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Abstract 
Pressure-sensitive paint (PSP) was applied to the surface of a NACA0012 airfoil to investigate pressure fluctuations associated 
with trailing edge (TE) noise under low-velocity flow conditions. The primary focus is to assess the feasibility of employ-
ing laser pulses exposed at the airfoil surface to mitigate TE noise. However, the weak pressure fluctuations accompanying 
TE noise pose a challenge, as they are overshadowed by image sensor noise in high-speed cameras capturing PSP emission 
changes. To address this issue, a novel time-resolved phase-locking technique was introduced, utilizing the signal from a 
semiconductor pressure transducer at the trailing edge as a phase-lock trigger source. By repetitively conducting phase-locked 
measurements (1150 times), time series ensemble averaged data based on PSP emission images were obtained, enabling 
the capture of these subtle pressure fluctuations. Quantitatively, fluctuations with a dominant frequency of 679 Hz and an 
amplitude of 50 Pa are resolved within an accuracy of about 15 Pa, achieved at a recording rate of 19.2 kHz. Both the sup-
pression and subsequent redevelopment of the pressure field with the TE noise offer valuable insights into the dynamics of 
TE noise and open avenues for targeted noise reduction strategies in aerodynamic applications.

Graphic abstract

1  Introduction

Airframe noise constitutes the majority of noise experienced 
on the ground during aircraft landings (Bertsch et al. 2019). 
Extensive efforts have been directed towards understanding 
the mechanisms underlying noise generation and mitigating 
aircraft noise using device-based technologies (Molin 2019; 
Yamamoto et al. 2019).

Trailing-edge (TE) noise is a significant contributor to 
airframe noise. This noise, characterized by vortex sound 
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occurring at specific angles of attack and Reynolds num-
bers on aircraft wings, is known to exhibit discrete tones 
(Paterson et al. 1973). Experimental and numerical studies 
have demonstrated the involvement of a feedback loop in 
the mechanism of TE noise generation (Nash et al. 1999; 
Desquesnes et al. 2007). In this loop, the detached region 
of the laminar boundary layer generates vortex sound upon 
shedding from the trailing edge, which subsequently inter-
acts with the boundary layer. This interaction destabilizes 
the Tollmien–Schlichting (TS) wave and sustains the peri-
odic shedding of vortices.

Various methods have been devised for controlling TS 
waves (Simon et al. 2016; Wylie et al. 2021), and among 
these strategies, controlling TS waves has also been 
explored as a means to reduce TE noise (Inasawa et al. 
2013). Recently, Ogura et al. (2023) proposed a noninva-
sive noise reduction method involving intermittent depo-
sition of laser pulses near the boundary layer. Their CFD 
analysis and pressure measurements with semiconductor 
pressure transducers in wind tunnel tests suggest that this 
method disrupts TS waves by generating hot spots with the 
laser, resulting in TE noise suppression. A more detailed 
analysis of the temporal variation of TS waves is needed 
to elucidate the underlying mechanism.

Pressure fluctuations on the airfoil surface associated 
with TS waves serve as a valuable indicator to evaluate the 
effectiveness of control methods. Pressure-sensitive paint 
(PSP), renowned for its ability to measure pressure fields, 
has been extensively employed in aerodynamic research 
(Gardner et  al. 2014; Crafton etal. 2017; Elliott et  al. 
2022). Operating as an optical pressure sensor through 
oxygen quenching, PSP offers high spatial resolution in 
capturing surface pressure distributions (Liu and Sullivan 
2005).

In this study, we utilized unsteady PSP measurements to 
elucidate the mechanism of the TE noise reduction method 
proposed by Ogura et al. (2023). This attempt requires some 
experimental measurements. Firstly, obtaining the unsteady 
pressure field over the entire airfoil surface is crucial to iden-
tifying regions, where laser pulses suppress pressure fluctua-
tions. Secondly, elucidating how laser pulses alter the flow 
field on the airfoil surface and suppress pressure fluctuations 
is imperative. Additionally, capturing the reemergence of TE 
noise after the cessation of the laser pulse effect is essential.

To experimentally measure the aforementioned aspects, 
PSP measurements capturing the time evolution of the 
unsteady flow field with small pressure fluctuations are 
indispensable. However, detecting pressure fluctuations 
caused by boundary layer instabilities such as TS waves, 
which have very small amplitudes on the order of 10 Pa, 
poses a significant challenge in PSP methodology (Gregory 
et al. 2013; Peng and Liu 2020; Gößling, Ahlefeldt, Hilfer 
2020).

Frequency domain techniques such as fast Fourier trans-
form (FFT) and coherent output power (COP) are effective 
for analyzing time series PSP image data captured by high-
speed cameras (Nakakita 2011; Noda et al. 2018). While, 
these techniques enable visualization of pressure fluctuations 
by eliminating the noise in the frequency domain, they fail to 
capture the temporal dynamics of small pressure fluctuations 
induced by intermittent control methods.

Phase-lock measurement (Gregory et al. 2006; Yorita 
etal. 2010) emerges as a suitable approach for measuring 
small pressure fluctuations in the time domain. This method 
reduces noise by synchronizing PSP luminescence images 
with pressure transducer signals, followed by ensemble aver-
aging. Another method, conditional image sampling (Asai 
and Yorita 2011), determines the phase based on the timing 
of image capture and pressure fluctuations recorded by the 
pressure transducer before averaging the data. For example, 
in the experiment by Gregory et al. (2006), a pressure fluc-
tuation vibrating at 1.3 kHz with a magnitude of 500 Pa was 
measured with an accuracy of 12.5 Pa.

In this research, we employed a “time-resolved phase-
lock method” to measure the temporal evolution of the flow 
field with small pressure fluctuations. The method is based 
on phase-locked measurements synchronized to pressure 
fluctuations on the airfoil surface, and laser pulses are also 
generated phase-locked to the same pressure fluctuations. 
Hence, it allows ensemble phase averaging of a large num-
ber of pulse emission events. The ensemble phase averaging 
reduces camera noise and captures small pressure fluctua-
tions, while analyzing the time evolution of the flow field 
in the time domain. Given, the high periodicity of TE noise 
pressure fluctuations at the airfoil’s trailing edge (Nakakita 
2011; Ogura et al. 2023), the time evolution of the observed 
phenomenon will be the same by taking equal time inter-
vals from a single trigger, allowing for effective ensemble 
averaging.

This paper is structured as follows: Sect. 2 describes the 
wind tunnel test setup and measurement methods employed. 
Section 3 outlines the methods for processing measurement 
data. Results and discussion are shown in Sect. 4, followed 
by the conclusions of this study in Sect. 5.

2 � Experiment

2.1 � Wind tunnel test

The overall schematic of the experiment is shown in Fig. 1a 
in which the definition of coordinates used in this paper is 
also indicated. The wind tunnel tests were conducted for a 
two-dimensional NACA0012 airfoil model in the 0.65 m × 
0.55 m low-turbulence wind tunnel (LWT3) at the Chofu 
Aerospace Center of the Japan Aerospace Exploration 
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Agency (JAXA). The measurement system consists of two 
semiconductor pressure transducers for the acquisition of 
pressure reference value, a microphone for the measurement 
of TE noise frequency, and an optical system for the acqui-
sition of PSP image. A Nd:YAG laser was used for flow 
field control aimed at TE noise suppression. We defined x 
as the direction of the free stream, y as the direction along 
the span of the model, and z as the direction perpendicular 
to the model surface.

The model and its placement in the wind tunnel test sec-
tion followed the experiments of Ogura et al. (2023). The 
model was mounted vertically on an open test section, with 
end plates at both ends of the span. The model was made 
of an aluminum alloy (Japanese Industrial Standards (JIS) 
A5052), with dimensions of chord length c = 250 mm and 
span length b = 595 mm. The cross-section of the wing 
model is shown in Fig. 1b. Its trailing edge has a blunt pro-
file and is 0.63 mm thick. For the PSP measurements, the 
pressure side of the wing model was coated with polymer-
ceramic PSP (PC-PSP) (Sugioka et al. 2018), which consists 

of platinum tetra (pentafluorophenyl) porphine (PtTFPP) 
as the pressure-sensitive dye, an ester-based polymer, and 
titanium dioxide particles as the ceramic component. The 
response frequency of this PC-PSP is 3 kHz (Sugioka et al. 
2018).

The two unsteady semiconductor pressure transduc-
ers (XCQ-093-5D, Kulite) were embedded in the pressure 
side at x∕c = 0.9 , both at spanwise positions y∕c = 0 and 
y∕c = −0.2 , as shown in Fig. 1b. The microphone (Type 
4958, Brüel & Kjær) was placed on the pressure side of the 
airfoil. The data acquisition system and the phase-locked 
system with the signal from the pressure transducer are 
shown in Sect. 2.2.

For PSP measurements, excitation light from an ultra-
violet LED (UV-LED; IL-106X, Hardsoft, emission 
wavelength: 390 nm) was applied to the code region from 
x∕c = 0.3 to 1.0 in the model. The luminescence of PSP 
was captured by a 12-bit CMOS high-speed camera (Phan-
tom v1840, Vision Research). A cold filter (SC0451, Asahi 
Spectra, cut-off wavelength: 450 nm) was attached to the 
UV-LED, and the high-speed camera was equipped with a 
lens (Nikkor 50 mm f/1.2, Nikon) along with a sharp cut 
long-pass filter (SCF-50S-58O, Sigma Koki, cut-on wave-
length: 580 nm) to capture the PSP luminescence.

The Nd:YAG laser (SAGA 230, Thales) operates at an 
output wavelength of 532 nm and a repetition frequency of 
10 Hz, with a pulse width ranging from 4 to 8 ns. Positioned 
outside the test section, its beam was focused approximately 
3.5 mm above the wing surface at x∕c = 0.5 , y∕c = 0 on 
the pressure side, as shown in Fig. 1b, using mirrors and 
a convex lens (SLB-30-500PM, Sigma Koki, focal length: 
500 mm), generating laser-induced plasma. The focused 
point of the laser was outside of the boundary layer (about 
1.5 mm thick), and its chord position was suitable for TS 
wave disruption (Ogura et al. 2023).

2.2 � Time‑resolved phase‑lock measurement

The PSP measurements were conducted in synchronization 
with the phase of pressure fluctuations captured by the refer-
ence pressure transducer. To achieve this synchronization, 
it was necessary to generate a trigger signal aligned with a 
specific phase of the transducer signal. Subsequently, the 
high-speed camera was operated using this trigger signal. 
Given the presence of electrical noise in the reference pres-
sure transducer signal, signal filtering was essential for accu-
rately identifying the phase of the fluctuations and creating 
an appropriate phase-locked measurement signal (Gregory 
et al. 2006; Yorita etal. 2010).

The signal system utilized for the time-resolved phase-
lock PSP measurement in this study is shown in Fig. 2. 
The signal source was the semiconductor pressure trans-
ducer signal at the trailing edge of the wing ( x∕c = 0.9 , 

(a) Schematic diagram of the experimental setup in low-turbulence
wind tunnel
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(b) Cross-section view of the airfoil

Fig. 1   Schematic diagrams of wind tunnel tests
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y∕c = 0 ), which was through a DC amplifier (AM30, 
Unipulse). A programmable filter (3628, NF Corp.) was 
employed as a bandpass filter to eliminate noise from the 
source signal. The bandpass filter was configured with a 
high-pass filter set at 0.40 kHz and a low-pass filter set at 
1.50 kHz, specifically selected to isolate the frequency 
range associated with TE noise. Subsequently, the signal 
underwent conditioning through an in-house voltage offset 
circuit and another programmable filter (3627, NF Corp). 
These devices were utilized to fine-tune the voltage to the 
triggering threshold and prevent voltage drop. The filtered 
signal was then employed as the reference for phase-
locking, while a delay pulse generator (9520, Quantum 
Composers) generated fundamental triggers for both the 

laser and the high-speed camera. Due to the laser’s maxi-
mum repetition rate of 10 Hz, the trigger counter function 
of the delay pulse generator was utilized to produce one 
trigger signal after every 70 external trigger signals were 
received. This approach effectively reduced the occurrence 
frequency of trigger signals aligned with the frequency of 
TE noise to a repetition rate of 10 Hz for the laser. The 
second delay pulse generator (DG535, Stanford Research 
Systems) was used to generate two triggers for operating 
the Nd:YAG laser.

Additionally, to capture the inherent noise of the high-
speed camera’s image sensor, dark images were obtained 
by substituting the semiconductor pressure transducer 
signal with one from a function generator (WF1974, NF 
Corp.), set to the same frequency as the TE noise, as 
shown in Fig. 2a.

In this study, we used the intensity-based method for 
PSP measurements. The high-speed camera was config-
ured to capture the PSP’s luminescence continuously in 
response to a single trigger signal, as shown in Fig. 2b. 
It captured a series of 192 images at a frame rate of 19.2 
kHz, with each exposure time lasting 49.79 μ s. This con-
figuration allowed for approximately 10 ms of measure-
ment per trigger. The imaging sequence was conducted 
over 1150 triggers, resulting in a total of 220,800 images, 
with the entire measurement process spanning approxi-
mately 140 s. The high-speed camera operated in binning 
mode to reduce noise, capturing images at a resolution of 
768 × 576 pixels. This setup achieved a spatial resolution 
of 0.28 mm per pixel for the PSP images.

In Ogura et al. (2023)’s experiments, time series data 
from a semiconductor pressure transducer at the airfoil’s 
trailing edge showed that TE noise pressure fluctuations 
are suppressed around 6 ms after laser pulse application, 
with the suppression lasting for a period before pressure 
fluctuations start to redevelop approximately 16 ms post-
application. This experiment focused on PSP measure-
ments at two critical phases: 

	 (i)	 Suppression of pressure fluctuations.
	 (ii)	 Redevelopment of pressure fluctuations.

To synchronize the capture timing with these phases, we 
used the third delay pulse generator (WF1944, NF Corp.) 
to adjust the generation of the capture trigger signal, as 
shown in Fig. 2a.

The semiconductor pressure transducer and microphone 
signals were recorded at a 50 kHz sampling rate using a 
digital oscilloscope (DL850, Yokogawa). To compare with 
the PSP data, the time series data from the semiconduc-
tor pressure transducers were downsampled to match the 
high-speed camera’s sampling rate after being ensemble 
averaged 256 times.

(a) Signal generating system

(b) Schematic image of the signal for phase-lock measurement in
PSP

Fig. 2   Signal system of time-resolved phase-lock measurement
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3 � Image data processing

The data processing procedure for PSP images is outlined in 
detail. Given the focus on measuring extremely weak pres-
sure fluctuations, considerable effort was invested in mini-
mizing noise originating from the camera. The random com-
ponent of the noise was reduced through ensemble averaging 
of the time series data and spatial binning. In parallel, the 
bias component of the noise was addressed by subtracting 
timing-dependent dark noise and conducting in situ calibra-
tion using the pressure transducer on the airfoil.

The data processing flow to calculate the temporal evolu-
tion of small pressure fluctuations from PSP image data is 
shown in Fig. 3. All data processing steps were performed 
using MATLAB. First, 1150 sets of wind-on (run) PSP 
images consisting of 192 consecutive frames were ensemble 
averaged at each shooting frame timing (phase). Similarly, 
the same process was performed for 300 sets of dark images 
to capture the dark noise of the image sensor. The ensem-
ble averaged PSP images obtained at each frame timing 
were then subjected to dark subtraction using the ensemble 
averaged dark images at the corresponding frame timing to 
remove biased image sensor noise and obtain only the PSP 
emission intensity I.

It was important in this study to perform dark subtraction 
of the wind-on image at each frame timing. Figure 4 shows 
the average luminescence intensity within the dark image at 
each frame timing, where the dark values fluctuate until the 
20th frame and then stabilize. Although the fluctuations in 
dark values are subtle compared to the 12-bit (4096) resolu-
tion of the high-speed camera, they significantly affect the 
pressure calculation for the weak pressure fluctuations tar-
geted in this PSP measurement.

For calculating pressure using the intensity method, the 
reference image I

ref
 was defined as the average of wind-on 

images, excluding frames influenced by the laser pulse 
and the significantly noisy last frame (frame 192). The 
average was determined from images spanning frames 4 
to 191. Based on this average, the intensity ratio I

ref
∕I was 

calculated for each frame timing.
Using the time series of I

ref
∕I , we extracted and aver-

aged values from 44 pixels around the pressure transducer 
at x∕c = 0.9, y∕c = −0.2 . This average, combined with 
time series data from the pressure transducer, allowed us 
to derive the PSP pressure calibration coefficients using 
the in situ method. Frames 10 to 191 were selected for 
calculating these coefficients, due to reduced variation 
in dark levels within this range, as shown in Fig. 4. The 
selection of this pressure transducer position is because 
it was not influenced by the laser pulse and consistently 
exhibits pressure fluctuations at the trailing edge of the 
wing. The PSP calibration coefficients were determined 
using the empirical equation shown in Eq. (1) as

Here, ΔP represents pressure fluctuation values from the 
pressure transducer, and A and B are the calibration coef-
ficients for the PSP. This formulation assumes a uniform 
temperature distribution on the wing surface and a consistent 
pressure sensitivity of the PSP. By applying these PSP cali-
bration coefficients in data processing, the field of temporal 
pressure fluctuations was calculated.

The residual noise in the images, after performing 
dark subtraction, primarily stems from the camera’s 
shot noise. According to Liu et al. (2001), this type of 
noise can be reduced by the square root of the number of 
images averaged, denoted as N1∕2 . This reduction method 
is equally effective for spatial averaging. In this study’s 

(1)ΔP = A + B
I
ref

I
.

Fig. 3   Data processing flow for phase-lock PSP measurement data
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data processing, we first conducted spatial binning over 
2 × 2 pixels during image capture and then averaged across 
1150 repetitions. Consequently, the repetition count, 
Nrep = 2 × 2 × 1150 , leads to a noise reduction by a factor 
of approximately 68 times, as calculated by Nrep

1∕2 . The 
images presented in the results section have undergone 
noise reduction to this extent. Additionally, for compari-
son with time series pressure values from the pressure 
transducer, further averaging over 44 pixels surrounding 
the pressure transducer was conducted, achieving a noise 
reduction factor of about 450 times, denoted as Nrep

1∕2.

4 � Results and discussion

4.1 � Experimental conditions

The airflow conditions of the wind tunnel were set at a 
freestream velocity of U0 = 22.7 m/s. The angle of attack 
for the wing model was set to � = 2◦ , under which condi-
tions TE noise was generated. The Reynolds number, based 
on the wing chord length, was Re = 3.8 × 105 . Furthermore, 
the Nd:YAG laser, utilized for noise suppression, operated 
with an average power of 0.98 W.

4.2 � Overview of the experimental data

This section first discusses the TE noise generated during 
wind tunnel tests and the changes in pressure fluctuations 
when laser pulses are introduced, based on results from both 
a microphone and a semiconductor pressure transducer.

The frequency of the TE noise generated from the wing 
model during the wind tunnel experiments was verified 
via the microphone’s power spectrum analysis. The results 
of the power spectral density, shown in Fig. 5, reveal a 

prominent peak at a frequency of f = 679 Hz, pinpointing 
the principal frequency of TE noise for this study.

Figure 6 shows the changes in pressure fluctuations at 
the pressure side of the wing, x∕c = 0.9, y∕c = 0 , as meas-
ured by the semiconductor pressure sensor upon the appli-
cation of laser pulses. The time axis is set such that t = 0 
ms corresponds to the moment when the laser pulse was 
applied at the wing surface location x∕c = 0.5, y∕c = 0 . 
The pressure fluctuations with an amplitude of about 50 
Pa observed before t = 0 ms correspond to the pressure 
fluctuations at the trailing edge due to TE noise. These 
pressure fluctuations continue for a while after the applica-
tion of the laser pulse but begin to be suppressed starting 
from t = 5.5 ms. After being suppressed until t = 18 ms, 
the pressure fluctuations start to amplify, and by t = 29 
ms, they have returned to their original amplitude. These 
changes in pressure fluctuations are consistent with the 
results found by Ogura et al. (2023).

In this PSP measurement, the characteristic temporal 
changes in small pressure fluctuations were captured dur-
ing two timings shown in Fig. 6: 

	 (i)	 Suppression of pressure fluctuations ( t = 0 to 10 ms).
	 (ii)	 Redevelopment of pressure fluctuations ( t = 16.6 to 

26.6 ms).

Note that these measurements were conducted in separate 
wind tunnel runs.

Given the TE noise frequency of f = 679 Hz, which 
corresponds to a period of T = 1.47 ms, the frame rate 
of our high-speed camera enables capturing one cycle of 
TE noise pressure fluctuations in approximately 28 phases 
(about 13◦ each), effectively recording around seven cycles 
across 192 continuous frames.
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Fig. 5   Power spectral density of time series data measured by the 
microphone

Fig. 6   Time series pressure fluctuation values at the trailing edge of 
the wing’s pressure side ( x∕c = 0.9, y∕c = 0 ) and the timing of high-
speed camera image acquisition
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4.3 � Measurement accuracy

The discussion here centers on the accuracy of time-resolved 
phase-lock measurements using PSP, specifically targeting 
data from the suppression process ( t = 0 to 10 ms).

An initial evaluation of the PSP calibration coefficients 
obtained through the in situ method is provided. Figure 7 
illustrates the relationship between the pressure fluctua-
tion values at the wing’s trailing edge on the pressure side 
( x∕c = 0.9 , y∕c = −0.2 ) as measured by the pressure trans-
ducer, and the I

ref
∕I from the PSP surrounding this area. The 

displayed PSP data are the result of ensemble averaging at 
each timing and spatial averaging across 44 pixels, following 
the procedures shown in Sect. 3. The observed data con-
firm that the time-resolved phase-lock measurement method 
successfully captured small pressure fluctuations within the 
range of −50 to 50 Pa. By applying a linear approximation 
to this data, the calibration coefficients A and B for pressure 
were determined according to Eq. (1).

In this measurement, the luminance count of I
ref

 was 
around 2000, which is about half of the full count (4096). 
Based on Fig. 7, the I

ref
∕I variation for a 50 Pa fluctua-

tion approximates 0.025% , leading to an actual luminance 
change of roughly 0.5 count. This highlights the importance 
of accounting for frame-specific luminance variances in dark 
images, as shown in Sect. 3, especially when dealing with 
such small luminance changes.

To explore how the accuracy of pressure calculations in 
time-resolved phase-lock PSP measurements is influenced 
by the number of ensemble averages, we adjusted the ensem-
ble averaging from 1 to 1150. The data processing method 
was consistent with that shown in Sect. 3, except for the 
variation in the number of ensemble averages. The accuracy 
was assessed using the coefficient of determination R2 for 
the PSP pressure calibration line, with time series ensemble 

averaged pressure fluctuation values from the pressure trans-
ducer as the reference. The R2 value, which ranges from 0 
to 1, serves as an indicator of accuracy, with values nearer 
to 1 denoting greater precision in PSP pressure calculations.

The results showed an increase in R2 as the number of 
ensemble averages increased, as shown in Fig. 8. This indi-
cates the effective reduction of random noise, particularly 
shot noise, through ensemble averaging. In particular, it was 
observed that R2 approaches approximately 0.8 with about 
900 ensemble averages, suggesting that this level of averag-
ing is necessary to measure the phenomenon in focus. The 
reason the coefficient of determination R2 does not approach 
1 suggests the presence of measurement errors beyond the 
shot noise from the high-speed camera. Possible sources of 
error are discussed subsequently.

Based on the obtained PSP pressure calibration coeffi-
cients, the pressure fluctuation fields for each frame timing 
were calculated. Representative pressure fields on the wing 
pressure side after the application of laser pulses at t = 2, 7, 9 
ms are shown in Fig. 9. The airflow direction is positive 
along the x-axis. The range x∕c = 0.4 to 0.6 and y∕c = −0.3 
to 0.3 represents an area, masked in grey, where PSP was 
excited and degraded due to the effect of laser pulses. Con-
sequently, the regions exhibiting extremely low (Fig. 9a) and 
high (Fig. 9b, c) pressures are not indicative of the actual 
pressure field caused by laser pulses, but rather areas where 
pressure measurements were not accurately obtained. From 
Fig. 9a, a pressure fluctuation structure of about 50 Pa can be 
observed at the trailing edge ( x∕c = 0.85 to 0.95) along the 
spanwise direction (y-axis). As time progresses, as shown 
in Fig. 9b, c, this pressure fluctuation structure disappears 
within the spanwise range of y∕c = −0.1 to 0.1, while it is 
maintained at other span positions. The disappearance of the 
pressure fluctuation begins around t = 7 ms (Fig. 9b), start-
ing to fade in an arc-like structure, with this arc expanding 
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Fig. 7   PSP in  situ calibration results at x∕c = 0.9, y∕c = −0.2 (Dur-
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over time, increasing the area of suppression. These results 
not only visualize the small pressure fluctuations at the 
wing’s trailing edge, but also successfully capture the spa-
tial and temporal extent of the laser pulse’s impact through 
time-resolved phase-lock measurement.

Pressure fluctuation values measured by PSP were com-
pared with those from two pressure transducers installed at 
the trailing edge. The comparison for the position x∕c = 0.9 , 
y∕c = −0.2 is shown in Fig. 10a, and for x∕c = 0.9 , y∕c = 0 
is shown in Fig. 10b. It is noteworthy that the PSP pressure 
calibration coefficients used for this analysis were calculated 
via the in situ method, based on the pressure transducer data 
shown in Fig. 10a.

From Fig. 10, small pressure fluctuations at two locations 
are successfully captured over time using PSP. The error over 
time between the PSP and the pressure transducer in Fig. 10a 
was 14.8 Pa in terms of the root mean square (RMS) value. 
For the calculation of this RMS value, frames 10 to 191 were 
used, as same as the PSP calibration. The RMS value of the 
50 Pa pressure fluctuation was 34 Pa, and the correspond-
ing fluctuation in I

ref
∕I was 0.025%, as previously shown 

in Fig. 7. Furthermore, considering that the stability of the 
excitation light source was approximately 0.01% for this 
measurement sequence (refer to the Appendix), the expected 
pressure calculation error due to variations in the excitation 
light source was calculated as 34 × 0.01∕0.025 = 14 Pa. This 
value was close to the error observed between the pressure 

(a) = 2 ms (b) = 7 ms (c) = 9 ms

Fig. 9   Visualization of surface pressure fluctuation field during suppression process (Note that the range x∕c = 0.4 to 0.6 represents an area, 
masked in grey, where pressure measurements were not obtainable due to the effects of laser pulses)
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Fig. 10   Comparison of the time series pressure fluctuation values of PSP and pressure transducers during suppression process
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transducer and the PSP. Therefore, it is likely that the meas-
urement error in this study originated from the stability of 
the excitation light source.

The missing values around t = 0 ms are due to the appli-
cation of the laser pulse at that moment, which excited the 
PSP, making it unable to measure pressure accurately. In 
Fig. 10a, a state is captured where pressure fluctuations are 
maintained without being affected by the laser pulse. Fig-
ure 10b shows that it is possible to follow the process in 
which these fluctuations are suppressed after the application 
of the laser pulse, even with PSP measurements. The peak 
observed around t = 4.4 ms corresponds to the high-pressure 
fluctuation identified at the location x∕c = 0.7 , y∕c = 0 in 
the pressure fluctuation field shown in Fig. 9a. Given that 
this peak is not observed in the pressure transducer signals, it 
is thought not to represent actual pressure fluctuations on the 
wing surface. Instead, it is suspected to arise from the pas-
sage of a low-density area created by the laser pulse (Bright 
et al. 2018). Further discussion of this topic will be provided 
in subsequent sections.

4.4 � Suppression process

Utilizing the outcomes visualized through time series PSP 
measurements, a discussion on the structure of pressure fluc-
tuations is shown. To closely examine the time evolution of 
pressure fluctuations at different points on the trailing edge, 
data from the range x∕c = 0.825 to 0.975, at y∕c = 0 , with 
increments of 0.05, are shown in Fig. 11.

The measured phase velocity of the pressure fluctuation 
(marked by black arrows in Fig. 11), derived from time 
series pressure field data, was vph = 8.5 m/s. By applying the 
phase velocity calculation method introduced by Nakakita 
(2013)-with TE noise frequency f = 679 Hz and a single 
wavelength of pressure fluctuation � = 12.6 mm-the phase 
velocity is determined to be vph = f� = 8.6 m/s. The agree-
ment of these values confirms the accuracy of the PSP meas-
urement in determining velocities at the wing’s trailing edge. 
Such continuous, time-resolved phase-lock measurements 
enable a detailed evaluation of complex flow fields.

From t = 0 to 3 ms, before the influence of laser pulses, 
pressure fluctuations at various chord locations display vary-
ing magnitudes. The amplitude increases moving upstream 
towards the trailing edge and then decreases as it nears the 
edge. After t = 4 ms, the effect of the laser pulses becomes 
apparent, suppressing pressure fluctuations progressively 
from the upstream side toward the trailing edge.

The peaks observed at each chord location in Fig. 11 
(marked by red arrows) align with similar peaks shown 
in Fig. 10b and are also shown in Fig. 9a. As briefly dis-
cussed earlier, the absence of these peaks in the pressure 
transducer data implies that they may not represent actual 
surface pressure fluctuations but are instead pressure 

inaccuracies due to the PSP measurement. In this study, 
the PSP pressure calculation employs the Iref∕I  ; thus, an 
increase in pressure values corresponds to a reduction 
in luminance values in the actual measurement image I 
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Fig. 11   Time series pressure fluctuations at various chord positions 
on the wing trailing edge ( x∕c = 0.825 to 0.975, y∕c = 0 ) during the 
suppression process
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at these timings. Since PSP is sensitive not only to pres-
sure but also to temperature (Liu and Sullivan 2005), this 
change in luminance is likely due to temperature effects. 
The absence of significant pressure fluctuations, cou-
pled with reduced luminance in the PSP images, implies 
a higher temperature state. Therefore, the area observed 
at x∕c = 0.7 , y∕c = 0 in Fig. 9a can be interpreted as a 
high-temperature region. It is known that focusing laser 
pulses creates a high-temperature, low-density area when 
laser plasma occurs (Bright et al. 2018), and it is believed 
that this phenomenon was captured in the current PSP 
measurements.

The advection speed of the high-temperature, low-den-
sity area, calculated from the PSP-measured time series 
pressure fluctuation fields, was nearly identical to the 
freestream velocity at 22.5 m/s. This similarity in speed 
arises because the laser pulses were focused outside of the 
boundary layer on the wing surface in this experiment. It 
is believed that when this high-temperature, low-density 
area contacts the wing surface, it influences the PSP’s 
luminescence. As shown in Fig. 11, pressure fluctuations 
are suppressed after the passage of this high-temperature, 
low-density area at each chord location, suggesting its 
impact on the flow field. However, the current PSP meas-
urement data lacks sufficient detail to fully comprehend 
the changes in the TE noise flow structure, including the 
variations in the flow velocity distribution perpendicu-
lar to the wing surface and within the velocity boundary 
layer. Further study is required to gain an understanding 
of this phenomenon.

4.5 � Redevelopment process

This section discusses the measurement and analysis of the 
redevelopment process of pressure fluctuations at the trail-
ing edge, occurring between t = 16.6 and 26.6 ms, after the 
suppression process. Figure 12 shows the visualization of 
pressure fluctuation fields at t = 18 , 20, and 26 ms. Simi-
larly to Fig. 9, the regions between x∕c = 0.4 to 0.6 and 
y∕c = −0.3 to 0.3, which are masked in grey, were affected 
by the laser pulses. Particularly, the low pressure observed 
at x∕c = 0.5 , y∕c = 0 in Fig. 12a, b, and the high pressure in 
Fig. 12c, do not represent accurate pressure fluctuation val-
ues. At t = 18 ms (Fig. 12a), the pressure fluctuation struc-
ture remains suppressed in the area of x∕c = 0.85 to 0.95 and 
y∕c = −0.1 to 0.1. By t = 20 ms (Fig. 12b), the amplitude 
of pressure fluctuations in the previously suppressed area is 
redeveloping, with the structure of the pressure fluctuations 
beginning to reform from the trailing edge. Finally, at t = 26 
ms (Fig. 12c), the structure of the pressure fluctuation has 
recovered to the same extent as the surrounding areas. Con-
sequently, PSP measurements have successfully captured the 
redevelopment process of pressure fluctuations.

Focusing on the pressure fluctuation values measured 
with PSP, the comparison of pressure values obtained from 
two pressure transducers installed at the trailing edge and 
from the surrounding PSP, plotted over time, is shown 
for x∕c = 0.9 , y∕c = −0.2 in Fig. 13a, and for x∕c = 0.9 , 
y∕c = 0 in Fig. 13b. During the redevelopment process, 
pressure fluctuations are well captured at both locations. 
In particular, in Fig. 13b, the process of increasing the 
amplitude of pressure fluctuations as they redevelop is 
effectively tracked. Additionally, despite not being imme-
diately after the laser pulse application, the missing values 

(a) = 18 ms (b) = 20 ms (c) = 26 ms

Fig. 12   Visualization of surface pressure fluctuation field during redevelopment process (Note that the range x∕c = 0.4 to 0.6 represents an area, 
masked in grey, where pressure measurements could not be obtained accurately due to the effects of laser pulses.)
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around t = 16.6 ms are due to the characteristics of the first 
image taken in a sequence. Specifically, this was because 
the dark level of the image was different from that of the 
other frames.

Next, we compare the significant measurement errors 
shown    in Fig. 13b during t = 16.6 to 18.0 ms. At this 
period, the pressure transducer data indicate fluctuations of 
about 10 Pa, challenging for PSP measurement. A potential 
cause of this error could be differences in the characteristics 
of the captured frames. As shown in Sect. 3, in the time 
series measurements with the high-speed camera, the ini-
tial frames show a change in dark level by a few luminance 
levels, necessitating dark subtraction at each frame timing 
to reduce this effect. However, the variation in luminance 
values in the dark images, despite being captured with the 
same exposure time by the high-speed camera, suggests a 
change in image sensitivity. Since, the first 1 to 20 frames 
in Fig. 4 correspond to the period t = 16.6 to 17.6 ms in 
Fig. 13b, it can be attributed to the influence of the captured 
frames. Moreover, this effect becomes more noticeable at 
times when the pressure fluctuations are very small. Meas-
urement of small pressure fluctuations over time requires 
an understanding of the characteristics of the high-speed 
camera used.

For a detailed analysis of the redevelopment process of 
pressure fluctuations at the trailing edge, Fig. 14 presents 
time series pressure fluctuations at each chord location near 
the trailing edge ( x∕c = 0.825 to 0.975), at y∕c = 0 , simi-
lar to Fig. 11 during the suppression process. From these 
results, it is observed that fluctuations begin around t = 18 
ms at x∕c = 0.875 and increase in amplitude as they move 
towards x∕c = 0.975 , as indicated by the black arrows in 
Fig. 14. In the time domain shown in Fig. 14, the ampli-
tude of fluctuations at both x∕c = 0.875 and x∕c = 0.925 
increases, but at x∕c = 0.975 , it starts to decrease after 

t = 22 ms. When comparing the amplitude of pressure fluc-
tuations at x∕c = 0.975 during the redevelopment process 
(Fig. 14) with that during the suppression process (Fig. 11), 
it is observed that the amplitude before suppression is 
smaller than in the latter half of the redevelopment process. 
It is anticipated that changes in the magnitude of pressure 
fluctuations will be observed at each chord location after 
t = 26.6 ms. Time series data from the pressure transducer 
at x∕c = 0.9, y∕c = 0 (Fig. 6) further confirm that, during 
the measurement period of the redevelopment process, pres-
sure fluctuations increase, reaching levels similar to those 
observed before suppression around t = 29 ms.

PSP measurements near the trailing edge within this 
measurement period revealed a transitional process not yet 
in a periodic steady state. Detailed pressure fluctuations at 
each chord location suggest that during the redevelopment 
process of TE noise, fluctuations develop from upstream but 
increase in magnitude from downstream to upstream.

These measurement results demonstrate that time-
resolved phase-lock PSP measurements can provide data 
to discuss the generation mechanism of TE noise pressure 
fluctuations.

5 � Conclusions

In this study, we conducted time-resolved phase-lock pres-
sure-sensitive paint measurements on the surface of an air-
foil, specifically focusing on TE noise. Our primary objec-
tive was to evaluate the feasibility of employing laser pulses 
directed at the airfoil surface to mitigate TE noise. The PSP 
measurement enabled us to observe the evolution of small 
pressure fluctuation structures at the trailing edge of the 
airfoil. By employing a semiconductor pressure transducer 
as a reference point, we captured multiple PSP images at a 
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fixed frame rate of the high-speed camera, synchronized to 
the phase of pressure fluctuations. Repetition of this process 
in several sets facilitated the collection of time series images 

for phase averaging. The principal conclusions are summa-
rized as follows. 

1.	 The ensemble averaging of acquired image data at each 
phase timing enabled the visualization of small pressure 
fluctuations in the time domain, with an amplitude of 
50 Pa, which would have been undetectable by PSP’s 
single-shot method. Approximately 900 ensemble aver-
ages were required, and careful consideration of the dark 
level in each frame timing was essential.

2.	 Utilizing an in situ method based on ensemble averaged 
data of PSP images, we quantitatively captured the sup-
pression and redevelopment process of pressure fluctua-
tions (± 50 Pa) with an accuracy of about 15 Pa.

3.	 The temperature dependency of PSP allowed us to 
observe the formation of a high-temperature, low-den-
sity region following the laser pulse application, mov-
ing downstream at the freestream velocity. Subsequently, 
pressure fluctuations were observed to be suppressed 
several milliseconds after this region passed over the 
trailing edge.

4.	 Furthermore, our high spatial resolution time series 
measurements with PSP elucidated the redevelopment 
process of TE noise after suppression at the trailing 
edge. We observed disturbances redeveloping upstream 
of the wing’s trailing edge, with the amplitude of pres-
sure fluctuations transiently recovering from the trailing 
edge towards the upstream direction.

Appendix

Evaluation of excitation light source stability

The stability of the UV-LED excitation light source (IL-
106X, Hardsoft) was assessed, utilizing the same model as 
used during the wind tunnel tests. A cold filter (SC0451, 
Asahi Spectra, cut-off wavelength: 450 nm) was mounted 
on the UV-LED, and UV-LED was illuminated at the same 
power level as used during the tests. Emissions from the 
UV-LED were recorded with a photodetector (C6386-01, 
Hamamatsu Photonics) and a digital oscilloscope (GR-
7000, Keyence) at a sampling rate of 200 kHz over a 250 s 
period. Time series data recorded during illumination were 
processed by subtracting the average value obtained when 
there was no illumination.

From the processed time series data, the standard devia-
tion relative to the mean was calculated, revealing a varia-
tion of 0.4%. Time series data from the UV-LED during 10 
ms measurement intervals-aligned with the wind tunnel test 
sequence (measuring once every 70 cycles of the 679 Hz 
TE noise frequency)-were extracted. Approximately 2400 
datasets were prepared and subjected to ensemble averaging, 
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with datasets being randomly selected for averaging. A 
graph depicting the relative variation percentage as a func-
tion of the number of ensemble averages is shown in Fig. 15. 
The black line represents the calculated variation percent-
ages obtained through random sampling, while the red line 
shows these data smoothed by a 50-point moving average. 
It was observed that an increase in the number of ensemble 
averages further minimized the impact of variations from the 
UV-LED light source. After 1150 ensemble averages, the 
variation was found to be approximately 0.01%.

Subsequent analyses focused on the output waveform over 
a 10 ms interval following ensemble averaging. Figure 16 
illustrates the time series variation percentages over a 10 
ms interval after 1150 ensemble averages, with the stand-
ard deviation indicated by a red dotted line. The observed 
variation within the 10 ms time series was 0.01%, indicating 

minimal fluctuation in the UV-LED. The waveform con-
tained high-frequency oscillations at approximately 3.5 
kHz. Figure 17 presents the power spectral density calcu-
lated from the measured time series data, showing multi-
ple peaks in the low-frequency range (below 1.2 kHz) and 
a broad peak in the high-frequency range (3.5–4.5 kHz). 
Although ensemble averaging has reduced the influence of 
the low-frequency components, the broad high-frequency 
components have not been fully attenuated. These findings 
demonstrate that ensemble averaging effectively reduces 
noise in the excitation light source within this measurement 
sequence. 
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