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Noise Transmission Through Aircraft Panels
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This paper describes analytical and experimental studies of noise transmission through aircraft panels. The
theoretical solutions of the governing acoustic-structural equations are developed utilizing modal decomposition
and a Galerkin-type procedure. Single, discretely stiffened, and double wall panels are considered. Theoretical
predictions are compared with experimental measurements.

Introduction

REVIOUS studies have shown that there is a need for ac-

curate methods of predicting sound transmission into an
airplane cabin.!® This is especially evident for propeller-
driven aircraft where maximum noise intensity occurs at low
frequencies.>* To better understand the complex noise
transmission process, information about the dynamics of a
fuselage structure and the properties of the interior acoustic
space is needed. In order to design for reduced noise levels
with minimum effect on aircraft performance and weight, it is
important to develop models capable of predicting noise
transmission into an aircraft through various paths for a
prescribed noise source.

This paper presents analytical methods for the prediction of
sound transmission into enclosures through localized vibrating
elastic surfaces. Experimental data are also presented to verify
these predictions. The emphasis is placed on light propeller-
driven aircraft. However, the methods presented could be
generalized and extended to other types of aircraft. The
sidewalls of the aircraft are composed of panels that are stif-
fened with frames and stringers and of windows that are
usually of a Plexiglas double-wall construction. The basic
structural features of a typical light twin-engine aircraft are
shown in Fig. 1. The exact dynamic analysis of such a struc-
ture is too complicated, and simplified models need to be con-
structed. Analytical studies of sound transmission have in-
volved single panels,>!%!2 monocoque shells (where the effect
of stiffeners is ‘‘smeared”’ into an equivalent skin),!?!3-15
periodically stiffened infinite panels,'®!7 discretely stiffened
finite panels,'®?2 and numerical solutions using finite-element
methods.?*?" The “‘smeared”” models are only valid for the
cases where the wavelengths of circumferential and
longitudinal shell motions are much longer than the distances
between stringers and frames. Noise transmission through
single panels does not include the effect of discrete stiffeners
and in many cases is limited to higher frequencies. The
periodically stiffened infinite panels and discretely stiffened
finite panels provide means to include the effect of stiffeners
but are restricted to a one-dimensional array of panels. Even
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though there are limitations of using these panel models to
characterize the noise transmission into aircraft, they provide
tractable analytical means for calculating noise transmission
through localized regions of the fuselage.

The noise transmission through the localized regions is ob-
tained by solving the linearized acoustic wave equation for the
interior noise field and the vibration equations for the sidewall
panels. The solution to this system of equations is obtained
by using modal expansions and a Galerkin-type pro-
cedure. 121822 The single panels are modeled by simple plate
theory,'®'2 discretely stiffened panels by the transfer matrix
methods,'®?® and windows by a double-wall theory.2?% To
reduce vibration levels and increase noise attenuation,
theoretical and experimental feasibility studies of stiffening
the metallic panels with lightweight honeycomb construction
are undertaken. The laboratory study described herein was
performed to provide data for verification of analytical
predictions and to study the feasibility of noise control by in-
creased stiffness.

Analytical Models

The basic concept of the analytical procedure used to
calculate noise transmission through localized regions into
acoustic enclosures is that of modal analysis.>®!%2? The solu-
tion method has been improved by transforming the time-
dependent and the absorbing boundary conditions into the
governing equation using Green’s theorem.?3¢ The solution
of the acoustic equation is then coupled to the vibration of the
elastic panels.

Acoustic Model

An analytical model to predict transmission of airborne
noise into an enclosure as shown in Figs. 1 and 2 can be
developed by solving the linearized acoustic wave equation for
the perturbation pressure p

V’p—Bp=p/c? M

where V? is the Laplacian operator, and 8 and c are the
acoustic damping and speed of sound inside the enclosure,
respectively. In order to develop meaningful solutions to Eq.
(1), idealized models to describe the cabin geometry need to be

-selected. The geometry for which the analytical solutions can

be readily developed include rectangular parallelepiped,?!218
deformed parallelepiped,”?>?7 semicylinder,!?-20 cyl-
inder,!3*+1315 and partial cylindrical shapes.”™ In the present
approach the aircraft cabin is approximated by a rectangular
enclosure for which the acoustic modes are well known. %18
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Sidewall model

Fig. 1 Structural features of a twin-engine aircraft used for initerior
noise study.

Test panel Filler panel
X TOTITT AT ITT AT

Source room

Receiving room

; Concrete walls

~23cm Fixed

33cm

|
i

Test window
| ’ﬁ 115 x 146¢cm

I™—Steel/ rubber
j frame

{ MY,
\Access doors

Fig. 2 Top view of the noise-transmission loss apparatus.
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To develop a solution for Eq. (1), the boundary condi-
tions at the interior surfaces of the cabin need to be prescrib-
ed. Depending on the interior treatment, these can be selected
from the following: '

1) At a rigid boundary

dp/dn=0 2)

where n is outward normal to the boundary.
2) At a flexible boundary

ap/dn=—piv 3)

where p is the air density in the enclosure and w is the motion
of the flexible wall.
3) At an absorptive boundary

dp/on= —pp/Z(w) 4)

where Z(w) is the specific acoustic impedence. A general model
to characterize boundary conditions where all the walls, in-
cluding the vibrating surfaces, are absorbent has been propos-
ed in Ref. 31. If the vibrating surface is located on the wall at
z=0, then the general boundary conditions to be satisfied by
Eq. (1) are®!

Ap/dz=pw+p[p+Blw)Vpl/Z(w) at z=0 )
and

dp/on= —p[p+ B(w)V2p]/Z(w), otherwise 6)

where B(w) and V2 are, respectively, the bulk reaction coeffi-
cient and the Laplacian at the surface of the enclosure.

The solution to the system of equations with non-
homogeneous time-dependent boundary conditions can be
achieved by first transforming the inhomogeneous term pw in-
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to the governing equation by setting

Py,2,0)=q(x.y,2,1) + pW(x,y,HH(2) )

where g are the solutions to the associated homogeneous prob-
lem and H(z) is chosen to satisfy the given boundary condi-
tions.'>? Furthermore, by utilizing Green’s theorem, the ef-
fect of absorption introduced through Z(w) can be transform-
ed into the governing equation.!'"?® The result is a set of in-
homogeneous equations with homogeneous boundary
conditions.

When the boundary conditions include absorption, the
resulting cavity eigenvalues and eigenfunctions are complex.3?
In most cases, however, the acoustic modes are calculated by
using Eq. 2 under the assumption that the cabin walls are
rigid. Furthermore, if the rigid walls are allowed to have cur-
vature or if the acoustic shapes are irregular, calculation of
acoustic eigenvalues and eigenfunctions is an involved task,
and numerical procedures such as perturbation techniques,33
finite-difference methods,®® or finite-element methods?-7
need to be used.

The solution for the perturbation pressure p can be written

as:
) 8 - o
P(x,y,z,w) _W FED ’E Qijk(w)

i

X Yy (x,3,2) — 0 pw(x,y,w) H(z) (8)

where a,b, and d are the dimensions of the rectangular
enclosure, Y, the acoustic modes, Qy; the solutions for the
generalized acoustic pressure,?® and a bar indicates a Fourier-
transformed quantity.

The spectral density of the acoustic pressure, S,(x,y,2,0),
can be obtained by taking mathematical expectation of Eq. (8)
and then using spectral decomposition as presented in Ref. 28.
Then, the sound pressure levels inside the enclosure measured

in decibels, relative to a reference pressure p,, are determined
by

SPL(x,y,7,w) = 101og {S,(x,,2,0) Aw/p}} )]

where Aw is the selected frequency bandwidth at which the
spectral density is estimated and p,=2.9x10-° psi
(Q0uN/m?); A quantity relating the spectral density of the
acoustic pressure to the spectral density of the external
pressure S,(x*, y*, w) is the noise reduction NR, which is
defined as

NR(x,x*:3,y%32,w) = 1010g { S, (x*,y*,)/S,,(x,3,2,0}}  (10)

where x*, y* are selected spatial points at which the input sur-
face pressure is estimated or measured. The solutions for the
sound pressure are functions of the flexible wall motion w(x,
¥, w). The response of simple panels, discretely stiffened finite
panels, and double-wall windows is considered next.

Structural Model

The sidewalls of aircraft shown in Fig. 1 are composed of
the load-bearing external skin and several window units. Ther-
mal insulation and acoustic trim are usually intact at the in-
terior sides of the sidewall. However, for the present analysis
only the untreated case is considered. Various analytical
representations of the fuselage structure have been used by
different investigators. Some of those models are discussed in
the review articles in Refs. 6 and 7. In the present paper, sim-
ple panels, discretely stiffened panels, and double-wall win-
dows are considered as possible structural models for noise
transmission estimation through localized regions of the
sidewall.
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Simple Panels
The simplest representation of a localized vibrating surface
is a flat rectangular panel which is either simply supported or
clamped on all four sides. Such a model has been used for
numerous laboratory!»123437 and theoretical studies.*!%-12:38
The equation of motion of the flexural panel response can
be written as

DVAw+yw+MWw=p"(x,,0) an

where V?#=0%/3x* +20%/0x°3y* + 3*/8y*; w is the panel
displacement; dot indicates differentiation with respect to
time; D, v, M, and p” are stiffness, damping coefficient, mass
and external random surface pressure, respectively. The effect
of the acoustic radiation pressure is not included directly in
Eq. (11) but accounted for through addition of acoustic radia-
tion damping to the v damping coefficient.* Equation (11) can
easily be modified to include curvature and cabin pressuriza-
tion effects.?>3° The response can be written as the superposi-
tion of normal modes

WOV D= Y, Yy Gn (DX (X9 (12)
m=1 n=1

where g,,, are the generalized coordinates and X,,, are the
mode shapes. After the mode shapes are defined, the solution
for q,,, can be obtained by substituting Eq. (12) into Eq. (11),
utilizing the orthogonality principle and taking Fourier
transformation. In this procedure it is assumed that the effect
of the acoustic back-up pressure (cavity pressure) on panel
response is negligible. Such an assumption is justified for
relatively deep enclosures considered in this paper.

For simple support boundary conditions, the modes X,
are sine functions, while for clamped supports the beam eigen-
functions can be utilized. When the boundary conditions are
more complicated, the modes can be calculated utilizing
numerical procedures such as the finite-element method.

Discretely Stiffened Panels

The structural response of discretely stiffened finite panels
can be obtained by following procedures similar to the ones
presented for simple panels in the previous section. However,
the natural frequencies and the mode shapes of these stiffened
panels are complicated functions involving bending, torsion,
and warping interactions of the stiffeners. The transfer matrix
technique'®?® and the finite-element strip method®® have been
used to calculate the natural frequencies and normal modes of
flat and curved stiffened panels. A brief description of the
transfer matrix method is given.

Consider the sidewall of the aircraft shown in Fig. 1 model-
ed by several discretely stiffened panel units. These panels,
shown in Fig. 3, are assumed to be simply supported along the
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Fig. 3 Panel identification for port side.
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boundaries perpendicular to the stiffeners. For example, panel
unit number 1 is simply supported at y=0 and y=L,. Then,
the normal modes corresponding to the y coordinate are sin
(nmy/L,). Substitution of this relation into Eq. (11) and set-
ting p, =0 results in a fourth-order homogeneous equation for
each n. The solution to this equation can be written in a state
vector form {w,} = {6,,6,,M,,V,}, whereé,, 0,, M,,and V,
are components of deflection, slope, moment, and shear,
respectively. A transfer matrix 4(I")} is then constructed which
transfers the state vector from the left of station 0 to the right
of station N (N=3 for panel No. 1)

(w, I =R IT15{w, 10 (13)

where

NIT1G = [GINIFINIG]Noy - [F;11Gy] (14

The point matrix [G] transfers the state vector across a stif-
fener and the field transfer matrix [F] transfers the state vec-
tor across a panel. The detailed expressions of these transfer
matrices are given in Ref. 28. Utilizing the natural boundary
conditions at x=0 and x=L, in Eqg. (13) gives the tran-
scendental frequency equation which then can be solved for
the natural frequencies of the stiffened panel system. Simi-
larly, by defining a local coordinate at arbitrary points on the
panel, normal modes corresponding to the x direction can be
calculated.'® These modes are then used in Eq. (12) for the
solution of panel motions.

Double-Wall Windows

The double-wall aircraft windows are composed of curved
external and flat internal Plexiglas panels. The air space be-
tween the two panels is approximated by a uniformly
distributed air spring.® A linear spring-dashpot model is used
to characterize the behavior of the air spring. Then, a simple
double-wall structural model is constructed where both Plex-
iglas panels are taken to be flat and simply supported on all
four edges. To account for the effect of the curvature of the
outside panel, the stiffness of this panel is increased accord-
ingly. A detailed treatment of the response of the double-wall
aircraft windows is given in Ref. 30, It is shown that the solu-
tions for the deflection of the top (exterior) and the bottom
(interior) windowpanes are

i) = L L AT X(s) (s)
wg (X,),w) = E AB ()X, 06,) (16)
m=1 n=1

where AT and AZ are the generalized coordinates of the top
and bottom plates

AL, =HL \PL, + A [E /by + w?bg] /mr} an

Abn=Hp {AL LE /R + o?bg] /my ) (18)

mn

P are the generalized random forces acting on the top plate
and

H}p = [(@ha)? = (ar/mp)e’ + 2iow],, §h, + Eg/(hsmyp)] ™

(19)

HE, = [}, — (ag/mp)e? + 2iwwh, 8, + Eg/(hsmpy)] !
(20)
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in which ay=my+mg/3, ap=mp+mgy/3, bg=mg/6,
my=prhy, mg=pghp, Ms=pshg, @, and {,,, are modal fre-
quencies and modal damping coefficients, and 4 and p are
thickness and material density. The subscripts 7T, B, S and the
superscripts T and B denote the top plate, the bottom plate
and core, respectively. In obtaining these equations, it was
assumed that the inertia force varies linearly across the
thickness of the soft core. Thus a consistent mass distribution
is used with the terms mg/3 and mg/6 representing the appor-
tioned contributions of the mass of the core to the two plates.

Several linear models exist to characterize the behavior of
the core, depending on the type of material used.3045
However, for a core filled with air, we set Ks[wg] = Eqwg/hg,
where hg is the average distance between the top and the bot-
tom plates, wg=w;—wg, and Ky is the constitutive law
operator representing the forces exerted on the plates by the
core. For an air-spring model, Eg = psc%, where pg and ¢ are
the air density and speed of sound.

The natural frequencies of the coupled system can be deter-
mined by setting {7, = {5, =0 and maximizing the frequency
response function. For each set of modal indices, (m, n), the
natural frequencies of the coupled system can be calculated
from

W = { [B,,,,,-J:(Bfn,,—4AC,,,,,)'/Z]/2A]‘/Z 210
A=arayp—bi (22)

B = (76T + Es/hg)ag + (mpe®, + Es/hs)ar
T 2bgEs/hg (23)

Con = (7@ oy + Es/hg) (Mg, + Es/h) — (Eg/hg)?

(24)

where w!, and w8, are the uncoupled modal frequencies of
the top and bottom plates. Equation (21) gives two real
characteristic values for each set of modal indices (m, n).
These roots are associated with in-phase flexural and out-of-
phase dilatational vibration frequencies of the double-wall
system. The dilatational vibration frequencies are strongly
dependent on the core stiffness represented by Eg/kg.

To account for the curvature effect of the exterior panel, the
uncoupled modal frequencies of flat panels are modified ac-
cording to a procedure suggested in Ref. 39. Then the un-
coupled modal frequencies of the exterior window are
calculated from

Em
prR?[m?+(L,/L,)*n?]?

2%

T 2 — T y2
(wmn )curved - (wmn )ﬂat +

where R and E; are the average radius of the curvature and
elastic modulus of the exterior windowpane.

Pressurization of the cabin and/or depressurization of the
air space between the two window sheets increase the stiffness
of the Plexiglas plates. Such an effect can be included through
the average in the plane loads N, =ApR/2 and N, =ApR cor-
responding to the axial and circumferential directions where
Ap is the pressure differential. The natural frequencies are
then calculated from

2

D
(Wmn)pa =7 [ T (m?/L2+ n? /L2y
ph
+(N.m?/L2+ N,n? /Lj)/ph] & (26)

where D and 5 are plate stiffness and material density.
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External Noise Pressure Field

The near-field surface sound pressures p” are required as
noise inputs to the panels for the analytical noise transmission
calculations. These pressures are characterized by the pressure
amplitude or sound level, the spatial distribution of the
coherence function and convection or phase velocity. In
general, the cross-spectral density of the random input
pressure p” can be written as S, (£,7,w), where £ =x,—x, and
n=y,—y, are the spatial separations corresponding to panel
coordinates x and y. Then, the cross-spectral density of the
generalized random force acting on the external surface of a
panel in question can be written as

1
Smnrs(w): MZ SggSspr(x1’x21y1:.y2’w)an(XIJyI)

X X,5(X5,¥2)dx, dx,dy,dy, 27

where the integration in Eq. (27) spans the surface area of the
panel and M,,, is the generalized mass of the plate. To
evaluate the above relation, it is necessary to have representa-
tions for the excitation field. It has been an acceptable practice
to separate the longitudinal and transverse correlations as a
product, i.e., Spr(g,n,w):SE(w)RX(S,w)-Ry(n,w) where SZ(w)
is the spectral density of the random pressure and R, and R,
are the correlation coefficients corresponding to x and y direc-
tions. For flight conditions, the surface pressure inputs cor-
responding to propeller noise and turbulent boundary-layer
flow need to be defined. The laboratory tests usually require
simulation of uniform or reverberant pressure fields.

Propeller Noise

The simplest representation of propeller noise is a family of
sinusoidal acoustic waves incident at some angle of incidence.
In this case the correlation coefficients R, and R, are unity,
and the trace velocity of the pressure field is supersonic.
Tests*® indicate, however, that such an assumption might be
too restrictive and that the pressure field in the vicinity of the
plane of rotation is aerodynamic rather than acoustic and
rotates with the propeller. However, as the distance between
the propeller tip and the panel increases, the surface pressure
characteristics would change from aerodynamic to acoustic.
Since the dimensions of a single panel are relatively small and
no appreciable surface pressure variation can be observed
within the area of the panel, a useful approximation of pro-
peller noise input can be written in terms of the cross-spectral
density function

S, (&,m,0) =SE(w)exp [iwE/V, Jexpliwn/V, ] (28)

where V, and V, are the pressure field trace velocities in the x
and y directions. After the modes X, are defined, the

Stiffened
panel

Acoustic

guide—‘\_

Fig. 4 Setup for laboratory noise transmission through localized
regions.
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generalized random forces corresponding to propeller noise
can be calculated using Egs. (27) and (28).

Boundary-Layer Turbulence

The surface pressures to convecting turbulent boundary-
layer flow are described by the semiempirical cross-spectral
density forms.*' However, for light propeller-driven aircraft,
the interior noise is dominated by low-frequency noise (up to
about 1000 Hz) due to propeller blade passage harmonics, and
the effect of boundary-layer noise is usually neglected.

Uniform Pressure

For spatially uniform pressure, the input cross-spectral den-
sity can be taken as band-limited Gaussian white noise

K O=sw<uw,
Syr(En,w)= _ (29)
0, otherwise

where w, is the upper cutoff frequency and K is a constant
which measures the noise intensity.

Reverberant Field
The spatial correlation coefficients are taken to be
R (¢,w)=sin (k&)/kE

R, (n,w)=sin (kn)/kny (30)

where k=w/c. Substituting these relations into Eq. (27) and
assuming panel modes X, (x,y)=sin(mnx/L,) sin (nwy/L,),
the cross-spectal density of the generalized random forces for
m=rand n=s1is

Smn(w) =SE(w) Im (w)In(w)/ann (31)
where
In() =y + Doy + L) L3 (32)

1
IIM=W[C1n(ka+m7r)—Cm( |m7r—ka|] (33)

IZm =

1 . .
2Lk [Si(kL,+ mm)—Si(mm— L, k] (34)
[{1—(—I)"coskL,]

Bsm =Gy = (kL) 7]

(35)

where Si and Cin are the sine and cosine integrals.*’ The ex-
pressions for I,(w) are the same as J,,(w), but m is replaced
with nand L, with L,.

Laboratory Study of Noise Transmission
Through Aircraft Panels

Experiments were carried out to measure noise transmission
through single panels, discretely stiffened panels, and double-
wall windows. The effect of panel stiffening by addition of
honeycomb panels was investigated. These tests were perform-
ed on fuselage sidewall panels and windows of a twin-engine
aircraft shown in Fig. 1 using an acoustic guide and on test
specimens installed in the NASA Langley noise transmission
loss apparatus illustrated in Fig. 2.

Acoustic Guide

The localized noise inputs to the aircraft sidewall panels and
windows were generated by an acoustic guide shown in Fig. 4.
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The basic features of the acoustic guide design include a high-
quality speaker and a slowly diverging rectangular duct. The
walls of the duct are constructed from 3/8-in.-thick plywood.
To minimize noise leakage from the interior enclosure of the
guide, two layers of noise barriers, each with a surface density
of 1 1b/ft?, were added to the exterior surfaces of the guide.
Between the duct and the sidewall of the aircraft, soft insula-
tion material (foam), ranging in thickness from about 2 in. to
4 in. was installed around the periphery of the guide. The pres-
ent design with duct dimensions of either 20 in. X 20 in. or 30
in. X 30 in. can be used to generate acoustic inputs for small
panels, windows, and larger discretely stiffened panels. The
noise-measuring system includes a microphone inside the
guide at about 1 in. from the sidewall surface and a
microphone inside the cabin at about 10 in. from the interior
wall.

Noise Transmission Loss Apparatus

The noise transmission loss apparatus is designed around
two adjacent reverberant rooms, of which the receiving room
is acoustically and structurally isolated from the rest of the
building.3%* The test specimen is mounted on a heavy, stiff
particle boarc frame which is installed as a partition between
the two rooms - Fig. 2). In the source room a diffuse noise field
is produced by two reference sound power sources. The parti-
cle board is accommodated by a steel and rubber mounting
frame which is designed for minimum acoustic and structural
flanking. Noise measurements were obtained by stationary
microphones at a distance of 1 in. from the panel in the source
room and 12 in. in the receiving room. Noise reduction is

40 —
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dB
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———Experiment

0 { 1 1 { J

63 125 250 500 1000
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Fig. 5 Noise reduction of a stiffened aircraft panel: noise input from
an acoustic guide.
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Fig. 6 Noise reduction of an aircraft sidewall: noise input from a dif-
fuse field.
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defined as the difference between the measured sound pressure
levels of the microphones in the source and receiving rooms.

The aluminum test panels are intended to be representative
of single sidewall panels as typical for general aviation air-
craft. Noise-reduction measurements and acceleration
response characteristics were obtained for an untreated 14
in. X 12 in. X 0.063 in. aluminum panel and for several dif-
ferent honeycomb designs which were bonded to similar size
aluminum panels.

Numerical Results

The numerical results presented in this paper are noise
transmission through the sidewall panels of the light aircraft
shown in Fig. 1 and noise reduction of single panels installed
in the noise transmission facility shown in Fig. 2. It is assumed
that airborne noise enters the receiving enclosure only through
the vibrating panels without any flanking paths. The noise-
transmitting sidewall of the aircraft is composed of several
stiffened panels which range in dimensions from about 6
in, X 15 in. to 11 in. X 27 in. and thicknesses from 0.032 in. to
0.064 in. The cabin windows are double-wall Plexiglas with
panel thicknesses of 0.14 in. The noise transmission through
these panels is calculated for a spatrially uniform Gaussian
white noise input described by Eq. (29). A reverberant diffuse
noise input was assumed for the noise transmission calculation
through panels installed in the noise transmission loss
apparatus.

The numerical calculations were obtained for structural and
acoustical modal damping ratios of ¢, = {(w;;/w,,) and
£e =0 (w'/wyy ), respectively. The {, and &, are the damping
coefficients for the fundamental modes, w,,, and w;; are the
structural and acoustic modal frequencies, and o' is the lowest
acoustic modal frequency in the enclosure. For the present
analytical study, it was assumed that ¢, equals 0.01 for single
panels, 0.02 for discretely stiffened panels, 0.03 for
honeycomb-treated panels, and 0.05 for the Plexiglas win-
dows. The damping coefficient £, was assumed to be equal to
0.03 for a lightly treated aircraft cabin and 0.0025 for the
reverberant receiving room in the noise-transmission loss ap-
paratus. The structural damping values were selected utilizing
the experimental information given in Ref. 46. The acoustic
damping coefficients were based on the best engineering judg-
ment. However, since wall absorption is provided through the
point impedance Z(w), the numerical results are less sensitive
to the variations of acoustic damping when compared to the
variations in structural damping.

In calculating noise transmitted into an acoustic enclosure,
it is necessary to prescribe the impedance and the bulk reac-
tance at the interior walls. As the interior walls of a typical air-
craft are not treated uniformly, the wall impedance needs to
be represented in an average sense. Numerical results were ob-
tained for B(w)=0 and Z(w), as given in Ref. 44. For an

50
( ——Experimznt
——=Theory

63 125 250 500 1000
Frequency, Hz

Fig. 7 Noise reduction of a double-wall aircraft window: noise input
from an acoustic gunide.
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acoustically transparent condition (no wall), the point im-
pedance reduces to the characteristic impedence pc, while for a
rigid wall condition Z(w)— . To simulate the conditions of
the lightly treated aircraft walls and the nearly rigid surfaces
of the receiving room of the noise transmission loss apparatus,
the values of the flow resistivity R, =4 X 10* mks rayls/m and
R;=4x10° mks rayls/m were used.

Test Aircraft

The noise transmission through each panel unit indicated in
Fig. 3 was calculated. Assuming independence of these noise
transmission paths, the total interior sound pressure is deter-
mined by the superposition of the contributions of all panels
located on the sidewall. The noise reduction for a typical
sidewall panel and the entire sidewall is given in Figs. 5 and 6.
Similar results are presented in Fig. 7 for a double-wall win-
dow. These results correspond to an interior location at ear
level in the propeller plane and 10 in. from the sidewall. The
inputs for noise transmission measurements through the entire
sidewall were generated by a two-speaker setup. As can be
observed from these results, the agreement between theory
and experiment is relatively good in view of the complexities
involved. The theoretical model tends to predict lower noise
reduction at the structural modal resonance frequencies.
These differences might be attributed to damping and
idealistic mode shapes used in the theoretical calculations.
Furthermore, the assumed spatially uniform inputs for the
theoretical model cannot be accurately simulated with the
present experimental setup.

To investigate the effect of skin stiffening on noise
transmission, lightweight treatments in the form of
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Fig. 8 Measured insertion Ioss of an aircraft panel and a sidewall due
to honeycomb add-on treatment. -
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Fig. 9 Noise reduction of an untreated panel measured using
transmission loss apparatus.
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honeycomb panels were added to the aircraft sidewall. The
combined stiffness (panel plus honeycomb) was calculated
utilizing the relations given in Refs. 21, 35, and 39. However,
for discretely stiffened panels with honeycomb add-on treat-
ment, the estimation of stiffness, modal frequencies, and
mode shapes is more complicated. %2122

The experimental results of noise attenuation due to
honeycomb add-on treatment composed of a core #.=0.125
in. and a face plate #=0.02 in. are shown in Fig. 8. These
results tend to indicate that substantial gains of noise reduc-
tion can be achieved for individual panel units by honeycomb
add-on treatment. However, those gains are only modest when
the entire sidewall is considered. These differences might be
attributed to the vibrations of the entire sidewall and transmis-
sion of noise through the aircraft windows.

Transmission Loss Apparatus

Analytical calculations and experimental measurements of
noise transmission through single panels were carried out for
the noise-transmission loss apparatus illustrated in Fig. 2. The
measured and predicted noise reduction values for an un-
treated aluminum panel of 19in. X 12 in. X 0.063 in. are shown
in Fig. 9. These results indicate reasonably good agreement
between theory and experiment and relatively strong contribu-
tions to the transmitted noise by panel resonances (fundamen-
tal resonance frequency of 92 Hz). These results clearly show
that noise for the experimental model is transmitted by the en-
tire wall composed of the particle board, frame supports and
the panel. Additional results of noise transmission through
built-up aircraft panels which include frames and stringers are
given in Ref. 47.

Concluding Remarks

This paper describes theoretical and experimental studies of
sound transmission through aircraft panels and double-wall
windows. Tests were carried out using the fuselage of a light
twin-engine aircraft and the NASA Langley noise-
transmission loss apparatus.

Predicted noise transmission using modal methods is in
reasonable agreement with data for discretely stiffened air-
craft panels and double-wall windows. Similar level of agree-
ment is obtained for untreated panels tested in the noise-
transmission loss apparatus.

Stiffening aircraft panels with honeycomb add-on treatment
provide additional noise attenuation. However, large gains of
noise reduction measured for individual panels might not be
obtained when the entire sidewall is considered.
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