 rpm (approximately 102 rad∕s), which is easy to
achieve for industrial motors,¶ can meet the requirement. For the
practical situations where the disturbance frequency is lower, the
regulation method proposed in this work is feasible.
The regulation system aims to reduce the error between the target

ignition position and the actual ignition position, and it is indeed
independent of the origins of the error. Hence, the regulation system
still can work on other unsteady operating situations, and it is not
limited to the case of unsteady velocity. With a fixed inflow velocity

Fig. 13 The regulation effects of the control system: a) The temporal velocity variation in pseudorandom unsteady inflowwithTC � 20 μs; b) the actual
ignition position variation with/without P-controller; c) the probability density function of actual ignition positions with/without P-controller, and d) the
relative angle between the inflow and the wedge and the wedge rotational angular velocity during the regulation process.

¶Data available online at https://www.danfoss.com/en-us/products/dps/
electric-converters-and-machines/electric-converters-and-machines/electric-
machines/#tab-overview [retrieved 11 May 2023].
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equaling to V0, the inflow temperature and attack angle with an

unsteady form can be expressed as

T�t� � �1� A ⋅ f�t�� ⋅ T0 (6)

θ�t� � �1� A ⋅ f�t�� ⋅ θ0 (7)

where A is fixed to 10% and TC is set as 20 μs. Figure 17a shows the
curves of ignition position xi varies with time for temperature dis-
turbance. The blue and red lines denote the results with and without
the P controller, respectively. The maximum error between xt and xi
is reduced from 0.94 (without the controller) to 0.07 cm (with the P
controller), and 92.6% reduction is achieved. Correspondingly, the
evolutions of xi for the attack angle disturbance are recorded in

Fig. 14 The temporal evolution of temperature contour in the pseudorandom unsteady inflow with TC � 20 μs: a)–d) without controller and e)–h) with
P-controller.

Fig. 15 The regulation effects of the control system: a) The actual ignition position variation with/without P-controller for TC � 100 μs; b) the relative
angle between the inflow and thewedge and thewedge rotational angular velocity during the regulation process; and c) the probability density function of
actual ignition position with/without P-controller.
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Fig. 17b, and themaximum error is reduced from 0.72 to 0.04 cm and
decreased by 94.4% with the help of the regulation system.
In the prior context, the autoignition position is selected as the

regulation objective, and the error between the target and actual
autoignition positions is monitored as the criterion to adjust the
wedge angle for keeping the ODW position and structure stable in
unsteady conditions. Actually, the controller has no strict restrictions
on the selection of the regulation objective and criterion. The regu-
lation objective and criterion chosen in this paper are only used as
examples to illustrate the effectiveness of the controller in ODW
regulations. In practice, the selection of regulatory objectives and
criteria can be tailored to align with the specific requirements of the
given scenarios. The ODW regulation method proposed in this paper
is also of great significance for more practical ODE configurations.
For example, in confined space, the interaction between detonation
wave and solid wall may lead to thermal choking due to the Mach
reflection, which can lead to the failure of the ODWin the combustor
[50,51]. This can be effectively avoided by using the regulation
system to adjust the angle between oblique detonation wave and
the solid wall to prevent the presence of Mach stems.

IV. Conclusions

In this work, two-dimensional simulations are conducted for wedge-
induced ODWs in a stoichiometric hydrogen/air mixture. The detailed
chemistry for hydrogen is considered in all simulations. First, the
evolution of the ODW structure in an unsteady inflow with sinusoidal
velocity disturbance is investigated systematically. For high-frequency
disturbance, the new autoignition point appears on the wedge and
subsequently induces a new ODW in the upstream transition process,
which causes a sudden decrease of the ignition length. The two-stage
evolution of the autoignition point is observed in the downstream
transitionprocess.The first-stagevariation corresponds to the backward

movement of the autoignition reaction front, while the newly formed
NDW in the induction region is responsible for the second-stage
evolution. When the inflow disturbance frequency is small enough,
the autoignition pointmoves smoothly, and theODWevolves in a series
quasi-steady state in the upstreamanddownstream transition processes.
Moreover, a regulation method based on the PID controller is

proposed to adjust the ODWso that the autoignition point is at fixed
position in unsteady flow conditions. The pseudorandom disturb-
ance is introduced using Perlin noise function tomimic the unsteady
inflow. The response characteristics of the regulation system for the
inflow with different-frequency velocity disturbance are examined.
The results indicate that the autoignition position can be success-
fully adjusted to the target region. Meanwhile, the controller makes
the ODW structure remain relatively stable in the unsteady inflow.
Furthermore, it is demonstrated that the regulation method works
well in inflows with different types of disturbance including the
temperature and attack angle perturbations.
Note that the PID controller coefficients, KI and KD, are set to be

zero, and only the proportional controller is used in this work. The
present results are sufficient to demonstrate the effectiveness of
the regulation method proposed in this work. It is expected that the
regulation effects will be further improved when the integral
controller and differential controller are used, and they need to be
considered in future works. The regulation system coefficients used
in this work are obtained after several iterations of testing. In future
works, it would be interesting to develop a general method for
adjusting the controller parameters.

Appendix A: Discussion of Viscosity Effects

It is noted that the viscosity is not considered in this work. The
viscosity effects in oblique detonation wave simulation are usually
composed of two parts: viscous diffusion and the boundary layer on

Fig. 16 The regulation effects of the control system: a) The actual ignition position variation with/without P-controller for TC � 500 μs; b) the relative
angle between the inflow and thewedge and thewedge rotational angular velocity during the regulation process; and c) the probability density function of
actual ignition position with/without P-controller.

Fig. 17 The actual ignition position changeswith timewith/withoutP-controller in pseudorandomunsteady inflow for disturbance in a) temperature and
b) attack angle. The disturbance amplitude is A � 10%, and the period is TC � 20 μs.
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the wall. Viscous diffusion can suppress the small-scale vortices at
shear layers, and the low-energy near-wall flow interacts with shock
structures. Small-scale wave structures in detonation products may

be affected by viscous diffusion. Nevertheless, the large-scale shock
structures obtained by solving the Euler and Navier–Stokes equa-
tions are qualitatively similar. The Euler model is also able to

represent the qualitative finding for most cases and thereby is pop-
ularly used in detonation simulations. This paper mainly focuses on
ignition length and initiation wave structure of oblique detonation

induced by a simple and infinite wedge. Because these phenomena
are mainly determined by the coupling between shock wave and heat
release in a hypersonic flow, the Euler equations without viscous
terms can describe this processwith the negligible viscos diffusion. In

the literature, Euler equations are usually solved in the simulations of
oblique detonation (e.g., Refs. [7,16]). Nevertheless, for complex
combustor configuration, the interactions of shock/detonation wave

and wall-induced boundary layer may occur, which can induce flow
separation and recirculation bubble around thewall [37,38]. In future
works, it would be interesting to take into account the influence of
viscosity.
In Fig. 6, a normal detonation wave forms during the inflow

velocity decreasing process, which may interact with the boundary
layer and change the wave structure. Similarly to the scenario
depicted in Fig. 6, we simulated the same inflow conditions con-
sidering viscosity. The results are shown in Fig. A1. At t � 0,
Fig. A1a shows that the temperature contour of the stable oblique
detonation wave for inflow velocity V � 1.1V0. Subsequently, the
inflow velocity gradually decreased from 1.1V0 to 0.9V0 within a

time of TC � 20 μs and the results are shown in Figs. A1b–A1d.
During oblique detonation wave evolution, a normal detonation
wave emerged, similarly to the scenario in Fig. 6 for which the

viscosity is neglected. Comparison between Figs. 6 and A1 indi-

cates that the influence of viscosity consists of two aspects. First,

viscosity causes the mixture on the wedge to ignite earlier, leading

to the detonationwave forming closer to the leadingwedge. Second,

during the inflow velocity reduction process, a separation bubble

forms as a result of the interaction between the boundary layer and

the normal detonation wave. Overall, viscosity has a negligible

impact on the evolution of macro detonation wave structures (the

transition among oblique shock, normal detonation, and oblique

detonation) during the velocity decrease process. Qualitatively, the

results for the cases with and without considering viscosity are

comparable.

Appendix B: Simulation Result Validation with
Previous Study

In previous study, the capability and accuracy of the detonation-

Foam solver for gaseous detonation simulation has been verified,

and typical one-dimensional detonation wave propagation and two-

dimensional cellular detonation were calculated and compared with

third-party results [7]. For the sake of rigor, we have repeated the

case of ODW simulation given by Teng et al. [16], which is also

referred to in this paper. The inflow states are specified as

P0 � 196.3 kPa, T0 � 814.4 K, and V0 � 2418.5 m∕s. The angle
between the inflow and the wedge front equals to 19 deg, and the

mixture is composed of hydrogen and air with an equivalent ratio of

unity. The steady ODW temperature contours predicted by Teng

et al. and detonationFoam are plotted in Fig. B1. It shows the almost

consistent ODW structure and indicates the results in this work are

credible.

Fig. A1 Temporal evolution of temperature contours for in downstream transition process with inflow velocity changing from 1.1V0 to 0.9V0 and
TC � 20 μs. The viscosity is considered (i.e., Navier–Stokes equations are solved).

Fig. B1 Steady ODW temperature contours predicted by a) Teng et al. [16] and b) detonationFoam. The inflow states are specified as P0 � 196.3 kPa,
T0 � 814.4 K, and V0 � 2418.5 m∕s. The angle between the inflow and the wedge front equals 19 deg.
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Appendix C: Coefficients of Disturbance Fitting Formula
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