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Abstract

Shock buffet is one of the critical issues affecting the aerodynamic performance, flight quality,
and flight safety of large aircraft. To overcome the limitations of traditional experimental
measurement methods, such as insufficient capability in capturing flow features and high
cost, an integrated experimental system tailored for extreme cryogenic and high-Reynolds-
number conditions is developed based on the conventional tuft technique. This system
comprises “preparation of low-flow-disturbance fluorescent mini-tufts, high-efficiency large-
area tuft taping, automatic generation of digital streamline, and flow topology analysis”.
Furthermore, a technique for assessing the transonic shock buffet onset using dynamic flow
visualization with fluorescent mini-tufts is proposed. This paper takes a typical supercritical
airfoil as the research object. First, through high-precision numerical simulations, it reveals
that low-energy, unstable boundary-layer separation is the core driving force for the de-
velopment and maintenance of shock buffet, and that flow separation characteristics serve
as an important basis for determining the shock buffet onset. Subsequently, experimental
validation is conducted in a 0.3 m high-Reynolds-number transonic wind tunnel. Using
a dual-excitation-band composite light source, simultaneous measurements of pressure-
sensitive paint (PSP) and fluorescent mini-tuft patterns are realized. The experimental
results show that under extreme conditions, characterized by a wide total temperature
range of 110 K to 280 K and strong scouring at Mach numbers from 0.6 to 0.9, the fluo-
rescent mini-tufts (approximately 0.05 mm in diameter) exhibit excellent flow-following
capability without any detachment. The digitized flow patterns of the fluorescent mini-tufts,
obtained via computer image recognition algorithms, clearly reveal the location and area
of boundary-layer separation. The trends show good agreement with the cryogenic PSP
results, providing an important reference for determining the shock buffet onset.

Keywords: fluorescent mini-tufts; pressure-sensitive paint; extreme cryogenic conditions;
flow separation; shock buffet; buffet onset

1. Introduction

In the process of the aerodynamic design and optimization of large aircraft, shock
buffet has always been a key concern for aircraft designers, and understanding its buffet
onset is crucial for enhancing aerodynamic performance and flight safety [1]. Giannelis
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et al. comprehensively reviewed recent developments in transonic shock buffet, empha-
sizing the complexity of its underlying physics and the challenges in predicting buffet
onset [2]. Research indicates that shock buffet is a complex aerodynamic flow phenomenon
characterized by periodic coupling variations among shock wave location, shock intensity,
and the boundary-layer separation region [3]; as summarized by Lee, this self-sustained
shock oscillation involves a feedback loop between the shock motion and the disturbances
propagating in the separated flow and wake [4]. More recently, Gao and Zhang provided
a new perspective from the fluid mode, revealing that the decrease in flow stability in
the transonic regime makes the fluid mode a dominant factor in fluid-structure coupling,
thereby explaining phenomena such as transonic buzz and frequency lock-in [5]. Once
buffet occurs, it can reduce the fatigue life of the aircraft, degrade ride comfort, interfere
with the normal operation of the flight control system, and may even cause structural
damage [6]. For large aircraft such as civil airliners, the safety margin between the buffet
onset and the cruise condition directly determines the success or failure of the design [7].

The core of shock buffet onset assessment lies in determining the critical combinations
of key parameters such as buffet onset Mach number and angle of attack. However, the
three-dimensional coupling effects, broadband characteristics, and Reynolds-number sen-
sitivity of shock buffet further increase the difficulty of accurate assessment [8]. Current
mainstream methods can be divided into two categories: numerical simulation and ex-
perimental measurement [9]. Numerical computation provides low-cost, high-efficiency
support for buffet mechanism research and full-process design, but its accuracy and relia-
bility are still subject to validation against experimental data due to limitations in physical
modeling, computational capability, and turbulence simulation. The steady numerical
criterion of “drag coefficient increment of 0.005” proposed by Airbus based on CFD calcu-
lations has been widely applied in the A320 series [10]. Although computationally efficient,
this criterion neglects the unsteady nature of shock buffet. Subsequent flight tests have
revealed a prediction error of up to 0.03 Mach number at high angles of attack, exposing
the inherent drawback of steady methods in ignoring unsteady effects. The Darmstadt
University of Technology proposed an adaptive mesh method based on hybrid RANS/LES.
Although this method reduces grid dependency by 30%, it remains sensitive to the ad-
justment of turbulence model parameters and exhibits poor adaptability across different
aircraft configurations [11]. Gao Chuangiang et al. investigated typical wings such as
the Common Research Model (CRM) using URANS simulations and dynamic mode de-
composition (DMD) analysis [12]. They found that transonic buffet on the wing manifests
as broadband oscillations under multiple instability modes, capturing that shock wave
instabilities occur in both the spanwise and chordwise directions and exhibit low-frequency
characteristics. These findings provide guidance for physical modeling, control, and un-
derstanding of aeroelastic phenomena associated with buffet. However, the accuracy of
the URANS method is limited by the turbulence model, and the deviation in simulating
shock/turbulent-boundary-layer interactions can reach an order of magnitude. NASA
Langley Research Center employed the Improved Delayed Detached Eddy Simulation
(IDDES) method to simulate the buffet characteristics of a supercritical wing [13]. Although
this approach captures the coupled oscillation between the shock and the separation region,
the computational time for a typical case at Ma = 0.85 and Re = 107 reaches 720 h, making
it difficult to meet the demands of rapid engineering iteration. Moreover, the method is
highly dependent on grid resolution and turbulence model selection. The compressed
sensing DMD algorithm developed by the Massachusetts Institute of Technology improves
the efficiency of flow field modal identification by 40%, yet it cannot reflect the continuous
evolution of dynamic flow patterns in real time [14,15].
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Buffet onset evaluation through experiments typically employs unsteady pressure sen-
sors, accelerometers, strain gauges, and similar devices to obtain characteristic signals, such
as surface pressure fluctuations, wingtip acceleration, and wing root bending moment, for
determining the buffet onset [16,17]. However, conventional methods suffer from discrete
measurement points, leading to the incomplete capture of three-dimensional features such
as spanwise shock buffet [18]. Moreover, these methods impose stringent requirements on
the precision and sensitivity of the testing instruments, and the consistency among different
approaches remains to be improved. In recent years, high-resolution dynamic flow visualiza-
tion techniques have been increasingly used for buffet onset measurement and mechanism
research. Although the fluorescence oil flow method [19] is applicable to high-speed flows
and can visualize flow patterns, it suffers from long test turnaround time, high wind tunnel
cleaning costs, experience-dependent interpretation, and difficulty in achieving continuous
observation of dynamic flow patterns. Modern techniques such as particle image velocimetry
(PIV) [20] and laser Doppler velocimetry (LDV) [21] are complex to operate and costly, and
their application in large-scale wind tunnel tests has yet to reach maturity. They are also highly
susceptible to interference from extreme wind tunnel environments and complex flow fields,
leading to issues such as measurement distortion, algorithm failure, insufficient temporal
resolution, and complicated data processing. The German Aerospace Center (DLR) has em-
ployed high-resolution PIV and unsteady pressure-sensitive paint (PSP) to study shock buffet
flow fields [22]. Although these methods can capture fine flow structures, the experimental
systems are complex and expensive, and their applicability in extreme test environments,
such as cryogenic conditions, requires further improvement. The experimental evaluation of
buffet characteristics demands a balance among unsteady dynamics, high-resolution full-field
measurement, low cost, and convenience.

To address the above issues, this paper develops a shock buffet onset assessment
method based on dynamic flow visualization using fluorescent mini-tufts. The method
tracks and visualizes the evolution of the flow field through the dynamic response of
fluorescent mini-tufts, captures shock-induced flow separation characteristics, and estab-
lishes the relationship between the surface flow pattern and the buffet onset Mach number.
Meanwhile, pressure-sensitive paint (PSP) is coated on the model surface. By employing a
dual-excitation-band composite light source, high-frequency synchronous measurements
of PSP pressure distribution and fluorescent mini-tuft patterns are achieved. Comparative
analysis and validation further confirm the reliability of the proposed shock buffet onset
assessment method based on dynamic flow patterns of fluorescent mini-tufts.

2. Experimental System
2.1. Model and Wind Tunnel

This paper adopts a house-developed supercritical airfoil. The test model has a chord
length ¢ = 95.027 mm, a span length b = 273 mm, and a trailing edge thickness of 0.1 mm.
Self-developed fluorescent mini-tufts (excitation wavelength 460 nm) and PSP coating (exci-
tation wavelength 400 nm) [23] are arranged at different spanwise positions in the uniform
flow region on the upper wing surface. The PSP employed in this study uses Ru(dpp)
(tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(Il) dichloride) as the luminophore. Its
excitation wavelength is 450 nm (blue light), and its emission wavelength is 610 nm (red
light). This PSP is suitable for cryogenic and transonic wind tunnel applications within
a temperature range of 100 K to 300 K and a pressure range of 10 to 150 kPa, which fully
meets the requirements of the unsteady pressure measurements in this study. The angle of
attack is varied through a shaft connection to the upper and lower walls of the test section.
The model structure and main parameters are shown in Figure 1.
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Figure 1. Test model.

The experiment was conducted in the 0.3 m high-Reynolds-number transonic wind
tunnel of the China Aerodynamics Research and Development Center. The test section
dimensions are 0.325 m x 0.275 m (width x height). The total temperature ranges from
110 K to 323 K, the total pressure ranges from 0.2 x 10° Pa to 4.5 x 10° Pa, the Mach number
ranges from 0.15 to 1.3, and the turbulence intensity is below 0.3%.

The image acquisition system mainly consists of an Andor Zyla 5.5 high-speed camera
and a dual-excitation-band composite light source. The camera has an effective pixel count
of 2560 x 2160 and a pixel size of 6.5 pm x 6.5 um. It is equipped with a Nikon lens and
a 500 nm high-pass filter, enabling simultaneous acquisition of the emission light from
the fluorescent mini-tufts and the PSP coating. The self-developed composite light source
is mainly composed of a light source host, an optical transmission module, and a light
output module. The light source host uses a dichroic mirror to mix excitation light at two
different wavelengths (400 nm and 460 nm), thereby satisfying simultaneous measurement
of the fluorescent mini-tufts and PSP. The wind tunnel test model and the installation of
the acquisition system are shown in Figure 2.

High-speed Supercritical

camera airfoil model
Fiber optic
light source \, Fluorescent

mini-tuft

Fiber Wind tunnel
Figure 2. Schematic diagram of experimental system.

2.2. Fluorescent Mini-Tuft Preparation and Taping Method

The Reynolds-number effect on shock buffet is significant, and precise assessment
of the shock buffet onset is typically conducted in cryogenic, high-Reynolds-number
facilities. In the extreme testing environment of such facilities (with freestream total
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temperatures as low as 110 K), conventional fluorescent mini-tufts become brittle and
struggle to maintain excellent following capability and fluorescence brightness. In practice,
any subtle process defect can be sharply magnified under extreme cryogenic conditions,
thereby inducing chain effects such as mini-tuft brittle fracture, fluorescence quenching, or
interfacial debonding. As shown in Figure 3, this paper develops a cryogenic fluorescent
mini-tuft process-based preparation technique that combines high stability, adaptability,
and repeatability, comprehensively optimizing and enhancing the preparation process and
key control mechanisms of conventional fluorescent mini-tuft.
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Figure 3. Flowchart of preparing and taping fluorescent mini-tufts using a wide temperature range
(The dotted arrows indicate the function/purpose of performing the corresponding step, while the
other arrows indicate the sequence in which each step is performed).

Figure 4 presents macro photographs of the mini-tufts in the visible range (under white
light illumination) and under UV excitation, allowing a direct assessment of their morpho-
logical uniformity and fluorescence distribution. The luminophore used in this work is
a fluorescein derivative, and the substrate is silk fiber with a diameter of 0.05 mm. The
fabrication procedure consists of three core steps: (1) basic treatment—by controlling the
dye concentration (mixed with purified water at a 1:2 ratio), temperature (40 °C), and time
(90 min), uniform loading of fluorescent molecules onto the fiber is achieved; (2) performance
enhancement—sequential treatments of dye fixing, softening, and antistatic finishing are ap-
plied to maintain the tufts’ flexibility and prevent brittle fracture at a cryogenic temperature of
110 K, while avoiding fluorescence decay; (3) engineering application—the tufts are fixed onto
a release paper substrate using Kapton low-temperature ultra-thin tape, cut into strips, and

https://doi.org/10.3390/aerospace13060496


https://doi.org/10.3390/aerospace13060496

Aerospace 2026, 13, 496

6 of 16

then directly attached to the model surface. The entire process ensures reliable measurements
with the mini-tufts under low-temperature, high-Reynolds-number conditions.

White light
illumination

Figure 4. Fluorescent mini-tuft luminescence image.

2.3. Digital Dynamic Flow Pattern Generation of Fluorescent Mini-Tufts

Typically, fluorescent mini-tufts serve only as auxiliary data for qualitative analysis of
flow field structures. In this paper, based on advanced computer vision image recognition
technology, we realize digital dynamic flow pattern and surface flow field reconstruction
from fluorescent mini-tufts, transforming discrete, ambiguous, and qualitative visual
information into a continuous, unified, and quantifiable dynamic flow pattern, thereby
providing an important reference for the quantitative characterization of boundary-layer
separation characteristics. The digital flow field reconstruction from fluorescent mini-tuft
images consists of two parts: pre-processing and post-processing. The specific process and
method are shown in Figure 5.

The results of each step in the aforementioned image processing are shown in Figure 6.
The purpose of pre-processing is to highlight the contours of the fluorescent mini-tufts,
enhance the contrast between the target and the background, accurately extract the mor-
phological features of the fluorescent mini-tufts, eliminate random noise points caused
by test environment interference (e.g., stray light) and electronic device noise (e.g., dark
current), and reduce computational complexity. The adaptive thresholding method is used
for grayscaling and binarization operations. The fluorescence signal intensity of each pixel
is analyzed across the three channels (R, G, B) to ensure sharpness of the mini-tuft edges,
providing high-quality input data for subsequent steps. Then, wavelet transform decompo-
sition is applied to image information at different scales to separate the target from noise.
Combined with the Canny operator for mini-tuft contour detection, the method finally out-
puts a continuous, closed, single-pixel-wide mini-tuft contour map that accurately reflects
the positional information and morphological characteristics of the mini-tufts, as shown
in Figure 6a. The purpose of post-processing is to achieve quantitative output of flow
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field information through steps such as endpoint identification (as shown in Figure 6b),
fluorescent mini-tuft curve fitting (as shown in Figure 6¢), and classification-based de-
flection angle calculation (as shown in Figure 6d). Based on the variation characteristics
of pixel brightness of fluorescent mini-tuft endpoints in images at adjacent time instants,
the anchor points and free ends are distinguished. Next, the fluorescent mini-tufts are
fitted to quadratic curves, and a classification-based calculation strategy is employed to
obtain the flow direction information indicated by the fluorescent mini-tufts, corresponding
to the tangent direction at a specific position on the quadratic curve. Finally, the digital
reconstruction of the surface flow field is achieved using the fourth-order Runge-Kutta
streamline tracing method.

Gray scaling
(Adaptive channel maximization strategy)

l

Denoising
(Wavelet-based multi-scale noise separation)

| |

gurssadoad-aag

Binarization
(Adaptive local thresholding method)

Edge contour detection
(Canny operator + Morphological processing)

Endpoint identification
(Based on pixel details of time-sequential images)

l

Curve fitting
(Quadratic polynomial fitting)

=~
=]
@
iy
=}
g
o
@
2.
=
[ C]

Deflection angle calculation
(Flow-state-based classification strategy)

l

[ Streamline interpolation ]

(Thin-plate spline radial basis function
+ Fourth-order Runge—Kutta)

Figure 5. Flowchart of digital flow pattern reconstruction from fluorescent mini-tufts.

This paper adopts a method combining Thin-Plate Spline Radial Basis Function (TPS-
RBF) and fourth-order Runge-Kutta (RK4) streamline tracing, which enables high-precision
reconstruction of continuous vector fields and calculation of streamline trajectories from
sparse and irregular discrete sampling data.

(1) Continuous direction field reconstruction using TPS-RBF; given N tuft sampling
positions x; = (x;, y;)T € R? and the surface flow direction vectors d; = (dx;, dy;)" inferred
from tuft deflection angles, where each d; is a unit vector representing the tangential
direction of the surface streamline at that point. Because tuft visualization does not provide
flow speed information and we focus on the geometric shape of streamlines (rather than
time-parameterized trajectories), we define the reconstructed direction field as D(x) = (d*(x),
dY(x))T and take V(x) = D(x) for streamline integration; the streamline shape depends only
on the direction ratios, not on the magnitude.

The two components d*(x) and d¥(x) are interpolated independently. Taking 4*(x) as
an example, the TPS-RBF interpolant takes the form

N
d*(x) = ;/\i¢(||x—xi||)+P(X)TC )
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where ¢(r) = 12 log r (defined as 0 at r = 0), p(x) = (1, x, y)T, and A;, ¢ are coeffi-
cients. The interpolation conditions d*(x;) = dx;, together with orthogonality conditions
YA =Y Aix; =Y Aiy; =0, lead to the linear system:

ol [s

where Kj; = ¢(1 |x; — x| 1), P contains rows (1, x;, y;), and d* = (d7%, ..., dn)T. Solving
yields a globally smooth, twice-differentiable direction field component that minimizes
bending energy. The same procedure is applied to d(x).

(a) l;re—processin g

Anchor
point

Free end

(b) Endpoint identification

Quadratic
fitting

End tangent
direction

Mid-portion
tangential
direction

|

‘Tan gent
direction at
any position

(d) Deflection angle calculation

Figure 6. Fluorescent mini-tuft processing results.
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The resulting interpolated direction field D(x) may not preserve unit length every-
where. However, because streamline integration depends only on the direction ratio 4% /4%,
using the non-normalized D(x) as V(x) in RK4 integration yields correct streamline shapes.
If a strictly unit direction field is desired, one can normalize at each step; both approaches
are equivalent.

(2) RK4 streamline tracing. With the continuous direction field V(x) = (d*(x), d¥(x))”,
streamlines satisfy the ODE initial-value problem:

% = V(x),x(to) = xo 3)

We integrate using the fourth-order Runge-Kutta (RK4) method:

k1 e V(Xn)
kz =V Xn + %kl (4)
ks =V(x, + %kz
k4 = V(Xn + l’lk3)
h
Xp+1 = Xp + *(k1 + 2ky + 2ks + k4) (5)

6

The local truncation error is O(i°) and global error O(i*), providing high accuracy for
tracing curved surface flow structures.

This combined strategy not only overcomes the difficulties of insufficient resolution
and uneven distribution of measured data, but also provides a high-fidelity visualization
foundation for subsequent flow feature analysis (such as vortex identification, transport
path prediction). As shown in Figure 7, the fluorescence mini-tuft interpolation results
obtained using this method are presented.

| It ]
| S ,..:t:,, ’1
i W /m//l/(, ’l
. | // Il

Figure 7. Reconstruction process of fluorescent mini-tuft flow field (The arrows indicate the direction
of the fluorescent mini-tufts. The green pattern represents the fluorescent mini-tufts themselves. The
red dots indicate the fixed ends of the fluorescent mini-tufts).
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3. Results and Discussion

The existing literature indicates that when the adverse pressure gradient induced by
the shock exceeds the bearing capacity of the boundary layer, it leads to its separation. Low-
energy, unstable flow separation is the core driving force for the generation, development,
and maintenance of shock oscillation. The two phenomena interact and couple with each
other, forming a self-sustaining, closed-loop dynamic process in which “separation disturbs
the shock, which in turn intensifies separation fluctuations via shock oscillation”. From
the perspective of detailed flow field evolution, the shock location determines the spatial
distribution of the separation onset point [24]. Therefore, in this paper, the deflection
characteristics of fluorescent mini-tufts in a shock-induced separated flow field are used to
indirectly characterize the shock buffet onset.

To verify the reliability of assessing the shock buffet onset based on the dynamic flow
pattern of fluorescent mini-tufts, simultaneous PSP and fluorescent mini-tuft measurement
tests were conducted in the 0.3 m high-Reynolds-number transonic wind tunnel. The test
Mach number ranged from 0.6 to 0.9, the freestream total temperature from 110 K to 280 K,
and the Reynolds number from 5.5 x 10° to 8.5 x 10°. The buffet onset Mach number was
measured using PSP and fluorescent mini-tuft techniques at an angle of attack of 3°.

3.1. Fluorescent Mini-Tuft Flow Pattern Analysis at Different Mach Numbers

Figure 8 shows fluorescent mini-tuft images at typical time instants under freestream
total temperature Ty = 110 K and Mach numbers Ma = 0.6, 0.7, 0.76, 0.8, 0.86, and 0.9. It
can be seen from the figure that at Ma = 0.6 and 0.7, the fluorescent mini-tufts all point in
the freestream direction without noticeable bending. Only at Ma = 0.7 does a very slight
deflection occur at the trailing edge of the wing. When the Mach number increases to 0.76,
the fluorescent mini-tufts in the region x/c = 0.2~0.82 all point in the freestream direction,
indicating attached flow. Deflection begins after the 80% chord position, and the mini-tufts
at the trailing edge point are completely opposite to the freestream direction, indicating flow
separation at the wing trailing edge caused by an adverse pressure gradient. As the Mach
number increases, the chordwise position where the fluorescent mini-tufts start to deflect
moves further forward. At Ma = 0.86, the flow separation region expands further, and the
fluorescent mini-tufts show obvious deflection at x/c =~ 0.7. Experimental observations
reveal that at this condition, the mini-tufts oscillate with extremely large amplitude and
very high frequency in the reverse flow direction, representing a typical fluorescent mini-
tuft state under fully separated flow. At Ma = 0.9, the fluorescent mini-tufts already exhibit
a reverse flow pattern at x/c ~ 0.7, and the separation region and its intensity on the upper
surface of the wing further increase.

Therefore, it can be concluded that when the wind tunnel freestream total temperature
is reduced from 280 K to 110 K, the fluorescent mini-tufts exhibit good followability and no
detachment under the deep cryogenic and strong scouring environment. The proposed
preparation and taping process for fluorescent mini-tufts has good applicability and can
dynamically and clearly reveal the surface flow structures on a supercritical airfoil in the
subsonic to transonic range. Next, we will discuss the shock position indicated by PSP
and the flow state results revealed by the fluorescent mini-tufts. Here, the shock position
from PSP is determined as the peak position of the pressure gradient calculated pixel-wise;
the separation location is taken as the position where the chordwise component of the
interpolated tuft direction data becomes zero, and the process of this component decreasing
from positive to zero is considered as the region where different flow states coexist [25].
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Figure 8. Fluorescent mini-tuft images under typical conditions at Ty = 110 K: (a) Ma = 0.6,
(b) Ma =0.7, (¢) Ma =0.76, (d) Ma = 0.8, (e) Ma = 0.86, (f) Ma = 0.9.

3.2. Comparison of Fluorescent Mini-Tufts and PSP Results

Figure 9 presents the PSP pressure distribution and the digital surface streamlines
reconstructed from fluorescent mini-tuft images at Mach numbers of 0.6 and 0.7. From the
PSP pressure distribution contours in the figure, it can be seen that under Ma = 0.6 and
0.7 conditions, after the flow stagnates at the leading edge stagnation point, it accelerates
along the upper surface. The pressure is at a moderate level, with the most obvious flow
acceleration occurring in the region between the leading edge and the chordwise position
x/c = 0.8, where the pressure is relatively low. After x/c = 0.8, the pressure begins to recover
gradually, without the sharp pressure rise typically seen following a shock. From the digital
streamline results obtained from the fluorescent mini-tufts on the right, it can be seen that
at Ma = 0.6, the streamlines over the entire wing surface are straight, with no fluctuation in
the flow field. At Ma = 0.7, only slight spanwise deflection and convergence of streamlines
appear near the trailing edge, without severe bending or large-scale separation induced by
a shock. This indicates good flow attachment and a stable accelerating state, which is in
good agreement with the PSP results.
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(a) (b)
Figure 9. Wind tunnel test results at Ty = 110 K, AOA = 3°: (a) Ma=0.6, (b) Ma=0.7.

Figure 10 presents the PSP pressure distribution and the digital streamlines from
fluorescent mini-tufts at Mach numbers of 0.76 and 0.8. When the Mach number increases
to 0.76, the flow accelerates from the low-pressure region near the leading edge up to
x/c =~ 0.66, after which the pressure begins to recover. Compared with the Ma = 0.7 case,
the pressure variation is more pronounced, but a strong adverse pressure gradient has not
fully formed; only a weak shock is generated, and no significant shock oscillation occurs.
From the streamline plot, it can be seen that before x/c = 0.67, the streamlines are uniformly
distributed. After x/c = 0.67, the streamlines begin to show noticeable deflection in the
spanwise direction and converge downward, eventually forming a clear vortex structure
and reverse flow near x/c ~ 0.85. This is because the pressure begins to rise significantly
near x/c ~ 0.7, generating a weak shock in that region, which in turn leads to local flow
separation. The PSP and streamline results are in good agreement. As shown in Figure 10b,
when the Mach number increases to 0.8, the pressure begins to recover at x/c ~ 0.62, forming
a clear adverse pressure gradient and generating a shock. Comparison with the streamline
results shows that the shock induces local boundary-layer separation. Compared with the
Ma = 0.76 case, the separation region is larger and located further upstream.
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Figure 10. Wind tunnel test results under conditions of Ty = 110 K, AOA = 3°: (a) Ma = 0.76,
(b) Ma =0.8.

Figure 11 presents the PSP pressure distribution and the digital streamlines from
fluorescent mini-tufts at Mach numbers of 0.86 and 0.9. As shown in Figure 11a, when
the Mach number increases to 0.86, the flow enters the low-pressure acceleration region
from the leading edge and begins transitioning to the high-pressure region at x/c ~ 0.58.
Under this condition, the adverse pressure gradient is larger and located further upstream;
the flow begins to decelerate until pressure recovery. From the streamline plot, it can be
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seen that as the Mach number increases, the separation region shifts further upstream
and becomes larger, which is caused by the upstream movement and intensification of
the shock. As shown in Figure 11b, at Ma = 0.9, the separation region moves significantly
upstream, and the mean position of the adverse pressure gradient is generally consistent
with the trend observed at Ma = 0.86 and 0.8.
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Figure 11. Wind tunnel test results under conditions of Ty = 110 K, AOA = 3°: (a) Ma = 0.86,
(b) Ma = 0.9 (The purple line represents the range of changes in the position of the shock).

Figure 12 shows the instantaneous shock positions obtained by PSP under different
Mach number conditions. It can be seen from the figure that at Ma = 0.76, a weak shock
is generated near x/c = 0.66, and the degree of shock oscillation is not significant. When
Ma exceeds 0.8, the shock intensity increases and exhibits periodic oscillation on the airfoil
surface. It should be noted that the image acquisition frame rate was 143 Hz. Spanwise
averaging was performed using data acquired at six uniformly distributed spanwise
measurement locations, and the presented results are the average over these six positions.
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Figure 12. Shock position variation at different Mach numbers.

As shown in Figure 13, the separation onset locations were extracted from mini-tuft
images under different Mach number conditions. It can be observed that when Ma = 0.76,
the instantaneous position of the separation region remains essentially near x/c = 0.67.
As the Mach number increases to 0.8, due to the onset of shock buffet, the separation
region induced by the shock oscillates periodically in synchrony with the shock position.
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Furthermore, as the Mach number increases further, the position of the separation region
shifts progressively upstream.
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Figure 13. Time-resolved evolution of separation boundaries visualized by fluorescent mini-tufts
under different Mach number conditions.

Comparing the separation region positions with the shock locations determined from
the peak pressure gradient of PSP in Figure 12, the results show that at Ma = 0.76, the
average relative deviation in chordwise position between the two is approximately 0.68%,
indicating a good correspondence between the shock position and the downstream separa-
tion region. At Ma = 0.8 and 0.86, the deviations gradually increase, respectively. This is
mainly attributable to two factors: first, the strong unsteady characteristics of shock buffet;
second, the lower spatial resolution of fluorescent mini-tuft flow visualization compared to
PSP, which introduces a systematic bias between the two measurement techniques. Nev-
ertheless, the trend of flow field variation remains consistent. At Ma = 0.9, the deviation
decreases to approximately 1.29%, which is directly related to the fact that the unsteady
intensity of shock buffet under this condition is lower than that at Ma = 0.8 and 0.86.

In summary, under the conditions of freestream total temperature 110 K and angle
of attack 3°, the buffet onset Mach number for this model lies between 0.76 and 0.8, and
the PSP results are in good agreement with the fluorescent mini-tuft results. It is worth
noting that, compared with techniques such as PSP and oil flow visualization, the spatial
resolution of fluorescent mini-tuft measurements is lower, and there is some error in
streamline interpolation, which may to some extent enlarge or reduce the separation and
reattachment boundaries. Nevertheless, the advantages of this method—such as local
high efficiency, convenience, low cost, and strong adaptability to extreme conditions—can
provide an important reference for the study of buffet characteristics of advanced aircraft.

4. Conclusions

To solve the problems of traditional experimental measurement methods, such as
discrete measurement points, insufficient capability for identifying flow characteristics,
and high costs, this paper develops a shock buffet onset assessment technique based on
fluorescent mini-tuft dynamic flow patterns. The reliability of this method is verified
through wind tunnel tests. The main conclusions are as follows:

(1) The fluorescent mini-tuft preparation and taping process developed in this paper
exhibits good adaptability under the extreme conditions of wide temperature range
and strong scouring. Within the Mach number range of 0.6~0.9 and total temperature

https://doi.org/10.3390/aerospace13060496


https://doi.org/10.3390/aerospace13060496

Aerospace 2026, 13, 496

15 of 16

References

range of 110~280 K, the fluorescent mini-tufts with a diameter of approximately
0.05 mm demonstrate good flow-following capability and no detachment.

(2) The digital flow patterns of the fluorescent mini-tufts obtained using computer vision
algorithms clearly reveal the location and area of boundary-layer separation, and are
in good agreement with cryogenic PSP results.

(38) The overall trend of the influence of Mach number on flow separation is “earlier
onset position, larger region, and higher strength” with increasing Mach number. As
the Mach number increases, the chordwise position where the fluorescent mini-tufts
begin to deflect moves forward, and both the size of the separation region and the
amplitude of mini-tuft oscillation gradually increase, reflecting the intensification of
separation strength and flow disturbance with increasing Mach number.

In the future, the algorithm for automatically identifying fluorescent mini-tuft separation
and attachment will be further developed, integrating CFD results to improve the interpolation
accuracy of digital streamlines through advanced flow field reconstruction techniques, and
extracting more useful information from the fluorescent mini-tuft results, so as to provide
richer data for the study of shock buffet mechanisms of advanced large aircrafts.
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Abbreviations
The following abbreviations are used in this manuscript:

psp Pressure Sensitive Paint

RANS Reynolds-Averaged Navier-Stokes

LES Large Eddy Simulation

URANS  Unsteady Reynolds-Averaged Navier-Stokes
DMD Dynamic Mode Decomposition

IDDES  Improved Delayed Detached Eddy Simulation

PIV Particle Image Velocimetry

LDV Laser Doppler Velocimetry

c Airfoil chord length

b Airfoil span length

DDES Delayed Detached Eddy Simulation
Ma Mach number

Re Reynolds number

AOA Attack angle

Ty Total temperature
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