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Abstract

Recently, plastic products in air-intake parts of automotive engines have become very pop-
ular due to advantages that include reduced weight, constricted cost, and lower intake air tem-
perature. However, flow-induced noise in air-intake parts becomes a more serious problem for
plastic intake-manifolds than for conventional aluminum-made manifolds. This is due to the
fact that plastic manifolds transmit more noise owing to their lower material density. Internal
aerodynamic noise from a quick-opening throttle valve is computed by using a frequency-
domain acoustic analogy, which is based on the integral formula derived by using the General
Green Function, Lighthill’s acoustic analogy and Curle’s extension of Lighthill’s. The integral
formula is arranged in such a manner that allows a frequency-domain acoustic signal to be
predicted at any location in a duct through the use of unsteady flow data in space and time,
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which can be obtained by applying Computational Fluid Dynamics techniques. The prediction
of the acoustic pressure level from the quick-opening throttle valve shows good agreement
with actual measurement. Through the detailed analysis of the flow-noise generation mecha-
nism it was found that the anti-vortex lines, formed behind the throttle valve during the quick-
opening behavior, feed the large-scale coherent turbulence and, as a result, play a crucial role
in generating the dipolar sound from unsteady loading of the quick-opening throttle valve.
From this, it can be inferred that the low-noise design of the throttle-duct system can be made
by using this concept to break the large-scale vortex structure.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, plastic products in air-intake parts have become popular with the
advancement of the modularization techniques of engine parts. However, plastic in-
take manifolds have lower sound transmission loss than customary aluminum-made
intake manifolds because of their lower material density. This low transmission loss
property of plastic intake manifolds focuses attention on flow-induced noise from a
throttle valve in a quick-opening status. Nakase et al. [1] performed experiments on
the noise from a quick-opening throttle valve and numerical analysis on the flow field
around the throttle valve, and tried to relate the turbulence characteristics to gener-
ated noise. However, their research is not based on robust acroacoustic theory, but
an almost ad hoc method. Furthermore, the origin of the noise generation mecha-
nism had not been clarified. The physical processes, which normally cause for this
type of flow noise to be produced, include turbulent fluid motion and relative motion
of the throttle valve to the airflow. The strong turbulent flow is generated by high-
speed airflow in the gap between the throttle valve and the inner-surface of the
conduit containing the throttle valve. This turbulent velocity can be modelled as
quadrupole sources. The relative motion of the throttle valve to the airflow and
the vorticity of the turbulence induce the unsteady force on the flow. This unsteady
force can be classified into dipole sources.

Generation and propagation of flow-induced noise in internal flows have quite
different aspects than those in external flows. From a physical standpoint of sound
generation and propagation, acoustic waves radiated from noise sources in the exter-
nal flow are affected only by the interference of noise sources themselves, while those
in the internal flow are influenced by the interference between the wall and noise
sources as well as that of noise sources themselves. The interference of the wall
and noise sources leads to modal solutions to internal acoustic fields.

Previous works on internal aeroacoustics can be categorized into two types:
purely theoretical and hybrid approaches. Theoretical approaches for the analysis
of internal flow noise can be categorized into two types. The first is theoretical ap-
proaches of which the main purpose is to find the principal features of acoustic fields
caused by source distributions in ducts by using well-established mathematical the-
ories. This group includes the works of Doak [2] and Davies and Ffowcs Williams
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[3]. The second theoretical approach for internal flow noise is the family of theoret-
ical attempts made to establish scaling laws that relate the sound power radiated to
the geometry and flow parameters involved. This group includes the works of Gor-
don [4,5], Nelson and Morfey [6], and Oldham and Ukpoho [7]. However, it is evi-
dent that the analytic methods have some difficulties in serving as general design
tools due to their limitations in the application arena. Hybrid approaches for the
internal aerodynamic noise mean that the noise predictions are carried out by com-
bining the acoustic analogy and the previously calculated flow data as input to the
acoustic analogy. While there have been several works [8,9] done in this category,
scarcely any work has been done on the internal aerodynamic noise from quickly
moving throttle valves.

The main objective of the present work is to investigate the main features of noise
from a quick-opening throttle valve and then to find the hidden noise generation
mechanism, which provides the basic philosophy to low-noise design. The hybrid
model is utilized in predicting internal aerodynamic noise. This model is based on
the integral formula derived from the inhomogeneous wave equation of Lighthill’s
acoustic analogy [10] and Curle’s extension [11] of Lighthill’s by using the General
Green Function. The integral formula is arranged in such a manner that the fre-
quency-domain acoustic signal can be predicted at any location in a duct by using
the unsteady flow data in space and time, which can be obtained by using the Com-
putational Fluid Dynamic (CFD) techniques. Fig. 1 shows the schematic diagram of
the computational procedure for predicting the internal acrodynamic noise from a
quick-opening throttle valve.

It is noted that preliminary aspects of this work has been reported in the paper
[12] presented for the 18th International Congress on Acoustics. The current paper
is an extended and finalized version of the related research work.

’@ Transient flow simulation around a quick opening throttle valve |

T |
Throttle Valve
during quick- /_5 \
ing behavior | -
Flow 2Pening Infinite
> 1 S2, | Circular
Throttle Valve ’\W Duct
at Initial state [ /
@ Input Data: ® Noise Prediction:
Unsteady pressure data Input Data + Inhomogeneous
(S1, Dipole Sources) + Wave Eq. + General Green’s
Reynolds stress term Function +Lighthill’s Acoustic
(S2, Quadrupole Sources) Analogy + Curle’s Extension

Fig. 1. Diagram of the computational procedure of the internal aerodynamic noise from a quick-opening
throttle valve.
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2. Fundamental formulations
2.1. Equation for sound field

Coordinates are chosen with the origin on the center of the throttle valve, y; being
coordinates in the flow-stream direction, y, in the rotational axis of the throttle valve
and y; in the direction normal to the y;- and y,-axis. The problem of sound gener-
ated by a flow and an obstacle in a duct can be treated by replacing the solid obstacle
by a distribution of dipole sources and the turbulence by a distribution of quadru-
pole sources, respectively. Then, the equation governing the sound field in the duct
is Lighthill’s form and Curle’s extension from Lighthill’s as follows.

v Sl = () oo - (2) [aaﬂ , 0

where p is the pressure, 7 is time, ¢ is the speed of sound, f; is force per unit volume
and T} is Lighthill’s stress tensor. 7 denotes the expression puu; + [(p — po) —
(p — po)ld; — ey, where 3, is the Kronecker delta, u; is the velocity in the y-direc-
tion and e; is the viscous stress tensor. Assuming that the viscous stress and the
entropy fluctuation are negligible within the moving fluid, Lighthill’s stress tensor
is approximately equal to puu;,. It is also assumed that the modeled source terms
on the right-hand side of Eq. (1) act over a limited area of the duct.

In addition to satisfying Eq. (1), the solution must satisfy appropriate boundary
conditions as follows: All waves are outgoing at infinity, and the normal velocity
vanishes at the walls. At the hard walls, the normal component of the particle veloc-
ity must vanish and the boundary condition on the pressure at the duct walls is

Op
£ _0 2

on ’ (2)
where 7 is the normal to the wall. Eq. (1) can be solved by means of utilizing a
Green’s function G(x, fly, 7) defined as the solution of

1 9*G
2 —

with 0G/0n = 0 on the boundaries where x is a coordinate associated with the obser-
vation point and y is a coordinate associated with the source point. By using Eq. (3),
the time-domain acoustic pressure from internal flow can be expressed as

ai ) 62 i\
p(x, ) = p(x, 1) = / / G(x,t|y,r){ /i g 0 _ gyi(ayyj’)}dydr, ()

where the volume integral is spread out throughout the entire space and the time
integral ranges from —oo to oo. The Green function chosen is an exact form, and
with the boundary conditions specified, ensures that the solution does not involve
any surface integrals. The detailed derivation of the Green function of Eq. (3) is gi-
ven in Appendix A. Eq. (4) can be written by inserting Eq. (A.9) into Eq. (4) as
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The term k,,,,, defined by Eq. (A.9), denotes the (m, n) mode of the wave number in
the streamwise direction. For propagating wave motion, the wave number must be
real, which should be above the cut-off frequency, denoted by w,,,, = ck,,,,. For a fre-
quency of less than the cut-off frequency, kf,m is negative and the pressure in that

mode decays exponentially away from the source. A similar form of the integral
equation has been used in previous theoretical studies [2,3,6].

()

2.2. Rearrangement for semi-analytic algorithm

In this section, Eq. (5) is rearranged such that frequency-domain acoustic pressure
at an arbitrary position in a duct can be computed by using unsteady flow data in
time and space, which are provided by applying the CFD techniques.

First, consider the Fourier transform of Eq. (5) on the time ¢ at position x, then
the Fourier transform of pressure p at frequency w can be described as follows:

o0

i lP:;Ln (‘xz ’ x3) ©
pxo) =3 > = [y [ dew, 0

m,n=0

, XP {ikpnlxr — ;| +iw7)} {éfi(y, 1) Ty, r)} (6)

K y; ayiayj

In order to combine the above equation with given flow data in space and time,
Eq. (6) is rewritten as follows:

1 '{/;n (XQ,X3) €Xp {ik,,,,,xl}
p(x,0) = B Z ' I {Dn (@) + Q, (@)}, (7)
m,n=0 m,n
where
o exp {—ik,,y, + 1wt ofi(y,
Dmn(w) = / /V qlm,n (y23y3) P { k yl )} { féi )} dUdT (8)

and

o exp {_ikmnyl + ICOT)} 62 Tij(y7 T)
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Here, D,,,,, denotes the (12, n) mode components related to dipole sources and Q,,,,,
to quadrupole sources. By applying the divergence theorem to Egs. (8) and (9) with
integral space enough to cover the entire field at the boundary on which the sources
disappear, Egs. (8) and (9) can be rewritten as follows, respectively.

} dvdz.  (9)
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and

Q,un(@) =

m.n

°° 0 . .
[ T (aston)exp ik i) ded.
(11)
Unsteady data provided by flow simulations can be used to calculate the f; term of

Eq. (10) and the T}; term of Eq. (11). For a cylindrical duct, the eigenfunction of Eqs.
(10) and (11) can be expressed as

'{’m,n = J'n(K:ﬂl,nr)eiimO7 (12)

where r = \/y3 + 13 and 0 = tan"'(y,/y,). Here, J,,, is m-th Bessel function and k,,,,, is
the n-th root of the following equation:
dJ, (x)

J/(mn)E dx

=0. (13)

X=Kmntd

From Eq. (A.4), the following equation can be obtained:
2

Fw=m (rfi - KmT>J,2n(Kmnrd)- (14)

mn

Insertion of Eq. (12) into Egs. (10) and (11) leads to

/ / fily 1) 5 {J (1) 150 exp fioty dode  (15)
—o00 JV Vi

D, ()
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and

mn

1/ y7 a {J Km nr)eil(k’“")ﬁﬂng } exp {1(,0‘[} dvdrz.

(16)

It is convenient to convert the rectangular coordinate system in Egs. (15) and (16)
into a cylindrical coordinate system because the eigenfunction of Egs. (15) and (16) is
expressed in the cylindrical coordinate system. Coordinate transformation is
described in greater detail in Appendix B.

3. Intake noise from throttle valve in an automotive engine

The semi-analytic model, which was discussed in the previous section, is applied
to the throttle valve noise problem described schematically in Fig. 1. Fig. 2 shows the
behavior of throttle valve angle and its corresponding acoustic pressure, as measured
when the throttle is opened quickly. For this measurement, the airflow is suctioned
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through the outlet of the manifold at the volume flow rate corresponding to that of a
2000 cc engine at the operating condition of 1500 rpm, and the throttle valve angle
was changed from fully closed (5°) to wide-open (90°) in 0.227 s. This measurement
shows that the strong noise signal is generated when the throttle is opened within the
20-50° angle-range.

3.1. Analysis of airflow

In this section, the numerical results and discussion on the airflow produced by
the quick-opening throttle valve are presented. The numerical method used for
viscous flow simulation is based on the unstructured grid finite volume method.
The Quadratic Upstream Interpolation for Convective Kinematics (QUICK)
scheme [13] is used for spatial discretization, the fully implicit scheme [14] for
time discretization, and the solution algorithm is based on the PISO method
[15]. To numerically analyze a three-dimensional flow, the flow fields must be rep-
resented by a calculation mesh. The flow field configuration changes as the throt-
tle valve continues opening. Therefore, several calculation meshes are required for
the corresponding throttle valve angles in order to numerically analyze airflow
during the whole range of throttle operation. To overcome this difficulty, the cal-
culation area is divided into the duct section and the spherical section. The spher-
ical section contains baffle cells modeling the throttle valve and allows for the
rotation of the baffle cell, i.e., the motion of the throttle valve. Fig. 3 shows
the calculation meshes where the entire spherical section is rotated about the axis
of the throttle valve. This makes it comparatively easy to prepare a calculation
mesh for each throttle valve angle, which enables numerical analysis to be per-
formed at every airflow configuration change. The moving boundary between
the duct and spherical meshes is accommodated with the arbitrary sliding inter-
face method [16]. By using the symmetric geometry of the concerned problem,
we can analyze only half the section of the throttle, and as a result, calculation
time is reduced. The mesh for the simulation contains 26,355 nodes and 22,820
hexahedral elements.

It takes 0.227 s for the throttle to open from the fully a closed position to the fully
open position. The opening time is determined to meet the experimental condition.
The fluid is assumed to be a compressible viscous flow with the properties of air. To
reproduce the experimental conditions as closely as possible, the measured values of
static pressure at points upstream and downstream of the throttle valve are used as
inflow and outflow boundary conditions. The static pressure at the inlet plane is ob-
served to be kept almost constantly at atmospheric pressure, while the pressure on
the exit side is observed to increase steadily from low pressure to nearly atmospheric
pressure during the quick opening of the throttle valve. Fig. 4 shows the measured
static pressure on the exit side. Fig. 5 shows the boundary conditions used for the
simulation. Flow simulation is carried out with the time step Az = 0.0002 [s], which
means that we can obtain flow data sets at the 1135 different time steps from each
time interval from 0 to 0.227 s time-interval, i.e., from the 5° to 90° angles-range.
In the following, the airflow characteristics are analyzed at four throttle open angles;
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Fig. 2. Throttle body and manifold for actual measurement, behavior of throttle angle and flow-induced
noise from the quick-opening throttle valve.



1286 J. Ryu et al. | Applied Acoustics 66 (2005) 1278—1308

Fig. 3. Mesh for calculation and dimensions for the throttle valve and the conduit.

20°, 30°, 40° and 50°, which are chosen based on the experimental observation that
the strong acoustic wave is produced between the 20° and 50° angle range.

Figs. 6(a) and (b) show the distribution of velocity vectors for the airflow at a lon-
gitudinal cross-section passing through the duct axis, with airflow from left to right,
when the throttle is opened to 20°. The flow velocity vector diagrams show very fast
airflow in the upper part of the throttle. This airflow consists of two streams, one of
which turns back towards the throttle valve, and the other that whirls into the lower

102.5
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Fig. 4. Measured pressure history at the outlet of the duct for the numerical simulation.
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Fig. 5. Applied boundary conditions for the numerical simulation.

part of the throttle valve. Observing the airflow along a cross-section perpendicular
to the duct axis as shown in Fig. 6(c), we can see a swirling flow where the airflow in
the central area of the duct travels from the upper part to the lower part of the throt-
tle, and then, goes upwards to the upper part along the inner-wall of duct. In the re-
gion further downstream, Fig. 6(d), there are three vortex flows (two are distinct and
one is ambiguous). It means that, at this initial stage of throttle valve opening, the
vortex line formed just behind the throttle valve along the duct is divided into several
lines in the downstream region. Fig. 7 shows the contours of the static pressure and
turbulence kinetic energy. The pressure contour diagram shows that, at a 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
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Fig. 6. Velocity distribution of airflow when the throttle valve is opened to 20° (maximum velocity = 141.3
m/s): (a) at the plane y, = 0, (b) zoomed plot, (c) at the plane y; = 0.03 m and (d) at the plane y; = 0.06 m.
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Fig. 7. Distributions of (a) pressure and (b) turbulence kinetic energy at the symmetric plane y, = 0 at the
open angle of 20°.

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. It is noted that the un-
steady pressure on the surface of the throttle valve and turbulent velocities in the
flow are used to calculate the f; and T}; terms of Egs. (15) and (16), which are used
with Eq. (7) to predict frequency-domain acoustic pressures.

Figs. 8(a) and (b) show the distribution of velocity vectors for airflow at a longi-
tudinal cross-section passing through the duct axis when the throttle is opened to an
angle of 30°. The flow velocity vector diagrams show that a very fast airflow passes
through the upper and lower parts of the throttle. In the area 30-60 mm downstream
from the throttle valve, the streams from both the upper and lower parts of the throt-
tle mix and merge in the lower part of the duct. The vector diagram of a cross-section
perpendicular to the duct axis also shows the vortex flow, which was similarly ob-
served in the previous case. The stream starts from the upper part of the throttle
valve and passes down to the central area of the duct and flows into the lower part
of the throttle valve. Then, it leaves the lower part of the throttle valve and flows into
the upper part of the throttle valve, along the inner wall of the duct. As shown in Fig.
8(d), however, there is only one vortex flow compared with the three vortex flows in
Fig. 6(d). This fact shows that, as the open angle of the throttle valve increases grad-
ually, a single vortex line is formed along the duct. Fig. 9 shows the contours of the
static pressure and the turbulence kinetic energy at an open angle of 30°. Compared
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Fig. 8. Velocity distribution of airflow when the throttle valve is opened to 30° (maximum velocity = 142.5
m/s): (a) at the plane y, = 0, (b) zoomed plot, (c) at the plane y; = 0.03 m and (d) at the plane y; = 0.06 m.

with that of 20°, the pressure appears to increase gradually in the area downstream
from the throttle valve. It can be found that the largest turbulent flow regions coin-
cide with the zones where the two streams from both the upper and lower parts of the
throttle mix and merge.

(a) 30 Deg.

Fig. 9. Distributions of (a) pressure and (b) turbulence kinetic energy at the symmetric plane y, = 0 at the
open angle of 30°.
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Figs. 10(a) and (b) show the distribution of velocity vectors for the airflow at a
longitudinal cross-section passing through the duct axis when the throttle is opened
to 40°. The velocity distribution in this case is different from the previously seen cases
in that the airflow around the throttle valve goes almost parallel to the wall of the
throttle, causing the reverse flow from the lower part of the throttle to disappear.
This flow pattern is due to the fact that, as the open area is increased, the airflow
passes more smoothly through the gap between the throttle and the inner-surface
of the conduit. Fig. 11 presents the contours of the static pressure and the turbulence
kinetic energy at an open angle of 40°. The maximum of the turbulence kinetic
energy is decreased to a value 30% lower than those of previous two cases.

Figs. 12(a) and (b) show the distribution of the velocity vectors for airflow at a
longitudinal cross-section passing through the duct axis when the throttle is opened
to 50°. The flow speed vector diagram shows that the velocities of airflows passing
through the upper and lower parts of the throttle valve are suddenly decreased when
compared with those of previous cases. Although the flow vector diagram of a cross-
section perpendicular to the duct axis shows that the eddy resulting form the whirling
airflow still exists, the magnitude of the vortex is also rapidly constricted. Fig. 13 pre-
sents the contours of the static pressure and the turbulence kinetic energy at the open
angle of 50°. The pressure increases gradually as the fluid moves into the area down-
stream of the throttle valve. However, the magnitude of the turbulence kinetic energy
decreases significantly compared with the previous three cases. This trend continues
as the open angle is increased beyond 50°.

Through all of the flow patterns at each open angle, it can be found that the anti-
symmetric vortex lines are formed in the downstream region after the airflow passes
through the throttle valve. This generation of the anti-symmetric vortex lines is a
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. a

Fig. 10. Velocity distribution of airflow when the throttle valve is opened to 40 ° (maximum
velocity = 112.9 m/s): (a) at the plane y, =0, (b) zoomed plot, (c) at the plane y; = 0.03 m and (d) at
the plane y; = 0.06 m.
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Fig. 11. Distributions of (a) pressure and (b) turbulence kinetic energy at the symmetric plane y, =0 at
the open angle of 40°.
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Fig. 12. Velocity distribution of airflow when the throttle valve is opened to 50° (maximum
velocity = 68.97 m/s): (a) at the plane y, =0, (b) zoomed plot, (c) at the plane y; =0.03 m and (d) at
the plane y; = 0.06 m.

large-scale motion that feeds the turbulence. This anti-symmetric vortex therefore
can be referred to as the main mechanism for generating noise from the quick-
opening throttle valve. A more detailed description is given in Section 4.
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(a) 50D

(b)

Fig. 13. Distributions of (a) pressure and (b) turbulence kinetic energy at the symmetric plane y, = 0 at the
open angle of 50°.

3.2. Prediction of internal aerodynamic noise

In this section, the internal aerodynamic noise from the quick-opening throttle
valve is predicted by combining the semi-analytic model and the previously calcu-
lated flow data. Table 1 shows the cut-on frequencies for each mode of the conduit
containing a throttle valve. From this table, we can see that the components below
4150 Hz are cut-off and only (0, 1) mode, i.e., the plane wave is propagated. The time
step in the previous flow simulation is 0.0002 s and therefore the Nyquist frequency
is 2500 Hz. Thus, in the present noise prediction with previously calculated flow
data, only the plane mode is valid. This means that the spatial derivatives of the
yp-direction in Egs. (15) and (16) are only non-zero for (0, 1) mode. In other words,
only the f; and T, terms in Egs. (15) and (16) make contribution to the acoustic
pressure in the plane mode. It is evident that, as the time step in the flow simulation
is lowered, the Nyquist frequency is increased more, and thus the effective range of
frequency in predicted noise levels is also extended to higher frequencies. However,
in the present calculation, unsteady numerical cost limits the allowable time resolu-
tion in flow simulation.

Prediction of intake noise from the quick-opening throttle valve is carried out by
using Egs. (7), (15) and (16). From a physical point of view, computation of Egs. (7),
(15) and (16) may be considered to be a filtering process, where dipole sources of un-
steady pressure on the surface of the throttle valve and quadrupole sources of turbu-
lent velocities in flow field are filtered with the Green function determined by the
geometry of the duct through time and space integration. Fig. 14 shows the predicted
flow quantities related to the dipole source of Eq. (15) at the open angle of 5°. Fig.
14(a) shows the pressure distribution on the surface of the throttle valve. Fig. 14(b)
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Table 1
Inflection points of J,,: J!, (x,,) = 0 and cut-on frequency for each mode
m n S (Hz) Xyl T
1 2 3 4 5
0 0 3.83 7.02 10.17 13.32 for 0
1 1.84 5.33 8.54 11.71 14.86 fu 4150
2 3.05 6.71 9.97 13.17 16.35 o1 6880
3 4.20 8.02 11.35 14.59 17.79 fo2 8639
4 5.32 9.28 12.68 15.96 19.20 fa 9474
5 6.41 10.52 13.99 17.31 20.58 fa1 12000
(a) _ ey i P (pa)
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Fig. 14. The dipole sources of airflow when the throttle valve is opened to 5°: (a) pressure distribution on
the surface of the throttle valve, (b) variation of F; along the direction of flow stream and (c) the drag of
the throttle valve.
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shows the variations of F; along the streamwise direction. The F; term is defined as
follows:

a+0.5Ay, 2n rq
Fa=isy)= [ [ [ Ardrdoa, (17)
a—0.5Ay, 0 0
where Ay; =0.001 and i = —100, =99, ..., —1,0, 1, ..., 99, 100. At this initial open
angle, the distribution of F; is found to be concentrated on the y; = 0 plane, which
includes the rotation axis of the throttle vale, and perpendicular to the duct axis. The
distribution of F; in time and space is utilized for computing the dipole-originated
and plane-mode acoustic signal using Eqs. (7) and (15). Fig. 14(c) shows the drag
of the throttle valve. The line on this figure shows the complete variation of the drag
during the full opening process, with the drag at this opening angle marked by the
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Fig. 15. The dipole sources of airflow when the throttle valve is opened to 30°: (a) pressure distribution on
the surface of the throttle valve, (b) variation of F; along the direction of flow stream and (c) the drag of
the throttle valve.
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filled rectangle. Fig. 15 shows the same types of plots when the throttle valve is
opened to the 30°. The distribution of F; is more elongated along the flow stream
direction as the throttle valve is opened more. The drag of the throttle at the open
angle of 30° is on the verge of declination after passing through the maximum region
of the drag. Fig. 16 presents the same types of plots at the open angle of 50°. The
distribution of F; is more widely expanded than the previous cases. The drag of
the throttle is also rapidly decreased.

Fig. 17 presents the predicted flow quantities related to the quadrupole source of
Eq. (16) at the open angle of 5°. Fig. 17(a) shows the variation of turbulence kinetic
energy over the entire computation domain. Fig. 17(b) shows the distribution of the
integrated Lighthill stress tensor T;; along the streamwise direction. The terms Ty,
defined as follows:
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Fig. 16. The dipole sources of airflow when the throttle valve is opened to 50°: (a) pressure distribution on
the surface of the throttle valve, (b) Variation of F; along the direction of flow stream and (c) the drag of
the throttle valve.
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Fig. 17. The quadrupole sources of airflow when the throttle valve is opened to 5°: (a) the variation of
turbulence kinetic energy over whole computation domain, (b) the distribution of T,; along the flow-
stream direction, and (c) space-integrated values of 7, over whole computation domain.

a+0.5Ay; 2n
Ty (a =1iAy)) / / / T (y,r)rdrdfdy,, (18)
a—0.5Ay;
where Ay; = 0.001, i = —100, — -1,0,1,...,99, 100 and Ty, = puyu,. Here,

Ty, is utilized to calculate the quadrupole or1g1nated, plane-mode noise signal. At
this initial stage, strong fluctuation of Ty; is dominant behind the throttle valve.
Fig. 17(c) shows the space-integrated values of 7', over the entire computation do-
main at the open angle of 5°. The line on this figure shows the complete variation of
the space-integrated value of 7’| during the entire opening process, with the value at
this opening angle marked by the filled rectangle. Fig. 18 shows the same plot when
the throttle valve is opened to the 30°. From this figure, it is found that most of the
downstream region behind the throttle is filled with the strong turbulence having
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high turbulent kinetic energy, and that T;; also has a very high value over the range
from y; = —0.01 m to y; = 0.05 m. The total integrated value of T is also located at
the maximum region throughout the whole variation of 77;. Fig. 19 shows the same
plots when the throttle valve is opened to the 50°. At this stage, as the passage area
between the throttle valve and the inner surface of the conduit is further increased,
the air streams pass more smoothly through the gap, and consequently, the inte-
grated value of T is sharply decreased. The integrated value of T at 60° is approx-
imately one-fifth of the maximum value at approximately 38°. From Figs. 17-19, we
can see that there are some fluctuations in the inlet and outlet regions due to the in-
flow and outflow boundary conditions. However, some test cases where the bound-
aries are more extended than the present case confirm that the contribution of these
fluctuations to the total values can be neglected.
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Fig. 18. The quadrupole sources of airflow when the throttle valve is opened to 30°: (a) the variation of
turbulence kinetic energy over whole computation domain, (b) the distribution of Ty, along the flow-
stream direction, and (c) space-integrated values of 7', over whole computation domain.
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Frequency-domain acoustic pressure levels are predicted with Egs. (7), (15) and
(16) with the given source data in the space-time domain. Eq. (7) includes the infinite
time-domain integration. However, because we are dealing with the transient prob-
lem the source event is assumed to take place within the time interval between 0 and
0.227 s. Therefore it seems to be reasonable that the source fluctuation is assumed to
be zero outside this time interval. Fig. 20 shows a comparison of the predicted and
measured noise level in the frequency band from 88 to 1760 Hz at the position of
x1 = 190 mm which is the measured point in the experiment. In this frequency range,
plane mode is the only cut-on mode. This figure shows that the noise level from the
dipole sources is larger than that from the quadrupole sources. From this fact, it can
be deduced that the dipolar sound is dominant in the acoustic field from the quick-
opening throttle valve. We also found that, although the discrepancy between the
predicted results from dipole sources and the measured values is approximately 8
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Fig. 20. Comparison of sound pressure levels at the position y; = 0.190 m: (upper) predicted results by
using the dipole source, (middle) measured data, and (lower) predicted results by using the quadrupole
source.

dB at each frequency, the decreasing trend of the predicted noise level according to
the frequencies agrees well with that of the experimental results. For the complete
frequency range, the predicted noise level was found to be greater than the measured,
i.e., the simulation results normally overpredict. This is because the cross-sectional
area of the pipe suddenly changes as the airstreams flow from the duct containing
the throttle valve to the manifold where the measurement is taken. From a theoret-
ical analysis [17], the relation between the strength, /, of the incident harmonic pres-
sure wave and the strength, 7, of the transmitted wave can be described as follows:

24,
T=—""1,
Ai + 4

where A; and A, are the areas of incident duct and transmitted duct, respectively.
In this case, 4, is the area of the conduit containing the throttle valve, © x 0.024°
[m?] and A, is that of the manifold, 0.0796 x 0.0735 [m?]. Insertion of these areas
into Eq. (19) leads to the transmission loss —6.5 dB. Fig. 21 shows the sound pres-
sure levels of the original prediction, the corrected prediction by using the trans-
mission loss, and the measured data on one-third octave band frequencies. The
predicted noise level after the correction agrees reasonably well with the measured
level.

(19)

4. Discussion

In this section, some issues on the relationship between the characteristics of gen-
erated noise as the result of estimation and the predicted flow characteristics during
the quick-opening behavior are described. To compare the characteristics of tran-
sient flow around the throttle valve during the quick-opening behavior, with that
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Fig. 21. Comparison of sound pressure levels at one-third octave band frequencies at the position
»1 =0.190 m. (prediction result: V¥, corrected prediction result by using the transmission loss: B and
measured data: A).

of steady flow around the throttle valve of which the open angle is kept constant at
each angle, additional steady simulations were also carried out. It is noted that the
steady simulations were performed with the outlet boundary condition of the static
pressure corresponding to the measured value at each open angle shown in Fig. 4.
Fig. 22 shows the comparisons of the distribution of turbulence kinetic energy in
the symmetric plane (y, = 0), between the transient and steady simulations at each
corresponding valve angle. In the results of steady simulations, the strong turbulence
kinetic energy is observed to be located in the upper and lower regions just behind
the gaps between the throttle and the inner wall of the duct, and their distributions
are similar to that in turbulent jet flow that streams out from the constant gap. The
turbulence structures predicted in the unsteady simulations are essentially different
from that in the steady flow simulations. After the initial stage of the open angle
15°, the strong turbulence kinetic energy is mainly located in the lower parts of duct
where the streams from both the upper and lower parts of the throttle mix and merge
as explained in Section 2.1. This difference is due to the fact that the flow stream in
the steady simulations, like jet-flows, just pass over the throttle valve the open angle
of which is fixed while the flow stream in the unsteady simulation is affected by the
relative motion of the throttle valve to the airflow, i.e., by the inertia force of the
throttle valve at previous times. This inertia force leads to the different structures
of the turbulence velocity field and inevitably has effects on the generated noise.
The unsteady static pressure of the throttle valve in the unsteady simulation includes
the information of the force exerted by the throttle on the fluid, due to the relative
motion of the throttle valve as well as the flow passing over throttle valve in a quasi-
stationary manner.

Fig. 23 shows the distributions of the F; and T;; terms in the space-time
dimensions. As explained in the previous section, it can be found in Fig. 23(a)
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Fig. 22. Comparison of the distribution of the turbulence kinetic energy (k) in the symmetric plane
(y> = 0) between the transient and steady simulations; (a) from the transient at 15° of the open angle, (b)
from the steady at 15°, (c) from the transient at 25°, (d) from the steady at 25°, (e) from the transient at 35°
and (f) from the steady at 35°.

that the distribution of F; spreads out in the y;-direction as the open angle of the
throttle valve (or time) increases. The spreading shape in the time-space domain is
determined by the opening angular speed of the throttle valve. If the angular
speed is increased, it is evident that the spreading angle is also increased in the
yi-direction with the change of the fluctuating magnitude of F;. This distribution
is directly input into Egs. (15) and then (7), is then filtered with a Green function
determined on the given frequency and mode, and finally contribute to the (0, 1)
mode acoustic pressure in the frequency-domain. In this regard, it is evident that
the angular speed affects the frequency characteristics and the magnitudes of the
acoustic pressure through the variation of the spreading shape and magnitude of
F,, respectively. Fig. 23(b) shows the distributions of the T;; terms in the space-
time domain. Interestingly, the distribution of the quadrupole sources partially
resembles that of the dipole sources. In this respect, the quadrupole sources seem
to “remember” the opening action of the throttle valve. In fact, although the con-
tribution of the quadrupole source to the acoustic field from the quick-opening
throttle valve is negligible in comparison with that of the dipole source, this tur-
bulent vorticity field indirectly contributes to the dipole sound through the energy
transformation from the vortical to the acoustical by its scattering process on the
solid wall. The dipole source distribution due to the unsteady loading of a body
in a flow is simply a reaction to the force exerted by fluid on the body. In this
respect, the dipole source can be considered as an essentially passive source. In
order to provide a basic philosophy for the low-noise design, the detailed source
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mechanism must be identified. It can be seen from Fig. 23(b) that the strong
quadrupole sources are distributed downstream of the throttle valve within
approximately 20-50° angle-range. This prediction closely matches the measure-
ment shown in Fig. 2 where the strong noise signal is generated when the throttle
is opened within the 20-50° angle-range.

Fig. 24 presents the instantaneous spectra of the dipole noise computed with
the Hanning window function with the width 0.013 s corresponding to 5° angle
interval. From this figure, it can be found that the strong noise signal are pro-
duced between approximately 20° and 50° angle-range, which is also matching
to those of the prediction of the quadrupole source distribution and of the mea-
sured noise signal. As given in the flow simulation results, it was found that anti-
symmetric vortex lines were formed in the downstream direction after the airflow
passes through the gap. This generation of the anti-symmetric vortex lines is a
large-scale motion that feeds the turbulence. In addition to being the main quad-
rupole source in the Lighthill’s stress tensor, turbulent vorticity also makes con-
tributions to the dipolar sound by diffraction of the vorticity wave by the solid
surface. Through the comparison of the instantaneous noise spectra and the
time-space distribution of the quadrupole sources, we can infer that the main ori-
gin of aerodynamic noise generated from the quick-opening throttle valve could
be attributed to anti-symmetric vortex lines.
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Fig. 24. The predicted instantaneous sound pressure level [dB] from the dipole sources.
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5. Concluding remarks

The unsteady flow field from the quick-opening throttle valve was obtained by
applying compressible CFD techniques, and its corresponding frequency-domain
acoustic pressure was predicted by using the integral formula derived from the wave
equation with the modelled source term by using the General Green Function. The
predicted acoustic pressure levels show reasonable agreement with the measured
data.

Through the comparison of the unsteady and steady flow simulations, it can be
found that the turbulence structure in the steady flow simulation resembles that in
general jet-flows while the turbulence structure in the unsteady simulation is mostly
affected by the relative motion of the throttle to the airflow, i.e., by the inertia force
of the throttle valve. Therefore, unsteady loading of the throttle valve in the unstea-
dy simulation includes the information due to the relative motion of the throttle
valve as well as due to the quasi-stationary flow passing through the throttle valve.
This relative motion affects the distribution of unsteady loading in the space-time
domain by the spreading shape and fluctuation magnitudes, which change the
frequency characteristics and magnitude of the acoustic pressure.

The basic origin for generating the acoustic pressure from the quick-
opening throttle valve can be attributed to the large coherent structure of the vor-
tex lines formed in downstream, after the airflow passes over the throttle valve.
Based on this finding, it can be inferred that low-noise design of the throttle-duct
system can be made by using this concept to break this large-scale vortex
structure.
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Appendix A. General Green Function

The Fourier transform of G of Eq. (3) with respect to time, expressed as g(x, y|w)
satisfies the equation as follows:
Vig—kKg=0d(x—y) (A.1)

and is related to G by the inverse transform,

G, tly, 7) = % / OQ 2(x, v]o) exp{—io(t — 1)} do. (A.2)
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The Green function is expressed as a sum of the normal modes of oscillation.
First, consider the eigenfunction ¥, satisfying the following 2D Helmholz equation
and the boundary condition.

R oY ,
2 +— |V + Km” ¥Y.m» =0 with — =0 on the boundaries. (A.3)
o3 03 on
The eigenfunction ¥,,,, satisfies the following orthonormal condition:
0 ifm#m orn#n
¥ W dy,dy; = . , A4
/A " 725 {Fm,,lfm:m/andn:n/ (A4)

where A is the cross-sectional area of a duct, the superscript asterisk denotes “com-
plex conjugate”, and I',,, = IA|Y’,,7,,|2dy2 dys.

Then, the solution of Eq. (A.1) can be assumed to be the sum of the product of the
eigenfunction and the function of the y; as

= zoo:fmn(yl)lpmn(yby3)' (AS)

mn=0

This form of solution automatically satisfies the wall boundary condition due to
Eq. (A.3). Inserting (A.5) into (A.1) and using Eq. (A.2) leads to

2
Z (% + K- Kmn) FonWon = 0(x — ). (A.6)

m,n=0

Multiplying both sides of (A.6) by the conjugate of the eigenfunction, integrat-
ing the resultant equation on the area perpendicular to the duct axis, and
using the relation of (A.4), the ordinary equation for f,,, can be obtained as
follows:

2
((;j 2 - mn>fmn = Wé(x - y) (A7)

The solution of (A.7), approaching infinity, can be expressed as

b4 .
¥, (x2,x3) exp {ikm|x1 — 1|1, (A.8)

fmn N 2kmn FVHI’I

where

ko = \/ I — 12, (A9)

By using Eq. (A.2), Green function in time-domain can be expressed as

G(x,t]y,7)

_ 1 Z on(V2573) V0 (X2, X3) /Do exp {iky | x1 =y |}
4n mn — 00 knz,n

x exp{—io(t — 1)} dw. (A.10)
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Appendix B. Coordinate transformation

Independent variables in Cartesian coordinates are expressed with those in cylin-
drical coordinates,

(V1,22,33) = (v1,7cos 0,rsin 0). (B.1)

Then, first- and second-order spatial derivatives in Cartesian coordinate are trans-
formed into those in cylindrical coordinates as follows:

o o 0 00 0 0 sin0 0

oSl —— B2
> o, oo, 00 % T (B.2)
O or 0 00 ©° 0 cosf 0
e —ginh— i B3
o o oy 00 et e (B.3)
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0 0 0 (sinf 0 sm@ 0 0
—cos9§<cos6~§>—cosf)ar( . 60) p 69( 0s0- 5)
sinf 0O sm@ 0
+
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By using the above equations, spatial derivatives in Egs. (15) and (16) are trans-
formed into those in cylindrical coordinate as follows:

0 - 0 sinf 0
. Jm - —i(m0-+kyy; —w1) _ 0 o Y
[ayj ( (16mar)e ) cos or r 00
% (Jm(Km,nr)e_i(n10+k'7l’lyl_wr))v (B7)
0 , [ 0 cosO O
. Jm _ —i(mO+kyny, —ot) _ . 0 = Y
[ayj Unlimar)e ) A PR
X (o (K )€ MO hmir1 =)y (B.8)
i > 2cosfsinf 0 ]
2pno° 4 ZPRrE T 2
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