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ABSTRACT

Experiments of shock wave/boundary layer interactions over a nominally two-dimensional compression ramp are conducted in a Mach 4
Ludwieg tube tunnel. Measurements of Schlieren, Rayleigh scattering, and surface pressure are performed to present the relevant flow fea-
tures. The effects of two parameters, namely the Reynolds number based on the length of the flat plate and the ramp angle, on the flow stabil-
ities are focused on. Four ramp angles of 6°, 8°, 10°, and 12° are tested under a Reynolds number of 7.22 x 10°, while two other Reynolds
numbers (3.66 x 10° and 9.19 x 10°) are investigated with a ramp angle of 10°. Streamwise streaks are observed downstream of the reattach-
ment point. The spanwise wavelength of the streaks remains unchanged with different ramp angles, whereas it slightly decreases as the
Reynolds number increases. Power spectral density results show that the flow is transitional in the streak region and becomes turbulent where
streaks break down. When increasing the ramp angle or the Reynolds number, the streamwise length of streaks shrinks. Two different pat-
terns are distinguished at the breakdown, resembling the two unstable modes observed in the breakdown of Gortler vortices. To clarify the
underlying physics of the formation of streaks, global stability analysis and resolvent analysis are carried out. Two regions of maximum opti-
mal gain are identified, which are associated with Mack’s first mode and streaks. The former can serve as an initial seed of Gortler instability
via nonlinear interaction, while the latter can be associated with transient growth due to the lift-up mechanism and Gortler instability.
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I. INTRODUCTION

Shock wave/boundary layer interactions (SWBLIs) are com-
monly encountered in supersonic and hypersonic flows, which cre-
ate difficulty in the design of aerodynamic configurations and
propulsion systems of high-speed flight vehicles. The adverse pres-
sure gradient in SWBLIs distorts the velocity profile of the bound-
ary layer, resulting in significant changes in the entire flow-field
structure, including the formation of separation bubbles and
streamwise vortices." Moreover, the mechanisms of flow instability
and the laminar-turbulent transition process can be fundamentally
different from those of the unseparated flow. In practice, SWBLIs
can pose severe problems for those vehicles, including a loss of
maneuverability, peaks in surface thermomechanical loadings,
enhanced pressure loss, and an unsteadiness-induced adverse
structural response.” Therefore, numerous investigations’ ~ have
been conducted over the past century to reveal the physical mecha-
nism underlying these phenomena.

The physics of SWBLIs have been examined in multiple model
configurations, such as compression corner,” ® double cone,”” oblique
shock wave incidence,'”'" hollow cylinder/flare,'>'” etc. Among them,
the compression corner configuration is widely applied in air vehicles
such as control surfaces, inlets of engines, and junctions.* The study
on SWBLIs on this configuration is significant and many questions
regarding the transition to turbulence process remain to be answered,
e.g., the origin of the streamwise streaks that appear on this nominal
two-dimensional (2D) construction, the evolution and breakdown of
streamwise streaks, etc.

The first observation of streamwise streaks is traced back to the
early work of Ginoux'” in 1969 using a hollow cylinder/flare model.
Subsequently, numerous scholars have endeavored to elucidate the ori-
gin and evolution of streamwise streaks, which can manifest as varia-
tions in spanwise surface heat flux, wall pressure, etc. Simeonides and
Haase'® noticed that the streamwise streaks were closely linked to the
laminar-turbulent transition process since the streaks commenced in
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the vicinity of the reattachment region and disappeared when the fully
turbulent flow was formed. Similar observations have been docu-
mented by Lugrin et al.'” Infrared thermography was employed by De
Luca et al."® and De La Chevalerie et al."” to examine the effects of the
unit Reynolds number and ramp angle on the streamwise streaks in a
Mach 7.14 compression corner flow, which covered a wide range from
laminar to transitional interactions. However, the mechanisms behind
are still not clear, such as the relation with the transition process as
well as the origin of the streaks.

The transition process is far from being understood in supersonic
flows due to its complexity. Reshotko”’ summarized five paths that lead
to transition, including eigenmode growth, transient growth, bypass
mechanisms, etc. In practice, modal growth is often observed under low
environmental disturbances. Therefore, multiple instability modes have
been identified to explain the propagation and amplification of distur-
bances,”** which is often referred to as convective instability. However,
intrinsic instability, also known as global instability, has the potential to
trigger the transition process without external pertubations.”" It is well
known that the separated flow in SWBLIs can support both convective
and global flow instabilities. In the case of weakly separated flows, global
instability may be absent, which indicates a globally stable status.”
However, the flow becomes globally unstable when increasing the inter-
action strength.” From a global stability perspective, a flow is referred to
as an oscillator if it is globally unstable, otherwise, it is called a noise
amplifier.”® Therefore, global instability possesses an intrinsic nature,
while convective instability amplifies the disturbances and propagates
them downstream. Hao et al.” established a criterion based on a scaled
ramp angle to predict the stability boundary for hypersonic compression
corner flows. Benitez et al.”’ investigated the flow instability on a sharp
cone-cylinder-flare model in the Boeing/AFOSR Mach 6 quiet tunnel
(BAM6QT). They found evidence of convective instability generated by
shear layers under quiet flows. However, they also noticed global insta-
bility dominates when experiments are run at conventional noise condi-
tions where the waves detected by PCB pressure sensors become local
oscillations. Balakumar et al.”* investigated a 2D compression ramp flow
at Mach 5.373 and analyzed the evolution of second mode disturbances
with the absence of global instability. The exponential growth of pertur-
bations has been observed both upstream and downstream of the sepa-
rated region while remaining neutral across the separated region.

TABLE I. Research on the flow instability in SWBLI over compression ramp.
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In addition, the transient growth can also be significant in some
scenarios.””*’

Concerning the origin of the streaks, the streaks are traditionally con-
sidered as the footprint of Gortler-like vortices.”' However, recent studies
have proposed different explanations based on a deeper understanding of
flow instabilities. For example, Cao et al.”* reported that the occurrence of
streamwise streaks downstream of reattachment is triggered by intrinsic
instability in the flow system. Similarly, Sawant et al.”* reported that the
origin of global instability was traced in the flow region of interaction of
the separation shock and the bubble, which resulted in the formation of
streaks. Dwivedi ef al.”’ employed resolvent analysis to examine the ampli-
fication of external disturbances in compression ramp flows at Mach 8.
They observed that the dominant output takes the form of steady stream-
wise streaks at the reattachment region, and further explained that the bar-
oclinic effect plays an important role in the formation of streamwise
streaks. Lugrin et al.” found that the streaks can originate from both con-
vective and global instability mechanisms. More recently, Hao et al.”
found that the amplification mechanisms of the streamwise streaks near
the reattachment region are mainly Gortler instability.

Despite these efforts, many questions regarding the origination of
streamwise streaks and their evolution remain worth a further study. Most
of the previous experimental studies focus on the footprint of the stream-
wise vortices to observe their characteristics, such as the thermal streaks
measured by an infrared camera, which are the time-averaged information
lacking the transient details. The streamwise vortex itself was rarely
observed directly, especially the visualization of its evolution and break-
down process to turbulence. To gain a deeper understanding of streamwise
streak characteristics, the present study investigates a supersonic laminar
flow over a compression corner using a combination of experiments,
numerical simulations, and theoretical analysis, to determine the transition
process on the ramp and the origination of streamwise streaks.

In addition, Mach number changes both the strength of the shock
and boundary layer profile in SWBLI flows. From the supersonic to
hypersonic regime, the physics and mechanisms of instability that
dominate in the flow field are known to be different. For instance,
Mack™ found that the oblique wave is most unstable when the Mach
number is less than 4, which is known as Mack’s first mode. Mack’s
second mode emerges when the Mach number is greater than 2.2 and
dominates in the hypersonic flows. Table I presents the relevant

Geometry M, Method Instability involved
Benitez et al.” Cone-cylinder-flare 6 EXP* Shear-layer mode, second mode
Hao et al.” Compression ramp 7.7 CFD" Second mode, streak mode
Li and Hao'” Hollow cylinder-flare 2.25 CFD Global instability
Niessen et al.”’ Compression ramp 1.7 CFD Convective instability
Butler and Laurence™ Cone-flare 6 EXP Second mode
Cao et al.”* Compression ramp 7.7 CFD Global instability
Lugrin et al.” Hollow cylinder—flare 5 EXP Shear-layer mode, global instability
Paredes et al.” Cone-cylinder—flare 6 CFD First mode, second mode, and global instability
Dwivedi et al.” Compression ramp 8 CFD Baroclinic effect
Roghelia et al.’ Compression ramp 7.7 EXP Gortler instability

“Experiment.
*Computational fluid dynamics.
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research on the flow instability in SWBLI over compression ramp in
recent years. It is noted that most studies focus on the instability of
hypersonic flows as well as low supersonic Mach number flows, while
few have investigated flows at moderate supersonic Mach numbers. In
a Mach 4.5 flat-plate boundary layer, Mack’s first mode, second mode,
and the streak mode may occur, as reported by Bugeat et al.” Yet, the
instability characteristics of SWBLI over compression ramp under
supersonic flow (Mach number less than 5) has been relatively under-
explored, especially experimentally, which addresses the need to
acquire more experimental data and inquire into a more in-depth
understanding of flow instability at those conditions.

In general, the present study provides details of the streamwise
streaks from emerging to breakdown over the compression ramp at
Mach 4, which is the first time to be observed directly by Rayleigh scat-
tering, contributing an extended experimental dataset for future
research. Analytical tools, including global stability analysis (GSA) and
resolvent analysis, are employed to investigate the underlying physics.
The remaining parts of this paper are organized as follows: The experi-
mental setup and model configuration are introduced in Sec. II
Section IIT provides the details of numerical methods, including the
base flow solver, GSA, and resolvent analysis. In Sec. IV, the general
features of SWBLIs on a compression corner are first discussed. Then,
the visualization of the transition that occurs on the ramp is captured
by Rayleigh scattering, and the effects of ramp angle and Reynolds
number are analyzed in detail. The relationship between the transition
process and the breakdown of streamwise streaks is further discussed.
Eventually, GSA and resolvent analysis are employed complementarily
to investigate the origination of streamwise streaks observed in experi-
ments. Finally, a conclusion is provided in Sec. V.

Il. EXPERIMENTAL SETUP
A. Experimental facilities and flow conditions

The experiments were conducted in a Mach 4 Ludwieg tube tun-
nel at the Hong Kong Polytechnic University."’ As shown in Fig. 1, it
primarily consists of a gas storage section, a Mach 4 converging—
diverging nozzle, a test section, and a dump tank. During the experi-
ment, the gas storage section is charged with pressurized air, and the
nozzle, the test section, and the dump tank is vacuumed. The super-
sonic flow is initiated via the burst of a diaphragm between the gas

ARTICLE pubs.aip.org/aip/pof

storage section and the nozzle when the critical pressure difference is
reached. The diameter of the nozzle exit is 315 mm. The tunnel has a
quasi-steady test time of up to 40 ms. The free-stream Mach number
M, is 4.02 * 0.02. The free-stream noise level is determined in the
form of py ,,,../Py> where p;, ,,,,c and p,, represent the root mean square
(RMS) of the fluctuation and the mean of the stagnation pressure mea-
sured by the Kulite sensors mounted in the pitot tube. In the current
wind tunnel, the free-stream noise level is around 1.5%, which is in the
typical range for a conventional Ludwieg wind tunnel.*'*’ Based on
the power spectral density (PSD) analysis of the dynamic pressure
measured by the pitot tube, the absence of discernible frequency peaks
in the PSDs unequivocally suggests the lack of specific frequency-
related noise within the freestream. Note that, the free-stream noise
has a significant effect on flows. As reported by Threadgill et al.,** the
specific noise peak could impact the development of convective modes
within the same frequency range, and then promote the transition pro-
cess. Yet, the aforementioned PSD results show that no specific fre-
quency peak is observed, indicating that the noise has a limited effect
on the promotion to a higher amplitude in the convective modes.
Moreover, all experiments are conducted at the same noise level in the
present study, making it reasonable to compare changes between dif-
ferent cases. In the present study, the Reynolds number is varied from
3.66 x 10° to 9.19 x 10° based on the characteristic length of the flat
plate L (100 mm) by adjusting the thickness of the diaphragm.

B. Model geometry and instrumentation

As shown in Fig. 2(c), the compression corner model is installed
at the test section just downstream of the nozzle exit, which consists of
a flat plate and a ramp plate with a length of 100 and 250 mm, respec-
tively [see Fig. 2(a)]. The spanwise length of the model is 200 mm,
which is long enough and causes limited effects on the flows under the
parameters studied in this research.”'®*” The coordinate system is
constructed with the origin located at the leading edge of the flat plate
[see Fig. 2(a)]. The x-axis is coincident with the flow direction, and the
y-axis points in the vertical direction. The surface roughness of the two
plates is polished to Ra= 0.2 um, and the radius of the sharp leading
edge is 0.01 mm. The ramp angle 0 can be adjusted from 0° to 30°
with an interval of 1°. In the present study, experiments were

Nd:Yag laser
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FIG. 1. The schematic of the Ludweig
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FIG. 2. (a) Schematic of compression corner configuration where Red lines represent the boundary of the computational domain. (b) Locations of the PCB and Kulite pressure
sensors in the model, where red circles and green circles indicate where Kulite and PCB sensors are mounted, respectively. (c) Pictures of compression ramp model installed

in the wind tunnel.

conducted with ramp angles at 6°, 8°, 10°, and 12°. The parameters of
each case tested in experiments are shown in Table II.

A total of 21 pressure ports are positioned at the center region of
both plates, measuring the pressure distribution on the model surface.
The transducers are flush mounted in the model, guaranteeing the
maximum ratio of the roughness height (k) over the thickness of the
boundary layer (y) is less than 0.17. Based on Chuvakhov et al’s
work,” the effects caused by natural disturbances may be stronger
than roughness elements when k/dy is less than 0.2. Therefore, the
roughness of transducers in the present study has a limited effect on
the flow structures. The Kulite sensors (XCE-093-5A) are mounted
along the central line to measure the static pressure at the surface, with
an operational range of 35 = 0.1 kPa. The diameter of the sensors is
24mm. Those sensors are connected to a DC power supply (TTI
QL355P) delivering a constant 10V voltage. PCB pressure sensors
(132B38) are positioned on one side of the Kulite sensors to measure
the pressure disturbances, as shown in Fig. 2(b). The diameter of the
PCB sensors is 3.18 mm, while the resolution is 7 Pa. PCB sensors are
conditioned by an 8-channel signal conditioner 483C05 before being
connected to the NI DAQ device. The frequency response is from
11kHz to 1 MHz. It should be noted that Ort and Dosch*” found that
these PCB sensors have a 300 kHz resonance frequency, which is part
of the sensor dynamics. Therefore, the frequency characteristic of the
flow disturbances below 300kHz is considered only in the present

TABLE II. Parameter settings in experiments.

P, (kPa) poo (kg/m®) Rey (x10°) 0(°)
Case 1 80 0.026 3.66 10
Case 2 159 0.051 7.22 10
Case 3 201 0.065 9.19 10
Case 4 159 0.051 7.22 6
Case 5 159 0.051 7.22 8
Case 6 159 0.051 7.22 12

study. The voltage signals are acquired by NI PXIe-6368 I/O devices
built in a PXIe-1071 PXI chassis with a sampling frequency of 2 MS/s.
All these signals are converted to pressure values in the LabVIEW
program.

C. Schlieren setup

A Z-type Schlieren system is set to visualize the flow structures
around the compression corner. The shock structures and the separa-
tion bubble can be captured clearly to estimate the location of the sepa-
ration and reattachment point. The system is composed of a xenon
lamp with an intensity of up to 300 mW/cm® and a high-speed camera
(FASTCAM SA-Z type 2100 K-M-32GB) with Nikon Nikkor micro-
lens (105mm f1:2.8D). The optical path traversing the test section
aligns with the model. A knife edge was placed horizontally to visualize
the density gradients normal to the modal surface, which is well suited
for the low-angled shock/expansion waves.”’ Tmages are taken at a
frame rate of 20 kHz with a resolution of 1024 x 1024 pixels, while the
spatial resolution of it is 0.11 mm/pixel.

D. Rayleigh scattering image measurement

In the present study, a Rayleigh scattering technique is employed
to visualize the detailed instantaneous flow structures, which avoids
the optical ray integration effect occurred in Schlieren images. The
schematic is shown in Fig. 1. This system is composed of a Nd: Yag
laser, a CCD camera, a computer, a synchronizer, and a CO, gas cylin-
der. This laser as the lighting source (Vlite-500) has a wavelength of
532 nm, operating at a pulse energy of around 250 mJ (50% of maxi-
mum) and a pulse width of 6 ns. The laser beam traverses a light guide
arm and a lens assembly, forming a laser sheet with a thickness of less
than 0.5 mm within the field of view (FOV). The lens assembly com-
prises a convex lens and a cylindrical concave lens. Then, the tracer
particles will be lightened by the laser sheet and captured by the CCD
camera (FlowSense FCX 24M-30) with a resolution of 5312 x 4600
pixels. The camera is equipped with a 60 mm f/2.8D lens to keep an
appropriate FOV through the side observation window. In this study,
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the spatial resolution of FOV is about 35.7 pixels/mm. Note that, due
to the laser frequency of up to 15Hz, only a pair of images can be
obtained during the test time. The synchronizer (BNC Delay Pulse
Generator 575-8C) is employed to synchronize the laser, CCD camera,
and the burst of the diaphragm.

The CO, gas is injected into the gas storage section before the
burst of the diaphragm. Its volume fraction is controlled at around 1%
—2% volume fraction via a flowmeter to achieve the best visualization.
Because the free-stream static temperature is near 70K, the CO, gas
condenses to tiny solid particles in the freestream. As the diameters of
the solid CO, particles are much smaller than the wavelength of the
laser, it is a kind of Rayleigh scattering.”” The particles scatter under
the illumination, and the scattering light is captured by the camera as
the bright region in the image. While the particles move to the bound-
ary layer region, they sublimate to gas due to the relatively high static
temperature near the wall, forming a dark region in the images.”’
Therefore, a condensation line appears to distinguish the boundary
layer region (dark region) and the main flow region (bright region). In
addition, downstream of the shock wave, the density and pressure of
the flow increase significantly, resulting in a higher concentration of
CO, particles there. A difference in luminance can be observed to dis-
tinguish the location of the shock wave as well. Note that, the conden-
sation of CO, will release heat, which will cause entropy spots. To
minimize the heat release in the condensation process, CO, is used
rather than H,O as the latter exhibits much higher heat release during
the phase transition.”' In addition, the lower condensation tempera-
ture gives CO, another advantage as it could delay the onset condensa-
tion process, potentially producing smaller particles.

In the present study, two laser sheet planes are strategically
deployed to visualize the flow structure, as depicted in Fig. 3. The FOV
A is configured parallel to the ramp plate with the distance between
the laser sheet and the ramp surface of about 1 mm. Due to the optimal
clarity of imaging at the laser focus, the field of view is constrained and
set in the centerline region with a dimension of 68 x 125 mm. FOV B
is positioned perpendicular to the ramp plate, aligned along the center-
line in the streamwise direction. In addition, the weak Mach waves
that may be generated at the corners of the leading edge and propagate
toward the centerline should be taken into consideration as they may
contaminate the flow. In this study, the model spanwise width is long
enough and the FOV A is outside of the Mach lines caused by the lead-
ing edge corner, which is thus unaffected by the weak Mach waves.

11l. NUMERICAL METHODS

To explain the underlying physics of the experimental observa-
tions and further analyze the flow instability characteristics, numerical

Reattachment (b)
(a) Q boundary layer
Laser sheet

Shear layer
Upstream boundary layer
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simulation as well as analytical analysis tools, such as GSA and resol-
vent analysis, have been employed. The governing equations and the
details of numerical methods are briefly introduced below.

A. Flow solver
The compressible Navier-Stokes equations for a calorically per-
fect gas are used in the present study, as follows:

oU OF, OF,

ot (?Xj - Oxj ’

o

where U= (p, pu;, pe)T is the vector of conservative variables. F; and
F,,; denote the vectors of inviscid and viscous fluxes. p, u;, and e repre-
sent the density, three components of velocity, and the total energy per
unit mass, respectively. The perfect gas equation is employed to make
governing equations closed.

The base flow simulation is performed in an in-house multi-block
parallel finite-volume solver called PHAROS.” The inviscid fluxes are
calculated by an approximate Riemann solver, Harten-Lax—van Leer-
Contact scheme, and the viscous fluxes are calculated by the second-
order central difference. The implicit line relaxation method is
employed for the time iteration. The computational domain is illus-
trated in Fig. 2(a). The grid convergence is determined for a steady
state (see the Appendix). As for the boundary layer conditions, the
free-stream conditions are applied to the upper and left boundaries,
which are identical to the experimental free-stream conditions. At the
outflow boundary, a simple extrapolation outflow condition is
employed. Isothermal (T,,=297K) and no-slip conditions are used
for the wall.

B. Global stability analysis

The vector of conservative variables U can be decomposed
into a steady solution Usp, and a small-amplitude perturbation U’
as

U(x,y,z,t) = Usp(x,y) + U'(x,y,2,1). (2)

Subsequently, the linearized Navier-Stokes equations (LNS) can be
obtained by substituting Eq. (2) into Eq. (1) and neglecting the higher
order terms. To consider the perturbation term U’, we assume it to be
spanwise periodic as

~ 2
U'(x, 5,2 t)=U(x, y)exp i7nz —i(w, + iw)t|, (3)

FIG. 3. (a) The schematics of the laser
sheets and the FOV A and B in the
Rayleigh scattering experiments. (b) FOV
A'in a three-dimensional view.

Laser sheet
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where U denotes the 2D eigenfunction, while 4, w;, and , are the
spanwise wavelength, the growth rate, and the angular frequency,
respectively. A positive growth rate ; represents that the flow is glob-
ally unstable. o, = 0 represents a stationary mode, while a non-zero w,
indicates an oscillatory mode. When substituting Eq. (3) into LNS, we
can transform the linearized stability problem into an eigenvalue prob-
lem. The eigenvalue problem is then solved by the implicit restarted
Arnoldi method implemented in ARPACK™ for a given 4. The lower—
upper decomposition implemented in Super-LU"” is used to efficiently
explore the eigenvalue spectra.

C. Resolvent analysis

Resolvent analysis is employed to investigate the behavior of the
flow as a noise amplifier, where an external small-amplitude distur-
bance is introduced. Note that only globally stable flow is considered,
which means all the temporal growth of disturbances will decay to
zero over time. The LNS is expressed as

ou’
ot
where A is the Jacobian matrix evaluated using the base flow, while B

constrains the forcing to a localized region. In the present study, the
forcing is specified at x/L = 0.2 as

= AU’ + Bf', (4)

(%, 9, 2, t) = f(x, y) exp(ifz — iw,t), (5)

which is harmonic in time as well as in the spanwise direction. The
long-time solution of Eq. (4) takes the same form as the forcing, which
is expressed as

U (x, 9,2 t)=U"(x, y)exp(ifz — iot). (6)
Then, substituting Eq. (5) and Eq. (6) into Eq. (4), and discretiz-

ing the linearized equation in the same way as in the GSA, gives
ﬁ = Rva R = (71'(’{)?1 - A)ila (7)

where R and I are the resolvent matrix and identity matrix, respec-
tively. The objective of the resolvent analysis is to find the forcing
and response pair that maximizes the energy amplification. This
maximum amplification is referred to as the optimal gain, which is
defined by

2]
o2(B, w,) = max—=L . (8)
|
71
The Chu energy”” is used to evaluate the energy norm as
o], - .

where the superscript * represents the complex conjugate and the
weight matrix is denoted as M.” The optimization problem is trans-
formed into an eigenvalue problem™” by

B'M 'R*MRBf = o°f. (10)

For a given ff and ®,, the eigenvalue problem can be solved using
ARPACK, which is a similar process in the GSA.

ARTICLE pubs.aip.org/aip/pof

IV. RESULTS

A. General flow features over a supersonic
compression corner

First, the general flow features of the mean flow over a supersonic
compression corner are examined. Figure 4(a) illustrates a typical
Schlieren image of SWBLIs over the compression ramp at a 10° ramp
angle with Re; =7.22 x 10, which can be seen as a representative for
all cases. The Schlieren image is time-averaged by 300 instantaneous
images in the period of steady flow taken by a high-speed camera at a
frame rate of 20kHz. Due to the sufficiently large pressure increase
induced by the presence of the ramp, the boundary layer on the flat
plate separates from the surface and then reattaches to the downstream
ramp, leading to a separation shock and a reattachment shock at the
separation and reattachment points, respectively. These can be
observed clearly in Fig. 4(a), where the separation and reattachment
points determined from the Schlieren images are indicated by open
circles. Note that the true separation and reattachment points are
defined by zero skin friction coefficient, which is difficult to be
obtained in the present experiments. Hence, in the present study, the
separation point is extrapolated from the intersection of the separation
shock and the plate surface, while the reattachment point is extrapo-
lated from the intersection of the reattachment shock and the shear
layer. To make it consistent, the same criterion is applied to the
numerical results. Between them, a recirculation zone forms beneath
the separated shear layer, which is normally referred to as a separation
bubble.

In Fig. 4(a), the leading edge shock induced by the flat plate
can be observed, though the leading edge of the flat plate is outside
of the FOV. In the present study, the boundary layer remains lami-
nar upstream of the separation point. In Fig. 4(b), the same main
flow structures, such as the separation shock and the separation
bubble, are captured by the Rayleigh scattering technique, which
illustrates the instantaneous flow structures. In addition to the
main flow structures, the transition downstream of the reattach-
ment region can be observed clearly, which will be discussed in
more detail later.

Figure 5 compares the surface pressure coefficients obtained from
the Kulite sensors in the experiments with those from DNS at the 6°
and 10° ramp angles and Re; = 7.22 x 10°. The surface pressure coeffi-
cient C, is defined by

Pw

C‘D_O.Spmugo’ (11)
where p,, indicates the pressure at the surface. The surface pressure
coefficient C,, obtained by DNS shows that the pressure at the wall
surface experiences a steep increase near the separation region fol-
lowed by a pressure plateau. Downstream of the corner, surface
pressure rises again. When the ramp angle increases [see Fig. 5(b)],
the separation point moves upstream accompanied by a steeper
pressure rise, which leads to a larger separation region. In experi-
mental results, a similar trend can be observed, although there are
some deviations when compared with numerical results. A general
agreement can be achieved in Fig. 5(a), where the ramp angle is
small. However, the discrepancy is more apparent at a larger ramp
angle, which will be explained later. Note that the error bar of
experimental data is calculated by the standard deviations of static
pressure.

Phys. Fluids 36, 104121 (2024); doi: 10.1063/5.0224568
Published under an exclusive license by AIP Publishing

36, 104121-6

6%:G€:60 G20g JaqwaoeQ 80


pubs.aip.org/aip/phf

Physics of Fluids

Leading edge shock

Reattachment shock

Recattachment point

ARTICLE pubs.aip.org/aip/pof

FIG. 4.(a) Time-averaged Schlieren
image and (b) Rayleigh scattering image
of SWBLIs (instantaneous results) over
compression corner at 10° ramp angle
with Re, =7.22 x 10°.
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FIG. 5. Surface pressure coefficients of
experiments and DNS at ramp angles of
(a) 6° and (b) 10° and Re, =7.22 x 10°.
The separation and reattachment points
obtained from 2D DNS base flows are
denoted by open circles.

0.0 0.5 1.0 1.5 2.0 0.0 0.5

B. Transition on the ramp

In this section, the effects of ramp angle and Reynolds number as
well as the transition process that occurs on the ramp are discussed.

1. Effects of ramp angle

The locations of separation points determined by Schlieren
images in all cases are presented in Table I1I, compared with numerical
Schlieren results obtained from 2D DNS base flow. The cause of the
difference between experiments and numerical simulation is discussed
later (see Sec. IV D). First, we focus on the effects of ramp angle. While
increasing the ramp angle, the separation point gradually moves
upstream, enlarging the size of the separation bubble, as shown in
Fig. 6. To be specific, when the ramp angle is at 6°, the separation
occurs at the location of x/L = 0.77, while it shifts toward the leading
edge at x/L = 0.62 as the ramp angle increases to 12°. In terms of the
length from the separation point to the corner, it extends from 23 mm

TABLE lll. The locations of separation and reattachment points in different cases.

Reattachment
point (x/L)

Separation
point (x/L)

0(°) Rey(x10°) Exp. DNS  Exp. DNS

Case 1 10 3.66 0.74 0.62 1.12 1.26
Case 2 10 7.22 0.70 0.56 1.11 1.26
Case 3 10 9.19 0.67 0.53 1.11 1.27
Case 4 6 7.22 0.77 0.84 1.08 1.13
Case 5 8 7.22 0.74 0.72 1.12 1.23
Case 6 12 7.22 0.62 0.45 1.17 1.29

at the ramp angle of 6° to 38 mm at 12°, indicating a 65% rise in
length. Similarly, the reattachment points shift downstream as the
ramp angle increases, although the change is not as significant as at the
separation point. As a result, a monotonic increasing trend in the size
of the separation bubble can be observed while increasing the ramp
angle, which resembles typical behavior in laminar SWBLI flow.
Similar observations were made by Gai and Khraibut™” in the numeri-
cal simulation under laminar flow at Mach 9.1, using a compression
corner geometry. Note that if the incoming flow were transitional, a
reverse trend could be observed.””® In addition, the inclined angle of
separation shock shows a slight increase as well while increasing the
ramp angle.

An intriguing finding made by the Rayleigh scattering technique
is the presence of streamwise streaks. As shown in Fig. 7, the FOV is
focused on the ramp plate where the laser sheet is parallel to it. The
distance between the laser sheet and the ramp surface is about 1 mm,
obtaining instantaneous flow structures within the boundary layer
downstream of the reattachment point. The reattachment lines
denoted by the red lines are determined by Schlieren images. The
streaks are observed downstream of the reattachment region at all
ramp angles, which are essentially the streamwise vortices in the
boundary layer. Similar streak patterns have been observed in previous
studies,”””” where they associated these streaks with Gortler vortices as
well as the transition process. Note that the laser sheet cut through the
reattachment boundary layer at the ramp plate, which means the
streaks may originate in the shear layer but cannot be traced by this
laser sheet because of the warping on the condensation line from the
shear layer to the reattachment region. In the current study, the streaks
within the transitional region on the ramp plate are focused. For the
streaks’ origination location, we will further investigate through the
visualization of laser sheets crossing the flow direction within the shear
layer region in future work.
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FIG. 6. The relation curve between the locations of separation points and the ramp
angles.

The dimension of the images in Fig. 7 is around 68 x 125 mm? in
spanwise and streamwise directions, respectively. It is clear to see that
when the ramp angle is at 6° [see Fig. 7(a)], the streamwise streaks are
observed downstream of the reattachment line, approximately at
x/L=1.22, and the streamwise vortices extend for a relatively long dis-
tance before breaking down into small-scale vortices. When the ramp
angle increases to 8°, the streaks occur further upstream. Meanwhile,
the mean streamwise length of the streaks decreases from around 55 to
38 mm. Note that the mean streamwise length of streaks is the average
length of streaks in the FOV as illustrate in Fig. 7(a), yet there is still
some uncertainty in the determination of breakdown position.
Subsequently, at the ramp angles of 10° and 12°, the onset of stream-
wise streaks continue shifting upstream to the reattachment point, and

& (b)
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the average length of streaks keeps decreasing to only 28 and 14 mm,
respectively. To be specific, in the case of 12° [see Fig. 7(d)], the
streamwise streaks appear even upstream of the reattachment line, at
around x/L=1.11, and break down very quickly downstream, only
persisting a length of around 14 mm. It is noted that the streaks may
originate further upstream in the shear layer, which cannot be cap-
tured as those structures are outside of the laser sheet plane. The
declined trend in the streamwise length of the streaks on the ramp
plate is also shown in the previous study”*® by the surface heat streaks
at Mach 7.7. Roghelia et al.” considered that three main factors influ-
ence the length of the streaks, namely shock strength, shear layer
length, and flow curvature. In the present study, with increasing the
ramp angle, the shock strength, the length of the shear layer, and flow
curvatures at separation and reattachment points increase simulta-
neously. As a result, the length of the streaks decreases. In terms of the
spanwise wavelength of the streaks, which is defined as the distance
between two adjacent streaks, the averaged wavelength observed in all
ramp angles varies from 3.1 to 3.4 mm. Notably, to achieve experimen-
tal repeatability, more than five measurements have been conducted
for averaging.

To examine the growth and breakdown of streamwise vortices in
more detail, a side view of the instantaneous flow structure using the
Rayleigh scattering technique is presented in Fig. 8. The laser sheet is
positioned at the center of the plate along the streamwise direction,
and the evolution of streamwise vortices can be observed from
x/L=1.0 to 1.57 along the ramp. The black region where the solid
CO, particles sublimate to gas approximately represents the regions of
separation bubble and boundary layer, and the red dashed line denotes
the location of the reattachment point determined by Schlieren images.
When the ramp angle is at 6° [see Fig. 8(a)], the boundary layer shows
a small variation for a relatively long distance downstream of the reat-
tachment point, until some bulges appear in the boundary layer at x/
L~ 1.45. However, no obvious breakdown of vortices can be seen in
the field of view, which indicates the streamwise vortices have not bro-
ken down into small-scale vortical structures yet.

FIG. 7. The spanwise views of Rayleigh
scattering images at the ramp plate at (a)
6°, (b) 8°, (c) 10°, and (d) 12°. The flow

direction is from left to right. The ramp
corner is outside the left bound of the
image and the red line represents the
reattachment region.
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x/L

In Figs. 8(b) and 6(d), the breakdown process occurs at an earlier
stage when increasing the ramp angle, where the small-scale vortices
can be observed separated from the streamwise vortices. For example,
the breakdown of vortices occurs between x/L=1.4 and 1.5 at an
8° and 10° ramp plate [see Figs. 8(b) and 6(c)], whereas the location of
breakdown moves upstream to around x/L = 1.25 at a 12° ramp angle
[see Fig. 8(d)]. Notably, those bulges observed in the region near the
breakdown may be the result of the roll-up process.”’ These bulges,
along with the streak pattern in the spanwise direction, exhibit the
three-dimensionality of the vortices. Downstream of reattachment,
three-dimensional waves evolve, which is accomplished by the low-
speed flow lifting up from the wall region and the mainstream flow
sweeping down to the boundary layer. Previous studies have investi-
gated the process in incompressible flows™*” as well as compressible
flows.” Summarily, when increasing the ramp angle, a stronger shear
layer formed at the edge of the boundary layer, promoting the stretch-
ing, twisting, and eventually breakdown of the vortices.

In general, the Rayleigh scattering images from the top view and
side view well depict the whole evolution process of streamwise streaks,
from the emergence of streamwise vortices to their breakdown.

ARTICLE pubs.aip.org/aip/pof

FIG. 8. Rayleigh scattering images from
the side view downstream of the corner
with ramp angle at (a) 6°, (b) 8°, (c) 10°,
and (d) 12°. The red dashed line denotes
the location of reattachment point deter-
mined by Schiieren images.

x/L

However, it only provides a snapshot of the flow field without the tem-
poral characteristics of the streaks. Therefore, PCB pressure sensors
are employed to obtain the pressure fluctuations along the streamwise
direction, inspecting the evolution and amplification of the vortices. In
the present study, to avoid the impact of the free-stream disturbances
in the low-frequency range, the pressure fluctuations were filtered by
the bandpass of 100 -300 kHz, as shown in Fig. 9. The signal at the
most upstream location is the lowest line in the figure, while the high-
est line represents the pressure fluctuations at the most downstream
location. Each adjacent pressure signal is offset 0.6kPa for clarity.
Nearly no significant high-frequency fluctuations at the flat plate in all
cases. The initial small fluctuation packets occur at the first PCB sta-
tion on the ramp, indicating the onset of the transition process. The
intermittency of the pressure fluctuations increases until reaching a
saturated state, indicating the flow has transitioned to a turbulent state.
In Figs. 9(a) and 7(b), the pressure fluctuations saturated at about
x/L=1.74 and 1.57, respectively. As the ramp angle is increased to 10°
and 12°, that location moves upstream to about x/L =143 and 1.24,
respectively. Notably, these locations agree well with those where the
streamwise streaks are observed to break down (see Fig. 7).

(a) (b)
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In summary, the transition process would be significantly
affected by the ramp angle. Concerning the streamwise streaks, the
streamwise streaks occur downstream of the reattachment point
but gradually move upstream when increasing the ramp angle. The
same trend can be observed for the breakdown of streaks.
Therefore, the streamwise extension of the streaks decreases as the
ramp angle increases. Based on the results of the pressure measure-
ment, the region where the streaks occur largely coincides with the
transitional region. Additionally, the wavelength of the streamwise
streaks does not exhibit a distinct change with variations in the
ramp angle.

2. Effects of Reynolds number

As illustrated in Table III, the reattachment point remains nearly
unchanged in all cases with different Reynolds numbers, while the sep-
aration point moves upstream as the Reynolds number increases. The
trend of the separation point is similar to the effects of ramp angle. In
consideration of Rayleigh scattering images at the spanwise view of the
ramp plate, the effects of the Reynolds number are hereinafter dis-
cussed at a fixed ramp angle of 10°. Figure 10 illustrates the streamwise
streaks along the ramp plate at Reynolds numbers 3.66 x 10°,
7.22 x 10°, and 9.19 x 10°. The streamwise streaks that were observed
instantaneously by the Rayleigh scattering technique all originate near
the reattachment region and extend along the flow direction until
break down downstream. When Re; =3.66 X 10°, the streamwise
streaks appear at around x/L=125 and break down at around
x/L=1.7, with a mean streamwise transition length of 45 mm. As the
Reynolds number increases to 7.22 x 10°, the streamwise streaks move
upstream and the mean streamwise transition length of streaks
decreases as well. When Reynolds number further rises to 9.19 x 10°,
streamwise streaks appear immediately downstream of the reattach-
ment point at around x/L=1.15 and break down at around
x/L = 1.35. Hence, the average length of the streaks declines to 20 mm.
Therefore, the trend is similar to the effect of ramp angle. The spanwise
wavelength at Re; =3.66 x 10° is around 3.8mm, while slightly
decreasing to 3.4mm at Re, =7.22 x 10°. When Reynolds number
further increases to 9.19 x 10°, this value further decreases to 2.9 mm.
Therefore, the spanwise wavelength declines as the Reynolds number
increases. This declining trend has also been reported in previous
research made by De La Chevalerie et al.'” and De Luca et al."®

Upon examining streamwise streaks from the side view, the evo-
lution of the streak breakdown process becomes even more apparent
in instantaneous Rayleigh scattering images. As shown in Fig. 11(a),
the boundary layer remains small variation until x/L=1.5 where a
small lift-up vortex can be observed at a low Reynolds number. There
is no breakdown process occurring within the FOV. When Reynolds
number increases to 7.22 x 10° and 9.19 x 10° [see Figs. 11(b) and
9(c)], the breakdown occurs at around x/L = 1.35, agreeing well with
the observation in Fig. 10.

In general, the effects of Reynolds number are similar to the
effects of ramp angle. Specifically, higher Reynolds numbers result in
shorter streamwise streaks that occur at more upstream locations.
However, the effect on the spanwise wavelength of the streaks differs
from the influence of the ramp angle. As the Reynolds number
increases, the spanwise wavelength of streaks decreases slightly.

ARTICLE pubs.aip.org/aip/pof

FIG. 10. Rayleigh scattering images at the spanwise view of the ramp plate at (a)
Re, =3.66 x 10°, (b) Re, =7.22 x 10°, and (c) Re, =9.19 x 10°, with the ramp
angle of 10°. The flow direction is from left to right. The ramp corner is outside the
left bound of the image and the red line represents the reattachment region deter-
mined by Schlieren images.

C. Discussion on the mechanism of streak breakdown

As aforementioned, the streamwise streaks are associated with
the transition process. To examine the evolution and breakdown of
streamwise streaks, Fig. 12 shows the zoomed-in views of the images
in Fig. 7. The first observation is that the vortex breakdown location
varies along the spanwise direction. From repeated experiments, the
breakdown process is also shown unsteady. Moreover, the streaks keep
slow varying at the beginning, then become twisted prior to the break-
down. The variation of the breakdown location as well as the twisting
and stretching behaviors of streaks show the three-dimensional nature
of the streaks.
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mode results in a varicose shape. They also found that the leading
mode depends on the spanwise wavelength of Gortler vortices. The
short-wavelength vortices exhibit a preference for the odd mode, while
the even mode is stronger at long-wavelength vortices. In the present
study, a similar trend is observed, as the wavelength of streaks exhibits
unevenness along the spanwise direction. Therefore, the amplification
mechanisms of the streamwise streaks in the interaction region may be
associated with the Gortler instability. However, Rayleigh scattering
images that estimate the region of the boundary layer by the condensa-
tion line only exhibit instantaneous flow structures. Also, the scalar
tracers could give certain misleading impressions of the flow dynam-
ics.’” It is not sufficient to identify the presence of the Gértler instabil-
ity, which needs further numerical investigation.

To further investigate the breakdown process, the PSDs of PCB
pressure signals for ramp angles between 6° and 10°, where the length
of the streamwise streaks varies significantly, were studied. Figure 13
illustrates PSDs of PCB pressure signals in the corresponding cases.
On the flat plate part, all three PSDs show a significant declining trend
Re,=9.19x10° at low frequency, then keep constant at a low level in the high-

5

Re, =3.66x10°

1.4 155

5

Re, =7.22x10

x/L (a) 10' ' 3
' — x/L=047 x/L=1.32]
FIG. 11. Rayleigh scattering images on the side view downstream of the corner ol —— x/L=0.65 x/L=1.43 1
with (a) Re, =3.66 x 10%, (b) Re, =7.22 x 10°, and (c) Re, =9.19 x 10°. The 10 —— ¥/L=0383 x/L=1.57
red dashed line denotes the location of reattachment point determined by Schlieren — ¥/L=1.24 —x/L=1.74]
images. . 107" wﬁ
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Second, it can be noticed that when the ramp angle is small, the E 102 4
streaks all exhibit a sinuous shape prior to the breakdown. However, at gi
large ramp angles, a varicose pattern occurs when the local spanwise Q0
wavelength become larger, as shown in Figs. 12(c) and 10(d), coexist- %
ing with the sinuous pattern. The two patterns observed are similar to 10"
those frequently reported in the literature concerning Gortler instabil-
ity.””"°" Hall and Horseman®' analytically examined the boundary 5
layer over a curved wall and distinguished two different modes of 10
instability, namely odd mode and even mode, in the breakdown pro- 10°

cess for Gortler vortices. Later, Li and Malik®’ reported that a sinuous
shape of Gortler vortices is promoted by the odd mode, while the even (b) 10' [

10°¢ 3

PSD (Pa’/Hz)
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FIG. 12. Detailed structures of streamwise streaks with ramp angles at (a) 6°, (b)
8, (c) 10°, and (d)12°, at Re, =7.22 x 10°. The rectangle box indicates varicose FIG. 13. Power spectral densities of PCB pressure signals along the streamwise
shape breakdown, and the circle one indicates sinuous shape breakdown. direction at (a) 6° and (b) 10° ramp angles with Re, = 7.22 x 10°.
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TABLE IV. The scaled ramp angle at each test condition.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

o* 3.6 4.6 4.9 2.7 3.7 5.5

frequency region with only a moderate peak that occurs between 250
and 300 kHz. This peak occurs at relatively low energy and does not
belong to any of Mack’s modes. In addition, the results of tube tunnel
calibration indicate the peak may be part of the background noise.
Therefore, no significant Mack’s modes are captured in experiments.
This may be ascribed to the relatively limited length of the flat plate
that may restrict the complete development of Mack’s modes within
the boundary layer. The noise would embed Mack’s modes at the early
stage. Similar findings are also reported by Benitez et al.”” Despite that,
the flow remains in a laminar state on the flat plate. Therefore, it
should not rule out the role of Mack’s modes, which will be discussed
in detail in Sec. IV D.

Downstream of the reattachment point, distinct patterns of PSDs
can be noticed in Figs. 13(a) and 11(b). For the 6° ramp case, the spec-
tra at the high-frequency range have higher energy levels along the
streamwise direction and the slope gradually shifts toward the —5/3
Kolmogorov roll-off line, indicating that the flow is experiencing the
transition process. While at a 10° ramp angle, the transition process
completes near x/L = 1.32, which indicates the flow is becoming turbu-
lent up there. As discussed earlier, for the 10° ramp angle case, the
breakdown of the streaks occurs at around x/L=1.4 [see Fig. 8(c)],
which is generally consistent with the PSD results. The same conclu-
sion can be drawn in other cases as well—that the location of the streak
breakdown generally matches the location where the PSD results indi-
cates the flow has transitioned to a turbulent state. It is clear now that
the transition process is closely associated with the evolution of
streamwise streaks. In general, the flow undergoes a transition process
in the streak region where streaks persist, then becomes turbulent
where the streaks break down. This highlights the important roles that
the streamwise streaks play in the transition process in SWBLI.

D. Physics on the formation of streamwise streaks

To further explore the originations of streamwise streaks that
appear on the ramp, the GSA and resolvent analysis have been

ARTICLE pubs.aip.org/aip/pof

conducted on the 2D base flow to describe the response of the flow to
global instability and external forcing, respectively. The comparison of
surface pressure coefficient C, on 2D base flow and experiments (see
Fig. 5) shows that a better agreement is achieved in the case with a
smaller ramp angle. One possible explanation for the disparity in the
size of the separation bubble may be the three-dimensional effects in
experiments, which are primarily attributed to the spillage flow at both
sides of the corner. In addition, the flows become transitional down-
stream of the reattachment point (see Fig. 9). In such conditions, the
2D steady solutions cannot predict the transitional flow features.
Another difference observed is that the pressure on the ramp is higher
than in numerical simulations. This may be due to the additional flow-
turning due to the boundary layer and the complex system of shock
waves generated by the interactions.’

Concerning global instability, Hao et al.” have established a crite-
rion based on a scaled ramp angle to evaluate the global stability of
compression corner flow. The scaled ramp angle, defined with the
actual ramp angle «, the Reynolds number Re;, and the free-stream
Mach number M., is based on the triple-deck theory, which was
developed by Neiland”’ and Stewartson and Williams.”* The scaled
ramp angle o" is expressed as follows:

ocReé/ 4 M, T

*

o = ) C= ) (12)
C1/40.332'/> (M2, — 1)"/* Hoo T

where C is the Chapman-Rubesin factor. o of each case in the present
study is presented in Table I'V.

According to the criterion established by Hao et al,,” the critical
scaled ramp angle 0" is at about 4.5, which denotes that the base flows
of cases 1, 4, and 5 are globally stable. In addition, based on Eq. (12),
the ramp angle o exhibits a greater influence on the change of «* com-
pared to Reynolds number Re;, which may indicate a greater potential
effect on the flow instability. Figure 14 presents the growth rates of the
most unstable mode as a function of spanwise wavelength A. The sta-
tionary modes are denoted by closed circles, indicating modes with an
angular frequency of zero, while oscillating modes are denoted by
opened circles, indicating modes with a non-zero angular frequency.
As shown in Fig. 14(a), the most unstable modes are all stationary
modes with negative growth rates for 10° ramp angle and Re; = 3.66
x 10° (case 1). For higher Reynolds number cases, the growth rates
reach positive values at peaks, indicating that the flows are globally
unstable. At Re; = 7.22 x 10° (case 2), the largest growth rates reach

() e ® .
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T 05k Y i
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positive values where the spanwise wavelength is around 25mm.
Oscillating modes appear at short wavelengths; however, those modes
maintain negative growth rates. At Re; =9.19 x 10° (case 3), two local
peaks occur. The major one corresponds to a stationary mode with the
same spanwise wavelength as in cases 1 and 2, while another one man-
ifests as an oscillating mode characterized by a smaller spanwise wave-
length, specifically around 9mm. In the above three cases, the
preferential wavelength remains unchanged at 25 mm, which is nearly
one order of magnitude larger than observed in experiments. This is
mainly because, in GSA, the disturbances are assumed to grow expo-
nentially in time, whereas the actual flow experiences an exponential
growth stage followed by a nonlinear saturation stage, eventually
reaching a quasi-steady state.”” Therefore, as discussed in Hao et al.,”
the global instability contributes to the formation of streaks, and the
second and higher harmonic modes and their corresponding complex
interactions dominate in the quasi-steady state, resulting in a smaller
preferential spanwise wavelength, as previously reported by Cao
etal'

For the 6° and 8° ramp cases (cases 4 and 5), the flows are glob-
ally stable, as illustrated in Fig. 14(b). However, two local peaks of the
growth rate occur at the 12° ramp case (case 6). The major growth rate
occurs when the spanwise wavelength is around 5 mm, which is a sta-
tionary mode. Note that the streamwise streaks observed in the glob-
ally unstable flow are the results of competition between global and
convective instability in experiments, as the effects of convective insta-
bility cannot be excluded from globally unstable flow.

Hence, to clearly clarify the role of convection instability, the
resolvent analysis is performed to investigate the convective instability
under globally stable cases. Figure 15 shows the contours of the opti-
mal gains in the space of L and w, for globally stable cases. Here, the
resolvent analysis is employed to investigate the characteristics of con-
vective instability in globally stable cases. Hence, the Reynolds num-
bers are not the same across different cases. The preferential spanwise
wavelength 4, is then obtained by A, = 2n/f. Two peaks occur in the
contours of all cases. The peak at the low-frequency region is in the
form of streamwise streaks, which have been extensively identified by
temporal and spatial analyses of transient growth in compressible
boundary layers.”” ®” Another local peak is observed on the axis of
PL =~ 90 at log;o(w,L/u..) =~ 1.4. This high-frequency optimal response
has a non-zero wavenumber, indicating that the disturbance has an
oblique wave structure referred to as Mack’s first mode.” In the

(a) log(c”) mmm—— (b)
3 7.4

6°, Re, = 7.22x 10°

log,(w,L/u,)

log(c?) F (c)
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literature, Bugeat et al.”® found Mack’s first mode, second mode, and
the streaks in a supersonic flat-plate boundary layer, while Hao et al.”’
identified Mack’s second mode and the streaks in a hypersonic com-
pression corner flow, under different conditions. In addition, the
highly compressible shear layer is known to exhibit 3D instabilities.””
Specifically, 3D Kelvin-Helmholtz instability is observed as being
amplified in the shear layer of shock-induced separated flows.”*”
Furthermore, global instability has the potential to support three-
dimensional flow bifurcation in a two-dimensional flow.'* In the pre-
sent study, resolvent analysis indicates that Mack’s first mode and
streaks are present in the globally stable flow. No additional three-
dimensional modes, such as Kelvin—-Helmholtz instability, are detected
in the resolvent analysis as well as in experiments. It could be because
the optimal gain of those three-dimensional modes is much less than
that of Mack’s first mode and streaks, or the 3D structures do not
develop in this condition.

To be specific, when the ramp angle is 6° (case 4) and 8° (case 5),
the maximum optimal gain is associated with MacK’s first mode, while
the optimal gain of streaks is relatively low but within the same order
of magnitude. However, for case 1, the maximum optimal gain of
streaks becomes larger than that of Mack’s first mode, indicating a
switch of the dominant mode of instability. For case 4, the streamwise
streaks achieved at around L = 240, which denotes that the preferen-
tial wavelength is 2.6 mm. The corresponding spanwise wavelengths
are 2.4 and 3.5mm for cases 5 and 1, respectively. As for Mack’s first
mode, the preferential wavelengths of cases 4 and 5 are all 7.0 mm,
while it increases to 9.0 mm in case 1. The preferential wavelength of
streaks obtained in the resolvent analysis is much closer to that
obtained by experiments. Yet, we cannot rule out the role of Mack’s
first mode, as it may undergo nonlinear resonance to generate streak
structures with twice the wavenumber, which can provide an initial
seed of Gortler instability.”” This nonlinear effect cannot be reflected
in linear resolvent analysis. Hence, the streaks identified in the resol-
vent analysis only imply one possible mechanism for the formation of
streaks, which cannot totally represent visualized streaks in the experi-
ments. The summary of the wavelengths of streamwise streaks
obtained in experiments, GSA, and resolvent analysis are compared in
Table V.

Figure 16 presents the optimal responses and corresponding forc-
ings of the most amplified streamwise streaks at w,L/u.,=0.01 in
Fig. 13. Concerning the flow response (see the left column in Fig. 16),
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FIG. 15. Contours of optimal gains in the space of spanwise wavenumber and angular frequency for (a) case 4, (b) case 5, and (c) case 1.
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TABLE V. Summary of the wavelengths of streamwise streaks obtained in experi-
ments and numerical simulations.

Resolvent
0 (°) Rer (x10°) Exp (mm) GSA (mm) analysis (mm)

Casel 10 3.66 38 25 3.5/9.0
Case2 10 7.22 34 25

Case3 10 9.19 2.9 25 cee
Cased 6 7.22 34 9 2.6/7.0
Case5 8 7.22 32 15 2.4/7.0
Case6 12 7.22 33 5

the kinetic energy is contributed mostly by the streamwise velocity per-
turbation, i.e., [t/| > [v/[ and [/| > |w/| (not shown here), denoting
that the response is in the form of streamwise streaks. Meanwhile, the
forcings in all cases are in the form of streamwise vortices with most of
the kinetic energy in the wall-normal and spanwise velocity compo-
nents (see right column in Fig. 16). Such a component-wise energy
transfer is usually attributed to the lift-up mechanism.” Note that the
perturbation is amplified in the shear layer, without interacting with
the separation bubble. This indicates that the effect of modal resonance
is insignificant.

To illustrate the spatial evolution of the optimal responses of
streaks, Fig. 17 shows the Chu energy density integrated in the wall-
normal direction along the model surface for the most amplified

ARTICLE pubs.aip.org/aip/pof

streamwise streaks. As can be seen in Fig. 17, there are two separate
stages of energy growth observed near the separation and reattachment
point, especially in Figs. 17(b) and 15(c), where the separation bubble
is relatively large. In contrast, the growth is considerably gentle at the
corner (x/L=1). The amplification process appears to be associated
with separation and reattachment processes, where the flow curvatures
are relatively high.

The resolvent analysis reveals that when the flow is globally sta-
ble, steady streamwise streaks may originate from the response to
external disturbances and MacK’s first mode. Concerning the external
disturbances, two possible mechanisms may support the formation of
streaks. The first one is the transient growth in the flat-plate boundary
layer (between the forcing position and the separation point), which is
mainly due to the lift-up mechanism. Another one is the significant
growth near the separation and reattachment points, which may be
associated with Gortler instability. In addition, the nonlinear interac-
tion between two opposite Mack’s first modes also has the potential to
support the formation of streamwise streaks.

V. CONCLUSION

Experiments were conducted in a Mach 4 Ludwieg tube tunnel to
investigate the laminar SWBLI over a compression corner. Schlieren
visualization, Rayleigh scattering technique, and surface pressure mea-
surements were employed in the present study. Then, GSA and resol-
vent analysis were carried out based on a 2D base flow solved by an in-
house solver to examine the underlying physics.

Streamwise streaks were observed downstream of the reattach-
ment region using the Rayleigh scattering technique. The evolution
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process of streaks, along with detailed flow structures, was also exhib-
ited by plotting streamwise profiles and slices at the boundary layer of
the ramp plate. The location where the streaks emerge moves upstream
as the ramp angle increases, while the mean length of streaks keeps
decreasing. Then, when the Reynolds number is varied at a fixed ramp
angle of 10°, a similar trend is noticed. Regarding the wavelength of
streaks, it nearly remains constant for different ramp angles, while it
decreases when the Reynolds number increases. There are two break-
down patterns observed, which are in sinuous shape and varicose
shape. Similar modes are found in the breakdown of Gortler vortices.
Clear evidence from pressure measurements and Rayleigh scattering
show that the flow is transitional at the streak region and turns turbu-
lent as the streaks break down. Therefore, it can be stated that the
laminar-turbulent transition process is associated with the streamwise
streaks.

The GSA results show that the flows of cases 1, 4, and 5 are
globally stable. However, GSA can only predict the preferential
spanwise wavelength in the exponential growth linear stage.
Hence, the preferential spanwise wavelength obtained by GSA is
not consistent with experiments. In terms of resolvent analysis,
two local maxima appear in all globally stable cases, namely Mack’s
first mode and streaks. The maximum optimal gain of streaks is
achieved at a spanwise wavelength range from 2.4 to 3.5mm,
which generally agrees with experimental observation. The prefer-
ential spanwise wavelength of Mack’s first mode is around
7-9 mm. Although the wavelength is larger, Mack’s first mode may
undergo nonlinear resonance, generating streak structures with
half of the wavelength, as an initial seed of Gortler instability. The
distributions of Chu energy density of the most amplified streaks
show that the amplification may associated with Gortler instability.
However, linear stability analysis and three-dimensional numerical
simulation will be employed in future work to further determine
the existence of Gortler instability.
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APPENDIX: GRID CONVERGENCE

The computational domain is a classical 2D configuration con-
taining a flat plat and a ramp.”*”’ As the flows become turbulent
before x/L =2.0 in all cases, the length of the ramp plate is set to
100 mm to reduce the computational cost. The computational grids
are constructed with three levels of grids, which include 600 x 200
(coarse), 800 x 300 (medium), and 1000 x 400 (fine) cells in the
streamwise and normal directions. The grid is refined near the sepa-
ration and reattachment region. The normal spacing at the wall is
2 x 1077 m to guarantee the grid Reynolds number on the order of
magnitude of one at all test conditions. Figure 18 compares the sur-
face distributions of skin friction coefficient C; obtained in the three
levels of grids at a 10° ramp angle with Re; =7.22 x 10°. The skin
friction coefficient Cyis defined by

Tw

C=—— Al
T 05p 2 (A1)

where 7,, is the surface shear stress. The results indicate that the

medium level of grids is enough to ensure grid independence.
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