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Abstract
Panel acoustic contribution analysis (PACA) is an a%d'engi

control and acoustic design in a cabin. In this study,
PACA by using Helmholtz equation least square

ol for noise
al method for

computatj
fﬁ- basedg%oéarfield acoustical
w ver w n of panel acoustic

holography (NAH) was proposed. According to th in

contribution, formulations of the present methad are derived te,aialyze the relative panel
acoustic contributions of each panel in th@or saung™field. The significance of this
methodology is that it can provide eit sitive or tive contribution and rank
relative acoustic contributions of indiyi pan coustic radiation anywhere in the
field based on a single set of t% stic % s measured in the near field. A
numerical simulation of a sc%a cle cabi% een investigated to demonstrate the
validity of this method. Moreovesthe resul ow the advantage of the proposed method,
since it could reflect the ntributim&;' dividual panels more correctly than the

ranking of acoustic p.ov% )\,

Keywords: Pa $6usti cdh%’tj)ution analysis, Helmholtz equation least squares
method; nearfi usticalr hy
1. Introduction S,ZJ

In engineering interior sound field inside an elastic cavity is the most
representative, sich,as the passenger compartments of automobiles, ships and airplanes
[1]. A majors factor affecting the interior sound field is the vibrational and acoustic
behavior the panels around it. Panel acoustic contribution analysis has been
develo@determine the relative contributions of individual panels at a certain listening
p the interior sound field, and pinpoint the local areas of the panel that need
r&éaﬁon [2-4]. It plays an important role to improve noise, vibration, and harshness
guality, and is of great significance for the noise control and acoustic design. Currently,
the experimental and numerical methods are mostly used to identify the acoustic
contribution of panel. The experimental methods mainly include masking/window
method, transfer path analysis (TPA) method [5, 6] and reciprocity measurement method
[7, 8], etc. The masking technique is high costs, and the changes of acoustic environment
in the interior sound field and the vibration of the structure surface will affect the
identification accuracy. For TPA and reciprocity measurement method, the enormous
works are needed to measure the vibration strength and to establish the transfer function
between an excitation and a response, and the result is effective only in the position of
measurement point. The finite element method (FEM) [9] and the boundary element
method (BEM) [10], both of which belong to the numerical methods, can be applied to
any shaped structure or cavity but with huge computational cost, and the analysis
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accuracy depends largely on the simplified rationality of the model and boundary
conditions.

In recent years, nearfield acoustical holography has proven to be a powerful tool for
identifying noise source and predicting sound field [11-14]. Xiao et al. [15] employed
NAH based on the equivalent source method (ESM) to identify the relative contributions
of individual panels in irregular enclosed sound field. Wu et al. [16, 17] proposed the
Helmholtz equation least squares (HELS) based NAH to analyze relative acoustic
contributions from vibrating structures. In his work, the sound pressure level at a field
point was correlated to the acoustic power flow from each panel, and thus by only
measuring a set of holographic sound pressure, the contributions of individual panels to
the sound pressure level (SPL) at any field point could be ranked. According to Wu, the
SPL value at the specific field point and the net acoustic power from this pamsel wese
defined as the panel acoustic contribution respectively. However, the SPL val aéa&;ar\}be
used to rank relative acoustic contributions since it is invariably positive. e:wﬂe, the
net acoustic power cannot reflect the information for the specified pu@ e field,
although it can provide either negative or positive value sitlerin e situation,
the net acoustic power is always used rather than the SRL ‘salculation t mate and rank
the relative acoustic contributions. Therefore, f paneﬂiyﬁstic contribution
defined by the algorithm may have less funct engi é{l]q ractice, and is not
completely suitable for interior sound field refinement. x

In order to improve on the present P ethad, (this paper introduces a novel
computational approach based on HELS ing the th of interior nearfield acoustic
holography. The method was formul the e finition of contribution, thus the
calculated contributions would be é@ ositi %d gative, and totally dependent with

w

the position of the field point. sented ill inherit all the advantages of the

HELS. Furthermore, it can gl ore dee t to the contribution of each panel. The
methodology helps to de ine the o Iocatlons and to provide guidelines for
structure modlflcatlons‘gzdmg te the coustlc contributions of each panel to the
interior sound fiel

2. Theore@%kgro

2.1. Interior NAH bas ELS

HELS is an eff %nethod to compute both the interior [18] and exterior [19] NAH
problems, it use%xpansion of the spherical wave functions to approximate the real
sound fiel r the interior problems such as inside a cavity, the sound field can be
eries of spherical harmonic expansions. As shown in Figure 1, the sound
particle velocity at a field point in the spherical coordinate system can be

e%zf
p(r) = ZZC mdn (KDY, (0,0) = ZC vpi(r) (€

n=0 m=-n
where N is the cutoff order of spherical harmonics, j=n*+n+m+1, J=(N+1)?,
C,;=C,, is the spherical expansion coefficient, v, =y . = J,(Kr)Y"(0,9) is the
expansion function, j.(kr) is the Bessel function of the first kind which is bounded at

r=0,and Y," (8,p) is spherical harmonics function. Here,

Y."(8,0) = \/ (21: D E: ; 2;: P"(cos@)e™” )

Given M measurement points on the hologram, the measured pressure can be written
in a matrix form as,
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Ph = qlphc ©)
in which
P, =[p(r,.), p(r,,), -, p(r, )]T (4)

‘//p,l(rh,l) l//p,Z(rh,l) W (rh,l)
y’ph _ l//p,lfrh,z) ‘//p,z:(rh,z) Wp,.]:(rh,?_) 5)

'//p,l(rh,M) '//p,z(rh,M) l//p,J (rh,M)
C=[C.,C;,--.C,y ]T (6)
where P, is sound pressure column vector on any measurement sur he

superscript “T”” denotes the matrix transpose, I, . represent is the location. ve of the
the sph (@

ph"ﬁ
matrix of holographic sound pressure, and C is the w@@o fficient 8Qlumn vector.
- O

\
(r.é6, @‘)x

m-th measurement point on the hologram surface, ¥ ve source

2

Q Fig e%Definition of Spherical Coordinates

By inversion of Eq)3)7the weight coefficient column vector can be obtained

§ C=(¥,) P, @)
where X?tern es the general inverse. In practical calculation, (¥ ph)+ is obtained by
singular decomposition. To restrict the influence of the input error on the
rec s@ d results, the regularization method is required to stabilize the solution
e, since there will inevitably be noises in the actual hologram measurement.
using the weight coefficient column vector C, the sound pressure in the cavity can
be expressed as

pfp = quC (8)
where pg is the sound pressure at a concerned field point in the cavity,
Y, =y, (re)w,,(ry) - w,,(ry)l is the spherical wave source matrix of

reconstructed sound pressure.

Similarly, suppose that there are S reconstructed points on the surface of the cavity, the
normal surface velocity can also be expressed with a set of spherical expansions as

V,=%.C 9)
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where V is the column vector of the normal surface velocity on the surface of the

cavity. ¥, is the spherical wave source matrix of reconstructed normal surface velocity
through Euler’s equation. Here,

_al//p,l(rs,l) aWp,z(rs,l) a‘//p,J (rs,l) ]
on on on
]_ al//p,l(r-s,Z) al//p,Z(rs,Z) al//p,.] (rs,z)
Y’VS = ; ka a:n g:n . a:n (10)
al//p,l(rs,s) al>//p,2(rs,2) al//p,\] (rs,S)

L on on on »\(-
where p is the density of the medium, c is the speed of sound, k = @/ ¢ stheWave

number, and @ is the angular frequency
Combining Eq. (7) and Eq. (9), the normal surface velocity qn the %e the cavity

can be obtained as \
vV, =¥, (v@&\ N (12)
2.2 Formulation for Acoustic Contrlbutlon§ly5|5 x)
Assuming the entire surface of the cavit mpose panels the sound pressure

Prp at the concerned field point can n5|d ere e superposition of the sound
pressures produced by all of the V|br ane?; s relationship can be described as

(12)
where pk is the sound @jure pros@ﬁy the k-th panel at the concerned field point,

By usmg Eq (8 ound p ure produced by the k-th panel at the concerned field
point can be

P =¥,C, (13)
icient column vector corresponding to the k-th panel.

field formed by all of the vibrating panels of the cavity, by
coefficient column vector can be obtained as

C=",)"V, (14)
Obvim@&(e column vector of the normal surface velocity V, can be written as

where Cy is the weig
For the enclosed
using Eq. (9), the Mdrel

Q V=V Vo V] (15)
%e V,, is the column vector of the normal velocity corresponding to the k-th panel.
Thus Eq. (14) can be written as

C :(Tvs)+[\/s-{""’VSI""tvs-tl—(]T (16)

According to the physical meaning of the panel acoustic contribution, it is obviously

seen that for calculating the sound pressure produced by the k-th panel at the specific field

point, only the normal surface velocity on the k-th panel is reserved, while the others are

set to zeros. From Eq. (16), the weight coefficient column vector corresponding to the k-th
panel can be obtained as

Cy =) [0, V-, 01" (17
Substituting Eq. (17) into the rlght side of Eq. (13), it can be obtained as
¥, (#) [0, Vg .0 (18)
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Equation (18) shows that the sound pressure produced by the k-th panel at the
concerned field point may be correlated to the normal velocity corresponding to the k-th
panel.

Suppose that there are Py points on the k-th panel and the order of those points is

K

e Tea oo Tp IN turn, which satisfies ZPk =S .By using Eq. (10), ¥, can be
k=1

written in a matrix form as

_al//p,l(rs,l) alﬂp,Z(rs,:].) al//p,.] (rs,l)_ _q, N
on on on .
1 aWp,l(rs,z) aV/p,Z (rs,z) 8lr//p,\] (rs,z) ’
ylvs = Ika a:n 8:n . a:n = ql:svk‘ vg)
W) 0w v, () >

L on on :Xi @SVK .
Thus ¥, can be expressed as 'Q\

_aWp,l(rk,l) aWpZ rkl)
on %
1 al//p,l(rk,Z) k2) % WPJ(rKZ)

| —— 20
svk Ika ! '\ a:n ( )
o al//p J (rk P )
on i

Combining Eq. (11), Eq, 15) and @t can be obtained as
’ Vs1k— ' ! svk " O]T (Yl ) P (21)
Substituting Eq into the ri S|de of Eq (18) the sound pressure produced by the

k-th panel at rned f can be expressed as

w, ) [0, ¥l 0] (®,) P, 22)
Note that Eq. (22) for any posmon of field points based on a single set of input

be repeated agai again without the need to retake input data, thus significantly
enhancing the effi¢iency in acoustic contribution analyses.

Once t d pressure produced by the k-th panel at the concerned field point has
, the normalized acoustic contribution of this panel to the specified point
in the field can be calculated as

° th) ed, th
D, = Re( pk'p;") (23)

pfp‘
where D, is the acoustic contribution of the k-th panel, “Re” indicates the real part,

and the superscript “** indicates the complex conjugate operator.

According to the definition of panel acoustic contribution, the contribution can be
either positive or negative. If the contribution of a panel is positive, it means the sound
pressure produced by the panel is in-phase with respect to the total sound pressure at the
concerned field point, thus the total sound pressure increases as the normal surface
velocity of the panel increases, whereas a negative contribution indicate the total sound
pressure decreases as the normal surface velocity of the panel increases.

data of hologram g ement. In other words, panel acoustic contribution analysis can
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It should be mentioned that for a surface with acoustic treatments, the normal velocity
in the above should be replaced by the surface pressure divided by surface acoustic
impedance.

3. Numerical Validation

A scaled car cabin model was used to test the proposed method. The cabin was
composed of seven panels and the material of the panels was steel, with the density of

7.8x10° kg/m3, the Young's modulus was 210 GPa, and the Poisson ratio was 0.3.The
dimension of the cabin was shown in Figure 2, the thickness of the panels was 2 mm. The
bottom panel was excited with a point force of 0.2 N at (0.388 m, 0.235 m, 0), over the
frequency range of 20 ~ 250 Hz. The measurement of pressure was made 2.5 away
from the interior surface of the cabin, and a total of 721 points was measured. Tfte, field
point located at (0.3 m, 0.3 m, 0.3 m) was chosen as the observation point. %&

ure 2. @h of Scaled Cabin

Due to the d y of %ng the irregular interior sound field with analytic
t

expression, e element od (FEM) for acoustics in LMS Virtual. Lab was
adopted to ¢ ate th 0 etlcal sound pressures on the hologram surface and at the
observation point. In %«)n the sound pressures on the hologram were used as input
data for the interior reconstruction. In order to simulate the practical measurement, a
Gauss noise has dded to the measured data corresponding to a signal-to-noise ratio
of 30 dB. IBzed n the “measured” pressures on the hologram surface, the proposed

method can sed to predict the sound field and to rank the acoustic contribution of
each pan

i s@the pressure at the observation point should be reconstructed. Figure 3 shows
%ison of the reconstructed and the theoretical sound pressure at the observation
point’in dB over the whole frequency range. It can be seen that the reconstructed sound
pressure agreed almost perfectly with the theoretical values.
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Figure 3. Comparison of the Reconstructed Sound Pressure (é;?ﬁpPa)

and the Theoretical Value at the Observatlon Poin

The next step for analysis of panel acoustic contribu Ns deter he frequencies
that correspond to the peak values of the Sound Prgss Level . The frequencies
corresponding to the first two peak responses we % %? S shown in Figure 3.
Thus the panel acoustic contribution analysis illb mple these frequencies.
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Figure 4. Comparisons of the Panel Acoustic Contributions in the Proposed
Method and in ATV Method

As a comparison, the acoustic transfer vector (ATV) method which is integrated in the
LMS Virtual. Lab is used to serve as the reference. Figure 4 shows the comparisons of the
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panel acoustic contributions in the proposed method and in ATV method at 46 Hz and 82
Hz. It can be seen that good agreements were obtained for all panels, which demonstrate
the ability of ranking the panel acoustic contributions. It also can be found that the panel
acoustic contributions to the sound field will vary for different panels at the different
frequencies. Note that there are both positive and negative values of the panel acoustic
contributions, of which the former indicates the sound pressure at the specified field point
increases as the normal velocities on the panel increase, and the latter indicates the exact
opposite of the former. In the noise control, it is recommended that one should take
measures to reduce vibration of the panel with greater positive contribution, while utilize
vibration of the panel with greater negative contribution to attenuate the pressure at the
specified field point.

The ranking with the relative contributions from all panels based on the acoustiC power
is also shown in Figure 5. Although the ranking could reflect the quantity that Med
by each panel, it cannot provide a correct positive or negative pr e%’df the
contributions. This is because the acoustic power is not correlated to @ ied field
point but give an overall reflection. Take the left and thg, right panels ple, the left
panel gives almost the same contribution as the right Pa ile the s of the acoustic
powers are opposite since the directions of the ve on the t& ?Anels are opposite.
However, when the velocities are correlated to thgsound pr e observation point,
both the panels give positive contributions, and this is not&e ed from the ranking of

acoustic power.
O
N
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Figure 5. Relative Contributions from All Panels Based on the Acoustic
Power
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According to the comparison above, it is found that the proposed method can more
correctly reflect the contributions of individual panels than the ranking of acoustic power,
since the latter does not correlate the panels to a specific field point.

4. Conclusion

The shortcomings of the current PACA approach have been improved by using a novel
computational method of panel contribution. A modified HELS based NAH method for
panel acoustic contribution is proposed, and the validity of the method was testified with a
numerical simulation. The method was formulated from the very definition of
contribution, thus can yield either positive or negative contribution. Compared to the
ranking of acoustic power, the method can more correctly reflect the contributions ef
individual panels than the ranking of acoustic power since the acoustic power, OMGS
overall information of contribution. In particular, it enables one to ra?ﬁe ative
contributions from individual panels of an arbitrarily shaped structure @e resultant

0
acoustic field based on a single set of the acoustic pressg@wurem%
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