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Abstract

An analysis and design method for reducing aerodynamic noise in high-speed trains based on biomimetics of noiseless

flight of owl is proposed. Five factors related to the morphology of the flight feather have been selected, and the candi-

date optimal shape of the flight feather is determined. The turbulent flow field analysis demonstrates that the optimal

shape leads to diminished vortex formation by causing separation of the flow as well as allowing the fluid to climb up

along the surface of the flight feather. To determine the effect of scaling of the owl’s flight feather on the noise reduc-

tion, a two-fold and a four-fold scaled up model of the feather are constructed, and the numerical simulations are carried

out to obtain the aerodynamic noise levels for each scale. Original model is found to reduce the noise level by 10 dBA,

while two-fold increase in length dimensions reduces the noise by 12 dBA. Validation of numerical solution using wind

tunnel experimental measurements is presented as well.
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1. Introduction

In recent years, high-speed trains have come to enjoy

wide acceptance as swift, convenient, and environment-

friendly means of transportation. At the same time,

increase in the operating speed poses additional chal-

lenges. For the train speed in excess of 300 km/h, aerody-

namic noise level rapidly increases due to separation of

turbulent flow and vortex shedding. The parts of the train

that significantly contribute toward aerodynamic noise are

the pantograph and inter-coach space. The pantograph

which supplies electric power to the train during operation

is located on top of the train and acts as a source of aero-

dynamic noise due to vortex shedding. The inter-coach

space between the adjacent cars disturbs the air flow, lead-

ing to flow separationwhich causes vortex shedding [1].

The vortex then impinges on the exterior surface of the

train car which in turn transmits noise into the cabin.

Research works on reducing inter-coach space noise by

adjusting the gap at the inter-coach space, for instance,

have been reported [2,3].

Biomimetic refers to an engineering design methodol-

ogy that draws inspiration from, and mimics structures,

materials or processes existing in nature or life forms. Bio-

mimetics has allowed varied engineering designs and pro-

cesses including robots, environmentally sustainable and

energy-saving materials and devices, as well as innovative

production processes. 

An example of biomimetics is noiseless flight of owl

where the noise reduction is effected by micro-scale comb-

like structure in the wing feather that disrupts the forma-

tion of large-scale turbulence. A structure that mimics

owl’s feather has been installed on pantograph of Shin-

kansen Line in Japan where appreciable reduction in aero-

dynamic noise has been achieved [4].

The present study extends the previous work by the

authors on turbulent flow analysis and aerodynamic noise

[5] by seeking to further elucidate noise reduction mecha-

nism of owl’s feather installed at inter-coach space of the

Korean High-speed Train. A full-scale mock-up of inter-
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coach space is used to obtain aerodynamic noise level

measurement data via wind tunnel testing. The numerical

simulations are used to elucidate the mechanism whereby

the owl’s wing feather affects the turbulent flow during

owl’s flight, which in turn influences the aerodynamic

noise generation. By constructing simulation test cases

with different shape factor levels using Taguchi-based

design of experiment technique, steady state flow analysis

is performed to obtain optimal feather shape that mini-

mizes the turbulence level. The turbulent flow analysis

that incorporates unsteady flow is then performed to gain

understanding of the mechanism whereby the vortex for-

mation that leads to aerodynamic noise can be abated. 

For characterizing aerodynamic noise at inter-coach

space in Korean high-speed trains, a full-scale mock-up of

inter-coach space is constructed and tested in the wind tun-

nel. The same set of conditions as the experimental testing

is numerically modeled and turbulent flow simulation per-

formed by applying appropriate computational fluid

dynamics techniques. The noise level is numerically com-

puted by applying the acoustic analogy methodology. The

numerically obtained noise level is compared with the

experimental results as a way to validate numerical com-

putation process employed in the present study. 

The validated computation is then applied to determine

the effect of scaling of the owl’s flight feather on the noise

reduction. A two-fold and a four-fold scaled up model of

the feather are constructed and the resulting aerodynamic

noise levels are compared. It is hoped that the optimal

scaling factor can be obtained for maximum reduction in

the aerodynamic noise of the inter-coach space of the

Korean High-speed Train.

2. Noise Reduction of Owl’s Feather

2.1 Control factors for noise reduction

Five factors describing the feather shape that could play

major role in the formation of vortices have been extracted

and simulation cases based on Taguchi-based design of

experiment method have been set up by assigning three

levels for each of the five shape factors denoted the con-

trol factors. Table 1 lists five control factors each with

three levels.

Fig. 1 illustrates how the control factors define the shape

of the flight feather. 

2.2 Numerical prediction of vortices

Applying Taguchi-based design of experiment method

yields 27 orthogonal arrays which serve as test cases for

numerical experimentation. For each simulation case,

swirling strength has been computed as a measure of the

magnitude of vortex formation. For the base model of the

inter-coach space with no plumage, i.e., for the case before

any noise reduction design based on owl’s feather have

been implemented, the swirling strength is computed to be

766.67 S-1. For Case24 which shows the minimum vortex

formation, swirling strength of 663.14 S-1 is obtained. Fig.

2 shows swirling strength for 27 simulation test cases. It

should be noted that the swirling strength increases for

many of the cases, which in turn could adversely affect the

aerodynamic noise level.

2.3 Determination of major factors

Since the swirling strength directly measures the magni-

Table 1. Control Factors and Levels

Control factor
Level

Unit
1 2 3

Length (A) 10 12 14 mm

Y-axis angle (B) 0 15 30 o

Z-axis angle (C) 0 15 30 o

Width (D) 1 2 3 mm

Gap distance (E) 1 2 3 mm

Fig. 1 Control factors in flight feather

Fig. 2 Swirling strength for different cases
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tude of the vortex formation, smaller-the-better character-

istics is applied with S/N ratio calculated as in Eq. (1). 

(1)

It has been shown that the length of the feather and Z-

axis angle are the factors that have major influence on S/N

ratio and hence can be considered to be major design fac-

tors. By comparing the magnitude of the vortex formation

calculated by the steady flow analysis, the flight feather

shape that minimizes the vortex formation has been pro-

posed as shown in Table 2 [5].

Figs. 3-a and 3-b show the side view and top view con-

tours of the vortices distributions for the base model and

Case 24, respectively. The white parts represent the rigid

bodies corresponding to model outlines. For the base

model, Figures 3-a show the generation of periodic vorti-

ces that lead to large vortices generated at the tip. For Case

24, vortices are still generated at the tip but they are much

smaller and the climbing-up of the fluid along the surface

of the flight feather is also observed. 

3. Prediction of Aerodynamic Noise

3.1 Wind tunnel experiment

For characterizing aerodynamic noise at inter-coach

space in Korean high-speed train, a full-scale mock-up of

inter-coach space is constructed and tested in the wind tun-

nel. The mock-up is made of acryl, and the dimension of

the inter-coach space is set at 300 mm. The experimental

set up of the inter-coach space mock-up is shown in Fig. 4.

A suction-type wind tunnel with medium sizesubsonic

speedopen-loop control has been utilized for sound mea-

surements. The inlet wind speed is varied from 185 km/h

to 235 km/h in five speed stages with measurements taken

at each stage. The inlet velocity is equivalent to the train

velocity.For noise measurement, a DAT recorder and a

sound-level meter NL-20, a calibrator and a tripod are

used. As shown in Fig. 4, the sound–level meter is placed

at a location 300 mm from the end of the inter-coach space

in the downstream direction [6].

3.2 Numerical prediction of aerodynamic noise

3.2.1 Flow field analysis

The same set of conditions as the wind tunnel experi-

mentis duplicated in a numerical model and turbulent flow

simulation performed by applying appropriate computa-

tional fluid dynamics techniques. For minimizing the num-

ber of meshes and optimizing the computational efficiency,

only 1/2 of the domain is modeled by utilizing the symme-

try. For the flow analysis to be subsequent used in the

aerodynamic noise analysis, the mesh size should be deter-

mined by considering the smallest wavelength of the

sound wave of interest, and also requires appropriately

small time step. For the sound frequency in the range of

50 Hz to 2,000 Hz, the mesh size has been set to be 1/10

of the wavelength corresponding to the upper limit fre-

quency of 2,000 Hz. Approximately six hundred thousand

tetrahedral meshes with the size range of 1~34 mm have

been generated in constructing a CFD model as shown in

Fig. 5.

The fluid flow associated with the aerodynamic noise is

dominated by unsteady-state flow, and the source of noise

exhibits noise levels for different frequency components.

In the present study, unsteady fluid motion analysis of
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Table 2. Optimal Feather Shape

Control factor Selected value Unit

Length 14 mm

Y-axis angle 15 o

Z-axis angle 0 o

Width 3 mm

Gap distance 3 mm

Fig. 3 Vortices distribution (side & top view)

Fig. 4 Inter-coach space test model
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three dimensional incompressible flow has been carried

out using commercially available fluid analysis software

FLUENT. For computational efficiency, steady-state fluid

motion analysis based on K−ω 2 equation turbulent flow

model is first carried out and the result subsequently fed as

the initial condition for unsteady-state fluid motion analy-

sis. For obtaining turbulent flow motion in the unsteady-

state, Large-Eddy Simulation (LES) method is employed,

and Smagorinski-Lilly model is selected for computing

subgrid scale viscous model [7]. For comparison with

wind tunnel testing results, the inlet wind speed has been

set at 185, 200, 235 km/h, respectively.

Since the acoustic radiation energy is quite small, high-

precision fluid motion analysis is needed. A 2nd order

implicit finite difference method is used in conjunction

with double decision which entails two calculations at

each time step. To ensure sufficient accuracy, the time step

of 0.05 ms which is less than 1/10th the period corre-

sponding to 2,000 Hz has been selected. The flow dura-

tion of 0 ~ 3 s is chosen so that the time duration exceeds

10 periods of 50 Hz. (see Table 3 for summary of parame-

ters selected)

3.2.2 Acoustic analogy 

Acoustic analogy method based on FW-H (Ffowcs-Will-

iams Hawkings) equationis applied to estimate aerody-

namic noise from the fluid flow. The equation is cast in the

form of a wave equation developed from the continuity

equation and the Navier-Stokes equation, and has proven

quite useful in problems involving fluid flow. FW-H equa-

tion is expressed in terms of sound sources, which include-

two surface sources (monopole and dipole) and one

volume source (quadrupole), as shown below: 

(2)

Equation (2) contains the thickness noise dependent on

the shape and kinematic conditions (monopole: ), the

loading noise engendered from friction between the body

and the surrounding fluid (dipole: ), and quadrupole-

noise ( ) source due to nonlinear wave propagation,

shock waves, and turbulence in the fluid flow field. Owing

to separate terms for each source type, the source of noise

can be readily identified. The thickness noise and the load-

ing noise can be evaluated by computing surface inte-

grals, while the quadrupole noise requires volume integrals

to be evaluated. For low Ma fluid motion, the effect of the

quadrupole noise source is negligibly small. In the present

study, the analysis employs FW-H module in FLUENT

that includes the thickness noise and the loading noise

sources only [8].

Just like in the wind tunnel experiment, the sound mea-

surement point is placed at a location 300 mm from the

end of the inter-coach space in the downstream direc-

tion.The acoustic pressure variation at the sound measure-

ment point is computed and the initial time interval

showing appreciable fluctuation in acoustic pressure is

excluded from the analysis.

3.2.3 Comparison of aerodynamic noise 

To validate numerical simulation results, comparison

with wind tunnel experiment under identical boundary

conditions and at the identical inlet wind speed of 200 km/h

is performed. To arrive at the wind tunnel experiment

result, the effect of the blower which is related to the num-

p' x t,( ) p'T x t,( ) p′L x t,( ) p′Q x t,( )+,+=

p'T

p'L
p'Q

Fig. 5 Mesh modeling for CFD

Table 3. Modeling and Simulation Run Parameters

Frequency range 50 ~ 2000 Hz

Element size 1 ~ 34 mm

No. of Elements 656553

Timestep 0.00005 s

Flow duration 0 ~ 3 s

Fig. 6 Sound pressure level at peak frequencies
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ber of the turbine blades in the blower has been calculated

and deleted from the measured data. Fig. 6 compares the

numerical sound pressure level with the experimental level

in the frequency domain, which is characterized by the

presence of peak frequencies. Table 4 lists peak frequency

componentsobtained from numerical simulation, theory

based on the application of Rossiter’s equation, and wind

tunnel experiment. The table shows that except for the first

frequency peak, the magnitudes of the other peaks are

comparable but frequency at which the peak is observed is

somewhat different. This discrepancy is thought to be due

to differences in the conditions inputted into the numerical

simulation and the actual conditions existing in the wind

tunnel experiment.

The effect of the cavity flow arises from the flow feed-

back phenomenon that starts with the formation of the vor-

tices due to the desquamation of the flow as it passes over

the front edge of the mud-flap and the cavity. The flow

then crashes into the rear edge and generates sound wave.

The sound wave is in turn transmitted to the front edge

and engenders yet additional vortices. During wind tunnel

testing, severe vibration of the mock-up was observed due

to this phenomenon. The frequency of the vibration within

the cavity engendered by acoustic pressure feedback mech-

anism can be predicted by empirically based Rossiter’s

equation derived by considering the cavity flow and acous-

tic pressure feedback phenomena, as given by Eq. (3):

(3)

where L denotes the length of the cavity, Uc denotes the-

convection velocity, c is the sound velocity, and β is the

phase lag set to 0.25.The convection velocity used in Ros-

siter's equation is approximately 60% of the flow velocity. 

Fig. 7 shows the frequency components for different

fluid flow speeds based on Rossiter’s equation. The figure

shows that the wind tunnel results are similar to the theoret-

ical results but the numerical simulation results show that

the peaks occur at slightly higher frequencies than what the

theory predicts. This discrepancy is thought to be due to

differences in the conditions inputted into the numerical

simulation and the actual physical environment. As a way

of correcting this discrepancy, the numerical analysis is

repeated by appropriately shifting the fluid flow speed.

Fig. 8 depicts the case where the numerical simulation is

repeated but with the fluid flow speed input increased by

10 m/s. A much improved correlation between the numeri-

cal and experimental values is observed. 

4. The Effect of Scaling of Flight 
Feathers on Aerodynamic Noise Level

4.1 Scale models of flight feathers

The dimensions of the flight feather model thus far have

been based on the actual measured dimensions of owl’s

feather. To determine the effect of scaling of the owl’s

flight feather on the noise reduction, a two-fold and a four-

L
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c
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Table 4. Sound Pressure Level at Peak Frequencies

185 km/h 200 km/h 235 km/h

Freq. SPL Freq. SPL Freq. SPL

1st 

Peak

Simul. 91 100 101 107 121 112

Theory 70 - 76 - 88 -

Exp. 65 113 75 115 80 116

2nd 

Peak

Simul. 187 112 202 111 237 120

Theory 164 - 177 - 205 -

Exp. 200 102 235 102 240 107

3rd 

Peak

Simul. 278 103 300 105 359 109

Theory 259 - 278 - 322 -

Exp. 225 106 305 96 325 97

Fig. 7 Numerical and experimental comparison based on 

Rossiter’s equation

Fig. 8 Comparison following the fluid flow speed adjustment
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fold scale model of the feather are constructed, and the

numerical simulations are carried out to obtain the aerody-

namic noise levels for each scale model. Table 5 lists the

original model for Case 24 of Section 2.2, denoted Scale

1, as well as a two-fold and a four-fold scale models,

denoted Scale 2 and Scale 4, respectively.

Figs. 9-a, 9-b and 9-c depict vortex distributions for vari-

ous scale models of flight feather. The discrepancy

between the models is quite apparent. The average magni-

tudes of vortices at inter-coach spacing are 1,190 S-1,

1,185 S-1 and 1,272 S-1 for Scale 1, Scale 2 and Scale 4,

respectively. While Scale 1 and Scale 2 exhibit similar

magnitude, Scale 4 exhibits appreciably larger magnitude

of vortices. 

4.2 Effect of scaling on aerodynamic noise

The noise levels for various scale models of Case 24 are

computed by applying acoustic analogy methodology

described in Section 3.2.2. Fig. 10 shows that Scale 1

model reduces the noise level by 10 dB Acompared with

the base model with no flight feathers installed. For Scale

2 model, a further reduction of 2 dBA is achieved, for the

total reduction of 12 dBA. For Scale 4 model, however, a

substantial deterioration in the noise reduction is observed.

In fact, it is worse than Scale 1 and only slightly better

than the base model. 

5. Conclusion

The present study proposes an analysis and design

method for reducing aerodynamic noise in high-speed

trains based on biomimetics of noiseless flight of owl.Five

factors related to the morphology of the flight feather have

been selected, and the candidate optimal shape of the flight

feather is determined. The turbulent flow field analysis

incorporating unsteady state fluid flow is then carried out

for the base model as well as with the optimally-shaped

model of the flight feather. The optimal shape is shown to

lead to diminished vortex formation by causing separation

of the flow as well as allowing the fluid to climb up along

the surface of the flight feather. To determine the effect of

the scaling of the owl’s flight feather on the noise reduc-

tion, a two-fold and a four-fold scale model of the feather

are constructed, and the numerical simulations are carried

out to obtain the aerodynamic noise levels for each scale

model. The original modelis found to reduce the noise

level by 10 dBA, while two-fold increase in length dimen-

sions further reduces the noise by 12 dBA.

Additionally, proposed numerical simulation method is

validated by comparing the simulation results with the

wind tunnel experiment results under identical boundary

conditions and at the identical inlet wind speed. While the

magnitudes of aerodynamic noise are different by a cer-

tain amount, close correlation in the overall aerodynamic

noise characteristics are observed. 

Table 5. Scale Model Specifications

Length
Y-axis

angle

Z-axis

angle
width

Gap 

distance

No. of 

Feather

Scale 1 14 mm 15o 0o 3 mm 3 mm 41

Scale 2 28 mm 15o 0o 6 mm 6 mm 20

Scale 4 56 mm 15o 0o 12 mm 12 mm 10

Fig. 9 Vortex distribution for different scale models

Fig. 10 Noise level for different scale models
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