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To better understand the three-dimensional topology of the interaction between the shock train and the
background wave, the steady and dynamic characteristics of a shock train were investigated using wind-tunnel
experiments and numerical simulation. A 14° wedge placed at the bottom and sidewalls was used to generate
background waves traveling in different directions. Mounting the wedge on the bottom wall at an incoming
Mach number of 1.85 leads to the formation of two symmetric and two asymmetric A-shaped shock train
leading shocks (STLSs), while an incoming Mach number of 2.70 results in one symmetric and two asymmetric
X-shaped STLSs. The shock train, which runs perpendicular to the background wave, is always symmetrical
at an incoming Mach number of 1.85 when the wedge is mounted on the lateral wall. A flow phenomenon
in which the STLS transforms from asymmetric to symmetric after undergoing rapid movement is observed
at an incoming Mach number of 2.70. The mean and root-mean-square (rms) pressure profiles confirm the
morphological transformation of the STLS. The dynamic properties of the shock train are analyzed by combining
the STLS trajectory with the transient wall pressure. Power spectral-density analysis reveals that the frequency of
pressure oscillations is independent of whether the shock train is in the same flow cross section as the background
wave and depends only on the incoming Mach number and the backpressure. The three-dimensional steady-state

numerical simulation reveals the mutual interference structure of the background wave and shock train.
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I. INTRODUCTION

Scramjets are ideal powered devices for air-breathing hy-
personic propulsion that have become a popular research topic
in the quest for high-speed flight in many countries [1-5].
The inlet, which links the hypersonic vehicle to its propulsion
system, is a key component of the scramjet engine, and its
aerodynamic characteristics and performance play important
roles in the propulsion system. In an air-breathing engine, the
incoming air is subjected to a series of compressions that
are collectively referred to as the shock train and provide
continuous flow conditions within the combustion chamber.
The structure of the shock train is complex, with strong
three-dimensional characteristics, and its behavior is strongly
dependent on a multitude of factors: the incoming Mach num-
ber [6], boundary layer momentum thickness [7], and chamber
backpressure [8]. Consequently, extensive investigation of the
dynamic characteristics of the shock train has been performed
using various methods, including theoretical analysis [9-11],
wind tunnel experiments [12—14], and numerical simulation
[15-17].

The position of the shock train is important in matching the
inlet with the combustion chamber and is used to determine
the safety margin of an engine [18,19]. Billig et al. [20,21]
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developed a mathematical model (the Billig formula) from
which the position of the shock train leading shock (STLS)
could be ascertained, with results revealing that the position of
the STLS is jointly determined by the incoming Mach number,
boundary-layer momentum thickness, momentum thickness
Reynolds number, duct characteristic length, and backpres-
sure ratio. Other researchers such as Matsuo et al. [22] and
Gnani [23] have also comprehensively reported morphologi-
cal structures of the shock train, with results suggesting the
existence of two types of shock trains, normal and oblique,
of which normal symmetric shock trains occur at low Mach
numbers and oblique asymmetric shock trains are observed
as the Mach number increases. The backpressure resistance
differs for each structure.

The shock train exhibits unsteady characteristics that are
sensitive to pressure fluctuations and vortex shedding in the
separation zone. Bruce er al. [24] investigated the evolution
of shock trains in a parallel-walled duct over a backpressure
disturbance frequency range of 16-90 Hz via both experiment
and numerical simulation, with results indicating that the un-
steady Reynolds-averaged Navier-Stokes scheme agrees with
the experimental data at lower forced frequencies (~40 Hz),
whereas numerical simulation could not accurately reproduce
the separation region that forms in an unsteady shock train.
Experimental investigation of the response of a shock train
to high-frequency backpressure excitation (between 105 and
225 Hz) by Xiong et al. [25,26] showed that the oscillation
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frequency of a shock train is similar to the excitation
frequency of the backpressure, meaning that the pressure mea-
surement could be used to determine the motion of the shock
train. Fievet et al. [27] quantified the effect of the inflow con-
finement ratio on the structure of a normal shock train using
direct numerical simulation (DNS) in a rectangular cross-
sectional channel, with results indicating that increasing the
inflow confinement ratio leads to gradual upstream movement
of the shock train. Furthermore, increasing the boundary-layer
momentum thickness was found to result in the formation of
weakly bifurcated shock trains of extended length. Wang et al.
[28] investigated the structure and motion of an oblique shock
train in a hypersonic wind tunnel. Analysis of the upstream
motion by synchronized schlieren imaging with pressure mea-
surement data showed the transition from a symmetric to an
asymmetric structure during throttling. Inherent oscillatory
properties were also observed in the oblique shock train.

The shock train in a working scramjet engine is highly
three dimensional. Early studies were restricted to traditional
shadow techniques that could only provide information on
the flow field in the streamwise cross section. However,
the development of numerical simulation and advanced ex-
perimental techniques has enabled direct observation of the
three-dimensional topology of the shock train. Mousavi et al.
[29] carried out three-dimensional numerical simulations of a
shock train in a convergent-divergent nozzle to understand the
behavior and position variations of the shock train. The data
obtained using the Reynolds-stress model matched the exper-
imental data, indicating that the total incoming temperature
and heat generation rate significantly affect the position of the
STLS. Kamali eral. [30] used the large-eddy simulation (LES)
method to study the evolution of a shock train in a convergent-
divergent nozzle, with the accuracies of three subgrid models
assessed at identifying the STLS. The results demonstrated
more accurate predictions for the algebraic wall-modeled
LES than the Smagorinsky-Lilly and wall-adapting local-
eddy viscosity models. Geerts et al. [31,32] investigated the
three-dimensional properties of the STLS both experimen-
tally and numerically using different rectangular aspect ratios.
Quantification of the global density-gradient variation with
the background-oriented schlieren method indicated that the
lower momentum thickness of the long-axis boundary layer
renders it more likely to separate than the short-axis boundary
layer. Hunt et al. [33] used stereo particle-image velocime-
try (PIV) to investigate the instability properties of a shock
train under structural transitions from oblique to normal and
revealed the three-dimensional structure of a A-type shock
train. Gnani et al. [34,35] explored the effect of three different
turbulence models with respect to the evolutionary process of
the shock train and found that the k- Wilcox model was able
to accurately reproduce the flow structure in the vicinity of
the wall. As observed from the numerical results obtained for
the streamwise cross section, the intensity of the STLS is the
same in both two- and three-dimensional cases. However, the
thinner boundary layer in the three-dimensional case allows
the flow to expand further into the subsonic region, result-
ing in a stronger deceleration of the flow behind the STLS.
Recently, Edelman et al. [36] combined information obtained
from high-speed schlieren imaging with wall static pressure
measurement, surface oil flow visualization, and PIV in the
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FIG. 1. Illustration of a hypersonic inlet/isolator.

three-dimensional modeling of a shock train. The undisturbed
flow in the isolator indicates the existence of a large-scale
streamwise vortex at the sidewall that extends downstream
from the asymmetric nozzle. The vortex extracts momentum
from the layer attached at the sidewall, separating it from
the corner front and causing the separation bubble to move
upward in response to the inverse pressure gradient, ultimately
skewing the region in which the shock wave—-boundary layer
interacts.

Generally, the inlet and isolator are connected by a ge-
ometric throat. As depicted in Fig. 1, the incoming flow is
initially compressed by the inlet to generate an incident shock
that is continuously reflected between the upper and lower
walls of the isolator, resulting in a complex background wave.
Tan et al. [37] were the first to refer to the shock, compres-
sion, and expansion waves formed within the isolator together
as background waves. They found that these waves induce
large streamwise and transverse pressure gradients upstream
of the shock train, with results showing that the coupling
effect between the shock train and background wave becomes
significant as the upstream Mach number increases. Three
instability states were discovered for large-scale oscillations
of the shock train. Xu et al. [38] used numerical simulation
to study the flow process of the backpressure-induced sepa-
ration of an oblique shock train and observed rapid forward
movement when the separation point of the STLS exceeds
the reflection point of the background wave. Subsequently,
Li et al. [39,40] confirmed jump behavior for a shock train
by installing a wedge upstream of the isolator to simulate
the generation of background waves in a direct-connect tun-
nel experiment. A low-order dynamic model was constructed
that utilized the free-interaction theory with one-dimensional
analysis, providing a theoretical analysis of the rapid forward
movement of the shock train. Huang et al. [41] introduced
a background wave into a curved channel to investigate the
effect of curvature on a shock train. Two quasistable inter-
action modes were observed alternating between the top and
bottom walls of the small-curvature isolator. The large-scale
separations that are frequently encountered near the bottom
wall of large-curvature isolators occur when the shock train
is steadily interacting with a right-running shock. Investiga-
tion of the intrinsic flow mechanism of the self-excited and
forced oscillations of a shock train subjected to background
waves by Hou er al. [42,43] resulted in the proposal of three
self-excited oscillation modes: top-large-separation, bottom-
large-separation, and transition, and two forced oscillation
modes: type I and type II, with the much larger oscillation
range of type II significantly contributing to the stability of
a working engine. Wang et al. [44,45] also used an upstream
wedge to generate background waves and capture the motion

025103-2



EXPERIMENTAL AND NUMERICAL INVESTIGATION OF ...

PHYSICAL REVIEW E 109, 025103 (2024)

Settling section

Nozzle Test secti
S:)?~i2;::~zn Static pressure 95 mm 20 mm 45 mm s
. . . epper
o transducer transducer ool 4—¢—> motor
” CTH——CT10
[y 1 )
\ T ~ -
/ | E s \@ mmI i E E %‘
n =2 ]
IR
P i rol J Ma3 Ma?2
““‘“‘:‘;:5:"““ o 30 mm—>ioi  BT—————BTI0 BT
Optical access 140 mmiBackpressure
100 mm 260 mm transducer

Computational domain

50 mm

Bottom
4° wedge .’

FIG. 2. Schematic diagram of the experimental setup.

behavior of the shock train at different positions by arranging
pressure sensors in the mainstream and corner areas. High-
speed schlieren with different knife edges was used to clearly
demonstrate the structure of the shock train in a vertical flow
cross section. The results indicated that the STLS is more
three-dimensional at an incoming Mach number of 2.70 than
it is under an incoming Mach number of 1.85. The closer the
downstream disturbance to the STLS, the earlier the STLS
moves.

Most studies are only concerned with the behavior of
shock trains that form in the same plane as the background
wave. However, shock trains present strong three-dimensional
characteristics when associated with background waves, and
it is therefore necessary that information on other planes is
obtained via experiment or numerical simulation. For this
reason, unlike our previous studies, this study is aimed at
gaining flow-field information for the plane perpendicular to
the background wave by mounting a wedge on the sidewall
and visualizing the resulting flow via schlieren imaging, while
also accurately depicting the three-dimensional structure of
the shock train by numerical simulation. Steady and unsteady
behaviors are revealed against the background wave of the
shock train, providing a reference for the safe and stable
operation of the ramjet engine. The overall organization of
this paper is as follows. The operational parameter settings
of the supersonic wind tunnel, flow-field visualization, and
pressure measurement techniques are introduced in Sec. II.
The numerical methods and their validity verification are
outlined in Sec. III. The influence of the wedge installation
position and incoming Mach number on the evolution of the
background wave is discussed in Sec. IV A. The experimental
structures of the shock train in different cases are presented in
Sec. IV B. The dynamic characteristics of a shock train with
a background wave are analyzed using the trajectory of the
STLS and the static wall pressure in Sec. IV C, and the three-

dimensional steady structure of the shock train is described in
Sec. IV D. Finally, the conclusions are summarized in Sec. V.

II. EXPERIMENTAL SETTING
A. Experimental conditions

The experiments were conducted in a direct-connect su-
personic wind tunnel at the Harbin Institute of Technology. As
shown in Fig. 2, incoming air was supplied from a storage tank
with a volume of 10 m? at a pressure of 13 MPa. Two types of
nozzles with nominal Mach numbers of 2 and 3 were placed
upstream of the test section. The actual parameters at the en-
trance of the test section were obtained using a static-pressure
transducer located at the nozzle outlet. The incoming Mach
numbers at the test section were 1.85 and 2.70, the incoming
total pressures were 0.29 and 0.63 MPa, and the incoming
total temperature was 287.15 K. Other specific parameter in-
formation is provided in Table I. The width, height, and length
of the test section were 30, 50, and 320 mm, respectively.

In an operating scramjet engine, the initial deceleration and
pressurization of the incoming flow occur at the inlet, pro-
viding a proper combustion environment for the downstream
combustion chamber. This process is accomplished via the
formation of an incident shock and its reflected shocks, which
are denoted background waves. To model the same operating
environment, a wedge is often used in wind-tunnel experi-
ments to generate background waves, allowing exploration of
their coupling with the shock train. The same settings were
used in this study. The angle of the wedge was 14° with a
height of 2 mm. The effect of the different arrangements on
the motion of the shock train was analyzed by setting up
wedges at the bottom and lateral of the wall at the entrance
of the test section, respectively.

A rotatable flap was installed downstream of the test sec-
tion to create a shock train in the flow field. This flap, with an
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TABLE I. Incoming flow parameters.

Incoming Incoming Incoming Incoming Ratio of wedge
Mach total static Incoming total Incoming static boundary-layer height to Back
number  pressure  pressure temperature temperature thickness boundary-layer pressure Wedge
Case M, Py (MPa) Py, (Pa) Ty (K) Ty (K) 800 (Mm) thickness ratio range  position
I 1.85 0.29 47 019.12 287.15 170.47 2.12 0.94 4-5.5 Bottom
I 1.85 0.29 47 019.12 287.15 170.47 2.12 0.94 4-5.5 Lateral
11 2.70 0.63 27 200.24 287.15 116.82 2.17 0.92 4-8 Bottom
v 2.70 0.63 27200.24 287.15 116.82 2.17 0.92 4-8 Lateral

angle resolution of 0.006°, is driven by a stepper servomotor
to achieve throttling. The linear rotation of the flap corre-
sponds to the linear increase in the backpressure, as shown in
Fig. 3. The flap angle was observed to increase from 13.4° to
17.8° and 15.2° to 22.6° over a period of 19 s when subjected
to incoming Mach numbers of 1.85 and 2.70, respectively.
Four working conditions were investigated, denoted cases
I-IV, with each condition repeated five times.

B. Wall static pressure measurements and high-speed schlieren

High-frequency wall-pressure measurements were used to
quantify the dynamic oscillation characteristics of the shock
train. As seen in Fig. 2, a stagnation pressure transducer was
installed in the settling section and a static pressure transducer
was placed at the nozzle outlet to obtain the incoming static
pressure. A backpressure transducer was installed 140 mm
from the test section to determine the backpressure and 20
high-frequency pressure transducers ranging from 0-100 kPa
and an effective response frequency of approximately 20 kHz
were arranged at 20-mm intervals on the ceiling and bottom
walls within the test section. The transducers on the upper wall
were denoted CT1 to CT10 and those on the lower wall were
denoted BT1 to BT10. Details of the arrangement can be seen
in Fig. 4. After calibration, the pressure transducers exhibited
a nonlinear error of 0.1% full scale (F.S.), a repeatability
error of 0.1% FE.S., and a comprehensive accuracy of 0.1%
ES. The IOtech 6220 voltage measurement module with a
cutoff frequency of >17 kHz was used to record signals at
a sampling frequency of 10 kHz.

A Z-type reflective schlieren system, which includes a light
source, condenser lens, slit, two spherical reflectors, a knife
edge, and a high-speed camera (Photron V12) was used to
capture the evolution of the shock train. The light propagation
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FIG. 3. Variation in the (a) flap angle and (b) corresponding
backpressure over time.

path is shown in Fig. 5. The frame rate of the high-speed cam-
era is 1000 fps and the exposure time is 250 us. The type of
knife edge is adjustable and a vertical knife edge is used here.
For further details, please refer to our previous studies [44].

III. NUMERICAL METHODS

Current well-known numerical methods include DNS,
LES, and Reynolds-averaged Navier-Stokes Simulation
(RANY). In contrast to the first two methods, RANS is widely
used in engineering research because of the limited compu-
tational resources that are required due to its avoidance of
solving flow structures on all scales. Recent studies [46] have
revealed that steady RANS can capture the three-dimensional
structure of a shock train and shock wave-boundary layer
interaction.

In this study, the commercial software FLUENT was
used to solve the three-dimensional compressible RANS
equations. It is a steady, density-based, and implicit flow
solver that is based on the finite-volume method. In the
spatial discretization of N-S equations, the convective term is
solved using a second-order upwind scheme and the turbulent
kinetic energy and specific dissipation rate are determined
using a first-order upwind scheme. The advection upstream
splitting method is used to deal with shock-related numerical
oscillations, producing a high-resolution flow field. The fluid
is treated as a single-species ideal gas. The specific heat
is determined using the piecewise polynomial method and
the viscosity is calculated using Sutherland’s formula. The
solution is regarded convergent when the residual drops by
more than three orders of magnitude to its minimum and the
difference between the calculated inflow and outflow mass
fluxes falls below 0.001 kg/s.

FIG. 4. Arrangement of wall-pressure transducers.
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FIG. 5. Reflective schlieren system and corresponding knife-
edge type.

The computational domain and boundary-condition set-
tings of the flow field are illustrated in Fig. 6. The inlet
plane at x = —100 mm was set as the pressure far field and
the outlet plane at x = 460 mm as the pressure outlet in the
streamwise direction. The boundary condition for the wall was
set to a nonslip adiabatic condition. The entrance section was
primarily designed to allow the development of a turbulent
boundary layer of particular thickness at the entrance of the
isolator section. The isolator section was set to a length of
320 mm for consistency with the experimental section.
Wedges were mounted on the bottom and lateral walls at
the origin of the isolator entrance to generate background
waves running in different directions. The lengths of the two
wedges, 30 and 50 mm, differed because of the unequal widths
and heights in the experiments. However, the two wedges

Isolator

Entrance section

(a) The wedge is installed on the bottom wall
Exit section

Isolator

Lateral wedge

(b) The wedge is installed on the lateral wall

FIG. 6. Schematic of the computational domain and boundary
condition. The partial model grids are depicted in the lower-right
inset of each subfigure.
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FIG. 7. Comparison of experimental and numerical schlieren and
pressure distribution results with and without a shock train.

were of the same widths and heights, allowing simultane-
ous consideration of the effects of different background-wave
orientations and the aspect ratios on the shock train. As illus-
trated in Table II, three grid scales were considered: coarse
mesh (11.34x10%), fine mesh (20.16x10°), and dense mesh
(26.88x 10%). To save computational resources while ensuring
computational accuracy, a medium-scale grid (20.16x10°)
was selected for calculation.

Figure 7 shows the comparative results of the flow field and
pressure distribution for an incoming Mach number of 2.70
obtained via experiment and numerical simulation. Numerical
schlieren was obtained using a vertical knife edge. As shown
in Figs. 7(a) and 7(b), both the experiments and numerical
simulations accurately captured the structure of the shock
wave, expansion wave, and separation bubble, regardless of
whether a shock train formed in the flow field. In addition,
the pressure distributions obtained in the experimental and
numerical results agree well, with <2% error, as seen in
Fig. 7(c). These results demonstrate the accuracy of the pro-
posed numerical method.

IV. RESULTS AND DISCUSSION

A. Variation of background waves in association with wedge
position and incoming Mach number

Prior to analyzing the coupling interaction between the
background wave and the shock train, the development of
the background wave requires clarification. The high-speed
schlieren equipment used in the wind-tunnel experiments can
obtain the evolution of the flow field in the spanwise direc-
tion. However, the pressure data obtained from the pressure
transducers are discrete and cannot continuously characterize
the visualized flow field. Consequently, numerical simulation
is performed to analyze the evolution of the background wave.

Figure 8 illustrates the density-gradient contours of the
background wave in two central planes (y =25mm and
z=15mm) and the pressure distribution at the four walls
in case I, in which the flow field is through-flow and no
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TABLE II. Grid resolution.

Computational domain Entrance section Isolator Exit section

Mesh Nx Ny Nz Nx Ny Nz Nx Ny Nz
Coarse 150 150 90 480 150 90 210 150 90
Fine 150 200 120 480 200 120 210 200 120
Dense 200 200 120 640 200 120 280 200 120

shock train forms. The wall-pressure profile is normalized
to the incoming static pressure. The y = O mm plane is the
bottom wall, y = 50 mm is the ceiling wall, z = O mm is the
left wall, and z = 30 mm is the right wall. The correspond-
ing density-gradient diagram shows that when the wedge
is mounted on the bottom wall, the airflow decelerates and
pressurization occurs mainly in the vertical plane, with two
incident shocks (i; and i,) generated at the leading and trailing
edges of the wedge, respectively. Owing to the intense shock
wave-boundary layer interaction, the incident shock (i) is
reflected at the ceiling wall, which in turn induces a reflected
shock (i3) and a reattachment shock (i4) at reflection point
Ty, where a separation bubble forms. The reflected shocks of
incident shocks i; and i, are observed to merge after reflec-
tion point 75, combining to form a single shock. A total of
ten reflection points (77—T5 and B;—Bs) are presented on the
ceiling and bottom walls over a streamwise distance of —30 to
290 mm. In addition, in terms of the density-gradient schlieren
in the horizontal central plane (y = 25 mm), the background
wave exhibits distinctly two-dimensional characteristics, with
a symmetric structure in the horizontal flow direction.
Extracting the normalized pressure at the four walls allows
elucidation of the adverse pressure gradient in the region of
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FIG. 8. Normalized wall-pressure distribution and density-
gradient diagrams of the two central planes in case L.

the shock wave-boundary layer interaction near the reflec-
tion point, dp/dx > 0, while the favorable pressure-gradient
region lies between the two reflection points at dp/dx < O.
Comparison of the pressure distribution in the four planes
indicates that the wall-pressure gradient is higher in the longi-
tudinal cross section (ceiling and bottom walls) than in the
transverse cross section (left and right walls), with distinct
peaks and troughs. The wall-pressure profiles of the left and
right walls are almost overlapping, and except for a large
pressure gradient near the wedge, the pressure varies very
flatly downstream.

Figure 9 shows the density-gradient contours of the two
central planes (y = 25 mm and z = 15 mm) in the other three
cases. In case II, the incident shocks that are generated by
the airflow passing through the wedge are reflected in the
transverse cross section. Since the width of the computational
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FIG. 9. Structure of the background wave in two central planes
in (a) case II, (b) case III, and (c) case IV.
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(b) Case I1
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FIG. 10. Schlieren images of shock train froms = 4stot = 18s
in (a) case I and (b) case II.

domain is smaller than the height, the space required for the
incident shock to undergo reflection decreases, which means
that more reflected shocks form over the flow distance of —30
to 290 mm. In addition, the reflected shocks of incident shocks
i1 and i, are merged into a single shock at the reflection point
R, carlier.

As the incoming Mach number increases, the shock an-
gles of incident shocks i; and i, decrease, and the locations
of reflection points 77 and L; move further downstream, as
shown in Figs. 9(b) and 9(c). Comparison of cases I and III
or cases Il and IV reveals that the distance between reflection
points continues to increase and that the number of reflection
points decreases as the incoming Mach number is increased.
In both cases, strong two-dimensional features are observed in
the background wave, which displays a symmetric structure in
the plane perpendicular to the reflection of the incident shock.

B. Experimental morphology of the shock train
1. Incoming Mach number is 1.85

To explore the evolutionary behavior of the shock train
in association with the background wave, the motion of the
shock train in the vertical central section is obtained experi-
mentally using schlieren visualization. Cases I and II, with an
incoming flow Mach number of 1.85, are analyzed first. The
structure of the shock train with a vertical knife edge from
t =4stot = 18sis shown in Fig. 10.

As seen in Fig. 10(a), the morphology of the shock train
is highly enriched and diverse when the shock train is in the
same plane as the background wave. As the backpressure in-
creases, the shock train gradually moves upstream and its mor-
phology changes to comprise both symmetric and asymmetric
A-shaped structures. The interaction modes of the shock train
and the background wave can be divided into four types: I and
III, in which the shock train exhibits an asymmetric pattern,
and II and IV, in which the shock train is symmetric. As shown

in Fig. 11, the intrinsic flow mechanisms are in accordance
with the following conditions. When the background wave
interacts with the STLS on only one side, a shock-shock
interaction occurs, intensifying the corresponding flow sepa-
ration and increasing the scale of the separation bubble. These
factors lead to the formation of interaction patterns I and III,
with large separation on one side of the flow field and small
separation on the other; in contrast, when the background
wave interacts with the Mach stem of a A-shaped shock train
or interferes bilaterally with the STLS on both sides, flow
equilibrium is maintained, with separation bubbles of iden-
tical size on both sides and a symmetric shock train.

The experimental schlieren structures of a shock train with
the wedge mounted on a lateral wall are shown in Fig. 10(b).
In this case, the flow field displays the morphology of the
shock train in the plane perpendicular to the background wave.
In this situation, as the backpressure increases, the shock
train adopts a symmetric structure with the flow separation
maintaining the equilibrium on both sides of the ceiling and
bottom walls.

To demonstrate the symmetric nature of the STLS in case
II, 2000 data points are selected and the mean and rms pres-
sure profiles for the ceiling and bottom walls are calculated at
t = 10sand ¢t = 14 s, as shown in Fig. 12. The mean pressure
at each transducer position is normalized using the incoming
static pressure. An uncertainty of 5% is indicated by the error
bars. As shown in Figs. 12(a) and 12(b), the presence of
the shock train leads to a significant increase in the mean
pressure, with the rms pressure reaching its maximum value
at the STLS, after which it gradually decreases to match the
pressure level of the separated flow downstream. The stream-
wise length of the STLS is essentially the same, at 22.23 and
22.31 mm. The pressure profiles on the ceiling and bottom
walls are almost overlapping, regardless of the mean or rms
pressure. These results indicate that the shock train can in this
case be regarded as two dimensional, with the influence of the
background waves dominating the shock train.

2. Incoming Mach number is 2.70

When the incoming Mach number is increased from 1.85
to 2.70, the morphology of the shock train changes from
A shaped to X shaped. Figure 13 shows the experimental
schlieren images obtained during the upstream movement
of the shock train in cases III and IV. In case III, the X-
shaped STLS undergoes a transition between an asymmetric
and symmetric structure, which is mainly characterized by
its interaction with the background wave. The distinctive
shock-induced separations are classified into three patterns:
two asymmetric (types V and VII) and one symmetric (type
VI), as shown in Fig. 14. The type V (type VII) interference
occurs when the background wave and shock train cross at a
large separation bubble at the bottom (top) region of the wall.
In contrast, the two shock feet of the STLS interact with the
background waves on both sides, resulting in the same degree
of flow separation at the top and bottom walls. In addition, a
rapid upstream movement of the STLS is observed in the flow
field when the STLS passes the reflection point at = 16 s to
t =18s.
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FIG. 11. Four typical interaction modes of shock train with background waves (BWSs) in case 1.

Schlieren visualization of the shock train in case IV is
shown in Fig. 13(b). The morphology of the shock train differs
from that in case II in that the STLS is no longer symmetric
during forward movement. From¢ = 4stot = 10s, the STLS
skews toward the ceiling wall, and the overall extent of the
separated flow in the bottom wall increases. However, after a
rapid movement of the shock train that occurs from ¢t = 10s to
t = 125, the STLS suddenly becomes symmetric in structure,
and remains in this form until its disappearance.

Figure 15 shows the mean and rms pressure distributions of
the flow field atr = 8§ sand ¢t = 14 sin case IV. The mean pres-
sures on the ceiling and bottom walls are consistent with those
of an asymmetric STLS (r = 8s) in the upstream attached

(@)r=10s (b)r=14s
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FIG. 12. Normalized mean and rms pressure profiles at (a)
t = 10sand (b) t = 14 s in case II.

region, whereas a large difference is observed in the regions at
which the STLS is separated. The points of extreme rms pres-
sure are at different locations on the ceiling and bottom walls,
indicating enhanced three dimensionality of the shock train.
In contrast, under a symmetric STLS (t = 14 s), the mean and
rms pressures of the ceiling and bottom walls coincide, and
the streamwise length of the STLS near the bottom wall at
t = 8sis approximately 1.5 times that atz = 14s.

C. Dynamic behavior of the shock train

In this section, the dynamic properties of the shock train
are analyzed using the trajectories of the STLS and the

(a) Case 111 (b) Case IV

T30 100 150 200 250 50 100 150 200 250
X (mm)

FIG. 13. Schlieren images of shock train froms = 4stot = 18s
in (a) case III and (b) case IV.
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(a) Type V interference

0
(b) Type VI interference

(b*) Schematic diagram

(c) Type VII interference

FIG. 14. Three interaction modes of shock train with BWs in case III.

wall-pressure histories obtained from the experimental mea-
surements. The STLS trajectory is calculated from 50-frame
intervals. Six pressure transducers on the ceiling (CT5, CT7,
and CT9) and bottom (BTS5, BT7, and BT9) walls are selected
to record the transient pressure information in each case.
Figure 16 shows the trajectory variations of the STLS at the
ceiling and bottom wall during the upstream movement of the
shock train in cases I and II. In case I, the trajectory variations
at the ceiling and bottom walls clearly reveal mode conversion
in the interaction between the shock train and background
wave. Before r+ = 9.5, the trajectory at the ceiling wall is
always upstream of that at the bottom wall, after which the
interaction mode of the background wave and the shock train

(a)1=8s (b)t=14s

6
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FIG. 15. Normalized mean pressure and rms pressure profiles at
(a)t = 8sand (b)t = 14sin case IV.

switch from type I to type II and then to type III. The duration
of type II is transitional, and the interaction pattern returns to
type I after # = 14 s. Comparatively, in case II, the trajectories
of the STLS of the ceiling and bottom walls overlap, again
demonstrating the symmetric structure that is maintained by
the STLS during operation.

The oscillation magnitude of the STLS trajectory intensi-
fies significantly as the incoming Mach number increases. The
trajectories of the STLS in cases III and IV are shown over
time in Fig. 17. In case III, the interaction pattern between
the shock train and background wave is initially type V, with
the STLS positioned upstream at the bottom wall. The shock
train then changes from asymmetric to symmetric, with al-
most the same trajectories observed at the ceiling and bottom
wall. However, this stage lasts for only a very short period,
and the STLS at the ceiling wall moves rapidly upstream,
leading to a type VII interaction mode. The rapid movement
of the shock train is clearly observed in the STLS trajectory
at approximately ¢ = 11s in case IV. Prior to t = 11, the
trajectories of the STLS do not coincide at the ceiling and
bottom walls. However, these trajectories are the same after
the observed rapid STLS movement, indicating that the shock
train is symmetric at this time.

Figures 18 and 19 show the pressure-time histories and
power spectral density (PSD) contours for all experimental
cases. The oscillation characteristics of the shock train in
cases I and II are compared first. As seen in Figs. 18(a) and
18(b), the transient pressure variations clearly delineate the
morphological transformation of the shock train. The differ-
ence in the pressure distribution between the top and bottom
walls is evident when the STLS is asymmetric. However, no
significant difference in the pressure distribution at the top
and bottom walls is observed when the STLS is symmetric.
When the shock train is in the same plane as the background
wave (case I), the STLS sweeps across the BT9 transducer
at t = 2-6s, and the pressure oscillation energy oscillates in
the range 5-200 Hz, decreasing to 5-60 Hz when the STLS
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FIG. 16. Trajectories of the STLS over time in cases I and II.

moves upstream to BT7. These results indicate that the further
the STLS is upstream, the weaker the degree of self-excited
oscillation. The range of the pressure oscillation energy for the
shock train as it crosses BT9 is also approximately 5-200 HZ
in case II; however, it decays more rapidly during the upstream
movement in this instance.

As shown in Figs. 19(a) and 19(b), the magnitude of the
pressure oscillations rises as the Mach number increases.
In case III, the pressure oscillation energy varies below
1000 Hz and is primarily concentrated at 10 Hz when the
STLS is near BT9 at t = 2—4s. When the shock train moves
upstream at ¢+ = 8—12s, the pressure oscillation energy down-
stream of the shock train is primarily concentrated at 100 Hz,
which is attributed to the fact that B,, the reflecting point of
the background wave, is also oscillating near BT9 at this point.
In case IV, the rapid forward movement of the shock train at
t = 11 s is accompanied by gradual consistency in the instan-
taneous pressure distributions on the top and bottom walls,
regardless of position. The oscillation range of the pressure
oscillation energy is below 1000 Hz when the STLS oscillates
near BT9 at r+ = 2—6s5. Similarly, the pressure oscillations
caused by the shock train gradually weaken as the shock train
moves upstream.

18 T T v
16 N
14 ceccccccccnaaad
12 7

g 10 Rapid / S _________ ..
| movement -
sk -
- Ceiling (Case III) 7
6 Bottom (Case III) - ]
I Ceiling (Case IV) - y
4 Bottom (Case IV = 1
T n I 1 I 1 Jd
50 100 150 200 250
x (mm)

D. Three-dimensional steady structure of the shock train

Case IV is employed to recognize and analyze the three-
dimensional morphological structure of the shock train.
The structure of the shock train obtained from the three-
dimensional steady RANS calculations at a backpressure ratio
of 7 is shown in Fig. 20, and corresponds to the experi-
mental results describing the shock train following its rapid
movement. The velocity contours for different cross sections
are displayed along with the pressure gradient and velocity
isosurfaces. The three-dimensional structure of the back-
ground wave and shock train is represented using the pressure
gradient isosurface dp/dx = 1x10°Pa/m, with the velocity
isosurface u = —1m/s expressing the separation region. In
agreement with the experimental observation, the STLS is
symmetrical in the vertical central plane (z = 15 mm) of the
flow field at this point, as demonstrated by the fact that the
velocity contours are identical in planes y = Smm and y =
45mm (or y = 15 mm and y = 35 mm) of the horizontal cross
section, with all flow fields comprising symmetric structures
in the velocity contours describing the different vertical cross
sections. Three separation bubbles have formed in the STLS:
one at the corner between the ceiling and the right wall, one at
the center of the right wall, and one at the corner between

FIG. 17. Trajectories of the STLS over time in cases III and IV.
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FIG. 18. Pressure-time histories and PSD contours in cases I
and II.

the bottom and the right wall. Simultaneously, two larger
separation regions that have formed at the junction between
the left wall and the ceiling and at the bottom wall extend
downstream of the flow field.

(a) Case III (b) Case IV
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FIG. 19. Pressure-time histories and PSD contours in cases 111
and IV.
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FIG. 20. Velocity contours showing (a) horizontal and (c) ver-
tical cross sections in case IV. (b) Pressure gradient and velocity
isosurfaces in case I'V.

The streamline distributions of the ceiling and bottom walls
and the x-wall shear-stress distributions in the different cross
sections are presented in Fig. 21. The flow distributions on the
ceiling and bottom walls are essentially identical and clearly
capture the corresponding separation regions. A large sepa-
ration region and two small separation regions are observed
simultaneously on the ceiling and the bottom wall, with each
showing shear-stress values of less than zero and a local min-
imum at the separation core. Similarly, the x-wall shear-stress
distributions on the ceiling and the bottom wall are consistent,
confirming symmetry for the shock train in the vertical cross
section.

V. CONCLUSION

The purpose of this study was to investigate the effect of
background waves traveling in different directions on the mo-
tion process of a shock train. The evolution of the shock train
traveling both parallel and perpendicular to the flow compres-
sion of the background wave was observed in supersonic wind
tunnels with incoming Mach numbers of 1.85 and 2.70. The
generation of background waves in different directions was
realized by installing wedges on the bottom and lateral walls
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FIG. 21. Separation patterns and x-wall shear-stress distributions on the ceiling and bottom walls in case IV.

at the entrance to the isolator section. The three-dimensional
structure of the shock train was depicted using the steady
RANS numerical method, with the wall transient pressure and
schlieren images used to record the dynamic characteristics of
the shock train.

Both the installation position of the wedge and the varia-
tion in the incoming Mach number influence the formation of
background waves. When the wedge is mounted on the bottom
wall, the airflow decelerates and becomes pressurized in the
vertical cross section with the incident shock reflected on the
top and bottom walls; however, mounting the wedge on the
sidewall results in the reflection of the incident shock on the
sidewalls. Because the height of the computational domain
is greater than the width, more reflected shocks are gener-
ated when the incident shocks are reflected at the sidewalls,
and the reflected shocks of incident shocks i; and i, rapidly
merge to form a single shock. The shock angle of the incident
shock decreases as the Mach number increases, and fewer
reflection points are established in the flow field. Nevertheless,
in all cases, the background wave exhibits two-dimensional
features.

The experimental schlieren images show the changes in
the shock train morphology. The interaction modes of the
background wave and shock train can be classified into four
categories at an incoming Mach number of 1.85 and three
categories at an incoming Mach number of 2.70 when the
background wave and shock train are in the same flow cross
section. However, the STLS always remains symmetric during
its upstream motion when the background wave is perpendic-
ular to the shock train at an incoming Mach number of 1.85.
Furthermore, the STLS forms a three-dimensional and asym-

metric structure before rapid movement occurs at an incoming
Mach number of 2.70. The mean and rms pressure distribu-
tions confirm the transformation of the STLS morphology.

As the incoming Mach number increases, the trajectory
of the STLS indicates an intensification of the oscillation
magnitude for the shock train. The PSD contours indicate
that the pressure oscillation energy range of the shock train
is not strongly dependent on whether the shock train is in the
same compression plane as the background wave. The pres-
sure oscillation energy range was 5-200 Hz at an incoming
Mach number of 1.85, whereas it was below 1000 Hz at an
incoming Mach number of 2.70. In all four cases considered
in this study, the intensity of the pressure oscillations of the
shock train decreased as the shock train moved upstream.
Numerical steady-state calculations were used to ascertain
the three-dimensional structure of the shock train in case IV.
The velocity distributions in the different cross sections, as
well as the wall shear-stress distributions at the ceiling and
bottom walls, confirm the symmetric structure of the shock
train in the vertical streamwise cross section. However, steady
calculations fail to provide a reasonable explanation for why
the STLS transforms from an asymmetric to a symmetric
structure after rapid movement; thus, further exploration of
this phenomenon is required in the future.
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