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Abstract

General algorithm is developed for the prediction of internal flow-induced noise. This algorithm is based on the integral 
formula derived by using the General Green Function, Lighthill's acoustic analogy and Curfs extension of Lighthilfs. Novel 
approach of this algorithm is that the integral formula is so arranged as to predict frequency-domain acoustic signal at any 
location in a duct by using unsteady flow data in space and time, which can be provided by the Computational Fluid Dynamics 
Techniques. This semi-analytic model is applied to the prediction of internal aerodynamic noise from a throttle valve in an 
automotive engine. The predicted noise levels from the throttle valve are compared with actual measurements. This illustrative 
computation shows that the current method permits generalized predictions of flow noise generated by bluff bodies and 

turbulence in flow ducts.

Keywords： Internal aerodynamic noise, Valve noise, Generalized green function, Duct acoustics, Dipole & quadrupole source

I. Introduction

Generation and propagation of flow-induced noise in 

internal flows have quite different aspects from those in 

external flows. From a physical standpoint of sound gen

eration and propagation, acoustic waves radiated from 

noise sources in external flow are affected only by inter

ference of noise so니rces themselves while those in internal 

flow are influenced by interference between wall and 

noise sources in addition to that of noise sources them

selves. The interference of wall and noise sources leads 

to modal solutions to internal acoustic fields. Due to 
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the complexity of aerodynamic noise in internal flow, 

scarcely any work at all has been reported on the 

generalized hybrid methods for the prediction of internal 

aerodynamic noise. There have been only purely numerical 

and purely theoretical approaches.

For many industrial problems originated from aerodynamic 

noise, Computational Aeroacoxisitcs (CAA) technique, 

reliable and easy to apply, would be of great value to 

engineers and manufacturers. Recent and spectacular 

achievements in the understanding of aerodynamic noise 

generation mechanism are based on the CAA technique 

using the direct calculation of the acoustic field by solving 

the unsteady compressible Navier-Stokes equations. Most 

of them are related to jet noise phenomena, on which the 

direct numerical simulations] 1,2] are carried out, providing 
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directly an acoustic far field conformable to measurements. 

However, direct computation of the aerodynamic noise 

radiated by a subsonic flow remains difficult because of 

the large computing resources, the expensive cost and 

physical/numerical issues[3,4] inherent in CAA. It is also 

evident that the an지ytic methods[5-10] have some 

difficulties in serving as general design tools due to their 

constraint in application arena.

In this paper, semi-analytic model for the prediction of 

internal aerodynamic noise is developed. This hybrid 

method is based on the integral formula derived by using 

inhomogeneous wave equation, General Green Function, 

Lighthilfs acoustic analogy[ll] and Curl's extension[12] 

of Lighthill's. The integral formula is so arranged as to 

predict the frequency-domain acoustic signal at any 

location in a duct by using the unsteady flow data in space 

and time, which can be provided by the computational 

fluid techniques.

This article contains four sections. In second section, 

fundamental formulations for the prediction of internal 

aerodynamic noise are derived. In third section, current 

method is applied to the flow noise from quick-opening 

thro비e valve in an automotive engine. The numerical 

results and discussion of flow simulation and noise prediction 

results by using current hybrid method are described in 

detail. Final section is devoted to the concluding remarks.

II. Fundamental Formulations

2.1. Equation h)r the Sound Fi이d
Coordinates moving with unifbnn mean flow are chosen 

with origin on one edge of the pipe, yi being coordinate 

in the axial direction, and y2 and yi in the cross-sectional 

plane. The problem of sound generated by a flow in a duct 

can be treated- by replacing the solid obstacle by a 

distribution of dip이e sources and the turbulence by a 

distribution of quadrupole sources, respectively. Then, the 

equation governing the sound field in the duct is Lighthill's 

form and Curl's extension from Lighthill's as follows.

『-滂"서으쌔*)[끄] ⑴
where p is the pressure, r is time, c is the velocity of 

sound, fi is force per unit volume and Ty is LighthilFs 

turbulence stress tensor. Ty denotes the expression (p - c2p) 

&j 4- pUiUj, where &j is the Kronecker delta and w(- is the 

particle velocity in the /-direction relative to the mean 

flow. Upon assuming that the density fluctuation are 

negligible within the moving fluid, the turbulence stress 

tensor is approximately equal to putuj. It is also assumed 

that the modeled source terms in right-hand side of (1) act 

over a limited region of the duct.

In addition to satisfying Eq. (1), the s이ution must satisfy 

appropriate boundary conditions, which are that all waves 

are outgoing at infinity, and that the normal velocity 

vanishes at the walls. At the hard walls, the normal 

component of particle velocity must vanish and the 

boundary condition on the pressure at the duct walls is

碧=。 ⑵
where n is the normal to the wall. Eq. (1) can be s이ved 

by means of a Green*s function G0t \ y, r) defined as 

the solution of

V2G---^ = 8(x-y)6a-T) (
c dr 。丿

with 윽G = o on the boundaries. 
on

The Fourier transform of G with respect to time, written 

g(x,y|(o) satisfies the equation

V2g . Ag = <5(x-y) (4)

and is related to G by the inverse transform

G(x, 土匸 g(x, y I w) exp (-/©(/ - x))d(a (5)

The Green's function is expressed as a sum of the 

normal modes of oscillation. First, consider the eigenfunction 

다垢 satisfying the following 2-D Helmh이z equation and 

the boundary condition.
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=0 the boundaries

The eigenfunction % are orthonormal; 화lat is, if A is 

the cross-section of a duct,

K<t( , , f 0 커o尸〃壬疗
屮部灼2力3= <厂寸 ,, (7)

A [imM ij m~m and n-n ' '

Then, the solution of (4) can be assumed to be the sum 

of the product of the eigenfunction and the function of the 

yi as

8
&■=£■/"(弘)中皿。2，% ) (8)

m,n=O

This form of solution automatically satisfies the wall 

boundary condition due to Eq. (6). The insertion of (8) into 

(4) and using Eq. (5) lead to

Multiplying both side of (9) by the conjugate of the 

eigenfunction, integrating the resultant equation on the 

area perpendicular to the duct axis, and using the relation 

of (7), ordinary equation iorfmn can be obtained as follows.

傷+后f 改,X*x_y) (10)

The solution of (10), going to infinity, can be expressed 

as

扁 =쁘籍'电 exp{，시 f|} (11)

where ^mn =』好—蓦〃.By using Eq. (5), Green Function 

in time-domain can be expressed as

G(x,"y,r) =

J_ 支 顷(四*3)아’盘(工2，*3)£ exp{gM 一m|} (]2)

exp(-ztw(r-r)}tZdy

By using the above equation, time-domain acoustic 

pressure from internal flow can be expressed as

5 = c¥(x，/)= Ug(xj I y, T) 쪼지 으骨牛 m

where the volume integral is over all space and the time 

integral ranges from -oo to oo. The Green function 사 

is an exact form, and with boundary conditions specified, 

ensures that the solution involves no surface integrals. 

Thus,

同)*X 미；"”电
사" mW) 1 m,n

卩心비"财 m) 으些떠止土平쁘a 을쓰즈}

(13)

The term kmni defined by (11), denotes the wave number 

in the axial direction, For propagating wave motion this 

must be real, which it is above the cut off frequency which 

is denoted by a)mn = ckmn. For frequency less than the 
cut-off frequency,好mn is negative and the pressure in that 

mode decays exponentially away from the source. Similar 

form of integral equation has been used in previous 

theoretical studies[5-6,9].

2.2. Rearrangement for Semi-analytic Algorithm
In this section, Eq. (13) is rearranged in order to develop 

the general hybrid algorithm, by which the internal 

aerodynamic noise signal can be predicted. Rearrangement 

is carried out such that frequency-domain noise signal at 

certain position in a duct can be computed by using 

unsteady flow data in time and space, which are provided 

by using the Computational Fluid Dynamics techniques.

First, consider the inverse Fourier transform of Eq. (13) 

on the time t at position x, and then(o component of 

pressure p at poison x can be described as follows.

p(X,3)=技％卢心
麟 [如也“(3D 으삐*시*1 세"3아!或土些負叫 

丄L ' 知 [阻 阻凯J

(14)

In order to combine above equation with given flow data 

in space and time, Eq. (14) is rewritten as follows.
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p(X,3)=： ± 冬邛으些虹挪) + (歸(3)}

•Z m,n=o 丄 m,n

where

")= 摂*，,(3) 으吐츤B叫쁘牛以 

5)=- Em。，广心广쁴쁧牛北

(15)

Here, Dg denotes the o)component of noise from dipole 

sources and Q™, does from quadrupole sources. By 

applying the divergence theorem to (15) with integral 

space enough to cover the whole field at the boundary of 

which the sources disappear, Eq. (15) can be rewritten as 

follows.

D””«d) = - ?-匸卩(財骨{나侦(3Dexp{T3 +*)}}** 

Qm(a))= -y- £ [匕(y，e爲厂{乂命32，巧儿乂卩{一布”“乂 +i(nx)}}dvdx 

” '7 (16)

Unsteady data provided by flow simulations can be used 

to calculate the terms of/ and Ty of (16). For a cylindrical 

duct, the eigenfunction of (6) can be expressed as

Wj/gE (17)

where r = \/ 掳 + 商 0 = tan -1(^ />3)- Here, Jm is m-th 

Bessel function % and is 所th root of the following 

equation.

牛f II

From Eq. (7), the following equation can be obtained.

rmrt =』片一刍一]〃(％丿，)

I K mn 丿

The insertion of (17) into (16) leads to

%，,«>)= * 匸 으{丿，“(k，，“，"5叫exp{;E}"c

Q，，，，，(3)= j— 匸 [ 7] (y, t) 习으「{',，，，(K，，,,，，r"'-f"} exp {&} dvdx

' ' (18)

It is convenient to convert the rectangular coordinates 

into the cylindrical coordinates in Eq. (18) because the 

Green Function of (17) is expressed as the cylindrical 

coordinates.

III. Application to the Intake Noise from a 

Throttle Valve in an Automotive Engine

Semi-analytic model, described in previous section, is 

applied to the throttle valve noise problem. Figure 1 shows 

behavior of throttle angle and flow-induced noise, as 

measured when the throttle is opened quickly. For this 

measurement, the airflow is suctioned through the outlet 

of manifold at the volume flow rate corresponding to that 

of 2000 cc engine at operating condition of 1500 rpm and 

the throttle angle was changed from fully closed (5 Deg.) 

to wide-open (90 Deg.) in 0.227 second. This measurement 

shows that the strong noise signal is generated when the 

throttle is opened through angles 20 Deg. to 50 Deg.

3.1. Analysis of Airflow Upon Quick Opening of 
Throttle

Market-available analysis tool, STAR-CD is used for the 

flow analysis. The reasons for using the commercial 

software fbr the flow analysis instead of an in-house code 

are two-fold. The first is to show the capability of the 

developed algorithm to be combined with the commercial 

software, which is more convenient tool fbr engineers in 

the practical fields. The second is to avoid the severe code 

validation for the saving of time. The utilized algorithm 

in STAR-CD is as follows: QUICK scheme[13] is used 

for spatial discretization, fully implicit scheme[14] fbr 

time discretization, and the solution algorithm is based on 

the PISO algorithm" 5], To numerically analyze a three- 

dimensional flow, the flow fields must be represented by 

a calculation mesh. The flow field configuration changes 

as the throttle continues opening. The calculation area is 

divided into the duct section and the spherical section. The 

spherical section contains the baffle cells modeling the 

throttle valve and allows for the rotation of the baffle cell, 

i.e., the throttle valve. Fig. 2 shows the calculation meshes 

where the entire spherical section is rotated about the
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Figure 1. Throttle body and manifold for actual measurement, behavior of throttle angle and flow-induced noise from the 디Jick- 
opening throttle valve.

throttle axis and the applied boundary conditions. This 

made it comparatively easy to prepare a calculation mesh 

for each throttle valve angle, which enabled numerical 

analysis for every airflow configuration change. Moving 

boundaiy between the duct and spherical meshes is 

accommodated with the arbitrary sliding interface method 

[16]. Making use of symmetric geometry of the concerned 

problem, only a half section of the throttle is analyzed for 

the saving of calculation time. The Mesh for the simula

tion contains 26355 nodes and 22820 hexahedral elements.

The throttle opening time, from fully closed position to 

fully open position, is 0.227 second, which is set to meet 

the experimental condition. The fluid is assumed to be a 

compressible viscous flow with the properties of air. To 

reproduce the throttle conditions as much as possible, the 

measured value of pressure at points upstream and
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Figure 2. Mesh for calculation and dimensions for the throttle valve and the conceit and applied b이jndary conditions.

downstream from the throttle is used as inflow and outflow 

boundary conditions. The pressure at inlet plane is kept 

almost constantly at atmospheric pressure, while the 

pressure on the exit side increases steadily from low 

pressure to nearly atmospheric pressure during the quick 

opening behavior of the throttle. Fig. 3 shows the mea

sured pressure at the exit side.

In the following, the airflow characteristics are analyzed 

at three throttle open angles; 20, 30 and 40 degree. In Fig. 

4 are shown the distribution of velocity vectors for airflow 

at a longitudinal cross section passing through the duct 

axis with airflow from left to right when the throttle is 

opened to 20 degree. The flow speed vector diagram 

shows very fast airflow in the upper part of the throttle. 

This airflow is divided into an eddy cunent that flows 

back toward the throttle valve, and a flow that whirls into
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Figure 3. Measured pressure history at the outlet of the duct 
for the numerical simulation.

%
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(효)

Figure 4. Velocity distribution of airflow when the throttle valve is opened to 20 degree (Maximum Vel. = 141.3 m/s)- (a) at the 
plane y 다 0, (b) zoomed plot, (c) at the plane x = 0.3 and (d) at the plane x 드 0.6.

the lower part of the throve. Observation of the airflow 

along a cross section perpendicular to the duct axis shows 

a flow in the central area of the duct that travels from the 

upper part to the lower part of the throttle. As a result, 

it can be found that the anti-symmetric vortex lines are 

formed in the downstream after the airflow passes through 

the thro비e valve. Generation of the anti-symmetric vortex 

lines is thought to be most important phenomena in that 

these vortex lines feed the turbulence and, as a result, 

works as main energy source for aerodynamic noise. Fig. 

5 presents the contours of the pressure and the turbulence 

kinetic energy. The pressure contour diagram shows that, 

at relatively small open angle mimicking the initial stage 

of throttle valve opening, the pressure in the area 

downstream is low, indicating that the airflow does not 

reach the exit of the conduit. Turbulence kinetic energy 

K, calculated by the k- e model, has a large value over 

a wide area downstream from the throttle valve and the 

maximum region is located on the lower part of the duct 

in the symmetric plane.

In Fig. 6 are shown the distribution of velocity vector

when the throttle is opened to 30 degree. The flow speed 

vector diagram shows that a very fast airflow passes 

through the upper and lower parts of the throttle. The 

vector diagram of a cross section perpendicular to the duct 

axis shows also the eddy current, observed in the previous 

case, in the pattern; the stream starts from the upper part 

of the throttle, and passes through the central area of the 

duct to flow into the lower part of the thro비e and then 

leave the lower part of the throttle and flows into the upper 

part of the throttle, along the inner wall of the duct. At 

an area 30 to 60 mm downstream from the throttle, air 

flows from both the upper and lower parts of the throttle 

mix and merge. It can be found that the merging of the 

two flows and the res마tant eddy is most intense in this 

case. Fig. 7 presents the contours of the pressure and the 

turbulence kinetic energy at open angle of 30 degree. In 

comparison with that of 20 degree, the pressure increases 

gradually in the area downstream from the throttle valve. 

There is a large turbulent flow area still.

In Fig. 8 are shown the distribution of velocity vector 

for the 40 degree of valve open angle. There is no big
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Figure 5. Distributions of 
degree.

(a) pressure and (b) t니rb니이ice kinetic energy at the symmetric plane y = at the open angle of 20

Figure 6. V이ocity distribution of airflow when the throttle valve is opened to 30 degree (Maximum VeL = 142.5 m/s)：(a) at the plane 
y 그 Q (b) zoomed plot, (c) at the plane x = 0.3 and (d) at the plane x = 0.6.
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Figure 7. Distributions of (a) pressure and (b) turbulence kinetic energy at the symmetric plane y = at the open angle of 30 
degree.
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Figure 8. V이ocity distillation of airflow when the throttle valve is opened to 40 degree (Maxim니m Vel. = 
plane y 드 0, (b) zoomed plot, (c) at the plane x = 0.3 and (d) at the plane x = 0.6.
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difference in the velocity distribution between the present 

case and the previous two cases. However, it is distin

guished from the previous cases in that airflow around the 

throttle valve in this case goes parallel to the wall of the 

thro비e, and thus the reverse flow from the lower part of 

the 血。비e disappears. This flow patterns are due to, as 

the open area is more increased, the maximum speed of 

airflow around the throttle is more decreased and thus the 

airflow passes more smoothly through the splits between 

the throttle and the inner-sxirface of the conduit. Fig. 9 

presents the contours of the pressxire and the turbulence 

kinetic energy at open angle of 40 degree. The maximum 

of the turbulence kinetic energy is decreased into 30% 

lower value than those of previous two cases.

In the range of the open angles over 50 degree, the 

velocities of airflows passing through the upper and lower 

parts of the throttle are suddenly decreased when 

compared with those of previous cases. Although the eddy 

resulting form the whirling airflow has still existed, the mag

nitude of the vortex are also rapidly constricted. As a result 

the magnitude of the turbulence kinetic energy has also 

decreased very much compared with previous three cases.

3.2. 아ediction of Internal Aerodynamic Noise
In this section, the internal aerodynamic noise from the 

quick-opening throttle valve is predicted by combining the 

developed semi-analytic model and the previously calcu

lated flow data. It is found that the components below 

4150 Hz are cut-off frequencies and only (0,1) mode, i.e., 

plane wave is propagated. The time step in previous flow 

simulation is 0.0002 second and the Nyquist frequency is 

2000 Hz. Thus, in present noise prediction with previously 

calculated flow data, only plane mode is valid.

Prediction is carried out based on Eqs. (15), (16) and 

(18). From a physical standpoint, computation of Eqs. 

(15), (16), and (18) may be considered to be filtering 

processes that dipole sources of unsteady pressure on the 

surface of the throttle and quadrupole sources of turbiilent
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Figure 9. Distributions of (a) pressure and (b) turb니lence kinetic energy at the symmetric plane y = (7 at the open angle of 40 
degree.
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Figure 10. The dip이e sources of airflow when the throttle valve is opened to 30 degree： (a) pressure distribution on the surface of 
the throttle valve, (b) variation of R along the direction of flow stream and (c) the drag of the throttle valve.

velocities in flow are filtered with the Green function 

determined by the geometry of cross-section of a duct 

through the time and space integration. Figure 10 presents 

the pressure distribution on the surface of the throttle 

valve, Fi variation along the direction of flow stream and 

the drag of the throttle valve at the open angle 30-degree 

(marked with the filled rectangle) with wh이e variation of 

the drag during the full opening behavior. The distribution 

of Fi is more elongated along the flow stream direction 

compared with that at the smaller open an이e. The 

distribution of Fi in time and space is utilized for the 

calculation of the dipole-originated, plane-mode noise 

signal using Eq. (18). The drag of the throttle at open 

angle 30 degree is on the verge of declination after passing 

through maximum region of the drag. In the range of open 

angle over 50 degree, the distribution of Fi is more widely 

expanded than the previoxis cases. The drag of the throttle 

is also rapidly decreased.

Fig. 11 presents the variation of turbulence kinetic 

energy over whole computation domain, the distribution of 

Ti along the flow-stream direction, and space-integrated 

values of Tn over whole computation domain at the open 

angle 30-degree (marked with the filled rectangle) with 

whole variation of Th during the entire opening behavior. 

Here, Tu is utilized to calculate the quadrupole- origi

nated, plane-mode noise signal. From this figure, it is 

found that most of downstream region behind the throttle 

is filled with the strong turbulence having the high 

turbulent kinetic energy and Ti has also very high value 

over the range from yi = -0.01 秫 to•刃=0.05 m. The total 

integrated value of Th is also located at the maximum 

region in whole variation of Th. At the stage of the open 

angle over 50 degree, as the passage area between the 

throttle valve and the inner surface of the conduit is more 

increased, the air streams passes more smoothly through 

the passage area and thus turbulence kinetic energy is also
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Figure 11. The quadrupole sources of airflow when the throttle v기ve is opened to 30 degree： (a) The variation of turbulence kinetic 
energy over wh이e computation domain, (b) the distribution of Ti along the flow-stream direction, and space-integrated 
values of T}} over whole computation domain.

steeply decreased. The maximum value of total turbulence 

kinetic energy in the range over 60 degree open angle is 

approximately five-times lower than the maximum value 

in the whole range.

Fig. 12a shows the calculated dipole- and quadrupole- 

originated noise levels, with measured data in the frequen

cy band from 88 Hz to 1760 Hz. In this frequency range, 

only the plane mode is cut-on mode. It is found from this 

figure that the noise level from the dipole sources is bigger 

than that from the quadrupole sources, and thus noise 

generation mechanism from the quick opening throttle 

seems to be dipole-originated phenomena. It is also found 

that, although the discrepancy of prediction results of 

dipole noise from the measured values is approximately 

8[dB] at each frequency, the decreasing trend of the 

predicted noise level according to the frequencies agrees 

well with that of the testing results. For all frequency 

range, the predicted noise level is bigger than that of the 

measurement, i.e., the simulation results tend to be an 

over-prediction. This is because the cross-sectional area of 

the pipe suddenly changes as the airstreams flow from the 

duct containing the thro비e valve to the manifold where 

the measurement is executed. From the theoretical analysis 

[17], the relation between the strength, /, of the incident 

harmonic pressure wave and the strength, T, of the 

transmitted wave is described as follows.

4 +4 (19)

where Ai and A2 are the areas of incident duct and trans

mitted duct, respectively. In this case, A/ is the area of 

the conduit containing the throttle valve, tv x

and ^2 is that of the manifold, 0.0796 x 0.0735[m2]. Insertion 

of these areas into (19) leads to the transmission loss -6.5 

dB. Fig. 12b shows the sound pressure levels of the raw 

prediction, corrected prediction by using the transmission
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Figure 12. Comparison of so니nd pressure levels： (a) at = / (Upper： Predicted results by using the dip이e scarce, mid이e： 

Measured Data, and Lower： Predicted results by 니sing the quadrupole so나「ce (b) at one-third octave band frequencies. 
(▼: Prediction result, ■: Corrected prediction result by using the transmission loss, and ▲: measured data)

loss, and the measured data on one-third octave band 

frequencies. The predicted noise level after the correction 

agrees quite well with the measured level. It can still be 

confirmed that the proposed methodology for predicting 

the internal aerodynamic noise is a reliable approach and 

it can provide us a powerful and efficient method for 

further noise reduction and control of the internal 

flow-induced noise.

IV. Concluding Remarks

The hybrid method is developed for the prediction of 

internal flow-induced noise from obstacles, i.e. dipole 

sources and turbulent velocities, i.e. quadrupole sources. 

This method is based on the integral formula derived by 

using the General Green Function, Lighthill's acoustic 

analogy and Curl's extension of Lighthilfs. Novel 

approach of this algorithm is that the integral formula is 

so arranged as to predict the frequency-domain acoustic 

signal at any locations in a duct by using the unsteady flow 

data in space and time, which can be provided by the 

Computational Fluid Dynamics techniques. This semi- 

analytic model is applied to the prediction of the internal 

aerodynamic noise from a quick-opening throve valve in 

an automotive engine. The predicted noise level of the 

throttle valve shows similar decreasing trend according to 

the frequencies with the measurements. The prediction 
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results corrected with the transmission loss shows good 

agreements with the measu호ement than the raw prediction 

data. This illustrative numerical application shows that the 

current method permits generalized predictions of flow 

noise generated by bluff bodies and turbulence in flow 

ducts.
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