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Aiming at the problem of self-excited oscillation in a supersonic inlet, the oscillation
suppression of parallel cavities in a shock system is studied. Based on the shock
dynamic model, the theoretical calculation model of parallel cavity under dynamic
shock is established, and the effects of cavity volume and oscillation frequency on
shock oscillation flow field parameters are analyzed. On this basis, an integrated
numerical model including cavity and inlet and outflow fields is established, and the
effects of cavity on the inlet flow field parameter distribution and parameter oscillation are
compared by using unsteady numerical calculation algorithm. The theoretical calculation
results show that the parallel cavity can reduce the amplitude of flow field pressure
oscillation, and increasing the cavity volume is beneficial to suppress parameter oscillation.
The unsteady numerical calculation of three groups of working conditions shows that the
cavity changes the amplitude of parameter oscillation, and the high amplitude frequency
point also decreases compared to the model without cavity. Through the alternating
change of pressure between the channel and cavity during the movement of the shock
wave, the cavity gas filing and overflow dampen the shock wave forward and pressure
change of the mainstream, so as to suppress the self-excited oscillation.

Keywords: parallel cavity, supersonic inlet, self-excited oscillation, suppression, unsteady flow

INTRODUCTION

The flow field of a supersonic inlet is very complex. For a supersonic inlet or hypersonic inlet, an
isolation section with equal cross section is usually set after the compression section to stabilize
the shock system (Curran et al., 1996). At higher flight speeds, the Mach number of the flow in
front of the positive shock in the inlet increases, the interference between the shock and the
boundary layer intensifies, and the local separation induced by the shock makes the positive
shock evolve into an oblique shock train (Rybalko et al., 2012; Tan et al., 2012). As the back
pressure of the inlet increases, the shock train moves forward to the isolation section gradually,
and the shock wave changes from symmetrical to asymmetrical and continues its entire
movement (Tian et al., 2014). The research shows that even if the back pressure of the inlet
remains constant, the shock position will move forward and backward, presenting a state of
“self-excitation oscillation” (Meier et al., 1990), which may change the parameters of flow field
pressure and flow rate and may cause the structure flutter of the inlet or the pressure oscillation
of the inlet/combustion chamber, which will affect the combustion stability (Matsuo et al., 1999;
Huang et al,, 2018). Therefore, the study of shock wave unsteady oscillation is of great
significance for engine design.
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A lot of theoretical modeling and research work has been
carried out for the shock oscillation phenomenon in a supersonic
inlet. Tkui et al. (1974) believed that shock oscillations were
caused by the propagation of turbulence pulsation from the
upstream of shock waves to the downstream, and the
oscillation frequency was related to the Helmholtz resonance
frequency and pipeline resonance frequency in the experimental
state. Hankey and Shang (1980) deduced the formula of pipe
resonance frequency, which can estimate the acoustic resonance
frequency under different test conditions. Piponniau et al. (2009)
proposed a shock wave separation oscillation frequency model
with high reliability through theoretical analysis based on the
principle of flow conservation inside and outside the boundary
layer separation envelope. Li et al. (2017) established a model of
front movement of shock train in a complex background wave
system by a theoretical method, predicted the forward
propagation process of shock train, and achieved good results.
Xuetal. (2019) improved the minimum contraction ratio analysis
method of the equivalent throat through the supersonic free
interaction theory and predicted the conversion law between
the shock train jump and slow movement with reference to the
Kantrowitz limit. In addition, based on the test and simulation
methods, the pressure fluctuation and energy conversion process
of the shock train (Sugiyama et al., 2008; Wang and Zhang, 2010;
Lietal,, 2012), variation characteristics of flow field parameters of
self-excited and forced oscillations (Xiong et al., 2017a; Xiong
et al.,, 2017b; Zhang and Yan, 2021), and the shock wave forward
propagation rule (Xu et al, 2015; Lu et al, 2019) have been
extensively studied. In addition, there are also relevant studies on
the coupling between flow and combustion oscillations (Chen
and Zhao, 2018; Zhao et al, 2018). These works provide a
reference for understanding the dynamic behavior of shock
waves by studying the behavior of shock wave oscillations in a
complex flow field.

At present, the research on shock wave oscillation of a
supersonic inlet mainly focuses on mechanism analysis,
prediction model establishment, flow process research, and so
on. On the suppression of shock oscillation in inlets, Herrmann
etal. (2013) and Huang et al. (2020) have studied the inlet with a
boundary layer suction device, which shows that the suction
device has an influence on the process of shock oscillations and
the changes of pressure parameters and will restrict the shock
position in a certain state. Li (2019) studied the control algorithm
under an unstable shock train from the aspect of an engine design
by studying the characteristics of shock oscillations. In addition,
in order to solve the problem of the local shock wave oscillation in
a compressor, Ma (2019) used local boundary layer suction to
control the oscillation amplitude and achieved good results in a
certain range. Most of these research works control the local flow
through the boundary layer overflow, so as to weaken the shock
oscillation process. In general, research work on shock wave
vibration suppression methods in the supersonic state is
relatively less.

In this article, the shock wave oscillation suppression of a
supersonic inlet is studied by parallel passive cavities in the
isolation section. A theoretical model is established to analyze
the feasibility of parallel cavity to suppress the oscillation of main
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flow parameters. The coupled self-excited oscillation process
between the inlet and cavity is calculated based on the
numerical method. Then, the effects of parallel passive cavities
on the suppression of parameter fluctuations and the convection
field in the process of inlet self-excited oscillation are analyzed.

CALCULATION MODEL

Inlet Geometry

Based on the inlet in Reinartz et al. (2003), the cavities are closed
in parallel in the isolation section and are connected to the main
flow channel through slots. The calculation model is shown in
Figure 1. The inlet includes a supersonic compression section, an
isometric straight throat section, and an expansion section. The
parameter inlet height H; = 29 mm, compression angle §; = 20.5
degrees, lower lip distance from the leading edge point L, =
35 mm, length of the isolation section L, = 79.4 mm, height H, =
15mm, and the other main parameters are the same as in
Reinartz et al. (2003).

This article studies the influence and suppression of cavity on
vibration. Considering the realizability of the structure, the cavity
is located in the region composed of the upper wall of the inner
channel and the outer wall of the inlet. Due to the nonuniformity
of pressure distribution in the isolation section and the shock
surface moving back and forth in the isometric section during
oscillation, the cavity is divided into five equal volume parts and
connected to the isolation section through a gap with a width of
0.75 mm. Cavity height H, is used as a variable parameter to
change the volume of the cavity. L, is the width of the cavity, and
its value is 6.61 mm.

Numerical Method and Verification

According to the basic model of the inlet shown in Figure 1
(Reinartz et al., 2003), the numerical model is established. The
boundary conditions of the model include the pressure far-field
conditions at the inlet of the external flow field, the pressure outlet
conditions at the outlet of the inlet, and the adiabatic wall
conditions at the inner and outer walls of the inlet. The finite
volume method is used to solve the inlet flow field. The diffusion
and convection terms in the control equation are discretized by
the second-order central difference scheme and second-order
upwind scheme, respectively. The coupled implicit method is
used to solve the control equation. Since the SST k — w model can
simulate separated flow with a strong adverse pressure gradient, it
is widely used in simulation calculation (Ma et al., 2017; Zhang
and Yan, 2021). Therefore, the SST k — w model is adopted in this
article.

A grid scale has an important influence on shock wave
resolution. In order to compare the influence of the different
grid precision on the flow field calculation, three different grid
number models are established, and 150,000 (Coarse), 300,000
(Middle), and 600,000 (Fine) grids are generated by local
encryption and other measures.

The numerical calculation was carried out for the working
condition of Ma2.41. The total inlet temperature is 305K, the
total pressure is 540 kPa, and the angle of attack of the inlet is
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FIGURE 1 | Schematic of the calculation model.
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FIGURE 3 | Comparison of the inlet flow field.
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-10°. The calculation conditions are in accordance with the test
conditions in Reinartz et al. (2003). During the calculation, the
integral value of the wall pressure of the inner channel is
monitored and the flow change at the outlet ensured such that
the relative amount of parameter change is within 0.2%, within
1,000 iteration steps, so as to ensure the convergence of the
calculation process.

From the comparison of the pressure distribution in Figure 2,
the variation trends of the upper and lower wall pressures of the
three grid models with different precisions are basically the same.
There is a slight difference in the local pressure jump caused by
the shock wave, that is, the position resolution of the shock wave
is different. The Middle model and Fine model are relatively close
in the local position of the pressure jump. Compared with the test
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results, the calculation results are in good agreement with the
pressure change process of the test points. For the three groups of
models, the pressure on the inner wall is integrated respectively.
The errors of the Coarse model and Middle model relative to the
Fine model are 2.87 and 0.79%, respectively. In general, the
different simulation models have good accuracy.

The shock train at two Mach numbers calculated by the
Middle model is compared with the experimental schlieren
(Reinartz et al, 2003) in Figure 3. It can be seen from
Figure 3A that when Ma., = 2.41, the shock wave reflected by
the lower lip intersects with the upper wall surface after the
turning point of the compression surface, resulting in a local
expansion wave and the local separation of the boundary layer
due to the incidence of the oblique shock wave. The interaction
and reflection of the shock and expansion waves in the isolation
section and the expansion section, and the changes and flow
characteristics of these complex wave systems are close to the
experimental schlieren. From the comparison of the results of
Ma., = 3.0, the separation zone with a large range of the upper
wall turning zone reflected in the simulation results in this article
is consistent with the simulation and test results in Reinartz et al.
(2003), and the expansion flow and reflected wave system after
the separation zone are also the same as those of the
referenced study.

The comparison with the experimental results shows that the
numerical modeling method is feasible. The results of the Middle
model in this article are close to those of the Fine model, but the
number of grids is reduced by half. Considering the trade-off
between computational efficiency and accuracy, the Middle
model with 300,000 medium number of grids is used for
calculation and analysis.

Sampling Location and Calculation Strategy
In the unsteady calculation, sampling points are set to monitor
the pressure change process, including the upper and lower walls
of the isolation section and the cavity area. As shown in Figure 4,
there are a total of 20 sampling points in the isolation section. The
sampling points Py;-Pyjp on the upper wall are evenly
distributed at an interval of Ls = 6.61 mm from the end point

of the equal-straight isolation section to the front. The sampling
points, numbered Pc;-Pcs, are located near the midpoint of the
lower wall of the cavity. The length of the cavity sampling area Ls
= 26.44 mm, and the length of the isolation section sampling area
L, = 59.49 mm.

For the model with cavity, during the numerical
calculation, the gap between the cavity and the mainstream
is closed first, and the initial flow field is calculated by the
steady method, then by the unsteady method. After 2-3 shock
oscillation cycles, the cavity pressure is initialized with the
mainstream pressure at the gap between the cavity and
mainstream, the flow velocity in the cavity is set to zero,
and the calculation is further iterated until the calculation
process is stable.

THEORETICAL MODELING AND ANALYSIS
Shock Dynamics Model

Using the theoretical method, a shock dynamic model is
established for the channel with equal cross section. For
the two configurations, the change law of the flow field
parameters when the outlet backpressure oscillates is
analyzed to compare the influence of the cavity on the
parameter oscillation.

1) Constant Cross-Section Channel Shock Dynamics Model

The theoretical model adopts the constant cross-section
channel (Model Basic), the positive shock is located at
position 1 in the channel, and the inlet and outlet of the
channel are numbered 0 and 2, respectively. Taking the shock
surface as the boundary, the pipeline is divided into upstream
area U and downstream area D, as shown in Figure 5 (Model
Basic). In Model B with cavity, cavity C is located on the upper
side of the downstream area D and connected through the main
flow of the gap, as shown in Figure 5 (Model Cavity).

According to the pressures P;y and Pip before and after the
shock surface 1 and the flow velocity Ma,y before the shock, the
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FIGURE 5 | Theoretical calculation model of shock wave motion.

motion velocity x; of the shock surface is calculated as follows
(Pan and Shan, 2011):

(1)

. M PIDk+1+k—1
Xi=a ay -\ 5 +t—=— |
1 U U Py 2k 2k

Set: May = Mayy — x1/ag, where ay is the sound velocity in
front of the shock wave.

The relationship between the flow downstream of the moving
shock wave Ma,, and the forward moving speed of the shock
wave Ma,,, the parameter May;, and the moving speed x; is:

1 2(Ma3, - 1) .
2 X1
alUMaw 2+ (k - l)MaM

2

mlD = m1U<1 +

The volume change rate of downstream control volume Vp,
after the shock wave is:

VD = —AQ.CI . (3)

For the downstream control body D, the relationship between
the inlet and outlet flow and the volume Vp, density p, and its
rate of change is:

1’}”11[) - T’i’lz = VDPD + pDVD' (4)
In addition, according to the ideal gas equation, the density

change rate is:

= (5)
PD_RTD D-

Combining Formulas 4 and 5, the flow formula becomes:

i — 1ity = Vo By + LDy (6)
tiup — 1y = Vp—ro ——Vp.
1D 2 DRTD D RTD D
According to the above formula, the change rate of
downstream control body D pressure is calculated as:

™)

: . . MPp . RT
PD:<(m1D_m2)_ DVD) D

RT) VoM’

For the upstream controlled body U, the upstream pressure
change rate is:

8)

- . . MPy . RT
PU=<(mo—m1U)— Z > z

RT, V) VoM

According to the volume change rate Vi of the upstream
control body, the shock wave motion speed x;, and the
parameters of the inlet 0 section, the inlet and outlet flow
rates 1y and #y of the control body are calculated, and the
upstream pressure change rate Py is calculated according to
Formula 8.

In addition, it also includes the relationship between
aerodynamic parameters and their differential values:

Py = JPDdt Vi = jVDdt o, = J podt. ©)

For the equations composed of the above formulas, the change
process of the upstream and downstream parameters and the
change of the shock surface position x can be calculated by a
simultaneous solution.

2) Computational model with cavity

In the Model Cavity with a cavity, when the pressure in the
downstream D area changes, due to the pressure imbalance in the
cavity C and D areas, there will be a flow into or out of cavity C
under the action of the pressure difference, and the flow in C
cavity is close to the stagnation, i.e., T¢ = Tj. The cavity volume
V¢ is a constant value, and the relationship between the flow
entering the C cavity riic and the pressure differential P is:

me = VCPC = VCWPC- (10)
0
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According to the flow balance relationship, Formula 4 is
transformed into:

myp — VCRT* -ty = Vppp +ppVp. (11)
Further deformation obtains the pressure change rate Pp

downstream of the shock wave as:

: . . MPp, . MVp MV
Pp = ((mlD_mz)_WDVD>/<WD+ RT“C> (12)
D D 0

Since the airflow velocity in the cavity is close to stagnation,
the total pressure is taken as pressure Pp in the mainstream area,
and the static pressure is the cavity pressure Pc. According to the
relationship between the total pressure p*, static pressure p, and
Mach number, the flow Mach number in the gap Mag, can be
calculated as:

Mapx =

(;)T -1 / 02. (13)

When Pc > Pp, Formula 13 is transformed into:

<<PD> %—1>/02 (14)

When Pc < Pp, Formula 13 is transformed into:

ER

The velocity coefficient Ap, and flow function q(Ag,) are
calculated according to the gap flow Mag, as:

Mapx =

/

Mapx =

/

- \/1.2Ma2/(1 +0.2Ma),

0.4 25
qOes) = 1.225@(1 - ﬂaix) . (16)
The flow through the gap is:
e = 0.0404 \/_q(AFx)AFx
or:
e = 0.0404P—D,q(AFX)AFx. (17)
VTo

According to riic, the cavity pressure change rate Pc is
calculated as:

Pc = icKRT; [ Ve. (18)

By combining the above parameters, the variation of the
downstream parameters of the shock wave with a cavity can
be solved.

Self-Excited Oscillation Suppression

TABLE 1 | Comparison of calculation parameters of different models.

Parameters Shock theory Dynamic model

May 1.50 2.50 3.50 1.50 2.50 3.50
Py (Pa) 54,885 26,436 15,249 54,945 26,465 15,266
Pp (Pa) 134,936 188,357 215,396 135,073 188,564 215,633
Map 0.7011 0.513 0.4512 0.7011 0.513 0.4512

Case Analysis
1) Static parameter calculation

Using the established shock wave dynamic model, the
theoretical parameters at different inlet velocities are
calculated. The total inlet temperature is 502.088 k and the
inlet flow is 3.092 kg/s. The steady-state parameters before and
after the shock wave are calculated according to the above inlet
conditions, which are compared with the shock wave theory in
Table 1. It can be seen that the parameters calculated by the shock
dynamic model in the Shock Dynamics Model section are
consistent with the results calculated by the shock theory.

For the velocity of Ma25, the initial values of pressure Py
before shock, pressure Pp, after shock and cavity pressure P¢ are
set to be —10%, —10% and 10% different from the theoretical
steady-state value respectively. The steady-state parameters are
calculated based on the dynamic model, and the time step is 0.5 x
10%s. Figure 6 shows the dynamic change process of the
pressure before and after the shock wave. The pressure Py
before the shock wave has a certain overshoot in the rising
process and can quickly stabilize to the steady-state value. The
initial values of pressures Pp, and Pc after the shock wave are quite
different and gradually tend to be consistent with time and
remain at the theoretical steady-state value, and the
adjustment time from the initial value to parameter stability is
about 0.01 s. The calculation results show that the dynamic model
can converge to the theoretical steady-state value under large
initial value deviation.

The comparison between the two theoretical methods shows
the feasibility of the dynamic calculation model.

2) Theoretical analysis of cavity effect on oscillation

Based on the shock wave dynamics model, the influence of the
cavity on the parametric oscillation during shock oscillation is
analyzed. Since there is no self-excited oscillation in the
theoretical model, in order to simulate the oscillation process
of the shock wave, a certain frequency and amplitude of back
pressure P, is applied at the outlet:

Pz(t) :P0+KPO Sin(wt). (19)

The dynamic response of flow field parameters is calculated
for different cavity volume ratios Vc/Vp. In the calculation
example, the analysis is carried out for the working condition of
May = 2.5, taking the amplitude K = 0.1, the frequency w = 100,
and Py = 26,465 Pa. The calculation results are compared in
Figure 7.
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As can be seen from Figure 7, when the outlet back pressure
P, fluctuates, after the stable process is established, the pressure
and flow change periodically with the same frequency of the back
pressure. Due to the periodic change of pressure P,, the shock
wave moves back and forth under the action of the back pressure.
After the shock wave, the volume of the control body D area
changes, resulting in the change of the pressure P, in the
mainstream area, which in turn causes the flow velocity Mag,
in the gap entering the cavity to fluctuate. The value of the Mach
number is a positive value. In one cycle, the airflow experiences
the process of entering cavity C and entering the main channel D,

and the oscillation frequency of the Mach number doubles
in value.

Comparing the calculation results of different volume ratios
Vc/Vp, it can be seen that under the same back pressure
condition, with the increase of the cavity volume, the
mainstream can continue to fill when entering the cavity,
which hinders the change trend of the mainstream pressure
Pp, and the fluctuation amplitude of pressure Pp and flow
My decreases. At the same time, after the amplitude of
pressure Pp decreases, the pressure difference between the
main flow and cavity decreases, and the Mach number Mag,
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of the gap flow also decreases. From the calculation results,
compared with the scheme without cavity, the pressure Pp
and outlet flow r1,,; at Vo/Vp = 0.5 decrease to 71.62 and
72.09%, respectively.

For the state of Vc/Vp = 0.5, two different back pressure
pulsation frequencies were selected, and the changes in pressure
Pp and P were compared to study the influence of the oscillation
frequency. From the 100-Hz curve, the variation rules and
amplitudes of the cavity pressure Pc and the flow channel
pressure Pp are basically the same, while the cavity pressure
curve slightly lags behind the pressure change of the main flow
channel, which indicates that the pressure difference between the
two cavities is small. Under the action of the maximum pressure
difference, the maximum value of the gap flow velocity does not
exceed Ma0.15.

When the oscillation frequency of back pressure P, is
increased to 500 Hz, the amplitude of the mainstream
pressure Pp increases compared with 100 Hz, while the
amplitude of the cavity pressure Pc decreases, as shown in
Figure 8. In the process of repeated filling of air flow in the
mainstream and cavity, the change of flow pressure through
the gap needs a certain time history. When the frequency
increases, the dynamic process time of air flow entering or
exiting the cavity is relatively shorter. In one cycle, the
amplitude of cavity pressure Pc does not increase to the
same as that of the mainstream, and the pressure of the
mainstream begins to decrease again. Therefore, Pc is
significantly smaller than Pp in the mainstream area, and
the cavity pressure Pc has a phase difference of about half a
cycle relative to the channel pressure Pp. Compared with the
results of 100 Hz, there is a significant difference between the
two cases. Due to the changes in the internal and external
pressure difference and phase change, the Mach number of the
gap is relatively higher. The calculation shows that the
maximum velocity of the gap reaches Mag, = 0.36.

Based on the above theoretical model analysis, when the shock
position and pressure after the shock change, a parallel cavity is
added in the downstream area of the shock, and due to the change

of the relative pressure between the main stream and cavity, the
air flows between the cavity and main stream, which can weaken
the parameter change amplitude in the oscillation process of the
shock to a certain extent and inhibit the shock oscillation.
Through analysis, the volume of the cavity and frequency of
parameter oscillation have an impact on the effect of oscillation
suppression. Increasing the volume of the cavity can
“accommodate” or “release” more air flow when the
mainstream pressure increases or decreases, so as to hinder
the change of parameters. At a lower frequency, the air can
flow between the cavity and mainstream for more time, so as to
improve the effect of parameter change suppression.

SIMULATION AND ANALYSIS OF SHOCK
DYNAMIC PROCESS

The theoretical analysis shows that the cavity can restrain the
parameter fluctuation. In practice, when the outlet pressure
remains constant, it will also produce a certain range of self-
excited oscillation, which will cause the fluctuation of flow,
pressure, and other parameters, as well as the forward and
backward movement of the shock. Moreover, due to the gas
viscosity and wall boundary layer, the coupling with the
compression wave system of the inlet will produce strong
shock/boundary layer interference, and the unsteady motion of
the shock train adds to the complexity of the flow. In the process
of shock wave oscillation, when the shock wave moves forward
and backward, it may also cross the gap of the cavity. The filling
process of the cavity will be very complex, which is difficult to
analyze by these theoretical methods. Therefore, the unsteady
numerical calculation method is used for research.

Calculation Condition and Time Step

According to the calculation model shown in Figure 1, the self-
excited oscillation processes under two different cavity volumes
are calculated and compared with the results without cavity. The
calculation conditions are listed in Table 2. The difference
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TABLE 2 | Computational model.
Model Parameter H; (mm)

A 0

(o8}
o]

C 16

between the three models lies in the numerical difference of cavity
height H, (as shown in Figure 1).

In the shock wave oscillation simulation of the inlet, the
calculation is carried out for the state of incoming flow Ma.,
= 3.0 and back pressure ratio P,,;/P.. = 9.0. Other parameters of
the inlet are consistent with those in Reinartz et al. (2003). The
selection of the time step has a very important impact on
unsteady calculation and is related to the frequency of shock
oscillation and grid scale. There are enough iterative steps in one
cycle to ensure the convergence of calculation results. When
determining the time step, on the one hand, a larger time step is
started with initially and the value of the time step is then reduced
until the calculated shock oscillation frequency analysis result has
nothing to do with the step; on the other hand, according to the
spectrum analysis, the shock wave oscillation frequency is about
400 Hz and the iteration step in one cycle is guaranteed to be
5,000 steps; through the analysis, the iterative step size of 0.5 x
10%s is taken in this article.

Flow Parameter Comparison and Analysis
According to the working conditions in Table 2, the variation
laws of outlet flow #1,, and pressure at typical sampling points
are compared. According to the calculation results in Figure 9,
when the back pressure is fixed, the outlet flow of the inlet of the
different models oscillates and the amplitude and frequency of the
flow curve oscillation of the three models are different.

The flow fluctuation range of Model A is 5.79-9.42 kg/s, and
the maximum variation amplitude exceeds + 30% relative to the
steady-state value, with a large fluctuation and jump. The
periodicity of the flow curve change is poor, and the peak
value of different cycles is also different. Model B has a
smaller cavity added, and the flow curves of the different

Self-Excited Oscillation Suppression

cycles are relatively consistent. In each cycle, it includes the
process of rapid rise and rapid decline, and the outlet flow
fluctuates in the range of 6.13-9.37 kg/s. Numerically, it is
slightly smaller than the fluctuation range of Model A, but
due to the differences between the different cycles of Model A,
the flow fluctuation of Model B in some cycles is greater than that
of Model A. The vibration amplitude of the flow curve of Model C
is relatively reduced, and the consistency of the curve change is
also good. The variation range of the outlet flow is 7.04-8.82 kg/s.

FFT analysis on the flow curve was performed to analyze the
spectral characteristics. From the comparison in Figure 9B, it can
be seen that the two frequencies with larger amplitudes of the flow
curve of Model A are 408 and 466 Hz, respectively, and there are
two frequency ranges with larger amplitudes, 300-550 and
1100-1400 Hz, respectively. It shows the complexity of the
shock oscillation process. The frequency corresponding to the
maximum amplitude of Model B is 411 Hz, and the maximum
amplitude at this frequency is significantly higher than that of
Model A. In addition, there are also larger amplitudes at the two
frequency points of 823 and 1230 Hz. Model C is relatively high at
the four frequency points of 377, 758, 1140, and 1510 Hz, but it is
lower than the maximum amplitude of Model A, which indicates
that the cavity has a certain influence on the amplitude and
frequency of the flow. This indicates that under the action of the
cavity, the flow curve changes from multiple frequency points of
Model A to three and four main frequency points of Model B and
Model C, respectively. The main frequency points decrease and
the curve changes periodically. From the perspective of the
amplitude, although it increases at some frequencies, the total
oscillation energy decreases due to the decrease of frequency
points. The fundamental frequencies of the three models are
close, and Model C with a larger cavity volume has a better
suppression effect on the flow oscillation.

According to the simulation calculation, the shock wave
oscillation in the inlet is mainly in the middle and rear of the
isolation section. For sampling points 4, 7, and 10, the pressure
fluctuation process is compared in Figure 10.

From the pressure changes of the sampling points Py, and Pr4
in Figure 10, the sampling points are close to the front of the
isolating section. In Model A without a cavity, the pressure
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fluctuations are nonperiodic, and there are small peaks between
larger peaks. This indicates that the leading edge of the separation
shock only moves forward to this sampling position for part of the
time during the oscillation process. The periodicity of the
pressure oscillation in Model B is obvious. The frequency of
the pressure oscillation on the upper and lower walls is the same.
Due to the asymmetry of the shock wave in the flow field, the
pressure values are different at the same sampling position. The
amplitude of the sampling point Pp4 on the lower wall is higher
than that of Py,. The volume of the Model C cavity increases, the
amplitude of the pressure oscillation at the sampling point Py, is
significantly reduced, and the amplitude of the sampling point
Py 4 on the upper and lower walls also drops to about half of that of
Model B. The peaks and constants appear alternately in the
pressure curve, indicating that the shock wave moves forward
before sampling point 4 for a part of the time, and moves
backward after the sampling point for a part of the time. Due
to the increase in the volume of the cavity of Model C, for the
system composed of the inlet and the cavity, it is equivalent to
increasing the overall space volume. According to the acoustic

theory, the acoustic oscillation frequency decreases. According to
the spectrum analysis, the main frequencies of pressure
oscillations of Model B and Model C are 411 and 372 Hz,
respectively, which are close to the results of the spectrum
analysis of the outlet flow.

When comparing the pressure curve at sampling point 7 in
Figures 10C,D, although the pressure oscillations at sampling
points Py; and Pp; on the upper and lower walls of Model A
also show a certain periodicity, the change process, however,
between curves is different. The curve of the sampling point
Py, contains the change process of the alternating ratio
between the peak and the constant value, and the peak also
shows the process of rapid rise and fall; the Py, curve of the
sampling point on the lower wall has no constant value part
and only contains alternating large and small amplitudes. The
amplitudes of Model B under different cycles are basically the
same. The amplitude of the sampling point Py, on the upper
wall is larger than that in Model A, but the oscillation
amplitude of Pr; on the lower wall is smaller than that in
Model A. The oscillation amplitude of Model C is significantly
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reduced, and the sampling point amplitude is about half that in
Model B.

The sampling point 10 is located behind the parallel cavity,
and the cavity in this region interacts with the airflow in the inlet.
As can be seen from Figure 10E, the pressure oscillation range of
Pyi1o on the upper wall of Model A is large, and the large
amplitude oscillation and small amplitude oscillation of Py,
on the lower wall occur alternately. The cavity volume of
Model B is small, the amplitude of Py on the upper wall is
slightly less than that of Model A, and the amplitude of pressure
fluctuation at the sampling point Prjo is consistent and
significantly reduced in different periods. After the cavity
volume further increases, the pressure curve fluctuation of
Model C at sampling points Pyjo and Pp;, decreases
significantly when compared with that of Model A.

Comparing the calculation results in Figure 10 with those in
the Theoretical Modeling and Analysis section, it can be seen that
the interference of the shock boundary layer cannot be considered
in the process of theoretical analysis, and the periodicity of the
parameter change is good. In the actual inlet, due to the shock
boundary layer’s interference, coupled with the shock oscillation
process, the shape of the parameter change curve is more
complex. However, the results of the theoretical model and
inlet numerical calculation show that the parallel cavity can
reduce the amplitude of pressure oscillation at different
sampling points and inhibit the shock oscillation process.

The pressure fluctuation amplitude ratio Phur./paun Was
compared at different sampling points. From the comparison
as shown in Figure 11, the amplitudes before the sampling point
Py, on the upper wall and sampling point P;, on the lower wall
are relatively small. In the rear part of the isolation section, the
pressure of Model A oscillates greatly, with a maximum
amplitude ratio exceeding 5. Compared with Model A, the
maximum pressure amplitude of Model B increased at points
Py,—Py; on the upper wall, and decreased after Pyg; the lower
wall decreased significantly from P, onward. The pressure does
not oscillate before Py;—Pys on the wall of Model C, while the
amplitude ratio is within 2 between Py and Pyjo. Among the
sampling points on the lower wall, the amplitude ratio of P4 and
Py 5 is about 2, and the amplitude ratio of the other sampling
points does not exceed 1.5. Compared with the case that the
maximum amplitude ratio of Model A without cavity exceeds 5,

the Model C cavity significantly reduces the pressure amplitude
ratio at the sampling point, especially the influence of the lower
wall is more obvious, which shows that the cavity can significantly
reduce the pressure oscillation.

Flow Field Characteristic Analysis

According to different calculation models, the variations of the
flow field in the process of inlet self-excited oscillation is
analyzed.

Figure 12 shows the Mach number distribution of the typical
flow field in the inlet. It can be seen that under the action of back
pressure, the positive shock evolves into a complex wave system
which includes the expansion wave, oblique shock, local
separation, and shock reflection. There is a strong shock wave/
boundary layer interference in the flow field, resulting in the local
separation, It includes the R; separation zone generated by the
interference of the shock wave reflected from the lower lip after
the turning point of the compression surface, the R, separation
zone generated by the interference of the shock train and the
boundary layer on the lower wall, and the R; separation zone
developed from the inlet along the wall under the adverse
pressure gradient of the expansion section. The positions and
scales of these separation regions change in a large range with the
self-excited oscillation in the inlet and are coupled to oscillate
with the flow field parameters such as the outlet flow rate and the
pressure at the sampling point.

It can be seen from the results of Figure 10 that there is a clear
difference in the amplitude of sampling points between Model B
and Model C. Comparing the pressure of the corresponding
cavity sampling point with that in Figure 13, the pressure
oscillation frequency of the cavity is close to that of the
mainstream sampling point. At the same sampling point, the
pressure oscillation amplitude of Model C is small. From the
analysis of the consistency of pressure oscillation at different
sampling points, the amplitude and phase of the pressure curve
oscillation of each sampling point in Model B are basically
consistent. The sampling points Pc; and P, of Model C have
large pressure amplitudes, but other points have relatively small
amplitudes, which correspond to the small pressure amplitudes of
sampling points 6-8 in the mainstream area. Moreover, there is
an obvious phase difference between the different sampling
points of Model C.
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FIGURE 12 | Typical Mach number contours of Model A at different times.
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FIGURE 13 | Variation of pressure at cavity sampling point.

The pressure change process in the cavity of Model C was  largest. Combined with the Mach number analysis of the flow
further analyzed. From the local pressure curve, as shown in  field in Figure 14, this sampling point is located in the leading
Figure 13C, the amplitude of the sampling point Pc, is the  edge of the shock system, where the shock wave swept across this
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position repeatedly in the process of periodic movement. The
large fluctuation of pressure before and after the shock wave
causes the pressure in the cavity to change under the alternating
low-high-low pressure environment of the mainstream, where
the pressure amplitude of the sampling point change is larger and
the pressure amplitude of the P, point changes more than two
times. The pressure waveforms of the different sampling points
also change. Among them, Pc;—Pc; basically show a relatively
regular periodic change process, while the pressure waveforms of
Pc, and Pcs superimpose more frequencies in one cycle.

Comparing the change processes of the different curves, it can
also see that there are obvious phase differences between the
different sampling points. The pressure troughs of different
curves develop from point As to point A;, which takes about
1 ms, indicating that the shock wave moves forward in the region
of the sampling point. When the mainstream pressure increases,
the pressure difference within the cavity increases, the air flow fills
the cavity, and the sampling point curve rises. The relationship
between the internal and external pressure differences at the
different sampling points is different, and the time and value of
the pressure curve reaching the peak value are also different. After
this, the leading edge of the shock wave moves backward; the
cavity pressure, filled by the high pressure after the shock wave, is
higher than the pressure of the main stream before the shock
wave; the air flow enters the main stream from the cavity; and the
pressure at the sampling points Pc;—Pcs begins to decrease. The
periodic motion of the shock wave causes the periodic fluctuation
of the main flow and cavity pressure.

Analyzing the Mach number change of the flow field in
Figure 14, it can be seen that there are still some fluctuations
in the flow field after the shock wave system in the isolator,
corresponding to the separation areas of R; and R, in Figure 12.

In one cycle, the leading edge S.ge. of the separation zone R,
moves back and forth within a certain range, and the range of R,
also changes, but its range of change is significantly reduced
compared to the two typical flow fields in Figure 12. At the same
time, after the parallel cavity, the R; separation zone from the
outlet to the inlet of the expansion section basically does not cross
the straight section and continues to develop. Due to the
movement of S.ge., the reflected shock generated by the
compression of the main stream by the lower separation
bubble will be reflected to the upper wall to produce a certain
separation zone, but this separation zone is relatively small and
does not develop greatly in scale, and the leading edge of the
upper wall of the shock wave system lags behind the leading edge
of the lower wall.

Combined with the local velocity and streamline of the cavity
in Figure 14, at t = 0.200 s, the leading edge of the shock string is
located in the middle of the isolator section, and the pressure of
the inlet channel is higher than that of the fifth cavity, so air flow
is injected into the cavity through the gap. As the shock wave
moves forward, the inflation process of cavity 5 in space-time
with £ = 0.206 s is basically completed. When the leading edge of
the shock wave crosses the second and third cavities, high-
pressure air flow enters the two cavities. When ¢t = 0.206s,
cavity 1 begins to be filled with mainstream gas. At the same
time, due to the front movement of the shock wave, the pressure
after the shock wave decreases relatively, and cavity 5 begins to
exhaust to the mainstream area after the pressure is higher than
the mainstream. After this, the leading edge of the shock wave
begins to move backward, the mainstream pressure as the back
pressure of the cavity drops sharply, and the cavity overflows into
the mainstream. The periodic movement before and after the
shock wave also leads to the periodic filling process of the cavity.
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This filling process has time differences between the different
cavities, and there is a phase difference corresponding to the
pressure curve, as shown in Figure 14.

Through the above analysis, the cavity is equivalent to the
pressure comparison device relative to the mainstream. When the
shock wave moves forward and the pressure increases, the air flow
enters the cavity, which “hinders” the trend of shock wave moving
forward to a certain extent; when the shock wave moves backward,
the movement of the shock wave is also restrained by the deflation
process. Therefore, the pressure oscillation process of the cavity in
the inlet increases the aerodynamic damping, so as to reduce the
shock amplitude and the change of flow field parameters, which is
consistent with the analysis of the theoretical model.

CONCLUSION

In this article, the self-excited oscillation of a supersonic inlet is
studied, and the dynamic theoretical model of shock oscillation is
established. The variation laws of parameter oscillation and flow
field under three different models are compared through
numerical simulation. The results show that:

1) based on the shock dynamic model, the theoretical model and
numerical simulation model of shock oscillation analysis are
established. The comparison with the shock theory and public
reference shows that the theory and numerical modeling
method in this article are feasible.

the theoretical model analysis of different volume cavities and
shock oscillation frequencies shows that increasing the volume of
parallel cavities can reduce the parametric oscillation amplitude.
According to the example analysis, when the cavity volume is
0.5 times the volume of the pipeline downstream of the shock
wave, the oscillation amplitudes of the downstream pressure Pp,
and flow r1,,; decrease to 71.62 and 72.09% of those without the
cavity, respectively.

in the actual viscous flow field, the shock wave system
produces self-excited oscillation, the leading edge
separation point moves in a large range, the flow field
pressure and outlet flow produce large amplitude

2)

3)
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