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Wind Tunnel Testing Techniques for Trains to Assess Crosswind Stability and 

Evaluate Aerodynamic Noise with Noise Source Detection 

 

Akitoshi MATSUI 

 

Abstract 

In the present dissertation, the innovative wind tunnel testing techniques that can assess the crosswind stability 

and evaluate the aerodynamic noise with noise source detection were developed towards the future high-speed 

train with the low CO2 emission. 

Firstly, an aerodynamic force and moment measurement system was developed in a compact wind tunnel for 

repeatable easy evaluations of the crosswind stability. The target of the measurement system, which is consisted 

of a wide nozzle and a splitter plate, was to achieve the same measurement accuracy as the European Norm 

describes. The outlet size of the wide nozzle was determined to be sufficiently larger than the train test model and 

achieve sufficient wind velocity within the maximum flow rate of the compact wind tunnel, and its contraction 

was designed by a simple equation. The developed wide nozzle was found to achieve the same flow quality as that 

in the reference wind tunnel in the European Norm from both simulation and experimental results. The splitter 

plate was applied to reduce the boundary layer thickness. The simulation results show that the higher splitter plate 

with a low height nozzle leads to increase the separation area from the roof of the train test model in the wake 

because of the lower flow rate over the roof. The splitter plate set at 0.02 times the height of the train test model 

was found to be suitable to achieve the target boundary layer thickness and acquire sufficient vertical space over 

the train model. The developed measurement system is found to measure the rolling moment around the leeside 

rail of the reference benchmark train model within an average 8.6 % and the maximum 14.9 % of the reference 

value in the European Norm for 5-degree yaw angles from 0 to 90 degrees. Thus, the proposed system can satisfy 

the necessary dimensions and flow specifications and accurately measure aerodynamic force and moment within 

the accuracy as the benchmark described in the European Norm. 

Secondly, the correlation between wind velocity and aerodynamic noise level for structure with acoustical 

insulation was investigated to assess the similarity law for accurately estimating full-scale noise from the wind 

tunnel results obtained with a reduced scale model. The aerodynamic noise radiating from cylinders without and 

with periodic holes, and a pantograph model with and without a sound insulating plate was measured at the wind 

velocities above 100 m/s in a low-noise high-speed wind tunnel. 

The overall noise level radiated from the cylinder is observed to increase in proportion to the sixth power of 

wind velocity as a dipole sound source. The noise reduction of the periodic holes, which vanish the Kármán vortex 

from the cylinder, is found to constantly reduce the main noise level, that is the Aeolian tone, regardless of wind 

velocity. However, the second peak noise radiated from the cylinder is found to become in proportion to the eighth 

power of wind velocity over 130 m/s, which leads to underestimate by using the wind conversion based on a dipole 

sound source. The overall noise level of the pantograph model with the sound insulating plate increased in 

proportion to lower than the sixth power of wind velocity in contrast to the pantograph model itself as a dipole 

sound source. This means that the sound insulating plate reduces more noise level of the pantograph noise level 

with the wind velocity increase. This is caused by that the sound insulating board reduces more noise level at 
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higher frequencies because higher-frequency sound is difficult to diffract due to its short wavelength. The 

frequency of the dominant pantograph noise shifts higher with the higher-speed wind velocity, and the sound 

insulating board becomes able to effectively reduce the dominant pantograph noise. This led to underestimate 

reduction effect of the sound insulating plate by 2.5dB at the estimation from 50m/s to 116.7m/s by using the wind 

conversion based on a dipole sound source. To solve this problem, it was formulated that the reduction noise level, 

which of the finite sound insulating board was theoretically estimated by using the Fresnel number, is subtracted 

from the estimated noise level of the pantograph itself. This leads the pantograph noise with the sound insulating 

plate to be estimated within 0.8 dB difference. 

Finally, pressure-sensitive paint (PSP), which allows us to estimate time-series surface-pressure distributions 

by measuring the varying intensity of the luminescent light from the dye in PSP excited by an excitation light, was 

applied to complex shapes: square cylinders and simplified model of a bogie. A sound-source distribution was 

evaluated and an unsteady phenomenon in the low-speed region was comprehended for the development of the 

aerodynamic noise reduction. 

The pressure fluctuations distribution on the floor surface behind a square cylinder in the turbulent boundary 

layer was measured by PSP and its accuracy and frequency response at the Mach number around, M = 0.3, were 

examined, where aerodynamic noise is mainly generated from the surface pressure fluctuations. Four types of 

the square cylinders were examined in the same turbulent boundary layer for detailed comprehension of the 

relationship between these conditions and the Kármán vortex shedding structure. The measured values by PSP 

have a similar tendency to that of the pressure transducer up to 5 kHz. The peak PSD of pressure fluctuations 

generated by the Kármán vortex shedding from the square cylinder was observed within an error of approximately 

30 % up to more than 3 kHz. 

The sounds level from a 1/8-reduced-scale simplified model of a bogie and pressure-fluctuation distributions 

of the bottom surface of the bogie were measured simultaneously by a microphone and an unsteady PSP, and the 

sound-source distribution of a bogie section of a train was clarified. A peak sound was observed at wind velocity 

over 69.4 m/s, and a high-pressure-fluctuation area was observed on the upstream side on the bottom surface of 

the bogie at the peak sound frequency. The phase-shift distribution of the pressure fluctuation shows a delay in 

the downstream direction regardless of wind velocity. This result shows that the propagation speed of peak 

pressure fluctuation was 66 % of freestream wind velocity. Thus, the measured peak sound frequency was found 

to be the same as the theoretical cavity peak frequency given by the Rossiter equation at this propagation speed 

of the peak surface pressure fluctuation. Moreover, the difference between estimated and measured sound level 

on the bottom surface of the bogie was no more than 3 dB, where estimated sound level was calculated from the 

COP data by using the Lighthill-Curle equation. Therefore, the peak sound is concluded to be mainly generated 

by acoustic feedback in the cavity, namely, the gap between the upstream cavity edge and the bogie. 

The developed wind testing techniques and knowledges in this dissertation is expected to be applied to the 

improvement of the crosswind stability and reduction of the external noise at the design stage of high-speed train, 

which finally leads to contribute to achieve carbon neutral by supporting the development of trains with the low 

CO2 emission. 
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1.1. Research Background 

One of global problems to be solved is “the global warming”. Average temperature on the Earth is rapidly 

rising. For example, global surface temperature was found to be 1.09 °C [0.95-1.20] higher in the 2011-

2020 decade than the preindustrial baseline (1850-1900) (IPCC 2021). The current rise in global average 

temperature is mainly caused by greenhouse gases, especially carbon dioxide (CO2), which result from 

burning fossil fuels. Greenhouse gases warm the air by absorbing heat radiated by the Earth, trapping the 

heat near the surface. Greenhouse gas emissions amplify this effect, causing the Earth to take in more 

energy from sunlight than it can radiate back into space. The global warming causes deserts expanding, 

permafrost melting and extreme weather (storms etc.). 

The international treaty on climate change, named as the 2015 Paris Agreement (United Nations 

2022), has been ratified or acceded by 193 states and the EU for prevention of the global warming. The 

long-term temperature goal in the Paris Agreement is to keep the rise in mean global temperature up to 

below the temperature 2 °C higher than pre-industrial levels, and preferably limit the increase of 1.5 °C, 

recognizing that this would substantially reduce the effects of climate change. Emissions should be 

reduced as soon as possible and reach net-zero by the middle of the 21st century. To stay below 1.5 °C of 

global warming, emissions need to be cut by roughly 50% by 2030. 

To achieve net-zero carbon emissions, railway vehicles are drawing renewed attention as an earth-

friendly transport. Figure 1.1 shows the CO2 emissions per a passenger running 1km of intercity transport 

(IEA 2020). Railway vehicles generate the 1/6- and 1/10-times lower amount of CO2 than airplane and 

large cars, such as trucks. Therefore, in order to reduce CO2 in passenger and freight transport, the modal 

shift from road to rail has been promoted. Due to this trend, the railway market reached a record volume 

of EUR 188 bullion at the end of 2019, and expected to reach EUR 204 billion by 2025 with an average 

annual growth rate of 2.3% (UNIFE 2020). Therefore, high-speed train needs to develop to support 

passenger and freight transport between large cities with low CO2 emission. 

 

 

Figure 1.1 CO2 emissions amount when a single passenger travels a single kilometer (IEA, 2020) 
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One of the problems on high-speed train is the crosswind stability. Train is more sensitive to 

crosswind than automobiles because of its larger side area. Crosswind velocity toward train increases 

with its running speed increase, which leads to increase the risk of overturning due to crosswind. Another 

problem is the external noise in high-speed running. Aerodynamic noise becomes dominant in the 

external noise with trains running faster because it increases in proportion to the sixth power of wind 

velocity. It is necessary to reduce aerodynamic noise for preventing trains from disturbing environment 

along railway lines. 

 

1.1.1. Crosswind stability 

Train is more sensitive to crosswind than automobiles because of its larger side area. Figure 1.2 shows 

the aerodynamic forces generated by crosswind. The lateral force and rolling moment under crosswind 

potentially cause to overturn a rolling stock. Adequate assessments of crosswind stability at design stage 

are being established for prevention of the overturn accidents due to crosswind. Generally, crosswind 

stability is assessed by using the limit wind speed, which determines the crosswind at which the rolling 

stock will overturn. The limit wind speed is estimated by using the dynamic response of a railway vehicle 

from the aerodynamic force and moment. Therefore, assessment of the aerodynamic force and moment 

and construction of the dynamic model are important. 

In Japan, the investigations into past accidents revealed that the yaw angle  of the crosswind for a 

train and the environment along the railway lines, such as embankment and elevated lines, affect the 

aerodynamic force and moment (Suzuki et al. 2003). Hence, the infrastructure models in a turbulent 

boundary layer were generally adopted in the measurement of the aerodynamic force and moment in a 

wind tunnel in order to simulate the natural wind condition, which is illustrated in Figure 1.3, because its 

main target is a conventional line. The lateral force and rolling moment of the different rolling stock shape 

for under crosswind were measured in a wind tunnel test (Tanemoto et al. 2013). Based on these results, 

the flow structure around a rolling stock on the embankment under crosswind was also investigated by 

Computer Fluids Dynamics (CFD) (Noguchi et al. 2018, 2022). Moreover, the crosswind stability under 

real crosswind conditions while a train is running has been investigated. The aerodynamic force in 

running was calculated from the lateral surface pressure measured using moving model rig in a wind 

tunnel (Suzuki, 2011). The effect of real crosswind velocity and direction on the wheel unloading ratio in 

operational train was investigated (Moriyama 2013). The static dynamic equation for assessment of the 

running safety (Kunieda 1972) was generally used from the viewpoint related to the dynamic response 

under crosswind. Based on this equation, the detail quasi-steady equations have been adopted to add the 

impact of the external forces and the displacement of the car body from the knowledge of the past 

accidents and compared with the full-scale model tests (Hibino et al. 2009, 2013; Kikuchi and Suzuki 

2015). The limit wind speed can be calculated by these equations from the estimated aerodynamic force 

and moment. Recently, the dynamic responses of railway vehicles under crosswinds are investigated by 

using multibody dynamic simulations and compared with the experimental data (Ishihara et al. 2021). 

On the other hand, in the European Union, the requirements of the procedure to assess the crosswind 

stability have been outlined in the Locomotive and Passenger Technical Specifications for 
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Interoperability (TSIs) (LOC/PAS TSI 2014). A method for evaluating crosswind stability has been 

established on the basis of these standards in accordance with the maximum speed of the rolling stock. 

The main target of this requirements is the high-speed train, which runs faster than 200 km/h. These TSIs 

must satisfy European Norm EN14067-6:2018 (British Standard 2018), which describes a common 

method for determining the aerodynamic coefficients and the wheel unloading. In this standard, the 

coefficients of the aerodynamic forces and moments, especially the rolling moment coefficient around 

the lee rail, must be determined by reduced-scale wind tunnel measurements for the train running more 

than 200 km/h. The rolling moment coefficient around the lee rail, which is seen in Fig 1.2(b), is a non-

dimensional form of a full-scale wind induced moment acting around the line of contact between the 

wheels and the lee rail. It is mainly this moment that unloads upwind wheels in strong winds and, at the 

limit, could cause a vehicle to overturn. The type of wind tunnel test that is described in this standard 

uses static models of the train in a uniform, low turbulence onset flow. A block profile and low turbulence 

intensity are usually not present in full scale; nevertheless, this is required in the wind tunnel, because it 

allows a more reliable and repeatable test than more complex flow simulations. A uniform velocity profile, 

except for the thin boundary layer on the floor, ensures more repeatable conditions between different 

wind tunnels. The train model is set on single track ballast and rail (STBR). The experiments under these 

wind tunnel conditions have been reported in the previous study (Schober et al. 2008; Rüd et al. 2009; 

Hoefener et al. 2009). Additionally, the aerodynamic forces and moments of the model on the flat ground 

and the embankments were also measured and the difference in the infrastructure was comprehended, 

(Bocciolone et al. 2008; Cheli et al. 2010; Tomasini et al. 2014; Li et al. 2022; Brambilla et al. 2022). 

Figure 1.4 shows an example of the wind tunnel test simulated as crosswind of the train on a flat ground. 

The limit wind speed, called as the characteristic wind speed in this standard, was calculated by the 

moment of equilibrium around the lee rail. In this calculation, the simple static method is usually applied 

because it has the built-in margins. The standard describes the characteristic wind curves, which are the 

table of the characteristics wind speeds at the different train speeds and wind directions, must be 

calculated and, be compared value by value to the ones of the reference CWC when the train running 

speed is over at 250 km/h. For a compliant vehicle, each compared CWC value of the assessed vehicle 

shall be equal to or greater than the reference values stated in the tables. Figure 1.5 shows an example of 

the CWCs table with the reference value for passenger vehicles and locomotives. In the previous study, 

the rollover risk of two types of trains; a low-speed, light-weight train and a high-speed train, was 

evaluated by means of the CWCs from the aerodynamic force and moment coefficients measured by 

means of wind tunnel tests on scale models (Giappino et al. 2016). 

Generally, aerodynamic force and moment are measured in the wind tunnel with large air flow mass 

to apply a bigger train model. Table 1.1 shows the simplification of the reference wind tunnel described 

in the European Norm and our wind tunnel (Hitachi 2014; Matsui et al. 2017, 2020). The reference wind 

tunnel has a large fan power to acquire the large outlet with the necessary wind speed. However, few 

wind tunnels have such a large air flow rate, and they are difficult to use continuously for developing new 

train cars. The aerodynamic forces and moments under crosswind need to be measured in a compact wind 

tunnel with a small air flow rate for repeatable easy evaluations. In this study, the aerodynamic force and 
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moment measurement system have developed in our wind tunnel, the fan power of which is lower than 

1/10 of that of the reference wind tunnels. 

 

 

  

(a) Top view (b) Force and moment 

Figure 1.2 The image of train under crosswind 

 

 
Figure 1.3 Wind tunnel test simulating natural crosswind (Kikuchi and Suzuki, 2015) 

 

 
Figure 1.4 Crosswind wind tunnel test described in the EN (Bocciolone et al., 2008) 
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Train speed 

[km/h] 

CWCs in m/s for angle  
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80           

100           

120           
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160 31.7          

180 31.0          

200 30.3          

・           

・           
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・           

・           
 

Figure 1.5 Reference CWCs for passenger vehicles running at more than 250 km/h (EN 14067-6:2018) 

 

Table 1.1 Specification of wind tunnel 

Name 
Fan Power 

[MW] 

Outlet [m] Max wind 

speed  

[km/h] Width × Height 

Hitachi (Japan) 

Target of this research 
0.32 0.6×0.4 420 

CSTB* 

(France) 
3.2 10.0×5.0 150 

GVPM** 

(Italy) 
1.4 4.0×3.84 200 

 

*CSTB  Centre Scientifique et Technique du Bâtiment 

 (French: Scientific Center and Technical Building) 

**GVPM  Politecnico di Milano Wind Tunnel laboratory 
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1.1.2. External noise and aerodynamic noise 

External noise is defined as the sound radiated from the train. The limits of the external noise level were 

described in several standards and/or laws in the world to keep the silent environment along railway lines. 

For examples, in the Europe, the TSI (2008, 2014) describes the limits and their measurement methods. 

One of these noises is the pass-by noise, which is the average values when a unit of train cars running. 

Its limits are defined at a distance of 25 m from the centerline of the reference track, 3.5 m above the 

upper surface of the rails. On the other hand, in Japan, the peak noise level through the train running is 

required in the Japanese law (Ministry of the Environment 1993). Its limits are measured at a distance of 

25 m from the centerline of the elevated bridge track. In the development of a new line and/or new train 

cars, its external noise must be assessed so that the limits of the noise level are satisfied. 

Figure 1.6 shows the breakdown of the external noise level (EC 2003). External noise is classified 

as three noise sources: Traction noise, rolling noise and aerodynamic noise. Traction noise is generated 

from the equipment set on/under a train at their operating. It is basically independent on the train running 

speed, and becomes a main noise source at the train stopping. Rolling noise is generated by the vibration 

of the wheel and rail induced by the interaction force generated due to the irregularities present in their 

surfaces. It is found to increase in the proportion to the third power of the running speed (Mellet et al., 

2006, Thompson, 2010). Aerodynamic noise is generated by the running wind blowing to parts of a train. 

Aerodynamic noise is observed to increase in proportion to the fifth to eighth power of the wind velocity 

from the measurement of the running train cars in operation (Thompson et al. 2015; Sica et al. 2021). 

Therefore, the main noise source of the external noise of the rolling noise is shifted from the rolling noise 

to the aerodynamic noise as the running speed increases, which is illustrated in the Fig. 1.6. The 

aerodynamic noise needs to be reduced because it becomes dominant for a high-speed train. 

It is important for reduction the external noise to detect the noise source position and investigate the 

adequate shape. In the previous study, the external noise source position of high-speed train was 

investigated from the measurement of a running train by using a microphone array (Takano et al. 2003; 

Kurita et al. 2011). Figure 1.7 shows an example of the microphone array measurement result. These 

results illustrate that the external noise of Shinkansen was found to be mainly radiated from the bogie 

region and the pantograph on its roof. Noise from the bogie region is found to be mixed with the rolling 

noise and the aerodynamic noise, which is generated by that the running wind flows into the bogie cavity 

and hit the bogie and the car body (Kitagawa et al. 2013; Yamazaki et al. 2019a). The bogie side and 

bottom covers and the lower shape near the bogie cavity were optimized to reduce the aerodynamic noise 

by preventing the wind flowing into the bogie cavity (Uda et al. 2016; Sawamura et al. 2019) and applied 

to be embed sound-absorbing materials in them to prevent the noise from the bogie region propagating 

to the outside (Kurita, 2011). The pantograph generated the aerodynamic noise by receiving the high-

speed running wind due to its location on the roof. In previous study, the shape of the pantograph was 

optimized for aerodynamic noise reduction to adjust for the current collecting performance and the 

distance between train roof and a catenary (Kurita et al. 2010; Saito et al. 2019). Especially, the panhead 

shape, which contacts the catenary for collection current, was found to be one of the noise sources and 

optimized to reduce the aerodynamic noise and acquire the adequate the uplift force (Mitsumoji et al. 
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2019). In addition to the shape optimization of the pantograph itself, the control of the propagation of the 

aerodynamic noise radiated from the pantograph has been investigated. The sound insulating boards were 

applied to be set on the side of the pantograph on the roof to prevent the radiation to the wayside of the 

railway line (Kanda et al. 2008; Kurita et al. 2010). 

The wind tunnel tests have been conducted for repeatable evaluations because full-scale tests require 

enormous cost and time, and these reduction methods for the aerodynamic noise were investigated. We 

measure the radiated aerodynamic noise of a reduced scale model in a wind tunnel and estimate the full-

scale noise from the test result by using a similarity law of aerodynamic noise. Therefore, the similarity 

law is important for accurately estimating full-scale noise from the results obtained with a reduced scale 

model. The law needs to convert the noise spectrum of a reduced scale model in a wind tunnel into that 

of a full-scale one by taking the difference between the wind velocity, the scale and the measurement 

conditions of the two models into consideration. Iida et al. (2000, 2007) suggested the use of the law for 

aerodynamic sound generation which estimates full-scale model noise in the condition of the low Mach 

number. In this similarity law, the sound pressure level SPL is in proportion to the sixth power of wind 

velocity and to the double power of the scale from the sound pressure of a reduced-scale model. However, 

next generation high-speed trains are expected to run faster, which will probably lead to full-scale 

estimated noise error because of the change of the noise source on trains or the difference in wind velocity 

between reduced-scale and full-scale models. In this study, the change in the similarity law by increasing 

the wind velocity was assessed to increase the accuracy of the full-scale noise level estimation. 

Moreover, detection of the aerodynamic noise source is also important to investigate the noise 

reduction. The Lighthill-Curle equations (Lighthill 1952; Curle 1955) show that a sound source of 

aerodynamic noise is changed from a dipole sound source into a quadrupole sound source depending on 

the Mach number M (= U/a), which is the ratio between the freestream velocity U and the sound velocity 

a. Aerodynamic noise is found to be mainly generated as a dipole sound source from pressure fluctuations 

on a surface in the low-speed region under M = 0.3 (Iida et al. 2000). Therefore, it is important to measure 

distributions of surface-pressure fluctuation on a test model for the assessment and the detection of 

aerodynamic noise sources. Conventionally, pressure fluctuations are measured by using pressure sensors 

set in orifices on a surface of a test model. This measurement technique is highly accurate and reliable. 

However, it is difficult to be applied to a curved surface, and to acquire the pressure distribution across a 

whole surface, multiple sensors and/or repeated measurements are necessary. Therefore, it is required to 

easily measure the surface pressure fluctuation distribution. In this study, pressure-sensitive paint (PSP) 

was investigated for the application to detect noise source and estimate its noise level. 
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Figure 1.6 Breakdown of the external noise level (EC, 2003) 

 

 

Figure 1.7 Sound level distribution of the Shinkansen measured by a microphone array 

(Takano et al. 2003) 
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1.1.3. Pressure sensitive paint 

Pressure-sensitive paint (PSP) has been developed as a new method by which to measure pressure fields 

with high spatial resolution (Bell et al. 2001; Liu and Sullivan 2005). PSP is an optical pressure-

measurement technique based on oxygen quenching of luminescence. 

  Figure 1.8 shows the schematic of the PSP coating and a measurement system. PSP consists of 

oxygen sensing molecules (luminophore), an oxygen-permeable binder, and a solvent. In general, PSP 

can be applied to a test article by spray coating procedure. Luminophore is excited from the most stable 

(ground) state to excited electronic states by a light with a proper wavelength. The excited molecules 

return to the ground state by a combination of radiative and radiationless processes. The radiative 

process is accompanied by a light emission, whereas the radiationless process including oxygen 

quenching is accompanied by energy dissipation by a collision with another molecule or vibration of 

the molecule. Hence, the characteristics of light, i.e., intensity emitted from the PSP layer depends on 

the oxygen concentration in the PSP layer. Since the oxygen concentration in a layer is proportional to 

the oxygen partial pressure according to Henry’s law, the air pressure over the PSP coating can be 

calculated from the measured luminescence characteristics. Cameras are typically used as a 

photodetector of the PSP emission.  

  One of the measurement methods to obtain pressure information using PSP is the intensity-based 

method that is based on the relation of the luminescent intensity to air pressure. The intensity-based 

method is widely used in wind-tunnel tests because of the simple experimental setup and the high 

luminescent intensity. Continuous excitation light sources and a photodetector such as a digital camera 

were used in the intensity-based method. Since the emission intensity of PSP depends not only on air 

pressure but also on the dye concentration, the paint thickness, and the intensity of an excitation light, 

the ratio of a wind-on (run) and wind-off (reference) images is used to calculate pressure. 

  The high-spatial-resolution pressure information provided by PSP enables understanding of 

aerodynamics on locations where conventional pressure taps and transducers cannot be installed, such 

as sharp edges, corners, thin or small models, and rotating surfaces. In addition, the aerodynamic force 

acting on a test article can be calculated by integrating surface pressure measured by PSP. It is important 

for the validation of CFD simulations to use high-resolution experimental data.  

  PSP has been applied to the unsteady measurements in the transonic and supersonic flows since the 

development of the fast-response PSP and the high-speed cameras with high resolution. Nakaktia et al. 

(2012) successfully revealed the complex three-dimensional flow field on the rocket fairing by the using 

PSP, of which the time-series pressure data were agreed well with those acquired by unsteady pressure 

transducers. Sellers et al. (2017) conducted unsteady PSP measurement of a generic launch vehicle. 

Figure 1.7b shows the root-mean-square pressure fluctuations on the model measured by the unsteady 

PSP technique. They finally calculated fluctuating integrated loads acting on the launch vehicle model.  

  In recent years, moreover, PSP has been applied to unsteady phenomena in the low-speed region 

(Liu 2003; Asai and Yorita 2011; Nakakita 2011; Peng et al. 2016). Applying PSP to unsteady 

phenomena in the low-speed range faces two major problems: time response of PSP and low signal-to-

noise ratio (SNR) due to low dynamic pressure. Regarding the former problem, unsteady PSP has been 
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developed, and PSPs with quick response time, which can adequately follow pressure fluctuation in the 

order of kilohertz (Gregory et al. 2001; Kitashima et al. 2014; Sugioka et al. 2018, 2018a, 2018b, 2021; 

Uchida et al. 2021) have been demonstrated. Regarding the latter problem, several methods for 

improving SNR of PSP have been developed. A simple one is a phase-lock measurement that 

accumulates synchronized snapshots with a reference signal out of the targeted periodic phenomenon. 

A fast Fourier transform (FFT) was applied to PSP images (Nakakita 2011), and subtracting power 

spectral density (PSD) of the wind-off images from that of the wind-on images is shown to be an 

effective way to reduce the noise component (Nakakita 2013). Recently, the spectrum estimation 

technique using cross-corelation was also devised and the noise floor was further reduced while it 

requires a lot of samples (Ozawa at al. 2019). Meanwhile, coherent output power (COP), which is given 

by a cross correlation between time-series pressure measured by PSP and a reference signal, was 

employed for the measurement of pressure fluctuations associated with tonal trailing-edge noise for a 

two-dimensional NACA 0012 airfoil (Noda et al. 2018). Accuracy of an unsteady PSP measurement in 

the low-speed region has thus been improved. However, there are still few examples of applying a PSP 

measurement to a complex shape for evaluation of a sound-source distribution and for comprehension 

of an unsteady phenomenon in the low-speed region. 

 

 
Figure. 1.8 Schematic illustration of pressure-sensitive paint and measurement system. 

 

  

(a) Launch vehicle model coated with PSP (b) RMS distribution at M = 0.8 

Figure. 1.9 Unsteady PSP measurement on a launch vehicle model (Sellers et al. 2017). 
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1.2. Contributions and Outline 

In the present dissertation, the innovative wind tunnel testing techniques were developed in order to 

assess the crosswind stability and evaluate the aerodynamic noise with noise source detection for the 

development of the high-speed train with the low CO2 emission. 

In Chapter 2, the aerodynamic force and moment measurement system was developed in a compact 

wind tunnel for repeatable easy evaluations of the crosswind stability. The aim of the measurement 

system is to accurately measure aerodynamic force and moment within a required tolerance of the 

benchmark data listed in the European Norm. A wide nozzle which is a suitable size for the reduced-

scale train model was developed for effective use of the limited air flow rate. Moreover, the train model 

installation setup is optimized, and a sufficient flow is obtained while controlling the boundary layer 

thickness. 

In Chapter 3, the correlation between wind velocity and aerodynamic noise level for structure with 

acoustical insulation was investigated and the similarity law for accurately estimating full-scale noise 

from the results obtained with a reduced scale model was evaluated. The aerodynamic noise that radiates 

from cylinders with and without periodic holes and a reduced-scale pantograph model with and without 

a sound insulating plate, which are generally used for suppression of noise from high-speed trains, are 

measured in a low-noise high-speed wind tunnel. 

In Chapter 4, pressure-sensitive paint (PSP) was applied to the measurement of the pressure 

fluctuations distribution on the floor surface behind a square cylinder and the frequency response and 

accuracy of measured values of PSP in the low-speed region were examined. Four types of the square 

cylinders were examined in the same turbulent boundary layer. The impact from the difference of the 

square cylinder aspects to the peak frequencies and distribution of the pressure fluctuations generated by 

the Kármán vortex from the square cylinder was examined. The main mode of the peak pressure 

fluctuations distribution was calculated by the singular value decomposition. 

 In Chapter 5, the PSP, which was verified for measurement in the low-speed region in Chapter 4, 

was applied to a bogie section of a railway vehicle to evaluate a sound-source distribution and 

comprehend an unsteady phenomenon for the development of the aerodynamic noise reduction. The 

sound level from a 1/8-reduced-scale simplified model and pressure-fluctuation distribution of the bottom 

surface of the bogie were measured simultaneously by a microphone and PSP, and the sound-source 

distribution from the bogie section was discussed. The sound level at the bottom surface of the bogie was 

estimated from the pressure data measured by PSP with the measured sound pressure, by using the 

Lighthill-Curle equation. 

The present study is concluded in Chapter 6 by giving the summary of the result in each chapter 

and an outlook for future work. 
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Chapter 2 

Aerodynamic Force and Moment Measurement 

for Crosswind Stability Assessment 

in a Compact Wind Tunnel 
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List of symbols 

 

A0 Reference normalization area [m2] (=10 m2) 

Ar  Required outlet area [m2]  

As Reduced-scale train projected area against outlet nozzle at the yaw angle  = 30 degrees [m2] 

At Actual train projected area against outlet nozzle at the yaw angle  = 30 degrees [m2] 

CFx Side force coefficient [-] 

CFz Uplift force coefficient [-] 

CMx Rolling moment coefficient [-] 

CMx,lee Rolling moment coefficient around leeward rail [-] 

DI  Nozzle inlet dimension [m] 

DO  Nozzle outlet dimension [m] 

Fx Side force [N] 

Fz Uplift force [N] 

L  Nozzle length [m] 

Mr  Required air flow rate [m3/s] 

Mz Rolling moment [Nm] 

R(x)  Shape outline of nozzle curve [mm] 

Re Reynolds number based on the reduce-scale reference length d0s [-] 

Rer  Required Reynolds number [-] 

Tux  Turbulent intensity [-] 

U Mean flow velocity [m/s] 

Ur Required flow velocity [m/s] 

W Outlet width [m] 

Wr Required outlet width [m] 

 

2b0 Nominal lateral distance [m] (= 1.5 m) 

d0 Reference normalization length [m] (= 3 m) 

d0s Reduced-scale reference normalization length [m] 

fBL  Blockage correction factor 

hs  Reduced-scale train model height [m] 

hsp  Splitter plate height [m] 

ht  Actual train model height [m] 

ls  Reduced-scale train model length [m] 

lt   Actual train model length [m] 

s Train model scale [-] 

u Streamwise flow velocity [m/s] 

x  Streamwise position from the nozzle outlet[m] 

xb   Blockage ratio at yaw angle  = 30 degrees [%] 
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xbr   Required blockage ratio at yaw angle  = 30 degrees [%] 

xi  Inflection point [m] 

y  Height position from the bottom of the nozzle outlet [m] 

z  Width position from the center of the nozzle [m] 

 

   Yaw angle [degrees] 

max   Max tolerance target value [-] 

mean  Mean tolerance target value [-] 

99% Boundary layer thickness [mm]  

 Air density [kg/m3] 

 Kinematic viscosity coefficient [m2/s] 
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2.1. Introduction 

A train car is more sensitive to crosswind than automobiles because of its larger side area. Crosswind 

significantly affects the running safety and has even caused a train car to overturn (Diedrichs 2005). 

Currently, a rolling stock needs to be speeded up to shorten delivery times and to be lightened to save 

energy, and thus, increasing the risk of overturning due to crosswind. On the basis of this risk, adequate 

assessments of crosswind stability are being established. 

Generally, crosswind stability is assessed by using the limit wind speed, which determines the 

crosswind at which the rolling stock will overturn. The limit wind speed is estimated by using the dynamic 

response of a railway vehicle from the aerodynamic force and moment (Hibino et al. 2009; LOC/PAS 

TSI 2014). In Japan, investigations into past accidents revealed that the yaw angle of the crosswind for a 

train and the environment along the railway lines, such as embankment and elevated lines, affect the 

aerodynamic force and moment (Suzuki et al. 2003). Moreover, the crosswind stability under real 

crosswind conditions while a train is running has been investigated (Suzuki 2011). In addition, in the 

European Union, the latest requirements of the procedure to assess the crosswind stability have been 

outlined in the Locomotive and Passenger Technical Specifications for Interoperability (TSIs) (LOC/PAS 

TSI 2014). A method evaluating crosswind stability has been established on the basis of these standards 

in accordance with the maximum speed of the rolling stock. These TSIs must satisfy European Norm 

EN14067-6:2010 (British Standard 2010), which describes a common method for determining the 

aerodynamic coefficients and the wheel unloading.  

According to the European Norm, for high-speed trains, aerodynamic force and moment coefficients 

under crosswind need to be measured in a wind tunnel that meets the specifications in the Norm, such as 

flow quality and equipment requirements. The European wind tunnels, in which the measured 

aerodynamic force and moment were described as the reference value in the European Norm, have a 

sufficient air flow rate and a large-scale train model while satisfying the width/height ratio. For example, 

the Politecnico di Milano Wind Tunnel (Politecnico di Milano 2022), which was one of the reference 

wind tunnels, has 4 × 3.84 m2 test section with 55 m/s, which means air flow is over 800 m3/s, and 1/10 

reduced-scale model for crosswind assessment (Rocchi et al. 2011). However, few wind tunnels have 

such a large air flow rate, and they are difficult to use continuously for developing new rolling stock. The 

aerodynamic forces and moments under crosswind need to be measured in a compact wind tunnel with a 

small air flow rate for repeatable easy evaluations. 

One problem of using a compact wind tunnel is that the small air flow rate limits the measurement 

area and the wind velocity, which is thought to lead to the flow around the train model of the reference 

wind tunnel not being simulated. Furthermore, the small measurement area makes the train model smaller 

when acquiring a sufficient blockage ratio of the train model for the tunnel area, which deteriorates the 

measurement accuracy. Additionally, the slow velocity causes an insufficient Reynolds number. 

Therefore, a limited air flow rate must be effectively used when precisely measuring a crosswind effect 

in a compact wind tunnel. In particular, flow from the outlet nozzle must be the required quality, and flow 

simulated around the train model must be the same as that in the reference wind tunnel. An adequate 

nozzle for the train model and boundary layer control need to be developed for acquisition of this flow. 
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In this study, we developed a measurement system in our own high-speed low-noise wind tunnel, 

the airflow of which is lower than 1/10 of that of the reference wind tunnels. The aim of the measurement 

system is to accurately measure aerodynamic force and moment within a required tolerance of the 

benchmark data listed in the European Norm. To effectively use the limited air flow rate, a wide nozzle 

is developed that is a suitable size for the reduced-scale train model. Moreover, the train model installation 

setup is optimized, and a sufficient flow is obtained while controlling the boundary layer thickness. 

 

2.2. Measurement System Design 

2.2.1. Measurement System Outline 

Figure 2.1 shows the outline of the proposed aerodynamic force and moment measurement system, and 

Table 2.1 lists the target specifications to meet the EN requirements. To blow the wind to a train model 

set transversely to the wind direction and measure the aerodynamic force and moment to assess crosswind 

stability, a sufficient flow outlet area and flow speed for the train model need to be acquired. In this 

research, a leading car was targeted for measurement because it directly receives crosswind. Referring to 

the EN, we set the target width of the outlet area to over 4/3 the reduced-scaled train model length ls and 

the target blockage ratio xb(=As/WH), which is the ratio of reduced-scale train projected area against outlet 

nozzle, As, to the outlet nozzle area, to less than 15% at the yaw angle  = 30 degrees, which is the angle 

between the train model and the mainstream direction. Furthermore, the air flow must be the same quality 

as that in the reference wind tunnel for maintaining the measurement precision. We set the target Reynolds 

number Re(=Usd0/) based on the reduced-scale reference length d0s(=sd0) to more than 2.5×105 and the 

target boundary layer thickness 99% at the model set position to 30% of the reduced-scale train model 

height hs. The wide nozzle and boundary layer control which enables us to maintain these target values 

were developed  

 

 

 

(a) Top view (b) Front view 

 

 

 

(c) Side view  

Figure 2.1 Measurement system overview 
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Table 2.1 Target values 

Specifications Value 

 Outlet width W [m] over 
sl3

4  

Blockage ratio xb [%] under 15 

Reynolds number Re [-] over 2.5×105 

Boundary layer thickness99% [m] under 0.3hs 

 

 

2.2.2. Wide Nozzle Design 

2.2.2.1. Determination of outlet area 

The air outlet area size must be determined for the development of the wide nozzle. The air outlet area 

needs to have an outlet width W over 4/3 the reduced-scaled train model length ls and a blockage ratio xb 

lower than the required blockage ratio xbr = 15% at the yaw angle = 30 degrees. Moreover, the flow 

velocity U, which is determined by the flow outlet size and the fan power of this wind tunnel, must satisfy 

the required Reynolds number Rer based on the reduced-scale reference length d0s. Since each 

specification depends on the train model scale s, we determine the train model scale s so as to meet the 

requirements for this wind tunnel. 

Table 2.2 shows the specifications estimated from the train model scale s. According to the EN, the 

train model must have a test vehicle and at least half a vehicle downstream. In this research, a TGV 

Duplex powercar, which is one of wind tunnel benchmark vehicle models defined in the EN, was used. 

It has height ht = 3.9 m and was set the length lt = 37.5 m, generally the train vehicle length is 

approximately 25 m. At these dimensions, the required outlet width Wr, the required outlet area Ar, and 

the required wind velocity Ur , which satisfy the Reynolds number, are estimated from the target values 

at each train model scale: s = 1/20, 1/30, and 1/40. Moreover, the required air flow rate Mr is also estimated 

by using the required outlet area Ar and flow velocity Ur for the estimation of the fan power. These 

specifications are acquired from the actual train projected area at the yaw angle = 30 degrees, At, which 

was measured by the 3D-CAD, and the kinematic viscosity coefficient  by equations (2.1) - (2.4). Table 

2 presents that the smaller train model scale s decreases the required air flow rate Mr. Since the maximum 

air flow rate of our wind tunnel with the high-speed original nozzle is estimated to be 28 m3/s, the train 

model scale s that satisfies the specifications in this wind tunnel is found to be lower than 1/20. On the 

other hand, the larger train model scale s increases the aerodynamic force and moment at the measurement 

and improves the measurement accuracy, which leads to the train model scale s being determined to be s 

= 1/30. If the train model scale is s = 1/30, the target outlet width W is more than 1.7 m, the target outlet 

area A is over 0.52 m2, and the target wind velocity V is over 37.5 m/s. The nozzle outlet size is determined 

to have the width W = 1.8 m and the height H = 0.5 m and the margin for satisfying these specifications 

are widened. 
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5
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𝑀 = 𝐴𝑈 (2.4) 

 

Table 2.2 Required specifications estimated from train model scale s 

Train model scale s [-] 1/20 1/30 1/40 

Required nozzle outlet width Wr [m] 2.3  1.5  1.1  

Required nozzle outlet area Ar [m2] 1.17  0.52  0.29  

Required wind velocity Ur [m/s] 25 37.5 50 

Required air flow rate M r [m3/s] 29  19  15  

 

 

2.2.2.2. Nozzle shape design 

Adequate contraction is required for the uniformity of flow velocity distribution. Here, the nozzle curve, 

such as the change in dimensions from the inlet area to the outlet area, is designed with reference to the 

shape supposed by Rouse and Hassan (1949). This shape shows the relationship of the contraction ratio 

and nozzle curve for the cavitation-free profile at the outlet and was adapted to the wind tunnel nozzle 

design for preventing local pressure drop at the outlet by Kobayashi (1981). The general shape is designed 

as the following equations. The shape outline of the nozzle curve R(x) from the center of the wind tunnel 

at the streamwise position x, of which the origin is the outlet, is acquired from the inlet dimension DI, the 

outlet dimension DO, the nozzle length L, and inflection point xi/L, which are shown is equations (2.5) 

and (2.6). In this research, the inlet width and height are DI,width = DI,height = 0.42L and the outlet width 

and height are DO,width =0.35L (=W/2) and DO,height = 0.10L(= H/2).The origin of the coordinates system 

is the center of the outlet. 

 

𝑅(𝑥) =
𝐷ூ
2
− ൬

𝐷ூ − 𝐷ை
2

൰
(1 + 𝑥 𝐿⁄ )ଷ
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𝑥

𝐿
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𝐿
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≤ 0ቁ (2.6) 

 

A suitable shape is easily designed by changing the inflection point. Figure 2.2 shows the inflection 

point of this research in the cavitation-free design profile (Rouse and Hassan 1949), and Figure 2.3 shows 

the designed nozzle curve. In the references, in order to generate a local pressure drop near the outlet, the 

max inflection point was limited from the contraction ratio from the outlet size to the inlet size and the 
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ratio from the inlet size to the nozzle length. In this research, the contraction ratio is (DI,width DI,height )/ 

(DO,width DO,height ) = 2.3 and the ratio from the inlet size to the nozzle length is L /2DI,width = L /2DI,height = 

1.2, which decides the inflection point less than xi/L = 0.27 in the shape supposed for cavitation-free 

profile as shown in Figure 2.2. Smaller inflection point makes the rapid curvature of the nozzle shape 

near the inlet, and may make pressure increasing area and cause the boundary separation. Therefore, for 

the uniformity of the velocity distribution without separation, the inflection point xi is set at 0.2 of the 

nozzle length L from the inlet, and the curves are set to straighten close to the nozzle outlet. 

 

 

 Figure 2.2 Inflection point of this research and the conditions of cavitation-free design from the reference 

(Rouse and Hassan 1949) 

 

  

(a) Width 

 

(b) Height 

 

(c) Nozzle curve 

Figure 2.3 Shape outline of wide nozzle curve 
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The flow generated by a wide nozzle is simulated by the software Star-CCM+, and the uniformity 

of the velocity distribution from the designed wide nozzle is checked. Table 2.3 indicates the simulation 

conditions, and Figures 2.4 and 2.5 show the simulation domain and mesh, including the designed wide 

nozzle, ground plate, and collectors. Figure 2.6 shows the velocity contour map in the horizontal cross-

section at the nozzle center and velocity distribution in the model set position. The origin of the coordinate 

system is at the center of the nozzle outlet bottom. We set conditions under which the air flow rate is 35 

m3/s at the wide nozzle inlet and outlet at the collector, and simulate the wind flowing through the wide 

nozzle to the collector. The air flow rate is estimated from the fan power and the pressure resistance, 

because the wide nozzle reduces the pressure resistance at the nozzle and increases the available air mass 

flow from the original high-speed nozzle by its larger outlet area. The results reveal that the mean wind 

speed is U/Ur =1.04, which exceeds the required wind velocity Ur =37.5 m/s estimated by using the 

Reynolds number. Moreover, the constant mainstream speed range was 88 % of the nozzle width W, at 

the model set position (the streamwise position x/L = 0.46). This shows that the developed wide nozzle 

satisfies the uniformity of the flow velocity. This figure also shows the measured values, the measuring 

method of which is described in chapter 2.3.1, and the simulated results are in good agreement with 

experimental results.  

 

Table 2.3 Simulation conditions 

Turbulence model 
・Steady 

・RANS (Reynolds Averaged Navier-Stokes Simulation) 

Inlet condition 35 m3/s 

Outlet condition Pressure outlet boundary 

Mesh Trim mesh 

Number of elements 32,090,638 

 

 

  
Figure 2.4 Simulation domain, including designed wide nozzle, ground plate, and collectors.  
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Figure. 2.5 Simulation mesh at the center plane. 

 

 

 
 

(a) Contour map at center plane of nozzle height (b) At model set position (x/L=0.46) 

 

 

(c) Contour map at center plane of nozzle width  

Figure 2.6 Simulation results for velocity distribution. 
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2.2.3. Optimization of Model Installation 

It is also important to consider boundary layer thickness 99% of the velocity profile for accurate 

measurements of forces and moments. Because the boundary layer thickness 99% at the model setup is 

simulated to be 99%/hs=0.31, which is over the required boundary layer thickness 99%/hs=0.3, the 

boundary layer control is necessary. Here, the splitter plate is installed under the train model because the 

boundary layer thickness is easily controlled by changing the splitter plate height hsp. In this research, the 

splitter plate is a rounded rectangular shape, the size of which is 1,780 mm×1,080 mm, and the distance 

from the leading edge to the train model is set constant. Its shape at the leading edge was rounded and its 

thickness was 5 mm. 

The splitter plate height hsp must be made higher for reduction in the boundary-layer thickness. Here, 

however, the splitter plate height hsp is limited because the height of the wide nozzle is too low for the 

train model due to the limitation of fan power. Therefore, we investigate the effect of the splitter plate 

height in the developed wide nozzle for the velocity distribution around the train model in the simulation. 

The simulation conditions are the same as those in Table 2.3, except that the splitter plate and the train 

model at the yaw angle = 90 degrees are set on the ground plate. The splitter plate heights of hsp/H = 

1/12.5 and 1/50 are chosen and the effects of different splitter plate heights for the flow structure around 

the train model are investigated. The former is the height assuming a quite thin boundary layer, and the 

latter is the lowest height at which the target boundary layer thickness can be satisfied. 

Figure 2.7 shows the streamwise velocity contour map in the vertical cross-section at the train model 

center and the velocity distribution at the streamwise position x/L=0.58(the train model setup position is 

x/L = 0.46). At the splitter plate height hsp/H = 1/12.5, the freestream flow also runs under the splitter 

plate. However, at the splitter plate height hsp/H = 1/12.5, the separation area, shown by the white dotted 

line, increases over that for the splitter plate height hsp/H = 1/50. This phenomenon is also shown by the 

velocity distribution at streamwise position x/L = 0.58. The position at which the flow velocity becomes 

the freestream u/U = 1 from the ground at the splitter plate height hsp/H = 1/12.5 is higher than hsp/H = 

1/50. 

Figure 2.8 shows the pressure contour map of the train model. At hsp/H = 1/12.5, the surface pressure 

on the side of train model and at the upstream corner on the roof on the train model is higher than that at 

hsp/H = 1/50, which can be thought to be caused by the splitter plate height. The former increases the 

rolling moment, and the latter reduces the uplift force. 

Therefore, the air flow rate above the train model was smaller because there is insufficient space 

vertically due to the small nozzle height at the splitter plate height hsp/H = 1/12.5, which possibly 

increases the rolling moment 

The splitter plate is set to hsp/H = 1/50, and the boundary layer thickness and acquire vertical space 

above the train model is satisfied. 
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(1) At splitter plate height hsp/H=1/12.5. (2) At splitter plate height hsp/H=1/50. 

Figure 2.8 Surface pressure contour map on the upstream side 

 

 

2.3. Measurement System Evaluation 

2.3.1. Assessment of Developed Measurement System 

The wide nozzle and splitter plate were developed in accordance with the design described in chapter 2.2. 

Figure 2.9 shows an overview of the developed measurement system and Table 2.4 shows the test 

conditions in this measurement system. The outlet area size of the wide nozzle is W = 1,800 mm and H 

= 500 mm, which satisfies the target outlet width W and the target blockage xb. The 1/30 reduced-scale 

train model is set at the streamwise position x/L = 0.46 from the nozzle on the hsp/H = 1/50 splitter plate 

and set on the turntable which can change the yaw angle  of the model attitude. 

 

 

 

 

(1) Contour map for splitter plate 

height hsp/H=1/12.5. 

(2) Contour map for splitter plate 

height hsp/H=1/50. 

(3) At streamwise position 

 x/L=0.58. 

Figure 2.7 Velocity distribution from simulation results 
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Table 2.4 Test conditions in proposed measurement system 

Wind tunnel conditions Value 

Nozzle outlet width W [mm] 1,800 

Nozzle outlet height H [mm] 500 

Blockage ratio xb [%] 12.9 

Mean wind velocity U [m/s] 40.0 

Train model position x/L [-] 0.46 

Air density [kg/m3] 1.17 

 

 

Figure 2.9 Overview of developed measurement system 

 

The flow velocity and the boundary layer thickness were measured by using a hot-wire anemometer 

(Kanomax, Model 7000Ser) and I-shape probe without the train model, and whether this measurement 

system satisfies the Reynolds number and boundary layer described in chapter 2.2.1 was evaluated. The 

Reynolds number based on the measured velocity is Re = 2.67 × 105 and exceeds the target value, and 

the turbulence intensity Tux was 0.024. Figure 2.10 shows the velocity profile at the model setup position 

x/L = 0.46 from the nozzle. The boundary layer thickness at the center of the measurement area, z = 0, is 

99%/hs = 0.31 without the splitter plate and 99%,sp /hs= 0.22 with it. Thus, the boundary layer satisfies to 

be lower than the target boundary thickness 99%/hs = 0.3 when the splitter plate is used. 
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(a) 0 y / H 0.8 (b) 0 y / H 0.12 

Figure 2.10 Measured velocity profile at the model setup position x/L = 0.46 from the nozzle outlet 

 

 

2.3.2. Evaluation of Moment Measurement Accuracy 

The proposed system satisfies the equipment requirements and flow specifications in EN14067-6. The 

force and the moment of the train model, which was described as a wind tunnel benchmark vehicle model 

in the EN, was measured and the results from the proposed system are compared with those for the 

reference data indicated in the EN for the evaluation of measurement accuracy. 

Figure 2.11 shows the track dimensions described in EN14067-6 and Figure 2.12 shows the rolling 

moment around the leeside rail. The force and moment of the benchmark vehicle model on the rail are 

measured every 5-degree yaw angle from 0 to 90 degrees by the load-cell (Nissho-electric-works Ltd., 

LMC-6524A) with 0.2% measurement accuracy, which is connected with the train model under the 

ground plate. The side force, uplift force and rolling moment was measured at the sampling rate 100 Hz. 

The measured value was averaged from 2 times of test runs in each 10 s duration and represented the 

dimensionless value as Equations (2.7), (2.8) and (2.9). 

The measurement accuracy was assessed by the rolling moment coefficient around the leeside rail 

CMx,lee, which is calculated by using the uplift force coefficient CFz and the rolling moment CMx as 

Equations (2.10). 
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where 2b0 is the nominal lateral distance between the contact points of a wheel set and has a value of 1.5 

m at full scale, d0 is the reference length 3 m at full scale, and A0 is the reference area 10 m2 at full scale. 

In this research, the German method of the blockage correction in Annex B in EN was adapted. The 

correction only applies to the rolling moment coefficient, the other coefficients remain unchanged. The 

correction factor fBL is calculated by Equation (2.11), which leads to fBL = 1.053. 

 

fBL = 0.0003xb
2 + 0.0002xb + 1 (2.11) 

 

Mean flow velocity U with a train model is defined by the nozzle difference pressure measured at 

the nozzle surface near the inlet and the outlet. Before the force and moment measurement, the correlation 

between the measured nozzle difference pressure and the mean flow velocity, which is measured without 

the train model by the pitot-tube, was estimated. And, at the force and moment measurement, the mean 

flow velocity with a train model was calculated by the measured nozzle difference pressure. 

Figure 2.13 shows the sensitivity of the rolling moment coefficient around the leeside rail CMx, lee to 

the Reynolds number Re at the yaw angle  = 90 degrees. In this research CMx, lee is found to be nearly 

independent on the Reynolds number at Re of over 2.0×105. 

Figure 2.14 shows the force and moment coefficients measured in this measurement system and the 

reference wind tunnel described in EN at every 5-degree yaw angle. Fig. 2.14 also shows the force and 

moment measurement uncertainty as the error bars. The uncertainty was estimated from the standard 

deviation of the measured values with 0.5 % of the velocity measurement accuracy. The measured side 

force coefficient CFx was the same as the reference at the yaw angles from 0 to 40 deg., but became to be 

lower than the reference at the yaw angles  =50 deg. and 75 deg., at which the side force has peaks. The 

measured uplift force coefficient CFz and rolling moment coefficient CMx were found to be higher than 

these of the reference values, especially at the yaw angle  =90 deg. This is because the separation at the 

corner of the train model roof was slightly different from that measured in the reference wind tunnel 

described in EN. This wide nozzle has a smaller amount of the air flow rate above the train model than 

the reference wind tunnel and makes to the flow easily separate from the roof of the train model. This 

leads that the measured rolling moment coefficient around the leeside rail CMx was higher than the 

reference values around the yaw angle  =90 deg. 

Table 2.5 shows the measurement results. Comparing the measured and reference values, the 

tolerance , shown in equation (2.12), is the average tolerance mean= 0.086 and the max tolerance max= 

0.149 for all 5-degree yaw angles from 0 to 90 degrees. Figure 2.15 shows the rolling moment coefficient 

around the leeside rail CMx,lee which shows the (a)symmetry of the yaw angle . CMX,lee at the yaw angle 

 -45and -90degreeswas measured within 4% of that at the positive yaw angle  which shows the 

symmetry of the incident flow. In this research, CMx,lee was larger than the reference value at all yaw angle 

including the measurement uncertainty. 

This shows the proposed system can obtain results within the required tolerances and has the same 

measurement accuracy as that in the benchmark described in the European Norm. 
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𝜀 = ቤ
𝐶ெ௫,, − 𝐶ெ௫,,௫

𝐶ெ௫,,

ቤ (2.12) 

 

  

 

(1) Front view (2) Side view (3) Upper view 

Figure 2.11 Sketch of wind tunnel configuration: single-track ballast 

 

 
Figure 2.12 Rolling moment around leeward rail 

 

 

Figure 2.13 The sensitivity of CMX, lee to the Reynolds number Re at the yaw angle degrees. 
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(a) Side Force CFx 

 

 

(b) Uplift Force CFz 

Figure 2.14 Force and moment coefficient at every 5-degree yaw angle 
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(c) Rolling moment CMx 

 

 
(d) Rolling moment CMx,lee 

Figure 2.14 Force and moment coefficient at every 5-degree yaw angle 
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Figure 2.15 Rolling moment coefficient around leeward rail CMX,lee for symmetry check 

 

Table 2.5 Measurement results for proposed measurement system 

Wind tunnel conditions 
Specifications 

(Scale s=1/30) 
Test results 

(1) Nozzle outlet width W [mm] ≧1,500 1,800 

(2) Blockage ratio xb [%] <15 12.9 

(3) Reynolds number Re [×105] ≧2.5 2.67 

(4) Boundary layer thickness99%/hs [-] <0.3 0.22 

(5) Turbulent intensity Tux [-] ≦0.025 0.024 

 Moment measurement results   

(6) Mean tolerance mean [-] ≦0.10 0.086 

(7) Max tolerance max [-] ≦0.15 0.149 

 

 

2.4. Conclusion 

An aerodynamic force and moment measurement system including a wide nozzle and a splitter plate was 

developed with reference to European Norm EN14067-6 for the measurement of the force and the 

moment of trains precisely in a compact wind tunnel to assess crosswind stability. The development and 

evaluation revealed the following findings. 

A) For effective use of the limited air flow rate, the wide nozzle outlet, which has a width 3.6 

times its height, was designed to match the train model, and the adequate contraction from the 

inlet area to the outlet area was designed by a simple equation (Hassan & Rouse). Simulation 

and experimental results show that the developed wide nozzle achieves the same flow quality 
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as that in the reference wind tunnel in the European Norm. 

B) The simulation results show that the higher splitter plate with a small nozzle increase the 

separation area because the flow above the train model runs insufficiently. When the splitter 

plate was set at the height hsp/H=1/50, the boundary layer thickness was satisfied, and 

sufficient vertical space was acquired above the train model.  

C) The force and moment measurement of the wind tunnel benchmark vehicle model shows that 

the average and max tolerances of this system are 0.086 and 0.149 from the European Norm 

for 5-degree yaw angles from 0 to 90 degrees  

 

Thus, the proposed system can satisfy the equipment and flow specifications and has the same 

measurement accuracy as the benchmark described in the European norm. 
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2.5. Appendix 

2.5.1.  Summary of the requirements in the EN 14067-6 

Table 2.6 shows the summary of the requirements in the EN 14067-6. 

 

Table 2.6 The summary of the requirements 

No. Items Clause Requirement 

1 Flow profile 5.3.4.1 Block profile 

2 Benchmark test 

5.3.4.2 If wind tunnel benchmark tests are conducted, at least 

one of the three benchmark vehicle models for ICE 3 

endcar, TGV Duplex powercar or ETR 500 powercar 

shall be used. 

Accuracy for mean rolling moment at leeward rail 

(CMx,lee) better than 10%. 

Accuracy for max rolling moment at leeward rail 

(CMx,lee)better than 15%. 

3 Turbulence level 5.3.4.3 Tux ≤ 0.025 

4 Boundary layer 5.3.4.4 Less than 30% of the vehicle height 

5 Reynolds number 5.3.4.5 Re > 2.5×105 

6 
Reynolds number 

independency check 

5.3.4.5 For one configuration over the range [0.6×Remax , Remax] 

7 Mach number 
5.3.4.6 Ma < 0.3 or smaller than the Mach number of the real 

train. 

8 Blockage 
5.3.4.7 Less than 15% at 30°. Blockage corrections are needed 

for closed test sections 

9 Model length / Tunnel width 5.3.4.8 Less than 0.75 

10 Train model configuration 

5.3.4.8 At least half a down-stream vehicle shall be placed next 

to the tested model. 

If the vehicle under investigation is not a leading vehicle, 

at least one full vehicle ahead needs to be present 

11 Ground configuration 
5.3.4.12 Standard ground configuration single track ballast and 

rail 

12 Yaw angle 5.3.4.12 Sufficient yaw angle resolution 

13 Symmetry check 

5.3.4.9 To verify the symmetry of the incident flow, check 

measurements should be performed with both positive 

and negative yaw angles. 

 

  



34 
 

2.5.2. List of Wind Tunnel Tests Related the EN 14067-6 

Table 2.7 shows the summary of the wind tunnel tests for EN 14067-6. In Europe, the wind tunnel tests 

were conducted in 2009-2010, when the requirement for crosswind was established, in order to check the 

impact of the different train model, ground configurations and wind tunnels. In Japan, there were few 

wind tunnel tests for the crosswind requirement. 

 

Table 2.7 Measurement results for proposed measurement system 

Author Gregoire Rüd Rocchi Cheli Suzuki 

Years 2009 2009 2009 2010 2015 

Wind tunnel 

Type 

CSTB*1 DNW*3 GVPM*5 GVPM*5 RTRI*8 

JVCWT*2 KKK*4 LS*6 HS*7 LS*6 HS*7 Maibara 

Outlet height H [m] 5 2.4 14 4 14 4 5 

Outlet width W [m] 6 2.4 4 4 4 4 2.5 

Test wind velocity [m/s] 45 N/A 15 50 10 55 50 

Splitter plate height [m] 0.7 N/A N/A N/A 0.3 0.3 0.2 

Turbulence intensities [%] 1 0.004 2 0.2 2 0.2 0.2 

Test model TGV ICE3 ATM*9 EMUV250 TGV 

Reduced-scale s [-] 1/15 1/25 1/10 1/10 1/20 

Model height hs [mm] 270 120 385 385 195 

Cars 2 1.5 1.25 1.33 2 

Rail configuration FG*10 FG*10 FG*10 FG*10 STBR*11 

Reynolds number Re [-] 6.0×105 1.0×106 3.0×105 1.0×106 2.0×105 1.1×106 4.9×105 

Blockage ratio [%] ≤ 3 ≤ 5 ≤ 4.7 ≤ 10 N/A N/A ≤ 5 

Boundary thickness99%/hs [-] ≤ 0.3 ≤ 0.3 N/A N/A 50 50 50 

 

 

*1 CSTB  Centre Scientifique et Technique du Bâtiment 

 (French: Scientific Center and Technical Building) 

*2 JVCWT  Jules Verne climatic wind tunnel 

*3 DNW  German-Dutch Wind Tunnels 

*4 KKK  KRYO-KANAL KÖLN 

*5 GVPM  Politecnico di Milano Wind Tunnel laboratory 

*6 LS  Low speed 

*7 HS  High Speed 

*8 RTRI  Railway Technical Research Institute 

*9 ATM  Aerodynamic Train Model 

*10FG  Flat Ground 

*11STBR  Single Track Ballast and Rail  
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Chapter 3 

Aerodynamic Noise Evaluation 

for Aeolian Tone and Acoustical Insulating Plate 

by Similarity Law 
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List of symbols 

 

A  Area of compact body facing turbulent flow [m2] 

B Distance of insulating plate from a pantograph [mm] 

C Distance of insulating plate from a pantograph [mm] 

D  Characteristic length [m] 

Dm Measurement distance at the side of a model [mm] 

Dp Distance of insulating plate from a pantograph [mm] 

H Wind tunnel inlet height [mm] 

L Wind tunnel measurement length [mm] 

M Mach number (= U/a) [-] 

N Fresnel number (= 2/= 2f/a) [-] 

SPL  Sound pressure level [dB] 

St  Strouhal number [-] 

U  Wind velocity [m/s] 

V0 A certain volume with a compact body [m3] 

W Wind tunnel inlet width [mm] 

L Reduced noise level by a sound insulating plate with infinite length [dB] 

 

a  Sound speed [m/s] 

b Distance between noise source and edge of sound insulating plate [m] 

c Distance between edge of sound insulating plate and measurement point [m] 

d Distance between noise source and measurement point [m] 

dc Diameter of cylinders [mm] 

f  Frequency [Hz] 

hb Height of a pantograph body [mm] 

hc Height of cylinders [mm] 

hi Height of insulating plate [mm] 

ht Height of a pantograph panhead [mm] 

l  Turbulent correlation length [m] 

lh Length of periodic holes of a cylinder [mm] 

li Length of insulating plate [mm] 

lp Assumed length of insulating plate [mm] 

r  Measurement distance [m] 

wh Width of periodic holes of a cylinder [mm] 

 

  Sound power [dB] 

 

 Distance difference among a noise source, an edge of plate and a measurement point [m] 
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 Wavelength of sound [m] 

  Air density [kg/m3] 

 

Suffix 

b  From pantograph body 

d  A value from a dipole sound source 

est Estimated value 

m  A value of a reduced-scale model 

mea Measured value 

r  A value of a full-scale model 

red Reduction effect 

p  Peak noise from a cylinder 

pl A sound insulating plate 

q  A value from a quadrupole sound source 

t  From pantograph panhead 

the Theoretically calculated value 

1st  1st peak noise from a cylinder 

2nd  2nd peak noise from a cylinder 
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3.1. Introduction 

The trend of speeds of inter-city trains around the world is to become faster. It is necessary to prevent 

trains from disturbing environment along railway lines and especially to reduce aerodynamic noise, which 

increases as running speeds of trains increase. Detailed knowledge on the noise distribution and properties 

of sound sources are necessary for the reduction in aerodynamic noise. Measuring the noise of full-scale 

running trains is useful for finding a noise distribution. Martens et al. (2009) identified different noise 

sources of the German ICE 3 train by using a microphone spiral array, and Kurita (2011) carried out noise 

measurements on a series E2-1000 train that was running and the areas which generate sound and its 

contribution to overall noise are clarified. However, measuring the noise of full-scale trains requires noise 

reduction methods, and developing such methods requires enormous cost and time. Therefore, generally, 

wind tunnel tests are conducted for evaluation of such methods. We measure the radiated aerodynamic 

noise of a reduced scale model in a wind tunnel and estimate the full-scale noise from the test result by 

using the similarity law of aerodynamic noise. For example, Yamazaki et al. (2007) investigated noise 

reduction techniques for the gap section in a 1/8 scale train model in a wind tunnel. 

The similarity law is important for accurately estimating full-scale noise from the results obtained 

with a reduced scale model. The law needs to convert the noise spectrum of a reduced scale model in a 

wind tunnel into that of a full-scale one by taking the difference between the wind velocity, the scale and 

the measurement conditions of the two models into consideration. Iida et al. (2000, 2007) suggested using 

the law for aerodynamic sound generation to estimate full-scale model noise. In the similarity law, the 

sound pressure level SPL is in proportion to the sixth power of wind velocity and to the double power of 

the scale from the sound pressure of a reduced-scale model SPLm. The full-scale frequency fr [Hz] is 

acquired from the frequency of the scale model fm [Hz], the wind velocity U [m/s], and the characteristic 

length D [m]. 

 

𝑆𝑃𝐿 = 𝑆𝑃𝐿 + 10 log ቀ
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       (3.2) 

Where a [m/s]: the sound speed, [kg/m3]: the air density, and r[m]: measurement distance. the 

suffix m denotes the value of a reduced-scale model and the suffix r does the value of a full-scale model 

 

This similarity law is derived from Lighthill-Curle’s equation (Lighthill 1952; Curle 1955). The 

equation indicates that the main source of aerodynamic noise is changed from a dipole sound source 

generated by aerodynamic force fluctuation to a quadrupole sound source generated by flow disturbances, 

depending on the Mach number. The difference in noise source leads to the similarity law being changed, 

such as the correlation between wind velocity and aerodynamic noise level. A dipole sound source 

increases in proportion to the sixth power of wind velocity, and a quadrupole sound source increases in 

proportion to the eighth power of wind velocity. In Curle’s equation, the sound power dandq, which 

are directly radiated from a dipole sound source and a quadrupole sound source in a certain volume V0 
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with a compact body, is approximated as Eqs. (3.3) and (3.4) and the ratio of sound power qdis 

approximately estimated by the Mach number as Eq. (3.5). 
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Where A [m2]: Area of compact body facing turbulent flow, 𝑀(= 𝑈 𝑎⁄ )[-]: Mach number, 

𝑉[m3]: a certain volume, l[m]: turbulent correlation length. 

 

Until now, the radiated aerodynamic noise from trains was regarded as a dipole sound source 

generated from surface pressure fluctuations since the Mach number of the flow around trains is 

comparatively small. Therefore, we estimate the noise level of full-scale trains in proportion to the sixth 

power of the train running speed as Eq. (3.1). However, next generation high-speed trains are expected 

to run faster, which will probably lead to full-scale estimated noise error because of the quadrupole sound 

source of the aerodynamic noise from trains or the difference in wind velocity between reduced-scale and 

full-scale models. 

In this study, the aerodynamic noise that radiates from cylinders with and without periodic holes and 

a reduced-scale pantograph model with and without a sound insulating plate, which are generally used 

for suppression of noise from high-speed trains, are measured in a low-noise high-speed wind tunnel, and 

the change in the similarity law was evaluated when the flow was accelerated to be faster than 100 m/s. 

We investigated the correlation between wind velocity and aerodynamic noise level for structure with 

acoustical insulation and assessed aerodynamic noise sources and wind velocity conversion with the 

similarity law. 

 

3.2. Experimental Setup 

Experiments were performed in a low noise high-speed wind tunnel (Hitachi 2014; Matsui et al. 2017). 

The wind tunnel test section is 600 mm (W) × 400 mm (H) × 2,000 mm (L), and the maximum flow speed 

is 116.7 m/s. Figure 3.1 shows the configuration of the experimental setup. The test model was installed 

at a location 400 mm from a nozzle, and a microphone (DC53A, Rion) was set up at spanwise Dm = 1,000 

mm from the center of the model at the same height as a ground plate to reduce the effect of noise 

reflection. The noise was measured by a sound-level meter (NL-14, Rion) and recorded by a data logger 

(DS-2000, Onosokki). The sampling frequency was 40,000 Hz. The measured data was FFT-analyzed. 

The sampling points is 16,384 points and the average time was 64 times. 

Two types of test models, cylinders and a pantograph model, were used. Figure 3.2 shows the 

cylinders used in this study. The cylinders, of which the diameter was dc = 25 mm and the height was hc 

= 550 mm, were measured. It is seen in Fig. 3.2(b) that the cylinder was set vartically on the gound plate. 
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One of them had 11 periodic holes, of which the width was wh = 5 mm and length was lh = 20 mm. 

Periodic holes are known to reduce aerodynamic noise, especially peak noise, named “aeolian tone,” by 

preventing Kármán vortex shedding (Takaishi et al. 2003). 

 

  

Figure 3.1 Experimental setup 

 

 

(a) Test model 

 

 

(b) Setup postion from the side view 

Figure. 3.2 Cylinders with and without periodic holes 
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We also measured the noise radiated from the 1/10 reduced-scale pantograph model. Generally, 

sound insulating plates are used in shinkansens (bullet trains) in Japan (Wakabayashi et al. 2008), and 

pantograph noise is prevented from radiating. The pantograph noise with and without a plate was 

measured, and noise reduction effect of sound insulating plates was evaluated. An insulating plate was 

set at the microphone side Dp =150 mm from the center. The height of the sound insulating plate was hi 

= 0.53 Dp and its length li = 3.3 Dp with 30 degrees bottom corners. The height of the pantograph was ht 

= 0.9 Dp.  

 

3.3. Experimental Result 

3.3.1. Background Noise 

Figure 3.3 shows the background noise level of the wind tunnel. The horizontal axis indicates the wind 

velocity, and the vertical axis indicates the sound pressure level (SPL) measured by the sound-level meter. 

The dashed line is the sum of the sixth and eighth powers, shown as Eq. (3.6), in which B and C is 

calculated by using the least square method to minimize the difference from the experimental value. The 

result shows the contribution of dipole sound and quadrupole sound in the background noise. In a low-

speed region until 60 m/s, the background noise was mainly proportional to the sixth power of wind 

velocity. This dependence shows that the dominant sound of the background noise was a dipole sound 

source from the surface pressure fluctuation on the nozzle and collector. In a high-speed region, the 

background noise became proportional to the eighth power of wind velocity. This dependence shows that 

the noise generated by the vortex generated from the shear layer at the nozzle became the dominant 

aerodynamic noise source, that is, a quadrupole sound source. 

 

𝑆𝑃𝐿௦௧ = 10 log(𝐵 ∙ 𝑈 + C ∙ 𝑈଼)      (3.6) 

 

 

Figure 3.3 Background noise level of wind tunnel. Measured value of wind tunnel background noise is 

plotted with square dots (blue), and dashed line is sum of sixth and eighth powers, which was calculated by 

least square method to minimize difference from measured value. 
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3.3.2. Cylinders without and with Periodic Holes 

3.3.2.1. Cylinders without periodic holes 

Figure 3.4 shows the overall noise level of the cylinders at each wind velocity. The noise level of the 

cylinder without periodic holes continued to increase in proportion to the sixth power of wind velocity. 

This indicates that the aerodynamic noise of the cylinder mainly consisted of a dipole sound source. Its 

main noise source is known to be generated from the Kármán vortices. The Strouhal number, which 

shows the dimensionless frequency of the Kármán vortices from a cylinder, depends on its Reynolds 

number and changes at a Reynolds number Re of approximately 1.0 × 106 due to the laminar-turbulent 

transition of the boundary layer around the cylinder (Fujita et al.; 1999). In this study, the Reynolds 

number Re based on the cylinder diameter dc was 1.9 × 105 at the maximum wind velocity U = 116.7 m/s. 

The Strouhal number St of the Aeolian tone generated by the Kármán vortex is considered to be constant 

in this range. Figure 3.5 shows the frequency analysis results of the measured noise radiated from a 

cylinder at 50 and 110 m/s. The dominant peak noise level of the cylinder without periodic holes was 

found at the frequency fp,1st = 381 Hz (at 50 m/s) and fp,1st = 825 Hz (at 110 m/s). And, the second peak 

noise level was found at the peak frequency fp,2nd = 756 Hz (at U = 50 m/s) and fp,2nd = 1,633 Hz (at U = 

110 m/s). Figure 3.6 shows the Strouhal number St of the peak frequencies, the representative length of 

which was set as the cylinder diameter dc. Regardless of the wind velocity, the Strouhal number St was 

constant i.e., the Strouhal number of the first peak is Stp,1st = 0.19 and that of the second peak is Stp,2nd = 

0.38, which implicates the vortex formation is constant. 

Figure 3.7 shows the peak noise levels at each wind velocity. The dashed line is the sum of the sixth 

and eighth powers, shown as the Eq. (3.6), in which C and D is calculated by using the least square 

method and the difference from the experimental value was minimized. The first peak noise level, which 

is dominant in the noise radiated from the cylinder, increases in proportion to the sixth power of wind 

velocity. However, the second peak noise level increases in proportional to the sum of the sixth and eighth 

powers of wind velocity. Over the wind velocity U = 130 m/s, the eighth power of wind velocity became 

dominant. This indicates the second peak noise was changed from a dipole sound source to a quadrupole 

sound source. This is why the ratio of noise from a quadrupole source increases at higher frequency. 

Generally, representative noise at higher frequency fp, which related to the wind velocity U and the 

turbulent correlation length l as the in Eq. (3.7), generated from the vortices with the shorter turbulent 

correlation length l. Equation (3.4) presents that shorter turbulent correlation length l generates higher 

noise level from a quadrupole sound source. In this study, the Kármán vortex is assumed to generate a 

sufficient quadrupole sound source at the second peak noise frequency. 

 

𝑓~



         (3.7) 

 

This result indicates that the dominant peak noise level of a cylinder increases in proportion to the 

sixth power of wind velocity as a dipole sound source while vortex formation is steady. However, noise 

at higher frequency may increase in proportional to the sum of the sixth and eighth powers of the wind 

velocity because a quadrupole sound source increases due to the shorter turbulent correlation length l. 
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Figure 3.4 Over all noise level of cylinders. Measured values of cylinders without and with periodic holes 

are plotted with white and green dots. Solid line shows sixth power of wind velocity estimated from the 

experimental value. 

 

 

Figure 3.5 Comparison of noise level of cylinders at 50 and 110 m/s. Values of cylinders without and with 

periodic holes measured at 50 m/s are shown with orange and red lines, and those at 110 m/s are shown 

with black and blue lines. 
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Figure 3.6 Strouhal number of the first and second peaks noises. Measured values of cylinders without and 

with periodic holes are plotted with white and green square dots. Dashed line shows the average value. 

 

 

Figure 3.7 Peak noise levels of cylinders without periodic holes. Measured values of the first and second 

peak are plotted with green and white square dots. Dashed line is sum of the sixth and eighth powers of wind 

velocity estimated from experimental value by least square method. 
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Figure 3.8 Reduction noise level of the first and second peak noises. Measured values of the first and second 

peak noises are plotted with green and white square dots.  

 

 

3.3.2.2. Cylinders with periodic holes 

Figure 3.4 also shows the overall noise level of the cylinders with periodic holes. The noise level also 

increased in proportion to the sixth power of wind velocity. This indicates that the aerodynamic noise of 

the cylinder with periodic holes also mainly consisted of a dipole sound source. Figure 3.5 illustrates that 

the periodic holes reduced the noise level: mainly, the peak noise of the cylinder at both 50 and 110 m/s. 

The periodic holes kept preventing the Kármán vortex, which generates the Aeolian tone in this Reynolds 

number condition. Figure 3.8 shows the reduced noise level by the periodic holes at the frequency, at 

which the first and second noise peak was observed. The reduction noise level ∆𝑆𝑃𝐿,ௗ at each wind 

velocity is estimated by Eq. (3.8). 

 

∆𝑆𝑃𝐿,ௗ = 𝑆𝑃𝐿,௪௧   − 𝑆𝑃𝐿,௪௧ ௦     (3.8) 

 

Figure 8 indicates the reduction noise level is almost constant, the reduction of the first and second 

peak noise is about 29 dB and 11 dB with the difference 2 dB. In this Reynolds number range, vortex 

formation was not changed, and the periodic holes steadily prevented Kármán vortex formation and 

reduced peak noises, regardless of the wind velocity. 
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3.3.2.3. Estimation by similarity law 

The noise levels of the cylinders without and with periodic holes at the wind velocity U = 110 m/s 

was estimated from the measured noise levels at the wind velocity U = 50 m/s in two ways, and the 

similarity law was evaluated. Firstly, the value 𝑆𝑃𝐿௦௧,ௗୀଵଵ /௦ was calculated by using Eqs. (3.2) and 

(3.9). Equation (3.9) is transformed from Eq. (3.1) for applying the only wind velocity conversion. 

Secondly, the estimated value 𝑆𝑃𝐿௦௧,ௗ  was also calculated by using Eqs. (3.2), (3.9) and (3.10). 

Equation (3.10) includes the eighth power of wind velocity as a quadrupole sound at the frequency greater 

than the second peak noise frequency of f = 1,600 Hz because the sound level from a quadrupole sound 

was almost the same as that from a dipole sound at the second peak noise frequency at the wind velocity 

U = 110 m/s as shown in Fig. 3.7. 

 

𝑆𝑃𝐿௦௧,ௗ = 𝑆𝑃𝐿,ୀହ/௦ + 60 log ቀ
ଵଵ/௦

ହ /௦
ቁ     (3.9) 

𝑆𝑃𝐿௦௧,ௗ = 𝑆𝑃𝐿,ୀହ/௦ + 0.5 × 60 log ቀ
ଵଵ/௦

ହ/௦
ቁ + 0.5 × 80 log ቀ

ଵଵ/௦

ହ /௦
ቁ    

at 𝑓 ≥ 1600 Hz       (3.10) 

 

Figure 3.9 shows the measured and estimated noise levels of the cylinders without and with periodic 

holes at the wind velocity U = 110 m/s. Figure 3.9(A) shows that the overall noise levels of the cylinder 

without periodic holes, 𝑆𝑃𝐿௦௧,ௗ  and  𝑆𝑃𝐿௦௧,ௗ , were estimated with 0.9 dB difference from the 

measured value. This was why the first peak noise, which was dominant noise of a cylinder without 

periodic holes, was estimated precisely by using the wind velocity conversion as the sixth power of the 

wind velocity as a dipole sound source. However, the estimated value 𝑆𝑃𝐿௦௧,ௗ was approximately 4 

dB lower than the measured value at the frequency greater than 1,600 Hz, as shown in Fig. 3.9(A). This 

was caused by not including the wind velocity conversion of a quadrupole sound source in 𝑆𝑃𝐿௦௧,ௗ. 

On the other hand, the estimated value 𝑆𝑃𝐿௦௧,ௗ was within 2 dB from the measured value at the 

frequency greater than 1,600 Hz. Fig. 3.9(B) shows the overall noise levels of the cylinder with periodic 

holes were estimated with 0.5 dB difference from the measured value. The estimated value 

𝑆𝑃𝐿௦௧,ௗwas closer to the measured value at the frequency greater than 1,600 Hz than 𝑆𝑃𝐿௦௧,ௗ.These 

results indicate that the similarity law needs to include the eighth power of wind velocity at high 

frequency for more precise estimation of noise level at the frequency greater than the second noise peak 

frequency in this study. 
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(A) Cylinders without periodic holes 

 

 

(B) Cylinders with periodic holes 

 

Figure 3.9 1/3 octave band frequency analysis of the noise from measured and estimated values of cylinders 

without and with periodic holes at the wind velocity U = 110 m/s. Measured values are plotted with white 

square dots. Estimated values by Eqs. (3.2), (3.9) and ones by Eqs. (3.2), (3.9), (3.10) are plotted with blue 

and green circle dots. 
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3.3.3. Pantograph Models without and with Sound Insulating Plate 

3.3.3.1. Comparison of pantograph models without and with sound insulating plate 

Figure 3.10 shows the noise level of the full-scale pantograph estimated from the measured values of a 

1/10 scale model. The noise level of the pantograph without the sound insulating plate continued to 

increase in proportion to the sixth power of wind velocity. This indicates that the aerodynamic noise of 

the pantograph mainly consisted of a dipole sound source. The dipole sound source generated from 

surface pressure fluctuations is considered to be caused by the shape of the pantograph was dominant. 

However, the noise level of the pantograph model with the sound insulating plate increased in proportion 

to less than the sixth power of wind velocity. This indicates that the effect of noise reduction with the 

sound insulating plate increased in accordance with wind velocity. 

Figure 3.11 shows a comparison of the noise level radiated from the pantograph without and with 

the sound insulating plate at 50, 75 and 116.7 m/s. The comparison of the pantograph without the plate at 

different wind velocity shows that the dominant frequency of the pantograph noise increased according 

to increasing the wind velocity. This peak frequency increased from 500 Hz at 50 m/s to 750 Hz at 75 

m/s and 1,250 Hz at 116.7 m/s, which shows the frequency increases in accordance with the Strouhal 

number, written in Eq. (3.2). The comparison of the pantograph without and with the plate at the same 

wind velocity illustrates that the sound insulating plate reduced more noise level at a high frequency than 

that at a low frequency. This is why the diffraction of acoustic wave was changed by noise frequency. 

Because of its short wavelength, the expansion of high-frequency sound at the edge of sound insulating 

plate due to diffraction was prevented and noise radiated from the pantograph was shielded more. The 

comparison of the pantograph with and without the plate at different wind velocity presents that the 

dominant pantograph noise level began to reduce by the sound insulating plate as the wind velocity 

increased. The peak noise level of the pantograph model at 116.7 m/s was reduced 2.9 dB by the sound 

insulating plate in contrast to that at 50 m/s. This resulted from that the dominant frequencies of the 

pantograph noise increases as the wind velocity increases and the noise reduction of the sound insulating 

plate is more effective in the higher frequencies. Therefore, the noise reduction effect of the sound 

insulating plate was increased by increasing the wind velocity. This leads that the pantograph model with 

the sound insulating plate increases the noise level in proportion to less than the sixth power of wind 

velocity. 
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Figure 3.10 Overall noise level of full-scale pantograph estimated from measured values of 1/10 scale model. 

Measured values of pantograph without and with sound insulating board are plotted with white and blue 

squares. Solid line is sixth power of wind velocity estimated from measured value of pantograph without 

sound insulating board, and dashed line is that of pantograph with sound insulating board in low-speed region 

until 80 m/s. 

 

  

Figure 3.11 1/3 octave band frequency analysis of the noise from measured values of 1/10-scale pantograph 

without and with the sound insulating plate. Measured values at 116.7 m/s are plotted with red and white 

rhombus dots. Measured values at 75 m/s are plotted with green and white triangle dots. Measured values at 

50 m/s are plotted with blue and white circle dots. 
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3.3.3.2. Sound insulating plate reduction effect 

The theoretical reduction noise level of the sound insulating plate, ∆𝑆𝑃𝐿,௧, was estimated from Eqs. 

(3.11), (3.12) and (3.13), a reduction effect of the sound insulating plate was evaluated 

Equation (3.11) indicated reduced noise level by a sound insulating plate with infinite length, ∆𝐿. 

Here, the Fresnel number N is the ratio of the sound wavelength 𝜆 and the distance difference  among 

a noise source, an edge of plate and a measurement point, of which the position were shown in Fig. 

3.12(Maekawa 1962; Yamamoto and Takagi 1991). The distance difference  was calculated by Eq. (3.12) 

and was changed by a noise source position, the relation between the noise source height hN and the height 

of the edge of plate hi in Fig. 3.12. Equation (3.13) indicated the reduction noise levels of a sound 

insulating plate with a limited length (Yamamoto et al. 1994). This was calculated from the sum of the 

noise contribution through the open area in the plane of the sound insulating plate. Equation (3.13) 

indicated the noise reduction of the square insulating board, which was shown as the separated area C0, 

C6, C7 and C8 in Fig. 3.13. 

 

∆𝐿(𝑓) = ൦

10 log 𝑁 + 13

5 + 8𝑁.ସହ

5 − 8|𝑁|.ସ

0

 

𝑁 ≥ 1
0 ≤ 𝑁 < 1

−0.3 ≤ 𝑁 < 0
𝑁 < −0.3

     (3.11) 

Where 𝑁  [-]: the Fresnel number (= 2𝛿/𝜆 = 2𝛿𝑓/𝑎) 

      𝛿 [m]: the distance difference  

 𝜆 [m]: the wavelength of sound(= 𝑎/𝑓) 

 

𝛿 = 
𝑏 + 𝑐 − 𝑑

−(𝑏 + 𝑐 − 𝑑)
     

ℎே < ℎா

ℎே ≥ ℎா
     (3.12) 

Where 𝑏 [m]: a distance between noise source and edge of sound insulating plate 

     𝑐 [m]: a distance between edge of sound insulating plate and measurement point 

       𝑑 [m]: a distance between noise source and measurement point 

 

∆𝑆𝑃𝐿,௧(𝑓) = −10logଵ ൜10ି
∆ಽభమయ

భబ + ൬10ି
∆ಽబషఱ

భబ − 10ି
∆ಽభమయ

భబ ൰ × ൬10ି
∆ಽభరల

భబ + 10ି
∆ಽయఱఴ

భబ ൰ൠ (3.13) 

Where the suffix shows the number open area. For example, ∆𝐿ଵଶଷ means the reduction noise 

level when the areas except C1, C2, C3 are assumed to be a sound insulating plate with infinite length. 

 

The theoretical reduction noise level of the sound insulating plate was calculated by Eqs. (3.11) - 

(3.13) at each 1/3 octave band frequency region. In this study, the noise source of the pantograph was 

supposed to be set at its body and panhead. The panhead height was ht = 0.9 Dp and the body height was 

hb = 0.5 Dp. For simple estimation of the ∆𝐿ଵସ and ∆𝐿ଷହ଼ in Eq. (3.13), the sound insulating plate was 

assumed to be the square shape, of which the height was hi = 0.53 Dp and the length was lp = 0.6 li as 

shown in Fig. 3.13. 

Figure 3.14 shows the theoretical and measured reduced noise levels by the sound insulating plate. 
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Figure 3.14 illustrates that the theoretical reduced noise levels by the plate are different due to a source 

position. At high frequency region, the theoretical values from the pantograph body increases, and, in 

contrast, those from its panhead decreases. This is why the Fresnel number, N, is changed at the high 

frequency. The sound insulating plate hides the pantograph body and prevent the sound from it to the 

measurement point, which leads the noise reduction effect to increasing at high frequency. However, the 

panhead of the pantograph can be seen from the measurement point and the sound radiated from its 

panhead is reduced by only the diffraction of the plate. This results in the decrease of the noise reduction 

at the high frequency, at which the sound wavelength is short, according to Eq. (3.11). 

The measured values were the difference between without and with the sound insulating plate in Eq. 

(3.14). 

 

∆𝑆𝑃𝐿,௦ = 𝑆𝑃𝐿 ௪௧௨௧ ௧ − 𝑆𝑃𝐿 ௪௧ ௧     (3.14) 

 

In Fig. 3.14, the pantograph noise over about 1,250 Hz was reduced by the sound insulating plate, 

and the reduction level over 3,150 Hz was in the range between the theoretical values from its body and 

those from its panhead. The experimental reduction effect of the plate was small at the low frequency 

This is considered to be because the plate length is too short to reduce the intensity of the sound of which 

the wavelength is long. In this study, the plate length, li = 3.3 Dp, equals to the wavelength of sound at 

approximately 1,700 Hz, which may lead to decreasing the reduction effect at a low frequency range. The 

comparison of different wind velocity result shows that the noise reduction frequency range expands to 

low frequency and the noise reduction level at high frequency decreases by increasing the wind velocity. 

This is why the noise source position of the pantograph is changed by wind velocity. According to the 

Strouhal number shown in Eq. (3.2), the frequency of the pantograph noise increases, and a sound source 

may become able to receive the noise reduction effect of the plate. These results above show that the 

experimental noise reduction effect was small at low frequency and approximate to the theoretical values 

at high frequency. 

 

 

Figure 3.12 Positions of a noise source, an edge of plate and a measurement point. The distances, bt and bb, 

are between noise source and edge of sound insulating plate. The distance, c, is between edge of sound 

insulating plate and measurement point. The distance, dt and db, are between noise source and measurement 

point. In this study, the noise source of the pantograph was supposed to be set its body NSb and its panhead 

NSt. 
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Figure 3.13 Image areas of sound insulating plate with limited length at the plate plane. Equation (3.12) 

indicates the noise reduction of the plate, which is shown as the separated area C0, C6, C7 and C8. The 

experimental real plate is shown as a dashed line. In this study, the plate shape was supposed to be the square 

area C0, shown as the bold solid line, in order to easily calculate the noise reduction effect.  

 

 

 

Figure 3.14 Theoretical and measured reduced noise levels by the sound insulating plate at 1/3 octave band 

frequency. Theoretical values from the pantograph’s panhead noise and from its body noise are plotted with 

white triangle dots and white circle dots. Measured values at 50, 75 and 116.7 m/s are plotted with blue 

circle dots, green triangle dots and blue circle dots. 
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3.3.3.3. Estimation by similarity law 

The noise levels of the full-scale pantograph without and with the sound insulating plate at the wind 

velocity U = 116.7 m/s were estimated from the measured noise levels of the 1/10 reduced-scale model 

at the wind velocity U = 50 m/s and U = 116.7 m/s, and the similarity law was evaluated. The value 

𝑆𝑃𝐿௦௧,ௗ was calculated by using Eqs. (3.2) and (3.15). Equation (3.15) is transformed from Eq. (3.1) 

for adapting the wind velocity and model scale conversion. The value 𝑆𝑃𝐿௦௧, was calculated by using 

Eqs. (3.2) and (3.16) for adapting the only model scale conversion. 

 

𝑆𝑃𝐿௦௧,ௗ = 𝑆𝑃𝐿,ୀହ/௦ + 60 log ቀ
ଵଵ./௦

ହ/௦
ቁ + 20 log 10   (3.15) 

𝑆𝑃𝐿௦௧, = 𝑆𝑃𝐿,ୀଵଵ./௦ + 20 log 10     (3.16) 

 

In addition, the noise level with the sound insulating plate was estimated by using the theoretical 

noise reduction effect of the sound insulating plate. The value 𝑆𝑃𝐿௦௧,ௗ,ௗ was calculated by using 

Eqs. (3.2), (3.17). Equation (3.17) indicated the that the theoretical noise reduction of sound insulating 

plate for the pantograph body,  ∆𝑆𝑃𝐿,௧(𝑓) , was subtracted from the estimated noise level of the 

pantograph without the sound insulating plate. 

 

𝑆𝑃𝐿௦௧,ௗ,ௗ = 𝑆𝑃𝐿,ୀହ/௦,௪/ ௧ + 60 log ቀ
ଵଵ./௦

ହ/௦
ቁ + 20 log 10 − ∆𝑆𝑃𝐿,௧(𝑓)

          (3.17) 

 

Figure 3.15 shows the estimated noise levels of the full-scale pantograph without and with the sound 

insulating plate at the wind velocity U = 116.7 m/s. Figure 3.15(A) shows that the estimated noise level 

without the sound insulating plate from the values at 50 m/s, 𝑆𝑃𝐿௦௧,ௗ, has same tendency as that from 

the value at 116.7 m/s, 𝑆𝑃𝐿௦௧,. This leads the overall noise levels of 𝑆𝑃𝐿௦௧,ௗ to being with 0.4 dB 

difference from 𝑆𝑃𝐿௦௧,. This was why the dominant peak noise was estimated precisely by using the 

wind velocity conversion as the sixth power of the wind velocity as a dipole sound source.  

However, Fig. 3.15(B), which shows the pantograph noise with the sound insulating plate, indicates 

that 𝑆𝑃𝐿௦௧,ௗ at a low frequency region less than 400 Hz was higher than 𝑆𝑃𝐿௦௧,. This leads the 

overall noise level of 𝑆𝑃𝐿௦௧,ௗ to being 2.5 dB higher than that of 𝑆𝑃𝐿௦௧, and showing that the 

noise reduction effect of the sound insulating plate was underestimated in the conversion of the wind 

velocity. This was caused by the frequency characteristics of the noise reduction effect of the sound 

insulating plate. In this study, the pantograph noise level in a low frequency range at 50 m/s was not 

acquired the noise reduction effect of the sound insulating plate in contrast to that at 116.7 m/s, as shown 

in Fig. 3.14. Therefore, 𝑆𝑃𝐿௦௧,ௗ, at low frequency was higher by not including the noise reduction 

effect of the sound insulating plate. On the other hand, the estimated value by using the theoretical noise 

reduction effect, 𝑆𝑃𝐿௦௧,ௗ,ௗ, has same tendency of 𝑆𝑃𝐿௦௧,. This leads the overall noise levels of 

𝑆𝑃𝐿௦௧,ௗ,ௗ to being with 0.8 dB difference from 𝑆𝑃𝐿௦௧,. This was why the dominant peak noise 
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was estimated precisely by using the wind velocity conversion and the reduced noise level by the sound 

insulating plates.  

This result illustrates that the sound insulating plate, of which the noise reduction effect has a 

frequency characteristic, made the actual noise level increase lower than the noise level conversion of 

wind velocity. This caused the noise reduction effect of the sound insulating plate to be underestimated. 

This problem could be solved by subtracting the theoretical reduction noise level of the plate from the 

estimated noise level of the pantograph itself. This leads the pantograph noise with the sound insulating 

plate to being estimated within 0.8 dB difference.  
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(A) Pantograph without the sound insulating plate 

 

 

(B) Pantograph with the sound insulating plate 

 

Figure 3.15 1/3 octave band frequency analysis of the noise from measured and estimated values of 

1/10-scale pantograph without and with the sound insulating plate. Estimated value from measured 

values at 116.7 m/s by Eqs. (3.2) and (3.16) are plotted with orange and white rhombus dots. Estimated 

values from the values at 50 m/s by Eqs. (3.2), (3.15) are plotted with blue and white circle dots. 

Estimated values from the values at 50 m/s by Eqs. (3.2), (3.17) are plotted with rhombus square dots. 
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3.4. Conclusion 

We measured the aerodynamic noise radiating from cylinders without and with periodic holes and a 

pantograph model without and with a sound insulating plate when the flow was faster than 100 m/s in a 

low-noise high-speed wind tunnel to assess aerodynamic noise sources and the wind velocity conversion 

of the similarity law. 

The background noise of the wind tunnel was proportional to the sixth power of wind velocity until 

60 m/s and became proportional to the eighth power in a high-speed region. This dependence shows that 

the aerodynamic sound source of the vortex generated from the shear layer at the nozzle became dominant 

as a quadrupole sound source. 

From a measurement of the cylinders without and with periodic holes, in the Reynolds number range, 

where the vortex formation is unchanged, the noise level of the cylinder increased in proportion to the 

sixth power of wind velocity as a dipole sound source, and the noise reduction effect due to the change 

in flow structure, such as periodic holes, also continued regardless of wind velocity. However, the second 

peak noise radiated from the cylinder was in proportion to the eighth power of wind velocity over 130 

m/s and was underestimated by using the wind conversion based on a dipole sound source. 

The noise level of the pantograph model with the sound insulating plate increased in proportion to 

lower than the sixth power of wind velocity in contrast to the pantograph model itself as a dipole sound 

source. This is why the increase of the actual dominant noise level at a low frequency was reduced to less 

than the sixth power of wind velocity by the sound insulating plate. The plate was more effective at 

reducing noise at a high frequency than at a low one. In addition, by increasing the wind velocity, the 

dominant frequency of the pantograph noise shifted higher. These leads the dominant noise level to be 

affected by the noise reduction of the sound insulating plate. This caused the reduction effect of the sound 

insulating plate to be underestimated by 2.5 dB due to the noise level conversion of wind velocity. To 

solve this problem, the plate’s theoretical reduction noise level, which was calculated by using the Fresnel 

number, was subtracted from the estimated noise level of the pantograph itself. This leads the pantograph 

noise with the sound insulating plate to be estimated within 0.8 dB difference. 

These results indicate that the noise level radiated from cylinders and pantograph increased steadily 

in proportion to the sixth power by dipole sound at a wind velocity up to 116.7 m/s. However, it was 

found that noise at higher frequency may increase in proportional to the sum of the sixth and eighth 

powers of wind velocity because a quadrupole sound source increases due to the shorter turbulent 

correlation length. And, it was indicated that the noise level of objects with a sound insulating structure 

is lower than the sixth power of wind velocity. It was found to be effective to add the theoretical noise 

reduction by the diffraction for the estimation of the actual noise level of objects with a sound insulating 

structure. In conclusion, there is the possibility that a noise level estimated by wind velocity conversion 

generates differences from the actual noise level. Therefore, we should carefully use the similarity law 

when we estimate the running full-scale noise level from a reduced-scale model at a different wind 

velocity. 
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Chapter 4 

Measurement of  

Pressure Fluctuation Distribution  

around a Square Cylinder  

with Pressure Sensitive Paint  
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List of symbols 

 

 

A Stern–Volmer coefficient [-] 

A0  Wave amplitude [-] 

B Stern–Volmer coefficient [-] 

C Pressure-fluctuation propagation speed [m/s] 

C2 Coefficient for Strouhal number in a turbulent boundary layer [-] 

CXY Cross-correlation function [-] 

D Square cylinder standard width [mm] 

Hw Wind tunnel height [mm] 

I Luminescent intensity [-] 

L Square cylinder standard height [mm] 

Lw Wind tunnel length [mm] 

M Mach number (= U/a) [-] 

NFFT FFT sampling data [-] 

P Pressure [Pa] 

PXX Power spectrum [Pa2] 

St Strouhal number [-] 

T Temperature [K] 

U Freestream velocity [m/s] 

Uc Vortex convection velocity [m/s] 

Ww Wind tunnel width [mm] 

X Frequency spectrum [-] 

Y Frequency spectrum [-] 

 

a  Sound velocity [m/s] 

fpeak  Peak frequency [Hz] 

fs  Sampling frequency [Hz] 

f  Frequency resolution [Hz] 

h Square cylinder height [mm] 

k  Discrete frequency [Hz] 

n2 Coefficient for Strouhal number in a turbulent boundary layer [-] 

w Square cylinder width [mm] 

x  Streamwise position [m] 

y  Width position [m] 

 

 Wave function [-]  
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 Boundary layer thickness [mm] 

 Propagating wavelength [m]

  Singular value of matrix [-] 

 Phase-correction constant [-] 

XY
2 Coherence [-] 

XY
2 Phase shift [rad] 

 

Subscript 

ref  Reference condition 

mes Measured value 

the Theoretical value 

 

Abbreviation 

COP  Coherent output power 

FFT  Fast Fourier Transform 

POD Proper Orthogonal Decomposition 

PSD  Power Spectral Density Function 

PSP  Pressure Sensitive Paint 

SNR Signal-to-Noise Ratio 

 

A Matrix (m × n) 

U  Eigenvector matrix of AAT 

V Eigenvector matrix of ATA 
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4.1. Introduction 

 

One of the important performances of products related to fluids, such as fans and transportation 

equipment, is quietness. Their rotation and/or running speed is becoming faster, aerodynamic noise 

intensity increases as the relative speed between their body surface and the surrounding fluids increases. 

Therefore, it is necessary to reduce aerodynamic noise for acquiring high-speed rotation and/or running 

speed with a quiet environment. Detailed knowledge of the properties of a sound source and the sound 

distribution is required for the reduction in aerodynamic noise. 

The Lighthill-Curle equations (Lighthill 1952; Curle 1955) show that a sound source of aerodynamic 

noise is changed from a dipole sound source into a quadrupole sound source depending on the Mach 

number M (= U/a), which is the ratio between the freestream velocity U and the sound velocity a. 

Aerodynamic noise is found to be mainly generated as a dipole sound source from pressure fluctuations 

on a surface in the low-speed region under M = 0.3 (Iida et al. 2000). Therefore, it is important to measure 

distributions of surface-pressure fluctuation on a test model for the assessment and the detection of 

aerodynamic noise sources. Conventionally, pressure fluctuations are measured by using pressure sensors 

set in orifices on a surface of a test model. This measurement technique is highly accurate and reliable. 

However, it is difficult to be applied to a curved surface, and to acquire the pressure distribution across a 

whole surface, multiple sensors and/or repeated measurements are necessary. 

Recently, as an alternative technique for measuring surface-pressure fluctuations to that using 

pressure sensors (with the problems described above), a technique using a pressure-sensitive paint (PSP) 

has been developed (Bell et al. 2001; Liu at al. 2005; Asai and Yorita 2011; Gregory et al. 2014). The 

PSP measurement allows us to estimate time-series surface-pressure distributions by measuring the 

varying intensity of the luminescent light from the dye in PSP excited by an excitation light. The surface-

pressure distributions are measured by capturing this luminescence by using a camera, and a two-

dimensional (2D) surface-pressure distribution with higher spatial resolution than that possible by using 

point measurement with a conventional pressure sensor can be obtained. 

Measurements by PSP have mostly been applied to transonic and supersonic flows (Nakakita et al. 

2012; Sugioka et al, 2015). In recent years, however, PSP has been applied to unsteady phenomena in the 

low-speed region (Liu 2003; Asai and Yorita 2011; Nakakita 2011; Peng et al. 2016). Applying PSP to 

unsteady phenomena in the low-speed range faces two major problems: time response of PSP and low 

signal-to-noise ratio (SNR) due to low dynamic pressure. Regarding the former problem, unsteady PSP 

has been developed, and PSPs with quick response time, which can adequately follow pressure fluctuation 

in the order of kilohertz (Gregory et al. 2001; Kitashima et al. 2014; Sugioka et al. 2018, 2018a, 2018b, 

2021; Uchida et al. 2021) have been demonstrated. Regarding the latter problem, several methods for 

improving SNR of PSP have been developed. A simple one is a phase-lock measurement that accumulates 

synchronized snapshots with a reference signal out of the targeted periodic phenomenon. A fast Fourier 

transform (FFT) was applied to PSP images (Nakakita 2011), and subtracting power spectral density 

(PSD) of the wind-off images from that of the wind-on images is shown to be an effective way to reduce 

the noise component (Nakakita 2013). Recently, the spectrum estimation technique using cross-corelation 
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was also devised and the noise floor was further reduced while it requires a lot of samples (Ozawa at al. 

2019). Meanwhile, coherent output power (COP), which is given by a cross correlation between time-

series pressure measured by PSP and a reference signal, was employed for the measurement of pressure 

fluctuations associated with tonal trailing-edge noise for a two-dimensional NACA 0012 airfoil (Noda et 

al. 2018). Accuracy of an unsteady PSP measurement in the low-speed region has thus been improved. 

However, there are still few examples of applying a PSP measurement to a complex shape for evaluation 

of a sound-source distribution and for comprehension of an unsteady phenomenon in the low-speed 

region. 

In this study, the pressure fluctuations distribution on the floor surface behind a square cylinder in 

the turbulent boundary layer was measured at the Mach number around M = 0.3. These dominant pressure 

fluctuations are found to be generated by the Kármán vortex shedding from the cylinder sides (Sakamoto 

and Arie 1983; Wang and Zhou 2009). From the previous study, these flows around a square cylinder on 

the surface are generally classified according to three parameters (Sakamoto and Arie 1983). One is the 

Reynolds number, which is calculated from Re = 𝑈ஶ𝑤 𝜈⁄ with 𝑈ஶ the free-stream velocity, w the side 

length for square cylinders, and 𝜈 the kinematic viscosity. For Re > 2,000, the wake flow is turbulent. 

Another parameter is the cylinder’s aspect ratio h/w, with the cylinder height h. The other parameter is 

the ratio of between the cylinder height h and the boundary layer thickness h/. Generally, the threshold 

for thin boundary layers is accepted at h/ = 3.0 (Porteous et al. 2014; Kindree et al. 2018). The vortex 

shedding frequency of square cylinders is found to be independent ofh/ in the thin boundary layers h/ 

≥ 3.0, but the frequency of the Kármán vortex shedding is found to be lower with the ratio h/ decreases 

in the boundary layer h/ < 3.0. The boundary layer thickness also influences the wake streamwise 

vortical structures generated by the separations around the top of the cylinder and its corner near the base 

floor (Bourgeois et al. 2011; Hosseini et al. 2013; El Hassan et al. 2015; Wang 2019; Barbara et al. 2020; 

Cheng et al. 2022). To examine the PSP’s frequency response and accuracy of measured pressure 

fluctuations, the four types of the square cylinders were examined in the same turbulent boundary layer, 

which means that the three different aspect ratios (h/d = 3.5, 7.0, 14.0) and the 3 conditions of relative 

boundary layer thickness (h/ = 1.14, 2.28, 4.56) was measured. The impact of these parameters to the 

peak frequencies and distribution of the pressure fluctuations generated by the Kármán vortex from the 

square cylinder was examined. The main mode of the peak pressure fluctuations distribution was 

calculated by the singular value decomposition. 

 

4.2. Experimental Apparatus 

4.2.1. Unsteady Pressure-sensitive Paint (PSP) 

Pressure-sensitive paint is a pressure sensor utilizing a photochemical reaction that involves luminescent 

molecules (luminophores) and binder (mainly polymer). The luminophores emit luminescence when 

illuminated by excitation light with an appropriate wavelength. Since the intensity of emitted light from 

the luminophores depends on the partial pressure of oxygen, the air pressure over the PSP can be 

calculated from the luminescent intensity captured by a camera. A ceramic PSP combined with a quick-

response polymer is used in this study (Kitashima et al. 2014; Ozawa et al. 2019; Pandey and Gregory 
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2015; Sakaue et al. 2011; Scroggin et al. 1999; Sugioka et al. 2018, 2018a, 2018b, 2019; Uchida et al. 

2021). Pressure sensitivity of the PSP (measured by static calibration) was 0.73 %/kPa. Moreover, 

according to frequency-response measurements using an acoustic resonance tube, frequency response of 

approximately 5,420 Hz was guaranteed (Sugimoto et al. 2017). In the present study, a frequency analysis 

is restricted to the maximum of 4,000 Hz. This cutoff frequency is higher than the peak frequency of the 

Kármán vortex shedding from the square cylinder in this study. 

 

4.2.2. Experimental Model and Measurement System 

The pressure fluctuations distribution on the floor surface behind a square cylinder in the turbulent 

boundary layer was measured in a low-noise high-speed wind tunnel (Hitachi 2014; Matsui, et al., 2017, 

2020). The test section of the wind tunnel has the dimensions of 600 mm (Ww) × 400 mm (Hw) × 2,000 

mm (Lw), and the maximum freestream velocity is 116.7 m/s. 

Photographs and images of the test model are shown in Figure 4.1. Four square cylinders with 

different sizes are used and the frequency of the Kármán vortex shedding is used. The detailed model 

parameters and test conditions are shown in Table 4.1. The model cross-sectional side length w and its 

height h are set to acquire the aspect ratio w/h = 3.5, 7.0, 14.0, based on the standard width D = 6.5 mm 

and the standard height L = 45.5 mm. During the experiment, the model is fixed at the center of the circle 

floor surface on which PSP measurement can be applied. The diameter of the circle floor is 250 mm. 

Figures. 4.1(a), (d) show that cylinders and the floor on the splitter plate were vertically set to reduce the 

boundary layer thickness and to easily capture the images of the PSP painted on the floor surface. 

The PSP measurement system shown in Figs. 4.1(a) and (c) is explained as follows. Three UV-LEDs 

(IL-106, HARDsoft) were used with a condenser lens (HSO-PL-180-UV, HARDsoft) as an excitation 

light source for the PSP. The LEDs were set at 800 mm horizontal side from the floor surface. A high-

speed camera (V2012, Phantom) was used as a light-emission detector. The camera was fitted with a 50-

mm-focal-length lens (Nikkor 85 mm f 1.4, Nikon) and a 590-nm long pass filter (9022621, Laser create 

Corp.). Images were captured with 512×512 pixels. Spatial resolutions were 0.59 mm/pixel. The number 

of images recorded during each run was 95,178. Its capture frequency was adjusted to be approximately 

12 times of the expected peak frequency of the Kármán vortex shedding, which was estimated from the 

Strouhal number of the two-dimensional square cylinder, St = fpeakw/U∞ = 0.13 (Okajima 1982), so that 

the peak pressure fluctuations could be precisely measured. 

Unsteady surface pressure was measured using a Kulite pressure transducer (XCQ-062-5SG), which 

was flush-mounted on the floor surface. The installation position was x/w = 1.8, y/w = 0.5 where the 

origin point was located at the model center, as shown in Fig. 4.1(e). The cut off frequency of the Kulite 

sensor was 150 kHz, which is significantly higher than that of the unsteady PSP. The sampling frequency 

was set at 96 kHz. The data from the pressure transducer was amplified and recorded with a data recorder 

(LX-100 Series, TEAC). The high-speed camera and pressure transducer measurements were 

synchronized by a trigger signal produced by the start of camera recording. 

Figure 4.2 shows the velocity profile and the turbulent intensity at the vertical direction on the model 

set position without the model. Velocity measurements by a hot-wire anemometer (Kanomax, Model 
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7000Ser) and an I-shaped probe show that the boundary-layer thickness  on the model set position were 

= 20 mm without the model.  

 

 

 

(a) Setup of measurement system (b) Floor surface and square cylinder 

 

 

(c) Diagram of measurement system (d) Top view of splitter plate and cylinder position 

 

(e) Pressure-sampling point 

Figure 4.1 Experimental model and measurement system 
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Table 4.1 Square cylinder size and measurement conditions 
 (1) (2) (3) (4) 

Cylinders 

Width w [mm] D/2 D 

Height h [mm] L 4L 2L L 

Aspect ratio h/w [-] 7.0 14 7.0 3.5 

Wind velocity U∞ [m/s] 100 116.7 

Reynolds number Re [×105] 2.2 5.1 

Expected peak frequency fpeak [Hz] 4,000 2,334 

Camera 
Frame rate fs [Hz] 48,000 28,000 

Exposure time [s] 20 35 
Kulite Sampling frequency [Hz] 96,000 

 

  

(a) Velocity profile (b) Turbulent intensity 

Figure 4.2 Velocity profile and turbulent intensity on the model set position 

 

4.2.3. Data Analysis 

4.2.3.1. Pressure-intensity relation 

The time-series pressure distribution was calculated from the captured PSP images by using the Stern–

Volmer equation, defined as 

ூ౨

ூ
= 𝐴(𝑇) + 𝐵(𝑇)



౨
       (4.1) 

where I is luminescent intensity, P is pressure, and the subscript “ref” stands for reference conditions at 

which P and I are known. A(T) and B(T) are the Stern–Volmer coefficients, which depend on temperature. 

In this study, the images obtained by averaging the wind-on images and subtracting the dark images, 

which were captured without the excitation light, were used as the intensity of the reference image, Iref.  

This method makes it possible to reduce the influence of the change in luminescent intensity due to 

the temperature change or photo-degradation of the luminophores, but it only makes it possible to 

estimate the pressure fluctuations. 
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4.2.3.2. Power distribution 

The overall flow of PSP data-analysis process is shown in Figure 4.3. After spatial binning of the time-

series pressure distribution, PSD of the pressure fluctuations was calculated from the time-series pressure 

distribution by using an ensemble averaging FFT, as proposed by Nakakita (2011, 2013). In this method, 

images corresponding to an entire time-series data set are split into a smaller number of segmented data 

sets. The FFT processing was applied to time-series pressure data of NFFT images. At that time, the split 

data sets were overlapped on neighboring data sets. The frequency resolution was determined as follows:  

∆𝑓 =
ೞ

ேಷಷ
        (4.2) 

The power spectrum, 𝑃(𝑓), which was calculated by using the frequency spectrum, 𝑋(𝑓), and 

its complex conjugate, 𝑋∗(𝑓), obtained by FFT, was ensemble averaged, and PSD was calculated as 

follows:  

𝑃𝑆𝐷(𝑓) =
〈()〉

∆
=

〈()∗()〉

∆
=

〈()∗()〉

ೞ ேಷಷ⁄
     (4.3) 

The Hanning window was used as a window function in the FFT analysis, and the power attenuation 

by the window function was corrected. In this analysis, the background spectrum subtraction obtained by 

wind-off images (Nakakita 2013) was not adopted because it was difficult to understand the noise floor. 

Table 4.2 shows the FFT analysis conditions. The sampling data (NFFT) was changed by the cross-

sectional cylinder size w, and the frequency resolution ∆𝑓 of the PSP and Kulite measurements were set 

almost the same as each other. 

 

 

Figure. 4.3 Flow chart of processing of PSP data  
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Table 4.2 FFT analysis conditions 

Cylinders  
Sampling rate 

fs [Hz] 

Sampling data 

NFFT 
Average 

Frequency resolution 

f [Hz] 

(1) 
PSP 48,000 1,024 100 46.9 

Kulite 96,000 2,048 100 46.9 

(2)-(4) 
PSP 28,000 1,024 100 27.3 

Kulite 96,000 4,096 100 23.4 

 

4.2.3.3. Coherence and phase shift 

Coherence represents degree of the correspondence between signals x and y, and phase shift represents 

the difference between the phases of the two signals (Bendat and Piersol, 1980; Marple, 1987). Coherence, 

𝛾
ଶ (𝑓), and phase shift, 𝜙(𝑓), are defined as follows: 

𝛾
ଶ (𝑓) =

|〈ೊ()〉|మ

〈()〉〈ೊೊ()〉
=

|〈∗()()〉|మ

〈()∗()〉〈()∗()〉
     (4.4) 

𝜙(𝑓) = tanିଵ ቀ
ொೊ()

ೊ()
ቁ = tanିଵ ൬

୍୫൫ೊ()൯

ୖୣ൫ೊ()൯
൰     (4.5) 

where 〈𝐶(𝑓)〉 is the ensemble-averaged cross-correlation function.  

The cross-correlation function 𝐶(𝑓), which is calculated using the frequency spectra, 𝑋(𝑓) and 

𝑌(𝑓), of the two signals x and y, was ensemble averaged in this calculation. The pressure dataset captured 

by the PSP was separated into as an x signal, and the PSP data around the pressure taps was used as a y 

signal. 

 

4.2.3.4. Singular-value decomposition analysis 

Singular-value decomposition (SVD) is the decomposition of a m × n matrix A into its singular values as 

well as its left and right singular vectors, as shown in the following equation: 

𝐀 = 𝐔 ∑ 𝐕் = ∑ 𝐮𝜎𝐯𝒊
𝑻ே

ୀଵ       (4.6) 

where the 1 > 2 > ···>min{n,m} > 0 is the singular value of matrix A. U = [u1, u2, …, um] is the 

eigenvector matrix of AAT, while V = [v1, v2, …, vn] is the eigenvector matrix of ATA and so-called as 

the right eigenvector matrix.  

These decomposed components are consistent with those of POD method (Lumley 1967) used in a 

fluid analysis. SNR can be improved by excluding noise modes from decomposed modes and 

reconstructing data. Additionally, the right-side singular vector vi has the time-evolution information for 

each mode. The FFT result of the right-side singular vector vi from SVD decomposition process, which 

shows the spectral data of the pressure variation frequency peak associated with the dynamic nature of 

the flow, was extracted for comprehension of the flow structure and reduce the noise level in series of 

studies (Peng et al. 2016; Sugioka et al. 2019). In this study, the SVD was applied to 6,000 wind-on 

images. The two main modes, which has the maximum PSD data within the frequency tolerance band 

fpeak,PSP ± 2Δf from the FFT result of the right-side singular vector vi, were extracted for comprehension 

of the flow dynamic phenomena. 
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4.3. Results and Discussion 

4.3.1. Pressure Fluctuations 

4.3.1.1. Comparison with PSP and pressure transducer 

Figure 4.4 shows the PSD of the pressure fluctuation measured by the unsteady pressure transducer and 

PSP near the pressure tap. The measured values by PSP are found to have a similar trend to these by the 

pressure transducer up to 5,000 Hz in all conditions. Noise level of the PSP used in this study would be 

approximately 50-100 Pa2/Hz. In each condition, the peak of pressure fluctuations generated by the 

Kármán vortex shedding from the square cylinder can be observed. 

 

  

(a) Condition (1) (w/D = 0.5, h/L = 1.0) (b) Condition (2) (w/D = 1.0, h/L = 4.0) 

  

(c) Condition (3) (w/D = 1.0, h/L = 2.0) (d) Condition (4) (w/D = 1.0, h/L = 1.0) 

Figure 4.4 Comparison of PSD values measured by pressure transducer and PSP.  
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Table 4.3 shows the PSD values of the peak obtained from PSP and unsteady pressure transducer 

under each condition. The peak frequencies measured by the PSP and pressure transducer were almost 

the same as each other in all the conditions. Especially, the peak pressure fluctuation at 3,047 Hz can be 

observed by the PSP in the condition (1). The PSD values measured by PSP were 0.7-0.8 times lower 

than those measured by the pressure transducer under the conditions (1), (3) and (4). This would be 

considered caused by the spatial binning analysis and/or the model vibration generated by hitting high-

speed flow. The measurement uncertainty of the PSP was estimated to 1.9% from the standard deviation 

of the average pressure measured by the pressure tap because the pressure fluctuation was calculated by 

using averaging the wind-on images as the intensity of the reference image in this study. 

 

Table 4.3 Peak frequency and PSD values obtained from PSP and pressure transducer 

  Cylinder Kulite PSP 

 w/D h/L h/w h/ 
Peak frequency 

fpeak,kulite [Hz] 

PSDkulite 

[Pa2/Hz] 

Peak frequency 

fpeak,PSP [Hz] 

PSDPSP 

[Pa2/Hz] 

(1) 0.5 1.0 7.0 1.14 3,047 267 3,047 220 

(2) 1.0 4.0 14 4.55 2,016 1,306 1,941 1,313 

(3) 1.0 2.0 7.0 2.28 1,852 1,216 1,859 876 

(4) 1.0 1.0 3.5 1.14 1,688 3,483 1,668 2,707 

 

4.3.1.2. Peak frequency of square cylinder with different sizes 

Table 4.3 presents that the peak frequency was observed to be lower with the lower cylinder height h in 

the spite of the common square cylinder width w in the conditions (2)-(4). This is due to the difference of 

the ratio of between the cylinder height h and the boundary layer thickness h/. Sakamoto and Arie 

(1972) found that the peak frequency of the Kármán vortex shedding from the cylinders in the thick 

boundary layer is changed by the cylinder aspect w/h and the boundary-layer characteristics h/ due to 

the vortex formation. Their experiment result leads to the following empirical equation of the Strouhal 

number St under the condition, 2 < w/h < 8, and 0.2 < h/ < 1.6.  

𝑆𝑡௧ = 𝐶ଶ ቀ


௪
ቁ

మ

,       (4.7) 

where the coefficients C2 and n2 are functions of h/ alone and are given in Figure 4.5. 

 

Table 4.4 shows the comparison of the measured and theoretical peak frequencies. Theoretical peak 

frequencies were calculated by the Equation (4.7). In the condition (3), which was out of the region of 

h/, the coefficients C2 and n2 were extrapolated by the cubic and linear function of h/respectively. In 

the conditions (1), (3) and (4), the measured and theoretical peak frequencies were found to be almost the 

same as each other. Therefore, the peak frequencies of the cylinders in the turbulent boundary layer were 

found to be changed by the cylinder aspect w/h and the boundary-layer characteristic h/as same as the 

precious study. 
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Figure 4.5 Relation between coefficients C2 and n2. Plots are given from the reference (Sakamoto and Arie 

1983) and the dashed line was the approximated line from the plots. C2 and n2 were extrapolated by the cubic 

and linear function of h/respectively. 

 

Table 4.4 Peak frequency and PSD values obtained from PSP and pressure transducer 

  Cylinder Peak frequency 

fpeak,PSP [Hz] 

Wind velocity 

 U [m/s] 

Measured peak 

frequency StPSP [-] 

Theoretical peak 

frequency Stthe [-]  w/D h/L h/w h/ 

(1) 0.5 1.0 7.0 1.14 3,047 100 0.099 0.098 

(2) 1.0 4.0 14 4.55 1,941 116.7 0.108 - 

(3) 1.0 2.0 7.0 2.28 1,859 116.7 0.104 0.105 

(4) 1.0 1.0 3.5 1.14 1,668 116.7 0.093 0.092 

 

 

4.3.1.3. Pressure fluctuation distribution at peak frequency 

Figure 4.6 shows the PSD distribution at the peak frequency in each condition. Figure 4.7 shows the PSD 

profile in the streamwise line at y/w = 0.5 and the spanwise line at x/w = 1.8, shown the dashed line in 

Fig. 4.6. 

Figure 4.7(b) illustrates that the 2 high-pressure-fluctuation areas were observed behind the square 

cylinder at the y/D= ±0.5 because the Kármán vortex shedding from the square cylinder in all the 

conditions. Figure 4.7(a) shows that the peak PSD values on both sides were almost the same as each 

other, and the peak PSD value was seen around at the streamwise position x/w = 2.0 in all the conditions. 

Compared with the cylinders with the same cylinder width w (conditions (2)-(4)), the peak PSD 

value in the conditions (4) was more than twice as high as these at the other conditions. The high-pressure 

fluctuation area was only observed at around the streamwise position x/w = 2.0 and not to be spread into 

the downstream in x/w > 7.0. This will be caused by the low cylinder height. In the condition (4), the flow 

from the upper end of the square cylinder is thought to become dominant in the wake rather than that 

from the square cylinder side due to the low cylinder height.  
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This phenomenon was observed in the previous study (Porteous et al. 2017; Sumner et al. 2017). 

Sumner et al. (2017) show that the increasing influence of the lower-momentum, viscous flow within the 

boundary layer has a strong effect on the flow field of the shorter square cylinder. The free-end flow field 

and its associated downwash was found to move closer to the ground plane and begin to have a greater 

influence on the near-wake flow field within the boundary layer and close to the ground plane. This 

influence can be seen in the development of vortex downstream of the prism-wall junction, where it 

becomes progressively smaller as the square cylinder aspect is shorter and disappears once the prism is 

below the critical aspect ratio. 

Therefore, at the shorter square cylinder, it was observed that the flow from the upper free-end 

vertically runs toward the floor surface, and generates higher pressure fluctuation on the surface and 

makes the flow to the streamwise direction weaker in the wake. 

 

 

 

  

(a) Condition (1) (w/D = 0.5, h/L = 1.0) 

at fpeak.psp = 3,047 Hz 

(b) Condition (2) (w/D = 1.0, h/L = 4.0) 

at fpeak.psp = 1,941 Hz 

 

  
(c) Condition (3) (w/D = 1.0, h/L = 2.0) 

at fpeak.psp = 1,859 Hz 

(d) Condition (4) (w/D = 1.0, h/L = 1.0) 

at fpeak.psp = 1,668 Hz 

Figure 4.6 Measured pressure-fluctuation distribution at frequency of peak pressure fluctuation 
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(a) At the streamwise position x/w = 2.0 (b) At the spanwise position y/w = 0.5 

Figure 4.7 Measured pressure fluctuation profile at frequency of peak pressure fluctuation 

 

 

4.3.2. Coherence and Phase between Pressure Fluctuations 

4.3.2.1. Coherence 

Coherence 𝛾ௌ
ଶ  based on the PSP data near the pressure tap, shown as a white dot in Figure 4.6, were 

calculated from the measured time-series pressure distribution. Coherence distributions at the peak 

frequency are shown in Figures 4.8. Coherences on each pixel at the streamwise position x/w = 1.8 and 

the spanwise position y/w = 1.0, which are shown as dashed lines in Fig. 4.8, are shown in Fig 4.9. 

According to Figure 4.8, the high-coherence area was found to be spread from the sides of the 

cylinder to the downstream along the Kármán vortex shedding. Figure 4.10(a) shows that the coherence 

value near the pressure tap is almost unity and that in the opposite side of the centerline, that is around at 

y/w = -0.5, is 0.8 in all conditions. Compared with the square cylinders with the same width w (conditions 

(2)-(4)), the high-coherence area under the conditions (3) and (4) look same as the PSD distribution, but 

the spatial peak coherence is found to be at the downstream direction under the condition (2). Figure 

4.9(b) presents that the peak of coherence values under the condition (2) are at the streamwise position 

x/w = 2.0 and 6.5. This suggests the vertical movement of the Kármán vortex shedding. The square 

cylinder can be presumed to be set in a thin turbulent boundary under condition (2) where the cylinder 

height h is sufficiently large for the boundary layer thickness . In the previous study, the square cylinder 

in a thin boundary layer, h/ is found to have two pairs of counter-rotating streamwise vortices in 

the wake; one close to the obstacle free end and another close to the wall junction area (Bourgeois et al. 

2011; Hosseini et al. 2013; Chen et al. 2022; Mohammadi et al. 2022). Therefore, it is possible that the 

same vortex formations are generated and may lead to generate the spatial peak coherence under the 

condition (2). 
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(a) Condition (1) (w/D = 0.5, h/L = 1.0) 

at fpeak.psp = 3,047 Hz 

(b) Condition (2) (w/D = 1.0, h/L = 4.0) 

at fpeak.psp = 1,941 Hz 

  

(c) Condition (3) (w/D = 1.0, h/L = 2.0) 

at fpeak.psp = 1,859 Hz 

(d) Condition (4) (w/D = 1.0, h/L = 1.0) 

at fpeak.psp = 1,668 Hz 

Figure 4.8 Coherence distribution at peak frequency based on PSP data obtained near the pressure tap 

 

  

(a) At the streamwise position x/w = 1.8 (b) At and the spanwise position y/w = 1.0 

Figure 4.9 Coherence on each pixel based on the PSP data obtained near the pressure tap 
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4.3.2.2. Phase shift 

Phase shift 𝜙ௌ, based on the PSP data near the pressure tap, shown as a white dot in Figure. 4.6, were 

calculated from the measured time-series pressure distribution. Phase-shift distributions at peak 

frequency are shown in Figures 4.10. Phase shift on each pixel at the spanwise position y/w = 0.5, which 

are shown as dashed lines in Fig. 4.10, are shown in Fig. 4.11.  

Figure 4.10 presents that the phase distribution at peak sound frequency is almost the constant in all 

the conditions. The phase appears to be the uniform in the spanwise (y) direction (-2 < y/w < 2) and 

delayed into the downstream (x) direction. This result suggests that the Kármán vortex flow to the 

downstream. Figure 4.11 illustrates that the phase is delayed in the downstream direction under the 

conditions (2)-(4), and this delay is a little shorter at lower height.  

Propagation speed of pressure fluctuation was estimated from the phase delay at peak frequency. 

One-period delay length under the conditions (1)-(4) was calculated by linear approximation of the phase 

delay from x / w = 2.0 in the downstream direction. The pressure fluctuation is assumed to be propagated 

in accordance with the wave equation given as follows (Kosaka et al. 2017):  

𝛹(𝑟, 𝑡) = 𝐴𝑒
ቀ

మഏ

ഊ
∙ିଶగ௧ቁ

       (4.7) 

The one-period delayed length of the pressure fluctuation was also assumed to equal to the 

propagating wavelength . Pressure-fluctuation propagation speed C was calculated from the peak 

frequency fpeak and the wavelength  as follows:  

𝜆 =


ೌೖ
        (4.8) 

where 𝛹 denotes a wave function, and 𝐴 denotes an amplitude of the wave.  

Estimated propagating velocities of pressure fluctuation at each wind velocity are listed in Table 4.5. 

When C is nondimensionalized with each freestream wind velocity U, the Kármán vortex was revealed 

to propagate at approximately 85 % of the velocity normalized by the freestream wind velocity U.  

 

Table 4.5 Propagating velocity of pressure fluctuation 

Cylinder (1) (2) (3) (4) 

Cylinder width w/D [-] 0.5 1.0 1.0 1.0 

Cylinder height h/L [-] 1.0 4.0 2.0 1.0 

Wind velocity U [m/s] 100 116.7 116.7 116.7 

Phase delay [/pixel] 0.257 0.141 0.141 0.128 

Wavelength of propagation  [mm] 28.9 52.6 52.6 57.8 

Peak sound frequency fmes,p [Hz] 3,047 1,941 1,859 1,695 

Propagating velocity of pressure fluctuation C [m/s] 88.0 102.1 97.8 98.0 

Dimensionless velocity C /U [-] 0.88 0.87 0.84 0.84 
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(a) Condition (1) (w/D = 0.5, h/L = 1.0) 

at fpeak.psp = 3,047 Hz 

(b) Condition (2) (w/D = 1.0, h/L = 4.0) 

at fpeak.psp = 1,941 Hz 

  
(c) Condition (3) (w/D = 1.0, h/L = 2.0) 

at fpeak.psp = 1,859 Hz 

(d) Condition (4) (w/D = 1.0, h/L = 1.0) 

at fpeak.psp = 1,668 Hz 

Figure 4.10 Phase-shift distribution at peak frequency based on the PSP data obtained near the pressure tap 

 

 

Figure 4.11 Phase-shift of the cylinder width w = D on each pixel based on the PSP data obtained near 

the pressure tap at and the spanwise position y/w = 0.5 
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4.3.3. SVD Analysis 

Figure 4.12 shows the PSD values of the right-side singular vector vi within the frequency tolerance band 

fpeak,PSP ± 2Δf of each mode. Figure 4.13 shows the contours of the two modes, which have the highest 

PSD values within the frequency tolerance band fpeak,PSP ± 2Δf. 

Figure 4.12 presents that some modes have the peak PSD values within the frequency tolerance band 

fpeak,PSP ± 2Δf in all conditions. The modes with the more peak PSD than 3 were extracted. Figure 4.13 

shows that the high and low value areas repeat to the downstream behind the square cylinder along the 

Kármán vortex shedding. The contours of both two modes are observed to be axisymmetric with the 

respect to the centerline of the model at the downstream direction under the conditions (1) and (4). Both 

positive and negative similar values are observed to be at each side of the centerline, y/w = 0, at the same 

streamwise position. On the other hand, a contour of one mode was observed as asymmetric under the 

conditions (2) and (3). Figure 4.13 (B)(a) and (C)(b) illustrate that the values around at the streamwise 

position x/w = 1-1.5 and the spanwise position y/w = -0.5 is higher than that at the opposite side y/w = 

0.5, and the area and positions of the peak values are found to be different at each side of the centerline 

at the same streamwise position. This asymmetric distribution is thought to be caused by the change of 

the flow structure in the wake due to the taller square cylinder. The flow from the sides of the square 

cylinder becomes dominant as the square cylinder becomes taller, which may lead to generation of the 

asymmetric complex vortical structure in the wake. 

 

 
Figure 4.12 PSD values of the right-side singular vector vi within the frequency tolerance band.  

The numbers written with plots are the extracted mode for Fig 4.13. 
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(a) Mode 9 (b) Mode 34 

(A) Condition (1) (w/D = 0.5, h/L = 1.0) 

  
(a) Mode 7 (b) Mode 9 

(B) Condition (2) (w/D = 1.0, h/L = 4.0) 

  
(a) Mode 5 (b) Mode 6 

(C) Condition (3) (w/D = 1.0, h/L = 2.0) 

  
(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s 

(a) Mode 5 (b) Mode 7 

(D) Condition (4) (w/D = 1.0, h/L = 1.0) 

Figure 4.13 Contours of two modes with the highest PSD values within the frequency tolerance band 

fpeak,PSP ± 2Δf. 
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4.4. Conclusion 

 

The pressure fluctuations distribution on the floor surface behind a square cylinder in the turbulent boundary 

layer was measured by PSP and its accuracy and frequency response at the Mach number around M = 0.3 

were examined, where aerodynamic noise is mainly generated from the surface pressure fluctuations. Four 

types of the square cylinders were examined in the same turbulent boundary layer for detailed comprehension 

of the relationship between these conditions and the Kármán vortex shedding structure. In this study, the 

following conclusions are made: 

 The measured values by PSP have a similar tendency to that of the pressure transducer up to 5 kHz. 

The peak PSD of pressure fluctuations generated by the Kármán vortex shedding from the square 

cylinder can be observed within an error of approximately 30 % up to greater than 3 kHz. 

 The peak frequency of the Kármán vortex shedding is found to become lower with the shorter square 

cylinder similar to the previous empirical equation of the Strouhal number.  

 The peak PSD value of the shortest square cylinder (w/D = 1.0, h/L = 1.0) is twice higher than the other 

conditions and its high-pressure fluctuation area is not to be spread into the downstream, which 

suggests the flow from the upper end of the cylinder to become dominant in the wake rather than that 

from the square cylinder side. 

 The spatial peak coherence distribution is observed behind the tallest square cylinder (w/D = 1.0, h/L 

= 14), which suggests the vertical movement of the Kármán vortex shedding. The Kármán vortex is 

revealed to propagate at approximately 85 % of velocity normalized by the freestream wind velocity 

U from the phase shift distribution. 

 One contour of the two main modes extracted as the highest PSD of the right-side singular vector vi at 

the Kármán vortex frequency have asymmetric distribution behind the taller square cylinder (w/D = 

1.0, h/L ≥ 7.0), which suggests that the flow from the square cylinder side becomes dominant. 
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Chapter 5 

Sound-source Distribution 

in the Bogie Section of a Train 

Determined by Simultaneous Measurement 

by Pressure-sensitive Paint and a Microphone  
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List of symbols 

 

A Stern–Volmer coefficient [-] 

A0  Wave amplitude [-] 

B Stern–Volmer coefficient [-] 

C Pressure-fluctuation propagation speed [m/s] 

CXY Cross-correlation function [-] 

Dw Bogie wheel diameter [mm] 

Fi Force for fluid [N] 

H Wind tunnel height [mm] 

Hb Bottom bogie surface height set position [mm] 

Hc Bogie cavity height [mm] 

I Luminescent intensity [-] 

L Wind tunnel length [mm] 

Lb Bogie bottom surface length [mm] 

Lc Bogie cavity length [mm] 

Lf Bogie side frame length [mm] 

Lu Length from the upstream cavity edge and the upstream edge of the bottom bogie surface [mm] 

M Mach number (= U/a) [-] 

NFFT FFT sampling data [-] 

P Pressure [Pa] 

PXX Power spectrum [Pa2] 

Sy,bs  Bogie bottom surface [m2] 

St Strouhal number [-] 

T Temperature [K] 

U Freestream velocity [m/s] 

Uc Vortex convection velocity [m/s] 

W Wind tunnel width [mm] 

Wb Bogie bottom surface width [mm] 

Wc Bogie cavity width [mm] 

Wf Bogie side frame width [mm] 

Ww Bogie wheel width [mm] 

X Frequency spectrum [-] 

Y Frequency spectrum [-] 

 

a  Sound velocity [m/s] 

fp  Sound peak frequency [Hz] 

fs  Capture frequency [Hz] 

f  Frequency resolution [Hz] 
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k  Discrete frequency [Hz] 

m Vibration mode of free shear layer [-] 

p  Sound pressure [Pa] 

pbs  Pressure in vertical direction on the surface [Pa] 

pd  Far-field sound pressure [Pa] 

pd,bs  Far-field sound pressure from the bogie bottom surface [Pa] 

pi  Local surface pressure [Pa] 

ps Surface pressure [Pa] 

p0  Reference sound pressure ( = 20 Pa) [Pa] 

r  Distance between a noise source and a measurement point [m] 

s  Captured area per pixel [m2/pixel] 

x  Streamwise position [m] 

y  Width position [m] 

 

 Wave function [-] 



 Boundary layer thickness [mm] 

 Dimensionless vortex convection velocity [-] 

 Propagating wavelength [m] 

 Phase-correction constant [-] 

XY
2 Coherence [-] 

XY
2 Phase shift [rad] 

 Boundary layer momentum thickness [mm] 

 

Subscript 

ref  Reference condition 

mes Measured value 

theo Theoretical value 

 

Abbreviation 

COP  Coherent Output Power 

DMD Dynamic Mode Decomposition 

FFT  Fast Fourier Transform 

POD Proper Orthogonal Decomposition 

PSD  Power Spectral Density Function 

PSP  Pressure Sensitive Paint 

SNR Signal-to-Noise Ratio 

SPL  Sound Pressure Level 

SVD Single-Value Decomposition 
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5.1. Introduction 

It is a worldwide trend that intercity trains are becoming faster, and noise intensity increases as the 

running speed of such trains increases. Therefore, it is necessary to reduce aerodynamic noise for 

maintaining a quiet environment around the railway. Detailed knowledge of the properties of a sound 

source and the sound distribution is required for the reduction in aerodynamic noise. 

The Lighthill-Curle equations (Lighthill 1952; Curle 1955) show that a sound source of aerodynamic 

noise is changed from a dipole sound source into a quadrupole sound source depending on the Mach 

number M (= U/a), which is the ratio between the freestream velocity U and the sound velocity a. In case 

of high-speed trains, of which the Mach number is approximately M = 0.3, aerodynamic noise is mainly 

generated as a dipole sound source from pressure fluctuations on a surface (Iida et al. 2000). Therefore, 

it is important to measure distributions of surface-pressure fluctuation on a test model for the assessment 

and the detection of aerodynamic noise sources. Conventionally, pressure fluctuations are measured by 

using pressure sensors set in orifices on a surface of a test model. This measurement technique is highly 

accurate and reliable. However, it is difficult to be applied to a curved surface, and to acquire the pressure 

distribution across a whole surface, multiple sensors and/or repeated measurements are necessary. 

Recently, as an alternative technique for measuring surface-pressure fluctuations to that using 

pressure sensors (with the problems described above), a technique using a pressure-sensitive paint (PSP) 

has been developed (Bell et al. 2001; Liu at al. 2005; Asai and Yorita 2011; Gregory et al. 2014; Peng 

and Liu 2020; Liu et al.,2021). The PSP measurement allows us to estimate time-series surface-pressure 

distributions by measuring the varying intensity of the luminescent light from the dye in PSP excited by 

an excitation light. The surface-pressure distributions are measured by capturing this luminescence by 

using a camera, and a two-dimensional (2D) surface-pressure distribution with higher spatial resolution 

than that possible by using point measurement with a conventional pressure sensor can be obtained. 

Measurements by PSP have mostly been applied to transonic and supersonic flows (Nakakita et al. 

2012; Sugioka et al. 2015). In recent years, however, PSP has been applied to unsteady phenomena in the 

low-speed region (Liu 2003; Asai and Yorita 2011; Nakakita 2011; Peng et al. 2016). Applying PSP to 

unsteady phenomena in the low-speed range faces two major problems: time response of PSP and low 

signal-to-noise ratio (SNR) due to low dynamic pressure. Regarding the former problem, unsteady PSP 

has been developed, and PSPs with quick response time, which can adequately follow pressure fluctuation 

in the order of kilohertz, have been demonstrated. The time response of PSP is governed by the diffusion 

process through the binder. Therefore, a fast-responding PSP with a highly diffusive porous binder should 

be employed for the measurement of time-resolved pressure distributions. One of the most common 

binders for a sprayable fast-responding PSP is a polymer/ceramic binder composed of a polymer matrix 

and small ceramic particles. In particular, the polymer/ceramic PSP (PC-PSP) developed by Scroggin et 

al. (1999) and modified by Gregory et al. (2001) has been widely used in wind-tunnel testing. Klein et al. 

(2008) developed an original PC-PSP, the response time of which was approximately 1 ms. Kitashima et 

al. (2014) developed a PC-PSP composed of a fluoric polymer and titanium dioxide (TiO2) particles with 

a kilohertz-order time response by controlling particle size, particle content, and a dye application method. 

Peng et al. (2018) developed a new formulation of fast PSP using mesoporous, hollow SiO2 particles as 
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luminophore hosts to provide additional paths for oxygen diffusion. This mesoporous-particle-based PSP 

(MP-PSP) featured both fast response (about 100 μs) and high durability with a uniform luminophore 

distribution throughout the binder. The response time was found to be reduced to 5 s or less for a paint 

with a similar formulation using a luminophore with shorter luminescence lifetime (Egami et al., 2019). 

Sugioka et al. (2018) developed a PC-PSP with reduced surface roughness (~ 0.5 μm) for measurements 

in transonic flows by comparing the PSP’s properties (such as particle size, mass content and solvent). 

This PSP leads that the unsteady pressure distribution can be measured without affecting the flow field 

on the model (Sugioka et al., 2018a, 2018b; Uchida et al., 2021). A PC-PSP based on polymer particles 

which prevent it from losing its luminescent intensity was proposed (Matsuda et al. 2016). 

 Regarding the low signal-to-noise ratio (SNR) due to low dynamic pressure, several methods for 

improving SNR of PSP have been developed. A simple one is a phase-lock measurement that accumulates 

synchronized snapshots with a reference signal out of the targeted periodic phenomenon (McGraw et al. 

2006; Gregory et al. 2007). Advanced data-processing methods including single-value decomposition 

(SVD) and proper orthogonal decomposition (POD) can be directly applied to the PSP image sequence, 

generating a set of modes representing distinctive features in the time-resolved data. For applications at 

low-speed region, the high level of noise demands more rigorous criteria for mode selection, which was 

achieved by examining the spatial contour and frequency spectrum of each mode (Pastuhoff et al. 2013; 

Peng et al. 2016). The mode selection method based on compressed data fusion, which incorporated the 

clean data from scattered microphones, was proposed to optimize the reconstruction of POD modes (Wen, 

et al., 2018). In addition, dynamic mode decomposition (DMD) has also found applications in analysing 

unsteady PSP data, which was less susceptible to noise contamination and more effective in extracting 

pressure features than POD (Ali, et al. 2016; Gößling et al. 2020). For a precise measurement of pressure 

fluctuation level in aerodynamic application, the frequency-domain method based on fast Fourier 

transform (FFT) is usually applied. FFT was applied to PSP images (Nakakita, 2011), and subtracting 

power spectral density (PSD) of the wind-off images from that of the wind-on images is shown to be an 

effective way to reduce the noise component (Nakakita, 2013). Advanced techniques for spectral analysis 

which extract other unsteady information in addition to the power spectrum, such as coherence and phase, 

were also developed. Recently, the spectrum estimation technique using cross-corelation was also devised 

and the noise floor was further reduced while it requires a lot of samples (Ozawa at al. 2019). Meanwhile, 

coherent output power (COP), which is given by a cross correlation between time-series pressure 

measured by PSP and a reference signal, was employed for the measurement of pressure fluctuations 

associated with tonal trailing-edge noise for a two-dimensional NACA 0012 airfoil (Noda et al. 2018). 

Accuracy of an unsteady PSP measurement in the low-speed region has thus been improved. 

Hence, the PSP measurement has been applied to acoustic applications. The pressure on the wall of 

the rectangular cavity excited by a single-frequency sound source was measured for evaluating the 

capabilities of PSP for acoustics measurements (Gregory et al. 2006; Disotell et al. 2011Tthe pressure 

amplitudes of 125.4 dB SPL (52.7 Pa) was found to be resolved using phase averaging. Moreover, the 

minimal detectable pressure level limit of 5 Pa (108 dB) of the same rectangular cavity was observed by 

using the DMD and FFT data reduction (Gößling et al. 2020). Fast PSP measurements were performed 
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and discrete tonal noises in high-speed inclined jet impingement scenarios were clarified (Liu et al., 2022, 

2022a). These measurements demonstrated the wave propagation along the wall surface and revealed 

vortices with different size were induced by instability of shear-layer, which travelled downstream and 

interacted with the flat plate. In addition, the sound pressure measurements of tonal sound fields in a 

circular duct were measured with PSP and microphone arrays for assessment of the applicability of PSP 

in turbomachinery acoustics applications, which indicated the maximum detected deviation in the 

pressure measurement of PSP was found to be 30 Pa (Gößling et al. 2023). However, there are still few 

examples of applying a PSP measurement to a complex shape for evaluation of a sound-source 

distribution and for comprehension of an unsteady phenomenon in the low-speed region. 

In this study, the sound level emitted from a bogie section of a railway vehicle, that includes a bogie 

and a lower section of the train around it, was measured. In the previous study (Kitagawa et al. 2013; 

Yamazaki et al. 2019), the sound radiated from a bogie section was shown to be one of the dominant 

sound sources in the case of a Shinkansen (“bullet train”) running at a speed above 83.3 m/s and generated 

from the wind blowing directly onto the bogie and its cavity structure. The sound level from a 1/8-

reduced-scale simplified model and pressure-fluctuation distribution of the bottom surface of the bogie 

were measured simultaneously by a microphone and PSP, and the sound-source distribution from the 

bogie section was discussed. The peak sound source distribution was detected by comparing the results 

of frequency analysis and calculating the coherence between the surface pressure measured by PSP and 

the measured sound pressure. The vortex convection velocity was estimated from the phase distribution 

of the pressure fluctuation at the peak frequency. The sound level at the bottom surface of the bogie was 

estimated from the COP data, which was calculated from the pressure data measured by PSP with the 

measured sound pressure, by using the Lighthill-Curle equation, and the contribution of the sound 

radiated from the bottom surface of the bogie was evaluated. 

 

5.2. Experimental Apparatus 

5.2.1. Unsteady pressure-sensitive paint (PSP) 

Pressure-sensitive paint is a pressure sensor utilizing a photochemical reaction that involves luminescent 

molecules (luminophores) and binder (mainly polymer). The luminophores emit luminescence when 

illuminated by excitation light with an appropriate wavelength. Since the intensity of emitted light from 

the luminophores depends on the partial pressure of oxygen, the air pressure over the PSP can be 

calculated from the luminescent intensity captured by a camera. A ceramic PSP combined with a quick-

response polymer is used in this study (Kitashima et al. 2014; Ozawa et al. 2019; Pandey and Gregory 

2015; Sakaue et al. 2011; Scroggin et al. 1999; Sugioka et al. 2018, 2018a, 2018b, 2019; Uchida et al. 

2021). Pressure sensitivity of the PSP (measured by static calibration) was 0.77 %/kPa. Moreover, 

according to frequency-response measurements using an acoustic resonance tube (Sugimoto et al. 2017), 

frequency response of approximately 4,400 Hz was guaranteed. In the present study, a frequency analysis 

is restricted to a maximum of 4.4 kHz. This cutoff frequency is six times higher than the peak frequency 

of the sound radiated from the test model used in this study. 
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5.2.2. Experimental Model and Measurement System 

Sound-pressure level emitted from a 1/8-reduced-scale simplified train model and pressure-fluctuation 

distribution of its lower surface of the bogie were experimentally evaluated in a low-noise high-speed 

wind tunnel (Hitachi 2014; Matsui et al. 2017, 2020). The test section of the wind tunnel has the 

dimensions of 600 mm (W) × 400 mm (H) × 2,000 mm (L), and maximum freestream velocity is 116.7 

m/s. In this study, wind velocity was set to be U = 55.6, 69.4, 83.3, 100, and 116.7 m/s.  

A 1/8-reduced-scale train model, which simulates the lower part of the train around a bogie, was 

employed. Photographs and images of the test model are shown in Fig. 5.1. The test model consists of a 

simplified bogie in a cavity, with length Lc = 500 mm, width Wc = 374 mm, and depth Hc = 100 mm. The 

bogie is set at the center of the cavity. As the measurement area, the bottom surface of the bogie, which 

is I-shaped as shown in Figs. 5.1(a) and (c), was painted by PSP because this area is considered to become 

one of the main sound sources by wind blowing directly onto it. The bottom surface of the bogie,which 

has width Wb = 0.75Wc and length Lb = 0.27Lc along its center line, was set at the distance Hb = 0.85Hc 

from the carbody. The bogie has the side frame with width Wf = 0.088Wc and length Lf = 0.84Lc, and four 

wheels with width Ww = 0.045Wc and diameter Dw = 0.22Lc. The length from the upstream edge of the 

cavity and the upstream edge of the bottom surface of the bogie is Lu = 0.36Lc. The train model was 

inverted vertically and set without rails and on the ground. This configuration makes it easy to capture 

images of the PSP and to directly measure the noise radiated from the model. The train model was fixed 

so that its upper level could be aligned with the bottom of the wind-tunnel nozzle. It has 18-degree slopes 

on the upstream and downstream sides of the cavity. This configuration eliminates the velocity defect 

near a ground, which is generated by the development of a boundary layer in the nozzle, on the upstream 

side, so it suppresses the noise from separation of the freestream at the downstream edge. Velocity 

measurements by a hot-wire anemometer (Kanomax, Model 7000Ser) and an I-shaped probe show that 

the boundary-layer thickness  and momentum thickness  on the upstream side 70 mm from the 

upstream cavity edge were = 25 mm and = 2.1 mm, respectively. 

The PSP measurement system shown in Figs. 5.1(d) and (e) is explained as follows. Three ultraviolet 

(UV)-light emitting diodes (LEDs) (IL-106, HARDsoft) were used with a condenser lens (HSO-PL-180-

UV, HARDsoft) as an excitation light source for the PSP. The LEDs were set at 650 mm horizontal side 

from the center of the bogie. A high-speed camera (V2012, Phantom) was used as a light-emission 

detector. The camera was fitted with a 50-mm-focal-length lens (Nikkor 85 mm f 1.4, Nikon) and a 590-

nm long pass filter (9022621, Laser create Corp.). Images were captured at 16 kps with 1,280×720 pixels. 

Spatial resolutions were 0.33 and 0.43 mm/pixel in the streamwise (y) and width (x) directions, 

respectively, at the center of the surface of the bogie bottom. The number of images recorded during each 

run was 27,641. 

Unsteady surface pressure was measured using a Kulite pressure transducer (XCQ-062-5SG), which 

was flush-mounted on the bottom plate of the bogie. The pressure tap connected to the Kulite sensor was 

set at the distance 0.2Lb from the upstream edge of the bottom surface of the bogie in the streamwise 

direction, as depicted in Fig. 5.1(c). The cutoff frequency of the response of the Kulite sensor was 150 

kHz, which is significantly higher than that of the unsteady PSP. Sound radiated from the test model was 
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measured by a microphone (DC53A, Rion) and a sound-level meter (NL-14, Rion). The microphone was 

set at height of 1 m from the upstream edge of the cavity in the center of wind tunnel for direct 

measurement of the far-field sound pressure radiated from the bogie cavity including the bogie. The data 

from the pressure transducer and sound-level meter was recorded with a data recorder (LX-100 Series, 

TEAC) at 16 kHz (which is as high as the frame rate of the camera). The high-speed camera, pressure 

transducer, and sound-level meter measurements were synchronized by a trigger signal produced by the 

start of camera recording. 

 

 
(a) Test model 

 

 

(b) Vertical cross-section at the centerline (c) Pressure-sampling point 

  

(d) Diagram of measurement system  (e) Setup of measurement system  

Figure 5.1 Experimental model and measurement system 

 

5.2.3. Data Analysis 

5.2.3.1. Pressure-intensity relation 

The time-series pressure distribution was calculated from the captured PSP images by using the Stern–

Volmer equation, defined as 

 

ூ౨

ூ
= 𝐴(𝑇) + 𝐵(𝑇)



౨
       (5.1) 
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where I is luminescent intensity, P is pressure, and the subscript “ref” stands for reference conditions 

at which P and I are known. A(T) and B(T) are the Stern–Volmer coefficients, which depend on 

temperature. In this study, the images obtained by averaging the wind-on images and subtracting the dark 

images, which were captured without the excitation light, were used as the intensity of the reference 

image, Iref, as applied in the previous studies (Nakakita, 2013; Crafton et al.., 2017; Sugioka et al., 2019). 

This method makes it possible to reduce the influence of the change in luminescent intensity due to the 

temperature change or photo-degradation of the luminophores, though only the pressure fluctuations 

could be calculated. In this study, pressure was calculated using the averaged luminance value of 4×4 

pixels area as a calculating single pixel for reducing the noise level as the spatial binning. The PSP images 

with 320 × 180 calculating pixels after spatial averaging over a 4×4 pixels area were analyzed for pressure 

fluctuation calculation. 

 

5.2.3.2. Power distribution 

Figure 5.2 shows the overall flow of PSP data-analysis process. After spatial binning of the time-series 

pressure distribution, PSD of the pressure fluctuations was calculated from the time-series pressure 

distribution by using an ensemble averaging FFT, as proposed by Nakakita (2011, 2013). In this method, 

images corresponding to an entire time-series data set are split into a smaller number of segmented data 

sets, containing 2N images per sets. The FFT processing was applied to time-series pressure data of NFFT 

(=2N×2) images obtained by combining two adjacent data sets. At this time, the data set was selected so 

as to overlap 2N images at a time. The split data sets were overlapped with neighboring data sets. The 

frequency resolution was determined as follows: 

 

∆𝑓 =
ೞ

ேಷಷ
        (5.2) 

 

The power spectrum, 𝑃(𝑓), which was calculated by using the frequency spectrum, 𝑋(𝑓), and 

its complex conjugate, 𝑋∗(𝑓), obtained by FFT, was ensemble averaged, and PSD was calculated as 

follows:  

 

𝑃𝑆𝐷(𝑓) =
〈()〉

∆
=

〈()∗()〉

∆
=

〈()∗()〉

ೞ ேಷಷ⁄
     (5.3) 

〈𝑋(𝑓)𝑋∗(𝑓)〉 =
ଵ

ோ
∑ 𝑋(𝑓)𝑋∗(𝑓)ோ

ୀଵ        (5.4) 

 

Where the operator < > denotes the ensemble average, r is the r th data set and R (=10) is the average 

times.The Hanning window was used as a window function in the FFT analysis, and the power attenuation 

by the window function was corrected. In this analysis, the background spectrum subtraction obtained by 

wind-off images (Nakakita 2013) was not adopted because the background spectrum was not constant at 

each calculating pixel area with each measurement case. The sampling data (NFFT) was sampled at 4,096 

points and averaged 10 times. ∆𝑓 was 3.9 Hz. The FFT processing conditions of the pressure transducer 
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and the sound-level meter were set to be the same as the PSP under all the test conditions. 

 

 

Figure 5.2 Flow chart of processing of PSP data  

 

5.2.3.3. Coherence and phase shift 

Coherence represents degree of the correspondence between signals x and y, and phase shift 

represents the difference between the phases of the two signals (Bendat and Piersol 1980; Marple 1987). 

Coherence, 𝛾
ଶ (𝑓), and phase shift, 𝜙(𝑓), are defined as follows: 

 

𝛾
ଶ (𝑓) =

|〈ೊ()〉|మ

〈()〉〈ೊೊ()〉
=

|〈∗()()〉|మ

〈()∗()〉〈()∗()〉
     (5.5) 

𝜙(𝑓) = tanିଵ ቀ
ொೊ()

ೊ()
ቁ = tanିଵ ൬

୍୫൫ೊ()൯

ୖୣ൫ೊ()൯
൰     (5.6) 

 

where 〈𝐶(𝑓)〉 is the ensemble-averaged cross-correlation function.  

The cross-correlation function 𝐶(𝑓), which is calculated using the frequency spectra, 𝑋(𝑓) and 

𝑌(𝑓), of the two signals x and y, was ensemble averaged in this calculation. The pressure dataset captured 

by the PSP was separated into as an x signal, and two other datasets, the PSP data around the pressure 

taps and the data measured by a microphone, were used as a y signal. 

 

5.2.3.4. Coherent output power 

The degree to which the frequency response of signal x contributes to signal y could be represented 

by COP (Bendat and Piersol 1980; Goldman 1999; Noda et al. 2018). It is defined as the power spectrum 

at each frequency component X(k) multiplied by squared coherence 𝛾
ଶ  between spectra X(k) and Y(k). 

The data measured by a microphone was used as the y signal, and the pressure data captured by PSP were 

Wind-on images

Dark subtraction

Time-series intensity I(t) 
Time averaged intensity Iave

Intensity ratio Iave/I(t)

Time-series pressure p(t)

FFT analysis

Coherence/
Phase shift 
in PSP data

Spatial binning (4×4)

COP

Coherence/
Phase shift 

with sound data
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used as an output power. The COP was calculated at each calculating pixel. By using COP, it is possible 

to determine the contribution of the pressure fluctuation on a surface to the detected sound as follows: 

 

COP(𝑓) = 〈𝑃(𝑓)〉 ∗ 𝛾
ଶ (𝑓)       (5.7) 

 

where 〈𝑃(𝑓)〉 is the ensemble-averaged power spectrum.  

 

5.2.3.5. Estimation of sound power 

The sound level from the bottom surface of the bogie was estimated by using the Curle equation. 

According to which, aerodynamic noise in a low-Mach-number region is dominantly generated from the 

pressure fluctuations on the surface acting as a dipole sound source. The Lighthill-Curle equation gives 

the far-field sound pressure pd (x,t) radiated from the test model (Phillips, 1956; Iida, et al., 2000, Larsson, 

et al., 2004) as follows: 

 

𝑝ௗ(𝒙, 𝑡)~
௫

ସగ|𝒙|మ

డ

డ௧
𝑭𝒊 ቀ𝑡 −

|𝒙|


ቁ =

௫

ସగ|𝒙|మ ∫
డ

డ௧
𝑝௦(

ௌ
𝒚, 𝑡 −

|𝒙|


)𝑛𝑑𝑆   (5.8) 

 

where x denotes a measurement point position, y denotes a point in a surface Sj, a is the sound speed 

and Fi is the total force with which the whole surface acts upon the fluid. The force for fluid Fi can be 

calculated from the integral of the multiplication of the surface pressure, ps, and the unit normal vector 

of the surface, ni. In this study, the wavelength of peak sound was larger than the size of the bogie, and 

thus, the effect of retard time can be disregarded. Hence, the mean square of the far-field sound pressure 

from the bogie bottom surface, 𝑝ௗ,௦
ଶ(𝑓)തതതതതതതതതതതത, can be estimated from the pressure in vertical direction on the 

surface, pbs as follows: 
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𝑑𝑆(𝒚′)    (5.9) 

 

where r is a distance between the measurement point and the bogie bottom surface, Sy,bs. In this study, 

only the pressure fluctuation correlated to the sound data was employed and the force for fluid Fi was 

estimated from the  COP data under the assumption that the phase delay of surface pressure is negligible. 

The differential of local surface pressure pbs was estimated in the frequency domain and the surficial 

integral of the square root of the COP was calculated by the sum of the multiplication of the COP data 

and pixel area at each calculating pixel, which was spatially averaged over a 4×4 pixels area, as follows: 
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where k denotes a discrete frequency, s denotes the captured area per calculating pixel. Here, s on 

the whole surface is assumed to be 1.3 × 1.7 mm2, which is the value at the center of the bottom surface 

of the bogie. Therefore, SPL from the bottom surface of the bogie were calculated from the integral of 

the square root of COP data as follows: 

 

𝑆𝑃𝐿௦௧ = 10logଵ
,್ೞ

మ()തതതതതതതതതതതതത

బ
మ = 10logଵ ൬

(∆)మ௦మ

ସమరబ
మ ቀ∑ ∑ ඥCOP(𝑘)௫௬

ቁ
ଶ

൰   (5.11) 

 

where p0 denotes reference sound pressure (p0 = 20 Pa).  

 

5.3. Results and Discussion 

5.3.1. Power Distribution of Sound-level and Pressure fluctuations 

5.3.1.1. Sound level 

Figure 5.3 shows the measured sound level of the test model at each wind velocity. The peak sound, 

which is shown by the black-line circles in Fig. 5.3, was found to increase remarkably at the wind velocity 

over U = 83.3 m/s. This peak-sound level and peak frequency were increased by increasing the wind 

velocity. The peak frequency fp, the Strouhal number St, and increase in the sound level from that at U = 

55.5 m/s are listed in Table 5.1. The peak sound at the wind velocity U = 55.5 m/s and 69.4 m/s was 

selected from the small peak sound at the frequency range from f = 300 Hz to f = 400 Hz, which is shown 

by the black-dashed line circles indicated in Fig. 5.3. Note that St was calculated from fp and the length 

Lu between the upstream edge of the cavity and the upstream edge of the bottom surface of the bogie as 

follows:  

 

𝑆𝑡 =
ೠ


         (5.12) 

 

According to Table 5.1, St is almost the constant, indicating the peak noise level results from an 

aerodynamic phenomenon such as a cavity tone. Increase in the peak sound levelΔSPLmes from that at U 

= 116.7 m/s is shown in Fig. 5.4. The measured value differs from the sound level at U = 116.7 m/s as 

follows: 

 

∆𝑆𝑃𝐿௦ = 𝑆𝑃𝐿௦, − 𝑆𝑃𝐿௦, ௧ ୀଵଵ. /௦        (5.13) 

 

Generally, aerodynamic noise in a low-Mach-number is found to increase in proportion to the sixth power 

of wind velocity (Iida et al. 2000; Matsui et al. 2020). The estimated peak sound level in proportion to 

the sixth power of wind velocity from that at U = 69.4 m/s was calculated as follows: 

 

∆𝑆𝑃𝐿௦௧ = 60 log(𝑈 69.4⁄ ) + 𝛥𝑆𝑃𝐿௦ ௧  ୀ ଽ.ସ ୫/ୱ                    (5.14) 



90 
 

 

The peak noise level was found to increase more than the sixth power of wind velocity at wind 

velocity from U = 69.4 m/s to U = 100.0 m/s. This result suggests that the noise source area expands with 

increasing wind velocity under the condition that the sound was mainly generated from surface-pressure 

fluctuation. 

 

 

Figure 5.3 Results of frequency analysis of measured sound level radiated from the test model. The black, 

blue, purple, green, and orange lines show measured values at wind velocity U = 55.6, 69.4, 83.3, 100, and 

116.7 m/s. The black-line circles show sound level. 

 

Table 5.1 Measured sound level and peak sound frequency 

Wind velocity U [m/s] 55.6 69.4 83.3 100.0 116.7 

Peak frequency fp [Hz] 335 395 449 527 594 

Strouhal number St [-] 1.10 1.03 0.98 0.96 0.93 

ΔSPLmes [dB] -34.7 -26.8 -14.4 -3.9 - 

ΔSPLest [dB] -32.6 -26.8 -22.1 -17.3 -13.3 
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Figure 5.4 Increase in the peak sound levelΔSPL from measured sound level at U = 116.7 m/s calculated 

by Eq. (5.13). The black dots show measured values. The white dots show values estimated from Eq. (5.14), 

and the black line shows the sixth power of wind velocity determined from the measured value at U = 69.4 

m/s. 

 

5.3.1.2. Pressure fluctuation 
PSD values measured by pressure transducer and PSP are compared in Fig. 5.5. The solid line shows the 

frequency of the measured peak sound. A peak of pressure fluctuation appears at the same frequency as 

the peak sound level at all wind velocities. This result indicates that the bottom surface of the bogie is 

one of the main noise sources of the peak sound. Moreover, in the same manner as peak sound, peak 

pressure fluctuation increases remarkably at the wind velocity over U = 83.3 m/s. The peak pressure 

fluctuation measured by PSP is similar to that measured by the pressure transducer in all cases. Noise 

level of the PSP used in this study was estimated to be approximately 70 Pa2/Hz from the FFT results of 

the wind-off image. Thus, the PSP is concluded to be able to measure the pressure similarly to the pressure 

transducer up to 800 Hz at wind velocity U = 116.7 m/s. 

Figure 6 shows the pressure-fluctuation distribution at the frequencies f = 484, 597 and 730 Hz at 

the wind velocity U = 116.7 m/s. These frequencies correspond to the sound peaks shown in Fig. 5.5(d). 

At frequency f = 484 and 730 Hz, an area of high-pressure fluctuation appears on the upstream side of 

the bottom surface of the bogie, namely, near the pressure tap. As a result, the wind from the upstream 

cavity edge blows to the upstream side of the bottom surface of the bogie. However, high-pressure 

fluctuation was found on the whole surface at frequency f = 597 Hz. 

The dimensionless pressure-fluctuation distribution at the peak frequency of sound at the wind 

velocities U = 69.4, 83.3, 100, and 116.7 m/s is shown in Figure 5.7. The dimensionless pressure 

fluctuation p'2 was calculated as follows: 
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According to the figure, a high-pressure fluctuation area appears at the center position of the 

upstream side (near the pressure tap) at wind velocity U = 69.4 and 83.3 m/s, where the center position 

is shown as a white circle in the figure. The high-pressure fluctuation areas expand to the whole area 

toward the downstream direction with increasing wind velocity. This result suggests that the peak noise 

results from expansion of the high-pressure-fluctuation area in the downstream direction on the bottom 

surface of the bogie with increasing wind velocity. It also suggests that the peak pressure fluctuation was 

generated on the upstream side of the bottom surface of the bogie and expanded in the downstream 

direction with increasing the wind velocity. 

 

 

  
(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  
(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s 

Figure 5.5 Comparison of PSD values measured by pressure transducer and PSP with SPL. The black 

and red lines show values measured by pressure transducer and PSP, respectively. The blue line shows 

SPL measured by the sound-level meter. 

 

 

系列1Pressure transducer 系列2PSP Sound-level meter
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 (a) 484 Hz (b) 597 Hz (c) 730 Hz 

Figure 5.6 Measured pressure fluctuation distribution at wind velocity U = 116.7 m/s 

 

  

(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  

 

(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s  

Figure 5.7 Measured dimensionless pressure-fluctuation distribution at frequency of peak sound level 

 

5.3.2. Coherence and Phase between Pressure Fluctuations 

5.3.2.1. Coherence and phase shift 

Coherence 𝛾ௌ
ଶ  and phase shift 𝜙ௌ, based on the PSP data near the pressure tap, shown as a 

white dot in Fig. 5.7, were calculated from the measured time-series pressure distribution. Figures 5.8 

and 5.9 show the coherence and phase-shift distributions at the peak sound frequency, respectively. 

Coherence and phase shift on each pixel at the centerline position, which are illustrated as dashed lines 

in Figs. 5.8 and 5.9, are shown in Figure 5.10. The origin of streamwise position x was set to be that of 

the pressure tap. According to Figure 5.8, the high-coherence area expands with increasing the wind 

velocity. The high-coherence area is only near the pressure tap (shown as a white circle) at the wind 

velocity U = 69.4 m/s. At the wind velocity over U = 83.3 m/s, the coherence value near the pressure tap 

increases to about 1 and the high-coherence area expands in the width direction (y-direction) Moreover, 

at the wind velocity U = 116.7 m/s, the high coherence appears on the whole surface. According to Fig. 

5.10(a), the coherence on the upstream side of the bottom surface of the bogie increases up to almost 

unity from the wind velocity U = 69.4 m/s to U = 83.3 m/s. At the wind velocity U = 116.7 m/s, the 

coherence value increases to unity on the whole surface. This result suggests that the wind from the 
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upstream edge becomes uniform at peak sound frequency with increasing wind velocity. 

According to Fig. 5.9, the phase distribution at the peak sound frequency is almost constant at all 

wind velocities. The phase appears to be the uniform in the spanwise (y) direction and delayed into the 

downstream (x) direction. This result suggests that the peak sound is generated from acoustic feedback 

of a cavity tone. The sound wave, which is radiated from the bogie and the downstream cavity edge, 

makes the periodic vortex shedding from the upstream cavity edge as shown in Fig. 5.11. The bogie 

bottom surface was set at a lower position than the cavity edge, which implies that the vortex from the 

upwind cavity edge hits the whole bogie bottom surface and part of the vortex flows to the downstream 

cavity edge. According to Figure 5.10(b), the phase is delayed in the downstream direction at all wind 

velocities, and this delay is a little shorter at high wind velocity.  

 

  

 

(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  

(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s 

Figure 5.8 Coherence distribution at peak sound frequency based on PSP data obtained near the 

pressure tap 
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(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  
(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s  

Figure 5.9 Phase-shift distribution at peak sound frequency based on the PSP data obtained near the 

pressure tap 

 

  
(a) Coherence (b) Phase shift 

Figure 5.10 Coherence and phase shift on each pixel along the centerline based on the PSP data obtained near the 

pressure tap 

 

 

Figure 5.11 Schematic of mechanism of peak-sound generation  
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5.3.2.2. Propagation speed of pressure fluctuation 

The propagation speed of the pressure fluctuation was estimated from the phase delay at peak sound 

frequency. The one-period delay length at the wind velocity U = 83.3, 100, 116.7 m/s was calculated by 

linear approximation of the phase delay from a reference point to x / Lb = 0.17 in the downstream direction. 

The pressure fluctuation is assumed to be propagated in accordance with the wave equation given as 

follows (Kosaka et al. 2017):  

 

𝛹(𝑟, 𝑡) = 𝐴𝑒
ቀ

మഏ

ഊ
∙ିଶగ௧ቁ

        (5.16) 

 

Also, the one-period delayed length of the pressure fluctuation was assumed to equal to the 

propagating wavelength . The pressure-fluctuation propagation speed C was calculated from the peak 

frequency fp and the wavelength  as follows: 

 

𝜆 =



         (5.17) 

where 𝛹 denotes a wave function, and 𝐴 denotes an amplitude of the wave.  

 

Estimated propagating velocities of pressure fluctuation at each wind velocity are listed in Table 5.2. 

When C is nondimensionalized with each freestream wind velocity U, the pressure fluctuation was 

revealed to propagate at approximately 66 % of the velocity normalized by the freestream wind velocity 

U. 

 

Table 5.2 Propagating velocity of pressure fluctuation 

Wind velocity U [m/s] 83.3 100 116.7 

Phase delay [/pixel] 0.075 0.071 0.068 

Wavelength of propagation  [mm] 83.6 87.6 93.1 

Peak sound frequency fmes,p [Hz] 449 527 594 

Propagating velocity of pressure fluctuation C [m/s] 52.9 65.1 78 

Dimensionless velocity C /U [-] 0.64 0.66 0.67 

 

5.3.2.3. Verification of cavity tone 

The measured peak sound frequency was compared with a theoretical frequency of a cavity tone and the 

peak sound from the test model was verified to be generated by acoustic feedback of a cavity tone. The 

theoretical frequency was calculated from the following equation, which shows the frequency of the peak 

cavity tone (Rossiter 1964): 

 

𝑆𝑡 =
ିఊ

ଵ
ൗ ାெ

        (5.18) 
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where m is the vibration mode of the free shear layer, and M is the Mach number,  is the dimensionless 

vortex convection velocity, which is given by the vortex convection velocity Uc divided by the freestream 

velocity U, and  is the phase-correction constant.  

A previous study (Terao et al. 2011) illustrated that the vibration mode of a free shear layer, m, is 

determined by the ratio of momentum thickness of the cavity upstream side and cavity length Lu, which 

means m = 2 in this study because Lu/. The phase-correction constant, , which is the phase delay 

until the sound wave is generated by the vortex colliding with the downstream edge of the cavity, is 

generally set at  = 0.25. In addition, the vortex convection velocity Uc was assumed to be the same as 

the propagation speed C of the pressure fluctuation calculated in Section 5.3.2.2. The peak sound 

frequency of cavity tone is estimated as follows: 

 

𝑓,௧ =


ೠ

ଶି.ଶହ
ೆ


ା

ೆ

ೌ

        (5.19) 

 

Measured and theoretical frequencies of peak sound are listed in Table 5.3. Table 5.3 clearly shows 

that the theoretical frequency of the peak sound coincides with that measured by the microphone. This 

result confirms that the peak sound is generated from acoustic feedback in the cavity, which is the gap 

between the upstream cavity edge and the bogie, as shown in Fig. 5.11. 

 

Table 5.3 Peak noise frequency 

Wind Velocity U [m/s] 83.3 100 116.7 

Mach number M [-] 0.25 0.29 0.34 

Propagating velocity of pressure fluctuation C [m/s] 52.9 65.1 78 

Ratio of velocity  [-] 0.64 0.66 0.67 

Estimated peak noise frequency fp,theo [Hz] 443 530 609 

Measured peak noise frequency fp,mes [Hz] 449 527 594 

 

5.3.3. Coherent Output Power and Sound Estimation 

5.3.3.1. Coherence between sound level and pressure fluctuations 

The coherence 𝛾௦௨ௗ
ଶ  between the sound level and the pressure fluctuations was calculated from 

the PSP data and the measured sound data. The coherence at the peak sound frequency is shown in Figure 

5.12, and the coherence on each pixel at the centerline position, which is illustrated as a dashed line in 

Fig. 5.12, is shown in Figure 5.13. Figure 5.12 presents that the high-coherence area expands with 

increasing the wind velocity. There is also a high-coherence area at the center of the bottom surface of 

the bogie at the wind velocity U = 69.4 m/s. At the wind velocity over U = 83.3 m/s, the high-coherence 

area expands to cover the whole surface, and the coherent value becomes almost unity with increasing 

the wind velocity. Figure 5.13 shows that the coherent value increases to unity with increasing the wind 

velocity. Moreover, the coherence is almost the same in the streamwise direction. That is considered to 

be the reason why the acoustic feedback becomes stronger and its effect expands the whole bogie bottom 
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surface as wind velocity increases. Therefore, the whole bottom surface of the bogie is a noise source and 

its contribution to the peak sound increases with increasing the wind velocity. 

 

  

 

(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  

(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s 

Figure 5.12 Coherence distribution at peak sound frequency based on measured sound data 

 

 
Figure 5.13 Coherence on each pixel along the centerline based on the measured sound data 

 

5.3.3.2. Estimation of coherent output power and sound power 

Then, COP was calculated from the PSP data and coherence 𝛾௦௨ௗ
ଶ  between the sound level and 

the PSP data. The COP distribution at peak sound frequency is shown in Figure 5.14. At all the sound 

velocities, a high-COP area appears on the upstream side of the bottom surface of the bogie, indicating 

that the bottom surface is one of the sound sources. The COP value at wind velocity U = 69.4 m/s and 

83.3 m/s is lower than the PSD value, which is shown in Fig. 5.7, because coherence 𝛾௦௨ௗ
ଶ  is small. In 

contrast, the COP value at wind velocity U = 116.7 m/s is almost the same as the PSD value because the 

coherence to the peak sound increases. 
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The measured sound level and the estimated value from the COP distribution at the peak sound 

frequency are shown in Fig. 5.15. The estimated sound level of the bottom surface of the bogie is lower 

(within 3 dB) than the measured values at the wind velocity U = 83.3 m/s and 100.0 m/s, indicating that 

the bottom surface of the bogie is one of the dominant sound sources of the peak sound. This estimation 

from the PSP data includes the only sound radiated from the bogie bottom surface and excludes that from 

the downstream cavity edge. This is considered to become approximately 1-2 dB the difference in the 

estimated and measured sound levels from the measurement result with the chamfered downstream cavity 

edge, which is described in the Appendix. The estimated value is larger than the measured value at U = 

69.4 m/s, possibly due to the PSP-measurement error, and the result represents that the peak pressure 

fluctuation has the same level as the PSP noise floor. The measured sound level and that estimated from 

the COP distribution in the frequency range up to 1,000 Hz are shown in Figure 16. The estimated sound 

level of the bottom surface of the bogie shows the same trend as the measured value at the near peak 

sound frequency, namely, 300 - 600 Hz. The measured sound level is higher due to the background noise 

of the wind tunnel itself at the lower frequency than 300 Hz, but it is lower due to the PSP-measurement 

noise floor in the higher frequency range than 600 Hz. At U = 116.7 m/s, measured sound level at around 

470 Hz is 6 dB higher than the estimated value, suggesting that this sound (at around 470 Hz) is generated 

by parts other than the bottom surface of the bogie. These results clearly illustrate that the bottom surface 

of the bogie mainly generates the peak sound and the difference in the estimated and measured sound 

levels is no more than 3 dB. 

 

  

 

(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  

(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s  

Fig. 5.14 COP distribution at peak sound frequency 
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Figure 5.15 Increase of peak sound levelΔSPL from that at U = 116.7 m/s. The black solid circles show 

measured values and the white triangles show the COP distribution. The black line shows the sixth power of 

wind velocity from the measured value at U = 69.4 m/s. 

 

 

  
(a) Wind velocity U = 69.4 m/s (b) Wind velocity U = 83.3 m/s 

  
(c) Wind velocity U = 100 m/s (d) Wind velocity U = 116.7 m/s 

Figure 5.16 Comparison of measured sound level and value estimated from the COP distribution. 

The blue and brown lines show values measured by sound-level meter and values estimated from 

surface pressure fluctuation based on PSP data. 
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5.4. Conclusion 

Sounds level from a 1/8-reduced-scale simplified model of a bogie and pressure-fluctuation distributions 

of the bottom surface of the bogie were measured simultaneously by a microphone and an unsteady PSP, 

and the sound-source distribution of a bogie section of a train was clarified. A peak sound was observed 

at wind velocity over 69.4 m/s, and a high-pressure-fluctuation area was observed on the upstream side 

on the bottom surface of the bogie at the peak sound frequency. Phase-shift distribution of the pressure 

fluctuation shows a delay in the downstream direction regardless of wind velocity. This result shows that 

the propagation speed of peak pressure fluctuation was 66 % of freestream wind velocity. Thus, measured 

peak sound frequency was found to be the same as theoretical cavity peak frequency given by the Rossiter 

equation at this propagation speed of the peak surface pressure fluctuation. Moreover, the difference 

between estimated and measured sound level on the bottom surface of the bogie was no more than 3 dB, 

where estimated sound level was calculated from the COP data by using the Lighthill-Curle equation. 

Therefore, the peak sound is concluded to be mainly generated by acoustic feedback in the cavity, namely, 

the gap between the upstream cavity edge and the bogie.  

 

5.5. Appendix:  Investigation for the effect of the downstream cavity edge 

The sound-pressure level radiated from the test model and the pressure-fluctuation distribution of 

the bottom surface of the bogie were measured simultaneously by using a microphone and a PSP with 

the chamfered downstream cavity edge, and the aerodynamic sound source was further clarified. Figure 

5.17 shows a right-angled and a chamfered downstream cavity edge. The height and angle of the 

chamfered edge were Hcf = 0.25Hc and 45 deg., respectively. 

Figure 5.18 shows the measured sound level radiated from the test model at the wind velocity U = 

100 m/s. Figure 5.19 shows the calculated values from the measured data of the PSP and microphone at 

the peak frequency of sound. The peaky sound was observed at approximately 500 Hz. The peak sound 

level with the chamfered downstream cavity edge was found to be 1.1 dB lower than that with the right-

angled edge, indicating that the downstream cavity edge is one of the noise sources. The peak frequencies 

with the right-angled edge and the chamfered edge were slightly different at 520 and 531 Hz, respectively. 

Figure 5.19(a) and (c) show that the high-pressure-fluctuation and phase-shift distributions with a 

chamfered downstream cavity edge have the same tendency as that with the right-angled edge, which 

represents that acoustic feedback in the cavity, which is the gap between the upstream cavity edge and 

the bogie, occurs independently on the downstream cavity edge. The coherence distribution on the PSP 

data obtained near the pressure tap shown in Figure 5.19(b) illustrates that the high-coherence area with 

the chamfered downstream cavity edge was on the whole bogie bottom surface, while that with the right-

angled downstream cavity edge was observed only at the upstream side of the surface. This is why 

acoustic feedback from the downstream cavity edge may occur and affect the vortex shedding from the 

upstream cavity edge to the bogie bottom surface. The coherence distribution on the measured sound data, 

shown in Figure 5.19(d), presents that the coherence value with the chamfered downstream cavity edge 

was larger than that with the right-angled downstream cavity edge, which resulted from that sound 

radiated from the bogie bottom surface becomes more dominant by eliminating the sound from the 



102 
 

downstream cavity edge. The results above shows that the downstream cavity edge is one of the main 

sound sources. This result also shows that the peak sound can be generated just only from acoustic 

feedback in the cavity, which is the gap between the upstream cavity edge and the bogie. 

 

     

Figure 5.17 The downstream cavity edge ((a) Right-angled (original), (b) Chamfered) 

 

 
Figure 5.18 Frequency analysis of measured sound level at the wind velocity U = 100 m/s 
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(a) Measured pressure-fluctuation distribution 

   

(b) Coherence distribution based on PSP data obtained near the pressure tap 

   

(c) Phase-shift distribution based on the PSP data obtained near the pressure tap 

   

(d) Coherence distribution based on measured sound data 

   

(e) COP distribution 

Figure 5.19 Calculated values from the measured data of the PSP and microphone at peak sound 

frequency at wind velocity U = 100 m/s (Left: Right-angled (original) Right: Chamfered) 
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Chapter 6 

Conclusions 
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6.1. Summary 

In the present dissertation, the innovative wind tunnel testing techniques that can assess the crosswind 

stability and evaluate the aerodynamic noise with noise source detection were developed towards the 

future high-speed train with the low CO2 emission. Firstly, in Chapter 2, the aerodynamic force and 

moment measurement system was developed in a compact wind tunnel for repeatable simplified 

evaluations of the crosswind stability. Secondly, in Chapter 3, the correlation between wind velocity and 

aerodynamic noise level for structure with acoustical insulation was investigated and the similarity law 

for accurately estimating full-scale noise from the results obtained with a reduced scale model was 

evaluated. Finally, in Chapters 4 and 5, pressure-sensitive paint (PSP) was applied to a complex shape. 

A sound-source distribution was evaluated and an unsteady phenomenon in the low-speed region was 

comprehended for the development of the aerodynamic noise reduction. The summaries of each chapter 

are described below. 

 

6.1.1. Chapter 2 

In Chapter 2, an aerodynamic force and moment measurement system including a wide nozzle and a 

splitter plate was developed with reference to European Norm EN14067-6 for the measurement of the 

force and the moment of trains precisely in a compact wind tunnel to assess crosswind stability. 

The wide nozzle outlet, which has a width 3.6 times larger than its height and matches the train 

model, was designed , and the adequate contraction from the inlet area to the outlet area was considered 

by a simple equation (Hassan & Rouse). Simulation and experimental results show that the developed 

wide nozzle achieves the same flow quality as that in the reference wind tunnel in the European Norm. 

The simulation results show that the higher splitter plate with a small nozzle increase the separation 

area because the flow over the train model runs insufficiently. When the splitter plate was set at the height 

0.02 times the test model height, the boundary layer thickness was satisfied, and sufficient vertical space 

was acquired over the train model. 

The force and moment measurement of the wind tunnel benchmark vehicle model shows that the 

average and maximum tolerances of this system are 0.086 and 0.149 from the European Norm for 5-

degree yaw angles from 0 to 90 degrees. 

Thus, the proposed system can satisfy the equipment and flow specifications and has the same 

measurement accuracy as the benchmark described in the European Norm. 

 

6.1.2. Chapter 3 

In chapter 3, we measured the aerodynamic noise radiating from cylinders without and with periodic 

holes and a pantograph model with and without a sound insulating plate when the flow was faster than 

100 m/s in a low-noise high-speed wind tunnel and aerodynamic noise sources and the wind velocity 

conversion of the similarity law were assessed. 

The background noise of the wind tunnel was proportional to the sixth power of wind velocity until 

60 m/s and became proportional to the eighth power in a high-speed region. This dependence shows that 

the aerodynamic sound source of the vortex generated from the shear layer at the nozzle became dominant 
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as a quadrupole sound source. 

A measurement of the cylinders without and with periodic holes shows that in the Reynolds number 

range in which the vortex formation is unchanged, the noise level of the cylinder increased in proportion 

to the sixth power of wind velocity as a dipole sound source, and the noise reduction effect due to the 

change in flow structure, such as periodic holes, also continued regardless of wind velocity. However, the 

second peak noise radiated from the cylinder was in proportion to the eighth power of wind velocity over 

130 m/s and was underestimated by using the wind conversion based on a dipole sound source. 

The noise level of the pantograph model with the sound insulating plate increased in proportion to 

lower than the sixth power of wind velocity in contrast to the pantograph model itself as a dipole sound 

source. This is the reason why the increase of the actual dominant noise level at a low frequency was 

reduced to less than the sixth power of wind velocity by the sound insulating plate. The plate was more 

effective at reducing noise at a high frequency than at a low one. In addition, by increasing the wind 

velocity, the dominant frequency of the pantograph noise shifted higher. These leads the dominant noise 

level to be affected by the noise reduction of the sound insulating plate. This caused the reduction effect 

of the sound insulating plate to be underestimated by 2.5 dB due to the noise level conversion of wind 

velocity. This problem was solved by subtracting the theoretical reduction noise level, which was 

calculated by using the Fresnel number, from the estimated noise level of the pantograph itself. This leads 

the pantograph noise with the sound insulating plate to be estimated within 0.8 dB difference. 

These results indicate that the noise level radiated from cylinders and pantograph increased steadily 

in proportion to the sixth power by dipole sound at a wind velocity up to 116.7 m/s. However, noise at 

higher frequency was found to possibly increase in proportional to the sum of the sixth and eighth powers 

of wind velocity because a quadrupole sound source increases due to the shorter turbulent correlation 

length. The noise level of objects with a sound insulating structure is indicated to be lower than the sixth 

power of wind velocity. In conclusion, there is the possibility that a noise level estimated by wind velocity 

conversion generates differences from the actual noise level. Therefore, we should carefully use the 

similarity law when we estimate the running full-scale noise level from a reduced-scale model at a 

different wind velocity. 

 

6.1.3. Chapter 4 

In Chapter 4, the pressure fluctuations distribution on the floor surface behind a square cylinder in the 

turbulent boundary layer was measured by PSP and its accuracy and frequency response at the Mach 

number around, M = 0.3, were examined, where aerodynamic noise is mainly generated from the surface 

pressure fluctuations. Four types of the square cylinders were examined in the same turbulent boundary 

layer for detailed comprehension of the relationship between these conditions and the Kármán vortex 

shedding structure. 

The measured values by PSP have a similar tendency to that of the pressure transducer up to 5 kHz. 

The peak PSD of pressure fluctuations generated by the Kármán vortex shedding from the square cylinder 

was observed within an error of approximately 30 % up to more than 3 kHz. 

The peak frequency of the Kármán vortex shedding is found to become lower with the shorter square 
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cylinder similar to the previous empirical equation of the Strouhal number. The peak PSD value of the 

shortest square cylinder is twice higher than the other conditions and its high-pressure fluctuation area is 

not to be spread into the downstream, which suggests the flow from the upper end of the cylinder to 

become dominant in the wake rather than that from the square cylinder side. Moreover, the spatial peak 

coherence distribution is observed behind the tallest square cylinder, which suggests the vertical 

movement of the Kármán vortex shedding. In addition, The Kármán vortex is revealed to propagate at 

approximately 85 % of velocity normalized by the freestream wind velocity from the phase shift 

distribution. 

One contour of the two main modes extracted as the highest PSD of the right-side singular vector at 

the Kármán vortex frequency have asymmetric distribution behind the taller square cylinder, which 

suggests that the flow from the square cylinder side becomes dominant. 

 

6.1.4. Chapter 5 

In chapter 5, sounds level from a 1/8-reduced-scale simplified model of a bogie and pressure-fluctuation 

distributions of the bottom surface of the bogie were measured simultaneously by a microphone and an 

unsteady PSP, and the sound-source distribution of a bogie section of a train was clarified. 

A peak sound was observed at wind velocity over 69.4 m/s, and a high-pressure-fluctuation area was 

observed on the upstream side on the bottom surface of the bogie at the peak sound frequency. Phase-

shift distribution of the pressure fluctuation shows a delay in the downstream direction regardless of wind 

velocity. This result shows that the propagation speed of peak pressure fluctuation was 66 % of freestream 

wind velocity. Thus, measured peak sound frequency was found to be the same as theoretical cavity peak 

frequency given by the Rossiter equation at this propagation speed of the peak surface pressure fluctuation. 

Moreover, the difference between estimated and measured sound level on the bottom surface of the bogie 

was no more than 3 dB, where estimated sound level was calculated from the COP data by using the 

Lighthill-Curle equation. Therefore, the peak sound is concluded to be mainly generated by acoustic 

feedback in the cavity, namely, the gap between the upstream cavity edge and the bogie.  

 

6.2. Outlook 

This dissertation shows that the developed wind testing techniques are powerful tools for the assessment 

of the real-scale train performance, especially crosswind stability and external noise. Hence, it is expected 

that these techniques are applied for the improvement of the high-speed trains at the design stage. In 

addition, these techniques will contribute to the improvement of the unsteady computational fluid 

dynamics (CFD). 

In Chapter 2, the aerodynamic force and moment measurement system including a wide nozzle and 

a splitter plate was developed in a compact wind tunnel to assess crosswind stability. This measurement 

system is effective to optimize the resistant train shape to overturning. Moreover, the design method of 

the nozzle curve and the splitter plate position with using CFD can be applied to the development of the 

wind tunnel. However, it is also important to preliminary assess the crosswind stability by CFD for the 

development of the train shape because CFD can easily produce new shape and assess its impact. The 
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combination approach of this measurement system and the CFD is expected to contribute to the rapid 

improvement the crosswind stability with the CFD validation by the experimental results. 

Chapter 3 revealed the correlation between wind velocity and aerodynamic noise level. The noise 

level with the acoustical insulation was found to be accurately estimated from subtracting its theoretical 

noise reduction from that without it. This similarity law is utilized to estimate accurately full-scale noise 

from the results obtained with a reduced scale model at the design stage of the high-speed train. However, 

the similarity law is required to be assessed for precise noise estimation when the train runs at more than 

420 km/h, that is the maximum wind speed in this wind tunnel test, because from the noise source is 

expected to be changed from the dipole sound source to the quadrupole sound source depending on the 

frequency band. In addition, the correlation between the model scale and aerodynamic noise level is 

required to be investigated by the wind tunnel tests with different sizes on the same model for accurate 

full-scale noise estimation. 

In Chapter 4 and 5, PSP measurement is found to be effective tools for aerodynamic noise detection 

and its noise level estimation from the measured surface pressure fluctuations in the low-speed region 

around the Mach number M = 0.3. PSP measurement will contribute to easily detect the sound source 

position and investigate the countermeasure structure for the train cars development. Moreover, the 

results from PSP measurement can be applied to the validation of the unsteady computational fluid 

dynamics. However, it is desirable to detect the source and reduce not only of the peak sound but also for 

the broadband sound for low-external-noise train. The improvements of SNR and frequency response of 

PSP are expected for accurately acquiring the correlation between the sound level and PSP data.  

The developed wind testing techniques and knowledges in this dissertation is expected to be applied 

to the improvement of the crosswind stability and reduction of the external noise at the design stage of 

high-speed train, which finally leads to contribute to achieve carbon neutral by supporting the 

development of trains with the low CO2 emission. 
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