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ABSTRACT

To control flow induced noise such as vehicle intenoise is very important for product development
transmitted sound induced by flow field, a nearustic field has to be considered. In this studg th
wavenumber-frequency spectrum method was appligdeetfiow field around a square cylinder placedrnea
a flat plate in order to examine pressure flucaretiin the near acoustic field. Since pressurduations
there contain both acoustic and hydrodynamic flatdns, to deal withransmitted sound, both pressure
fluctuations and structural bending waves havedadnsidered in this study. The flow field has been
investigated by applying Computational Fluid Dynesn{CFD) based on the Lattice Boltzmann Method
(LBM). The wavenumber-frequency spectrum was cateal by pressure fluctuations from CFD results.
Thus, pressure field were investigated in wavenundioenain, and pressure fluctuations which contgbut
effectively to radiate the transmitted sound wexieaeted from all of them. As a result, it is camdbd that
the wavenumber-frequency spectrum method is usefuhalyze flow induced noise such as vehicle ioter
noise.
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1. INTRODUCTION

Recently, the aerodynamic noise prediction techgplimr the environmental problem and getting
comfort have become very important factors in thelyestage of automobile, trains and airplanes
development. Therefore, many researches on aerougnaoise have been reported so far (1-3).
Especially, because automobile aerodynamic noisesasuated from inside of the cabin, the pressure
fluctuations on a window glass or body panel whodirespond to the noise generated in the near
acoustic field must be considered. However, thernéald contains both incompressible
hydrodynamic pressure fluctuations and compressibtaistic ones.

The transmitted sound to the inside of a cabireisegated by oscillations of a window glass and a
body surface. These oscillations are induced byrdwghamic and acoustic pressure fluctuations.
Therefore, it is significant to investigate pressuffluctuations in the near field. The
wavenumber-frequency spectrum has been appliechatyze them recently. In this study, a square
cylinder placed near a flat plate was provided asresideration model. The flow field and sounddiel
were calculated by a commercial CFD solver basetheriLattice Boltzmann Method (LBM) (4). The
characteristic features of the flow structure amdirsl field in the near field obtained from the
wavenumber-frequency spectrum (5-7) is describedhat follows.

2. NOMENCLATURE

: Sound velocity [m/s]

: Discrete velocity vector [m/s]
. Internal energy [J/s]

: Frequency [Hz]

: Particle distribution function

-+ —=h = M Ol Q

i : Local equilibrium distribution function
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: Particle velocity direction

: Wavenumber vector [rad/m]

: Pressure [Pa]

: Power spectrum [dB]

. Distance vector [m]

: Cross spectral density [dB/HZ]

: Time [s]

. Convective turbulent velocity [m/s]
: Velocity [m/s]

. Position vector [m]

: Wavenumber-frequency spectrum [dB/HZz]
: Density [kg/m]

: Relaxation time parameter

: Angular frequency [Hz]
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3. EXPERIMENTAL VERIFICATION

The test model was installed at the anechoic wimshé¢l of Nagoya University (Fig. 1). The height
(h) and the width of the square cylinder are 5mm;the aspect ratio is 1, and the span length 5.40
The distance from the nozzle exit to the leadingeedf the square cylinder is h0 The wind tunnel
exit takes a square shape, the size of which si2@he y directiorx 20hin the z direction, where the
test flow velocity is 20m/s. The flat plate withilackness of 0.h is made of aluminum. Two cases
were examined by changing the distandebetween the square cylinder and the flat plate; d =0
and 5h. The far field noise level and the transmittedrebpressure level were measured by a 1/2 inch
condenser microphone (B&K 4190).

f I Microphone (Far field noisg
X
0

90h

Square cylinder
#0-1h Flat plate

T

I Microphone

(Transmitted sound

Anechoic box

Figure 1 — Experimental apparatus (side view)

4. COMPUTATIONAL VERIFICATION

4.1 Numerical Scheme

The CFD commercial code PowerFLOW was used to caenghe unsteady flow around the model.
The code is based on the Lattice Boltzmann MethdM). Unlike conventional numerical methods
for solving the Navier-Stokes equations, LBM dewaish the "mesoscopic” level kinetic equation,
based on the discrete Boltzmann equation for thieigh@ distribution function, and quantities in the
macroscopic fluid dynamics are obtained as a rexfudtvolving the underlying particle distributions.

The lattice Boltzmann equation has the followingnfio
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f.(X +GAtt+At) - f,(X,t) = —%[fi (%,t)- fieq(i,t)] (1)

where f; is the particle distribution function moving ineth th direction, based on a finite set of

discrete velocity vectors. For simplicity and wittidoss of generality, the 3 dimensional 19 velgcit
(D3Q19) model was used in this studgAt and At are space and time increments, respectively.

Regarding the collision term on the right hand sidideq. (1), the simplest and most popular form,
which is known as the Bhatnagar-Gross-Krook (BGK)ynf (8), is employed.r is the single

relaxation time parameter, an§* is the local equilibrium distribution function théepends on local
hydrodynamic properties. The hydrodynamic quargiiee obtained through moment summations as

follows:
p(%,t) = z fi(xt)
(%) = Z ¢ fi(x.1) 2

1 /. 1. -
EP|V(X1t)|2+Pe:Z§|Ci|2fi (%t)

4.2 Numerical Conditions

A computational model, which is constructed witbcaare cylinder and a flat plate, is shown in Fig.
2. The span length of the square cylinder is endogh as compared to the width of the inlet. The
dimensions of the calculation region are 100 the x direction (the main flow direction), 9B0in
the y direction (the normal direction to the pladey 1000 in the z direction (the spanwise direction).
The inlet size is the same as the actual size péamental apparatus, and the velocity of the umifo
flow over the flat plate is 20m/s.

In terms of boundary conditions, at the outflow hdaries in the x-, y- and z-directions, the
pressure was fixed and the velocity was extrapdlaléhe no-slip and adiabatic conditions were
imposed on the surfaces of the square cylinderthedlat plate.

Regarding the grid employed here, 54 million gradris were used in the whole region, where the
minimum grid size 0.5mm near the s%uare cylinder.obtain the significant data in the temporal
frequency, the time step was se#asx10°sec, and the total computation time is 1.0sec.t€hgoral
and the spatial frequency response characteristitge from 20Hz to 5000Hz, considering the grid
size around the model, the total calculation tiaed the time of averaging.

1000n
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=i Inlet

Flat plate

Square cylinder

Figure 2 — Grids for computation
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5. RESULTS AND DISCUSSION

5.1 Sound Field

The spectrums of far field noise level, which wereasured in the experiment, are shown in Fig. 3.
When d =5h, there are two peaks: the 1st peak at 550Hz am@nld peak at 1100Hz, which caused by
the Karman vortex street. In addition, in the higgguency range of 1000Hz or higher, the broad band
noise level in the case of =5h is larger than that in the case df=0. This suggests that the far filed
noise level in the former is larger than in thedat

On the other hand, with regard to the near filddsinecessary to examine whether the same
tendency can be observed in the near field. Costofimstantaneous pressure fluctuations in the nea
field are shown in Fig. 4, which was made fromftilnee series data obtained by using a band pasgs.filt
The acoustic pressure fluctuations, whose wavenuistamaller than that of hydrodynamic ones, are
seen in Fig. 4. In the case @af=5h, the acoustic pressure fluctuations are predomioanthe flat
plate below the square cylinder. From these resiilts confirmed that there are both hydrodynamic
and acoustic pressure fluctuations in the neadfiel
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Figure 3 — Spectrum of far field noise level
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Figure 4 — Instantaneous pressure fluctuations £2kkHz)

5.2 Flow Structure and Distribution of Surface Pressure Fluctuations

Two kinds of surface pressure fluctuations on tla¢ plate and the square cylinder are shown in
decibel units in Fig. 5; the left side is in theduency range of 250Hz-750Hz for low frequency
pressure fluctuations, and the right side is inrdrege of 2000Hz-5000Hz for high frequency ones. In
the case ofd =0, the pressure fluctuation level is high in tegion behind the square cylinder. On the
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other hand, in the case af=5h, since the interaction between the wake of theasgjaylinder and the
flat plate is attenuated, the pressure fluctuaterel becomes rather low on the flat plate. These
interactions can be observed from contours of Huérectional vorticity component on the x-y plane
(see Fig. 6). However, the pressure fluctuatiorelexn the square cylinder is rather high in thegen
of 250Hz-750Hz, which is considered to be causedheyKarman vortex street with a frequency of
about 550Hz.

Square cylinder Square cylinder

80 105 130 [dB] 50 85  120[dB]
250Hz-750Hz 2000Hz-5000Hz

80 105  130([dB] 50 85 120 [dB]

250Hz-750Hz 2000Hz-5000Hz
(b) d=5h

Figure 5 — Contours of surface pressure fluctudeels (Top view)
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(@) d=0 (b) d=5h

Figure 6 — Contours of z-directional vorticity coomgnt on x-y plane

5.3 Wavenumber-Frequency Spectrum

To estimate the sound pressure level in the nedd fit is necessary to take out only acoustic
pressure fluctuations from the overall pressurectflations. However, it is difficult to separate
hydrodynamic pressure fluctuations and acousticsdnethe time domain. Because the level of the
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former is much higher than that of latter, thedais buried by the former. Therefore, to deal vitits
issue in the wavenumber domain seems to be reaniie propagation speed of acoustic waves is
exactly the same as the sound velocity, where a C 340m/s, the acoustic wavenumbek, ,
corresponds to the angular frequeney, as follows:
k, =w/a 3
On the other hand, a turbulent flow contains vasiovavenumber components. Although the
pressure fluctuations induced by airflow convecti@me not of a wave nature, in the
wavenumber-frequency domain as a time-space coiwalathe turbulent wavenumbek, is
determined by the convective turbulent velocity déinel angular frequen@sfollows:
k. =aw/U, (4)
As the sound velocity is one order of magnitudgéarthan the convective turbulent velocity, it is
possible to analyze separately hydrodynamic andustao pressure fluctuations by wavenumber

vectors.
The Fourier transform from the time domain to theguiency domain is written by

P(F, )= %T IZ p(F, t)e" 1 dt (5)

The cross spectral density is defined as follows:
L P®, P (% =% +T,0)
Skp, (%.F, ) =—— Ai‘ I (6)

where Af means frequency band width arid means conjugate.
The spatial average of Eq. (6) based on the assampf ergodicity leads to the following form:

EIP(X%, WP (X; =% +T,w
Sp_p_ ('—;’ a)) - [ ( i ) ( ] | )] (7)
al Af
whereE][ - ] stands for an expected value.
Similarly, the Fourier transform from the spati@ndain to the wavenumber domain is written by

P(lz,t)=%r [ p(x.t)e ™ ax ®)

The cross spectral density is a function of frequyeand wavenumber, and is generally referred to
as the wavenumber-frequency spectrum. This canbhaireed by the spatial Fourier transform of

Spipj (F,w). That is to say, the wavenumber-frequency speciguthe time-space correlation function

of the pressure field. Therefore, the one-dimergisravenumber-frequency spectrum is expressed by
the following expression:
YA R I = - K g
d)(k,w)—ET'[_w SH (F, w)e™ M dr 9)
The domain of integration in the x, y and z direas to calculate the one dimensional
wavenumber-frequency spectrum is shown in Fig.nd gesults are indicated in Figs. 8 and 9. The
horizontal axis means the wavenumbler 277/ w[rad/m], the longitudinal axis the frequencf/[kHz]

and the color scale is the magnitude of pressurgtdhtions.

Acoustic wavenumber lines in results of the wavehardrequency spectrum (see Figs. 8 and 9)
are defined by Eq. (3). Wavenumber vectors on theustic wavenumber lines are acoustic
components propagating along each line for analig®isDiffuse acoustic components are included
inside the region enclosed by the acoustic waveraurtibes (7). The turbulent components that have
larger wavenumbers than the acoustic componenss exihe region outside the acoustic wavenumber
lines (6).

The acoustic pressure fluctuations are predomiianhe 3kHz or higher frequency region (see
Figs. 8 and 9). In addition, since convection rislgege shown in wavenumber-frequency spectrum
results, the convective velocity can be estimatedq. (4). For example, in the case df=0, the

convective velocityU, is about 11m/s along the x1 line, and the velo@ty20m/s in the case of
d=5h.
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4Ch

(a) d=0 (b) d=5h

Figure 7 — Analysis lines of the one dimensionatevaimber-frequency spectrum
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Figure 8 — Wavenumber-frequency spectruihsQ)

Convection ridge

No convection ridges

5 o __/

5

N N
T T L:1:]
x4 =4 0
— 3 — 3 7a
C>; 5 68
< c
L 2 o 2 58
> S ;
g o E 1 40
— (] P
ol T 1 38

Ty 0 — : : ‘ . [dB]

-700-600-400 -200 0 200 400 600 700 -700-600-400 -20C O 200 400 600 700
Wavenumber vectork, [rad/m] Wavenumber vectork, [rad/m]
x1 z1

Figure 9 — Wavenumber-frequency spectruihsbh)

To compare quantitatively the acoustic and turbufiw fluctuation level on the flat plate surface
between the case ofl =0 and d =5h, the magnitude of acoustic and turbulent flow pree

fluctuations were calculated by integrating the emymber-frequency spectrum as follows:
Acoustic fluctuation:

Id)(lz,w)dlz ‘IZ‘ <k, (10)
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Turbulent flow fluctuation:
_[d)(l?,w)dl? ‘IZ‘ >k, (11)

These results are shown in Fig.10. As mentionetlezathe sound pressure level at a frequency of
1kHz or higher in the case of =5h is larger than that in the case df=0 in the far field (see Fig. 3).
On the other hand, in the near field, the acodhituation level in the case ofl =0 is higher than that
in the case ofd =5h in the high frequency region. This tendency iserbed in the measurement of
transmitted sound on the opposite side of the fite in an anechoic box (Fig.11). The
wavenumber-frequency spectrum method is useful dstimating of hydrodynamic pressure
fluctuations and acoustic ones in the near filedasately. Therefore this method should be used
effectively for estimating the transmitted sounddadter. Specifically, since pressure fluctuatioms
acoustic wavenumber components (Eg. (10)) are immwter for effectively radiated sound from
oscillations of a flat plate, they are important &stimation of transmitted sound as describedvkelo

o 110 — Turbulent d =0
2. 100 -~~~ Acoustic d =0
T N N — Turbulent d =5h
3 90 ——- Acougic d=5h
5
2 80 e —
S STaole--I- i T -
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Figure 10 — Acoustic and turbulent fluctuation llsvaong the x-direction
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Figure 11 — Measured transmitted sound level iratiechoic box

5.4 Transmitted Sound Radiated from Flat Plate

To discuss about the transmitted sound radiatenh filoe flat plate, it needs to consider about
bending waves of a flat plate. For vehicle transiois noise, thickness of outer body panels and
window glasses are too thin to consider longitutlimave in the panels or glasses. Therefore,
transverse waves are important. In actual, coinmudeeffects and eigenvalues of bending waves
which are decided by constraint conditions are eédet consider. However, in this study, as a first
step, bending waves in an infinite flat plate arahsmission noise radiated from it are considened i
the wavenumber space. Considering the acoustic mawxber circle (9) and the radiation sphieedp
us to understand the phenomenon of sound radidtiom bending waves. Wavenumbers of the
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aluminum flat plate’s bending waves hake and k, components. So, the flat plate’s wavenumber is
written by

k. = |(2+|(2 (12)

There are two situations about theke and k, values. One is they are in acoustic wavenumbetecir
(see Fig. 12(a)). The other is either or bothlqf and k, is outside the circle (see Fig. 12(b)). In the
former case i.ek, >k, radiation sound’s wavenumbes, is written by

k, =k = (k2 +k,%) = k2 k2 (13)

j(at=kyy)

Since ky is real number, by substitutingy into e , it is found that a wave which fluctuates

and propagates in time-space domain radiate franflgt plate’s bending waves. The other hand, in

the case of the latter situation i.&, <k,, k, is written by

Ky =vka? = (ky? +K,2) == (ky2 —ka2) = jyfky? — Ky’ (14)

. _ . _ . 2_, 2
Thus k, is imaginary number, by substitutinlg, into el @Y it is found thate! @Ky = gl TRTY

Therefore, this wave fluctuates in time, but doprofpagate in space. Such wave is called evanesecaat

From this theoretical analysis, acoustic wavenumtmnponents are important for considering
transmission noise, and it seems that reducing spres fluctuations in acoustic wavenumber
components is useful for effective reduction of thansmitted sound level. Therefore, to extract
acoustic wavenumber components of pressure flucligt in the near acoustic field, the
wavenumber-frequency spectrum method is useful.

k.4
_o ¥

FNFN

C[

k.

(@) k, >k, (b) K, <k,

Figure 12 — Acoustic wavenumber circle and radimsiphere

6. CONCLUSIONS

In this study, pressure fluctuations in the neamwuatic field were investigated by the
wavenumber-frequency spectrum method. The followdngclusions are derived from results obtained
here.

(1) The far field noise level in the case df=5h is larger than that in the case df=0 in the
frequency range of 500Hz or higher. However, t@gmission noise level in the anechoic box
shows the opposite tendency; i.e., the noise lievidle case ofd =5h is lower than that in the
case of d =0 in the frequency range of the 1000Hz or higher.

(2) Acoustic and turbulent flow pressure fluctuatiomdls as well as convective velocities in the
near acoustic field can be estimated by the waveewinequency spectrum method employed
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here.

(3) It was found that acoustic pressure fluctuatiores medominant compared with turbulent flow
ones at higher frequencies in the near acoustit fie

(4) To reduce transmission noise effectively, reductioin pressure fluctuations in acoustic
wavenumber components is useful. As the next stepconstruct prediction method for
transmission noise, coincidence effects and eigeasaf bending waves which are decided by
constraint conditions are needed to consider.
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