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SUMMAR/?

This report presents the resulis of an experimental/vibro-acoustic research program in which an
aluminum cylindrical sheil was subjected to a reverberant acoustic field. Dimensions of the
shell are 8 fr. (length) x 4 ft. (diameter) »x 0.08 in. (wall thickness). The shell was tested
with various stiffener configurations, namely: without stiffeners, with two ring frames, with
two ring frames and four stringers, and with two ring frames and eight stringers. All stiffeners
were uniformly spaced; and all configurations were tested with both ends of the shell closed
by thick plywood bulkheads.

Measurements made included one~third octave band levels of the external acoustic field,
internal acoustic field, axial and circumferential sfrains of the shell wall, and accelerations

of the shell wall and stiffeners, These data are presented in fabulated form and are presented
in graphs of normalized acceleration power spectral density. Theoretical response predictions

* are mode for each configuration tested and for several assumed vealues of damping; and, these
results are compared with measured response data. The comparison shows reasonably close
agreement beiween theory and test when relatively low structural damping values are used

in the computations. Measured transient decay rates obtained from impact tests of the speciman
partially validate the low damping values used theoretically.

The experimental program presented herein was conducted for NASA-MSC and is @ companion
to an experimental program conducted for NASA-MSFC in which extensive impedance measure~

ments were made on various stiffened configurations of the test specimen and arother geomeirically

similar shell.
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1.0

INTRODUCTION

During recent years, the search for advanded methods fo predict structural response of
space vehicles subjected to random acoustic excitations has been attempted by many
researchers. Although several methods (modal, statistical energy and empirical) are
now used for vibro-acoustic response predictions, all of them are affected by various
limitations and their degrees of applicability are not completely defined. It is then
evident that, at the present time, experimental data can provide the most useful
information for a better undersianding of vibro~acoustic response of space vehicle
structures. Toward this goal a thin cylindrical shell with various degrees of stiffening
provided by ring frames and stringers was selected for a series of vibro~acoustic experi~
ments. The experiments consisted of subjecting the cylindrical shell, in its various
stiffened configurations, to a reverberant acoustic field which represents the standerd
qualification acoustic test environment and of recording, in one~third octave levels,
the acceleration responses of various points of the specimens. These measurement points
were chosen in such a manner that the most useful information could be obfained; and
for this purpose, the accelerometers were located on the shell wall, on the rings, on
the stringers, and af the interseciion between the rings and the siringers. Also, strain
measurements on the unstiffened shell were taken. Finally, measurements of the acoustic
pressure field inside the cylinder were made to determine internal noise reduction.

The experimental program presented herein was conducted for NASA-MSC and is a
companion to an experimental program conducted for NASA-MSFC (Reference 4) in
which extensive measurements were made on various stiffened configurations of the

test specimen and another geometrically similar shell. Additional experiments on these
fwo shells are currently in progress.under a NASA-MSFC contract; and, the resulis
should be available in the near futire.

Structural configurations and design characteristics of the test specimens are described
in Section 2.0. Analytical estimaies of response are presented in Section 3.0. In
Section 4.0, the experimental dota are evaluated. Finally, Section 5.0 is dedicated
to the conclusn ons.
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2.1

DESCRIPTION OF TEST SPECIMEN

The test specimen used in the experiments consists of a cylindrical shell whose overall
dimensions-dre:
4'/‘

® Diameter = 48.0 in.
e Length = 96.0 in.
) Wall thickness = 0.080 in.

Vibro-acoustic tests were conducted for four different configurations in the following
sequence:

) Configuration No. 1 —' Unstiffened shell

) Configuration No. 2 — Configuration No. 1 plus two ring frames
located 32,0 in. from the fwo ends.

© Configuration No, 3 — Configuration No. 2 plus four stringers
uniformly spaced around the circumference at 90° angular separation,

) Configuration No. 4 — Configuration No. 3 plus four additional
stringers so that all eight stringers are uniformly spaced around the
circumference at 45° angular separation.

The basic cylindrical shell, ring frames and stringers were constructed of aluminum,
The ring frames are built-up channel sections which are attached fo the inside surface
of the shell wall by means of rivets; and, the siringers are angle sections which are
similarly attached to the cutside surface of the shell wall. Two heavy end rings
consisting of angle sections were welded to the inside surface at the two ends of the
shell wall; and, thick circular plywood bulkheads were bolted to the end rings.
These bulkheads are common 1o all configurations, and are used to provide radial
constraint at the ends of the shell wall and tb provide acoustic seals. A diagram of
the final stiffened Configuration No. 4 is shown in Figure 1. Details regarding design
and fabrication of the various structural components of the test specimen are presented
in Sections 2.1 - 2.4 below.

Basic Shell Design

The basic unstiffened cylindrical shell has overall dimensions of 96.0 in. (length) x
48.0 in. (diameler) x 0.08 in. (wall thickness}. This shell was constructed from four
sheets of aluminum each having dimensions of 48.0 in. (length) x 75.4 in. (width)

x 0.08 in. (thickness) and rolled to a radius of 24.0 in., so that each sheet formed
one-quarfer of the shell wall. Two of thess sheets were butt-welded along their
straight edges 1o form the upper half of the shell, and similarly for the other two
sheats to form the fower half of the shell; and, the hvo half-shells were butt-welded
around the circumference to form the compiefe shell. The axial weld lines for the
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upper half-shell are circumferentially displaced by about 90° relative to those of the
lower half-shell. These weld fines are shown by Items 7, 8 and 9 in Figure 1,

Inspection showed thai the welds were reasonably clean welds with a relatively small
overall thickness; and as a result, the welds were not polished to a flush finish with the
surfuces of the shell wall. These weld lines create some degree of discontinuity in
fhe mass and stiffness distributions of the sheli wall; however, these discontfinuities

are expected fo be relatively small and to have only second order effects on the
vibration response characteristics of the shell. The method of consiruction described
above was used in order fo minimize {abrication costs. As indicated in Table 2, the
overall weight of the bare shell is 116 Ibs.

Ring Frame Design

The test specimen has two ring frames which are attached to the inside surface of the !
shell wall and which are positioned so that they divide the shell into three cylindrical
shell segmenfs having equal axial lengths. The ring frames are denoted as Item 4 in
Figure 1.

The ring frames have C~channe!l cross-sections whose geometry and dimensions are
shown in Figure 2. The ring frames have o 2.0 in. web, 1.0 in, flange and a gage
thickness of 0.05 in,. Each ring frame is buiit-up from three sheeis of aluminum
which form the inner flange, web and outer flange. Each flange is joined to the web
by means of a confinuous bead of high strength epoxy glue and by 24 rivets which are
uniformly spaced around the circumference of the ring. Thus a total of 48 rivets

were used to attach the two flanges to the web. The rivet sizes were selected so that
the diameter of the shank of the rivet was about one~half of the dimension (d-b) shown
in Figure 2.

The outer F]unge of each ring frame was attached to the inside surface of the shell wall
by means of rive!s (Item 6 in Figure 2) through the flange and shell wall. These rivets
are the same size as those denoted as [tem 5 in Figure 2. Twenty~four rivets used for
this attachment, and an additional rivet was included for each stringer attached fo the '
outside of the shell wall as shown in Figure 4. Thus, in the final stiffened configuration
which included 8 stringers, the ring frame flange was aitached to the shell wall by meahs
of 32 rivets which were uniformly spaced around the circumference.

Each ring frame was constructed with a single cut through the cross-section. This cut
provided an expandable joint that aliowed the ring diameter to be adjusted so that the
outer flange of the ring could be brought into continuous contact with the inner sur-
face of the sheil wall. During installation, the ring was riveted to the shell wail
beginning at one end of the cut and progressing around the circumference fo the other
end of the cut. The two ends of the cut were then joined fo form a continuous ring
by the addition of small cluminum plates riveted fo the web and flange on both sides
of the cut.
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2.4

- The type of construction described above for lfnunufacfuring ihe ring frames was

employed in order io minimize fabrication costs. Ideally, the ring frames should
have an integral one~piece cross-section; however, it is difficult to roll deep
channel sections, and the cost of forming the rings would have been excessive,
Initially, it was considered satisfactory to use only high strengih epoxy glue to join
the flanges to the web; however, the development of local failures in the glue made

it necessary to add the riveis (Item 5 in Figure 2). After manufacture of the basic

shell, it was discovered that the shell exhibited some degree of out-of-roundness which
could not be corrected by riveting the frames to the shell wall. As ¢ result, o small
gap about 12 in. Tong existed between the shell wall and each ring frame.

Properties of the ring frames are listed in Table 1. The mass of each ring frame is
small relative to the mass of the shell wall. The radius of gyration of the ring frame
is much greater than that of the shell wall; and hence, the ring frames should add

* significant bending stiffness fo the shell wall,

Stringer Design

Formed aluminum angles available in standard sizes were used for the siringers. As
shown in Figure 1 (Item 3), the stringers have the same length as the shell, and they
are attached to thé ouiside surface of the shell wall at 45° on center. Cross-section
dimensions and the method of atfachment to the shell are shown in Figures 3, 4 and 5.
Each stringer is attached to the shell wall by means of 16 rlvefs which mc!ude asingle
rivet through eqch end ring and each ring frame.

Properties of the sh'ingers are listed ir{ Table 1. Stringer mass is seen fo be much less
than the mass of the shell; while the radius of gyration is much greatfer than the radius
of gyration for the shell wall. Hence, the stringers primarily add bending stiffness to
the shell wall.

End Rings and Bulkheads

The end rings were formed by rolling straight segments of aluminum angles to the desired
radius, butt~welding the ends to form a continuous ring, and spot welding the ring to
the inside surface af the end of the shell wall. Cross-sections of the end rings and the
attachment to the shell wall are shown in Figure 5. The end rings consist of 2.0 in,

x 2.0 in. x 0.25 in. angles. These rings were used for support of the flat, circular
nlywood bulkheads at the ends of the test speciman. These bulkheads were bolted to

- the end rings and are also shown in Figure 5. The purposes of the bulkheads are to

constrain the ends of the shell in the radial direction and to provide the acoustic seal
necessary for the acoustic response tests.

The masses of the end rings and end bulkheads are compared to the masses of the basic
shells in Table 2. There it is seen that the end rings and buikheads add considerable

. mass af the ends of the test specimen. Note that the stringers and ring frames add very

" fitrle additional mass.



3.0 PREDICTED RESPONSES OF TEST SPECIMEN

Analytical methods exist for estimating vibration respense levels of a thin cylindrical
shell immersed in an ideal diffuse acoustic field. Either a modal analysis method or
statistical energy method may be employed fo provide such estimates over a broad
frequency range. Such estimates are offen helpful in the inierpretation and evaluation
of experimenfally measured response data. For this purpose, a computerized modal
cmql)'//sis technique was used to defermine space average acceleration spectra for the
four test specimen configurations exposed o a reverberant field. Several experiments
.were conducted to obtain estimates of the damping copacity of the specimen, and these
indicated that damping values could vary over a broad range. Hence, response estimates
were made for several values of damping. The results of the analyses are presenied in
Tables 5 and 6 and in graphical form in Appendix A, The analysis procedure, assumptions
and results are briefly discussed below.

3.1 Response Quantities

Responses are computed in the form of a normalized ucceleration spectrum which is
defined as:

SU/SP = normalized acceleration spech‘lum ~ 92/(psi)2

f

SG = space average acceleration specfrum ~ gz/Hz

S
p

acoustic pressure spectrum ~ (psi)?/Hz

These qualities are also expressed in the convenient form:

)

A (dB) - P [dB) normalized acceleration spectrum averaged

over one-third octave bands ~ dB/Hz

A (dB) = one-third octave acceleration level ~ dB/third-
octave relative to 1.0 g
4
i
P (dB) = one=third octave sound pressure level relative to

2x 1075 N/m? (= 2.93 x 1077 psi)

The experimental data in Section 4.0 include strain data and here it is necessary fo
" define symbols for strain specfra. These symbols are:

sc/sp'

S
o

normalized strain specirum ~ (p in./in.)2/(psi)?

]

I

strain specirum ~ (p in./in.)?/Hz

tn
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I

S (dB) ~ P (dB)

normalized strain specira averaged over one-third
octave bands ~ dB/Hz

n:

S (dB) strain specirum ~ dB/third octave bands relative

to 1.0 g in./in.

-

Response Equations

The equations used to compute S;/S, by the modal analysis technique for a cylindrical

shell immersed in a reverberant acoustic field are presented in References 1 and 2,
The complete equations are foo lengthy to present here; and hence only the primary
equation which shows the summation of the modal spectra is shown here. This equation
is:

s T 2 ‘
U E .2 2 . 22
- = (P' 9)2 }Gn H (an/f) Jm (w) Jn ("J)
v P ) m=1 n=0
o = frequency (Hz)
fon = resonance frequency of {m,n) - mode of shell
Mg = weight per unit area of shell (Ib/in?)
B = facior which accounts for space average of modal
" mass with the circumfereniial mode number n
HE. /) = single degree of freedom dynamic magnification
factor for the (m,n)-mode
an () = coupling factor (joint-acceptance) between the
axial bending modes of the shell and the reverberaont
acoustic field
le () = coupling factor (joint-acceptance) between the
,1 circumferential modes and the reverberant acoustic
‘ field

Equations for the latter four quantities can be found in References T and 2. The
above response equation for S../S_ assumes that all modes respond independently so
that the acceleration specira for dll modes can be added to give the total acceleration
specirum. ’

Modes inciuded in the anclysis consist of all modes having resonance frequencies within
the overall frequency range of interest, which for the present analysis is 10-4000 Hz.
Highly efficient digital computer programs are available at Wyle Lsboratories to perform
these numerical analyses. For the analyses of the subject fest specimen, ourpuis from
the computer program consist of: ’
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o  Graphs of S../S_which are basédd on spectrum values computed
for 100 frequencies. (uniformly spaced on o log scale) per decade.
These graphs are presenied in Appendix A for four values of Q
for the four test configurations.

e  Graphs of S;/S _ which have been averaged over one-third octave
bands, These are also presented in Appendix A,

o Tables of values of A (dB) - P (dB) which are presented in Tebles 5
and 6.

Influence of Internal Acoustic Field

The computerized version of the modal analysis technique, employed for the response
analyses presented in this report, does not account for the influence of the inferndl
acoustic field on the response of the shell. A simplified statistical energy analysis
showed that this effect is relatively small . Hence significant errors in the modal
analyses should not be incurred as o result of neglecting the internal acoustic field.

Damping

A key input parameter to the vibration analyses is the damping of the shell. In the
response equations, the damping is represented by the "quality factor” Q (Resonant
dynamic magnification factor) which is assigned to each mode, This quantity is
important since mean square response levels over third-octave frequency bands are
approximately proportional to Q. Generally values of Q are not known and must
be assumed. Often, values of Q = 10-30 are used for complex buili-up structures.
Preliminary analyses of the test specimen showed that a value of Q = 15 for each
mode produced response levels considerably below those measured during testing

in the reverberation room. Analyses with damping values of Q = 50 - 200 produced
response levels comparable to those measured during testing. As a result, analytical
response predictions were made for Q = 15, 50, 100 and 200 for each of the four
configurations tested, where Q is assumed to be the curve for all modes,

Several experimenis were conducted on the fest specimen to verify independently that
such high values of Q are realistic. These experiments were conducted on Configuration

No. 4. The procedure used consisted of:

o Inducing a small amplitude, short duration, mechanical impact of
a poini on the shell wall (on skin between stiffeners).

e Using an accelerometer mounted on the shell wall to sense the
ensuing fransient response .

@  Passing the accelerometer signal through o third-octave filrer
centered of frequency . (rad/sec).

7
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o Displaying the filtered outpui on an oscilloscope or graphic
fevel recorder.

e /,Méqsuring the reverberation time T, (time for the signal to
" decay exponentially by 60 dB), and computing the Q from
the equation Q = w_ T./2.2.

The resulis of these tests showed thar Q = 10 - 50 were realistic for the lowest resonance
frequencies of the shell while Q = 50 ~ 200 were possible at higher frequencies. Relatively
large values of Q (of the crder to 100) have been measured previously for thin cylindiical
shells as discussed in Reference 3. -

Masses and Stiffnesses of Test Specimen Configurations

Parameters which must be specified for the response analyses are:

o Surface weight density: u g (Ib/in?)

o Bending stiffness along the axis of the shell wall: Dy (lb=in.)

o Bending stiffness around the circumference of the shell wall: Dy (lb=in.)

e In plane extensional stiffness: K, (Ib/in.)
It is assumed in the analyses that the mass and stiffness distribufions are uniform over
the surface of the shell. Hence, masses and stiffnesses for the ring frumes and skringers
are averaged in with the mass and stiffness of the skin. The resulting values of the
above parameters are listed in Table 3 for the four configurations of the test specimen.

It should be noted that Dy, and D,, have different values for each of the configurations
No. 2, 3, and 4, and hence these ‘configurations are represented by uniform orthoiropic

" shells. Note that Ky s unaffected by the addition of ring frames and sfringers.

!
Resonance Frequencies

A knowledge of the approximatfe resonance frequencies of the shell are necessary when
performing modal response analyses, and are helpful in the interpretation of experi-
mental results. The resonance frequencies are denoted as f_ and are determined by
the equation: mn

Yy

fm _ [{ % ) : o
: = _— BN + 8 -1

. F z)\z 1t { x o Y

Y m 4
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m = 1,2,3, ... = number of elastic half-waves along shell axis

n o= 0,1,2,3, ... = number of elastic full ~waves around shell
circumference
Ay = m w R/L

= 0.785 m for the test specimen

8, = [ DK, V2R

Non-dimensicnal stiffness parameters for
orihoiropic shell, see Table 3 for numerical

— 1
ﬁ;, = [ Dy/Ke ] /z/R values.
£, = ring frequency (Hz)

It

1
[ Ke/p] /2/_21rR see Table 3 for numerical values.

Numerical values of the ring frequency f, are listed in Table 3. Variations of
with configuration is due to the naviation of the surface weight density p g. The
above equation for f__ was used to compute the first ten resonance frequencies for
each of the four configurations; and the frequencies are listed in Table 4.,

Special gttention should be given to the resonance frequency of the (m, n} = (1,2) -
mode since this mode is clearly evident in the measured response data. Values of f,
are listed in Table 3 for the four configurations. Note that this resonance ﬁ‘equencyﬁ
is relatively insensitive to bending stiffness of the wall. The effective stiffness asso-

ciated with this mode of vibration is controlled by membrane stiffness; and the values

of f,, are essentially due to the first term under the radical in the cbove frequency

equation,

Acoustic Coincidence Frequencies

Acoustic coincidence frequency is the frequency af which the bending wave speed is
equal to the speed of sound in gir. For a thin flat plate, this frequency is given by
the equaiion:

- 2
¢ [ K
0 . -
FC = o 5 = qcoustic coincidence frequency (Hz)

13,440 in,/sec = speed of sound in air

4]
I

= mass per unit areg of plate (b-sec?/in%)

=
1

i

plate bending stiffness (lb~in.)
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For an aluminum plate with 0.08 in. i'hicknesj, the coincidence frequency is f_ = 6200
Hz. As bending stiffness is added to the platd, such as with the addition of stiffeners,
the coincidence frequency decreases. For thé subject test specimen, axial and circum-
ferential bending stiffnesses are different; and hence, the stiffened configurations No.
2; 3, and 4 have differeni coincidence frequencies along the axis and aroung the cir-
cumference. These frequencies are listed in Table 3.

The significance of these coincidence frequencies is that acceleration responses tend

to be high in the neighborhood of the coincidence frequency (or frequencies). Above
the coincidence frequency, acceleration spectrum levels for reverberant field excitation
roll-off ot 6 dB/octave.

Predicted Response Spectra

Normalized acceleration response spectra were computed by the above described modal
analysis procedure for Q = 15, 50, 100, and 200 for each of the configurations No. 1,
2, 3, and 4. The results are presented graphically in Appendix A in the form of curves
of SU/Sp versus frequency. In Appendix A, two graphs are shown for each value of
Q and configuration number. The left-hand graph was developed from computations of
S, /SP at 100 discrete frequencies per decade. The right-hand graph was developed
from third-octave band averages of the left-hand graph. Third~octave band average
values of the normalized acceleration are presented in Tables 5 and 6 in the forms of

A (dB) - P (dB}
Key features of the graphs in Appendi;»!c A are summarized below:

o At low frequencies these specira consist of resonant responses of -
well-separated modes; while of high frequencies, the modes
become densely packed to produce a type of non-resonant
response.

e For a given configuration, an increase in Q leads to greater average
response ievels and to greater resolution of the resonant modal response
peaks .

@  As stiffness is added to the shell, the average response levels decrease; thus

Configuration No. 4' has [ower spectrum levels than Configuration
No. 1.

e For configuration No. T, the highest acceleration levels occur over a
frequency band which extends from abeut 175 Hz to 130 Hz. Resonance
of the (1,2 }~mode at {L-z = 178 Hz occurs at the lower end of this band,

while resonance of the {m,0)-ring modes af 1300 Hz dominate the upper
end of this band. The third~octave average spectra show that the responses
are greater af 1300 Hz than at 175 Hz for all values of Q considered in the

i0



analysis. Below 175 Hz, the first few dominant peaks in Figure Al
correspond to the (1,5), (1,4}, (1,7), and (1,3) modes, respectively.
Above 1300 Hz, the spectrum levels decrecse rqfidly o values some-
what greater than mass law response [ 1.70 x 10 &/ (psi? ] ; and
then the spectrum levels increase as the coincidence frequency of

* 6200 Hz is approached. -

The acceleration specira for configurations No. 2, 3, and 4, are
similar in character {o those for configuration No. 1, except that
above the ring resonance the spectrum levels roll-off less rapidiy.
The latter is caused by the fact thot the circumferentiai coincidence
frequency lies below the ring frequency. Also the fundamental -
resonance frequency for these cases is the (1,2)-mode.



4.0

4.1

EVALUATION OF EXPERIMEMNTAL DATA

Six vibro-acoustic experiments of the’ test specimen were conducted within Wyle
Laboratories' 100,000 cubic foot reverberation room. In these tests the shefl was
suspended six inches off the floor in an upright position as shown in Figure 6.
Microphones were used to measure sound pressure levels exterior fo and within the
test-specimen. Accelerometers were used fo measure radial responses of the shell

wall, ring frames and siringers, and axial responses of the end bulkheads. Strain

gages were used to measure both axial and circumferential strains of the shell wall,

Twe additional experiments were conducted in order to survey the sound pressure

levels over the surface of the fesi specimen and fo measure variations in noise

reduction within the shell. Using analog recording and analysis techniques, these

data were obtained in the form of one-third octave rms levels. From these data,
normalized acceleration and strain spectra of the shell wall and stiffeners, normalized
acceleration specira of the end buikheads, and noise reduction spectra are developed. !
Measured acceleraiion specira averaged over octave bands are compared with com-
parcble analytically predicted acceleration spectra for each of the four configurations
tested. The resulis of these tests are compared with measured responses presented in

the literature for other types of cylindrical shell structures.

A brief description of each of the eight experiments is presented in Section 4.1 below .
The experimental data obtained and the fechniques for analyzing these data are dis-
cussed in Section 4.2. A detailed evaluation of the experimental results, along with
comparisons between theoretical and experimental results, are presented in Sections
4.3 and 4.4, Finally in Section 4.5, the measured acceleration responses of the
subject test specimen are compared with responses of other cylindrical structures.

Test Configurations

Three experiments were conducted for the unstiffened configuration No. 1; and cne
experiment was conducted for each of the three configurationsNo ., 2, 3, and 4. For
each of these six experiments, the opproxmm’re position of the test specimens within

the reverberation room, and the locaiions of all transducers relative to the test specimen’
are shown in Figures 7-12. Brief descriptions of experiments No. 1-6 are presenfed
below

o Experiment No. 1 — This experiment was conducted for Configuration
No. 1. Asshown in Figure 7, the external microphones (M1, M2)
were located 18 inches from the surfoce of the shell; and microphone
(M2) was located on the centerline al 16.0 inches above the lower
end-bulkhead. Five radially oriented accelerometers (A1, A2, A3,
A4, and A5) were located of various positions on the externol surface
at the unstiffened shell wall. The axial strain gage (SG1) ond the
circumferential sirain goge (SG2) are mounted on the exterior wall of
the sheli ot the same location.

12



o Experiment No. 2 ~ This test isja repeat of Experiment No. T and was
conducted for the purpose of, obi'%lining vibration response levels of the
two end bulkheads. As seen in Figure 8, the fwo accelerometers (A2
and A5) were moved from the shell wall to the centers of the upper and
tower end-bulkheads. Vertical acceleration responses of these two
bulkheads provide a measure of the transmission losses that can be
expected to occur across these bulkheads.

¢  Experiment No. 3 — This experiment is also a test of Configuration
No. 1. The purpose of this test is to show the possible influence of
variations of the sound pressure levels within the reverberation room
on localized response levels of the structure. .As seen in Figure 9, the.
test specimen was rotated 180° about its vertical centertine. With this
exception, all fransducer locations are the same as in Experiment 2,

e Experiment No. 4 — This experiment is a test of Configuration No., 2
which has two ring frames attached to the inside surface of the shell
wall, Location of the test specimen within the reverberation room and
locations of all transducers relative to the test specimen are shown in
Figure 10. Accelerometers A3 and A5 are mounted on the unstiffened skin
while.cccelerometers Al and A4 are mounted on the upper ring frame.
Note that for this test, microphones M1 and M3 have been moved to new
locations relative fo the test specimen.,

Experiment No. 5 — This experiment is o test of Configuration Neo. 3
which includes two inferior ring frames and four exferior stringers having
90° angular separations around the circumference. Transducer locations
for this experiment are shown in Figure 11. Here, accelerometers A2

and A4 are mounted on the upper ring frame; accelerometer A3 is mounted
on the stringer between ring frames; and accelerometer A1 is mounted af

ihe intersection of the upper ring frame and stringer.

[+]

e Experiment No. 6 — This is a test of Configuration No. 4 which includes
fwo inferior ring frames and eight exterior stringers located ar 45° incre-
ments around the circumference. Instrumentation for this test is shown in
Figure 12. Accelerometer Al is located at the infersection of the upper
ring and stringer; accelerometer A2 is located on the upper ring befween
stringers; and accelerometer A3 is located on a stringer between the two
ring frames; and accelerometer A4 is [ocated on the skin between stiffeners.

Two additional experiments were conducted for the purpose of measuring noise reductions
within the tesi specimen and the variations of sound pressure levels over the exterior
surface of the test specimen. These experiments are discussed below:
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6 Experiment No. 7 — This test was conducted for the purpose of measuring
noise reduction for Configuration No. 4. Two microphones (M1 and M2),
located 4.0 ft above the floor, were used to measure sound pressure levels
exterior to the test specimen. Microphone M1 was located approximately
15 {t (far~field) from the test specimen; while microphone M2 was located
less than 1.0 in. (near-field) from the surface of the shell. Three micro-

" phones (M3, M4, and M5) were used to measure sound pressure levels within
the shell, Microphone M3 was located at the mid-height of the shell and
within 1.0 in, of the interior wall of ihe shell. Microphone M4 was
lecated af the mid-height and on the centerline of the shell. Microphone
M5 was located along the upper interior edge of the shell.

o Experiment No., 8 — The purpose of this fest was fo measure variations in
the sound pressure levels over the exterior surface of the test specimen
for Configutation No. 4. Two external microphones were used in this
test. One of the microphories was located at o fixed position about 15 ft
{far-field) from the test specimen. A second microphone was positioned
within 1.0 in. (near-field) of the exterior wall of the shell and wes
moved fo various heights above the floor qnd various positions around
the circumference,

4.2 Presentation of Measured Data

In order to provide a permaneni“ record of the basic data measured during Exparimants
No. 1-7. one-third octave bond analog plots for al! microphones, accelerometers, and
strain gages are presented in Appendix B. The one-third octave band levels from these
plots are listed in Tables 7-13. For convenience, dll of these data are presented in
units of dB/third octave and appropriate reference values (0 dB levels) of sound pressure
levels, acceleration and strain are indicated., One-third octave analog plats of sound
pressure levels obtained during Experiment No. 8 were not available for reproduction
in this report. However, the measured sound pressure levels are listed in Tables 14-15
in units of dB/third~ociave.

i
It is necessary to define a common reference for all experiments so that response levels
obtained for different experiments can be compared. Ideally this reference would be
the sound pressure level of the reverberant acoustic field at a relatively large distance
(several shell diameters) from the test specimen. For Experiments No. 1-3, it is necessary
to approximare this reference sound pressure level by the average of the sound pressure
levels measured by microphone M1 and M3 which are located 18.0 in. from the exterior
surface of the test specimen. For Experiments No, 4-6, it is assumed that the reference
sound pressure level is provided by microphone M1 which is 105.3 in. from the exterior
surface of the test specimen.
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A normalized acceleration spectrum, A (dB) = P {dB) in units of dB/Hz, can be
obtained for any acceleration, A (dB), in Tables 7-12 by subiracting from A (dB) the
corresponding reference sound pressute level, (P {(dB}, Such a normalized acceleration
spectrum can be expressed as Sy;/Sp,, having unifs of g’/ (psi)? , by use of the following
relationship:

A (dB) - P (dB) = 10 log,, [S.L'j/sp] - 170.7

Numerical values of S;/S,, were determined for each measured accelerdition in the six
experiments and for each of the third-cctave band center frequencies. The results are
presented graphically in Figures 13-18, These graphs have the same format as those
represented in Appendix A for analytically predicted results. For convenience,
locations of the accelerometers are also indicated in Figures 13-18,

These noise reduction curves are presented in Figure 19, These were developed from !
the deta in Table 13, For example noise reduction at M3 is obtained by subtracting

P (dB) for microphone M3 from'P (dB) for microphone M1, Similar for the noise reduction
curves associated with microphones M4 and M5,

Normalized strain spectra, SU/S_ ; are developed from dutc listed in Tables 7-9 and
are presented in Figures 20-22. The computation of SG/S from values of S (dB) and
the reference P {dB) can be accomplished by use of the equation:

S (dB) ~ P (dB) = 10 log,, [sg/sp] - 170.7

The measured acceleration spectra shown in Figures 13-18 and the predicted specira in
.Appendix A exhibit many "Pecks" and "Valleys" which make comparisons between
mecasured and theoretical results difficult. It is expected that theory will not provide
reasonable predictions for the "fine structure” of g response specirum; however, theory
may provide a reasonably good estimate of the average response spectrum. For this
reason the measured sound pressure levels and accelerations in Tables 7-12 were
averaged over octave bonds, and the resulis were used to construct average normalized
accelerafion spectra.

All of the octave band average specira for a given experiment were then grouped and
enveloped to give a band of average acceleration spectra. These bands are shown in
Figures 23-26 for Experiments No. 1, 4, 5, 6. Similar octave band averages of the
predicted normalized acceleration specira were developed from Tables 5 and 6; and
the resulting average theoreiical spectra are also shown in Figures 23-26.



4,3

4.3.1

4.3.2

Discussion of Measured Data and Comparisons with Analytical Predictions

The purpose of this section is o review the final experimental data; fo discuss and
interpret the key features of these date, and fo make comparisons with analytical
predictions. For convenience, these discussions are divided into sub-sections which
evaluate low frequency response characteristics, high frequency response characier-

istics, noise reduction, strain response, sound pressure level survey over the shell,

and the final comparisons between average response specira obtained experimentally
and analytically.

Low Frequency (45-100 Hz) Response of the Unstiffened Shell

The fundamental resonance frequency for configurationNo. T is about 46 Hz according
to Table 4. Acceleration levels af this frequency were too small to be measureable
during experiments No. 1, 2, and 3 as indicafed in Figures 13-15; however, the strain
specira in Figures 20-22 show that low level resonant response does exist between

40-60 Hz. These measured results are partially in agreement with theoretical pre~
dictions since the acceleration specira in Figure Al show fow-level resonant response
between 45-100 Hz. Also, in Figure 23, the measured specirum level at 63 Hz (which
is an average over the 50, 63, and 80 Hz third-octave bands) is equal fo the comparabie
spectrum level predicted for Q = 15,

It should be possible to compare measured and predicied response levels in the 45-100
Hz frequency band. This could be done by determining the theoretical strain spectrum
associated with responses of the first four dominant modes of vibration shown in the
left~hand graph in Figure AT, The first four resonant peaks in this graph correspond
to the (1,85), (1,4), (},7), ond (1,3)-mode, respectively. It can be shown analytically
that the (1,6)-mode, which is the second mode of vibration listed in Table 4, hes o
negligibly small response level. The theoretical strain spectrum could then be com~
pored with those in Figures 20-22 for the 45~100 Hz band. Differences between
theoretical and measured strain spectrum levels would be due to differences between
theoretical and actual demping values, acoustic-structure coupling factors (joint
acceptances), or siructural mode shapes. Since it would not be possible to separate
the effects of these three parameters on the basis of measured data available, this
calculation is not presented here.

Low Frequency (100-200 Hz) Responses of Unstiffened and Stiffened Shel!
Configurations

The unstiffened shell and all of the stiffened configurations of the test specimen
exhibit an overall resonant response in the 100-200 Hz band. This resonance is
observed in the acceleration spectra presented in Figures 13~18 and in the strain
specira presented in Figures 20-22. Special attention is given to this resonance
because of the very large measured sirain level shown in Figure 20,
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There is strong evidence to support the conclusion that this resonance is associated
with the (1,2)~mode of the shell. First, Table 3 indicates that, for all four configura-

tions, the theoretical resonance frequency of this mode lies in the range 1, , = 177.8
to 183.1 Hz. Tobles 7-12 indicate that the resonance of interest lies in either the

".125 Hz or. the 160 Hz third-octave bands. It is certainly possible then that the actual

resonance frequency of the (1,2)-mode of the test specimen lies within the 125 Hz or
the 160 Hz band. Secondly, Figures A1-A4 show that the first dominant resonant
response predicted for the unstiffened shell occurs at about 180 Hz; and it can be

“shown that this resonance is associated with the (1,2)-mede. Figures A5-Al6 indicate

thot the first dominant resonance predicted for the stiffened configurations No. 2, 3,
ond 4 also occurs at cbout 180 Hz, and from Table 4 it is evident that this resonance
corresponds to the (1,2)~mode. These theoretical predictions are in agreement with
Figures 13-18 which show that the first dominant resoncnce of the test specimen occurs
at about the frequency associated with resonance of the (1,2)~mode. Finally, although
other modes of the shell may have theorefical resonance frequencies close to 180 Hz,
theoretical response predictions indicate thai only the (1,2)-mode has a large response
in this frequency range. On the basis of these arguments, it is concluded that the
100200 Hz resonance appearing in Figures 13-18 and Figures 20-22 is caused by the
(1,2)~mode.

The spectral amplitude of the 100-200 Hz resonance shown in Figure 13 lies between
6x 105 ¢ /(psi¥? and 7 x 10° ¢ /(psi¥®. The right-hand graph in Figure A3 shows
that the predicted speciral amplitude for this same resonance is 7 x 105 g /(psi)?
when Q = 100. Other values of Q lead to different speciral amplitudes for this
mode. Thus, if the assumed joinf-accepiances are coriect, a reascnable value for
damping oisociated with the (1,2)-mode is Q = 100,

High Frequency Response Characteristics

Inspection of Figures 13~18 shows several significant features concerning the high
frequency response characteristics of the test specimen. These features are briefly
ouflined below:
e The ring frequency of the test ié;}::ec:irnen is estimated to be about

1300 Hz. The modal density of the shell is maximum af this

frequency; and hence, the acceleration response should be

maximum af 1300 Hz. Figures 13, 14, and 15 show that

maximum responses of the unstiffened cylinder, occur between

600-1000 Hz, or at an average frequency of 800 Hz. Thus the

maximum responses occur al a frequency (800 Hz) which is

somewhat less than the theoretical ring frequency (1300 Hz),

This deviation from theory could be associated with the mass

loading effect of the accelerometers (1.0 ounce) used in these

experiments. If a lighter transducer such as 0.1 ounce accelero=-

meters, were used the frequency af which the peak occurs would

tend o move toward the theoretical limit (zero mass loading) of
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4.3.4

1300 Hz. For frequencies of 1000 Hz ~ 2000 Hz, it is estimated
that the acceleration specira might increase by 3-6 dB,

The measured response data of the unstiffened cylinder presented
in Figures 13, 14, and 15 show a sharp decrease dbove the ring
frequency. This trend is also encountered in the theoretical
prediciions, as shown in Figures A1-A4 of Appendix A and is due

to the low coupling of the (acoustically slow) modes whose resonance

frequencies fall between the ring frequency and the flai plate coin-
cidence frequency (6200 Hz).

The responses for configuration No. 1 measured during experiments 2
and 3, Figures 14 and 15, are essentiaily equal, indicating that the
locations of the accelerometers with respect to the acoustic field in
the room are not significant.

Figures 16-18 indicate thai, when stiffeners are added, the response
peak at the ring frequency broadens while the average response level
is somewhat reduced. This change in response is more evident
between the unstiffened and fully stiffened shells as shown in Figures
13 (or 14, 15) and 18. This effect is also evident in the theoretical
predictions as can be seen in Figures, for example, Al and A13 in
Appendix A. This change in response is also discussed in Section 3.0.

Figure 21 shows that respense on rings and shell sigments hetween
rings are approximately equal. This implies that the sheil and ring
frames are well coupled dynamically.

According fo Figure 17, considercble deviation in response occurs
for different locations on the shell af high frequencies. This includes
accelerometers A2 and A4 which are mounted 135° apart on the same
ring. This may be caused by o small gap between the shell wall and
the ring frame ot the point where the accelerometer A4 is mounted.

Noise Reduction

Figure 19 shows represenfative noise reductions obtained for configuration Ng. 4.
Noise rediction varies with frequency and position inside the volume of the test
specimen. The three noise reduction curves in Figure 19 were obfained from three
microphones located of different positions. Microphone M4 was [ocated on the
outer-line at the mid-height of the shell. Microphone M3 was located within
1.0 in. of the interior wall af the mid-height of the shell. Microphone M5 was
located in the upper corner of the shell. Key features observed from these data
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The greatest noise reduciion cccurs at the center of the test

. - " - - - - -
specimen because radial acoustic modes within the cylindrical
volume have pressure modes on}?he centeriine.

Variations in noise reduction on the centerline are probably
associated with axial acoustic modes within the shell. The
first two axial acoustic modes which have pressure'modes af
the center of the shell have resonance frequencies of 70 Hz
and 210 Hz; and ot these frequencies, the noise reductions
should be relatively high. The first axial acoustic mode
having a pressure maximum at the center of the shell has o
resonance frequency of 140 Hz; and it is seen that this
corresponds closely to the small noise reduction measured

in the 125 Hz third~octave band.

Noise reductions af the wall should be lower than af the
outer-line because the interior wall is a location of pressure
maxima for all radial acoustic modes of the shell volume.

This is seen to be the case for microphone M3, Note that

the noise reduction is nearly zero in the 160 Hz band; and

this may be caused by the high response level of the (1,2)~mode
of the shell which was discussed in Section 4.3.2.

Noise reduction in the upper corner (M5) is minimum becouse
the interior acoustic modes have pressure maxima af this corner.
Note, from Figure 19 that the noise reduction here is essentially
flat above 200 Hz. [t is estimated that the space average noise
reduction is approximately 6 dB greater than that obtained by
M5; that is about 9 dB above 200 Hz.

Figures 14 and 15 show that the response levels of the end
buikheads are much less.than those of the shell well, as @
result, the fransmission loss across these bullkheads should be
much greater than across the shell wall. [t is concluded than
that noise reduction within the volume of the shell is controlled
by vibrations of the shell wall.

At high frequencies, the three noise reduction curves converge

indicating thai noise reducticn becomes esseniially independent
of position within the shell. This is expected since the internal
acoustic field approaches o diffuse field s frequency increases,
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4.3.5

4.,3.6

Strain Response

Strain specira were obtained only for cenfiguration No. 1 and are shown in Figures
20-23. Three key features of these spectra are:

e~ The circumfereniial strain is much greater than the axial

" strain. Strain is inversely proportional to the square of the
elastic wave length of any mode of vibration, Elastic wave
lengths around the circumference are generally much smaller
than elastic wave lengths along the axis beccuse the circumferential
mode number (n) is generally greater than the axial mede number
(m) for the modes showing the highest response levels. As an
example, the resonance which appears between 40~60 Hz in
Figures 20-22 is associated with m = 1 and n = 4-7 as described
in Section 4.3.1. Also, the sharp resonance between 100~200 Hz
shown in Figure 20 is associated with m = T and n = 2 as discussed
in Section 4,3.2.

-

e Both axial and circumferential strains exhibif similar resonance
effects below 500 Hz; while above 500 Hz, the circumferential
strain appears fo be non~resonant. In the neighborhood of the
theoretical ring resonance at 1300 Hz, the dominant response
modes are the (m,n) = (1,0}, (2,0), (3,0), . . .,~ modes. Thus
it is expected that the circumferential sirain should be nearly
uniform within the higher frequency range while the axial strain
would show some evidence of resonance; and this can be seen in

Figure 21.

o Above 1300 Hz, the circumferential sirains decrecse rapidly with
increuasing frequency. For the unstiffened shell, theoretical pre-
dictions show that the responses of the (m,0) modes chop off sharply
with increasing frequency. The effect of this can be seen in the
rapid roll-off of the circumferential strain above 1300 Hz.

t
1

Survey of Sound Pressure Levels Over Test Specimen

The sound pressure level survey presented in Table 14 and 15 indicate that the sound
pressure level near the shell wall is higher than the sound pressure level in the far-
field. Although the difference is neither constani nor following a well defined trend
with frequency, for practical purposes o pressure increment near the shell wall of
2-3 dB can be considered a reasonable estimate. This survey also shows that no
significant variations in sound pressure level occurs over the surface of the test
specimen. '
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4.3.7

4.4

Comporison of Experimental and Analytical Responses

The octave-band average spectra presented in Figures 23-26 provide a meaningful
comparison between theoretical and measured responses of the test specimen. Key
features fo be observed in this comparison are:

o The general shapes of of the theoretical and corresponding measured
response spectra are simitar, except af low frequencies for the stiffened
configurations.

o For the unstiffened configuration No. 1 (see Figure 23), it is apparent
from the spectral amplitudes that the shell probebly has low damping
values and thet Q-values between 100 and 200 are reasonable. This
is expected since the shell has no joints except at the end bulkheads.

e For the stiffened configurations no. 2, 3, and 4, (see Figures 24-26),
the spectral amplitudes indicate that Q-values between 50 and 100
might be reasoncble. These lower Q-values are consistent with the
added damping that is expected from sliding friction that occurs ot
the joints between the shell wall and stiffeners.

Comparison of Measured Responses for Six Cylindrical Shell Structures

A brief literature survey was conducted to obtain other experimental data for cylindrical
shell structures, and they are presented in Figure 27. In this figure, the ordinate repre~
sents the non~-dimensional quantity (¢ g Si/ S, where pg is the surface weight density,
Sy s the acceleration PSD and S is the pressure level PSD, Mass law response cor-
résponds fo the vatue (p o) SU/SP = 1.0. The absicissa is the product of frequency

(in Hz) and diameter (Teet). This type of graph was used by Franken in Reference 5 to
present Titan vibration data. Curves presented in Figure 27 are:

e Curve T — Average of response data observed on Jupiter and
Tilan 1 vehicles (Reference 5).

o Curve 2 — Data obtained by NASA-MSC on Apollo Spacecraft
SLA For progressive wave~duct excitation (References 1 and 2).

e Curve 3 — Response data of Republic Steel Cylinder No. 7
obtained by Wyle Laboratories dueing air-helium experiments for
NASA-MSEC (Reference 6). This cylinder dimensions ore:
Digmeter = 36 in., Heighi = 36 in., and Thickness = 0.018 in.

e Curve 4 — Response data of cylindrical, aluminum-honeycomb shroud
obtained during static firing fests of Saturn V at NASA-Mississippi
Testing Facility. The shroud dimensions are: Diameter = 260.0 in.,
Meight = 300.0 in., and Thickness = 1.0 in.
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e Curve 5§ — Data reduced from Expérimenf No. 1 for the unstiffenad
test specimen. The acceleration spectrum is obtained from Figure 13
for response of the skin. j)

@ Curve 6 — Response dgfa from Experiment No. & for the fully
stiffened version of the subject test specimen. The curve is
obtained from Figure 18 and corresponds to response of the skin.

From the analysis of these curves, the following conclusions may be made:

e  The scattering of measured data related to different cylinders
indicates that other structural parameters, (such as bending stiffness
and extensional stiffness) influence the response of shells 1o an
acoustic field.

o  The choice of (ug)? SU/SP as ordinate is convenient to show whether

or not high frequency vibrations are controlled by mass law. Since
most of the measured data shown in Figure 45 consist of relatively Tow
frequency vibraiion, it might be more convenient to use K? SU/SP .

or its equivalent (K? /uw?) SU/Spr as the ordinate,; where

= typical stiffness parameter

K
S, = PSD of deflection response = S, /u*

By using Kk SU/SP, the spread of the data at low frequencies should

be less than that shown in Figure 27. (Realistic values of K were
not immediately available for the structures included in Figure 27).

o  Further review of Figure 27 shows that peak responses do not necessarily
oceur at the ring frequency, as might be expected for uniform cylindrical
shells. This could be explained in some cases by non-uniformity of the
shell structures, and local mass loading of the shell wall.

e It is clear from Figure 27 that responses of most shell structures are well
above those predicted by simple mass law .
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5.0

CONCLUSIONS

Eight experiments were conducted in which a thin eylindrical shell, having four
stiffener configurations, was subjected to a reverberant acoustic field. Measure~
menis were made of external and internal sound pressure levels, acceleration

response levels of the shell wall and stiffeners, and strain levels of the external
shell'wall., Several impact experiments were conducted in order to obtain approxi-
mate values of domping of the test specimen. A series of analyses were conducted

in order to estimate acoustically~induced vibration responses of the shell wall

for each stiffener configuration and for four damping values represented by Q = 15,
50, 100, 200. Comparisons were made befween measured and theoretical acceleration
spectra. The principle conclusions resulting from this vibro-acoustic research program
are: . .

¢ Based on measured vibration decay rates, the impact tests showed
that the test specimen has relatively high values of Q over most
of the frequency range of interest. Average third-octave band
values of Q were greafer than 50 for almost al! third-octave bands
analyzed; and Q-values of 100200 were obtained for many of these
bands. Such high values of Q are typical for "one-piece” structures
“which have few joints, such as the subject test specimen. Actudl
flight hardware is often built-up from many smaller frame and plate
components; and as a result, the numerous joints generally yield
lower Q-values in the range of 10-30. In this sense the test specimen .
is a representation model of flight hardware in terms of mass and stiffnsss,
"but not damping. Scaled damping is generally not achieved in dynamic
models of actual structures. Hence damping of model and prototype
should be measured and then analyses should be used to adjust measured
results of model studies for differences between model and prototype
damping.

o The unstiffened cylindrical shell exhibiis an acceleration response
specirum which, when normalized by the acoustic pressure spectrum,
is maximum in the neighborhood of the ring frequency. The shape of
the measured response spectrum -is similar to that which can be predicied
theorefically; and analytical response levels are comparable to measured
response levels when a damping of Q = 100-200 is assumed. In particular,
the predicted sharp roll~off of response levels above the ring frequency
is evident in the measured acceleration specira.

\

@ Stiffened configurations of the test specimen exhibii acceleration response
specira‘which tend fo be more uniform (flat) of high frequencies and to
have lower amplitudes than the aeceleration specira for the unstiffened
shell. The increase in high frequency response with the addition of ring
frames and stringers is clearly evident when the acceleration specira for
the unstiffened and fully stiffened configurations are compared. The
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increased response of the stiffened shells above the ring frequency is
partially in agreement with theoretical predictions; however, in addition,
this phenomenon is portly due to dynamic decoupling of plate segments
and stiffeners.

e  When realistic vdlues of effective siructural dumping are known, the
moda! analysis technique, coupled with the inclusion of a sufficient
_number of modes of vibration, provides a reasonably accurate estimate,
over a broad frequency range, of vibration response fevels of a cylindrical
shell with and without siiffeners.

o In areverberant acoustic field, the sound pressure levels at the surface
of a cylindrical test specimen are cbout 2-3 dB higher, on the average,
than sound pressure levels at a large distance from the cylinder. As
frequency increases, these surface pressures should approach values
which are 3 dB higher than pressures far from the cylinder, Furthermore,
the sound pressure levels over the surface of the shell are fairly uniformly
distributed.

o For the subject test specimen, vibrotion levels are approximately the
same for the shell wall and stiffeners, indicating that these components
are well coupled dynamically. This is explained partly by the fact that .
the masses of the stiffeners are small relative to the mass of the shell.
In some instances, the shell wall between stiffeners exhibifs up to 6 dB
greater response than the stiffeners.

e Noise reduction at the internal corner microphone is approximately
constant, and equal fo 3 dB, for frequencies above 200 Hz. Noise
reduction on the axis of the shell exhibiis several minima and maxima

-which occur af frequencies that closely correspond to standing interior
acousfic waves along the axis of the shell. At high frequencies, the
noise reduction, tends to be relatively independent of position within
the volume of the test specimen and tends towards the value of noise
reduction in the corner, At sufficiently high frequencies, noise
reduction in the corner should approach a value of 6 dB higher than the
space average noise reduction,

® Measured circumferential sirain levels for the unstiffened shell are
significantly higher than axial strain levels throughout most of the
frequency range because, for those modes having the highest response
levels, the elastic wave lengths around the circumference are generally
smaller than those along the axis. The axial and circumferential strain
spectra appear to be quite similar in shape including three or four well
defined resonance peaks below 400 Hz. The use of strain gages in
experimenfal programs of the type reported herein is recommended since
strain gage values can distinguish between circumferential and axial
components of bending response. Furthermore the use of internal and
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external strain gages on opposite sides of the sheli wall can be used
to separate circumferential bending modes (n=1, 2, 3, . . .) from
the circumferential extensional jmodes {(n = 0).

e The survey of responses of a number of cylindrical shells indicates
that response levels are generally maximum and well above mass law
response in the neighborhood of the frequency of the ring resonance.
The method used in Figure 27 {o normalize cylindrical shell responses
has only limited value since many other factors (such as bending stiffeners;
stiffener spacing, efc.) not accounted for can have significant influences
on shell response characteristics. -

The results of the experimental/analytical program discussed in this report have
provided Insight into the many complex phenomena which govern acousiical ly-induced
responses of cylindrical shells and have provided considerable validation of theoretical
methods used to predict vibration responses.
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of Ring Frames and Stringers

TABLE 1. Summary of Dimensions;/ Stiffness and Mass Properties

Property Unit Dimensions
Ring Stringer

Mean radius in 23.0 ————
Overall length in 144,5 96.0
Cross-section area in? .215 123
Area moment of inertia in 135 L0119
Radius of gyration in 790 310
Weight per unit length Ibs/in L0215 0123
Weight per stiffener Ibs 3.10 1,18
*Weight all stiffeners o Ibs 6.20 ®.44

TABLE 2. Summary of Component and Overall Weights

Conr'lp-onen’rl Weight
Bare shell 116 Ibs
Two end rings 28 tbs
Two end bulkheads ™ 70 Ibs
Total weight (no stiffeners) 214 |bs
Total weight {(with all stiffeners)* 243 1bs

¥ These weights were measured; while all other

weighis were calculated




TABLE 3. Structural Characteristics and Coincidence Frequencies of the Four Configurations of Test Specimen

-

Dimension

Configurations

Property 1 2 3 4"
Weight per Unit Area B g (lb/inz.) 7.8x 10 8.1x 103 8.4 % 107 8,7 x 10~
Extensional Stiffness Ke (lb/in.) 8 x 10° 8 x 109 g x 105 8 105
Axial Bending Stiffness D, (Ib=in.) 4.9 x 107 4,9 x 102 6.7 x 10° 1.3 % 104
Circumferential Bending Stiffness Dy (lb=in.) 4,9 x 10 1.1 x.109 1.1 x 103 1.1 x 103
Axial Stiffress Parameter ) Bx | .Oé x 107° 1.03x 107% 3.81’ %1072 5-.31 x 1073
Circumferential Stiffness Parameter BY 1.03x 1073 1.55 x 1072 ' 1.55 x 1072, 7,55 x 1072
Ring Frequency fG (Hz) 1307 1282 1260 1238
Resonance Frequency of (1,2)-Mode f , (Hz) 177.8 184,1 181.1 178.2
Axial Coincidence Frequency f (Hz) 6200 6200 1680 1210

(Hz) 6200 390 3%0 390

Circumfer. Coincidence Frequency




TABLE 4, Summary of Resonance Frequencies, an ; for First Ten Modes of the Four Configurations

of the Test Specimen

Configuration No. 1

Configuration No, 2

Configuration No. 3

Configuration No, 4

Mode Resonance Mode Resonance | Mode Resonance Mode Resonance
Number Frequency Number Frequency Number Frequency Number Frequency"
m n Hz m n Hz m n Hz m n Hz

i 5 45,57 1 3 183.08 i 2 181,14 1 2 178.17

i 6 52.57 I 2 184.05 1 3 181.39 I 3 179.03

1 4 52.78 1 4 308.78 i 4 304.81 1 4 300.27

1 7 67.17 2 3 324 .64 2 3 322.74 2 3 319.14

i 3 84,51 2 4 353.01 2 4 353.64 2 4 351.00

1 8 86.19 3 4 457 ,03 3 4 461.58 3 4 460.16 .
pA 7 92.16 1 5 488 .51 1 5 481.00 1 5 473,20
2 el 97 .63 1 i 495,16 i 1 485.35 1 i 476 .37
2 8 100.26 2 2 499.30 2 2 490.59 2 2 482,18

] 9 108.53 2 5 503.67 2 5 502.17 2 5 497 .21




i
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TABLE 5. Predicted Normalized Acceleratjon Spectra for Configurations No. Tand 2

1

Normalized Acceleration Specira
Freq. A(dB) - P(dB) : dB/Hz
FC {Hz) Confiéumﬁon No. 1 Configuration No. 2

Q=15 Q=50 1 Q=100 | Q=200 Q=15 Q=50 Q=100 Q=200

10 ~186.1 ~186.1 | ~186.1 | -186.1 | -205.5 | -215,9 | -215.9 | -215.9
12 -180.8 | -180.8 | -180.8 | -180.8 | -200.6 | -200.8 | -200.8 | -200.8
16 ~174,5 | ~174,5 | -174,5 | -174.5 | -194.9 | -206.5 | -206.5 | -206.5
20 -168.1 { -168.1 | -168.1 | -168.1 | -188.1 | -192:3 | -192.3 | ~192.3
25 -16t.4 | -161.4 | -161.4 | -161.4 | -183.3 | ~198.1 | -198,1 | -198.1
31 -1563.92 | -153.9 | ~1538.9 | -153.9 | ~177.7 | -183,7 | -183.7 | -183.7
40 ~-142.8 | -142,5 " -142.5 | -142.5 | -172.1 | -189.3 | -189.3 | -189.3
50 ~129.8 | -123.2 | -119.4 | -116.2 | -146.8 | -166.8 | ~166.8 | -166.8
63 -133.3 | -130.4 | -129.5 | -129.1 -142,0 | -162.0 | -162.0 | -162.0
80 -130.9 | -125.2 | -123.0 | -122,0 | -137.8 | ~157.8 | -157.8 | -157.8
100 -132.4 | -128.8 | -126,8 | -125.3 | -133.6 | -153.6 | -1583.6 | -153.6
125 | -134.0 | -129.9 | -128.6 | -128.2 | -125.5 | -145.5 | -147.0 | -147.0
160 -125.4 | -121.8 | -120.8 | -119.8 | -109.7 | -128,9 | -128.8 | -128.8
200 -122,2 | -115.5 | -112.0 | -110.0 | -101.4 | -115.7 | -113.1 | -111.1
250 -127.1 | -124.8 | -123,5 | -122.5 | -111.4 | -131.3 | -131.3 | -131.3
315 ~122,0 | ~116.4 | -114.9 | ~114.3 | -101.8 | -115.8 | ~111.7 | ~107.5
400 -125.7 | -123.5 | -122.4 | 4121.7 | -104.3 | -121.2 | -120.0 | -119.6
500 -119.3 | -114.0 | -112,2 | -111,2 | - 98,7 | -113.0 | -110.1 | -107.0
630 -119.6 | -114.7 | -112.2 | -109.4 | -110.9 | -116.7 | -113.8 | -110.4
800 ~-118.1 -112.9 | -109.9 | -107.6 | -~ 98.9 | -113.4 | -110.4 | -107.6
1000 -117.4 | -112.3 | -109.3 | -106.4 | - 97.9 | ~112.,4 | -109.2 | ~105.9
1250 ~-116.4 |} -110.9 | -107.8 | -104.8"| - 95.5 | ~109.7 | -106.4 | -103.2
1600 -122.6 | -121.,0 | ~119.7 | -117.8 | - 98,7 | -113.8 | -Ti1.1 | ~108.2
2000 -125,1 | -123.6 | -122.2 | -120.4 | -100.3 | -115.2 | -112.0 | -108.6
2500 -125,0 | -123.4 | -121.8 | -119.8 | -101.2 | -116.1 | -113.2 | -110.1
3100 ~-121.9 | -118.1 | -115.8 | -113.4 | -101.6 | -116.4 | -113.3 | -110.1
4000 -119.1 | ~114.5 | -111.9 | -109.5 | -102,2 | -117,1 | -114.,2 | -111.3




TABLE 6. Predicted Normalized Acceleration Specira for Configurations No. 3 and 4

L
——

»

Normalized Acceleration Spectra
Freq. A(dB) - P(dB) : dB/H=z

f (Hz) Configuration No. 3 Configuraiion No. 4
c
Q=15 Q=50 Q=100 Q=200 Q=15 Q=50 Q=100 | Q=200

10 -215.8 { -215.8 | -215.8 | -215.8 | -215.7 | -215.7 | -215.7 | -215.7
12 «210.7 | -210.7 | -210.7 | -210.7 | -220.6 | -220.6 | -220.6 | -220.6
16 -206.4 | -206.4 | -206.4 | -206.4 | -206.4 | -206.4 | -206.4 | ~206.4
20 -192.2 1 -192.2 | -192,2 | -192.2 | -192.2 | -192.2 | -192.2 | -192.2
25 -198.0 [ -198.0 | -198.0 | -198.0 | -197.8 | ~197.8 | -197.8 | -197.8
31 -183.6 | -~183.6 | -183.6 | -183.6 | -183.6 | -183.6 | -183.6 | -183.6
40 -189.2 | -189.2 | -189.2 | -189.2 | -189,1 | -189.1 | -189.1 | -189.1
50 ~166.9 | -166.9 | -166.9 | -166.9 | -167.0 | -167.0 | ~167.0 | -167.0
63 -162,1 { -162.1 | -162.1 -162.1 | ~162.1 | -162.1 | -162.1 | -162.1

80 -157.9 | -157.9 | -1687.9 | -157.9 | -157.9 | -157.9 | -157.9 | -157.9
i00 ~153.¢6 | -183.6 | -1583.6 | -153.,6 | -153.6 | -153.6 | -153.6 | -1583.6

g [P Lard g b LRSIV RS LRe L R

125 ~145,4 } -145,3 | ~145.3 | -145,3 | -145.1 | -145.1 -145.1 | ~145.1
160 -128.4 ¢ ~127.1 | -126,9 | -126.9 | -126.9 | -123.9 | -123.4 | -123,2
200 -122.1 1 -116.5 | -114.9 | -114,3 | -123.1 | ~116.0 | ~111.4 | -108.0
250 -131.9 | -~131.8 | -131.8 | -131.8 | -132.3 | -132.2 | -132.2 | -132.2
315 -122,2 | -116.9 | -114.9 | -114.0 | -122,5 | -116.6 | -132,5 | -111.5
400 ~124,7 | -121.2-} -119.6 | -118.9 | -125.2 | -123,2 | -122.7 | -122.5
500 -119.1 | -113,2 -] -109.6 | -106.2 | ~119.4 | -113.4 | -109.9 | -106.5
630 -220.2 | -116.4 | -113.5 | -117.1 | -121.3 | -116.7 | -115.1 | -114,4
800 -119.7 | -114.2 | -110.5 | -106.3 | -120.3 | -115.1 ~112.4 | -109.8
1006 -119.1 { -113.6 | -110.3 | -107.1 | ~119.7 | ~114.2 | -110.6 | -106.9
1250 -117.7 { -112.3 | -109.5 | ~107.0 | -118.7 | -113.2 | ~110.2 | -107.6
1600 -119.2 | -113,9 | ~110.9 | -107.9 | -120.3 | -114.9 | -111.9 | -109.3
2000 |°-120.6 | -115,4 | -112.5 | -109.6 | -121,6 | -116.4 | -113.5 | -110.8
2500 -121.7 | -116.5 | -113.2 | -110.0 | -122,3 | -117.4 | -114,2 | -110.9
3100 -122,7 | -117.3 | -114.,2 | -111.2 | -123,7 | -118.5 |'-115,7 | -112.9
4000 ~-123.8 | ~118.7 | ~115.8 | -113.0 | -124.7 | -119.5 | -116.4 | -113.2




TABLE 7. Measured One~Third Ociave Sound Pressure Levels, Accelerations and S%rans for Canfiguration
Mo. 1, Experiment No. |

Sound Pressure Levels " Acceleration Response Levels ‘ Strain Levels
Center dB/third~octave
Frequeney Re: 2x T07% N/’r*n2 Re: 1.0g Re:, 1.0 pin. in.
fc (Hz) Extemal Infernal Skin Aoxial Cireumf.

M1 M3 M2 Al A2 A3 Ad A5 SG1 SG2

50 125.0 120.0 100.0 T -10,0 | - 8.5 17.7
63 128.0 121.0 110,0 -12.0 9.5 15.1

80 125.0 119.0 101.0 ~ 8.0 - 8.0 - 2.0 -10.0 "} -10.0 5.9 8.5
100 122.6 125.0 102.0 - 2.6 - 2.0 - 2.0 - 3.0 ~ 4.0 1.9 19.9
125 126,0 119.2 112.0 10.0 11.0 10.4 10,0 11.0 21.5 30.5
140 124,0 123.5 121.5 6.6 2.0 8.0 6,0 6.0 18.5 27.9
200 120.0 122.0 106.5 4.0 5.0 -'2.0 i.0 3.0 8.9 19.5
250 1 124.0 121.7 112.0 13.0 14.0 7.6 2.6 9.6 15.9 22.5
315 - 123.5 120.5 116.5 13.0 12.0 8.4 13,0 11.0 14.5 13.5
400 122.5 123.3 119.6 15.6 13.0 10.0 13.0 14,0 13.5 23,1
500 124,7 125.0 115.2 17.0 17.¢ 14,0 14.0 i5.0 14,5 22,5
&30 126.0 123.1 116,0 17.0 18.0 16.0 15,6 15,6 i3.5 21,9
80C 122.5 122.5 116.5 17,0 17.0 16,0 16.0 16,0 13.5 19.5
1000 120.0 118.5 113.0 11.0 1.0 12.0 17.0 12.0 10,5 15.5
1250 116.8 | 115.5 112.3 6.6, 6.6 8.4 6.0 6.0 6,9 13.5
1600 116.5 114,5 {- 110.0 1.0 2.0 2.0 1.0 0 5.5 9.1
2000 12,0 1 111.0 105.0 - 7.0 - 7.0 -~ 6.0.1 ~ 8.0 -7.6 0.5 3.5




_TABLE 8. Measured One-Third Octave Sound Pressure Levels, Accelerchons and Strains for Configuration

No. 1,

Experiment No 2

Sound Pressure Levels

Acceleration Response Levels

Strain Levels

Center dB/third-octave
Frequency Re: 2x 1077 N/m2 Re: 1.0 g Re: 1.0 p in./in. \
f (Hz) External Internal Skin Bulkheads Axial Circumf,
c Upper Lower
M1 M3 M2 Al A3 A4 A2 AS SGH SG2
50 121.7 123.2 104.5 6.5 11.5
63 122.0 118.0 -16.0 12.9 . 3.5
80 123.0 119.5 98,0 -12.0 - 8.0 ~10.0 - 4,0 ~ 5.6 2.1 6.7
100 121,0 125.0 101.5 ~ 2.4 -10,0 - 4,0 = 9.6 -14.6 3.9 125
125 123.0 121,2 121.6 4.4 5.0 6.0 - 2.0 ~-11.0 13.9 15,1
140 122.2 24,1 120,0 8.0 8.0 6.0 1.0 ~ 7.0 12.3 21.5
200 123.0 119.0 108.0 5.0 - 1.0 2.6 ~ 3.0 - 4.0 2.5 13.5
250 122.5 121.1 108.5 13.6 8.4 1.4 - 3.0 - 5.4 7.1 15.9
35 121.8 122.7 116.2 14.0 .0 12.0 - 8.0 -10.4 9.5 16.7
400 125.0 124.0 119.5 14.0 17.0 14.4 2.4 0 6.3 15,5°
500 122.2 124,0 118.2 14,4 13.0 18.0 - 1.6 - 4.6 8.5 14.9
630 123.0 123.0 117.0 18.0 15.0 18.6 1.4 - 2.0 6.7 13.5
800 123.0 123.0 115,7 16.6 17,0 17.6 241 -1.,0 6.7 12.5
1000 120.0 118.2 115.0 12.0° 4.4 | 12,0 0.8 - 2,0 3.5 8.5
1250 118.0 117.2 114,0 7.0 2.0 8.4 3.0 - 1.0 0.5 6.5
1600 115.5 116.5 112.0 1.0 3.0 1.4 - 7.0 - 2.0 - 0,5 5.5
2000 113.0 | 113.2 106.0 { ~7.0 | ~5.0 | -6.0 | -1.0 ~5,0 | - 7.1 - 3.1




TABLE 9. Measured One-Third Octave Sound Pressure Levels, Accelerations and Strains in Configuration
No. 1, Experiment No. 3

y

[T

Sound Pressure Levels

Acceleration Response Levels

Strain Levels

Center dB/third-octave

Frequency Re: 2 x 1079 N/m? Re: 1.0g~ Re: 1.0y in./in,
f (Hz) External Infernal Skin Bulkheads Axial Circumf.

c ' Upper Lower
M1 M3 M2 Al A3 Ad A2 A5 SG1 SG2
50 123.0 120.0 94,0 - 6,4 ~-13.,0 -26.0 9.5 15,1
63 124.0 116.0 104,0 -10.0 -12.0 -14,0 ~10.4 ~-15.2 11,1 5.5
80 123,5 119.0 98.0 - 4,0 - 5.0 - 6.4 - 4.6 - 5.8 1.5 .
100 123.0 122.5 99.5 - 4,0 - 8.0 - 1.0 - 6,0 -15.0 6.1 12,1
125 124.0 121.0 123.0 4,8 6.8 9.2 - 2.0 ~14.4 13.1 19.5
160 - 125.2 124,01 118.0 8.0 10.0 5,2 0 - 4.4 10,1 19.5
200 121.0 120.0 105.0 4.0 1.2 3.6 - 2,0 - 3.4 3.1 12.5
250 122,0 122.0 105.3 12.0 8.0 11.8 - 3.0 - 4.6 10.1 17.5
315 122.8 122.0 115.0 14,0 0.4 13.4 - 7.0 - 9.2 9.5 15.5
400 123.8 123.0 120.0 14,6 3.8 14,6 3.0 3.0 6.5 . 15,1
500 125.0 124.0 117.8 18.0 15.0 18.6 0 - 2.0 8.5 18.5
630 124.0 123.8 117.0 18.0 16.2 i9.0 5.0 - 0.6 6.5 13.5
800 124.0 123.8 116.5 17.0 18.0 18.0 4,0 ~ 1.2 6.9 13.5
1000 120.0 120.0 116.0 12.6 16.0 13.2 2.0 0.4 2.1 1 9.1
1250 118.0 i18.0 115.0 7.4 12.0 2.0 4.6 1.0 1.5 7.7
1400 117.0 118.0 114.0 2,0 4.8 4.0 4.2 - 1.0 - 0.5 4.9
2000 113.0 114.0 106.0 - 6,0 - 4,0 - 4.0 0.8 - 4.0 - 6.1 - 2.9




TABLE 10. Measured One-Third Octave Sound Pressure Levels and Accelerations
for Configuration No. 2, Experiment No. 4

Sound Pressure Levelis

Acceleration Response Levels

. Center _dB/third-octave
Frequency Re: 2x 1079 N/m“a Re: 1.0¢g
F:(Hz) External Internal Skin Ring
M1 M3 M2 A3 AS Al A4
50 117.8 119.5 94.0 ~20,0 ~22.0 ~22.0 ~22.0
63 118.5 124.0 104.0 ~18.0 -17.0 -17.6 -17.0
80 124,0 | 125,0 | 108.2 | -15.0 | ~15.0 | -18.0 | -19.0
100 125,0 125.8 101.0 -10.0 - 7.6 - 6.0 -14.0
125 125,5 126.0 116.0 6.0 0 8.0 0
160 127.0 128.0 | 120.0 5.0 2.4 2.0 2.0 .
200- 123.0 126.0 101.0 4.0 5.0 0 -~ 2.0
250 123.8 124.5 104,0 2.0 7.4 10.0 8.0
315 122.8 123.0 114.0 i1.0 10.0 6.0 4,0
400 122.3 123.5 112,0 2.0 11.0 7.0 7.4
500 120.0 121,57 108.0 10.0 2.0 10.0 8.4
630 118.0 120.0 108.,0 8.0 10.0 10.0 2.6
800 115.0 116.0 1040 6.0 6.0 6.0 7.0
1000 110.0 113.0 104.C 3.0 4.0 4.0 3.0
1250 106.0 109.0 104.0 - 1.0 - 1.0 - 1.0 - 1.0
1600 104.0 106.0 100.0 - 6.0 - 6.4 ~ 4.4 - 6.0
2000 110.0 102.5 98.0 - 8.0 - 8.0 -~ 7.6 - 8.0
2500 ?7.0 98.0 94.0 -10.0 -12.0 ~10.0 -11.0
3150 24,0 95.5 ?1.0 -14.0 -15.0 ~13.0 -14.0
4000 93.0 94,0 20.0 -16.0 -12.0 -15.0 ~20.0
5000 ?4.0 93.0 91.0 -18.0 -22.0 ~20.0 -22.0




TABLE 11. Measured One-~Third Octave Sound Pressure Levels and Accelerations for Configurc:ﬁo:;r No, 3,
Experiment No. 5 :

Sound Pressure Levels Acceleration Response Levels
Center dB/ Third-Octave
Frequency Re: 2 x 1075 N/m? Re: 1.0g
£ {(Hz) External Internal Ring Stringer Ring Stringer
M1 M3 M2 A2 A4 A3 Al
50 118,0 121.0 96.0 ~22.0 -26.0 -19.0 ~20.0
63 123.0 124.0 106.0 ~20.0 -21.0 -18.0 -15.0
80 124.0 122.0 108.0 . =15.0 -18.0 -15.0 -14.0
100 126.0 124.0 101.0 - 8.0 - 8.0 -~ 5.0 - 2.0
125 128.0 125.0 114.0 4.0 8.0 7.0 12.0
160 126.0 126.0 11870 6.0 4.0 2.0 0.0,
200 124.0 124.0 115.0 - 2.0 2.0 0.0 0.0
250 125.5 125.0 . 116.0 5.0 10.0 5.0 7.0
315 124.0 123.0 111.0 2.0 7.0 6.0 5.0
400 123.0 122.0 . 117.0 6.0 10.0 7.0 5.0
500 122.0 121.0 111.0 - 7.0 2.0 7.0 7.0
630 120.0 120.0 110.0 6.0 10.0 5.0 6.0
800 116.0 117.0 105.0 5.0 8.0 3.0 5.0
1000 114.0 114.0 107.0 - 1.0 6.0 0.6 3.0
1250 110.0 110.0 105.0 - 5.0 2.0 - 1.0 - 2.0
1600 108.0 108.0 103.0 -10.0 - 2.0 - 4.0 - 4.0
2000 104.0 103.0 99.0 -16.0 - 6.0 ~ 6.0 -11.0
2500 101.0 98.0 26.0 ~19.0 ~19.0 ~11.0 ~ 9.0
3150 97.0 23.0 $0.8 -24.0 -12.0 -12.0 -15.0
4000 93.0 92.0 90.2 0.0 ~19.0 -16.0 -15.0 -
2600 ?1.0 ?1.0 90 .4 0.0 -25.6 ~-17.0 ~-16.0




TABLE 12. Measured One-Third Octave Sound Pressure Levels, Accelerations and S’rrcms for
Configuration No. 4, Experiment No. 6

o

Sound Pressure Levels

Acceleration Response Levels

Center dB/ Third-Ociave
Frequency Re: 2x 10-% N/m? Re: 1.0¢g
f (MHz) External Internal Skin Ring Stringer Ring Stringer
MI M2 A4 A2 A3 Al
20 97.0 .
25 112.0 82.0 ~19.0 -12.0
31 122.0 86.0 ~25.0 -23.0 ~-25.0
40 120.0 88.0 ~25.0 -24.0 -24.0
50 123.0 96,0 -18.0 -22.0 -20.0 -19.0
63 124.0 104.0 -14.0 -21.0 -13.0 ~18.0
80 124.0 - 7 106.0 - 4.0 - 7.0 - 7.0 -10.0
100 126.0 105.0 10.0 - 4.0 2.0 0.0
125 128.0 116.0 17.0 7.0 10.0 8.0
160 126.0 122.0 12.0 6.0 8.0 4.0
200 127.0 106.0 10.0 2.0 2.0 0.0
250 124.0 106 .0 12.0 "10.0 6.0 10.0
315 126.0 110.0 12.0 6.0 7.0 4.0
400 125.0 120.0 12.0 11.0 8.0 7.0
500 122.0 114.0 10.0 11.0 8.0 7.0
630 122.0 110.0 11.0 10.0 6.0 8.0
800 119.0 106.0 8.0. 7.0 3.0 5.0
1000 115.0 107.0 6.0 4.0 0.0 2.0
1250 114.0 106.0 2.0 0.0 0.0 -'1.0
1600 110.0 102.0 - 3.0 - 6.0 - 4.0 - 6.0
2000 106.0 98.0 - 7.0 - 8.0 - 7.0 ~11.0
2500 104.,0 94.0 -11.0 ~-10.0 -12.0 -12.0
3150 100.0 89.0 -13.0 -12.0 -11.0 ~-13.0
4000 - Q7.0 87.0 -17.0 ~-16.0 -16.0 ~10.0




TABLE 13. Measured Cne~Third Octave Band Pressure Levels
Oblained During Noise Reduction Experiment No. 7

Third~Octdve Sound Pressure Levels - dB Re: 2 x 10~ N/m?
Frequency External Microphones Internal Microphones
f. ' Mid-Length
Hz *Far-Field [**Near-Field | Near Wall On Axis Upper Corner
: - M1 M2 M3 M4 M5
.50 120.0 121.0 - - -
63 122.0 123.0 102.0 - 111.0
80 124.0 127.0 100.0 106.0 116.0
100 128.0 127.0 110.0 108.0 109.0
125 128.0 129.0 124.0 123.0 121.0
160 128.0 128.0 130.0 122.0 125.0
200 128.0 131.0 120.0 104.0 126.0
315 127.0 130.0 117.0 110.0 124.0
400 124.0 126 .0 116.0 115.0 121.0
500 126.0 126.0 121.0 108.0 123.0
630 121.0 122.0 115.0 10%.0 118.0
800 117.0 118.0 112.0 116.0 114.0
1000 114.0 117.0 110.0 106.0 112.0
1250 i11.0 111.0 108.0 105.0 108.0
1600 108.0 106.0 104.0 104.0 103.0
2000 105.0 103.0 102.0 101.0 101.0
2500 101.0 100.0 101.0 100.0 100.0
3150 97.0 97.0 98.0 - -

*  Far~-field implies a distance of several shell diameters away from test specimen

#*  Near-field implies a distance within 1.0 in. of the exterior surface of the
test specimen




TABLE 14, Megsured Cne~Third Oci‘,lave Sound Pressure Levels for Various

Positions Along the Ex

/

tetior Surface of the Test Specimen

Frequency Third-Ociave Sound Pressure Levels = dB Re: 2 x 1073 N/m?
fc ** Near-Field at Various Heights, h, from Floor
Hz *Far-Field | h=0.5f | h=2.5{t { h=45f{ h=6.5f} h=8.51#
50 . 120.0 123.0 122.5 124.0 122.0 121.0
63 122.0 128.0 126.0 126.0 123.0 122.0
80 122.0 127.0 125.0 128.0 125.0 126.0
100 127.0 130.0 128.0 128.0 128.5 125.0
125 128.0 129.0 128.0 128.0 128.0 127.0
160 128.0 131.0 129.0 129.0 129.5 129.0
200 127.0 132.0 131.0 131.0° 1360.0 128.0
250 126.0 129.5 130.5 129.0 127.5 126.5
315 125.0 128.0 - 129.0 127 .0 127 .0 125.0
400 124.0 127.0 127.5 127.0 128.0 126.0
- 500 125.5 128.0 128.5 127.5 129.0 127.0
630 121.0 « 122.0 122.0 123.0 123.5 121.0
860 116.5 118.0 119.0 120.0 121.5 118.0
1000 114.5 116.0 118.0 117.5 117.5 115.0 .
1250 111.5 111.0 114.0 113.5 113.0 111.0
16G0 108.0 107.5 110.0 i06.5 109.0 108.5
2000 105.0 103.5 106.0 106 .5 106.0 105.0
2500 101.0 101.0 ° 102.0 102.0 101.0 103.0

£33

test specimen

Far-field implies a distance of several shell diamefers away from test specimen

Near-field implies a distance within 1,0 in. of the exterior surface of the




TABLE 15. Fcn'.-FEeEd and Near-Field Sound Pressure Levels
around the Circumference at Mid-Length of

Cylinder
Third-Octave Sound Pressure Levels
Frequency dB.Re;: 2x 1079 N/m?
Fc (Hz) *Far ** Near Field ot Various Angles, 8, **¥*
Field 6=0° B=90° | B8=180° | 8=270°
50 123.0 | . 121.0 124.0
63 124.0 128,0 | 125.0 - 120.0 126.0
80 124.0 127.0 | 126.0 126.0 127.0
100 128.0 130.0 | 128.0 126.0 129.0
125 128.0 130.0 | 132.0 129.0 129.0
160 129.0 130.0 | 131.5 130.0 130.5
200 | 129.0 130.0 | 131.5 131.0 130.0
250 128.0 129.0 | 131.0 130.0 130.0
315 125.0 128,0 | 127.5 127.0 129.0
400 125.0 126.0 | 127.0 129.0 129.0
500 123.0 126,5 | 126.0 127.0 127.0
630 118.0 | 122.0 | 121.0 122.0 123.0
800 116.0 119.0 ; 119.0 120.5 112.0
1000 113.0 115.5 | 116.5 117.5 117.0
1250 109.0 112,0 | 111.0 112.5 113.0
1600 104.0 108.5 |'108.0 109.5 | 109.0
2000 101.0 103.0 | 104.0 105.0 106.0
2500 '100.0 101.0 | 101.0

**%  Angles are counted leftwise starting from the point in correspendence

with the hom .

\‘ ]
**  Near-field implies u distance within 1.0 in. of the exterior surfuce

of the test specimen
|

Fur‘;—ﬁeld implies a distance of several shell diameters away from test
specimen



1. Two flat circular plywood bullkhaads
2, Two angls section end rings
3. Eight angla section stringers
4, Two channel saction ring frames
5. 176 pop rivets
6. Floor of reverberation room
7. Upper axial weld linss
8. Llower axial weld lines
"¢, Circumferential weld lins
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FIGURE 1. Geometry and Dimensions of Fully Stiffened Configuration No. 4
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1. Shell wall (outer surface).

2. Flanges of ring frame.

3. Web of ring frame. :

4, Continuous bead of high strength ssoxy glue,

5. Rivets between flanges and web; total of 48 per ring
frame; average circumferential spacing between riveis

.15 6.0 in.

é. Rivet between flange and shell wall; total of 24 per
ring frame between siringers; total of 32 per ring
frame including those through stringers.

FIGURE 2, Geometry and Dimensions of Cross-Section of Ring Frames
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1. Shell wall f?nside surface).
2. Legs of angle.
3. Rivet between angle leg and shell woll;

total of 12 per stringer between rings;
total of 16 per stringer including those through rings;
average axial spacing between rivets s 6.0 in.

FIGURE 3. Geomeiry and Dimensians of Cross~Section of Stringers
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1. Ring frame

2, Stringer

3, Shell wall (inside surface)

4, Rivet through stringer, shell wall and ring frame

FIGURE 4. Geomefry and Dimensions of Joint Between Ring Frame, Shell Wall
and Siringer )



]

e
2

.E_ﬂ_,_

ﬁ
L
B b

vy A

AN
/,/ .

7

w;

l, 2.0" (Both Legs of Angle)

e ®
" _{j}@

Legs of end ring angle.

Shell wall (inside surface).

Stringer. \

Spot welds between end ring and shéll wall; total of 14-16 per end ring.

. Rivet through stringer, shell wall and end ring; fotal of 8 per end ring
for 8 stringers; fotal of fwo per siringer (af each end).

6.> Cireular, plywood bulkhead.

7. Machine screw beiween bulkhead and end ring; total of 8
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FIGURE 5. Geometry and Dimensions of Joint Between End Ring, Shell Wail,
l Stringer and Bulkhead
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FIGURE 6. Test Specimen Suspended Inside the 100,000 Cubic Feot Wyle Reverberation Room



Room Height
= 37.0!

Ins-‘rument’aﬁan . P 585"

M1 = External Microphone located 16.0" ~
above floor

- M2 = Internal Microphorne .

M3 = External Microphone located 16.0"
above floor ’

Al, A2, A3, A4, A5 = External

Accelerometers

SG1, SG2 = External Strain Gages

0~
SGI1
7 XIS - C R
48!!
64"
80"

96"

Unstiffened Shell
Configuration No, 1

FIGURE 7, Test Configuration for Experiment No. 1



| i Reom Height
o - t
Instrumentation . ’ r‘- 58.5¢ = 37.0

Exiernu! Microphone located 16 0“
shove {loor

M2 = Internal Microphone

M3 = External Microphone lozated 16,0
above floor

A, A2, A3,.M, A5 = Externdl
Accelerometers

SG1, SG2 = External Sirain Gages

A2
or {
o
I
. Al I SG1
. | SG2
R
48“ . “: 1
!
64" L. l
80" | -
96" =

Unstiffened Shell
Coenfigurafion Nq A

. FIGURE 8. Test Configuration for Experiment No. 2



Qv

Instrumentation

M1 = Exiernal Microphene located 16.0%
above floor

M2 = Internal Microphone .

M3 = External Microphone located 16.0"
above floor

Al, A2, A3, Ad, A5 = External
7 Accelerometers

SG1, SG2 = External Strain Gages . “g
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Unstiffened Shell
Configuration No. 1

FIGURE 9, Test Configuration for Experiment No. 3

Room Height
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Instrumentation

MT = External Microphone located 3 7 5g 5t - Roim Hﬁ‘i?hf
70.25 in. above floor and - coT ' = 37.0
129.3 in, from centerline of
test specimen e

M2 = Internal Microphone

M3 = External Microphone focated
56.75 in. above floor and
74.50 in. from centferline of
fest specimen )

Al, A3, Ad, A5 = External

Accelerometers

0 ~
32:1 ang AT A4
R
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' P M2
48‘ — — — _m@g_z_._‘l-
i ]
64" L Ring t I
1 |
B0 |- 4RSI
96" L.,

Shell with two rings
Configuration No. 2

FIGURE 10. Test Configuration for Experiment No, 4



Instrumeniaiton

Room Height’

M] = External Microphone locafed = 37.0'

70.25 in; above floor and
129.3 in. from centerline of
test specimen ;

M2 = Internal Microphone

M3 = External Microphone located
56,75 in. above floor and
74,50 in, from cenferline of
test specimen

Al, A2, A3, A4 = External

Accelerometars
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Shell with two Rings and Four Stringers ( L)
Configuration Na. 3

EIGURE 11. Test Configuraiion for Experiment No. 5



Instrumenfation

M1 = External Microphone lccated
70.25 in. above floor and
129.3 in. from centerline of
test specimen

M2 = Internal Microphone
Al, A2, A3, Ad = External

Accelerometers
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FIGURE 12, Test Configuration for Experiment 6

Room Height




ol

Normalized Acceleration Spectrum: SU/Sp ~ o/ (psi)?
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FIGURE 13. Acceleration Responses for Configuraiion No. 1,
Measured During Experiment 1



Normalized Acceleration Spectrum: SU/SP ~ o/ (psi)?

Frequency - Hz

FIGURE 14, Acceleration Responses for Configuration No. 1, und of

End Plates Measured During Experiment No. 2
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FIGURE 15, Acceleration Responses for Configuration No. 1, and of End
Plates Megsured During Experiment 3
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Normalized Acceleration Spectrum: SU/Sp ~ &/ (psi)?
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FIGURE 16. Acceleration Responses for Configuration Na. 2,
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Normalized Acceleration Specirum: §/5p ~ o/ (psi)?
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FIGURE 17. Acceleration Responses for Configuration No. 3,
Measured During Experiment 3
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Normalized Strain Spectrum : So./Sp ~ (p in./i0.)2/ (psi)?
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Configuration No. 1. Based on Octave Band Averages; Experiment No. 1



Normalized Acceleration Spectrum: A (dB) -~ P (dB) ~ dB/Hz
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APPENDIX A

Predicted Normalized Acceleration Response Specira
ror

" Configurations No. 1, 2, 3, 4 for Q = 15, 50, 100, 200
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Normalized Accelaration Spectrum: S'U/SP ~ g/ (it
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Normahized Accelergtion Spechrum: Si_,/Sp ~ gz/(psi)2
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MNormalized Acceleration Spectrum: S"/SP ~ g/ lpsi)?
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APPENDIX B

Measured One~-Third Octave Sound Pressure Level,
Acceleraiion and Strain Data
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Figure B-1:

Measured One~Third Octave Sound Pressure Levels, Experiment No. 1; External Microphone MI
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Figure! B-2: Measured One-Third Octave Sound Pressure Levels, Experiment No. 1; interna! Microphone M2
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Figure B-3: Measured One~Third Octave Sound Pressure Levels, Experiment No. 1; External Microphone M3
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Figure B-5: Measured One-Third Oclave Acceleration Response Levels, Experiment No. 1; Acceleromeier A2
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Figure B-6: Measured One~Third Octove Acceleration Response Levels, Experiment No. 1; Acceleiometer A3
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Figure B-11: Measured One-Third Ociave Scund Pressure Levels, Experiment No. 2; External Microphone M1
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Figure B-12: Measured One-Third Octave Seund Pressure Levels, Experiment No. 2; Internal Microphone M2
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Figure B-15: Measured One~Third Octave Acceleration Response Levels, Experiment No. 2 ; Accelerometer A2
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Figure B-16: Measured One~Third Octave Acceleration Response Levels, Experiment No. 2 ; Accelerometor A3
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Figure B~17: Measured Cne=Third Octave Acceleration Response Levels, Experiment No. 2; Accelerometer A4
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Figure B~18: Measured One-Third Octave Accelerclion Response Levels, Experiment No. 2; Accelerometer A5
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Figure B-19: Measured One~Third Octave Strain Levels, Experiment No, 2; Strain Gouge $GI
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Figure B-22: Measured One-Third Octave Sound Pressure Levels, Experiment No. 3; Internal Microphone M2
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Figure B~23: Measured One-Third Octave Sound Pressure Levels, Experiment No . 3; External Microphone M3
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Figure B-24: Meosured One-Third Octave Acceleration Response Levels, Experiment No, 3; Accelerometer Al
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Figure B-25: Measured One-Third Octave Acceleiation Response Levels, Experiment No. 3 ; Accelerometer A2
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Figure B=26: Measured One~Third Octave Accelerstion Response Levels, Experiment No.
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Figure B-27: Measured One~Third Octeve Acceleration Response Levels, Experiment No. 3 ; Accelerometer A4
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Figure B~53: Measured One-Third Octave Sound Pressure Levels, Experiment l-\'o. 7i Infernal Microphone m3
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Figure B~54: Measured One-Thitd Octuve Sound Pressure Levels, Experiment No.7 ; Infernal Microphone M4
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subjected to a reverberant ccoustic field, The shell was tested = 2. Vibration Response
with four different stiffener configurations, All stiffeners were 3. Acoushes
uniformly spaced, and all configuretions were tested with both . .
ends of the shefl closed by thick plywood bulkheads. 4, Noiso Reduction
Measurements mode included one-third octove band fevals of tha
external acoushe field, internel acoustic field, axial and circum-
Ferential strains of the shell wal!, and occelerations of the shell
wall ond shiffeners. These dale are presented in tabulated form
ona are presented in grophs of nomelized acceleration power v
spechal density. Theoretical response eredictions are made for
each configuration tested and for several assumed valuas of demp~
i, and, these resulls cre compared with measured response data.
Tk zomoarison shows reosanchly close agreement between theory
and tastwhen relatively Tow strueturel damping volves cre used in
the comzutations,
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