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Abstract

Identification of regions on a vibrating structure which radiate energy to
the far field is critical in many areas of engineering. Non-negative inten-
sity is a means to visualize contributions of local surface regions to sound
power from vibrating structures. Whilst the non-negative intensity has been
used for structures under deterministic excitation due to structural forces or
harmonic incident acoustic pressure excitation, it has not been considered
for analyzing a structure under stochastic excitation. This work analytically
formulates non-negative intensity in the wavenumber domain to investigate
the surface areas on a vibrating planar structure that are contributing to the
radiated sound power in the far field. The non-negative intensity is derived
in terms of the cross spectrum density function of the stochastic field and
the sensitivity functions of either the acoustic pressure or normal fluid par-
ticle velocity. The proposed formulation can be used for both infinite planar
structure and finite plate in an infinite baffle. To demonstrate the technique,
a simply supported baffled panel excited by a turbulent boundary layer as
well as an acoustic diffuse field is considered and those regions contributing
to the radiated sound power are identified. It is demonstrated that the non-
negative intensity distribution is dependent on the stochastic excitation. It
is also found that for a panel under stochastic excitation the more the non-
negative intensity distribution is concentrated within the panel surface, the
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more efficient the panel radiates sound to the far field.

Keywords: Acoustic radiation, non-negative intensity, surface contribution,
stochastic excitation, turbulent boundary layer, acoustic diffuse field

1. INTRODUCTION

Reconstruction techniques of sound sources such as near-field acoustic
holography (NAH), inverse boundary element method (BEM) and the equiv-
alent sources methods are widely used in industry [I]. In many engineering
applications, it is important to identify the regions on a vibrating structure
which radiate energy to the far field. This identification can help design engi-
neers to gain a deeper understanding about the noise generation mechanism,
and it also allows targeted mitigation strategies to be explored. For exam-
ple, noise reduction can be achieved by modifying geometry and structural
properties. Acoustic intensity can help with identifying hot spots on the
structure. However, intensity is usually highly bipolar and has positive and
negative values that correspond to energy sources and sinks on the surface
of the radiating structure. Therefore, the near-field cancellation effects occur
when integrating the positive and negative components of the normal acous-
tic intensity over the surface of the structure. Williams [2; [3] introduced the
supersonic intensity (SSI) formulation in the wavenumber domain. The SSI
was employed to locate the areas on the source surface which effectively con-
tribute to the far-field pressure. The SSI eliminates the contribution to the
pressure and the velocity on the source of the high wavenumber components
(subsonic components), which are evanescent and do not contribute to the
far field. The modified velocity and pressure obtained by considering only
the wavenumber in the acoustic circle were termed supersonic velocity and
supersonic pressure respectively.

The SSI was computed in the space domain using a two-dimensional con-
volution between the acoustic field and a spatial filter mask by Fernandez-
Grande et al. [4]. The filter corresponds to the space domain representation
of the acoustic circle. Hence, only the acoustic waves that propagate effec-
tively to the far field were taken into account. The numerical technique was
validated by an experimental study on planar radiators. Fernandez-Grande
and Jacobsen [5] quantitatively examined the accuracy of the supersonic
intensity. They quantified the error introduced by the finite measurement
aperture. It was demonstrated that the error was substantial at low frequen-
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cies. The study showed that using an extended aperture and/or an increased
cut-off frequency the error can be diminished. Valdivia et al. [6] employed
supersonic acoustic intensity to locate radiating regions on a vibrating struc-
ture of arbitrarily shaped geometries. They removed the evanescent waves
from the NAH measurement. A method based on a stable invertible repre-
sentation of the radiated power operator was proposed. The stable invertible
operator was derived using the equivalent source formulation and a complete
spectral basis. The proposed method was validated using experimental data
from a vibrating ship-hull structure.

Magalhaes and Tenenbaum [7] extended the SSI technique to consider
arbitrarily shaped sources. Their work was based on the BEM and singu-
lar value decomposition. Marburg et al. [§ formulated the non-negative
intensity (NNI) using the BEM to identify the surface areas of a vibrating
structure that contribute to the radiated sound power. The acoustic ra-
diation modes were employed to compute the surface contributions of the
structure for all boundaries of the acoustic domain. Williams [9] proposed
two analytical formulae for the NNI based on the pressure and normal fluid
particle velocity for planar structures under deterministic excitation. It was
shown that both formulae yield almost identical results in prediction of the
regions of a structure that emit sound to the far field.

Junior and Tenenbaum [10] proposed an equivalent technique to the SSI
based on the BEM called useful intensity. The technique does not require the
construction of a hologram to evaluate the acoustic pressure from the known
normal velocity field on the vibrating surface. Both the analytical SSI and
the numerical useful intensity methods were used by Ferreira et al. [I1] to
examine the sound radiated from rectangular baffled panels. Eight differ-
ent combinations of classical boundary conditions were considered. It was
shown that the results obtained using the useful intensity were not strictly
the same as those obtained using the SSI. The NNI based on the BEM was
also employed to identify the surface areas of a rigid sphere and a rigid cylin-
der that contributes to the scattered sound power [12]. The same technique
was applied to localize the surface areas of vibrating structure to radiated
sound power [I3} [14]. The surface contribution from a panel to the radiated
sound power for different modes was numerically investigated [14]. The nu-
merical results were validated by NAH measurements. Similar distributions
of numerical and experimental NNI were observed at each mode. Liu et al.
[T5] used the NNT based on the BEM to investigate the effect of inhomo-
geneous Rayleigh damping on the surface contributions to radiated sound
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power. It was found that traveling waves propagate to the regions with
higher damping. Wilkes et al. [16] applied the NNI method to a fluid-loaded
steel spherical shell excited by a point/ring force. A hybrid finite element
and fast multipole boundary element method (FMBEM) was used to solve
the structural-acoustic problem. The boundary field was then used in the
FMBEM solver to compute the NNI.

Identification of source velocities on 3D structures in non-anechoic en-
vironments using the inverse patch transfer functions (IPTF) method was
first introduced by Aucejo et al. [I7]. The direct patch transfer functions
method can be used to predict the structural velocity or the sound pressure
of a domain containing acoustic sources by calculating acoustic impedances
of uncoupled sub-domains. The IPTF method can identify the unknown
sources by measuring the coupling velocity at an arbitrarily defined surface
surrounding the source. Vigoureux et al. [I8] investigated rigorous crite-
ria needed to obtain accurate results using IPTF to identify sources in a
non-anechoic or reverberant environment on an irregularly shaped structure.
Further, a procedure was proposed to compute intensity of the source and
wall pressure without any additional measurement. A frequency band was
detected for which the IPTF method was not providing accurate results.
This was attributed to the presence of evanescent waves. Valdivia [19} 20]
developed a method based on the spectral decomposition of the power op-
erator that yielded an NNI expression to efficiently compute the supersonic
components from acoustic pressure measurements for arbitrary geometries.
Using numerical models it was shown that the proposed NNI matched the
SSI.

Stochastic excitations such as turbulent boundary layer (TBL) and acous-
tic diffuse field (ADF) are widely encountered in transportation systems [21-
23]. For example, aircraft, satellite, marine vessels, high speed trains and
cars are subject to random and non-deterministic excitations throughout
their operations. While surface contribution techniques such as the SSI and
NNI have been developed for structures under deterministic excitation, they
have not been applied for analyzing a structure under stochastic excitation.
In this work, the NNI is analytically formulated for planar structures under
stochastic excitation in the wavenumber domain. The proposed formulation
is valid for both infinite planar structure and finite plate in an infinite baffle.
Two formulae are developed for the NNI which are in terms of the cross spec-
trum density function of the stochastic field and the sensitivity functions of
either the acoustic pressure or normal fluid particle velocity. The technique

4
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is implemented to identify the regions of a vibrating simply supported baf-
fled panel contributing to the radiated sound power. Both TBL and ADF
excitations are considered to illustrate the proposed technique.

2. Radiated Acoustic Power

The radiated acoustic power of an infinite planar structure or a finite plate
in an infinite baffle under stochastic excitation can be obtained by integrating
the normal active intensity I,., corresponding to the cross spectrum between
the sound pressure and the normal fluid particle velocity denoted by Sy,
over the infinite boundary surface as follows [24}; 25]

o) = [ Luax = [ Re {8, (x.0)} dx, 1)

o0 o0

where x = (z,y), and w is the angular frequency. The cross spectrum is
given by the following analytical expression [25]

Sy (3, ) /H x, K, ) HY (%, K, )y (K, )k, @)

where * denotes the complex conjugate. H,(x,k,w), H,(x,k,w) are sensi-
tivity functions for the radiated pressure and the normal fluid particle ve-
locity on the surface of structure, respectively. The sensitivity functions in
the spatial domain are related to the spectral sensitivity functions in the

wavenumber domain k, denoted by flp(f{, k,w) and ﬁ[v(l;,k,w), by inverse
Fourier transform as follows

Hy(x, k,w) = /H (k, k, w)e™dk, (3)
* 1 7% (1. —ikx 11,
H(x,k,w) = 1 /Hv(k, k,w)e **dk. (4)

Using Egs. —, the radiated acoustic power of a planar structure under
stochastic excitation can be written as follows [26]

174 (1) = Re{(4ﬂ2) //H (k, k, w)H? (k, k, w)o,,(k, w)dkdk |,  (5)
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where ¢,,(k, w) is the cross spectrum density (CSD) function of the stochastic
force. The sensitivity function of the normal fluid particle velocity on the
panel surface is related to the sensitivity function of the sound pressure in
the wavenumber domain as follows [24]

where
. k2 — k2 — k2, k2> k2 +k

kz(k) - ~ ~
i\/k3+k2— k2 otherwise

and k, is the acoustic wavenumber, p, is the fluid density, and k = (l%x, l;:y)
Substituting Eq. @ in Eq. , the radiated acoustic power can be written
either in terms of sound pressure or normal fluid particle velocity sensitivity
functions as follows

M) = Re 1o O[ O[ fc:<f<>\ffpal,k,w>)2¢pp<k,w>df<dk}. ®

7 =Rl 2% | [ g o]

The subscripts , and , correspond to the formulations based on the pres-
sure and velocity sensitivity functions, respectively. Considering that the
opp(k,w) is always real, the only function which could make the integrand
in Egs. and @) complex is k. (k). According to Eq. , k.(k) becomes
purely imaginary when the wavenumbers are outside the acoustic circle de-
fined by €2, = {l~< € R2, ‘f{‘ < ka}. Therefore, only wavenumbers inside the
acoustic circle contribute to the radiated acoustic power. Hence, Eqgs.
and @D can be rewritten as

rad 2
() 167T4paw/ / V -5

0 ke,

= 16 / / Jr—ie— 2

0 keQq y

dpp(K, w)df{dk} . (9)

(o, By ke, ) ’2 b, (k, w)dkdk,(10)

~ o~ 2 ~
2 (w H,(kz, ky K, w)| dpp(k, w)dkdk. (11)




s 3. Non-Negative Intensity

130 In this section, an analytical formulation is presented for non-negative
1o intensity (the active normal intensity) for planar structures under stochastic
- excitation to identify the areas of the vibrating structure that produce radia-
w2 tion to the far-field. The aim here is to develop a formula for IV (x, w) which
13 meets the two following conditions:

144 1. The NNI must be always non-negative. This will prevent acoustic short-
145 circuit in the adjacent areas on the surface of the structure.

146 2. When integrating the NNI over the infinite boundary surface, it must
147 produce the total sound power.

us To meet the first condition, similar to works by Marburg et al. [8] and
e Williams [9] the NNI can be defined as follows

1 1
Pixw) = o [ ek xkedc= o [ lsxke)de (12

150 where §(x,k,w) is a complex function which is not physically meaningful.
151 [t has been introduced in Eq. to ensure that the NNI is always non-
12 negative by definition. This satisfies the necessary condition for defining the
153 NNI. The second condition for the NNI states that the total radiated acoustic
154 power must be obtained by integrating the NNI over the infinite boundary
155 surface

I (w) = /]N(X,w)dx. (13)

oo

156 Eq. can be rewritten in terms of 5(x,k,w) as follows

md(w) = ﬁ / / B(x,k,w)f* (x, k,w)dkdx = 4%2 / / 18(x, k, w)|* dkdx.(14)

157 To meet the second condition, we propose two new formulae for 5(x,k,w),
153 one in terms of pressure sensitivity function and the other one based on
159 the sensitivity function of normal fluid particle velocity. Both formulae are
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dependent on the CSD function of the stochastic field. The two formulae are
given by

Nz
B,(x,k,w) = 4;’:51’ pa:j / k2 H,(ky, oy K, w)e™dk.  (15)

keQq

];2

keQq y

B (x. k,w) = YPaOmlk,w) / Hy(ky, iy, k, w)e™dk. (16)

472

As can be seen from Egs. ((15) and . the integral domain is confined
within the acoustic circle (k € Q ) which means that k2 > %2+ k2 and k. (k)
is real. These wavenumbers are associated with supersonic waves as their
trace speeds are faster than the speed of sound. Whilst for the wavenumbers
outside the acoustic circle, k.(k) is purely imaginary and the corresponding
waves are called subsonic waves since they travel at phase speeds less than the
speed of sound. The purpose of defining NNI is to identify local surfaces on
a structure that are contributing to the far-field radiated sound. It is the far-
field sound pressure that is normally of interest in engineering applications
because this is the quantity to which a potential observer is typically exposed.
The NNI enables the design engineers to identify the locations of unwanted
sources of sound on the structure that make the most significant contributions
to the far field. Therefore, only contributions of supersonic waves are taken
into account and the subsonic components, which are evanescent and do not
propagate to the far-field, are excluded.

To prove that the two formulae given by Eqs and . result in the
radiated sound power as that given by Egs. and , Eq. should
be evaluated using Eqgs. (15 and . In what follows the proof is glven for
Bu(k,w) and similar approach can be used to verify that §,(k,w) also meets
this condition. £(k,w) can be written as follows

N R )] L .
B (x. &, w) = YL O(K ) / T (b, oy, w)e e (17)
iy

2 =
47 2 _ 2
T Y

keQa

substituting Egs. (16) and (17) into Eq. (14)
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— _paw// / ok, oy o) (K By ) 18)

1674 =

\/]{;2 k2 k;2 4 /{:2 k2 /{;2

1 e E z
(F / e‘(kk)xdx) dko,, (k, w)dk,
T

o

kEQ keQ,

using the integral in the parenthesis in Eq. corresponds to the Dirac
delta function which is given by [27]

1 iE _ =
yos / ddlxqx = 5(k — k), (19)

using this definition, Eq. can be simplified to

o, oy K, ) ’2 pp (k. w)dkdk. (20)

Hrad pa(JJ / /
167T4 / k2 k2
© ke,
This equation is exactly the same as Eq. . The NNI formulae can be
obtained by substituting Eqgs. and into Eq.

Iév(x,w)—(47r2 / / k2 (ke oy K, w)e™dK| | éy(k, w)| dk,(21)

o0 keQ,

2

i

Due to the magnitude operation, these formulae are guaranteed to yield non-
negative results.

In Eq. , the term in the denominator tends to zero for the wavenum-
bers on the acoustic circle. Generally, singular integrals can be numerically

Iév(x, w) =

o (ko iy K, w)e™<dK| |6, (k, w)| dk.(22)



o evaluated as described in Refs |28 29]. However, Singularity in Eq. can
11 be analytically removed using the following conversion formulae

k, = k,cosb:; l;:y = k,sinf, (23)

12 Eq. can then be transformed to polar wavenumber coordinates as follows

IN(x,w) (24)

,Oaw /«‘</0 2T /IZJTZka ];;r
47T2 0 k=0 412 _ |2

) o 2
H,(k,cosh, k,sinb, k, w)eik’“(mos”ysm@)dkrdﬁ) (k,w)|dk.

13 Finally, the change of variable, k, = kq siny analytically removes the singu-
104 larity from the integral. As such, Eq. can be expressed by

_ P wk?3 o=2m =3 . .
]N(X w Z’/TQ /’ </0 / Sin,ymelkasmy(azcose-i-ysme) (25)
v=0

2

H,(kysinycosh, k,sinysind, k, w)dyd@) |ppp(k, w)| dk,

105 the rectangular method for the numerical integration in Egs. and ,
s the NNI becomes

(27)

a k; : ikasi i
[N(X w p w 3 ( Z Z Sln’y\/melkaSIH'Y(xcoseerSlne) (26)
keQ:' N 0€f0,2n] ~€[0,Z]
2
H,(ksinycosh, k,sinysind, k, w)5759) |ppp(k, w)| Ik,
197
B0 = et (3 kR Rtk ook )|
(47r pwkeﬂt ey
|dpp(k, w)| Ok.

108 () is a truncated wavenumber domain and §v, 46, dk and ok are the in-
109 crements in the numerical integration. For the ADF excitation, since the

10
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normalized CSD function ¢)°" (ky, ky,w) is null for the wavenumbers larger
than the acoustic wavenumber, the truncated wavenumber domain is basi-
cally the acoustic circle €Q,,.

It is also noteworthy that the NNI formulae expressed by Egs. and
can be used for both infinite planar structure and finite plate in an infi-
nite baffle. To compute the NNI, one requires determination of the sensitivity
functions. The sensitivity functions can be either calculated analytically or
numerically. For example, the finite element method can be employed to
obtain the sensitivity functions. In the following section, the NNI formula-
tion is applied to a finite baffled panel for which the sensitivity functions are
analytically determined.

4. Application to Rectangular Baffled Panels

A rectangular baffled panel excited by a stochastic pressure field is shown
in Figure [l The spatial average of the auto spectrum density (ASD) of the

panel velocity is given by [30H32]

1
S(x,w) = e / |H,. (x,k, w)|* ¢pp(k, w)dKk, (28)

Stochastic excitation

Figure 1: A baffled panel under stochastic excitation.

where H,_ (x,k,w) is the sensitivity function of the panel velocity excited by
a unit wall plane wave. The spatial average of the ASD of the panel velocity

11
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is given by

(V?) = % / Sy (x, w)dA, (29)
A
A = L,L, is the panel surface area and L,, L, are the panel length and width
in the x and y directions, respectively. Eqgs. and can be evaluated
using rectangular method as described in Ref [32]
The ASD of the radiated pressure from the panel excited by the stochastic
field is also given by

1
Slx0) = 15 [ 1Hy(x k)] )k (30)

assuming that CSD of the stochastic field is known, it can be seen from
the equations in Sections 2-4 that to evaluate 1'%, I, IV, S,, and S,
the sensitivity functions of panel velocity, normal fluid particle velocity and
radiated pressure have to be known. In what follows, determination of these
sensitivity functions are discussed.

4.1. Determination of the Sensitivity Functions

For a simply supported rectangular panel excited by a unit wall plane
wave, the sensitivity function H, (x,k,w) corresponding to the velocity at
point x is given by [32]

M N

H,(xkw)=iwy > = Y (1) Pren(X) (31)

(w?rm - w2 + inwwmn) ’

m=1n=1

Q= pshL,L,/4 is the modal mass. The modal frequencies are given by

(B () e

where D = Eh3/(12(1—v?)) is the flexural rigidity, F is the Young’s modulus
and v is Poisson’s ratio. The modal forces 1,,, are calculated by integration
over the panel surface as follows

Yo (K) = / ()T B AA = T7 (k) Uk, (33)
A
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where ¢,,,(x) are the panel mode shapes given by

G (X) = si1 (”Zx) sin (%) , (34)

)
and
_1s—i(erT) 1
(SL—W>( R
{L (k)] (r) = (zm) V ()} = 3 N kg_(z_ﬂ) 4
L, otherwise

2

At the interface between the panel and the acoustic domain, the structural
velocity v, is equal to fluid particle velocity v in the normal direction, that
is Hy(x,k,w) = H, (x,k,w). As such, the spectral sensitivity function of
normal fluid particle velocity H,(k,k,w) can be obtained analytically using
a Fourier transform as follows

amn(f{vw)@bmn(k)v (36)

H,(k k,w) = /HU(X, k,w)e‘if‘xdx =

NE

m=1 n=1
where

mn k, =i . ’
G (K, ) MQ(w%m — w? 4 INWwmy,)

and ¢, and I7 are given by Eqs. (33)-(33).

Since H,(k, k, w) is related to H,(k, k, w) by Eq. @, to obtain H,(x, k, w),
one can compute the inverse Fourier transform of Eq. @ However, in or-
der to avoid an additional inverse Fourier transform we used an alternative
approach based on the Lyamshev reciprocity principle [33} 34]. Figure
illustrates the Lyamshev reciprocity principle for a baffled panel.

According to Lyamshev reciprocity principle, the ratio of the pressure at
point x over the applied normal force at point x’ is equal to the ratio of the
normal velocity of the panel at point X' over the volume velocity @, of a
monopole source placed at point x, that is,

(37)

H, r(x,x',w) = Hyq, (%', x,w), (38)

13
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P(X) o Q,(x) x

: X F(x) ” : o v(X)

Figure 2: Illustration of the Lyamshev reciprocity principle for a baffled panel.

where
H, /g, (%, x,w) = iw Z Z X)Pmn (X) (39)
R mllew2 —w2+1nwwmn)
and
Fron(x) = /p(x,x',w)gpmn(x’)dxl, (40)
A

where p(x,x’,w) is the acoustic pressure generated by a monopole source and
is given by

1panv o~ ikar

= |x —x/|. 41
e (1)

p(x,x',w) =
The sensitivity function of the radiated pressure is given by

Hy(x,k,w) = /Hp/F(x, X'7w)e*ikx/dx', (42)

substituting Eqs. — into Eq. , the sensitivity function H,(x,k, w)
can be written as follows

p(5,K,w) =) Y (K, w) Fon(x), (43)

where F,,,(x) is given by Eq. and can be numerically computed using
rectangular method.
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Table 1. Dimensions and material properties of the panel

Parameter Value
Young’s modulus, £ (GPa) 70
Poisson’s ratio, v 0.3
Mass density, ps (kg/m?) 2700
Length, L, (mm) 480
Width, L, (mm) 420
Thickness, h (mm) 3.17
Damping loss factor, n 0.005

5. Results and Discussion

A rectangular baffled panel with simply-supported boundary conditions
is considered. The dimensions and material properties of the panel are listed
in Table 1. The fluid density and kinematic viscosity were set to 1.225 kg/m?
and 1.511 x 107° m?/s, respectively.

5.1. Modeling TBL and ADF Fxcitations

The surface contributions of the panel to the radiated sound power under
two different stochastic excitations, namely TBL and ADF are examined.
The CSD of the stochastic field can be expressed in terms of the ASD function
U,,(w) and the normalized CSD function of the stochastic field ¢, (k,w) as
follows [35]; 136]

Dpp(k, w) = Wy (w) Py (k, w). (44)
Eq. can be used to evaluate the CSD of both the ADF and TBL
excitations. A unity ASD is assumed for both excitations. The normalized
CSD functions given in Appendix A were also used to evaluate the TBL and
ADF excitations, respectively. For TBL excitation, it is assumed that the
TBL is stationary, homogeneous and fully developed over the panel surface.
Moreover, it is assumed the vibration of the panel does not alter the wall
pressure field (WPF). The Mellen model described in Appendix A was used
to evaluate the CSD function of the WPF [37]. The TBL parameters were
estimated based on theoretical formula for a flat panel from literature and
are given in Table 2 [32]. The convective velocity U, was approximated as
follows [32; 138]
U, 22 Uso(0.59 + 0.3¢7 0897w/ Use), (45)
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Table 2. TBL parameters at a flow speed of 40 m/s

Parameter Value
TBL thickness 0 (m) 0.0349
TBL displacement thickness 6* (m) 0.0044
Wall shear stress 7 (Pa) 2.5228

where Uy, is the free flow velocity and 6* is boundary layer displacement
thickness.

5.2. Determination of Cut-off Wavenumbers and Wavenumber Resolutions

It has previously been reported when a panel is excited by a TBL, the
effect of convected ridge can be neglected for frequencies well above the aero-
dynamic frequency [26} [32]. Therefore, to predict the vibroacoustic response
of the panel the cut-off wavenumber can be defined based on the flexural
wavenumber. This is due to the filtering effect of the structure. In this
study, it was confirmed that the same criterion can be used to evaluate the
NNI. One can plot the forcing function and sensitivity function to illustrate
the filtering effect. To do this, Eq. can be further written in a compact
form as follows

1) = (45 ) [ |Fvoeice] g (46

where Hy(x,k,w) is the NNI sensitivity function given by

- / pgwk? o )
Hy(x, k,w) = &< Z Z Siny\/mel’fﬁlm(ﬂccosﬂybme) (47)

0el0,2n] ~€[0,3]

472
H, (kosinycosh, k,sinysind, k, w)§759>

Figure [3|(a) presents a map of the NNI sensitivity function at (z,y) =
(0.4 m,0.4 m) and for k, = 0. The black dashed lines correspond to the
panel flexural wavenumbers. It can be seen that the sensitivity function
reaches its maximum values at wavenumbers smaller than or close to the flex-
ural wavenumbers. However, for the wavenumbers larger than the flexural
wavenumbers the magnitude of the function is still considerable, particularly
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at resonance frequencies. Figure (b) shows the TBL forcing function, corre-
sponding to the CSD of the WPF. The convective wavenumbers are denoted
by the dash-dotted line. Figure (C) presents the product of the sensitivity
function and forcing function. It can be observed from Figure [3{(c) that most
of the wavenumbers larger than flexural wavenumber are filtered out. There-
fore, only wavenumbers smaller than flexural wavenumbers contribute to the
NNI. However, a small effect of the convective ridge on the product of the
sensitivity function and forcing function can be observed around 150 Hz and
350 Hz. Whilst this contribution is not significant, the effect of the convective
ridge was taken into account here as the cut-off wavenumber was defined as
twice the flexural wavenumber at the highest frequency of interest. In fact, a
cut-off wavenumber of Ky of = 2k, max Was selected. Therefore, a wavenum-
ber range of [—2k, max, 2kp max] Was used in both the streamwise and spanwise
directions where kj max = (Wmaxy/psh/ D)'/2 is the flexural wavenumber of the
panel at the maximum frequency of interest denoted by wy,.x. The wavenum-
ber resolutions were set to 6k, = 0k, = 0.25 (1/m), and d~, 66 were set to
7/60. These values were determined using a convergence study. It should
also be pointed out that although the NNI sensitivity function was plotted
at a certain point on the panel, the same filtering effect occurs for all the
points on the panel and similar behavior could be observed if the maps were
plotted at a different point.
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5.8. Vibroacoustic Response of the Panel

Figures ] and [5] respectively present the spatial average of the ASD of
the panel velocity and the radiated sound power of the panel under the TBL
and ADF excitations. The TBL excitation strongly excites the structure
at the aerodynamic coincidence frequency, f., which occurs when the flex-
ural wavenumber given by k, = (wy/psh/D)Y? is equal to the convective
wavenumber k. = w/U,, that is, f. = U%\/psh/D/(27) [39]. For the param-
eters chosen here and at a flow speed of 40 m/s, f.=29 Hz. It can be seen
from both figures that except at very low frequencies the spectral levels of
the velocity and the sound power of the panel under the ADF excitation are
significantly higher than those for the panel excited by the TBL (a unity
ASD of the stochastic field was assumed for both excitations). Further, the
shape and trend of the panel velocity response under the TBL excitation is
very similar to that under the ADF excitation. However, a different behav-
ior for the radiated sound power can be observed in Figure | The radiated
sound power between resonance frequencies for the ADF excitation is rela-
tively flat whilst the sound power at those frequencies form a curved shape
in the spectra for the TBL excitation.

1 1 1 1
200 400 600 800 1000
Frequency (Hz)

Figure 4: Predicted mean quadratic velocity spectra for the TBL and ADF excitations
(dB ref. 1 (m/s)?/Hz).
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Figure 5: Predicted acoustic power of the panel under the TBL and ADF excitations (dB
ref. 1 x 10712(W)).

Figure [6] shows the radiation efficiency of the panel for both the ADF and
TBL excitations. The radiation efficiency of a panel is given by [40]

Hrad

= e (V) (48)

g

vertical lines in Figure [0] indicate the resonance frequencies of the panel, the
mode number for each resonance frequency has also been shown ((m,n) mode
means an m mode in the z-direction and an n mode in the y-direction). It
can be observed from Figure [f] that at very low frequencies the radiation
efficiency of the panel is independent of the excitation force, and at higher
frequencies the radiation efficiency of the panel under the ADF excitation
is generally higher than that of the panel excited by the TBL, particularly
at non-resonance frequency, the ADF excited panel efficiently radiates sound
to the acoustic domain. At resonance frequency, the radiation frequency is
almost the same for both excitations.
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Figure 6: Radiation efficiency of the panel under the TBL and ADF excitations.

5.4. The NNI Calculation

To identify the surface contributions of the panel to the radiated sound
power under the ADF and TBL excitations, the NNI has been computed at
four discrete resonance frequencies of 177 Hz, 307 Hz, 691 Hz and 924 Hz as
well as at two non-resonance frequencies of 630 Hz and 700 Hz. The maps
of Syu, Spps Tact and I at the selected frequencies are presented in Figures m
and [8| for the panel under the TBL and ADF excitations, respectively. It can
be observed that regardless of excitation, at each frequency (particularly at
the resonance frequencies) the map of S,, is very similar to that of S,,. This
is not surprising as S,, was evaluated on the surface of the panel, and the
sensitivity functions of velocity and pressure have similar characteristic and
are related to each other by Eq. @ Figures 7| and [§| show that the active
normal intensity [, of the panel excited by the ADF is higher than that
under the TBL excitation, this is consistent with the sound power results
presented in Figure [f] Further, it can be seen that the maps of I, for both
excitations are very similar and the patterns at the resonance frequencies are
highly dominated by the mode shapes.

For the TBL excitation, the NNI shows a distribution where mainly the
edges and corners of the panel are significantly contributing to the radi-
ated sound. This is consistent with the concept of edge and corner modes
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introduced by Maidanik [41]. For example, at 177 Hz the edge mode is con-
tributing to the far-field sound power while at 307 Hz, 691 Hz, 700 Hz and
924 Hz the corner modes are the main contributor. At 630 Hz, a large surface
located between the center and two edges of the panel generates propagative
waves to the far field. For the ADF excitation at 177 Hz and 924 Hz a similar
NNI distribution to those of TBL excitation in Figure[7] can be observed. At
these two resonance frequencies, regardless of excitation, only edge and cor-
ner modes are contributing to the radiated sound. Figures|[7]and [8|show that
the NNI distribution for the panel under the TBL excitation at 307 Hz and
700 Hz are mainly at the corners of the panel while for the ADF excitation
the NNI is distributed along the diagonal of the panel with high intensity in
the middle of the panel. Further, at 630 Hz the hot spots are formed as two
separate vertical ellipses for the TBL excited panel while for the ADF excited
panel the NNI was contained within a large horizontal ellipse. According to
Figures [7] and [§], in addition to the corner modes which effectively generate
supersonic waves to the far field for both excitations at 691 Hz, there is a
hot spot in the middle of the panel for the ADF excitation which radiates
energy to the far field. Results in Figures [7] and [§ revealed that the NNI
distribution depends on the excitation type and frequency.

It should be noted that since normal fluid particle velocity is zero over
the baffle (outside the panel surface), the active normal intensity is also zero
everywhere on the baffle. Therefore, plotting I, over the panel surface
shows the total intensity pattern, and the total radiated sound power can be
evaluated by taking the integral of I, over the panel surface. However, the
NNI is not necessarily zero on the baffle. To obtain the total sound power
from the NNI, its entire distribution over the infinite boundary surface has to
be considered as indicated by Eq. (13]). Hence, the whole NNI distributions
are plotted over a large boundary surface at z = 0 for the selected frequencies
as shown in Figures [0 and [I0} The solid white lines in the maps indicate
the rectangular panel under ADF/TBL excitations. Figures |§| and |10] show
that the maxima of the NNI are usually located outside the panel surface,
particularly at low frequencies as shown in Figure [9a) and (b). The NNI
distributions shown in Figures [7] and |8 are basically small parts of the whole
distributions at most selected frequencies. The total NNI distribution in
Figures [9 and [I0] can be considered as an image of the excitation sources
viewed by the acoustic domain. For instance, Figure [9] shows that at 177 Hz
the size of each hot spot is around 1 m which corresponds to the half acoustic
wavelength. Hence, the spatial resolution of the NNI is directly related to
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the acoustic wavelength.

As can be seen in Figure |§|(c) almost the whole area of the panel under
the ADF excitation is contributing to the radiated sound. At this frequency
a high radiation is expected, this is consistent with the results in Figure [0]
where the radiation efficiency of the panel is close to 100 % (i.e. 0 = 1) at
630 Hz . From the maps of the NNI at the peaks of the radiation efficiency
(results are not shown here), it was confirmed that concentration of the NNI
distribution within the panel surface results in high radiation efficiency of the
panel under the ADF/TBL excitations. The formulation derived here can
be applied to identify hot spots of a structure under stochastic excitations.
Further, it can give an insight into the radiation efficiency of the structure
based on the NNI distribution over the structural-acoustic boundary surface.
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Figure 7: Maps of Sy, Spp, Lact and IV for the panel under the TBL excitation at a flow
velocity of Uy, =40 m/s and at selected frequencies of (a) 177 Hz, (b) 307 Hz, (c) 630 Hz,
(d) 691 Hz, () 700 Hz and (f) 924 Hz.
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Figure 8: Maps of Syu, Spp, lact and I N for the panel under ADF excitation at a flow
velocity of Uy, =40 m/s and at selected frequencies of (a) 177 Hz, (b) 307 Hz, (c) 630 Hz,
(d) 691 Hz, (e) 700 Hz and (f) 924 Hz.

24



%107

8

IS

y (mm
o

Iy (W/m?)

y (mm)

-1000 -500 0 500 1000 1500

-1000 -500 0 500 1000 1500
z (mm)

z (mm)

1500
1000
500

0

y (mm)

-500

-1000

-1000 -500 0 500 1000 1500

-1000 -500 0 500 1000 1500
z (mm)

z (mm)

x
S
X

1500

1500

w

1000

1000

N
o

g 500 500
2
=

0

y (

0

N
Iy (W/m?)
y (mm)

o

-500

-1000 -1000

-1000 -500 0 500 1000 1500
z (mm)

-1000 -500 0 500 1000 1500
z (mm)

(c)
Figure 9: Comparison of the NNI between the panel under ADF excitation (left column)

and under TBL excitation (right column) over a large surface at z = 0 for selected fre-
quencies of (a) 177 Hz, (b) 307 Hz, (c) 630 Hz.
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6. Conclusions

The non-negative intensity was analytically formulated in wavenumber
domain for planar structures subject to random excitations. To calculate
the NNI, the CSD of the stochastic field and either the sensitivity function
of pressure or normal fluid particle velocity were required. The proposed
formulation can be used for both infinite planar structure and finite plate
in an infinite bafle. The NNI was used to quantify the regions on a simply
supported baffled panel excited by the TBL and ADF which radiate energy
to the far field. Comparing maps of the ASD of the pressure and panel
velocity, and active intensity with those of the NNI at different frequencies
revealed that the NNI is a powerful tool to identify hot spots on the panel
surface which contribute to the sound power. It was also found that the NNI
distribution is dependent on the excitation type as well as on the frequency of
excitation. It was shown that the more the NNI distribution is concentrated
within the panel surface, the higher the radiation efficiency becomes. In other
word, high radiation efficiency can be achieved if the most area of the panel
contributes to the radiated sound power, and this can be identified using the
NNI.
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Appendix A: The normalized CSD function of TBL and ADF ex-
citations

The Mellen model

The Mellen normalized wavenumber-frequency model is given by [37]

21 (v ) ke

((ozgcozyk:c)2 + (aky)? + ag (ky — k:C)Z)

b (s by ) =

(A1)

3/27

where k. = w/U., a, = 0.1 and o, = 0.77.
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The ADF model

The normalised CSD function of the ADF in the wavenumber-frequency

space is given by [42].

N : k2 > k2 + k2
QSpApDF(kIa ky’ w) = ka V kg - ka% - k; Y ) (A2>

0, k2 < k2 + K
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