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Abstract

This paper presents an experimental investigation of unsteady phenomena in shock
wave/boundary-layer interaction on natural laminar flow airfoils at transonic speeds.
Two airfoils of different relative thickness were studied over a Mach number range of
M = 0.62-0.72 using high-speed schlieren visualization, unsteady pressure transducers,
and Particle Image Velocimetry (PIV). Two distinct self-sustained periodical oscillation
modes were identified. The first mode is a low-frequency oscillation analogous to classical
turbulent buffet. The second modes are higher-frequency phenomena linked to oscillations
of the laminar separation bubble. A key finding is a novel periodical oscillation regime,
which accompanies the first/second mode, and represents laminar-turbulent transition
point detaches from the normal shock wave, generating a new shock wave. The results
show that the domiN/At mode and its characteristics depend strongly on the airfoil ge-
ometry, Mach number, and angle of attack, indicating a more complex transonic buffet
behaviour in the presence of extensive laminar flow.

Keywords: transonic buffet; laminar flow; shock wave-boundary layer interaction; flow
separation; buffet modes; laminar separation bubble; experimental aerodynamics

1. Introduction

The problem of transonic buffet has attracted significant attention due to both its
practical importance for aviation and the insufficient level of understanding of its under-
lying physical mechanisms. Transonic buffet manifests as a quasi-periodic motion of the
shock wave that terminates the supersonic region, which typically develops on the upper
surface of an airfoil. This phenomenon is a source of substantial unsteady loads on aircraft
structures [1-3]. Comprehensive reviews of the current state of research on buffet can be
found in [4,5].

A large number of studies, primarily experimental, have been dedicated to this phe-
nomenon, conducted in wind tunnels using models of both straight and swept wings. Given
its practical implications, the main focus has been on wing buffet where the boundary layer
is fully turbulent. A key outcome of these investigations has been the development of
empirical criteria for the onset of the transonic buffet regime, which has partially addressed
flight safety concerns [6].

Nevertheless, despite the extensive body of experimental data, a consensus regarding
the root causes and the precise mechanism of this phenomenon is still lacking. Currently,
two primary approaches exist to explain the mechanism of self-sustained shock wave
oscillations on a wing airfoil at transonic speeds.
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The first approach explains the self-sustained shock wave oscillations on an airfoil
in transonic flow through the existence of a feedback loop [5,7,8]. Under certain condi-
tions, a sufficiently strong interaction between the shock wave and the boundary layer
induces flow separation. Due to the unsteady nature of this separation, large-scale turbu-
lent structures are generated in the interaction zone. These structures are then convected
downstream towards the airfoil’s trailing edge. Their interaction with the developing
wake generates acoustic disturbances, known as upstream traveling waves (UTW), which
propagate upstream. Upon reaching the shock wave, these disturbances force its displace-
ment, thereby closing the feedback loop and establishing cyclic flow oscillations around the
wing. Studies [4,5] provide analytical estimates of the characteristic frequency; however,
their application requires detailed flow-field data in the vicinity of the airfoil, which are
typically unavailable in experiments. Nevertheless, available statistical data suggest that
the characteristic Strouhal number is approximately Sh =~ 0.06-0.07.

The existence of this mechanism has been confirmed through both experiments [8-14]
and numerical simulations [15-17]. It has been demonstrated that UTWs behave as acoustic
waves propagating upstream at a velocity on the order of 1 — Uw (i.e., close to the speed
of sound relative to the freestream). UTWs are weakly inclined waves, clearly observable
along their entire path from the trailing edge to the shock wave region. Their wavelength
is a fraction of the airfoil chord (typically between 0.2 c and 0.5 ¢, depending on the flow
regime), which is consistent with the observed buffet frequency and the acoustic phase
speed. Furthermore, studies have shown that accurate prediction of the loop frequency
requires accounting for UTW propagation along both the upper and lower surfaces of
the airfoil.

The approach proposed by Crouch et al. [18,19] links buffet to a global flow instability,
interpreting it as a global mode of the steady RANS solution that becomes unstable at high
Reynolds numbers. By linearizing the URANS equations around a stationary base flow and
computing the spectrum of the Jacobian operator, a pair of complex-conjugate eigenmodes
is identified. At the onset of the buffet boundary, the real part of the leading eigenvalue
for this mode crosses zero, and in the unstable regime, a distinct frequency and spatial
structure of the oscillations emerge. On 2D airfoils, this mode is localized within the shock
wave-boundary layer interaction zone and the separation bubble.

This theory provides a quantitatively accurate criterion for the onset of self-sustained
oscillations in terms of Mach number and angle of attack. A key aspect of this approach is
that the frequency parameters and mode shapes of the buffet are obtained without requiring
an explicit acoustic feedback loop. This is because the feedback mechanism is inherently
embedded within the global linear operator; both acoustic and convective mechanisms, as
well as the shock-separation interaction, are automatically captured in the linear spectrum.
This methodology can be readily extended to the case of three-dimensional buffet [20].

The preceding brief review demonstrates that 2D turbulent buffet is now relatively
well-understood. However, the flow physics become significantly more complex when a
substantial laminar region is present in the boundary layer [21]. The utilization of natural
laminar flow (NLF) airfoils offers the potential for a substantial reduction in overall aircraft
drag. A primary concern, however, is that a laminar boundary layer’s heightened sensitivity
to adverse pressure gradients may lead to a laminar buffet phenomenon of greater intensity
than its turbulent counterpart. Despite this concern, the characteristics and regimes of
transonic buffet for flows with extensive laminar boundary layers have not been thoroughly
investigated [22].

To date, these concerns regarding the severity of laminar buffet have been partially al-
leviated. Experimental studies [23,24] have revealed significant differences in the frequency
and amplitude of transonic buffet between turbulent and laminar cases. Under turbulent
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conditions, large-scale shock oscillations were observed over a significant portion of the
wing model. In contrast, for the laminar case, oscillations were confined to the vicinity
of the laminar separation bubble, and the pulsation frequency increased by an order of
magnitude compared to the turbulent scenario [23,24]. Similar unsteady behavior for a
laminar airfoil was demonstrated in the experimental work of [25].

However, this emerging consensus is not uN/Aimous. Certain investigations, such
as [22], have reported no significant difference in shock oscillation behavior between
laminar and turbulent transonic buffet.

This problem has been addressed more extensively in numerical studies. For instance,
an attempt was made in [26] to identify the mechanism of “laminar transonic buffet” and
contrast it with “classical” turbulent buffet. Using Large Eddy Simulation (LES) for a
laminar flow regime, the study confirmed the existence of shock wave oscillations with
an amplitude of 0.06 c and a Strouhal number of Sh ~ 1.2—a frequency nearly an order
of magnitude higher than that expected for classical turbulent buffet. Notably, no low-
frequency oscillations were observed.

The authors proposed a mechanism for laminar transonic buffet that is not related to a
global instability mode of the Crouch type. Instead, they attributed it to a high-frequency
“breathing” of the laminar separation bubble, which is intrinsically coupled with the shock
wave-boundary layer interaction (SWBLI) mechanism [27,28].

Subsequently, for a different airfoil, low-frequency laminar buffet regimes were suc-
cessfully captured using DNS in studies [29,30]. A modal analysis conducted in this work
revealed the presence of a low-frequency mode involving oscillations of the shock wave
and the separation zone. This mode was linked to the global instability mode previously
identified in [18]. Furthermore, it was demonstrated that the self-sustained motion of
the separation bubble is not the cause of laminar buffet. In subsequent research by the
same group [31], which employed implicit LES, a parametric study of laminar buffet was
conducted. It concluded that laminar buffet is indeed a result of the established global
instability mechanism.

In later investigations [31,32] focusing on the V2C laminar airfoil, two distinct modes
were identified: (1) a low-frequency buffet mode, and (2) a high-frequency “wake mode”
associated with the breathing of the separation bubble, which does not induce significant
shock wave motion. A similar result was obtained for the OALT25 airfoil [33], where, in
addition to the two aforementioned modes, an intermediate-frequency separation-bubble
mode was discovered. These studies also found that laminar buffet exhibits a classical
Mach number dependence characteristic of turbulent buffet. Moreover, it was shown that
the bubble mode has a Strouhal number linked to the bubble length and the reverse flow
velocity, making it more sensitive to the Reynolds number than to the Mach number. The
breathing process itself is highly non-trivial due to a complex phase dependence between
flow separation and reattachment. In summary, a consensus is emerging from these studies
that several competing oscillation modes can coexist in the laminar regime. Consequently,
the results of [23] should be interpreted not as evidence of a fundamentally distinct “laminar
buffet” phenomenon, but rather as the manifestation of a specific bubble mode within the
broader buffet dynamics.

An interesting effect was found in [34], which investigated the influence of pertur-
bations generated by an electric discharge located near the leading edge on the transonic
buffet realized on NLF airfoils. It was shown that, at least up to Sh = 1, the frequency of
the transonic buffet becomes equal to the frequency of the introduced perturbations. The
data obtained indicate a significant influence of the perturbations impinging on the leading
edge on the transonic buffet realized at NLF airfoils.
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In summary, numerical studies have significantly advanced our understanding of the
origin of different laminar buffet modes. However, the limited set of experimental data
leaves open questions regarding the potential existence of additional oscillation regimes in
such flows. These regimes are likely influenced by specific airfoil characteristics and the
particular features of the laminar-turbulent transition on the surface.

It can be hypothesized that the airfoil geometry, in combination with freestream condi-
tions, exerts a strong influence on the emergence and development of the various oscillation
modes present in laminar buffet. The present study aims to extend the understanding of this
influence and to elucidate the underlying physical processes associated with laminar buffet.

2. Experimental Setup

The experiments were conducted in the T-325 transonic wind tunnel at ITAM SB RAS.
The facility’s test section allows for Mach number adjustment in the range of M = 0.55-0.72
(Figure 1). Investigations were performed at a stagnation temperature of T ~ 293 K and
two specific stagnation pressure values, Py = 50 kPa and 70 kPa. The test section dimensions
are 200 mm (width) by 208 mm (height). The Mach number was regulated by rotating an
elliptical body (referred to as the “second throat”) positioned downstream of the model
location. A mirror was installed behind the second throat to introduce the laser sheet for
the PIV measurements.

Figure 1. Overall view of the wind tunnel test section.

Two natural laminar flow (NLF) airfoils of differing geometries were employed in
this study (Figure 2). The models were mounted on a specialized holder designed for
precise adjustment of the angle of attack (AoA) (Figure 3). The investigation focused on the
transonic buffet phenomenon across an AoA range of 4° to 6.5°. The primary distinction
between the two airfoils is their thickness-to-chord ratio t/c, where t is the maximum
thickness and c is the chord length. For Model 1, t /¢ ~ 14.3% (c = 70 mm), and for Model 2,
t/c~10.2% (c = 83 mm). For Model 1, the chord based Reynolds numbers within the Mach
range M = 0.65-0.7 were Re = 0.42-0.44 x 10° at Py = 50 kPa and Re = 0.59-0.62 x 10° at
Py =70 kPa. These relatively low Reynolds numbers were selected to accentuate viscous
effects and to ensure a laminar state of the incoming boundary layer.

The primary experimental data used to characterise transonic buffet were obtained
from unsteady pressure transducers. To measure surface pressure fluctuations, both models
were instrumented with two CPC15A pressure transducers, each offering a time response

of 0.1 ms. The sensors were mounted at the following non-dimensional chord location:
X/c=0.42 and 0.56 for Model 1, and X/c = 0.34 and 0.57 for Model 2.
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Figure 2. Schematic drawing of the airfoils.

I

Figure 3. Photograph of the model installed in the wind tunnel test section.

Preliminary Computational Fluid Dynamics (CFD) simulations were utilized to de-
termine optimal overall dimensions of the experimental models and their appropriate
positioning within the test section, effectively avoiding wind tunnel choking. A 5 mm gap
was maintained between the model ends and the test section sidewalls to mitigate potential
sidewall flow separation effects.

The secondary measurement techniques employed were schlieren visualization using
a high-speed camera and Particle Image Velocimetry (PIV). The thickness of the laser sheet
was approximately 0.7-1 mm. For the PIV measurements, DEHS microparticles with an
average diameter of 0.9 um, served as flow tracers. Velocity fields were reconstructed
from acquired particle images using cross-correlation adaptive algorithms incorporating
continuous window shifting and iterative grid refinement. Mean velocity distributions
and turbulent statistics were calculated from ensembles of 2000 instantaneous velocity
fields, acquired at a frequency 15 Hz. The low sampling rate of the PIV system precluded
the investigation of time-resolved velocity dynamics. Consequently, the PIV data were
used solely to derive statistical moments, namely the first moment (time-averaged velocity
fields) and the second moment (root-mean-square velocity fields). It should be noted
that, in the present setup, the maximum resolvable frequency is limited by particle inertia
rather than by the acquisition rate. According to the authors’ estimates, the tracer particles
(approximately 0.9 pm in diameter) were capable of resolving velocity fluctuations at
frequencies of at least 200 kHz.

Within the investigated velocity range, particle inertia poses a significant challenge.
One primary issue is the low particle concentration within the laminar boundary layer [35],
which may lead to substantial errors in velocity estimation in this region. This limitation
must therefore be taken into account when interpreting the PIV results. However, it is
estimated that particle inertia did not lead to gradient smearing exceeding 1-3 mm. Given
the selected field of view, this effect does not introduce significant distortions in the inviscid
or turbulent regions of the flow. For schlieren visualization, a Phantom V310 high-speed
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camera was used, operating with a frame rate of 8-13 kHz and an exposure time ranging
from 3-10 us. A 35-watt xenon lamp provided the necessary light source. The models
themselves were manufactured from PEEK (polyether ether ketone) plastic. All experiments
were conducted under natural laminar flow (NLF) conditions.

3. Experimental Results

Figure 4 presents a schlieren visualization for Model 1, which has a relative thickness
of 14.3%. A bright white line near the surface of model, indicative of the laminar boundary
layer, is clearly visible adjacent to the model surface, extending upstream of the shock
wave. Downstream of the normal shock wave, the presence of vortex structures signifies flow
transition to turbulence. The dashed line denotes the oblique shock wave induced by the
increasing displacement thickness within the laminar separation bubble. This shock wave
will hereafter be referred to as the leading shock wave.

Figure 4. Schlieren visualization of the transonic buffet flow field for Model 1. The dashed line
indicates the oblique shock wave generated by the laminar separation bubble (leading shock wave).
(a) downstream position of the normal shock wave, (b) upstream position of the normal shock wave.

For the flow regime presented in Figure 4 (Model 1), large-scale oscillations of the
separation zone and the shock wave were observed at angles of attack higher than 4.5-5°.
The specific angle for the onset of these oscillations was dependent on the freestream Mach
and Reynolds numbers. This unsteady behavior was analogous to classical transonic buffet
and is hereafter referred to as Mode 1. The application of a turbulator delayed the onset
of transonic buffet to higher angles of attack. This low-frequency laminar transonic buffet
mode was only detected for Model 1, a result that may be attributable to the limited range
of Mach numbers and angles of attack investigated in this experimental series.

A second unsteady periodic mode, designated as Mode 2, was identified on all models.
A representative example is provided in Figure 5 for Model 2, which has a relative thickness
of approximately 10.2%. This mode is associated with self-sustained oscillations of the
laminar separation zone and its associated leading shock wave, indicated by the dashed line
in Figure 5. It is noteworthy that the angles of attack for the onset of large-scale shock
oscillations for the thicker airfoil (Model 1) were similar to those at which the self-sustained
oscillations of the separation zone commenced for the thinner airfoil (Model 2). In the exper-
iments conducted with Model 2, the classical transonic buffet (Mode 1) was not observed.
While some low-frequency oscillations were detected at high angles of attack—where the
normal shock wave had shifted significantly toward the leading edge—these pulsations were
non-harmonic in nature.
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Figure 5. Instantaneous schlieren visualizations illustrating oscillations of the laminar separation

zone for Model 2. The dashed line denotes the leading shock wave. (a) maximum and (b) minimum
size of laminar separation bubble.

Figure 5 illustrates the unsteady flow over Model 2, capturing instantaneous states
of the maximum (left) and minimum (right) extent of the separation bubble. During the
minimum-bubble state, the associated oblique shock wave is nearly absent. This oscillatory
phenomenon had a negligible impact on the wake flow downstream of the shock wave and
did not induce significant oscillations in that region. Furthermore, the amplitude of the
separation zone oscillations diminished with decreasing angle of attack.

For both the first and second unsteady modes, laminar-turbulent transition occurs
at the point where the trailing (normal) shock wave interacts with the boundary layer.
When the level of incoming flow unsteadiness is increased—for instance, by introducing
small surface roughness—the transition location relative to the normal shock wave shifts
only slightly; however, the extent of the laminar separation bubble is significantly reduced.
The laminar turbulent transition near the normal shock wave is driven by high amplification
rates of disturbances developing within the laminar boundary layer under the influence of
an adverse pressure gradient at transonic Mach numbers [36,37]. The rapid exponential
growth of these disturbances leads to an abrupt boundary layer transition in the vicinity of
the shock. Only in cases of weak shock waves (at lower Mach numbers or smaller angles
of attack) can the transition location shift downstream of the normal shock wave; however,
transonic buffet is not observed under these specific regimes.

In experiments on Models 1 and 2, a new unsteady process was identified, character-
ized by a laminar-turbulent transition location that was decoupled from the normal shock
wave position. As this phenomenon was identified solely through schlieren visualization
data and exists exclusively in conjunction with either Mode 1 or Mode 2, it was decided not
to categorize this regime as a distinct or separate mode. This unsteady process similarity
with Mode 2, specifically the upstream and downstream movement of the shock wave
associated with the expansion and contraction of the laminar separation zone. However,
a key distinction exists: in this case, the transition point does not remain fixed but shifts
upstream concurrently with the shock wave as the separation zone grows. A rapid increase
in displacement thickness, associated with the transition process, leads to the generation
of a new oblique shock wave. This shock wave will hereafter be referred to as the LT
(laminar-turbulent transition) shock wave. The unsteady regime associated with LT shock
wave oscillations will be called LT oscillations.

Figure 6 provides an example of these oscillations for Model 1. The left and right sides
of the figure correspond to the instantaneous states of minimum and maximum separation
zone extent, respectively. As evident from the figure, at the maximum separation zone
extent, a new oblique shock wave—LT shock wave (indicated by the green dashed line) is
observed in addition to the leading shock wave (red dashed line). This new shock is generated

https://doi.org/10.3390/aerospace13020120


https://doi.org/10.3390/aerospace13020120

Aerospace 2026, 13, 120

8of 17

by the upstream shift of the transition point, which is now decoupled from the trailing
shock wave.

(@) (b)
Figure 6. Instantaneous schlieren visualizations of the laminar-turbulent transition point oscillations
for Model 1. The red and green dashed lines indicate the oblique shock waves generated by the

laminar separation bubble (leading shock wave) and the upstream transition point (LT shock wave),
respectively. ((a) small and (b) maximum size of laminar separation bubble).

To further elucidate the dynamics captured by schlieren visualisation, the present
paper is accompanied by Supplementary Material consisting of four video files for Model 1.
The files Video S1 and Video S2 illustrate the periodic shock-wave oscillations characteristic
of Mode 1 and Mode 2, respectively. The file Video S3 shows the onset of the LT oscillation
regime superimposed on the Mode 2 oscillations. Finally, Video 54 presents a regime
characterised by the simultaneous occurrence of Mode 1, Mode 2, and LT oscillations.

To investigate the origin and evolution of the oscillations associated with this unsteady
modes, the shock wave motion was tracked over time. This was achieved by plotting the
schlieren image intensity along a defined curve (Figure 7) for a sequence of frames, as
shown in Figures 8 and 9. An example of such a curve is provided in Figure 7 (blue line).
This curve was defined parallel to the model surface and offset from it by a distance of
20 pixels. In Figures 8 and 9, and all subsequent data, the streamwise coordinate (X) is
defined with its origin (X = 0) at the model’s leading edge.

Figure 7. Sample schlieren image with an analysis line. The blue line indicates the location where the
image intensity was extracted to generate the space-time diagrams in Figures 8 and 9.
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Figure 8. The shock wave position vs. time for model #1 at M = 0.69 and Py = 0.7 bar ((a)—« = 5°,
(b)—a =5.5°).
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Figure 9. The shock wave position vs. time for model #2 at Py = 0.5 bar and « = 5° ((a)—M = 0.7,
(b)—M = 0.68).

For both models at Mach numbers below 0.64, no periodic shock wave oscillations
were detected. When the angle of attack was increased to approximately 8 degrees for
Models 1 and 2, chaotic shock wave oscillations emerged near the leading edge. On both
models, periodic oscillations corresponding to the second unsteady mode (Mode 2) were
identified as the Mach number increased. A representative case for Model 2 is shown in
Figure 9b, where the periodic motion of the leading shock wave in the range of X = 10-30 mm
at a frequency of approximately 1300 Hz is clearly visible. During these oscillations, the
normal shock wave remains relatively fixed at X ~ 40 mm.

An increase in the Mach number from M = 0.68 to M = 0.70 caused the normal shock
wave to move downstream. While the oscillations of the leading shock wave persisted in
the range of X = 10-40 mm, they were joined by additional oscillations between X = 40
and 55 mm. These higher-streamwise oscillations are attributed to the newly identified LT
oscillations, driven by oscillations in the laminar-turbulent transition position. Furthermore,
the onset of LT shock wave periodical oscillation was observed at lower Mach numbers when
the angle of attack was increased from 4 to 7 degrees.

Model 1 exhibits trends similar to those of Model 2. However, at an angle of attack of
5 degrees and a Mach number of M = 0.69, the first unsteady mode (Mode 1) was identified.
An example of the normal shock wave oscillations associated with Mode 1 is presented in
Figure 8a. The dark and light bands, which exhibit a sinusoidal pattern, correspond to the
low-frequency oscillations (2300 Hz) of the normal and leading shock waves, respectively.
Under certain flow parameters and angles of attack, the unsteady modes can coexist, which
is also confirmed in the additional materials in the file Video S4. For instance, in Figure 8a,
the low-frequency oscillations of Mode 1 are superimposed with the higher-frequency
oscillations (approximately 1500 Hz) characteristic of Mode 2. A further increase in the
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angle of attack from 5 to 5.5 degrees (Figure 8b) resulted in a transition of the shock
wave oscillation regime from Mode 1 to Mode 2 with LT oscillations. As clearly shown
in Figure 8b, prominent vortex structures emerge in the wake as the leading shock wave
collapses, coinciding with the maximum extent of the separation bubble (see Video S3).

The main quantitative data were obtained using pressure sensors. Figures 10 and 11
present the power spectral density (PSD) of the wall pressure fluctuations measured near
the normal shock wave. Distinct peaks in the spectra are clearly visible and are associated
with the periodic oscillations of the separation zone and the shock wave. For Model
2 at a stagnation pressure of 0.5 bar (Figure 11a), the domiN /At pulsation frequencies
correspond to those extracted from the schlieren visualizations for the leading shock wave
in Figure 9a, thereby validating the measurement technique. An increase in stagnation
pressure (Figure 11b) amplifies the oscillations of Mode 2 and enhances the low-frequency
(<400 Hz) broadband content.

4000 -
4000 1
—— M=0.69 i
3000 - M=0.68 M=0.69
M=0.67 3000 - M=0.68
2 . M=0.66 L M=0.67
% w i M=0.66
;:2000 = ‘gg
g S 2000 -
a T )
Q .
1000 —
1000 —
0 _ﬁr J}‘/\i T | T T T A| \M& J
0O 04 08 12 16 2 OT— T T T T T T T1 T
f, kHz 0 04 0.8 1.2 1.6 2
f, kHz
(a) (b)

Figure 10. Power spectral density of surface pressure of the model 1 at X/c = 0.56 and P = 0.7 bar
((@)—o=5°, (b)—a =5.5°).

6000 -}

1 M=0.70

M=0.69

%34000' M=0.68
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a _
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Q
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0'%?"' L N

0 04 08 12 18 2 0 04 08 12 16 2
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Figure 11. Power spectral density of surface pressure of the model 1 at X/c = 0.57 and « = 5°
((a)—Pg = 0.5 bar, (b)—P( = 0.7 bar).

The data in Figure 10 confirm the transition from the transonic buffet (Mode 1) to a
regime dominated by Modes 2 as the angle of attack increases from 5° to 5.5°. In Figure 10a,
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the primary pulsations occur at approximately 300 Hz (Mode 1), while at the higher angle
of attack (Figure 10b), the spectral peak shifts to approximately 1500 Hz (Mode 2). A
reduction in the Mach number results in a decrease in pulsation amplitude. It is noteworthy
that this reduction in Mach number does not produce a significant shift in the domiN /At
frequency (the change is less than ~10%), despite a substantial change (approximately 1.5
to 2.5 times) in the extent of the laminar separation zone.

Figures 12 and 13 present the compiled pressure sensor data for Model 1. The solid
and dashed lines correspond to stagnation pressures (Py) of 0.5 bar and 0.7 bar, respectively.
The Strouhal number was defined as Sh = f-c/ V), where V}, is the freestream velocity, and
f is the frequency of the transonic buffet mode. Figure 12a illustrates the influence of the
Mach number and angle of attack on the frequency of the first (classical) transonic buffet
mode. It is evident that an increase in the Mach number from 0.66 to 0.69 primarily results
in a twofold increase in frequency. An exception is the case at a 6.5° angle of attack and
Py = 0.5 bar, for which the oscillation frequency remains independent of the Mach number.

0.12
0.11 0.1
01} 0.09
0.09 . 0.08
n.m
& 0.08} & oo07
Q
0.07+ 0.06
0.06 0.5
051/ - 0.04
oosl/ . |
0.04 ‘ ‘ ‘ ‘ ‘ 0.03 ‘ & : : ' ]
066 0.665 067 0675 068 0.685 0.69 066 0.665 067 0675 068 0685 0.69
M M
(a) (b)

Figure 12. Effect of Mach number on the first transonic buffet mode (Mode 1) for Model 1:
(a) Strouhal number (Sh), and (b) dimensionless oscillation amplitude (solid line—Py = 0.5 bar,
dashed line—Pg = 0.7 bar).

—e—a=4.5°

—8—=5°

0.1 —b—=5.5°

—o—a=6.5°
a=5°(mod#2)

0.66 0.67 0.68 0.69 0.7 0.66 067 068 0.69 0.7
m M
(a) (b)

Figure 13. Effect of Mach number on the second transonic buffet mode (Mode 2): (a) Strouhal number
(Sh), and (b) dimensionless oscillation amplitude (solid line—Py = 0.5 bar, dashed line—P; = 0.7 bar).

A plausible explanation for this behavior is the diminished influence of the Mach
number on the parameters of the turbulent wake developing downstream of the normal
shock wave at high angles of attack. The characteristics of the turbulent wake are expected
to be critical in establishing the feedback mechanism necessary for self-sustained periodic
oscillations. At lower angles of attack, the thickness of the turbulent wake increases with
the Mach number, which likely influences the characteristic oscillation frequency.

Figure 12b displays the oscillation amplitudes measured by the pressure transducer.
When analyzing this graph, it is crucial to note that the sensor was installed at a fixed
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position, X/b = 0.56. Since the position of the shock wave system changes with variations
in the angle of attack and Mach number, the data in Figure 12b cannot be used for a
quantitative assessment of the influence of these parameters on the amplitude of the
transonic buffet oscillations. Nevertheless, these data can be valuable for comparing the
experimental results with computational simulations. However, it can be concluded that an
increase in the Reynolds number (stagnation pressure) leads to a decrease in the amplitude
of pressure fluctuations on the surface of the model.

Figure 13a presents the non-dimensional frequencies corresponding to the second
transonic buffet mode (Mode 2). Data for Model 2 are also included in this figure (green line).
The plot clearly reveals that the frequency of Mode 2 is largely insensitive to variations in the
angle of attack and Mach number. Furthermore, this mode is characterized by a significantly
higher frequency—approximately 5 to 10 times greater—than the first (classical) oscillation
mode (cf. Figure 12a).

As noted previously, the extent of the laminar separation increases substantially with
both the angle of attack and Mach number. Since Mode 2 is primarily associated with
oscillations of the laminar separation zone and its associated leading shock wave, a significant
influence of the separation size on the oscillation frequency would be expected; however,
no such correlation is observed. Resolving this discrepancy requires further investigation.
A comparison of Figure 12b with Figure 13b indicates that the oscillation amplitudes of the
first and second modes are of comparable magnitude.

The data presented in Figures 12 and 13 are compiled in Tables 1-4. The N/A entry
denotes cases in which Mode 1 or Mode 2 oscillations were not detected, either because
they were absent or because their amplitude was insufficient to be distinguished from
sensor noise in the PSD spectra. Each cell in these tables is divided diagonally into two
sections. In each cell the top-left section corresponds to the first (classical) transonic buffet
mode (Mode 1), while the bottom-right region corresponds to the second (high-frequency)
mode (Mode 2). Cells highlighted in green indicate flow conditions where an additional LT
oscillations occurred, driven by oscillations of the boundary layer transition point relative to
the normal shock wave. The LT oscillations could not be detected from the pressure transducer
readings and was identified exclusively through schlieren visualization. As a result, the
identification of this oscillation mode is subject to uncertainty, since the data were analysed
manually. The compiled data indicate that LT oscillations emerges when the intensity of the
normal shock wave increases.

Table 1. Strouhal number of transonic buffet at Py = 0.5 bar (In each cell, the upper-left region
represents Mode 1, the lower-right region represents Mode 2, and green cells denote LT oscillations).

M\a © 4.5 5.0 5.5 6.5
0.66 N/A 0.0460 N/A 0.0536
N/A N/A 0.4866 0.5288
0.67 0.0843 0.0920 N/A 0.0536
N/A 0.4751 0.4713 0.5211
0.68 0.1111 0.0996 N/A 0.0536
0.4751 0.4751 0.4675 0.5135
0.69 0.0996 0.0996 N/A N/A
0.4675 N/A 0.4636 0.5518

Representative example of the streamwise velocity and its root-mean-square (RMS)
fluctuations for Model 1 are presented in Figures 14 and 15. Due to the limited number
of PIV experimental runs, the resulting data should be regarded as preliminary and are
used here only to provide qualitative support for the primary measurements. The dashed
line denotes the sonic line (M = 1) contour. It is evident that an increase in the Mach
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number from M = 0.67 to 0.70 results in a significant growth of the boundary layer thickness
downstream of the normal shock wave. Furthermore, this Mach number increase leads to the
emergence of high-amplitude fluctuations within the normal shock wave region (Figure 15b).

Table 2. Strouhal number of transonic buffet at Py = 0.7 bar (In each cell, the upper-left region
represents Mode 1, the lower-right region represents Mode 2, and green cells denote LT oscillations).

M\a © 4.5 5.0 5.5
0.66 N/A 0:0460 N/AN/A 0.55560.0460 0.5441
0.67 N/A 0.0013 0.55180'0920 0.5288N/A 0.5288
0.68 N/A 0.0%20 0_52880'0996 0.5863N/A 0.5594
0.69 N/A e 0.5824N/A 0.5748N/A 0.5594

Table 3. Dimensionless amplitude of transonic buffet at Py = 0.5 bar (In each cell, the upper-left region
represents Mode 1, the lower-right region represents Mode 2, and green cells denote LT oscillations).

M\a ° 4.5 5.0 5.5
0.66 N/A 0.0461 N/A 0.0816
N/A N/A 0.0282 0.0292
0.67 0.0826 0.0690 N/A 0.0467
N/A 0.0437 .0727 0.0328
0.68 0.0695 0.0969 N/A 0.0387
0.0632 0.0513 0.0853 0.0311
0.69 0.0633 0.1088 N/A N/A
0.0559 N/A 0.0735 0.0275

Table 4. Dimensionless amplitude of transonic buffet at Py = 0.7 bar (In each cell, the upper-left region
represents Mode 1, the lower-right region represents Mode 2, and green cells denote LT oscillations).

M ° 45 5.0 5.5 6.5
0.66 nva o P N/AN/A 0.03520'0371 0.0415
iy N 0047 0‘03230.0318 0.0383N/A —
e Na 06l 0'02240.0470 0.0242N/A .
0.69 N/A - 0_0326N/A 0,0498N/A 0.0309

The sharp increase in boundary layer thickness in the wake of the shock wave-
boundary layer interaction (SWBLI) is the most plausible cause for the establishment
of the feedback mechanism required for the first oscillation mode (Mode 1). Conversely,
the thinner Model 2 likely does not generate a sufficiently thick wake, at least within the
Mach number range investigated in this study. This would explain the absence of Mode 1
for Model 2, but further research is needed.
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Figure 14. Mean streamwise velocity fields for Model 1 at Py = 0.7 bar and o = 5.5°: (a) M = 0.66,
(b) M = 0.68. The dashed line indicates the sonic line (M = 1).

Figure 15. RMS of the streamwise velocity fluctuations for Model 1 at Py = 0.7 bar and o = 5.5
(a) M =0.66, (b) M = 0.68. The dashed line indicates the sonic line (M = 1).

The origin of the high-frequency second mode (Mode 2) is most likely the presence of
the laminar separation bubble. However, since the characteristic oscillation scale is clearly
not related to the size of the separation zone (as the frequency remains nearly constant),
it is highly probable that the characteristic length scale is associated with some feedback.
There may be different feedback mechanism for each mode. For the low-frequency Mode
1, the characteristic oscillation period is approximately equal to the sum of the time for
a convective disturbance to travel along the airfoil and the time for an acoustic wave to
propagate upstream [4,5]. For Mode 2, more detailed studies are required to explain the
origin of the periodic oscillations.

Another critical aspect is the interaction between Mode 1 and Mode 2 during their
co-existence. A preliminary analysis can be derived from Figures 12 and 13. For instance,
consider the evolution of the frequency and amplitude of disturbances for Py = 0.7 bar and
an angle of attack of 5.5 degree (indicated by the red dashed curve). At M = 0.66, only
the high-frequency Mode 2 is present. Increasing the Mach number to 0.67 leads to the
onset of co-existing Mode 1 and Mode 2 oscillations; however, no significant shifts in the
amplitude or frequency of Mode 2 are observed. A further increase in the Mach number
to 0.69 results in the suppression of Mode 1, while the characteristics of Mode 2 remain
virtually unchanged. These observations potentially suggest a weak coupling between the
two modes.

It should be noted that the investigated range of Mach numbers and angles of attack
is insufficient to establish more precise scaling laws for the onset and evolution of periodic
shock wave oscillations on laminar transonic airfoils. Therefore, additional research is
required and is planned for the future.

4. Conclusions

This study identified two distinct transonic buffet modes on a natural laminar flow
airfoil. The first mode is analogous to classical transonic buffet observed on turbulent
airfoils, characterized by a Strouhal number of Sh ~ 0.05-0.1. The second mode is associated
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with oscillations of the laminar separation bubble, occurring at a significantly higher
Strouhal number of Sh ~ 0.5.

A comparison of the two airfoils revealed that a reduction in airfoil thickness sup-
presses the low-frequency buffet (Mode 1). This effect is likely attributable to a less pro-
nounced turbulent wake region generated by the thinner airfoil.

Furthermore, it was established that the laminar-turbulent transition point detaches
from the normal shock wave position when the shock wave intensity remains near a spe-
cific threshold.

This study demonstrated that the laminar-turbulent transition location generally
coincides with the position of the normal shock wave. However, when the intensity
of the shock wave exceeded a specific threshold, localized oscillations of the transition
point relative to the shock were observed. This newly identified phenomenon always
accompanied by transonic buffet of mode 1/2 is designated as LT oscillations.

Thus, the data obtained in this study demonstrate that periodic shock wave oscillations
(transonic buffet) in the laminar regime exhibit significantly greater diversity than those in
the turbulent regime.

5. Future Work

To establish more precise criteria for the onset and suppression of the various laminar
transonic buffet modes, further studies are planned with finer increments in the angle of
attack and over a broader range of Reynolds numbers. To improve the analysis of the
unsteady flow structure—particularly the mechanisms underlying the Mode 2 oscillations—
the application of the PIV technique will be extended and complemented by correlation
analysis and Proper Orthogonal Decomposition (POD). Furthermore, the scope of the
investigation will be broadened to include the use of electrical discharges to introduce
weak artificial disturbances, with the aim of assessing the receptivity of transonic buffeting
to incoming perturbations. Finally, a key objective is the performance of numerical simu-
lations using Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS) at the
experimentally identified critical regimes, which is expected to provide deeper insight into
the underlying flow physics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/aerospacel3020120/s1, Video S1: Mode 1; Video S2: Mode 2;
Video S3: Mode 1 + LT oscillations; Video S4: Mode 1 + Mode 2 + LT oscillations.
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