4
& «aerospace
i P

Article

Effect of Spanwise Dynamic Micro-Vortex Generators on
Hypersonic Shock Wave/Turbulent Boundary Layer Interaction

Xiaohui Li *, Hongliang Xiong, Zhan Huang, Hongwei Wang and Shaojie Ren

Academic Editor: Tze How New

Received: 30 April 2026
Revised: 12 June 2026

Accepted: 22 June 2026
Published: 29 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license.

China Academy of Aerospace Aerodynamics, Beijing 100074, China
* Correspondence: chenxiyue@caaa-spacechina.cn

Abstract

The shock wave/boundary layer interaction (SWBLI) is a common flow phenomenon in
high-speed aircraft flow fields. It is important to control the separation caused by SWBLI.
This paper investigates the influence of spanwise periodic-motion micro-vortex genera-
tors (MVGs) on SWBLIL. A combination of particle image velocimetry (PIV), high-fre-
quency Schlieren and fluorescent oil-film visualization was employed to analyze the in-
teraction region of a flat plate compression ramp model. The incoming flow Mach number
was 6, and the MVGs oscillation frequencies were 10 Hz, 30 Hz and 50 Hz, respectively.
The results reveal that neither the presence nor the spanwise oscillation in the MVGs fun-
damentally altered the separation-reattachment flow structure. Nonetheless, both factors
contributed to an increase in boundary layer thickness and an expansion of the absolute
size of the separation region. The trailing vortices generated by the MVGs exerted a stabi-
lizing influence on near-wall turbulent structures, resulting in a reduction in surface fric-
tion drag. However, the drag reduction effect diminished as the oscillation frequency in-
creased, corresponding to a weakening of the trailing vortex strength. Additionally, the
MVGs and their spanwise oscillation modulated the low-frequency energy distribution of
the flow, amplifying the low-frequency oscillation peak associated with the separation
shock and raising the time-averaged oscillation position.

Keywords: micro-vortex generators; spanwise oscillation; flow separation; low-frequency
oscillation; shock wave/boundary interaction

1. Introduction

Shock wave/boundary-layer interaction (SWBLI) is a complex flow phenomenon
commonly observed in the internal and external flows of supersonic and hypersonic ve-
hicles. It can induce flow separation, cause distortions in the flowfield, and lead to a re-
duction in the total pressure recovery coefficient [1-3]. Additionally, SWBLI can induce
unsteady oscillations in the flowfield, resulting in excessive local aerodynamic forces and
heat fluxes, which may lead to the unstart of air-breathing engine inlets [4]. Therefore, the
effective control of SWBLI is crucial for ensuring the safe and stable operation of high-
speed vehicles.

MVG:s, as a passive flow control method, are commonly used to induce streamwise
vortices by arranging structures such as delta shapes, ribs, wedges, or ramps on the wall
surface. Such streamwise vortices effectively enhance momentum exchange between the
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boundary layer and free stream, thereby suppressing flow separation, improving aerody-
namic lift-drag performance, and optimizing heat transfer characteristics. In the 1960s,
Schubauer and Spangenberg [5] systematically investigated the mechanism by which vor-
tex generators enhance momentum mixing within boundary layers through the genera-
tion of streamwise vortices, thereby revealing the fundamental principle underlying
boundary layer separation control using vortex generators. Meanwhile, in a seminal
study, Pearcey [6] systematically elucidated the physical mechanism of shock-induced
boundary layer separation and its prevention, explicitly highlighting the great potential
of vortex generators for mitigating shock-induced separation, and thus laying the theoret-
ical foundation for subsequent research. However, conventional vortex generators can
reach a height on the order of the local boundary layer thickness, which, in supersonic
and hypersonic flows, leads to non-negligible wave drag and additional aerodynamic
heating. To overcome this engineering bottleneck, Lin et al. [7-9] first reported the control
effect of small-scale vortex generators on turbulent boundary layer separation and sys-
tematically reviewed the research progress of low-profile vortex generators for boundary
layer separation control, formally facilitating the extension of MVG applications from sub-
sonic to supersonic and hypersonic regimes. Current research on vortex generators pri-
marily focuses on their intrinsic characteristics [10-12] and control effectiveness [13-16] in
SWBLI. For instance, Verma et al. [17] experimentally investigated the influence of various
MVG sizes and shapes on oblique SWBLI. The configurations examined included Ashill,
Anderson, split-Anderson, trapezoidal, and ramp—vane designs, with MVG heights set at
30% and 50% of the local boundary layer thickness. Their findings indicated that different
MVG geometries effectively reduced the separation zone size at a Mach number of 2.05.
Similarly, Babinsky et al. [18] explored the control performance of ramp-vane MVGs at
Mach 2.5 in a simplified inlet oblique SWBLI scenario. The study demonstrated that MVGs
of varying heights yielded comparable control effects; however, larger ramp configura-
tions were associated with increased momentum deficit thickness and a substantial rise in
profile drag.

MVGs demonstrate effective flow control primarily under design-specific conditions
but exhibit limited efficacy in mitigating flow separation when operating under off-design
scenarios. To break through this limitation, recent studies have focused on developing
hybrid and dynamic control strategies to optimize MVG control performance. Zhang et
al. [19] conducted numerical analyses on the combined effects of ramp-type MVGs and
transverse jets. Their investigation into the flow structures associated with this ramp—jet
configuration revealed that the wake thickness and flow momentum over the ramp are
pivotal factors governing jet penetration capability; specifically, reduced momentum and
increased wake thickness facilitate enhanced jet penetration. However, this study did not
assess the hybrid control method’s effectiveness in suppressing flow separation. Zhao et
al. [20] examined the control mechanisms and flow-field structures of dynamic MVGs
(Dy-MVGs) in supersonic SWBLI at a Ma = 4. The findings indicated that the downstream
movement of the MVGs at certain velocities substantially diminishes the localized high-
pressure regions induced by shock waves, with greater downstream velocities producing
more pronounced control effects. Furthermore, Zhao et al. [21] investigated the applica-
tion of normal-direction oscillating Dy-MVGs to control SWBLI at compression ramps un-
der incoming Mach numbers of 2.5 and 3.5. The results demonstrated that Dy-MVGs at-
tenuate the strength of separation shocks within the interaction zone, amplify fluctuating
pressure and low-frequency energy characteristics, and induce dynamic variations in both
the separation shock angle and shock foot position over an extended range. These effects
collectively demonstrate the superior control of SWBLI compared to conventional MVGs.
Wang et al. [22,23] explored the influence of dynamically oscillating vortex generators,
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oscillating normally to the wall, on flow separation within supersonic inlets. They ob-
served that the periodic modulation of MVG strength enhances mixing between the
boundary layer and the free stream. The oscillatory processes, characterized by “extru-
sion” and “suction” effects, continuously energize the airflow, leading to a significant im-
provement in the velocity distribution within the boundary layer. Consequently, the
length of the separation bubble was reduced by 31.76%, and the total pressure recovery
coefficient of the inlet was increased.

Nonetheless, it is important to acknowledge that although micro-vortex generators
substantially reduce additional drag compared to conventional vortex generators, they
still contribute to increased wall friction. Research efforts aimed at mitigating the addi-
tional drag induced by vortex generators remain limited. MVGs exert control over flow
separation and unsteady shock wave dynamics by generating streamwise vortices that are
closely linked to wall flow characteristics. The use of periodically oscillating plates, a tech-
nique initially identified by [24], has been shown to reduce wall friction by modifying
near-wall flow behavior. Their study revealed that when the lower plate in a channel os-
cillates periodically at specific frequencies and amplitudes, a significant reduction in wall
friction is achieved. Yao et al. [25] conducted numerical investigations into the effects of
periodically oscillating plates on compressible channel wall friction at Mach numbers of
0.3,0.8, and 1.5. They observed that for Mach 0.3 and 0.8, drag reduction initially increased
with oscillation period, reached a peak, and subsequently declined. In contrast, at Mach
1.5, drag reduction continued to increase with the oscillation period. Sun et al. [26] ex-
plored the influence of spanwise periodically oscillating plates on the flow structure and
unsteady characteristics of incident SWBLI. Their findings indicated that spanwise oscil-
lations shift the probability density peak of the angle between streamwise and spanwise
shear from (0° to approximately 80°-90°, facilitate energy transfer from low-frequency to
high-frequency components, and effectively suppress low-frequency motions. Moreover,
the penetration height of these spanwise oscillations was approximately 4% of the sepa-
ration bubble height, thereby exerting minimal impact on the overall flow structure.

Consequently, combining the two control strategies of spanwise oscillation and
MVG:s, this study proposes a configuration of dynamic MVGs that oscillate periodically
in the spanwise direction. Experimental investigations were performed on the SWBLI
over a flat plate compression ramp utilizing PIV, fluorescent oil-film visualization, and
high-speed Schlieren photography. The influence of spanwise oscillation vortex genera-
tors operating at various frequencies on the effects of SWBLI was systematically exam-
ined.

2. Experimental Arrangement and Method
2.1. Design of the Spanwise Oscillation MV Gs

An oscillatory drive system for a vortex generator was developed, as illustrated in
Figure 1. This system primarily consists of an electric motor, a cam and cam bearing as-
sembly, and cross-roller guide rails. The motor actuates the rotation of the camshaft,
which in turn produces the periodic spanwise motion of the vortex generator. Operating
at a maximum rotational speed of 4000 rpm, the design integrates cross-roller guide rails
between the vortex generator and the driving mechanism to substantially minimize re-
sistance during the reciprocating spanwise movements. This optimized arrangement fa-
cilitates high-precision spanwise oscillations in the vortex generator by efficiently convert-
ing rotational motion into linear displacement while maintaining low frictional losses.
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Figure 1. The structure of spanwise oscillation MVGs.

2.2. Experimental Model

As shown in Figure 2, the flat plate had a sharp leading edge to avoid local separa-
tion. Its length and width were L = 240 mm and W = 112 mm, respectively. The ramp had
a height of 20 mm and a compression angle of 42 degrees to generate a relatively robust
strong shock interaction region, and it was positioned 200 mm downstream of the flat-
plate leading edge. The vortex generators were designed with a triangular wedge profile,
featuring a height of h = 6 mm. The spanwise spacing between two neighboring MVG

units was AMVG =9 mm. The dimensionless height was 10y _ (25, According to Saad
etal. [27] and Wu et al. [28], MVGs with this height can efficiently help the boundary layer
to resist reverse pressure gradients, thereby contributing to the flow separation control.
The entire array was symmetrically arranged along the spanwise direction and positioned
78 mm downstream from the leading edge of the model. The spanwise oscillation ampli-
tude of MVGs was 3 mm in the experiment.

l. T [ x |
i 200mm L
1>
B
112mm | | 60mm | D || SPanwise
[ oscillation
D
«|D

MVG array

9mm

Figure 2. The model’s schematic and design parameters. (a) Three-dimensional digital model; (b)

front view and top view; (c) the parameter of the MVGs; (d) the experimental model.
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2.3. Experimental Environment

The experiment was conducted in a hypersonic transient blow-down wind tunnel
[29,30] whose cross-section has a size of 170 mm x 170 mm. The maximum duration of the
wind tunnel test was 90 s. The side and top of the wind tunnel have optically illuminated
windows. The nominal incoming-flow Mach number was set as Ma- = 6, and the total for
temperature and pressure was 453 K/2 Mpa. A steel compression ramp model, consisting
of a flat plate and a ramp, was placed flush with the nozzle outlet of the wind tunnel. The
incoming flow is a turbulent boundary layer with a unit Reynolds number of
Re, =2x10"m™" . Table 1 shows the specific experimental methods and conditions. For the

spanwise oscillatory motion of the MVGs, the reduced frequency & = U£ is further in-

troduced for characterization, where f is the forcing frequency of MVGs, L is a character-
istic interaction length, and U, is the freestream velocity.

Table 1. experimental condition.

Number Experimental Methods Experimental Condition = Reduced Frequency
1 no MVG /
2 PIV add MVG /
3 fluorescent oil-film visualization f=10Hz 0.0007
4 high-speed Schlieren photography f=30Hz 0.0021
5 f=50Hz 0.0033

2.4. Experimental Equipments and Layout

The flow field was experimentally investigated through a combination of particle im-
age velocimetry (PIV), fluorescent oil-film visualization, and high-speed schlieren pho-
tography, thereby yielding comprehensive data on the spatial and surface flow character-
istics of SWBLI.

(1) PIV

The PIV system employed an SM-CCDBIM17 CCD camera with a spatial resolution
of 3388 pixel x 2712 pixel, configured with an inter-frame time of 400 ns and a sampling
frequency of 5 Hz. An Nd:YAG high-energy dual-exposure pulsed laser served as the il-
lumination source, operating at a central wavelength of 532 nm with a maximum pulse
energy output of 600 mJ. The PIV system employed an CCD camera(B3420, Imperx, Flor-
ida, America) with a spatial resolution of 3388 pixel x 2712 pixel, configured with an inter-
frame time of AT =400 ns, and a sampling frequency of 5 Hz. A total of 300 valid particle
images were acquired, from which 150 instantaneous velocity fields were calculated.
These instantaneous fields were then ensemble-averaged to obtain the time—-mean velocity
field. A Nd:YAG(Vlite-600, Beamtech, Canada) high-energy dual-exposure pulsed laser
served as the illumination source, operating at a central wavelength of 532 nm with a
maximum pulse energy output of 600 m]J. Titanium dioxide (TiO2) powder with a nominal
diameter of 50 nm was used as tracer particles. Due to particle agglomeration, the effective
mean diameter was approximately 200 nm, estimated according to the laboratory envi-
ronment. The Stokes number of these tracer particles was approximately St = 0.03, below
the recommended threshold of St =0.05 for accurate flow tracking [31]. Figure 3a,b present
the front and top views of the PIV measurement arrangement, respectively. The laser sheet
illuminates the flow field through the top window of the wind tunnel, and the camera
captures images through the side window.

The measurement uncertainties were evaluated for PIV configurations, primarily
considering those arising from camera calibration, straddle time, and velocity fields. The
maximum particle offset within the straddle frames is about 9 pixels. The calibration error
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is 0.1 pixels, and the corresponding measurement uncertainty is 0.8%. The straddle-
frame time control uncertainty of the synchronous controller is +0.25 ns, corresponding to
a measurement uncertainty of 0.083%. The maximum measurement uncertainty for mean

]=0'u/\/;

normalized velocity fluctuation u/U., and N is the number of uncorrelated snapshots. In

velocity was calculated by & , in which “« is the standard deviation of the

the present study, the maximum v in the free stream flow region is 0.018, correspond-
ing to measurement uncertainties 0.15%.

(2) Fluorescent Oil Film

The oil-film measurement apparatus primarily comprised an ultraviolet (UV) illumi-
nation subsystem and an imaging unit. The UV light source was emitted at a central wave-
length of 365 nm, delivering an irradiance of 14,000 uW/cm? at a working distance of 380
mm, while exhibiting excellent scattering uniformity. Temporal intensity fluctuations
were constrained to less than 0.03 ms through precise optical modulation. The imaging
camera employed was identical to that used in the PIV system, with a sampling frequency
of 12 Hz. A total of 300 valid images were acquired with a camera exposure time of 15 ms.
Figure 3c presents a schematic of the oil-film measurement arrangement. Both the camera
and the light source were placed at the top window of the wind tunnel to provide illumi-
nation and capture images.

Since the calculated results are relative skin friction distributions without a true value
for reference, the uncertainty of the oil-film method was evaluated using repeated meas-
urement deviations. The main sources of uncertainty in the oil-film measurements origi-
nate from the illumination uniformity of the light source and the computational model.
Under different test conditions, the same light source intensity and illumination direction
were used; therefore, the effect of illumination uniformity is negligible. The computational
model mainly involves the temperature-induced change in oil viscosity and the lack of
validity of the governing equation due to oil-film thickness variations. The wind tunnel
freestream temperature was measured using an SBWR temperature sensor with an accu-
racy of 0.2%. At a freestream total temperature of 453 K, the resulting temperature devia-
tion is 0.1 K, which has a negligible effect on the oil viscosity. In addition, the oil-film
thickness applied on the surface ranged from 40 to 80 pm. Using the mean standard devi-

(e Y

i=1

&, =
ation

. LT T. .
n—1 ,inwhich "/ iswall shear stress, ' is the averaged wall shear
stress, and n is the number of experiments, the combined uncertainty of the relative skin

friction calculation is better than 3%.
(3) High-Speed Schlieren System

A Z-type Schlieren system was used to visualize the unsteady shock motion in the
SWBLI region. The sampling rate was 10 kHz, obtained using a high-speed camera (Pho-
tron FASTCAM Nova 512, Tokyo, Japan) with a resolution of 1024 pixels x 1024 pixels. In
the measurement, 21,821 experimental images were collected and the camera exposure
time was 100 ps.
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Figure 3. Experimental layout: (a) PIV-front view; (b) PIV-top view; (c) fluorescent oil film.

3. Results and Analysis
3.1. Results of PIV

Figure 4 shows the time-averaged velocity contours and streamlines of the experi-
mental cross-section under different flow conditions. As the flow approaches the corner,
the velocity becomes negative, indicating flow separation. Notably, the introduction and
oscillation of MVGs do not alter the overall flow structure, which maintains a typical sep-
aration-reattachment pattern. Table 2 presents the boundary layer thickness under corre-
sponding to the different operating conditions. The introduction of the MVGs results in a
substantial increase in boundary layer thickness, whereas variations in spanwise oscilla-
tion frequency exert a negligible influence on it.
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Figure 4. The time-averaged velocity contours and streamline. (al)-(a5) Dimensionless u velocity
components, (b1)-(b5) dimensionless v velocity components. Rows from top to bottom correspond
to the results without MVGs, with MVGs(stationary), and with MVGs oscillating at f=10 Hz, f=30
Hz, and f =50 Hz. The black dashed line denotes the location of the separation shock.
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Table 2. The boundary layer thicknesses.

Condition Boundary Layer Thickness
no MVGs 24.0 mm
With MVGs 28.6 mm
oscillation frequency f=10 Hz 29.2 mm
oscillation frequency f= 30 Hz 29.1 mm
oscillation frequency f=50 Hz 29.2 mm

We aimed to accurately obtain the separation position psp, where the velocity direc-
tion near the wall changes from a positive value to a negative.

The separation point is primarily determined by a change in streamwise velocity.
Taking the freestream direction as a positive, the streamwise velocity remains positive
upstream of the separation zone, consistent with the freestream direction. Once the flow
enters the separation region, the streamwise velocity reverses and becomes negative.
Three consecutive vector points following the separation point are used as verification
points to exclude potential erroneous velocity vectors, which must align with the velocity
direction of the separation point. Based on this verification criterion, the positions of the
separation point under different conditions can be obtained by Formula (1):

Psep = u(x,y) > 0@u(x + 1,y) < 0@u(x + 2,y) < 0@u(x +3,y) <0 @D

in which u(x,y) is the streamwise velocity value at position (x,y). To eliminate errors
caused by velocity measurements near the wall, the separation point location was deter-
mined using the velocity value at u(x,2), as shown in Figure 5, where dis denotes the dis-
tance from the separation point to the corner leading edge, and dis/J, is non-dimension-
alized by the boundary layer thickness under the different conditions of no MVGs, with
MVGs, and with spanwise oscillations at frequencies at f=10 Hz, f=30 Hz, and f=50 Hz,
respectively. The results show that the introduction of the MVGs results in an upstream
shift in the absolute separation point location. Conversely, the spanwise oscillations of the
vortex generator exhibit negligible influence on the position of flow separation. Further-
more, dis/d, decreased by about 4% and the dis/d, remained nearly unchanged at dif-
ferent spanwise oscillation frequencies.

1.90 r r r r r 52
1.85}F —m— dimensionless thickness
—m— boundary layer thickness 150
1.80 F
1.75}F . 48
[ ] ] \.
1.70} \-/ 146
& 165} = g
<] | =
hS T i =2
1.60 \_/ . 4 g
1.55} 1o
n
1.50 F
{40
1.45}F
1.40 38

no generator add generator f=10Hz f=30Hz f=50Hz

experimental condition

Figure 5. The separation position.
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Figure 6a—c show the velocity profiles at x = =60 mm (located in the pre-separation
region), x = —40 mm and x = -20 mm (located within the separation region). This shows
the velocity profiles becoming increasingly full with the addition of, and oscillations in,
the MVGs. These disrupt the striped structure of the turbulent boundary layer, leading to
excessive energy dissipation. As a result, the ability to resist separation is further reduced,
resulting in an enlargement of the absolute size of the separation zone. Figure 7 compares
the shape factor in the range from x = -67 mm to x =-50 mm, denoting the pre-separation
region. In the absence of the MVGs, the shape factor H shows minimal variation at loca-
tions relatively distant from the separation zone. However, when approaching the sepa-
ration zone, the shape factor progressively increases due to the intensification of the ad-
verse pressure gradient. Upon the introduction of the MVGs, prior to position x1 = -57.8
mm, the shape factor is lower compared to the scenario without the MVGs, suggesting
that the wake vortex induced by the MVGs enhances turbulent fluctuations. Beyond po-
sition x1, the H exceeds that of the case without the MVGs, indicating a reduced capacity
to resist flow separation. Furthermore, as the MVGs begin to oscillate, shape factor H cor-
respondingly rises, with the location shifting upstream to x3, implying that the spanwise
oscillations in the MVGs diminish the turbulence regularization effect, thereby further re-
ducing the flow’s resistance to separation.

no generator add generator f=10Hz ——f=30Hz —/=50Hz
1.2 (b) 1.2
: c
@) 1.0 1.0 ( )
0.8 0.8
0.6 & 0.6
<) D
S 04 S 04
0.2 0.2
0.0 0.0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
y(mm) ¥(mm) y(mm)

Figure 6. Velocity profile at different positions: (a) x = -60 mm; (b) x = —40; (c) x = -20 mm.

18.0 T T T T T T T T T
17.5 - —=—no generator ]
170~ add generator |
’ ——{=10Hz
165 —— f=30Hz -
—— {=50Hz
16.0 - .
15.5 -
T
15.0 -
145 b ! .
0 : :
14.0 | N ' -
! t
Vo '
- ] -
13.3 x3=-622 ! x2=-61.2 L x1=-57.8
13.0 | | ' | L] | I: 1 1 1 1

x(mm)

Figure 7. The changes in shape factor, x1, x2, and x3 denote the streamwise positions where the
shape factor exceeds that of the case without MVGs, corresponding to added MVGs of 10 Hz and
30 Hz, respectively.
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The proper orthogonal decomposition (POD) method [32] was used to conduct a
modal analysis of the flowfield. As shown in Figure 8, the cumulative energy of the first
five modes approaches 70%, which can be considered the dominant flow modes. Specifi-
cally, the first mode accounts for over 40% of the total mode energy, the second mode
contributes approximately 10% and the third mode contributes about 5%, while the en-
ergy of the remaining modes is below 5%. This indicates that the first three modes can be
regarded as the absolute dominant modes governing the flow characteristics. Upon the
introduction of the MVGs, the energy contributions of the first and second modes in-
creased. However, as the oscillation frequency increased, the energy contributions of the
first and second modes gradually decreased and approached the values observed without
MVGs. From the fourth mode onward, the difference in energy contributions became neg-
ligible, indicating that the MVGs and oscillation primarily regulate the distribution of low-
frequency energy.

T T T T
05k —=— no generator | |
’ 0.4 —o— add generator
; —— f=10Hz
—v— f=30Hz
local 0.3 +— f=50Hz
0.4+ i magnificaiton . 1
0.2
=]
203F 0.1 1
= .
5]
o
2
a
=0a | 0.03 i
EJU.Z
o
£ 0028
0.01
0.1 i
0.00
6 8 10 12 14 16 18 20
. : ____________________ I;c;l_n;af_:n;ﬁ_c;i(;]; ______ :
0.0 R L o "
1 1 N f 1
0 5 10 15 20
modes

Figure 8. Modal energy percentage of the first 20 modes.

Figure 9 shows a schematic of the interactions in the compression ramp interaction
region. Based on the combined Schlieren and PIV results, this indicates the positions of
the separation shock, reattachment shock, and separation bubble, and is used to guide the
analysis of the dominant energetic structures in the POD modes. Figure 10 shows the
pseudo-color maps depicting the first-third-order POD modes of the streamwise velocity
under different flow conditions. The results indicate that the flow structures of the first
three modes remain similar, suggesting that the MVGs and their spanwise oscillations do
not significantly alter the flow structures, which aligns with the results obtained from the
PIV. The first mode has the largest energy share and is located inside the separation shock.
This is attributed to the unsteadiness of the separation bubble. The second and third
modes exhibit alternating positive-negative convective structures. They are nearly iden-
tical in shape but spatially phase-shifted. Their energy shares are close to each other, in-
dicating that the second and third modes represent the primary regions of convective flow
activity, with similar energies but orthogonal spatial phases. The alternating positive-neg-
ative structures are located close to the separation shock and the reattachment shock, re-
spectively, suggesting that they are associated with the unsteadiness of both shocks. Ad-
ditionally, with the introduction of the MVGs and their spanwise periodic motion, the
spatial mode coefficients increase, and the fluctuating region becomes more concentrated.
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Figure 10. Pseudo-color maps: (a(1)-a(5)) the first-order POD modes correspond to the results with
no MVGs, added MVGs, f=10 Hz, f=30 Hz and f= 50 Hz, respectively;(b(1)-b(5)) the second-order
POD modes; (c(1)-c(5)) the third-order POD modes.

3.2. Results of Fluorescent Oil Film

Figure 11 shows the captured fluorescent oil-flow images. The left portion of the im-
age presents the original field of view, whereas the right portion displays the grayscale-
enhanced compression ramp oil-film image, corresponding to the zone enclosed by the
blue dashed box in the left half. The relatively low grayscale intensity observed in the
compression ramp region of the original image is attributed to the increased entrainment

https://doi.org/10.3390/aerospace13070587


https://doi.org/10.3390/aerospace13070587

Aerospace 2026, 13, 587 13 of 21

of the oil film by the incoming flow. A clear separation line is discernible within the sepa-
ration zone. Owing to the limited spanwise expansion effect, the separation line exhibits
a “bow-shaped” distribution along the spanwise direction. Compared to the case without
MVGs, the presence of MVGs results in an upstream shift in the separation line and a
downstream delay of the reattachment line. By comparing Figure 11b—e, it is evident that
the spanwise oscillation in the MVGs has negligible impact on the position and morphol-
ogy of both the separation and reattachment lines, indicating that the spanwise oscilla-
tions do not alter the flow structure within the interaction region.

vortex separation corner reattachment

generator line ' line

(a)

(b)

(c)

(d)

(e)

Figure 11. The oil-film images: (a) without MVGs; (b) with MVGs; (c) f=10 Hz; (d) f=30 Hz; (e) f=
50 Hz.
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Figure 12 illustrates the distribution of oil-film intensity along the z-direction at x =
—-80 mm. In the absence of MVGs, the oil-film intensity does not exhibit notable periodic
variation. However, a distinct periodic pattern emerges in the intensity distribution after
the introduction of the MVGs. The regions of higher intensity correspond to the oil-film
convergence induced by the trailing vortices of MVGs. The observation indicates that the
striped structures characteristic of the turbulent boundary layer are regularized by trailing
vortices, thereby reducing their ability to resist boundary layer separation. Following the
oscillation in the MVGs, the periodic nature of the oil-film intensity distribution remains
unchanged, but the spanwise intensity fluctuations are reduced. This suggests that the
oscillation primarily modifies the anisotropy along the z-direction.

1200 . : .

no vortex generator
add vortex generator
1000 - —— £=10Hz

800
= 600

400 WIF

200 -

=40 —20 0 20 40
z(mm)

Figure 12. Distribution of spanwise oil-film gray intensity at x =-80 mm.

Surface friction drag can be calculated by establishing a relationship between fluo-
rescent intensity and oil-film thickness [33]. Using a variational iteration-based global op-
tical flow computation method [34,35], wall friction drag was calculated to obtain friction
drag distributions on the model surface under different oscillation frequencies. It should
be noted that the friction drag represents relative values and is not identical to the true
friction drag value. Nonetheless, it is suitable for comparative analyses of friction drag
variations across different flow conditions. The computational zone is shown in Figure 13.
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Figure 13. Schematic of the computational domain for surface friction drag.The red dashed box
indicates the computational domain, and the white dashed lines show the relative positional rela-

tionship between the computable region and the vortex generators

Figure 14 illustrates the time-averaged surface relative skin friction distribution and
streamline patterns. Analysis of the streamlines reveals that the flow is uniformly distrib-
uted prior to separation in the absence of MVGs. The introduction of MVGs induces dis-
tinct nodal points at the position of the separation line due to the influence of trailing
vortices. Simultaneously, the intensified trailing vortices impinge upon the separation
line, forming small-scale vortex structures. Notably, the spanwise-uniform region along
the separation line becomes larger after adding MVGs. Subsequent spanwise oscillation
in the MVGs results in the near-disappearance of the nodes and the small vortex structures
at the separation line are also diminished significantly. This demonstrates that oscillation
enhances spanwise flow uniformity, reduces the strength of trailing vortex, and weakens
impingement on the separation line. Furthermore, the separation line morphology ap-
proaches that observed without MVGs with an increase in the oscillation frequency. From
the friction distribution contour, it can be observed that adding MVGs reduces the relative
streamwise, spanwise, and total relative surface friction. On the one hand, the suppression
of turbulent fluctuations by the organized trailing vortices decreases streamwise friction.
On the other hand, the improved spanwise flow uniformity achieved by the MVGs lowers
spanwise friction. However, following the oscillation in MVGs, friction increases relative
to the stationary MVGs case. As oscillation frequency rises, the relative surfaces friction
progressively approaches the values observed without MVGs.

Fr u Fr vy
-10 -6 -2 2 6 =5 25 0 2.5 5
b(l)_ = .

A — =1

-80  —60
h(Z)_S =25

-80 —60 -40 20
b(4)_5 -2.5 0
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Figure 14. Surface relative friction distribution and streamline patterns: Streamwise (a(1)-a(5)),
spanwise (b(1)-b(5)), and total (c(1)—c(5)) relative friction for cases with no MVGs, added MVGs,
and with MVG oscillating at /=10 Hz, /~<30Hz, and /=50 Hz.The red dashed line marks the separation
line.

The surface relative friction drag Fr was spatially averaged over the spanwise range
(-25 mm < z <25 mm), where the separation line exhibits approximately two-dimensional
characteristics along the z direction. As shown in Figure 15, both the introduction of
MVGs and the oscillation can reduce the surface friction drag. The static configuration
yields the strongest drag reduction. Additionally, oscillation modifies the streamwise po-
sition of the maximum friction drag, shifting it from x = =20 mm (without MVGs) to x =
=30 mm (with MVGs). This indicates that MVGs influence not only the flow upstream of
the separation region but also the flow within the separation zone. Notably, near the cor-
ner (x =0 mm), oil accumulation causes errors in the calculated relative friction drag am-
plitude, warranting caution when interpreting this region.

9 no vortex generator
add vortex generator
2 ~— f=10Hz

7 -— f=30Hz

f=50Hz

x(mm)

Figure 15. The relative friction along streamwise.The dashed lines mark the streamwise locations

of the maximum relative friction.

3.3. Results of High-Speed Schlieren

Figure 16a illustrates part of one snapshot of the Schlieren image to show the instan-
taneous separation shock. Following the method proposed by [36], the separation shock
at a particular wall-normal layer can be detected by locating the streamwise position,
where the grayscale intensity abruptly deviates from the mean value before that point,
ie,

Bl1(x,y) = Io(x, ) + agy,(x,y) )

in which Iy(x,y) is the mean grayscale intensity upstream the separation shock at the po-
sition of (x, y), 0y,(xy) is the corresponding standard deviation, and the dimensionless co-
efficient a controls the level of the intensity deviation. Figure 16b illustrates that such a
shock detection method can accurately detect the front edge of the separation shock. From
the sSchlieren images shown in Figure 16a, the separation shock is observed to occur ap-
proximately straight outside the near-wall region of the boundary layer, with the peak
pixel grayscale occurring at the shock location (Figure 16b). Accordingly, by fixing a wall-
normal height y and analyzing the streamwise grayscale distribution, the streamwise po-
sition of the separation shock is identified as the point of maximum grayscale. Repeating
this procedure at different wall-normal positions yields a set of discrete points along the
separation shock, which are then fitted to a straight line. The intersection of this line with
the wall gives the location of the shock foot, and the slope of the line defines the separation
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shock angle f, both of which are key geometric parameters depicting the unsteady mo-
tion of the separation shock.

0 v ‘ !
-80 —60 —40 -20 0 -80 ~60 —40 -20 0
x(mm) x(mm)

Figure 16. (a) One snapshot of an instantaneous Schlieren image; (b) the corresponding streamwise
profiles of gray intensity I(x) at y =7.5 mm and y = 15 mm.Yellow dashed: y-position; Green dashed:

streamwise location of max. grayscale intensity; Red dashed: separation shock

A windowed-averaged FFT method was applied to perform a single-point power
spectral density analysis of the high-speed Schlieren images. The window type was
Gausswin, with a window duration of 0.05 s and an overlap ratio of 50%. The sz, =FI/U,
was used to characterize the shock oscillation characteristics, where F is the low-frequency
oscillation frequency of the separation shock, L is the separation zone length, and the
freestream velocity U, is taken as the reference velocity. Figure 17 shows the pre-multi-
plies spectra of the time-series signals of I(t:x,y) atx =-19 mm, y =15 mm on the mean
front edge of the separation shock. Due to the limited sampling frequency, spectral infor-
mation beyond St > 0.25 is not resolved in the present measurement, but previous studies
have shown that the unsteadiness separation shock motion appears in the frequency range
of Str =0.02-0.05 [37]. Figure 17(a) presents the low-frequency oscillation spectrum of the
separation shock without MVGs, revealing a broadband oscillation within Stz = 0.025-
0.055. Upon introducing MVGs and spanwise oscillation (Figure 17(b)—(e)), the dominant
Sto shifts to approximately 0.04, exhibiting a prominent peak and significantly narrowed
bandwidth. This indicates that both static and oscillating MVGs can modulate the low-
frequency energy distribution, resulting in an enhancement of the spectral concentration
of the shock oscillation. However, the reduced frequency of MVGs is still low compared
to the St associated with low-frequency shock oscillations, and does not fundamentally
change the low-frequency oscillation characteristics of the separation shock.

Schlieren images are further analyzed by POD to obtain a reduced-order representa-
tion of the shock motion. Using POD, the fluctuating grayscale intensity field I (x,t) is
decomposed into N discrete POD modes:

I'(x,t) = XY A, (OP;(x) 3)

inwhich A;(t) is the time coefficient of the ith POD mode and ¥;(x) is the corresponding
spatial eigenfunction.

Figure 18(al)—(d1) illustrate the pre-multiplied spectra F¥, ,F¥,, and spatial eigen-
functions ¥3,,¥, with rows from top to bottom corresponding to the cases of no MVGs,
added MVGs and spanwise oscillations of 10 Hz, 30 Hz and 50 Hz, respectively. As
shown in the left two columns of Figure 18, low-frequency oscillations within the range
of 600-1100 Hz are observed, which correspond to the translational motion of the separa-
tion shock according to Zhang et al. [38]. The St ranges from approximately 0.025 to 0.055,
which aligns with the results from single-point POD analysis. The spatial eigenfunction
contours shown in the right two columns of Figure 18 indicate a slight upward shift in the
time-averaged oscillation position of the shock (displayed by the dashed green line), sug-
gestively indicating that the enlarged separation zone elevates the mean shock oscillation
position, consistent with the results obtained by PIV.
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Figure 17. The pre-multiplied spectrum of the separation shock motion: (a) no MVGs; (b) added
MVGs; (c) f=10 Hz; (d) f= 30 Hz; (e) f= 50 Hz.The blue and yellow boxes denote the St. ranges of

the separation shock without and with vortex generators, respectively
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Figure 18. Pre-multiplied spectra F¥, (al)-(a5), Pre-multiplied spectra F¥,, (b1)—(b5), spatial
eigenfunctions ¥; (c1)—(c5) ,spatial eigenfunctions ¥, (d1)—(d5) for cases with no MVGs, added
MVGs, and with MVG oscillating at /=10 Hz, /~30Hz, and =50 Hz.The blue boxes denote the oscil-
lation ranges of the separation shock. Blue dashed: time-averaged oscillation position of the separa-

tion shock; Black dashed: relative positions of the time-averaged separation shock
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4. Conclusions

This paper adopts PIV, high-speed Schlieren photography, and oil-film visualization
techniques to capture the spatial and surface flow structures associated with SWBLI over
a flat-plate compression ramp. The influence of spanwise oscillation MVGs on SWBLI is
systematically examined. Furthermore, through comparative analysis, the characteristics
and mechanisms under different conditions are clarified. The main conclusions are sum-
marized as follows.

(1) Theintroduction and spanwise oscillation of the MVGs do not alter the flow structure
within the interaction region. However, they contribute to an increase in boundary
layer thickness and shape factor, which leads to an expansion of the absolute separa-
tion zone. Notably, due to the three-dimensional nature of the vortex generators, the
PIV observations represent the mean features in this plane, and local three-dimen-
sional effects cannot be ruled out.

(2) Compared with the baseline case without MVGs, the fluorescent oil-film measure-
ments reveal relative variations in wall shear stress distributions induced by
spanwise oscillation MVGs. The measured relative wall friction remains lower than
that of the baseline configuration, and the relative reduction in wall friction gradually
diminishes with increasing oscillation frequency.

(3) The Stv. of the separation shock ranges approximately from 0.025 to 0.055 in the ab-
sence of MVGs. The introduction of MVGs and their spanwise oscillations further
modulates the distribution of low-frequency energy, enhancing the oscillation peak
and concentrating the Str around 0.04. Additionally, the MVGs force the separation
shock to increase, resulting in a higher time-averaged oscillation position.

Given that the reduced frequency of the vortex generators lies between 0.0007 and
0.0033, compared to the Strouhal number of 0.025-0.055 for the low-frequency shock os-
cillation in a conventional flat-plate compression ramp, the broadband nature of the shock
oscillation is narrowed, but the low-frequency oscillation itself is not effectively sup-
pressed. In future work, the spanwise periodic oscillation frequency of the MVGs could
be further increased so that the reduced frequency covers the full range of low-frequency
oscillations or reaches the order of the convective time scale of the interaction region,
thereby enabling the exploration of forced oscillation control effects on dynamic flow
structures and unsteadiness.
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