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External Mean Flow Influence on Noise Transmission
Through Double-Leaf Aeroelastic Plates
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The transmission of external jet noise through the double-leaf skin plate of an aircraft cabin fuselage in the
presence of external mean flow is analytically studied. An aeroacoustic—elastic theoretical model is developed and
applied to calculate the sound transmission loss versus frequency curves. Four different types of acoustic
phenomenon (i.e., the mass—air—-mass resonance, the standing-wave attenuation, the standing-wave resonance, and
the coincidence resonance) for a flat double-leaf plate as well as the ring frequency resonance for a curved double-leaf
plate are identified. Independently of the proposed theoretical model, simple closed-form formulas for the natural
frequencies associated with the preceding acoustic phenomena are derived using physical principles. Excellent
agreement between the model predictions and the closed-form formulas is achieved. Systematical parametric
investigation with the model demonstrate that the presence of the mean flow as well as the sound incidence angles
substantially affect the sound transmission behavior of the double-leaf structure. The influences of the panel
curvature together with cabin internal pressure on jet noise transmission are also significant and should be taken into

account when designing aircraft cabin fuselages.

Nomenclature
c = sound speed in air
¢, = speed of the flexural bending wave in the panel
c = speed of the sound in the incident fluid medium
¢, = speed of the sound in the middle fluid medium
c3 = speed of the sound in the transmitted fluid medium
D = flexural rigidity of aeroelastic panel
E = Young’s modulus of the panel material
fe = -coincidence resonance frequency
fan = standing-wave resonance frequency
fpn = standing-wave attenuation frequency
fr = ring resonance frequency
f« = mass—air—mass resonance frequency
H = depth of the middle fluid medium
h = thickness of the single-leaf panel
ki wave-number components (i =1,2,3and [ = x, y, z)
k; = wave-number components in the x, y, and z directions,

respectively (/ = x, y, z)
To= o/g

M = Mach number

m = mass per unit area of a single-leaf panel
m; = mass per unit area of the incident panel
m, = mass per unit area of the transmitted panel
P; = amplitude of the incident sound wave
)4 = amplitude of the sound pressure

pi1 = sound pressure in the incident field

p>» = sound pressure in the middle field

p3 = sound pressure in the transmission field
R = radius of the curved panel

t = time variable

\% velocity vector of mean flow
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v = speed of mean flow along the x direction

w; = plate deflection (i =1, 2)

w;y = amplitude of plate deflection (i =1, 2)

Z, = incident panel impedance

Z,, = transmitted panel impedance

Z, = equivalent characteristic impedance of the incident fluid
medium

Z, = equivalent characteristic impedance of the middle fluid
medium

Zy = equivalent characteristic impedance of transmitted fluid
medium

B = azimuth angle of mean flow

B, = amplitudes of the reflected sound pressure wave

e, = amplitudes of the positive-going sound pressure wave

¢, = amplitudes of the negative-going sound pressure wave

n = loss factor of the panel material

A = sound wavelength in air

%; = displacement of fluid particle adjacent to the plate
(G=1234)

Ly = amplitude of fluid particle displacement (j = 1, 2, 3, 4)

v = Poisson ratio of the panel material

&, = amplitudes of transmitted sound pressure wave

p; = density of the incident fluid medium

p, = density of the middle fluid medium

ps = density of transmitted fluid medium

T = transmissivity of the incident sound wave

T4 = averaged transmissivity of the incident sound wave

O = elevation angle of the sound wave (i =1, 2, 3)

w = circular frequency

L

HE reduction of sound transmission in aircraft interiors is a
classical structural acoustic topic of paramount importance for
the successful development of supersonic (or high subsonic) civil and
military aircraft [1-18]. In general, the construction of such aircraft is
made by thin-walled structural elements. For example, double-leaf
aeroelastic plates with an dissipative layer placed between are com-

Introduction

22]. From the vibroacoustic point of view, the use of double-leaf
partitions provides much more effective noise insulation over a wide
frequency range than do single-leaf plates. The air cavity formed
between the outer panel (i.e., the source panel) and the trim panel
(i.e., the radiating panel) is usually filled with high-density fiberglass
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blankets to improve thermal insulation and noise attenuation.
However, the use of fiberglass blankets leads to an increase of weight
and thus offsets the preceding benefits to some extent.

Turbulent boundary-layer (TBL)-induced noise and engine
exhaust noise have been recognized as the primary sources of the
interior noise of aircraft cabins [1,4-6,10,13,14,22-27]. A great deal
of work is available concerning the influences of convected fluid
loaded on aircraft skin plates. For example, the acoustic power
radiated by thin flexible panels subjected to TBL wall-pressure
fluctuations was estimated by Davies [28] using a modal analysis
method, in which the light fluid loading effects were considered.
Also using the method of modal expansion, Dowell [2] theoretically
analyzed the transmission of TBL-induced noise through a flexible
plate into a closed cavity by accounting for the effects of nonlinear
plate stiffness and interaction between the plate and the external
airflow.

On the basis of the variational method for the vibration of a plate, a
set of formulas for sound radiation from rectangular baffled plates
having arbitrary boundary conditions was developed by Berry et al.
[29]. This was later extended by Atalla and Nicolas [11] to study
inviscid uniform subsonic flow, in which the effects of the fluid
flow were explicitly shown in terms of added mass and radiation
resistance to avoid integration in the complex domain. Subsequently,
by employing a suitable polynomial function to describe the dis-
placement of a fluid-loaded plate having elastic boundary conditions,
Berry [30] developed a new formulation for the vibration and sound
radiation of the plate.

Based upon the radiation of the sound from a single, flat, elastic
plate under TBL excitation, Graham [21] proposed a model to
address the design problems associated with aircraft cabins, although
the effect of mean flow was not taken in account. Graham [22] then
developed an extended model consisting of a boundary-layer-excited
flat plate with its interior covered by two dissipative layers to simulate
a factual aircraft cabin plate, and found that the presence of the
dissipative layers greatly reduces the radiation efficiency compared
with a bare plate. A coupled finite element method with boundary
element method (FEM-BEM) approach was adopted by Sgard et al.
[31]to investigate the effects of the mean flow upon the vibroacoustic
behavior of a flat plate subjected to a point force, where it was
assumed that the mean flow remains undisturbed by the vibrating
plate. The formulation [31] can explicitly show the effects of the
mean flow in terms of added mass, damping, and stiffness, as done by
Atalla and Nicolas [11]. The dynamic and acoustic responses of a
finite baffled plate excited by TBL was investigated by Maestrello
[32], in which the effect of structural nonlinearities induced by in-
plane forces was considered.

Recently, researchers performed systematical studies on the aero-
elastic structural response of a single-leaf panel excited by TBL noise
and coupled with full potential flow aerodynamics [8—10,13,33-35].
The model accounting for the acrodynamic loading of the panels and
linearized potential flow aerodynamics was first developed in [8],
and further analyses with the TBL-induced noise disturbance taken
into account were presented in [13,33,34,36]. In addition, numerous
numerical, theoretical, and experimental investigations have been
devoted to studying the transmission of airborne sound across
double-panel partitions immersed in static fluid [35,18-20,37-52].

Most of the aforementioned investigations, however, focus either
on the TBL-induced noise transmission or the transmission of the
sound from static fluid (irrespective of mean flow), or on the effects
of the mean flow on structural stability [i.e., panel flutter and
self-excited vibrations (see, for example, Crighton [33] for a list of
references)]. Only a few studies [3,10] have specifically considered
the influence of the mean flow on external noise transmission,
although this is of particular importance for studying jet noise
transmission into an aircraft. To squarely address this issue in the
present study, we develop an aeroacoustic—elastic theoretical model
to quantify the influence of external mean flow on sound trans-
mission through a double-leaf aeroelastic plate. The paper is orga-
nized as follows. First, an aeroacoustic—elastic theoretical model to
emulate the transmission of jet power or propeller-induced noise into
the cabin interior is presented for the sound transmission loss (STL),

in which the plate dynamics and fluid—structural coupling are
accounted for. Second, the physical mechanisms associated with the
sound transmission process are discussed and a set of simple closed-
form formulas for the associated natural frequencies is derived
from physical principles, independently of the theoretical model.
These formulas are then used to validate the model predictions, as no
suitable experimental or numerical or theoretical results exist in the
open literature that can be used to check the validity of the present
model. The effects of a few relevant parameters (e.g., Mach number,
direction of mean flow, sound incidence angle, panel curvature, and
cabin internal pressure) on the STL are systematically explored.
The paper finishes with concluding remarks drawn from the ob-
tained results.

II. Statement of the Problem

To mimic the transmission of engine exhaust noise into the interior
of an airplane cabin under typical cruise conditions, a uniform plane
sound wave varying harmonically in time is assumed to transmit
through a double-leaf aeroelastic plate from the external mean flow
side to the interior static fluid side. As shown in Fig. 1, the considered
system consists of two infinite parallel flexural plates made of
homogenous and isotropic materials and is immersed in inviscid,
irrotational fluid media. The upper, middle, and bottom fluid media
separated by the two plates occupy the spacesof z < 0, h; < H 4 h,
andz > H + h; + h,, respectively, and are characterized by (p,, ¢,),
(P2, ¢2), and (p3, c3) in terms of mass density and sound speed,
respectively. Here, H is the depth of the air gap, and /&, and h, are the
thicknesses of the two panels. The mean fluid flow with uniform
speed v is assumed to move along the x-axis direction. The incident
sound wave transmitting from the external mean flow side is
characterized by elevation angle ¢, and azimuth angle § with respect
to the defined coordinate system (see Fig. 1). The incident sound is
partially reflected and partially transmitted through the structure via
the upper plate, middle fluid medium, and bottom plate into the static
fluid medium side. The double-layer plate is modeled initially as a
flat double-leaf aeroelastic partition, with both the external mean
flow and the aeroelastic coupling accounted for. Subsequently, to
better emulate the curved skin of an aircraft fuselage and the
real process of jet noise penetration into aircraft interior, the effects
of the panel curvature and cabin internal pressurization on sound
transmission are quantified.

Several simplifying assumptions are adopted in the present
analysis of the system shown in Fig. 1:

1) The two plates are modeled by the classical Kirchhoff thin plate
theory.

2) The fluid media are inviscid and irrotational [8-11,13,31-35].

3) The plate surface adjacent to the mean flow is sufficiently
smooth such that it is appropriate to represent the plate-fluid inter-
face by the streamline of the fluid flow (i.e., the total flow is tan-
gential to the acoustically deformed boundary [3,54]). Note that
several previous studies [55-57] also considered the problem of the
sound reflection and transmission associated with a moving fluid
medium, but without accounting for the interaction with a thin
plate.
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Fig. 1 Schematic illustration of the sound transmission through a

double-leaf aeroelastic plate in the presence of external mean flow: a) side
view and b) global view.
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III. Theoretical Formulation

A. Formulation of Plate Dynamics

As shown in Fig. 1, the acoustic field is divided into three regimes
by the two parallel flat plates that, without loss of generality, are
assumed subsequently to have the same thickness. The corres-
ponding sound pressures for the incident field, the middle field, and
the transmission field (denoted by indices 1, 2, and 3, respectively)
can be expressed as

2 :Pieiwt—i(kuerklnyrkl;z) + E ,3,1€iw77i(k“x+k“'y7k“z) (1)
n

Py = § 8neiwt—i(khx+k2,.y+k2,z) + § ;-neimr—i(khnkz‘.ysz,z) (2)
n n

py = an6iwt_i(k3"x+k3"y+k3’2') (3)
n

The summation index # is introduced in Egs. (1-3) as a consequence
of the modal decomposition of the pressure p, onto the standing-
wave modes of the cavity, which justifies (through the continuity
equations [see Eqs. (17) and (18)]) the present modal formulation for
the reflected and the transmitted pressure amplitudes. Note, however,
that this index does not appear explicitly through the wave-number
components in the argument of the exponential factors. The wave-
number components in Egs. (1-3) can be written as

ki, =k, cos ¢, cos B, ki, = ky cos ¢, sin 8, ki, sing;
“

ky, = k, cos ¢, cos 3, ks, = ky cos @, sin 8, k,. sin ¢,
&)

k3, = k3 cos @; cos B, ks, = k3 cos @5 sin 8 k. = kj sin @,

(©6)

Let ¢, be the trace wave speed in the plate and let the trace wave
number be given by k, = w/c, = 2w /A,, where A, is the wavelength
of the panel trace wave. Accordingly, the transverse deflections of the
two plates induced by the incident sound can be expressed as

W, (x’ v; t) — wloeia)l—i(k,cosﬂ)x—[(k, sin B)y (7)

w, (x’ y; l) — wzoeiwl—i(k, cos B)x—i(k, sin B)y (8)

In the incident acoustic field, there exists a uniform flow of velocity V
tangential to the acoustically deformed boundary (i.e., the fluid—plate
interface). The convected wave equation for the pressure in the fluid
is then given by [3]

D? 0 :
Dgl = (E‘f‘ \B V) p1=ciVip ©)

As stated previously, for simplicity, the mean flow is aligned along
the x axis on the fluid—plate interface. Consequently, Eq. (9) can be
simplified as

0 d\? N
E“'V'a p=ciVp (10)

Substituting Eq. (1) into Eq. (10), one obtains the wave number in the
flowing fluid as

Kk
" (14 Mcos g, cos )

an

ky

where ki = /¢, is the acoustic wave number in the fluid at rest and
M = v/c, is the Mach number of the mean flow.

Different from the incident field coupled with a mean flow, the
fluid medium between the two plates and that in the transmitted field
are both static. In such cases, the propagation of the sound obeys the
classical wave equation, so that the wave numbers in the two fluid
mediums are given by

=2 k=2 (12)
Cy C3

For the sound waves to fit at the boundary (i.e., the plate), the trace
wavelengths must match [3]: namely,

ki, = k,cos B =ky, =k, cos = ks, (13)

kyy =k, sin B = ky, = k,sin B = ks, (14)

Incorporating Eqs. (4—6) into Eqs. (13) and (14), one obtains the
directions of the sound propagation in the middle and the transmitted
fluid mediums as

Cy COS ¢
= R T 15
$2 = arccos (c] 1 + M cos ¢, cos ,3) (13)

3 cos ¢,
= SENE L — 16
¥s = arccos (cl 1 + M cos ¢, cos ,8) (16)

which also describe the refraction laws for sound transmission from
one medium to another. Note that ¢; = ¢, = @3 and¢; = ¢, = ¢3in
the absence of the mean flow (M = 0). Thus, one noticeable effect of
the mean flow [3] is to refract the wave at the plate. In fact, in the
presence of the mean flow, the wave would be refracted (and partially
reflected) even if the plates were not present.

B. Consideration of Fluid-Structure Coupling

To determine the unknown parameters appearing in the preceding
equations, supplementary boundary conditions are needed (i.e., the
displacement continuity condition between the plate particle and the
adjacent fluid particle, and the driving relation between the incident
sound and the plate dynamic response). In general, the continuity
condition for the fluid—structure coupling is described through the
velocity of the particles pertaining separately to the fluid medium
and the solid medium when the fluid is at rest. In the case of a
moving flow, however, the transfer effect of the fluid motion needs to
be considered [54], and hence the primary particle displacement
continuity should be applied, as described subsequently.

1. Displacement Continuity Condition

Let X, and %, separately denote the displacements of the fluid
particles in the incident field and the middle field, both adjacent to the
upper panel, and let Z5 and X, separately denote the displacements of
the fluid particles in the middle field and the transmitted field, both
adjacent to the bottom panel. These displacements should satisty the
Navier—Stokes equation for an inviscid and irrotational fluid: namely,

D%, _ 1 D%, __10py a7)
7 = N T NF
D%, 1ip, D%y __ 19ps
DP P2 02 |y, D 3 02 |y,
(18)

For harmonic sound wave excitation, the fluid particle displacements
take the form of

Ry = ket thn (j=1,2,3,4) (19)

Substitution of Egs. (1-3) and (19) into Egs. (17) and (18) gives the
amplitudes of the fluid particle displacements as
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iklz(Pi - Z:Bn)

Fo= - pi(@—vk;,)? 20)
ikZz(an - Zgn)
Rp=——" " 1)

Pr@

K= — lkz (ZS L Zé-neikkH) (22)

ik
hag == x Zs,, ikl (23)

In view of the wave-number relationships [Eqs. (13) and (14)] and
the dynamic deflections of the two plates [Egs. (7) and (8)], the
continuity condition of the particle displacements is given by

Ko =w =%y, T30 = Wa = Aygo (24)

Substitution of Egs. (7), (8), and (20-23) into Eq. (24) leads to

picy sing, 1
Pi= Zﬂ - 1 + M cos ¢, cos B (;8” B ;;n)

P2€28In @,
(25)

2= Xt = P2 s (26)

sin ¢,

D e et = 3 ogetet = "2625‘“‘”“25" Sk (7)

- P3C3 SN Py

S ettt = 29 g (28)

sin @3

where Wy = iow;q and W,y = iOW,.

2. Driving Relations

The driving relations for the pressure difference across the panel
and the panel vibration response can be described as

Pi + Zﬂn - Zgn - Z;n = Zplwl() (29)
Z‘sn + Z;n - Z%-n = ZprZO (30)

Detailed derivations of Egs. (29) and (30) are given in Sec. IIL.D for
both the flat and curved aeroelastic plates.

For simplicity, the equivalent characteristic impedances for the
three separate fluid mediums associated with the transmission of
the sound across the double-leaf plate of Fig. 1 are defined as

P1€1

= 31
sin g, (1 + M cos ¢, cos B) GD
P22
sin ¢, (32)
P3€3
=— 33
sin @3 (33)

It is readily seen that, in addition to being strongly dependent on the
intrinsic property of the fluid (i.e., density and sound speed), the

equivalent characteristic impedances of the fluid media are also
determined by the sound incident angle and flow velocity. Actually,
these characteristic impedances reflect the close relationship between
the sound pressure and the fluid particle velocity.

C. Definition of the Sound Transmission Loss

The transmissivity t(¢;, f) is defined to quantify the sound
transmission through the double-leaf plate [3] as

&n
Pic1 Xn: 2
(¢, B) = (34)
paca| P
where
i — 7[(212 »+Z,,Z 2)(e*i(*k2;+k3:)H
Zén 4ZZZ’5 COS(kZZH) r per
_ e—f(k2:+k3:)H) + Zzzpz(e—i(—kzz‘*'ksz)"’ + e—i(kzz‘*'ksz)H)
=+ 22223 COS(kZZH) —+ 21‘Z3Zp1 Sin(kzzH)
+ 2iZ,Zy sin(ky. H) + 22, Zye~ -1 (35)

Accordingly, the sound transmission loss is defined as a decibel scale
of the transmissivity:

STL = —10log,,t(¢;. B) (36)

D. Characteristic Impedance of an Infinite Plate
1. Infinite Flat Plate

Consider an infinite plate immersed in a fluid medium and
subjected to a harmonic incident sound excitation on one side. The
governing equation for the deflection of the plate is given by

w

DV*w + mF = peiwt—i(kzxwrkz,v}’) (37)

Note that in the present study, the structural loss factor 1 is accounted
for by introducing the complex bending stiffness D [17,18], as

_ER(1 4+ jn)

To12(1 -0 (38)

Because the incident sound is harmonic, the deflection of the plate is
assumed to take the form of

w= woeiwt—i[(k, cos B)x+(k, sin B)y] (39)

where is determined by substituting Eq. (39) into Eq. (37) as

14
D(k3, + k3,)* — mw

wo = S (40)

Accordingly, the panel impedance that determines the relation be-
tween the sound pressure and the particle velocity is given by

Dw 2
Zp = £ = P = lm(l)(l — —4CO0S (pZ) (41)
W iw, mc

2. Infinite Curved Plate with Biaxial Membrane Stresses

In reality, the aircraft fuselage skin is a typical shallow cylindrical
panel structure with internal pressurization during cruise condition.
To better emulate the actual fuselage skin and the real process of jet
noise penetration into the aircraft interior, the Donnell-Mushtari
shallow cylindrical shell theory [3,58] is adopted. The geometry and
coordinates of a shallow cylindrical panel of thickness & under
biaxial membrane stresses (i.e., N, in the x direction and N, in the y
direction) are schematically illustrated in Fig. 2. The governing
equation for its lateral deformation w can be expressed as
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Fig. 2 Shallow cylindrical panel under biaxial membrane stresses.

Ehd*w 9w 9w 0w
8 Lhow o, ow ow 4 O°W
DViw + e Vv (NX e + N, Byz) +mV (8[2)

— V4 (P eiwtfi(khx‘#kzv\‘y)) (42)

After a few algebraic manipulations similar to those leading to
Eq. (40), one obtains

Eh I,
=p- DI, +B) + 555
Wy = p |: (k3 + 2}) +R2 (k%x—kk%y)z
-1
N N — mwz] 43)

which, together with the definition of the panel impedance, leads to

Eh K,
R (5, +43,)°

P p 1
z,=L= P __\pw +1)
P iow, ia)[ (ke +1,)" +
D 2
+ (N(k3, + Nyk3) — ma)z] = ima)|:l - T?COS4¢2
2

Eh 4 2
e R S (Vo' + Nysin| (44
R mw mcs :

IV. Parametric Study of the Sound Transmission

The primary aims of the parametric study presented subsequently
are to investigate how the external mean flow affects the transmission
of the sound through a double-leaf aeroelastic plate and to explore the
underlying physical mechanisms associated with the airborne sound
transmission. For numerical calculation, the physical parameters
and structural dimensions of the system are taken as follows. The
two plates are both made of aluminum alloy with Young’s modulus
E =70 GPa, Poisson’s ratio v = 0.33, and loss factor n = 0.01,
typical for the skin panel of a commercial airplane. The plates have
the same thickness #; = h, = 0.002 m, and the depth of the air gap is
fixed at H = 0.08 m. The model developed by Koval [3] for a single-
leaf aeroelastic plate is extended to model the fluid medium separated
by the two panels, and a wide frequency range from 0 to 10,000 Hz is
considered. Air is selected as the sole fluid medium filling all the
spaces (see Fig. 1), with density p; = p, = p; = 1.21 kg/m? and
sound speed ¢; = ¢, = ¢3 =343 m/s.

A. Physical Interpretation for the Appearance of STL Peaks
and Dips

Figure 3 plots the predicted STL as a function of the incident sound
frequency for Mach number M = 0.05, with the sound incidence
elevation angle fixed at ¢, = 30deg and the azimuth angle at § =
Odeg (i.e., completely aligned with the downstream direction). In
Fig. 3, four physical phenomena (i.e., mass—air—-mass resonance,
standing-wave attenuation, standing-wave resonance, and coinci-
dence resonance) associated with the transmission of the sound from
the external mean flow side across the double-leaf partition can be
clearly identified, which are marked with symbols in the frequency

160 T T T T

140}

120

100

80

STL (dB)

60 |-

a0

20+ LS

A A

0 2000 4000 6000 8000 10000
Frequency (Hz)

Fig. 3 Predicted STL as a function of frequency for mean flow

speed M = 0.05, sound incident elevation angle ¢; =30deg, and

azimuth angle 8 = 0 deg; @: mass—-air-mass resonance, V: standing-

wave attenuation, A: standing-wave resonance, and #: coincidence

resonance.

range considered (from O to 10,000 Hz). To predict the inherent
frequencies associated with these phenomena in the presence of
mean flow, a set of simple closed-form formulas are derived based
purely on physical principles (see Appendix A). Because the
derivation of these formulas is independent of the aeroacoustic—
elastic theoretical model presented in Sec. III, they may be used to
check the validity of the model predictions, as no other suitable
experimental or theoretical work exists. In Fig. 3, the Mach number is
selected as M = 0.05, only because at this small Mach number, all
four physical phenomena can be clearly identified in the considered
frequency range of 0-10,000 Hz. Of course, the present model is
suitable for handling higher Mach number cases (e.g., M = 0.4, 0.8,
and 1.2, as shown in Figs. 4-9), although the coincidence resonance
occurs beyond 10,000 Hz at large Mach numbers when the sound is
incident downstream. Furthermore, when the sound is incident up-
stream, the three phenomena (i.e., mass—air—mass resonance,
standing-wave attenuation, and standing-wave resonance) all dis-
appear, leaving only the coincidence dip in the STL curve (see
Fig. 7).
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Z A i
40 e
i
20 v
v |
N/
10’ 10° 10*

Frequency (Hz)

Fig. 4 Predicted STL plotted as a function of frequency for selected
Mach numbers with sound incidence elevation angle ¢, = 30deg and
azimuth angle § = 45deg.
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Fig. 5 Effects of Mach number on the frequencies of STL peaks and dips for sound incidence with elevation angle ¢, = 30 deg and azimuth angle
B = 45 deg: a) mass—air—mass resonance, b) standing-wave attenuation, c) standing-wave resonance, and d) coincidence resonance. Symbols (e.g., hollow
circles, hollow diamonds, and hollow squares) refer to theoretical predictions. Lines (e.g., solid line, dashed line, and dashed-dotted line) denote the

calculated results from Eqgs. (45-48).

As shown in Fig. 3, the first dip is associated with the mass—
air-mass resonance that is marked by the filled circle. The
mass—air-mass resonance in the absence of the mean flow
usually occurs when the two panels move in opposite phases
With the influence of the mean flow accounted for, the frequency
of the mass—air—mass resonance is (see Appendix A for detailed
derivations):
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In view of the expression for ¢, in Eq. (15), the preceding relation
indicates that f, is dependent on the Mach number M as well as
sound incidence angles ¢, and §, which is different from that of a
double-leaf plate immersed in static fluid.
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Fig. 6 Effects of Mach number on the frequencies of STL peaks and dips for sound incidence with elevation angle ¢, = 30 deg and azimuth angle
B = 135deg: a) mass—air—-mass resonance, b) standing-wave attenuation, c) standing-wave resonance, and d) coincidence resonance.
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The second phenomenon relates to the three peaks on the STL-vs-
frequency curve (marked by the inverted and filled triangle V¥ in
Fig. 3), corresponding separately to the first-order, second-order, and
third-order standing-wave attenuations. Wave attenuation occurs
when the distance difference between the routes that the two
intervening waves pass through is odd numbers of one-quarter
wavelength of the incident sound. Thus, the frequencies for these
standing-wave attenuations are given by (Appendix A)

_(2n—1)c,

= , =1,2,3...
4H sin ¢, (n )

S o (40)

which are again dependent upon the Mach number and the sound
incidence angles. When standing-wave attenuation occurs, the

90!
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destructive interference between the positive- and negative-going
waves causes the wave amplitude to significantly decrease before the
sound is transmitted across the partition, resulting in maximum
sound reduction.

In contrast to the standing-wave attenuation, the third phe-
nomenon (i.e., the standing-wave resonance) occurs when the
distance difference between the routes that the two intervening waves
pass through is multiples of the half-wavelength of the incidence
sound (denoted by the filled triangle A in Fig. 3). In such circum-
stances, the constructive interference of the positive- and negative-
going waves leads to an enhanced sound transmission through the
partition. The standing-wave resonance as a result of the enhanced
effect occurs at the following frequencies (Appendix A):
ne,

fan (n=123..) (47)

~ 2Hsin 0’

The fourth phenomenon (i.e., the coincidence resonance) occurs
when the wavelength of the flexural bending wave in the panel
matches the trace wavelength of the incidence sound. The corre-
sponding dip is marked in Fig. 3 by the filled diamond 9. Because of
the influence of the mean flow, the resonance frequency differs from
that in the static fluid case, given by (Appendix A)

B 3 12p(1 —v?)
" 2whcos?p, E

In the absence of mean flow (M = 0), according to Eq. (15), the
angle ¢, is equal to the incident angle ¢, for the case considered
here (i.e., ¢; = ¢,, both panels immersed in air). Consequently, in
this limiting case (static fluid), the frequencies for the preceding
four phenomena are simply obtained by replacing ¢, with ¢, in
Eqgs. (45-48).

The existence of the four distinct acoustic phenomena signifi-
cantly influence the shape of the STL-vs-frequency curves, as evi-
denced by the intense peaks and dips appearing in Fig. 3. The fre-
quencies of the four phenomena predicted from the theoretical model
[i.e., Egs. (1) to (41)] are compared in Table 1 with the closed-form
formulas [i.e., Eqs. (45-48)]. Excellent agreement is achieved, which
in this way validates the theoretical model, because the closed-form
formulas are derived completely independently of the model. Of
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Fig. 8 Effects of the incident elevation angle on the frequencies of STL peaks and dips for sound incidence with azimuth angle § = 45 deg and Mach
number M = 0.05: a) mass—air-mass resonance, b) standing-wave attenuation, c) standing-wave resonance, and d) coincidence resonance.
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number M = 0.05: a) mass—air-mass resonance, b) standing-wave attenuation, c) standing-wave resonance, and d) coincidence resonance.

course, it would be more desirable to validate the present model
predictions with other theories or experimental measurements but,
unfortunately, none exists in the open literature.

B. Effects of Mach Number

As discussed in the previous section, all four acoustic phenomena
associated with the STL peaks and dips depend on the Mach number
of the mean fluid flow. It is thus expected that the Mach number plays
an important role in the transmission process of the sound through a
double-leaf partition. Two typical cases for sound incidence in the
downstream direction and in the upstream direction, respectively, are
studied subsequently to explore further the Mach number influence.

1. Sound Incidence Along the Downstream Direction

Consider first the case of the sound incidence having an elevation
angle of ¢; = 30deg and an azimuth angle of 8 = 45 deg, with its
wave vector component in the downstream direction being positive.
Figure 4 presents the predicted STL-vs-frequency curves for selected
Mach numbers, M = 0, 0.4, 0.8, and 1.2. It is shown in Fig. 4 that
changes in the Mach number lead to noticeable shifts of the STL
curves: as the Mach number is increased, the STL peaks and dips
are all shifted to lower frequencies, resulting in an increase of
the STL value over a relatively broad frequency range. Although the
noticeable decrease of the STL peaks and dips can be attributed to
the added-mass effect of the convected fluid loading, the increase of
the STL value in the frequency range considered agrees well with
existing results [10,13]. One may expect that the STL value
corresponding to the peaks and dips should also increase as the Mach
number is increased, because the aerodynamic damping effect

increases when the convected flow becomes more turbulent [10].
However, the increase of the STL value related to the peaks and dips
is not as remarkable as anticipated (Fig. 4). This may be attributed to
the fact that the present study assumes irrotational, inviscid potential
flow, which is much different from the turbulent boundary layer
considered by Frampton and Clark [10]. Another possible reason
may be that as the Mach number is increased, the complex fluid—
structural coupling effects overwhelm the aerodynamic damping
effect when the STL peaks and dips move considerably away from
their original locations.

By extracting the frequencies associated with the STL peaks and
dips for different Mach numbers, the dependence of these fre-
quencies on the Mach number is obtained, as shown in Figs. 5a-5d
using different symbols (e.g., hollow circles, hollow diamonds, and
hollow squares). For comparison, predictions from the closed-form
formulas are also included in Fig. 5, denoted by different lines (e.g.,
solid line, dashed line, and dashed-dotted line). Note that the first
three orders of the frequencies are plotted for the standing-
wave attenuation and standing-wave resonance in Figs. 5b and Sc.
Similar to the results of Table 1, it is shown in Fig. 5 that the model
predictions agree very well with Eqs. (45—48), and the same can be
said regarding the other cases shown in Figs. 6, 8, and 9. The results
of Fig. 5 demonstrate that except for the coincidence resonance
frequencies, the frequencies for the mass—air-mass resonance,
standing-wave attenuation, and standing-wave resonance decrease
as the Mach number increases, due mainly to the added-mass effects
of the convected fluid loading. The exception of the coincidence
resonance is attributed to the fact that the significant refraction effect
of the mean flow has overwhelmed the added-mass effect on the
coincidence resonance.

Table 1 Comparison between theoretical model predictions and simple closed-form formulas for STL peaks and dips
(M =0.05, ¢; =30deg,and B =0deg)

Mass—air—mass resonance f,, Hz

Standing-wave attenuation f, ,, Hz

Standing-wave resonance f,,, Hz Coincidence resonance f., Hz

Theory Equation (45) Theory Equation (46) Theory Equation (47) Theory Equation (48)
—_— e 1922.2 1922.2 3844.3 3844.3 e e
227.73 231.69 5766.5 5766.5 7720.5 7688.6 8714.9 8726.2
—_— e 9610.8 9610.8 11,533 11,533 — —_—
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2. Sound Incidence Along the Upstream Direction

Next, consider the case of the sound incidence in the upstream
direction, with elevation angle ¢; =30deg and azimuth angle
B = 135 deg. The effects of the Mach number on the mass—air—mass
resonance, the standing-wave attenuation, the standing-wave reso-
nance, and the coincidence resonance frequencies are displayed in
Figs. 6a—6d. The frequencies for the first three acoustic phenomena
increase with increasing Mach number until a critical value of
M =0.2188 is reached, beyond which these phenomena all dis-
appear. The existence of the critical Mach number can be explained
as follows. Note from Egs. (45-47) that sin @, is present in each of the
denominators and ¢, depends on the Mach number through Eq. (15).
It is shown in Eq. (15) that for sound incidence with ¢; = 30deg
and B = 135deg, sing, approaches zero as the Mach number
approaches 0.2188, thus giving rise to infinitely large values of
the frequencies. Consequently, the mass—air—mass resonance, the
standing-wave attenuation, and the standing-wave resonance do not
exist for M > 0.2188. On the other hand, the transmitted evanescent
wave for coincidence resonance is enhanced by the coincidence
effect of the bottom panel. Accordingly, the corresponding frequency
in the present upstream case (see Fig. 6d) decreases as the Mach
number is increased, a feature that is opposite to that in the
downstream case shown in Fig. 5d.

To further illustrate the shift of the STL peaks and dips with
varying flow velocity, Fig. 7 plots the predicted STL-vs-frequency
curves for selected Mach numbers, with elevation angle ¢; = 30 deg
and azimuth angle f = 135deg. It is seen that all four acoustic
phenomena appear in the case of static fluid (M = 0), which are
marked by different symbols in Fig. 7. As the Mach number
increases, the mass—air—mass resonance, standing-wave attenuation,
and standing-wave resonance gradually disappear, consistent with
the results of Figs. 6a—6c. This also backs the selection of a small
Mach number (M = 0.05) for plotting the results in Fig. 3, so that all
four different acoustic phenomena can be clearly identified within the
considered frequency range. In addition to the disappearing of STL
peaks and dips with increasing Mach number, a dramatic increase of
the STL value over a broad frequency range is observed in Fig. 7. It
should be clarified that the significant increase of the STL value (up
to 600 dB) is not only caused by the structural damping, but also by
the total reflection phenomenon occurring in the specific case
associated with Fig. 7. When total reflection occurs, a disturbance
penetrates through the double-leaf panel into the transmitted side
fluid medium, and the wave-number component &, in the z direction
takes the form of — j% (% being a positive real number), resulting in a
rapid exponential delay of the wave amplitude in the form of
exp(—h). Although the physical nature of the total reflection has
been addressed in detail by Ribner [56], we believe that its influence
on STL may have been quantified for the first time in Fig. 7.

C. Effects of Elevation Angle

It has been reported that the sound incidence elevation angle has a
noticeable effect on the transmission of the sound through a partition
immersed in static fluid [46]. For the problem considered here, its
influence in the presence of mean flow is quantified. Obtained results
for a fixed azimuth angle of 8 = 45 deg and a fixed Mach number of
M =0.05 are presented in Fig. 8, in which it is seen that the
four distinct acoustic phenomena all exhibit significant dependence
on the elevation angle. It is interesting to note for the first three
phenomena (i.e., the mass—air-mass resonance, the standing-wave
attenuation, and the standing-wave resonance) that critical values
of the elevation angle exist beyond which all three phenomena
instantaneously vanish. For example, for the specific case of f =
45 deg and M = 0.05, the critical value is found to be ¢; = 165 deg,
whereas for the case of 8= 135deg and M = 0.05 (results not
shown here, for brevity), the three phenomena are suppressed when
the elevation angle lies within the range between O and 15 deg.
Moreover, the coincidence resonance frequency becomes infinitely
large when the elevation angle approaches /2, and the system is
symmetrical with respect to the sound incidence angle and the flow
direction (e.g., the dependence of the four critical frequencies upon

the elevation angle for the case of § = 135 deg is simply obtained by
inverting Fig. § for the case of p = 45 deg).

D. Effects of Azimuth Angle

For sound transmission through sandwich panels with corrugated
cores immersed in static fluid, it has been found that the sound
incidence azimuth angle f plays a negligible role, due to the sym-
metrical property of the considered system [18,46]. This is no longer
valid, however, if the system is immersed in a flowing fluid. For
the present double-leaf plate, Fig. 9 plots the predicted critical
frequencies as functions of the azimuth angle S in the specific case of
M =0.05 and ¢; = 30deg. The azimuth angle is seen to have a
significant effect on all four acoustic phenomena. Note that varying
the azimuth angle from O to 27 corresponds to four processes in
sequence: that is, first downstream phase from 0 to /2, first
upstream phase from /2 to 7, second upstream phase from 7 to
37/2, and second downstream phase from 37/2 to 27. The
symmetry of the results shown in Fig. 9 with respect to f = 7 is
therefore readily understandable. Actually, alteration of these fre-
quencies with respect to the incident azimuth angle confirms the
refraction effect of the mean flow.

E. Effects of the Panel Curvature and Cabin Internal Pressurization

As for the investigation of external jet noise penetration through
the fuselage skin into the aircraft interior, it would be of great interest
to estimate the effects of the panel curvature and cabin internal
pressurization on the noise transmission. To this end, we extend
Koval’s work [3] regarding the effects of the panel curvature and
cabin internal pressurization on sound transmission through a single-
leaf aeroelastic plate and, for computational simplicity (assuming
that the apparent contradiction of an unlimited curved panel can
be overlooked), an infinite slightly curved double-leaf panel is
considered. However, we believe that the results obtained with this
somewhat idealized model are reasonable, because all the physical
phenomena have been well captured (as shown subsequently),
including the mass—air—mass resonance, the ring frequency reso-
nance, the standing-wave attenuation and resonance, and the
coincidence resonance. Particularly, the predicted ring frequency
resonance is consistent with existing results [3,59] concerning
single-leaf curved panels.

Again, to clearly demonstrate all the significant acoustic phe-
nomena associated with a curved double-leaf panel for frequencies
below 10,000 Hz, a small Mach number of M = 0.05 is selected,
with the incident elevation angle arbitrarily fixed at ¢; = 30 deg.
Under such conditions, the effects of the panel curvature and internal
pressurization are shown in Fig. 10 using a set of combinations: that
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Fig. 10 Effects of the panel curvature and cabin internal pressurization
on STL for sound incidence with elevation angle ¢; = 30deg in the
presence of external mean flow (M = 0.05).
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is, a flat panel R = oo with and without internal pressure P =
0.1 MPa and a curved panel R = 6 m with and without internal
pressure P = 0.1 MPa. Itis shown in Fig. 10 that, irrespective of the
panel curvature or internal pressurization, all four acoustic phe-
nomena can be distinctively identified. In the two cases concerning
curved double-leaf panels [i.e., (P =0Pa and R=6 m) and
(P=0.1 MPa and R=6 m)], a newly added ring frequency
resonance dip (i.e., the first dip) occurs, which is absent in flat double-
leaf panels. In the absence of internal pressure, the ring frequency of
the curved panel can be predicted by [3,59]:

1 |Eh
me\/; @

In addition to generating the ring frequency resonance, the panel
curvature also shifts the mass—air—mass resonance dip to a higher
frequency, which can be seen by comparing the second dip in the
curve of (P =0 Pa and R = 6 m) with the first dip in the curve of
(P =0 Paand R = 00). Otherwise, the general trend of the STL-vs-
frequency curve of the flat panel agrees well with that of the curved
panel (Fig. 10).

By comparing the two cases [(P =0 Pa and R=o00) and
(P = 0.1 MPaand R = 00)], itis seen that the internal pressurization
shifts the mass—air—mass resonance dip to a higher frequency, but
only has a small influence on the second-order standing-wave
resonance and coincidence dips. In comparison, the panel curvature
has a noticeable influence on all of these phenomena. Therefore,
when designing a practical aircraft fuselage, the noticeable com-
bination effects of the panel curvature and internal pressuri-
zation on noise transmission need to be carefully considered,
especially in the relatively-low-frequency range in which the ring
frequency resonance occurs.

V. Conclusions

The effects of external mean flow on sound transmission through
double-leaf aeroelastic plates have been quantified analytically, with
the intention to simulate the transmission of engine exhaust noise
through typical aircraft fuselage skin panels into cabin interiors.
Theoretical formulations have been developed for the analysis of
the fluid—plate coupling problem, and the STL-vs-frequency curves
for various specific cases (Mach number, direction of mean flow,
sound incidence angle, panel curvature and internal pressurization)
are obtained, with the added-mass effects of the convected fluid
loading being well captured. Four distinct acoustic phenomena (i.e.,
the mass—air—mass resonance, the standing-wave attenuation, the
standing-wave resonance, and the coincidence resonance) for flat
double-leaf plates as well as the ring frequency resonance for curved
double-leaf plates are clearly identified. Simple closed-form for-
mulas for predicting the natural frequencies associated with these
acoustic phenomena in the presence of mean flow are subsequently
derived from physical principles, which are completely independent
of the theoretical model. In the absence of other relevant theoretical
or experimental work, the excellent agreement between these
formulas and the model predictions serve to validate the two theories
against each other.

Systematical parametric studies are subsequently conducted to
quantify the effects of Mach number, the direction of mean flow, the
sound incidence elevation and azimuth angles, the panel curvature,
and the internal pressurization on the STL. As the Mach number is
increased, in the case of the sound incidence along the downstream
direction, the STL values increase over a broad frequency range and
the natural frequencies for the associated acoustic phenomena
(except for the coincidence resonance) are shifted considerably to the
lower frequency range, due to the added-mass effects of the mean
flow. The exception of the coincidence resonance is attributed to its
strong dependence on the refraction angle ¢, butnot on the convected
fluid loading.

For sound incidence along the upstream direction, the corre-
sponding frequencies increase until the Mach number is increased
up to a critical value, again except for the coincidence resonance.

Further increase of the Mach number beyond the critical value results
in the disappearance of the mass—air—mass resonance, the standing-
wave attenuation, and the standing-wave resonance, but the coin-
cidence resonance is always existent. The increase of the Mach
number induces a noticeable increment of the STL value over a
relatively wide range of frequency due to the total reflection effects.

In the presence of external mean flow, the transmission of the
sound is significantly influenced by the sound incidence elevation
angle and azimuth angle, and the noticeable combination effects of
the panel curvature and internal pressurization should be taken into
account in the practical design of aircraft fuselages.

Appendix A: Derivations of Eqs. (45-48) Based
Purely on Physical Principles

As stated in Sec. IV, the simple closed-form formulas (45-48) are
applied to validate the proposed aeroacoustic—elastic theoretical
model in Sec. IIl, because these formulas are developed indepe-
ndently of the theoretical model. The physical nature of the four
acoustic phenomena based on which the closed-form formulas are
derived are presented subsequently.

I. Mass—-Air-Mass Resonance

In the absence of the external mean flow, the formula for predicting
the mass—air—mass resonance frequency of a double-leaf aeroelastic
panel has been presented in [16-18,60]. The radially outspreading
bending wave in the panel caused by the incident sound leads to the
highly directional sound radiation. As a result, the mass—air—mass
resonance strongly depends on the incident angle. When the mass—
air-mass resonance occurs, the two panels with the air cavity
between behave like a mass—spring—mass system, with the stiftness
of the air cavity given by p,c3/(Hsin?¢,). However, due to the
refraction effect of the mean flow, as shown in Fig. Al, the incident
angle ¢, in the presence of the mean flow will be changed to ¢, before
the sound penetrates through the incident panel. In other words, the
mean flow case is equivalent to the case when the sound is incident on
the panel with angle ¢, in the absence of the mean flow (denoted by
the dashed lines in Fig. Al). Accordingly, the stiffness of the air
cavity is changed to p,c3/(Hsin?g,), and the eigenvalue equation of
the equivalent mass—spring—mass vibration system becomes

P2 lf% 2 P2 C%

- —w'm -

in2 1 )

| Hsin” ¢, ) 2H.\»m 723 | =0 (A])
—P205 P wzm
Hsin2gp, Hsingp, 2

Solving Eq. (Al) leads to the mass—air—-mass resonance given in
Eq. (43).

II. Standing-Wave Attenuation

In the presence of external mean flow, the phenomenon of
standing-wave attenuation in a double-panel system is caused by the
destructive interference between two meeting waves, which occurs
only when the distance difference between the routes that the two
intervening waves pass through is odd numbers of one-quarter of the
incident sound wavelength. Under such conditions, the interference
between the positive-gong wave and the negative-going wave tends
to be destructive when the sound is transmitting through the partition,
resulting in maximum sound reduction. As shown in Fig. A1, the
plane sound ray composed of a set of harmonic sound waves with the
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Fig. A1 Sketch of the sound transmission through the double-leaf
aeroelastic panel in the presence of external mean flow.
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same vibration phase obliquely impinges on the incident panel.
There indeed exists a case when one sound ray is incident on the
upper panel at point A, transmits through the air cavity onto the
bottom panel at point B, and its reflected portion back to the upper
panel at poin C meets another sound ray from the external incident
side; that is, the interference between the two sound waves has
occurred.

As is well known, the destructive effect between two harmonic
waves occurs only when their vibration phases differ by odd numbers
of 7r/2. In the case considered here (Fig. A1), the distance difference
between the routes that the two intervening waves pass through is the
only cause of the phase difference. For convenience, the equivalent
case of the sound incident with angle ¢, in the absence of mean flow
(dashed lines in Fig. A1) is used to represent the case of the sound
incident with angle ¢, in the presence of mean flow (solid lines in
Fig. Al). The distance difference between the routes that the two
sound waves pass through is such that

- — _— 2H
B+ BC—-CD=

- — 2H coty, cosg, =2H sing, (A2)
sS1n @,

The occurrence of the destructive effect requires that

2n—1
Hsm%:w

(n=1,2,3..) (A3)
where A =c¢/f is the wavelength in air. Equation (46) for the
standing-wave attenuation frequency follows from Eq. (A3).

III. Standing-Wave Resonance

As the counterpart of the standing-wave attenuation, the standing-
wave resonance is also caused by the interference effect between
two meeting waves, which is constructive, however, rather than
destructive. It appears when the distance difference between the
routes that the two intervening waves pass through is multiples of
the half-wavelength of the incidence sound wave. In such cases, the
constructive interference between the positive-going and negative-
going waves leads to an enhanced transmission through the double-
panel partition. The condition for the appearance of the standing-
wave resonance is given by

by
Hsinqoz:% (n=123,..) (Ad)

With the relation A = ¢/f, Eq. (A4) can be readily converted to
Eq. (47).

IV. Coincidence Resonance

Similar to the standing-wave attenuation and resonance, the
coincidence resonance is also an interference effect between two
intervening waves by physical nature. The difference between the
two different types of acoustic phenomenon is that the coincidence
resonance is caused by wave interference between the sound wave
and the panel flexural bending wave. As shown in Fig. Al, there
exists a situation when the panel flexural bending wave at point A
(excited by the incident sound ray at this point) rapidly outspreads to
point C, where it matches another sound ray from the external
incident side. The premise for this matching is that the flexural
bending wave in the aeroelastic panel propagates faster than sound
propagation in air, requiring that the former transmits a larger
distance than the later during the same time period (i.e., AC > DC in
Fig. Al), and hence
e (A5)

c

> |3
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t

This premise is, in general, satisfied in practice. Consequently, the
constructive interference between the two waves results in the
coincidence resonance. From the governing equation of the panel
vibration, we have

c=y— (A6)

Substitution of Eq. (A6) and the relation DC = AC - cos ¢, into
Eq. (A5) leads to Eq. (48) for the coincidence resonance frequency.

Note that the coincidence resonance will occur in the bottom panel
as well when the upper panel generates coincidence resonance. In
other words, the incident sound will be enhanced twice, initially by
the upper panel and followed by the bottom panel, when the
condition for the occurrence of the coincidence resonance is satisfied.
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