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noise transmission may actually be controlled by stiffener resonances. depending upon the
relationship between the natural frequencies of the skin bay and the stiffeners. Therefore.
cabin noise in the stiffuess-controlled region may be effectively reduced by applying damping
treatments on the stiffeners.
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LOW FREQUENCY CABIN NOISE REDUCTION
BASED ON THE INTRINSIC
STRUCTURAL TUNING CONCEPT

THE THEORY AND THE EXPERIMENTAL RESULTS

G. SenGupta
Boeing Commercial Airplane Company

1.0 SUMMARY

The fuselage of an aircraft is exposed to convected random pressure fields caused by noise
from the jet engines and the turbulent boundary layer. {n addition to satisfying strength,
durability, and fail safe requitements. the fuselage structure should be designed to have a
high transmission loss at low and mid frequencies and a long sonic fatigue life, all at low
weight and cost. For this purpose. a concept called Intrinsic Structural Tuning has been
developed. According to this concept, low frequency cabin noise and sonically induced
stresses can be reduced by matching the first natural frequency of the skin bay, bounded
by frames and stringers, with the corresponding natural frequency of the stringer segment
supported between two frames, and then applying damping treatment on the stringer
flanges.

In this report, the mathematical proof of the concept and the results of some laboratory
test and field test on a group of skin-stringer panels are described. The initial anclytical
work and the laboratory tests were conducted as a part of the Independent Research and
Development (IR&D) program of The Boeing Company. The field test was conducted in
conjunction with the full-scale test of the YC-14 upper surface blown (USB) propulsion
system. under the joint NASA/USAF contract.

A good correspondence between the analytical predictions and the results of the labor-
atory and field tests has been observed. The following points have emerged from the
study:

1. Analytical studies indicate that when the structural elements are intrinsically tuned,
the response of a skin-stringer panel does not pass through a peak at a frequency
close to the fundamental frequency (f),) of the individual skin bay clamped along
the stringers and simply supportcd along the frames. On the contrary, the response
of the panel is reduced considerably around this frequency. This has been verified
by laboratory and field tests.

Analytical studies also indicate that two other modes appear at frequencies above
and below the {requency. The responses of both these modes can be reduced by
applying damping treatment on the stringers. This has been verified by the labora-
tory and the field tests.
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Laboratory test date indicate that with no external damping treatment, the panel
damping loss fact~ s of the low frequency modes pass through a maximum when the
skin and stringers are intrinsically tuned.

Laboratory test data also indicate that in the absence of any external damping treat-
ment, the skin stringer panel response of the most dominant low frequency mode
passes through a point of diminishing return when the tuning condition is satisfied.

A significant reduction of low frequency noise radiation and bending stress response
can be achieved by designing the structure so that the skin panel frequency is higher
than the stringer frequency and then applying damping treatment on the stringer
flanges. This was demonstrated by both the laboratory and field test results which
were in good agreement with the theoretical analysis.

Good agreement was obtained between the predicted and measured natural fre-
quencies and mode shapes. The predicted and measured root mean square (rms)
velocity responses at the skin pane, center were compared for the most dominant
low frequency modes and an agreement was obtained within a factor or two. The
predictions were based on the assumption that the test panels were infinitely long.
Considering this and other factors that were not taken into account in the simplified
theory, the agreement is reasonable. A better agreement could be obtained by
including the above factors in a more detailed analysis,

The past attempts on reducing low frequency cabin noise were based on increasing
the structural stiffness since it was believed that low frequency cabin noise was con-
trolled by the fuselage structural stiffness. The present study has pointed out that
reduction of low frequency cabin noise by using this appreach tollows a law of

of diminishing retumn. Scecondly. in what is usually regarded as a stifyness controlled
region, the noise transmission may actualls be controlled by stiffener resonances,
depending upon the relationship between the natural frequencies of the skin bay
and the stiffeners. Therefore, cabin noise wn the susfness controlled region may be
effectively reduced by applying damping treatment on the stiffeners,

Low frequency cabin noise and sonically induced stresses can, therefore. be effec-
tively reduced by using the following criteria based on the Intrinsic Structural
Tuninz concept. Damping should be avplicd on the skin if the skin-bay frequency
is lower than the stringer frequency. Damping can be applied on the skin and on
the stringers, if the structure is intrinsically tuned. For maximum low frequency
noise reduction, the structure should be designed so that the skin frequency is
greater than the stringer freguency, and then damping should be applicd on the
stringers. Additional skin damping tapes can also be applied to the skin for ad-
ditional benefit in the mid frequency range.



2.0 INTRODUCTICN

The fuselage of an aircraft is exposed to convected random pressure fields caused by noise
from the jet engines and the turbulent boundary layer. Because of high power and light
weight requirements, the aircraft designer is severely challenged to achieve acceptable interior
noise levels and sonic fatigue life. In the past, cabin design for minimum noise levels nor-
mally was based on experience from past airplane design, inflizit measurement, and sub-
sequent application of acoustic treatment to meet some pre-det:rmined noise level.
Application of acoustic treatments always follow a law of diminishing return. Therefore,
the need for designing the fuselage structure to act as an efficient noise barrier with a
satisfactory sonic fatigue life is becoming more and more apparent with current trends in
aircraft design toward maximum structural efficiency and fuel economy. Although
commercial transports do not experience sonic fatigue on fusclage structure, this can be

. problem in STOL and military airci.*

Control of low frequency interior noise has been difficult in all commercial and general
aviation aircraft. The YC-14 upper surface blown (USB) and the YC-15 externally blown
flap (EBF) STOL aircraft are expected to have higher levels of low frequenc, interior
noise and sonically induced loads. because of the prox:mity of the engines to the fuse-
lage, dominance of low frequency components in the USB or EBF environment. and the
high degree of convection and correlation ¢f the fluctuating pressure field exciting the
fuselage structure, possibly under coincidence conditions (refs. 1 aad 2). Control of
low frequency interior noise in the fuel efficient, propfan aircraft is also likely to be a
difficult task. The existing sound atter uation techniques (i.c.. application of lead vinyl
and fiberglass insulation) are less effective at low frequencies. Therefore, low frequency
interior noise and sonically induced stresses can mainly be reduced by a proper design
of the fuselage structure and by making the fuselage structure ai integral part of the
sound proofing system,

FFor this purpose. a concept called Intrinsic Structural Tuning, for designing a tusclage
structure with reduced cabin noise and sonically induced stresses was developed (ret. 3).
A ceording to this concept, the low frequency response and sound radiation from the skin
panel can be reduced by designing the structure so that the skin panel and stringers are
intrinsically tuned to each other, and then applying damping treatment on the stringer
flanges. The theory is discussed in detail in section 4.0. Based on thiy theory, four
skin-stringer panels were built and tested in the laboratory. In that test, the panels

were excited by a set of electromagnetic shakers, connected in series to simulate highly
coherent near field jet noise and ted by current from a white noise generator. The
results of the laboratory test confirmed the analytical predictions. These results are
summarized in section 5.0.

Three of these pancls were then exposed to the near field noise environment generated
by the full-scale. YC-14 engine-wing-flap test rig. under a joint NASA/USAF contract.
The details of this ficld test and the primary results are presented in sections 6.0 and
7.0. The final conclusions are presented in section 8.0,
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2.0 SYMBOLS AND ABBREVIATIONS

Coefficients in equation (12)

A column matrix consisting of A, B, C, D, equation (15)
Cross sectional area of the stringer

Stringer spacing

Frame spacing

Warping constant of the stringer cross section, about the point
of skin contact

Trace velocity of the excitation field

Dainping constant, critical damping

=Dy (1 + ing)

Skin flexural rigidity

Young's modulii for skin and stringer materials, respectively
A matrix as defined in equation (15)

=[E(x)atx=a

Frequency of acoustic coincidence excitation

Fundamental frequency of the basic panel of dimensions axb,

with clamped edges at the stringers and simply - supported edges
at the frames

Fundamental bending frequency of the stringer, simply - sup-
ported at the frames

Fundamental torsional frequency of the stringer simply - sup-
ported at the frames

Shear modulus of the stringer matetial
[dentity matrix
Polar moment of inertia of the stringer cross section about the
point of skin contact
Moment of inertia of the stringer cross section in bending
St. Venant constant of uniform torsion for the stringer cross
section

. W
Wave number =7¢
Dynamic rotational stiffness of the stringer
Dynamic bending stiftness of the stringer
Bending moments at stations 1 and 2, resnectively (fig. 1)
Number of flexural half waves between two frames

, ] ] ] hl

= po,{D;k (k= + A7) (k- - )\5)}



Po
(s

1,82
Sy (), Sp(@), Sp(w)

Sp ¢w)

® £ -

2o} {21} {22}

O -
~N
———

n-n

sk
8y, 6>

d >
NI =td

Psk- Pst

Amplitude of the pressure wave, assumed to be unity in the
computation

A n.atrix, dependent on stringer bending and rotational stiff-
nesses

Shear forces at stations 1 and 2, respectively (fig. 1b)

Power spectral densities of velocity response, bending moment
response, and pressure field, respectively

Cross spectral density of the excitation at two points separated
by ¢

Skin thickness

Deflection

Coordinate perpendicular to the stringer axis

Coordinate parallel to the stringer axis

State vectors at x, and at stations 0, 1, 2 respectively (fig. 1b)

Axis of the stringer passing through its c.g., and perpendicular
to the skin

Axis of the stringer passing through its c.g., and parallel to the
skin

Skin loss factor

Slopes at stations 1 and 2, respectively, (fig. 1b)

v,
=(‘°sl-(t )4 Rz
[
2
().

2 )’

Poisson's ratio of the skin material

Distance of separation
=3.14159265
Densities of skin and stringer materials, respectively

¢

1
® Shear center

Point of skin contact




4.0 THEORY

During takeoff, the aft section of an aircraft with wing-mounted engines is subjected to near
field noise from the jet engine operating at maximum power. The incident jet nojse generates
structural wave motion in the skin. These structural waves in turn excite acoustic waves in
the cabin interior. When the convection or the trace velocity of the pressure field coincides
with the natural flexural wave speed in the stiffened fuselage skin at a particular frequency,
large coincidence peaks appear at that frequency in the structural response and radiated
noise spectra. A simplified skin stringer model (fig. 1a) consisting of an infinitely long, flat
and unpressurized skin, simply supported along the frames and stiffened by stringers at
regular intervals is often used to predict th. natural frequency distribution and the response
spectra. In this model. the stringers are also assumed to be simply supported at the frames.
For the sake of simplicity, the same model will be used in the present analysis. However
these simplifying assumptions arc not in any way essential for the concept to be applicable
in a more general situation.

When the flexural waves travel along thie length of the structure and meet a discontinuity
such as provided by a stringer. a part of the energy associated with the waves is reflected
back, a part is absorbed by the stringers executing torsional and bending vibration, and the
remaining part is transmitted to the next panel (fig. 1b). This wave propagation mechanism
in a periodic structure has been studied extensively (vefs. 4 through 25). To summarize,

a periodic skin-stringer structure acts like a hand pass filter in certain ":quency zones,
bounded by our-of-phase and in-phase modes of the stiffened structure. Within these
frequency bands, known in the literature as free propagation zones (FPZ). 2 special class

of free tHexural waves can be excited under coincidence conditions (fig. 2). The coincidence
frequencies fall within the free propagation zenes. Usually. the peak at the lowest co-
incidence frequency is the largest and is of major concern. Outside the free propagation
zones, no coincidence excitation of flexural waves is possible.

it should be noted that these free propagation zones are the characteristics ot period-

ically stiffened structures only. In an infinite beam without any stiffener. coincidence
excitation is theoretically nossible at a single frequency for a given tro-. velocity (fig. 3).

In an infinitely long unstiffened strip of a finite width supported -.i the frames, coincidence
excitation is possible at two frequencies. due to a given conveciion velocity, for a given
number of half-waves between the frames (fig. 4). The lower frequency, in most cases,

is close to, or of the order of the natural frequency of a finite beam of the same thick-
ness, supported at the frame«  The higher frequency is close to the coincidence frequency
that would be calculated by treating the strip as an infinitely long beam.

The presence of the stringers, therefore, Jdrastically alters the range of frequencies within
which striactural waves may be excited under coincidence condition. At the coincidence
frequency (f.). the waves reflected by any two successive stringers reinforce each other
and the amplitude of panel vibration builds up to ¢ large value. Tor an infinite trace
velocity. the coincidence (f.) is close to the natural frequency () of the panel with
clamped cdges at the stringers and simply supported edges at the frames (fig. 2). The
prozess of reflection of energy by the stringers depends on the stringer stiffness in bending
and torsion. In order to understand this process, let us take a look at a flexural wave as it
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passes from one side of the stringer to the other. The displacement and the slope associated
with this bending wave are the same on the two sides of a stringer because of continuity.
Therefore, referring to fig. 1b,

W2=W,
82 =9

In addition, the momehts and the shear forces on the tvo sides of a stringer will have to
satisfy the equations of equilibrium.
Therefore,
M2 - Ml = KRG‘
S?_ - Sl = -KTWI
where Kp and K are the rctational and translational stiffnesses, respectively, of unit length

of the stringer. These equations apply strictly to stringers of symmetric cross section, such
as a top-hat section. Expressed in a matrix form, these equations reduce to

(W) [T 0 0 0](w]
6 0 1 o0 0O
{ T = 481 } M
Mal |0 Kg 1 0}|M
(S2) [Kr 0 0 1]|S

In the present case, an excitation field with an infinite trace velocity has been assumed.
Further simplification is possible under such conditions. For white noise at normal incidence,
the trace velocity C, is infinity, and the wave number k (= ‘% ) is zero at any frequency w.
This means that at any frequency, the adjacent panels vibrate in phase and the stringers
cannot rotate. Then the slope at each stringer location becomes zero, and the following
equation applies:

W3=Wl
- Q)
My=M;
3-8 =KW,

The corresponding matrix equation is then obtained as:

Mat=l 0 1 0|{M 3

11
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If the stringers were now removed, equation (3) would reduce to

{wa) |t o o] fw
Mz =0 i 0 M] (4)
S, 'Lo 0 1}]s,

The presence of the stringers then contributes to one element of the transfer matrix when
the trace velocity is infinity. This term arises because of the stringer bending stiffness K.

It is now apparent that if, somehow, we could get rid of this particular element in the matrix,
there would be no strong reflection {and hence no reinforcement) in the panel response. One
way to achieve this would be tc physically remove the stringers and build a stringeriess
structure. However, the stringers are generally required because of static strength consid-
crations. The purpose of the present study is to present .n alternative way, so that the effect
of reflections caused by the stringers can be minimized.

In order to introduce this alternative way, let us look at the probioms 2 little more closely.
According to Lin (ref. 26), the expression for Ky for a stringer consilered to be simply
supported at the two successive frame locations is given by

4
. x 2
KT = Egly ('i,‘) PstAst 5

where the various parameters are as defined in the List of Symbols. (In equation (5), K

is identical to the parameter “‘e” of equation (14) of ref. 26. The notation K is used here
for the sake of clarity. since it denotes the translational stiffness of the stringers.) K
therefore is a function of frequency. As frequency increases, KT decreases. At the fund-
amental natural frequency of the stringer in bending, Kt becomes zero. This frequency

is obtained by setting K1 = 0 and is given by

) 2
S
Pst/ \Ast
Therefore at this frequency (typically 300 to 400 Hz), the presence of the stringers is not
felt by the skin, and the skin appears stringerless. At frequencies below fg, Ky is positive.
Above f, KT is negative; i.e., stringer impedance is then primarily caused by its mass, The
wmudem.e frequency f caused by an infinite trace velocity is generally close to the panel
natural frequency . For takeoff situations with no pressurization, f_ is typically 100 to
200 Hz. When the panel frequency is much smaller than the stringer frequency, the stringers
appear too stiff, and there is a strong panel response at a frequency close to the panel
natural frequency (f,,). On the other hand, if the stringer frequency is much smaller than
the panel frequency the stringers appear too massive for the pane! vibrating at f There-
fore, it should ncw be obvious that if the stringer and panel dimensions were chosen in
such a way that the condition

fy = f (7



was satisfied, the stringers would not offer any impedance to the bending waves prop-
agating at fp. The mechanism of buildup of flexural energy at the panel natural frequency
would then be destroyed, and the large response at fp would disappear. Therefore, under
such conditions, the panel would act like a stringerless structure at the frequency £ If

the stringers and the panels are designed so that they satisfy the usual static streng
quirements and also are tuned to each other according to equation (7), we will then have

a structure that is stiffened for static purposes and stringerless from the dynamic point of
view; i.e., the structure will act efficiently under both static and dynamic loading conditions.

It should be pointed out that equation (7) gives the condition to be satisfied when the

trace velocity of excitation is very high. This would usually be the situation in most cases.
However, if the excitation trace velocity is such that there is coincidence excitation of the
stringer torsion mode of the stiffened panel (fig. 2), the situation becomes entirely different.
(In this mode, the skin bays on the two sides of a stringer vibrate out of phase, with the
stringers undergoing torsional oscillation.) The stringer torsional stiffness KR then plays the
most important part in impeding the flexural waves. The panel deflection at the stringers
being negligible, the effect of the stringer bending stiffness K is no longer significant at
this frequency. The expression for Ky from reference 26, is given by

Kp = EgCus ( )4 + Gst]st( )2 - Pstlg w? @®

where the parameters are as defined in the List of Symbols. (In this equation, Kp is
related to the parameter “C” of equation (14) of ref. 26. The notation Kp, is used here
for the sake of clarity, since it denotes the rotational stiffness of the stringers.) it is seen
that Kp is frequency-dependent and it goes to zero at

R R I ool I

Proceeding in the same manner, it can be shown that in this case the stringer torsion fre-
quency of the stiffened panel. In general, if the coincidence frequency is somewhere in
between the out-of-phase mode (stringer torsion) and in-phase mode (stringer bending)
frequencies of the stiffened panel, the stringers and the panel should be designed so that
KR and K7 go to zero around that frequency.

It should be noted that in all these cases, the behavior of the stringers is analogous so that
of the tuned dampers. However, in the present case the stringers suppress the coincidence
excitation of flexural waves and, therefore, they may be viewed as acting like tuned

wave dampers. A stiffened structure in which the components are tuned to each other
may be called an Intrinsically Tuned Structure.

Based on these ideas, a theory for verifying the concept was developed. This is reproduced
in section 4.1,

4.1 DERIVATION

he theory uses the simplified skin-stringer model shown in figure 1. lLet us consider the
response of this structure to random acoustic plane waves simulating jet noise, travelling

13
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with a trace velocity C, aloug the length of the parel. The spectral density of the acoustic
pressure at any point on the structure is denoted by S_(w). The cross-spectral density of
the pressures at two points on the structure, separated in the streamwise direction by ¢, is

= N
Sp k@) = Sy (w)-iget
where w is the circular frequency.

The power spectral density (PSD) of skin velocity response S, (w) or skin bending moment
response Syg(w) is related to that of the excitation Sp(w), in the following manner:

Syw) = Y@ |2 Syw)

- R (10)
and Smw) = |Yy(w)] < Sp(w)

where Y, (w) and Y)y(w) are the response admittance functions; i.e., velocity and bending
moment response of the skin caused by a travelling sinusoidal pressurc field

ellwt ~ %t x)
of unit amplitude.

Section 4.2 describes how Y (w) or Yyy(w) is determined. It is assumed (for simplicity
in this presentation) that the pressure and associated responses varv across the skin in
proportion to sin =2 . The analysis is then carried out in terms of the amplitudes of the
fundamental components of the p-=ssure and responses. The total response over a wide
frequency range is, of course. given by the summation of all the components associated
with all the half waves between the frames.

4.2 RESPONSE TO AN ACOUSTIC PLANE WAVE

A harmonic pressure field of frequency w and wave number k= ¥ convected along the
structure exerts pressures of equal amplitude to all points. But att points separated by
“a’" (equal to the stringer spacing which determines the periodic length) in the direction
of piopagation. the pressures have the phase difference “ka”, The responses of the
infinitely long structure, at these two points are also equal in magnitude and also have the
same phase difference. Therefore, it follows that the deflection (W), slopes (8), bending
moments (M), and shear forces (S) and the points 0 and 2 (fig. 1) must be related by

=
)
]

-ika
W,e !
-ika
= eoe

-ik 11
= Mye*d b

U -3
& Jz (")
1} | 1

~ika
Spe™



Let us now consider the equation of motion of the skin panel

k' o p(xy)
74W+Da‘ b3,

Since the skin edges at the frames are simply supported, the solution of this equation is
given by
Apx Apx ikax -ihyX Poe'ik" (12)
W= A + Be +C +D +
¢ ¢ ‘ D3 I+ XD k22D

It should be noted that the coefficients A, B, C. and D are associated with the waves reflected
by the stringers,

From equation (12) for the deflection, the equations for the slope. bending moment, and
shear force at any point in the panel can be derivad. Expressed in a matrix form,

W) _c)\‘x MX elhax e=1Aax 7] A
0 _ le)‘lx _)‘le Mx i\ ei)mx _ihe"h" B
¢ 4 =A\X P P - { }
A 1 2 ,
M e MG e D -N o Dw Dy A %e-inax| | €
3 . 3»-—7\ X = X < .
. S J Alc Al‘[)sk -Ale I r“'sk -lk’! DSk D:klx‘ze— 1)\2x L D
S = —
l 3
~ikx
Po ¢ -ik
.

*® i

{ )
Dk(k +A; )(k -)\) -Dy k* (I

» . ;
) .
Ll sk 1K



VW\ l
] kl
{ =12,
M A\1Dg
3
LS ) A Ds‘k
or
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Equation (11) can now he rewritten as:

From equation (13)

and

*Z:} =c—ika ‘Zo} (1o
{Zo} = [A] [EON {A} +P {K} = [A] {A} + P {K} an
1) = (N1 (B A} + peika k) (18

Consideration of continuity across the stringers and the equilibrum of the stringers vielded

cquation (D, This cquation can be rewritten as

where:

(S)=

0 0 |

0 0

0 1
—

{22} =154
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Substituting for {Z:} from equation (16) in equation (19),
% fzg} =151 {2} 20

From equations (17) and (18), we can substitute for { Zo} and §z ]} in equation (20).
We then obtain

etka ga) {a} +peka {K] = (5] (A7 (E0] {A} + Peika s {k}
or

Fis1 1A B ik (A])’A}=Pe‘ik" (m -[sl) {x} 2n
where [1} 1» 4 unit matrix of order 4 x 4.

Equation (211 can now be used to solve for the coefficient matrix A} . Substituting for
{A} in equation ¢ 14), any of the response quantities can be calculated. 1t can be seen the
matrix ({1} - [S]) has only two nonzero elements: i.c.. (-Kg) and K. Therefor:, {A}
varishes if at a given frequency both Kp and KT 20 to zero. An intrinsically tuned
structure should, therefore, be designed so that the f.equendies at which Kg and KT vanish,
lie in between the stringer rorsion and stringer bending mode frequencies of the stiffened
panel. Then the maeriv - 4 arising because of the reflections froni the stringers vanishes,
aid the response redvices to a small value.

It should be noted that coincidence excitation takes place, when the pressure field wave
number K satisfies the equation

det ([sl (A ()] -tk (.\1)l =0 (2D

Under such conditions, the matny - A inequation (21) becomes infinitely large for an
undamped structure. Equation (22) shows the way in which the periodic structure theony
incorporates the mechanism of coincidence excitation of a periodically stittened structure
excited by g travelling pressure field.

4.3 EFFECTS OF FINITE NUMBER OF BAYS

In the above theory, the effect of retlection of flexural wave energy from the ends of a
multibay periodic structure is not taken into account and. therefore, it is applicable to
intinitely long periodic structures, For finite periodic structures, the reflections from the
two ends can be incorporated by coasidering two groups of tlexural waves travelling in
opposite directions, as shown in references § through 7 and reference 10, The responses
of infinite and finite perodic structures were compared in reference 7. and it was shown
that the infinite structure theor can reasonably predict the response of structures with
five or more number of havs. | or this reason, it was decided to build five-bay panels for
test purposes, althoug™ the anaiy tical predictions were based on equations (2 1) and (14
which are appacable to infinitely fong, periodically stiffened panels.



4.4 THE RESULTS OF INITIAL ANALYTICAL STUDIES

Based on the above theory, a computer program was developed for predicting the response
of infimtely long, periodic skin-stringer structures to convected random pressure fields. The
program was set up so that skin and stringer damping loss factors measured in the laboratory
test could be used as input parameters, in addition to other structural parameters such as
skin thickness, stringer spacing, stringer moment of inertia, area of cross section, :tc.
Damping was introduced through the use of complex modulus: i.e.. E (1+in), where nis

the loss factor.

In the initial analytical studies, the effect of structural tuning on the dynamic response of
a stiffened panel was studied by changing the stringer spacing and also by changing the
stringer cross section. It is beyond the scope of this report to go into the details of the
analytical results and only the principal findings will be summarized here. As discussed
earlier, a typical skin-stringer structure exhibits a mode called stringer bending mode which
is such that all the adjacent skin bays are in phase (fig. 5). The frequency ot this mode is
close to the frequency f,, of the individual skin bay. with clamped edges along the stringers
and simply-supportea egges along the frame. This mode responds strongly, when the
structure is excited by a highly correlated and coherent near field engine noise field. It is
found that when the structure is tuned, the response near the frequency f, is rcduced but
there are two other modes that respond strongly. The lower frequency mode (mode 1) is
such that the adjacent skin bays as well as the stringer vibrate in phase, as shewn in

figure 6. The higher frequency mede (mode 2} is such that although the adjacent skin bays
vibrate in phase. the skin and stringers vibrate out of phase, as shown in figure 6. For this
reason, a certain amount of stringer damping treatment is necessary. With dampced stringers,
the responses of these two modes are substantially reduced. It is found that the rms response
of the structure can be reduced further, when the structure is fine-tuned: ie.. when the
responses of modes | and 2 with damping treatment applied on the stringers are equal.

An optimium stringer damping is also found to exizt. The response increases if the stringer
damping 15 incrensed beyond this optimum level. For example, if the stringer damping

loss factor is infinitely large, the stringers do not respond and there is a strong reflection of
skin bending waves caused by the stringers. Modes | and 2 then converge, giving rise to a
strong response at the fundamental frequency fp of the individual skin bay,

Figure 5.—Classical Stringer Bending Mode of a Periodic
Skin - Stringer Panel
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Figure 6.—Two Principal Modes of an Intrinsically Tuned Panel

Analysis also shows that modes 1 and 2 exist in different degrees in panels that -re not
intrinsically tuned. In panels with a Larye stringer spacing such that the skin bay frequency
is lower than the stnnger frequency., the frequency of mode 1 s close to the skin bay fre-
quency [ and this mode dominutes the response spectrum. The mode 2 frequencey s close
to the stringer frequency and has a much weaker response. For such panels, application of
damping tapes on the shii s very effective m reducing the response of mode 1. On the other
hand, application of damping treatment on the stringers is not effective in reducing the

response of mode 1, although it is effective in reducing the response of mode 2.

Fo- paacls with a narrow strnger spacing, such that the skin bay feequency is higher than
the stringer frequency. the frequency of mode 1 s closer to the stinger fre quency, and the
trequency of mode 2 s closer to the sivin bay frequency. In this case, the lower frequency
mode is such that the skin acts like a relatively sttt member supported on refatively tflenible
stringers. With the large stringer deflections and with the entire panel surface vibroting
in-phase, this mode is a strong radiator of sov»d and, thereiore, it dominates the radiated
noise spectrum. For such panels, application of dumping treatment on the skin is effective
n reducing the response of mode 2, but it is not so effective in reducing the res sonse of
the fiest mode. O the other hand, application of damping treatment on the stringer is
very effective in reducing the response of mode 1, and it is ess effective in reducing the
response of mode 2.

Furthermore, tor panels with very stitt stringers, such that the skin bay frequency is lower
than the stringer frequency, the frequency of made s close to the skin bay frequency t“,.
This mode dominates the response spectrunt. The mode 2 trequeney is close to the stringer
frequency and has a much weaker response. For such punels, application of damping tapes
on the skin is very effective in reducing the response of mode 1, whereas application ot
danping treatment on the stringers is not so effective in reducing the response of mode 1



For panels with very massive stringers, such that the skin bay frequency is higher than the
stringer frequency, the frequency of mode 1 is closer to the stringer frequency, and the
frequency of mode 2 is closer to the skir. bay frequency. However, in this case the stringer
deflections are relatively small, and the tirst mode has a lower response than the second
mode. The second mode response dominates the radiated noise spectrum. The response-of
this mode can be effectively controlled by applying damping treatment on the skin. The
first mode response is effectively controlled by stringer damping, but sincc this is no longer
a dominant mode and since the dominant mode around f,, is not significantly affected by
stringer damping, the overall level remaias relatively unafFected by stringer damping. In
this respect, this panel behaves differently from the panel with a narrow stringer spacing

in which mode 1 is the dominant mode, although in both panels the skin bay frequency

is higher than the stringer frequency. [owever, in aircraft structures. ore is unlikely to
encounter very massive stringers, since the goal is to design structures with high stiffness

to weight ratios. This case was studied analytically for the sake of completeness, although
thic was mainly of academic interest. For the same reason, in the experimental study it
wis decided to look nto the effect of varying the stringer spacing instead of varying the
scringer cross sect’on.



tJ
(2% ]

5.0 LABORATORY TEST RESULTS

After the concept was developed und analytically verified, the next step was to conduct
tests on actual hardware representative of a fuselage structural section so that the results
of the analysis could be confirmed by test data. For this purpose, four skin-stringer panels
were designed and fabricated. Two of them had structural components that were intrin-
sically tuned. The other two had structural components that were off-tuned. The responses
of the panels to an excitation field, simulating the characteristics of near field jet noise.
were measured in the laboratory. The purposes of the test were to verify:

1.  The disappearance of the strong response around the frequency fp when the structure
is intrinsically tuned

ta

the existence of the two principal modes of the tuned panel

3. The effect of applying damping treatment on the stringers 0. the low frequency
structural response

4. The (yect of changing the stringer spacing so that ithe structural components are
tuned or off-tuned in different ways

The purpose of this section is to present the method of designing the tuned panel, the
principal results, and the conclusions of the laboratory test. This test was conducted as a
part of the Boeing Independent Research and Development program on Interior Noise.

5.1 PANEL DESIGN

In order to design the tuned pancel. it was necessary to know the exact frequency of the
stringer with and without any damping treatment. A series of tests were conducted to
develop stringer damping methods (fig. 7). These were based on application of constrained
layer viscoefastic damping treatment on the stringer flanges. The results are presented in
figure 7. [t was found that because of the large bending stiffness of the stringer cross
seotion, the conventional damping tapes applicd on the stringer flanges were not very
effective, and it was necessary to use a thicker viscoelastic material and a thicker constraining
laver of aluminum (fig. 7). Based on these results, a damping treatment consisting of a
0.010 in. (0.00025 m) thick 3M ISD 112 viscoelastic layerand a 3.125in. x 0.08 in.
10.079 m x 0.002 m) aluminum strip was chosen. The stnager was 24.6 in. (0.625 m) long
and was simply supported at the two ends. The natural frequency of the stringer with the
damping treatment was found to be 241 Hz, and the change in the stringer frequency
between damped and undamped conditions was small. The measured frequency also
agreed well with the frequency predicted by equation (6).

The next step was to design the tuned panel for which the natural frequency of the individual
skin bay matched with the natural frequency of the stringer as measured from the test.

From reference 27 the natural frequency of a rectangular panel with two long sides

clamped and two short sides simply supported is given by
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f, = ———p (—“‘) L1 i+ (1.506)2 (-—“—) -2.04(—‘1) (23)
2 I2(1+-)  \Psk b° a a
where:
a Length of the shorter side
b Length of the longer side
t Panel thickness

Esk‘psk"’ = Young's modulus, density, and the Poisson’s ratio of the skin material,
respectively

In the present case, “*a” is the stringer spacing and “b” is the frame spacing (and also the
stringer length). The panel thickness was chosen to be 0.063 in. (0.0016 m), and tae frame
spacing was chosen to be 24.6 in. (0.625 m). The panel material was aluminum. Equation
(23) was then solved for **a”, so that the panel frequency was equal to the measured
stringer frequency:i.e., 241 Hz. In this manner the stringer spacing for the tuned panel
was found to b= about 7.5 in. (0.19 m).

In order to verify the results of the analytical predictions, four skin-stringer panels were
designed and built. They were identical except in stringer spacing. One had a stringer
spacing of 7.5 in. (0.19 m), and another had a stringer spacing of 7.253 in. (0.i84 ). These
two pancls were, therefore, intrinsically tuned or very close to being so.

Another panel was built with 9 in. (0.228-m) stringer spacing. Calculations based on
equation (23) showed that the skin bay frequency f, for this panel was about 287 lower
than the stringer frequency fy. Therefore. this panerwas not far from being tuned. A panel
with a wider stringer spacing could have been chosen to simulate a greater degree of fre-
quency mismatch. However. a stringer spacing of 9 in. (0.228 m) was chosen since that is
typical of many commercial airplanes.

The fourth panel had a 5 in. (0.13-m) stringer spacing. Calculations based on equation (23)
indicated that the skin bay frequency fp for this panel was about 2.52 times higher than
the stringer frequency fo. Therefore. this panel was off-tuned to a larger degree.

Each panel was chosen to have five bays. This reduced the effect of reflection of flexural
waves from the panc! boundaries. In addition, the end bays were extended beyond the
terminating stringers by about 3 in. (0.076 m). and standard foil-backed damping tapes
{3M No. 428C) were applicd on these extensions. A typical skin stringer panel is shown
in figure 8. The method of damping the stringers is shown in figure 9.

5.2 RESPONSE TO MULTIPOINT EXCITATION

Each of these panels was then instrumented with 11 accelerometers and 9 strain gages.
Tke panels were mounted between a reverberant room and an anechoic box. A set of
lightweight electromagnetic shakers was used to excite the panels (figs. 10 and 11). These
shakers were connected in series and fed by current from a white noise generator to
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simulate a highly correlated and coherent near field jet noise environment. The frequency
range of the white noise was from 0 to 1 kHz. The sound radiation from the panels into the
anechoic box was measured by six microphones installed in a vertical plane about 4 in.
(0.10 m) away from the panel surface. These microphnnes were placed along the length of
the panel, in two columns, with three microphones in each column.

The panels were excited by using the shakers in two configurations: (1) excitation at the
center of each skin bay (five point excitation) and (2) excitation at the center of each
stringer (six point excitation). The responses of each panel to both configurations were
compared with the predicted response of that panel to white noise excitation at normal
incidence, assuming that the panel was infinitely long. The latter was based on the periodic
structure theory as discussed in section 4.0. In the computation, p, was assurned to be
unity in equation (15).

The predicted vibration velocity spectrum of the panei with 9 in. (0.228-m) stringer spacing
is compared in figure 12 with the sound radiation spectrum obtained by using five point
excitation. The latter was obtained from an FFT analyzer which plotted the transfer func-
tion (ratio of the spectrum levels rather than PSDs) between the response and excitation.
However, the predicted response is plotted on a PSD basis. For this reason, the numerical
values along the vertical axes should not be compared. The main purpose at this point is to
compare the frequencies and the shapes of the response spectra, rather than the absolute
levels. These comments also apply to figures 13 through 17 (and figs. 42 and 43). The
absolute values of the predicted and measured velocity responses are compared in section 7.6.

In figure 12, a good agreement is observed between the predicted and the measured spectra.
The peak sound radiation was predicted to occur at 142 Hz: the measured frequency was
135 Hz. The predicted frequencies of the other two modes also agreed with the test data.

However, for the panei with § in. (0.13-m) stringer spacing, poi- . torce excitation at the

bay centers did not excite the modes that were predicted to be excited by the distributed.
near field jet noise pressure field. This can be best illustrated by comparing the predicted
acceleration spectra with that obtained by using five point excitation (fig. 13). Although

the mode at about 200 Hz was excited, the strong peak at about 700 Hz was clearly missing

in the measured spectrum. These two modes corresponded to the two principal modes of

this panel. On the other hand, there was a strong peak at about 437 Hz in the measured data.
The measured mode shape at this frequency showed the existence of three half-waves along the
width of the panel.

From the test data. i« became clear that for the panel with §in. (0.13-m) stringer spacing,
point force excitation at each panel center unduly encouraged the mode with more than
one halt wave along the width of the panel. and the higher frequency mode was not
properly excited. To overcome this problem, it was decided to use point force excitations
at the center of each stringer.

The measured acceleration transfer function for the panel with § in. (0.13-m) stringer spacing
is shown in figure 14 where it is compared with the predicted acceleration spectra. It can
be scen that with the excitation at the center of each stringer, the 700-Hz mode is strongly
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excited, and there is a very good correspondence between measurement and prediction. Thus,
while excitation at panel centers excited the predicted modes of the panel with 9-in. (0.228-n1)
stringer spacing. excitation at the stringoer centers excited the predicted modes of the panel
with S-in. (0.13-m) stringer spacing.

The tuned panr' with 7.5-in. (0.19-m) stringer spacing was initially excited by five point
excitation. and the results were compared with the predictions. The mode | frequency was
predicted to be about 165 Hz: the mode 2 frequency was predicted to be 328 Hz (fig. 15),
Results with the five point excitation indicated the presence of mode 1 at 175 Hz, but it was
found that mode 2 was very difficult to excite with this type of excitation (fig. 16). Another
mode with three half-waves along the panel width was predicted to exist around 300 Hy.
With five point excitation, this mode was excited in the test panel at 280 Hz (fig. 16).

Similar results were observed when the panel with 7.28-in. (0. 184-m) stringer spacing was
excited by five point excitation.

These panels were then excited by six point excitation. For the panel with 7.5-in. (Q.19-m)
spacing, the mode 2 was strongly excited at 360 Hz (fig. 17). Although mode 1 was also

ev i ed. the response spectrum was now dominated by mode 2. Similar results were obsernved
when the panel with 7.25-in. (0.184-m) stringer spacing was excited by six point excitation.

Notive that no matter how the pancl was excited, there was no strong peak around 241 Hz.
If the stringers were extremely stiff or extremely massive resulting in a stringer that was
much higher or much lower than the panel frequency (ie., 241 Hz), there would have been a
large response around 241 Hz.
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- tivn. Thus, the combined response was dominated by the response to five point cxcitation,

*-and the measured response with five point excitation compared well with the predictions.

On the other hand. for the panel with 5-in. (0.13-m) stringer spacing, the frequency of
lividual skin bay was higher than that of the stringer. and the response to six point excita-
tion was much stronger than that due to fivc point excitation. Thus. the combined
response was dominated by the response to six point excitation, and the measured response
with six point excitation compared weil with the predict.ons. Therefore, for all the panels
the response to near field jet noise excitation could be properiy simulated by superposing
the responses to five and six point excitations. Therefore, it 1s more meaningful to compare
the response of all the panels to the combined eleven puint excitation.

This clearly points out the importance of excitation of appropriate structuial modes when
discrete forcing functions are used to simulate a distributed pressure field. In the present case.
it was necessary to place the discrete excitation near the structural member that had the
lower uncoupled natural frequency. since that member acted like a more flexible member

and thus determined the overall response. This also shows the necessity of examining and
evaluating the test Jdata against predictions based on a mathematical model of the test
structure.

5.2.1 PANEL DAMPING LOSS FACTORS

The loss factors of cach panel were measured at cach accelerometer location. for inost of
the important mocCes. All the bolts securing the panels on the door frame of the anechoic
chamber were tightened using a measured constant torque, to avoid all variation of damping
from p~ncl to panel. caused by frictional energy dissipation in the panel mounting system.
The measured values of panel damping showed a considerable vanation from one point of a
panel to another and from one frequency range to another. Since structural tuning affects
the low fraquency modes, the damping values of the various panels are compared here only
for the low frequency medes. Generally, these modes had somewhat higher damping
compared to the modes in 500- to 1000-Hz range.

Tie panel damping loss factors of the low frequency modes are plotted against stringer
spacing in figure 1¥ The range of variation of the damping loss factor is also shown in this
figure. These were obtained by using the method of Kennedy and Pancu (ref. 28). For

each stringer spacing, the indicated damping values represent the variations over the first
group of low frequency modes, as well as over the entire panel surface. Within each frequency
group, the modes in which the adjacent skin bays and stringers vibrated in phase generally

had higher damping.
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Figure 18.—Variation of Panel Damping Loss Factors for the Low Frequency Modes

From figure 18, it is clear that for the undamped panels, the panel loss factor is higher
when the tuning condition is satisfied. This suggests there is increased energy dissipation in
the riveted skin-stringer joints when the panel is intrinsically tuned.

The effect of applying damping treatment on the stringers is also shown in figure 18. (Since
there was some overlap in the damping values for the panel with 7.25-in. (0.184-m) stringer
spacing, the lux factors for the daieped condition are nlotted with a slight offset, to avoid

any confusion.) The overall loss factors of all the paaels were increased approximately by a
factor of two. The tuned panel still had the maximum overall damping. However, as described
in section 5.2.2, stringer damping had the maximum effect on the response of the panel with

3-in. (0.13-m) stringer spacing.



§.2.2 ACCELERATION RESPONSE

The acceleration response was measured by placing accelerometers at the centers of =ach bay
and each stringer. The variation of acceleration response of the most dominant low frequency
mode of each panel, as measured in the laberatory test, is plotted as a function of strinser-
spacing in figure 19. Since the excitation field simulating the near field jet noise

excitation was in phase over all the bays, the mode in which all the adjacent bays and the
stringets vibrate in phase responded most strongly and, therefore, dominated the response
spectrum. This mode is important since it is 2 good radiator of sound and also has the
highest stress response. For these reasons, the acceleration. sound radiation, and the stress
responses of -1l the panels are compared in terms of the response of this mode which has the
peak response in the low frequency range.

It is seen that for a given structure, the low frequency acceleration response reaches a
minimum Jevel when the skin panel and stringers are intrinsically tuned to each other.
For the undamped condition, the response level goes up if the stringer spacing is increased
or decreased from the spacing that is required for satisfying the tuning condition.

However, with damped stringers. the panel acceleration response measured in decibels
decreased almost linearly as a function of stringer spacing. As the stringer spacing is reduced,
a greater part of the vibratory energy was transferred to the stringers. As a result, damping
treatment on the stringers became very eftective in reducing the response. On the other
hand. application of damping treatment on the skin becom=s progressively less effective in
reducing the response of low frequency modes as the stringer spacing is reduced. This was
predicted by the analytical model.

5.2.3 SOLND RADIATION

Figure 20 plots the noise radiated by the most dominant low frequency mode. us a function
of strinzer spacing. This plot is based on the data obtained by su~iming up the signals from
all the microphones inside the anechoic box. Thus it is a measure of the sound radiated by
the entire panel. With no damping treatment. the radiated noise Ievel decreased by more
than 3 ¢B as the stringer spacing was reduced from 9 in. 0.228 m) to 7.5 1n. (0.19 m).

With a further reduction of stringer spacing, the level of radiated noise remained essentially
at the same level. Thus. for an undamped structure, the tuning condition defines the point of
diminishing retum for reducing cabin noise by fuselage structural modifications aimed at
increasing the fuselage structural stiffness.

Further reductions were possible by applying damping treatment on the stringers. Under
damped conditions, the radiated noise level measured in decibels decreased almost linearly
as a function of stringer spacing. The peak radiated noise levels measured by microphones
placed near the panel centers are plotted in figures 21 and 22, again similar trends are
observed.

These results show that under undamped conditions, there is a limit to the noise reduction
that can be achieved by changing the structural parametars. This limut can be achieved by
designing the suructure so that the skin panel aud stringers are tuned to each other.
However, further reductions are possible by choosing structvral dimensions so that the
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Figure 21.—Reduction of Peak Low Frequency Sound Radiation by Tuning and Damping

uncoupled skin panel frequency is higher than that of the uncoupled stringer fr.quency and
then applying damping treatment on the stringer flanges. Under this condition, the skin
acts like a relatively stiff member supported on relatively flexible stringers. As a result,
damping treatment on the stringers becomes very effective in reducing the response. In
contrast, skin damping would have been less eftective in reducing the peak response of the
panel with 5-in. (0.13-m) stringer spacings. As discussed in section 4.4, the low frequency
response of this panel is primarily controlled by stringer resonance.
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Figure 22.—Reduction of Peak Lcw Frequency Sound Radiation by Tuning and Damping
5.2.4 STRESS RESPONSE

In order to get an indication of the effect of intrinsic structural tuning on the sonically
induccd stresses in the fuselage structure, the bending stress response was measured at
various points on each panel. The stress data recorded in this test contained a large amount
of noise at 60 Hz and its higher harmonics. For this reason the stress responses are compared
on the basis of the PSD responses of the most dominant modes.

5.2.5 SKIN BENDING STRESS RESPONSE

The variation of peak skin bending stress response with the stringer spacing is shown in
figure 23. It can be seen that the maximum skin bending stress is reduced by about 60%
as the stringer spacing is reduced from 9 in. (0.22 m) to 7.5 in. (0.19 m). The response
levels off as the stringer spacing is reduced to § in. (0.13 m). Thus, when the tuning condi-
tion is satisfied, maximum reduction is achieved with minimum weight pernalty.
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With damping treatment applied on the stringers, the response is reduced even further.
Stringer damping reduced the skin bending stress response of the panel with 9 in. (0.228-m)
stringer spacing by about 50%, that of the tuned panel by about 68%, and that of the panel
with 5-in. (0.13-m) stringer spacing by about 90%. Thus, maximum skin bending stress
reduction was obtained with reduced stringer spacing and increased stringer damping.

5.2.6 STRINGER BENDING STRESS RESPONSE

The variation of peak stringer bending stress response with the stringer spacing is shown

in figure 24. Even for the undamped panels, the stringer bending stress response is minimum
when the pan-l is intrinsically tuned. At first glance this is somewhat unexpected, since the
stringer participation increases as the tuning condition is approached. However, the tuned
pan=1 had the maximum damping in the skin-stringer joints even when no damping treatment
wgas applied on the stringers. This increase in damping reduced the stringer bending stress to
the minimum value.

(AVERAGE OF GAGES 637 & 640, SEE FIG. 34)
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Figure 24.—Reduction of Peak Low Frequency Stringer Stress by Tuning and Damping



Thus, the tuned structure concept holds a significant potential for improving the current
sonic fatigue design technology. However, the reduction in the skin and stringer bending
stresses caused by tuning is also associated with an increase in structural damping because
of frictional energy dissipation in riveted skin-stringer joints which may cause increased
fretting in these juints. A certain amount of sonic fatigue testing of tuned and untuned
skin-stringer panels will, therefore, be necessary to establish the actual improvements in the
sonic fatigue life that can be accomplished by tuning the skin panel and the stringers. In
addition, this may suggest application of jointing compounds that allow increased friction
with no increase in fretting.



6.0 FIELD TEST DESCRIPTION

6.1 APPROACH

In the laboratory test, discrete point force excitations were used to simnulate the distributed
near field jet noise field. It was observed that the predicted response spectrum caused by
rear field jet noise could be simulated by superimposing the response spectra due to excita-
tions at the skin bay centers and at the center of cach stringer. This was particularly so in
simulating the response of the tuned panel. The field test provided an opportunity to
examine the validity of this procedure.

Three of the panels were exposed to the near field noise environment generated by the full
scale upper surface blown (USB) YC-14 engine-wing-flap test rig, under the joint NASA-USAF
contract. The test panels were mounted in the opening of the portable anechoic box. The
overall test setup and the position of the anechoic box relative to the engine are shown in
figures 25 and 26. The purpose of the test was to measure the responses of the panels to the
near field engine noise environment and to compare the response spectra so obtained with
those obtained trom the laboratory test. The tuned panel was tested in undamped and
damped conditions. The other two panels with 9-in. (0.228-m) and 5-in. (0.13-m) stringer
spacing were tested in the damped condition only.

In order to assess the levels, spectrum shapes, and variations of the random pressure field
incident on the skin-stringer panel. and also to assess the coherence and phase characteristics
of the ¢xcitation, a boilerplate panel was mounted in the door of the anechoic box. Thirteen
microphones were flush mounted on the boilerplate panel. Four of these were used to
monitor the levels and the spectrum shapes at the four comers of the boilerplate. The other
nine were used to measure the spectrum shapes, coherence. and phase characteristics of the
incident near field noise.

The boilerplate panel layout is described dimensionally in figure 27. Panel thickness was
38 ir (0.0095 m). Viscoelastic damping was applied to the inner surface area lying within
the mounting frame of the anechoic box doorway. A photograph of the boilerplate pancl
with the 13 microphones is shown in figure 28,

Each skin-stringer panel required an associated pair ot filler panels to fill the opening in the
anechoic box. Each filler panel was 3/8 in. (0.0095 m) thick. Each was treated with con-
strained viscoclastic damping, and each had provisions for flush mounting microphones in
the corners adjacent to the test panel. A typical skin-stringer panel with the filler panels

is shown in figure 29,

6.2 TEST PANEL INSTALLATION

The same anechoic box used in laboratory tests was used in the {ield tests. Test panels
were installed on a hinged heavy steel door frame designed to fit the anechoic box opening.
I'he hinged frame was closed during test by three screws on the side opposite the hinges.
The hinged frame provided convenient access for calibration of microphones inside the box
and test panel sensor changes.
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Figure 28 —Buotierplate Panel With Flush-Mounted Microphones
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The same panel installation procedures were used for both laboratory and field tests. Mount-
ing bolts were torqued to 80 Ib-in. (9.04 Nm), and filler panels were not in direct contact
with the skin-stringer test panels. Standard foil-bicked damping tapes were applied over the
gaps on the exterior surfaces between t=st panel end bays, which extended about 3 in.

(0.076 m) beyond the terminating stringers and the filler paneis. All potential acoustic leaks
between panels and mounting frame, and b tween mounting frame and anechoic box were
sealed and covered with foil-backed damping tapes.

The application of damping tape to seal all joints around the panel is illustrated in figure 30
for the boilerplate panel. Prior to entering the anechoic chamber through penetration
sleeves, instrumentation cables were routed through sand-filled **U™ traps (shown in fig. 30)
as a further means for preventing acoustic leaks.

6.3 ANECHOIC BOX LOCATION

The anechoic box used in laboratory and field tests was an Eckel Industries portable AN-ECK-
OIC chamber model number 888-150 with a specified cutoff frequency of 150 Hz. The
outside dimensions define an 8-ft 7-in. (2.616 m) cube which weighs approximately 7000 Ib,
(3174.5 kg). Floor design for vibration isolation peri...tted elevating the box for field

testing without impairing transmission loss characteristics. Section joints were waterproofed
for the field test environment. and the box interior was heated by a 100-W light bulb to

lower the relative humidity.

A fork lift with maximum lifting capacity of approximately 15 000 Ib (6803.8 k) was used
as the basic support platform for the anechoic box. This economical system allowed quick.
convenient working access to the box for panel changes and instrumentation checkout and
calibration. A support cradle with fork pockets and attachment points for guys provided

a secure tie hetween box and lift. The guying installation stabilized the box against motion
during test without interfering with the raising/lowering convenience provided by the fork
lift.

The position of the ancchoic box during panel testing (s shown in figure 25. The final box
location placed the vertical centerline of a test pancel mounted on the box st about 25 ft
17.62 m) dowastream from the nozzle exit plane and about 25 £t (7.62 m) to the left (on
the pyion stand side) of the nacelle centerline. The horizontal centerline of a test panel
mounted on the box was at about the same clevation as the engine cetterline.

The location deciston, based on model scaie data ter engine over wing configuration. was
influenced by the following factors:

1. Noimpingement of jet tlow on the box

!J

Representative sound pressure levels

)

Broad spectrum shape

4. Correlation and convection properties of the ¢xcitation field

wn

Minimizing effect of ground reflections

0. Nosignificant impact on YC-14 ground test measurements
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Figure 30.—Anechoic Box With the Boilerplate Panel Installed



Early testing disclosed that with the USB nozzle door open, the jet flow was impinging
directly on the test panel even with the anechoic box moved as far from the engine center-
line as site configuration would permit. Consequently, all tuned structure data were taken
with the USB door closed.

6.4 INSTRUMENTATION
6.4.1 SENSOR DEFINITION AND LOCATION
Microphones

Simultaneous pressure measurements were made at 13 surface points on a rigid panel blank
in the area where test panels were mounted. Thirteen 1/4-in. (0.00635-m) diameter B&K
microphones were flush-mounted in the boilerplate panel designed to insert in the 24-in.
(0.609-m) x 60-in. (1.5324-m) opening of the box. The boilerplate microphone locations are
shown schematically in figure 27 and with microphones installed in figure 28. Data from
the aine centeriine microphones were recorded to establish variations in spectrum levels over
the panel and also the phase and coherence properties of the pressure field in directions
parallel and perpendicular to the stringers.

The four comer microphones were used for monitoring sound pressure levels for all test
runs. For skin-stringer panels, the four corner microphones were located on the filler panels
associated with cach panel.

Simultaneous pressure measurements were made at six points inside the anechoic box to
provide data on transmission loss across the test panels. hese measurements and the
summation of these measurements were recorded for cach test condition. Locations of
microphones inside the box are shown schematically in figure 31. The microphone installa-
tion inside the anechoic box is shown in figure 32.

The data trom a microphore located on the upper wing surface was also recorded as a
reterence signal simultancously with tuned structure measurements.

Accelerometers

Simultancous acceleration measurements were made at 10 points on each skin-stringer
pancl. Panel aceelerometer locations are identified in figure 33.

The [Hth accelerometer was mounted on the left hand door frame (viewed from inside)

on the test panel horizontal centerline to monitor response of the anechoic box installation
te engine fluctuating pressure ficlds and ground vibration. Figure 29 shows the accelerome-
eters installed on the test panel. Accelerometers were attached with dental cement. Signals
from the 11 accelerometers were simultaneously recorded on the same tape.

Strain Gages

Stmultancous stram measurements were made at nine points on the skin-stringer panels.
Strain gage locations are defined in tigure 34,
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6.4.2 MEASUREMENT SYSTEMS

All data including microphone, accelerometer, and sfrain gage measurements were recorded
simultaneously during each test condition. Microphone signal conditioning and recording
equipment were located in the acoustics trailer: accelerometer and strain gage signal condi-
tioning and recording equipment were located in the dynamics test trailer. Data recorded
with both measurement systems were time-related by mear.s of a common 1RIG B time
code which was recorded on all data tapes.

The acoustics data acquisition system is illustrated in figure 35, The dynamics data acquisi-
tion system is illustrated in figure 36,

6.5 TEST CONDITIONS/CONFIGURATIONS
Field test data for all panels were taken at two consistent engine power settings ot 2943 and
3084 rpm (corrected Ny corresponding approximately to S0% and 90% corrected

mstalled gross thrust,

Test conditions and configuration pertinent to tuned structure data acquisition are
summarized in table 1,

Table 1.—Tuned Structure Field Test Conditions

Corrected N Test panel
Run Condition {rpm) stringer spacing
10.01 05 2943 9in. (0.228 m)
10 3684 {Damped)
1o 05 2943 7.5in.(0.19 m)
12 3684 (Damped)
12.02 10 2943 7.5in {0.19m)
20 3684 {Undamped)
13.02° n 2943 5in. {0.13 m)
12 3684 {Damped)
15.02° 07 2043 Boilerplate
08 3684 (Baseline)

Test Contiguration

USB doors closed
Vortex generators down
USB flaps up

Reverser closed

Bleeds closed
Beilmouth iniet

“Inlet tube installed
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6.6 ASSESSMENT OF DATA VALIDITY

Early testing with USB door open showed that jet flow was impinging directly on the test
panel even with the anechoic box moved as far from engine centerline as site configuration
would permit. Therefore, tuned structure data were taken with flaps up and USB door
closed. However, the panel microphones were exposed to impinging flow, when YC-14
program conditions with USB door open were run during the same test. As a result, some
panel microphone diaphragms were damaged by the impinging flow. The two bottom panel
microphone signals were lost for the § in. (0.13-m) skin-stringer panel (run 13.02), and the
three bo.tom microphones (corners and center) and left hand microphone on the horizontal
centerline were lost on the boilerplate panel (run 15.02). The Kulite reference signal
(micropnone 43 on the upper wing surface 0., the engine centerline near the trailing edge)
vsas lost during both conditions of run 10.01 (skin-stringer panel with 9-in. (0.228-m)
stringer spacings).

Strain gage data were lost for run 12.02 condition 10 (panel with 7.5-in. (0.19-m) stringer
spacing, at lower pcwer setting) when the dynamics recorder mode switch was inadvertently
placed in the wrong position.

In the PSD analysis of acceleration and stress data, a frequency bandwidth of 1 Hz was used.

The time sample length was chosen so that the data were analyzed with 200 degrees of
freedom. With 907 confidence. the true PSD level was between approximately 1.15 times
the observed PSD and 0.85 times the observed PSD leveis. In the PSD analysis of the
acoustic signals. a bandwidth of 1.25 Hz was used. The time sample length was chosen so
that the data were analyzed with 96 degrees of freedom. With 90% confidence. the true
PSD level was between +1 dB and -1.2 dB of the observed PSD level.
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7.0 RESULTS OF THE FIELD TEST

7.1 EXTERNAL PRESSURE SPECTRUM

The external noise level incident on the panels was measured by microphones flush-mounted
on the boiler plate panel. Typical PSD plots (fig. 37) show a broadtund noise spectrum with
a peak level around 100 Hz. For both fow and high power settings. the noise PSD levels
rolled off approximate'y at the same rate for frequencies above 100 He. In addition to the
p2ak around 100 Hz, there wus i peak around 70 Hz associated with USB pr ipulsion system.
This peak is more pronounced in the spectrum of the microphone mounted on the wing

(fig. 38).

7.2 COHERENCE AND PHASE CHARACTERISTICS
OF THE INCIDENT PRESSURE FIELD

The coherence and phase pronerties of the excitation field were measured by nine micro-
phones flush-mounted on the boilerplate panel (figs. 27 and 28). Three were used to
measure the coherence and phase in the direction parallel to the stringers. and seven were
used to measure coherence and phase in the direction perpendicular to the stingers. The
meoasured data were analyzed to assess the coherence and phase of each microphone signal

witli that of the center microphone.

Figure 39 shows a strong coherence of signals up to about 1000 Hz in the direction parallej
to the stringers. In the perpendicular direction, the coherence was very high for frequencies
up to about 350 Hz. The coherence between microphones BS1 and BS54 dropped to a
minimum value around 550 Hz snd reached a fairly high level around 1000 Hz. The rcason
for this dip in coherence function is not clear. However. since all the panels had their
frequencies of peak response befow 350 He. the panels may be consid»red to have been
excited by a highlv coberent noise field.

Figure 40 shows the change of phase of the incident noise field in the directions perpendicular
and parallef to the stringers obtained from a cross PSD analyvsis. In the perpendicular direc-
tion, the phased difference between the central microphone and the other microphones is
small over the entire frequency range.

Atso in the parallel direction, the change of plase is small especially velow 350 Hz, although
there is evidence of a trace wave traveiling at a supersonic tiace velocity. Therefore, it may
be concluded that during the field test. all the panels were excited by a highly correlated and
coherent external noise field, especially at lower frequencics.

7.3 PANEL RESPONSES

All the panels had their most important modes in the frequency range 100 to 350 Hz. This
was observed duning the laboratory and the field tests. For this reason, the striain response and
acceleration response of all the panels had maximum levels above 100 Hz. However, in all
cases the spectra of radiated noise inside the anechoic box showed a peak around 50 Hz

(fig. 41). This peak was caused by sound transmission tirough the box walls and was not
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associated with any of the panel response, since the panel stress or acceleration spectra do
not show corresponding peaks at S0 Hz. This 50-Hz peak was absent in the laboratory

test spectrum, since the excitation was applied on the panels only,with no excitation on the
other walls of the anechoic box. Thus in all these cases, the microphone data below 100 Hz
were ignored. For this reason the OASPL of sound level inside the anechoic box was also
not meaningful, and the panel responses were compared on the basis of the peak responses -
at frequencies associated with the most important panel modes.

Figure 42 plots the field test spectrum of the noise radiated by the panel with 7.5-in. (0.19-m)
stringer spacing, as obtained by the summation of the signals from all the six microphones
inside the anechoic box. This is compared with the response of the same panel as measured
from the laboratory test (fig. 43). The laboratory test spectrum is based on a combination

of the spectra due to five and six point excitationyi.e., from figures 16 and 17). In comparing
the two plots, it should be remembered that figure 42 presents the spectrum of the PSD

of the ficid test data plotted on a logarithmic scale, and figure 43 presents the spectrum of

the transter function of sound radiation, obtained from the laboratory test, plotted on a linear
scale. Second. the laboratory test data were based on multipoint excitations, all in phase

and fed by current from a white noise generator. In contrast, the excitation spectrum measured
during the ficld test was not flat. and the correlation and coherence characteristics dropped

oft with increased separation distance and also toward the high frequency part of the spectrum.

In spite of these differences, it can be seen that there is a good correspondence between the
two sets of data. Both mode | (175 Hz) and mode 2 (360 Hz) were excited during the field
test. The mode at 280 Hz observed in the laboratory test can also be identified in the field
test data.

Comparison of the response spectra of the other two panels also showed a similar degree
of correspondence between the laboratory and the field test data. For the largest panel
with 9-in. (0.228-m) stringer spacing, some minor varations were caused by the nonuni-
formity ot the incident noise level over the panel length.

7.4 COMPARISON OF PANEL RESPONSES
7.4.1 ACCELERATION RESPONSE

The PSD of peak low frequency acceleration response of cach panel averaged over the three
central bays is plotted as a function of stringer spacing in figures 44 and 45. It can be seen
that for both power settings, the PSD of acceleration response, plotted on a decibel scale,
decreased as the stringer spacing was reduced from 9 in. (0.228 m) to S in. (0.13 m). This
compares well with the laboratory test data. The dashed line in figures 44 and 45 shows
the trend observed from the laboratory test data obtained from figure 19. (This was
obtained by superimposing the results of the laboratory and field test results by arbitranly
equating the responses of the damped panel with 9-in. (0.228-m) stringer spacing under
laboratory and field conditions. Similar comments also apply to figures 46 through 53 The
response of the panel with 5-in. (0.13-m) stringer spacing was somewhat less than what was
expected from the laboratory test data. This was due to two reasons: (1) the field test
excitation spectrum rolled off toward higher frequencies, whereas a white noise spectrum
was used in the laboratory. and (2) for this panel, the total surface arca exposed to the
noise field was about 407 tess than that of the panel with 9-in. (0.228-m) stringer spacing.
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The change in the response of the tuned panel, between the undamped and damped condi-

tions, was also similar
figs. 44 and 45).
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7.4.2 SOUND RADIATION

The PSD of peak sound radiation (above 100 Hz) is plotted against stringer spacing in
figures 46 and 47. These plots are based on the d' ta obtained by summing up the signals
from all the microphones inside the anechoic box. [t can be seen that the radiated peak
noise tevel decreased almost linearly with the stringer spacings, and the agreement between
the laboratory and the ficld test is excellent when the spectrum shape of excitation in the
fleld and the difference in panel sizes are taken into account (compare fig. 20 with figs. 46
and 47).
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[he levels measured by the microphone B67 are also plotted in figures 48 and 49. Again
the trends of the laboratory (fig. 22) and field test data are similar. The variation of the
sound PSD level measured by F66 with respect to stringer spacing was similar to that shown

in figures 48 and 49,
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7.4.3 STRESS RESPONSE

The PSD of peak skin panel bending stress response. averaged over the three strain gages
in the central bays, is plotted against stringer spacing in figures 50 and 51. Again it can be
seen that the peak panel bending stress response can be significantly reduced by redu.ing
the stringer spacing so that th skin frequency is higher than the stringer frequency and
then applying damping treatment on the stringers. The trend - “served in the field test

is similar to that observed in the laboratory. when the ficld spectrom shape iv Ken into
consideration. The change ir *he skin bending stress response of the tuned pancel, under
damped and undamped conditions, is also similar to that observed in the laboratory test
{con:pare with fig. 233
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The PSD of peak stringer bending stress response, averaged ove  the two strain gages on the
two central stnngers. is plotted agwinst stringer spacing in figures 2 ~nd 33, As the stringer
spacing was reduced. the stringer bending stress response was also reduced. However, the
rate of change of the stringer str ;s is much slower than that of the panel stress For the
panel with 5-in. (0.13-m) spacing. the skin and stringer bending stresses are comparable,
with damping treatmon, applicd on the stringers. For this panel. any damping treatment
applied on the skin would have boen much less effective in r ducing ¢ither the skin t the

s*ringer bending st -
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The change in the stringer stress response between undamped and damped condition was
higher than that observed in the laboratory test (compare fig. 32 with fig. 243, In the ficld.
the panel was initially 1ested in the damped coadition. Then the dap cing treatment was
reraoved so that the panel could be tested in the undamped condition. 1t was not Jasy to
remove the dainping treatment because of the highly adhesive property of the viscoelastic
matenal, and the 0.08-in. (0.002-n1) thick meial constraining strip had o be pried open
with considerable ditficulty. [t is possible that the strain gages on the underside ot the
stringer anges were damaged during this process and hence a maltunction is susrected.



7.5 COMPARISON OF THE FIELD TRANSMISSION LOSSES OF THE PANELS

In the field test, the panels were excited by the near field engine noise. This incident noise
field is neither reverberant nor a true plane wave. However, since the phase va~’ation over
the panel surface was small (fig. 40). the incident noise field may be approximated by a
plane progressive wave incident normal to the panel surface.

The powse radiated by the panels was measured inside an anechoic box at points close to the
panel surfzce. Since a plane wave is assumed to be incident on the panel, a plane wave may
be assumed to radiate away from the panel and into the highly absorptive receiving space.
Although this is questionable at high frequencies, it should be a reasonable assumption at
low to mid frequencies.

Under the above condition and within the specified limitations. the ASTM E336 procedure
may be used to calculate the field trans ission loss (T'71) of the panels. This is defined as

FTL=Lig-L>-6 24
where:
Lyg = Average scund pressure level (dB) at the tace of the pane! measured by flush-mourted
microphones
I~ = Average sound pressure Ievel (AB) in the receiving side measured at points close to

the panel surface

In cquation 24, a factor of 6 dB is subtracted to account for the reflection of the incident
noise ficld by the pancel surtace.

In calculating L 10- an average sound spectrum was obtained fron the levels measured by
the tour comer microphones esed for each panel. Similarly. L~ was obtaired by averaging
the sound levels measured by the microphones in the anechoic box,

The ASTM E336 procedure specifies that although the micrephones in the ancchoic box
should be close to the panel surfaces, they should not be closer than a quarter wavelength
from the panei surface. In this test, the microphones were placed about 4 in. (0,101 m) away
from the pancl surface. [tis obvious that the specification was noi met, especially at low
frequencies. However. a distance of 4in. (0.101 m) was used in order to readil: identity
the peaks and the valleys of the radiated noise spectra with those obtained trom the
acceleration spectra, measured by an acceleroineter near the same location. As the micro-
phone distance is increased. noise components coming from different parts of the structure
contribute to the roise signal with different phase differences aad time delays, which can
rake such comparison of structural and acoustic data more difficult. The main purpose of
the test was to study dhe changes in the panel transmission loss caused by structural tuning
and damping. The procedure descrived above should be adequate for that puipose.



Figure 54 shows the third octave band field transmission loss of the tuned panel in both
undamped and damped conditions. The analysis was carricd out in one-third octave bands
rather than in full octave bands, in order to identify the valleys associated with the important
structural mode groups. For example, the two valleys in the FTL of the undamped tuned
panel in 160- and 400-Hz bands are associated with the modes 1 and 2. This detail would

be lost in a full octave band analvsis. The analysis is limited to frequencies above 100 Hz.
since flanking transmission through the anechoic box walls masks the data below this
frequency. In addition. a flat panel analysis of unpressurized fuselage structure is not valid
below 100 Hz, since the overall modes involving large scale deformations of the fuselage
cylinder tend to become important at frequencies below 100 Hz,
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It may be noted from figure 54 that the undamped panel has a high transmission loss around
250- and 315-Hz bands. This is to be expected, since vibration energy is transferred from the
skin panel ‘o the stringeis in these frequency bands because of intrinsic structural tuning.

On the other hand, if the stringer spacing was kept constant and the actual stringers were
replaced by others that are extremely stift ir bending or extremely massive, a deep valley
would have been created in the panel transmission loss around 250-Hz band. Structural -
tuning has, therefore. effectively increased the panel transmission loss in this frequency

band and 315-Hz band. Such a method of increasing the panel transmission loss in certain
frequency bands should be particularly useful in situations where the excitation is due to
discrete tones: ¢.2.. in turboprop or prop-fan aircraft.

For the undamped tuned panel, the transmission loss passes through a minimum around
160- and 400-Hz. This requires the use of some additional damping treatment. Figure 54
shows a 6-dB imnrovement of FTL in the 160 Hz band due to stringer damping. The 6-dB
‘mproveiment around 160 Hz is significant, particularly since the tuned panel had a high loss
factor even under undamped conditions. In addition. there was a 4-dB improvement around
125 Hz and a 2.5-dB improvement around 400 Hz. Further reductions should be possible

in all these bands by applying damping tapes on the skin.

The damped panel has a slightly lower transmission loss arcund the 250- and 315-Hz bands.
This is to be expe. .. ! since the damping treatment on the stringers smooths out the peaks
and the valleys of the pane! response spectrum. Above 800 Hz, the damped panel had about
2-dB higher transmission loss at most frequencies. The only exception is around 1.6 kHz
where the FTL of the undamped puael was about 1.5-dB higher. This could be genuine or

it could be caused by the scatter of the experimental data. Ia generai the damped panel had
about * B highcr transmissicn loss above 800 Hz. This is consistent with the mass law
effect. since the stringer damping trea*ment added about 29% extra weight to the structure.
{ Light v stringer damping treatments that are almest equally effective have since been
Jevelope?)

The transmission losse.. ol the various panels with damped stringers are compared in figure 55.
The “fata for the panels with 9-in. (0.2 R-m) and 7.5-in. (0. 19-m) stringer spacing cre shown
for iiequcicies above 100 Hz. The data for the panel with 5-in, (0.13-m) stringer spacing are
shown above 160 Hz. The problem of flanking transmission through the walls of the anechoic
box prevented the extrapolation of the test data below these frequencies. In addition,

extrap ‘lation of data obtained from testing unpressurized flat panels to frequencies below
100 Hz would have given deczptively encouraging estimates of the fuselage sidewall trans-
mission loss, since overall cylindrical modes are involved at these frequencies.

The transmission losses of the various panels are compared in figure 55. The valleys in the
transmission loss curves of each panel can be identified with the rcsonant modes established
carlier from the narrow band PSD data. Several interesting conclusions can be drawn from
this plot. With damped string. rs. the panel with 5-in. (0.13-m) stringer spacing had the
highest transmission loss at low frequencies. This panel had a higher transmission loss even
in the 250-Hz band because of the application of damping treatment on the stringers, The
results of the computer program based on the theory presented in section 4.0 as well as the
modal survey conducted during the taboratory test indicated that, for this panel, the struc-
tural modes in the 250-Hz band are such that the skin acts like a reloti ely stiff member



supported ¢ n relative’. 1..xible stringers. For this reason, the stringer damping was highly
effective ir S1crc e rs the transmission loss of this panel in this frequencv bYand. On the
other hano, ap, lication of any damping tape on the skin would have boen much less effec-
tive in thi. frequency band. As predicted by the analysis, the transmission loss of this
panel in this frequency bund is controlled primarily by stringer resonance.

Therefore. the kev to increazing the transmission loss at low frequencies is to design the
structure so that the skin bay, frequiency is much higher than the stringer frequency, and then
applying damping treatment di\tlle stringers. This can be achieved by various means be.ides
using a narrov v stringer spacing, as wa, done in the present study. For example, the condi-
tion is automatiatly satisfied in a press .urized fuselage A typical cabin pressure differential
is about 8 or 9 p.i (55.16 x 103 or 62.U5 x 103 N/m2). This increases the fundamental
frequency of the individual skin bay to a value that is much higher than that of the stringer.
In the 250- to 450-Hz range, the skin then acts like a relatively stiff structural member
supported on relatively flex:ble stringers. In a pressurized fuselage, application of damping
treatment on the stringers skould. therefore, be very effective in reducing cahin noise in the
above frequency band. Traditionally, noise transmission in this frequency band has been
regarded as stiffness-controlled. since this is below the fundamental frequency (typically
500 to 650 Hz) of the individual skin bay carrying inplane loads caused by cabin pressuriza-
tion, and since application of damping tapes on the skin bays is not very effective in this
frequency band.
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From figure 55, it may also be observed that the panel with 5-in. (0.13-m) stringer spacing
had a high transmission loss in 315- and 400-Hz bands. In these bands, the stringer response
is higher than that at the panel center. as it may be seen from figure 56, where the accelera-
tion response of the panel center is compared to that at the center of an adjacent stringer.
Notice that the existence of such a band of high transmission loss is most clearly visible for
the panel with 5-in. ¢0.13-m) stringer spacing: i.¢., the panel for which the fundamental
frequency of the individual skin bay is higher than that of the stringer. Therefore, the
transmission 1oss curve of a pressurized fuselage structure should also exhibit such characteris-
tics. The existence of such frequency bands of high transmission loss may be effectively
utilized ‘= situations where the excitation is due to discrete tones; e.g., in prop-fan airciaft.
One would then attempt to design the structures so that the excitation tone of greatest
concern falls within such a frequency band.

Figure 55 shows that this pancl had a poor transmission loss in the 500 Hz - | kHz band,
even with the damping treatment applied on the stringers. In this frequency band, the
structural modos have half wavelengths comparable to or less than the stringer spacing, and
the skin bays tend te vibrate as individual rectangular panels. This can be inferred from
figure 56. Therefore. in this frequency band. skin damping would be highly effective in
increasing the transmission loss. This was verified by the results of the computer program.
In addition. the tiberglass insulation becomes effective in this frequency band. The excita-
tion spectrum also tends to roll oft at these frequencies.

A similar situation exists in the 500 Hz - 1 kHz band in a pressurized fuselage structure and.
for this reason. the application of damping tapes on the skin is quite effective in this frequency
band. Asa result, it this frequency band, noise transmission in a pressurized fuselage has been
correctly regarded as damping controlled.

Another interesting. although somewhat academic point may be cbserved from figure 55.

It may be seen that compared to the punel with 3-in. (0.13-n.} =*ringer spacing, the tuned
panel has a higher transmission loss at frequencizs above 2 ket s discussed earlier, the
tuned panel transmission loss at these frequencics is essentialiy .untrolled by the mass law,
since most of the low order modes occur at much lower {r2auencies. On the other hand,
the panel with 5-in. (0.13-m) stringer spacing shows distinct re;onances around 4 kHe which
should account for the valley in this frequency band. This is onl’ of academic interest,
since application of skin dumping tapes would effectively fill up this valley. In addition,
the fiberglass insulation would significantly raise the transmission logs at these frequencies.

7.6 COMPARISON WITH PREDICTION

As mentioned in the previcus sections. a computer program was developued on the basis of
the equations derived in section 4.0, to predict the response of infinitely long, periodic skin-
string=r structures excited by a convected random pressure field. The resr.onses of the

finite skin-stringer panels used in this study were calculated by using th s computer program.
A highly correlated white noise excitation was used to simulate the °  dont near field

noisc environment generated by the USB YC-14 propulsion system,
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To calculate the response of the undamped panels, tie panel loss factors measured in the
laboratory test (fig. 18) were used as inputs to the computer program. However, the
response of the stringer-damped panels could not be accurately predicted by using the
measured loss factors of the stringer-damped panels. The measured data represents an
apparent loss factor of each panel, whercas the damping treatment used was of localized
nature. Therefore, the responses of the stringer-damped panels were calculated by setting
the skin loss factors equal to the measured loss factors of the undamped panel (fig. 18) and
setting the stringer loss factor equal to the measured loss factor of the stringer with the
constrained layer damping treatment (fig. 7).

In section 5.2, we compared the predicted spectra for the various panels with the correspond-
ing laboratory test data and found some reasonable agreement. In figure 57, the predicted
mean square acceleration response over a wide frequency band (50 to 1000 Hz) containing
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many modes is plctted as a function of stringzr spacing. It is seen that the response of the
panel goes through a minimum, for undamped as well as damped conditions, when the

tuning condition is satisfied. This plot is based on the assumnption that the excitation spec-
trum was flat with a high degree of correlation and coherencs over the entire frequency
range, and the damping loss factor of each panel was constant over the entire frequency
range. However, the field test excitation and the panel damping cha."cteristics were different
from above, and for this reason, these results cannot be directly used for comparison.

Therefore, it was decided to compare the measured and predicted results on the basis of the
peak low frequency response levels, since this is really more important from the designer’s
standpoint.

The results are shown in figure 58 in which the variation of the peak low frequency accelera-
tion response is plotted as a function of stringer spacing. With no external damping, the
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acceleration response passed through a point of diminishing return when the tuning condition
was satisfied. With damping treatment applied on the stringers, the panel response, plotted
on a decibel scale, decreased linearly with stringer spacing. The maximum reduction was
observed for the panel with the narrowest stringer spacings; i.e., the panel for which the
uncoupled frequency of the skin bay was greater than that of the stringers.

The variation of the peak low frequency velocity response is plotted as a function of
stringer spacing and damping in figure 59. Similar conclusions can also be drawn from this
plot.

So far, we have discussed the variation of the predicted and measured response levels of the
various panels with respect to those of the undamped panel with 9-in. (0.228-m) stringer
spacing. It will now be instructive to compare the absolute levels obtained from the
analytical models and the field test.
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The computer program based on the equations presented in section 4.0 can be used to
predict the velocity response PSD at each bay center of an infinite panel to unit excitation
PSD level. The predicted peak low frequency velocity PSD level was, therefore, obtained by
multiplying the above bv the average of the excitation PSD) jevels measured by the four
flush-mounted comner microphones. The rms velocity response over a 1-Hz bandwidth
centered around the frequency of peak response was then obtained by taking the square root
of the above quantitv

The measured rms velocity response was obtained in the following manner. From the field
test acceleration data, the peak low frequency acceleration PSD level averaged over panel
bay centers (i.e., average of duta from the accelerometers GRIR 622, 624, 626, 628, 630 in
fig. 33) was calculated. The velocity PSD level was obtained next, by dividing the above by
w< where w = 2nf and f is the frequency of peak low frequency response. The rms velocity
response over a 1-Hz bandwidth was then calculated by taking the square root of the velccity
PSD level.

The predicted and the measured rms velocity responses are compared in figure 60, If there
were a perfect agreement between the predicted and the measured values, the points

A, B, C, D in figure 60 would have fallen exactly on the solid line. The dashed line represents
a variation by a factor of two. Since the points A, B, C. D lic in between these two bounds,
the predicted levels are higher than the measured kovels, but the variation is within a factor

of two.

A certain amount of discrepancy between the measured and predicted levelsis to be expected
because of the tollowing tuctory

I, The test panels were of tinnte fength, whereas in the analvtucal model the punels were
assumed to be intnitely long.

2. Variation of the panel damping characteristios over the tost panel surfaces.

3. Variaton of the tield test sound pressure fevels over the test panel surfaces.

4. Badstence of eertain amount of warping ot the test panels.

5. Nonideal beundary conditions of the test panels. since the simphy supported conditions
along the frames were ondy approsimately simulated.

6. bBxistence of tunimy iork tvpe modes of the strineer cross section, which was not

accounted form the analby sis,

In spite of these differences there was a far agreement between the prediction and the test
data.
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8.0 CONCLUSIONS

A good correspondence between the analytical prediction and the results of the laboratory
and field tests has been observed. The following points have emerged from the study.

L

Analytical studies indicate that when the structural elements are intrinsically tuned, the
response of a skin stringer panel does not pass thoough a peak at a trequency close to
the fundamental frequency (1)) of the individual skin bay, clamped along the stringers
and simply supported along the frames. On the contrary, the response of the panel is
reduced considerably around this frequency. This has been verified by the laboratory
and the feld tests.

Analytical studies also indicate that two other modes appear at freqaencies above and
below the frequency f. as shown in figure 6. The responses of both these modes can
be reduced by applying damping treatment on the strinzers, provided the stringer loss
factor is below a certain optimum value. The existence of these two modes as weli as
the effect of stringer damping is verified by tests conducted in the laborstory and in
the field.

Laboratcry test data indicate that with no external damping treatment the damping loss
factors of the low frequency modes pass through a maximum when the skin and
stringers are intrinsically tuned.

Laboratory test data indicai: that in the absence of any external damping treatment,
the skin-stringer panel response of the most important low frequency mode passes
through 3 point of Jiminishing return when the tuning condition is satisfied.

The predicted modes of the pancl with 9-in. (0.228-m) stringer spacing were excited

by excitations at the center of each skin bay. On tie other hand. the predicted modes
of the panel with 3-in. ¢0.13-m) stnnger spacing were excited by excitation at the center
of cach stringer. Th: predicted modes of the tuncd panel were excited by a combina-
tion of both types of excitation. This was further confirmed by the field test data. Care
should. therefore. be exercised when discrete forcing functions are used to simulate a
distributed pressure field.

The field transmission loss ot the undamped tuncd panel with 7.5-in (0.19-m) stringer
spacing shows two vallevs at frequencies corresponding to the two principal irodss
shown in figure 6. In between these two valleys, the transmission loss passes through

a maximum. This occurs in a frequency range in which the vibration energy is trans-
ferred trom the skin panel to the stringers because of intrinsic structural tuning. Such
a method of increasing the panel transimission loss in cettain frequency bai:ds shouid be
particularly useful in situations where the excitation is cansed by discrete tones:e.g.,

in turboprop or prop-tfan aircraft.

Application of damping treatment on the stringers effectively smoothed out the valleys
and the peaks in the transmission Joss spectrum. There was a 4-dB improvement around
125 Hz, g 6-dB improvement around 160 Hz, ana another 2.5-dB improvement around



400 Hz. Further improvements should be possibie in all these bands by applying
damping tapes on the skin. Therefore, intrinsic tuning broadens the frequency band
over which damping treatment on the stiingers and the skin can be efiective.

The field transmission loss of the stringer damped pane! with 5-in. (0.13-m) stringer
spacing shows two valleys in two frequency bands containing two of its important
modes. Both of these modes were excited in the laboratory test, using excitation at

the center of cach stringer. The mode shape at the lower frequency is such that the
skin and striigers vibrate in phase. At this frequency, the skin acts like a relatively

stiff member supported on relatively flexible stringers. For this reason, application

of damping treatment on the stringers was highly efiective 1n increasing the transmission
loss in the frequency band containing the above mode. On the other hand, application
of damping tape on the skin would have been much less effective in this frequency
band.

The mode shape at the higher frequency is suchi that the centers of the skin bay and
the stringer vibrate out of phase. The structural wavelength is then comparable to the
stringer spacing. and stringer uamping is not as ¢ffective around this frequency. On
the other hand. skin damping should be highly effective in this frequency band.

In between the two valleys at these two frequencies. the transmission foss passes
through a maximum. In this frequency band. he velocity response at the stringer
center is higher than that at the panel center. The existence of such a frequency band
with a high transmission loss may be effectively utilized in situations where the
excitation is caused Yy discrete tones: e.g.. in prop-fan aircraft. One would then attempt
to design the structure so that the excitatioa tone of greatest concern falls within such

a frequency band.

The key to achieving a high transmission loss at low frequencies is to design the
structure so that the skin bay frequency is much higher than the stringer frequency,

and then applying damping treatment on the stringers. This condition is automatically
satisfied in a pressurized fuselage in which the inplane tensile loads induced by cabin
pressurization significantly increases the skin bay frequency. In a pressurized fuselage.
application of damping treatment on the stringers should. therefore, be very effective

in reducing cabin noise in the 250- to 450-Hz band. Traditionally. noise transmission

in this frequency band in a pressurized fuselage has been regarded as stiffness-controlled.
since this frequency band is below the fundamental frequency (typically 500 to 650 H»)
of the individual skin bay carrving inplane joads caused by pressurization, and since
application of damping tapes on the skin bays is not very effective in this band.

A good agreement was obtained between the predicted and measured natural frequencies
and mode shapes. The predicted and measured rms velocity responses at the skin

panel center were compared for the most dominant low frequency modes, and an agree-
ment was obtained within afactor of two. The predictions were based on the assump-
tion that the test panels were infinitely long. Considering this and other factors that
were not taken into account in the simplified theory, the agreement is reasonable. A
better agreement could be obtained by including thc hove factors in a more detailed
analysis.



In an aircraft fuselage. the skin thickness, stringer spacing. and cross section. etc..

vary from one part of the fuselage to another. The excitation is also not uniform over
the length of the fuselage. Thus. it could be difficult to achieve and maintain a high
degree of intrinsic tuning of various structural components over a large section of the
fuselage. However. it secems that from the designer's standpoint it is not always )
essential to have an exact matching of the natural frequencies of the various components.
Perhaps the most important finding from the development of the intrinsic structural
tuning concept has come from a better understanding of the mechanism of structural
response. It is scen that the structural member having 5 natural requency lower than
the frequencias of the other members becomes the key element ontrolling the response
of the stiffened structure around its fundamental frequency. At higher frequencies. the
other members can also be dominant in controlling the response. This is particularly
important when the structure responds to broadband excitation sources typical of turbo-
jet and turbofan engines and boundary layer turbulence. Therefore. it is imponant to
identify the key structural elements that control the structural response in various
frequency rapges so that vibration energy can be transferred from the skin to the
stiffeners. if necessary. and damping treatment can be applicd to the various elements
for effe:tive control of cabin noise and structural vibration in different frequency
ranges. In particular. in what is normally regarded as the stiffness-controlled region.

the noise transmission may actually be controlled by stiffener resonances. depending
upon the relationship between the natural frequencies of this skin bay and the stiffeners.
Therefore, cabin noise in the so~called stiffness-controlled region may be effectively
reduced by applving damy.ing treatment on the stiffeners.

In contrast. the past attempts in reducing cabin noise at low frequencies were centered
around ncreasing the structural stiffness (see for exampae. ref. 293, The present spudy
has pointed out that the reduction of low frequency cabin noise by using such an
approach tollows a law of diminishing retumn.

Low frequency cabin noise and sonically induced stresses can. therefore. be effectively
reduced by using the tollowing ciiteria based on the intrinsic structural tuning concept.
Damping should be applied on the <kin if the skin-bay frequency £ is lower than the
stringer frequency £ Damiping can be applied on the skin and on the stringers, if the
structure is intrinsically tuned. For maximum low trequency poise radiation, the
structure should be designed so that the skin frequency £ s greater than the stonger
frequency 1. and then damping should be applied on thc’stringcrs. Additionai shin
damping tapes can also be applied to the skin tor additional benefit in the mid frequency
t300- 1500 Ho) range. Tt is theretore necessary to kiiow the trequencies of the various
structural elements, and these can be casily obtained through analvsis and testing.

Thus. the tuselage structure should be designed so that, in addition to satisfving the
static strength requirements, it has a high transmission loss at low frequencies end a
leng sonic fatigue lite. The development of the intrinsic structural tuning concept is a
step in that direction. The conceptiis in its initial stages of development, and further
analysis and testing of more representative sections of the fuselage structure will be
necessary for realizing its full potential. In this'study. the effect of tuning and damping
the stringers was investigated by analyzing and testing skin-stringer panels. In erder to
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reduce cabin noise at lower frequencies involving overall cylindrical modes, a similar
analysis and testing of periodically stiffened cylinders will be necessary. so that the
effect of tuning and damping the frames (ref. 3) may be investigated The effect of
frame resonances on the overall cyvlindrical modes of the fuselage was discussed in
reference 3 and it was observed that for certain combinations of frequ . ncies and
circumferential wave numbers, the overall cylinder response is essentially controlled
by frame resonances. Therefore, application of damping treatment on the frames
should also be effective in reducing low frequency noise transmission into the aircratt
cabin.



‘es

174

q_

9.0 REFERENCES

Mixsor., J.S_, S, hoenster, J.A.. and Willis, C.M.: Fluctuating Pressurcs on Aircraft Wing
and Flap Surfaces Associated With Powered-Lift Svstem, ATAA paper No. 75-472,
second Aero-Acoustics Conference, Hampton, Va., 1975,

Shaw. L.L.. Smith. D.L.. Wafford, J.H.: AMST Intcrior Noise Considerations,
AFFDL-TM-75-116-FY A, August 1975,

SenGupta, G, “Current Developments :n Interior Noise and Sonic Fatigue Research.”™
Shock and Vibration Digest, October 1975,

Mead. D)., “Free Wave Propagation in Peniodically Supported Infinite Beams,
J. Sound and Vib, Vol. 11, No. 2, 1970,

SenGupta, G.- Dviamics of Periodically Stittened Structures, Using a Wave Approaci,
Ph.D. Thesis, Univ. of Southampton, July 1970, Also available as: ATML-TR-71-99,
Wright-Patterson AFB. Ohio, May 1971,

SenGupta. G.: “Natural Frequencies of Skin-Stanger Structures Using a Wave Approach.”™
J. Sound and Vib, Vol 16, No. 4, 1971,

Mead, DV Vibration Rosponse and Wave Propagation in Periodic Structures,
ASME paper No. 70-WA D3-3, Winter Annua! Meeting of ASME.N.Y., November 29
through December 3, 1970

Pujara. K.K.: Vibration of and Sound Radiation from Some Periodic Structures Under
Convected Loadings.” Ph.D. The as, Univ, of Southampton, November 1970,

SenGupta, Goo On the Relation Between the Propagation Constant and the Transter
Matrin Used in the Analvsis of Peniodically Stiftened Structures.”™ J Sownd and Vib.,
Vol T No 41970,

de Espindola, J.J.: *Numerical Metnods in Wave Propagation in Periodic Stractures.”
Ph.D. Thesis, Univenity of Southampton, 1974,

Abrabamson. A.L.: “Flexural Wave Mechanics: An Analvtical Approach to the Vibra-
tion of Periodic Structures Forced by Convected Pressure Fields,”™ . Sownd and Tib.,
Vol, 28, No. 2. 1973,

Mead, DJ: A General Theory of Harmonic Wave Propagation in Lincar Periodic
Svstems With Multiple Coupling.”™ 2. Sowund and Vib., Vol. 33, No. 2, 1974,

Orris, R M. and Pety t0 Mo A Finite Flement Study of Harmonie Wave Propagation
in Periodic Structures,”™ . Sowund and Vib,, Vol 33, No. 20 1974,



96

14.

16.

17.

18.

19.

bl

to
‘as

Heckl, M: “Wave Propagation in Beam-Plate Systems,” J. Ac. Soc. Am.. Vol. 33. No. 5,
1961.

Heckl, M.: “Investigation on the Vibrations of Grillages and Other Simple Beam
Structure,” J, Ac. Soc. Am., Vol. 36, No. 7, 1964.

Cremer, L., Heckl, M., Ungar, E.E.: “Structure-Borne Sound,” Springer-Verlag,
New York. 1973,

Ungar, E.E.: “*Steady State Responses of One-Dimensional Periodic Flexural Systems.™
J. Ae. Soc. Am., Vol. 39, No. 5. 1966.

Bobrovnitskii, Y.I. and Maslov. V.P.: “Propagation of Flexural Waves Along a Beam
With Periodic Point Loading.” Sovier Phyvsics-Acoustics. Vol. 12, No. 2, 1966.

Bobrovnitskii. Y.1.: ““Vibrations of an Infinite Beam Grid,” Sovier Physics-Acoustics.
1969.

Mead, D.J. and Wilby. E.W.: “The Random Vibrations of a Multi-Supported Heavily
Damped Beam,” Shock and Vibration Bulletir, Vol. 35, part 3, 1966.

Mead. D.J. and Pujara. K.K.: “Space Harmonic Analysis of Periodically Supported
Beams: Response to Convected Random Loading,” J. Sound and Vib,.. Vol. 14, No. 4.
1971.

SenGupta. G.: “Natura! Flexural Waves and Normal Modes of Periodically Supported
Beams and Plates.” J. Sowund and Vib., Vol. 13, No. 1, 1970.

SenGupta, G. and Mead, D.J.: Wave Group Theory Applied to the Analvsis of Forced
Vibrations of Rib-Skin Structures, paper No. D-3, Proceedings of the Symposium on
Structural Dynamics, Univ. of Loughborough, 1970.

SenGupta, G.: “*Propagation or Flexural Waves in Doubly Periodic Structures,
J. Sound and Vib., Vol. 20, No. 1, 1972,

SenGupta, G.: **Use of a Semiperiodic Structural Configuration for Improving the
Sonic Fatigue Life of Stiffened Structures,” 45th Symposium on Shock and Vibration.
Dayton, Ohio, 1974,

Lin, Y.K.: “Dynamic Characteristics of Continuous Skin-Stringer Panels.” in "*Acoustic
Fatigue in Aerospace Structures,” ed., Trapp, W.J. and Forney. D M., Syracuse Univ.
Press. 1965.

Warburton, G.B.; “Vibration of Rectangular Plates.” Proc. [ Mech. Engg, pp 168, 1954.



28.

29,

Kennedy, C.C. and Pancu. C.D.P.: “Use of Vectors in Vibration Measuremient and
Anslysis,™ /. Acro. Sciences, Vol 14, pp 603, 1947,

Getline. G.L.: Low Frequeney Noise Reduction of Lightweight Airframe Structures,
NASA CR-145104, August 1976,

97



