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Preface

This report is the result of my attempt to develop empirical tech-

niques which will better enhance the accuracy of vibration prediction

methods as applied to complex aerospace structures. The work represented

here has been interesting and challenging primarily due to difficulties

inherent with the problem and the general lack of knowledge which has

frustrated anyone working in this field. A large measure of credit for

my understanding of this complex area of study is due to the assistance

given to me by others.

I would like to publicly acknowledge my indebtedness to my advisor,

Dr. P. J. Nemergut, for his insight and guidance throughout this study. I

would also like to express my appreciation to Mr. Charles Thomas and the

personnel of the Dynamics Technology Applications Branch of the Flight

Dynamics Laboratory, whose assistance with experimental apparatus and data

analysis made this study a reality. In addition, I would especially like

to express my gratitude to Capt James E. Marsh, who worked closely with

me, providing valuable assistance and knowledge, enabling me to overcome

a myriad of problems encountered in completing this study.

Clarence M. Bose
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Symbolst mnd Ahbrov'iationm

Symbol

A total panel surface area

A modal areaa

a,b overall panel dimensions

c coefficient of damping

ee  coefficient of critical damping

C(f) frequency dependent variable determined empirically
from measured data

d rib thickness

D flexural. plate rigidity

dB decibel

E Young's modulus

F complex sinusoidal force

F(t) mean square force per Hz

f frequency, Hz

" of 32.2 ft/sec
2

g mean square acceleration with respect to earth's

gravity

grms root mean square acceleration with respect to earth's
gravity

h panel skin thickness

Hz hertz, 1/sec

i (-i)2"

Ia b  moment of inertia of panel cross-section of width a or b

I xmoment of inertia of stiffener cross-section
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k 1en'oalipud atiftnoma or insle , f'tineva

I'l 0"2 @ng4i ofA anglo atiffen,,' Iona
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men mode nunber or ff'et!ve half tvelenith

m muse

N r number of atrinnera or fnrvve. over the panel oxio-avotion

P() moan equsre pre'mira per Ila

p dennity

damping rAtiol C/O

SPL sound preasure level

t plAt* thicknesa

V complex velocity

v Poianonla ratio

frequency

w natural frequeney
n

W total panel weight

w a modal weight

x(t) displacement, time dependent

y distance of centroidal axis from reference plane

Z complex mechanical impedance
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The purpoe of thto report t to expertmentoaly dotermine the

effect* Ot localised "no& and atirtneam Parameters an the vi bation

response of stiffened panel atrucure excited by acoustic note.

Kleven panels were ooniatruoted, similar in weight and configuration

with typical aircraft panel structures, A baewline panel was used to

detntulne refrtence mass and stiffness propertitesl fve panel* were

Tarted In mass with stiftness kept constant, and five panels with

aonitant mass were varied in stifftess, Tbe panels wore excited in an

acoustic reverberation tet facility using a broad-band aireun and horn

assembly. Excitation and response measures.ents were taken using alcro-

phone and accelerometer transducers attached to the panels. The data

were then reduced and correlated to construct vibration prediction

curves as a function of excitation/response levels, frequency, and

mass and stiffness parameters. In addition, an empirioal mathematical

model was derived to predict response levels knowing the excitations and

the ma.. and stifness parameters of a panel structure. A frequency

dependent variable based on measured data was determined to relate

these parameters to the panel responses. It was concluded that the

vibration prediction curves and the empirical prediction model were

sufficient to adequately predict responses to acoustic excitation pro-

vided certain limitations and assumptions were recognised. Further

testing of many different types of panel structures was recommended

to determine if these prediction techniques could be applied to all

classe. of panels.

xii
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311tIMM~T TO tPAN1XM ACCl13TXC N013K

Prediotinn of vibratione mre needed eArly in aircraft development

to enable the denpim onxineer to make reasonable etimAtem of Prelim-

iArlly apooitioatons for onmponontN and equipment (Bet Itli). Analytic*l

techniquea involving the RolutiOn of equations o motion Of A struacture

provide the necessary vibration tools for the low frequenoy regime. At

middle and hisher frequency .xvimes, however, present methods prove in-

adequate in prediotvtil renjonae levels of atrueturea, duo to the hihly

coupled and complex nature of the exoitAtionB and responses. The use of

stati tival toohninues to relate vibration responae levels with the aig-

nifioant parameters which demoribo the excitation and the structure appears

to be the only reaionable approach to this complex problem. The few

limited attempts to develop empirical or semi-empirical vibration pre-

diction methods show several orders of magnitude of scatter in measured

data even when some scaling or nomnlization scheme is uied to account for

variations in local parameters. Major eonsideration should be given,

therefore, to the improvement of existing empirical tectuliquen in which

statistical analysis is used to correlate the measured excitations and

resp nses with detailed local atructural parameters. Once theme re-

lationehips are developed and the neceUsary numerical evaluations made

for representative flight vehicle structural components, a practical

engineering method should result for vibration prediction during i.itial

design (Rof 2,6).

\.1



The purp,)ne of this report is to experimentally dotsmine the

effects of 100blloed nou and stiffness parameters on the vibration re.

sponee levels of ribbed panels excited by random anoucto noise, Aflly-

si1 of response (tadA taken fmm a aroAp of simplified panel strOtures to

parfor*ed. 11hose response data Are then oorrelAted in order to develop

empirical relationa, eopren in eni ieering terms, which can be Inu .r-

porated into exiat1ng prodiotion techniques.

The rewpt)nse of many typos of structures has been studied in the

past both analytioR11y and experimentally. By far the la' est claas of

problem& treated ham boon simple panels, and good results have been ob-

taiied for thin class of atruotunva. More receit studies hiave considered

(j the responses of complex rib-utringer systems and integrally stiffened

panels using several approximate teolmiques. Very little expermenai

work has been introduced, however, and results have been somewhat incon-

elusive; results for the moat part being based on a limited amount of

data.

Experimentation has proceeded in three main areas. First, full-

scale proof testing of aircraft structures, primarily in the study of

sonic fatigue, has been explored. Most of the full-scale measurements

have and are being made by aircraft manufacturers, and little of the

data has been fully analyzed and published.

Second, effort has been exerted to develop design curves to aid in

design of structures subjected to acoustic noise. The curves are pri-

marily oemi-empirical in nature and are generally based on a few

scattered teats on real or representative structures.

2
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Finally, a number of reasonably well controlled teat results are

available, montly for nimple panela, although some multi-bay panel data

are Itiven in Rofa :5-9. For the most part, however, little documented

data are available (Ref 109-10).

?tch of the eoperimentation on multi-bay panel systems thus far has

been concerned primarily with stresa and fatigue responses of structural

elements. Little effort ha. ben observed concerninn the effects on re-

sponaes of such local parameters as mass, stiffness, curvature, effec-

tive thickness, and so on. Roberts (Ref 11177-91) attempted to relate

flight vehicle reaponse with excitation and v."hicle operating conditions.

In addition to emphasis on local dynamic properties of panel structures,

a study of local responnos was correlated against circumferential atten-

uation, local mass and stiffntss. Overall acceleration response levels

) were plotted anainst variations in stiffness and mass. Rpbortu determined

that overall response levels were insensitive to structural stiffnessee,

however, no dependence of those mass and stiffness paramneters on frequency

was discussed.

White, et al (Ref 2), recognizes the need for a major effort to

develop vibration response prediction methods which account for necessary

excitation parameters and local structural parameters. The report dis-

cusses the general philosophy of the problem, develops general equations

for predicting vibration responses of complex, linear structures, and

* sets forth methods for developing prediction tools from these relations.

Experimental methods are not discussed.

A more recent study perfonned by Bolt, Beranek, and Newman, Inc.

(Ref 1:81-97), applies several vibration prediction techniques to re-

sponses from aero-acoustic excitations. Experimental data were taken

from two radically different locations on an 1I0-JIC fighter aircraft, one

K 3
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location characterized by a "limp," unstiffened panel-like structure,

(U and the other location characteristic of a massive structure. One par-

ticular vibration prediction method, a modified form of the Pranken

Method, was chosen because of its ability to account for gross structural

and configurational differences. Data were plotted as a function of

acceleration/pressure ratios versus frequency. Results showed that

below 2000 Hz, a single prediction plot was sufficient to cover both

structures. Above 2000 Hz, two plots were shown, one applicable to a

massivet stiffened strcture, and one applicable to th7 "limp" panel

structure. Although the technique demonstrates the applicability of the

method, the results were somewhat questionable due to the liev.tbd amo.wt

of data collected and structures examined.

scope

(.1 Typical aircraft structures vary considerabl y in .,nftturatic.n,

materials and construction. Variations in mass and stir.'necss in .ny

particular panel structure can be dependent on mtny variables. In order

to achieve a measure of control and accuracy, a highily rtmplified panel

model was used for experimentation. Only a limited nurnbar of zrnJe-l'xy,

aluminum panels, identical in overall dimenaLons rnd corv'igura .,on, -were

tested. Stiffener cross-sectional area was the only variable in con-

struction, while lead weights were added to the paaels to vary total

mass. The response data from these panels re analyz.d . ,:nd ocrrelated.

with respect to ma.,3 stiffness and ex.tt.on/response levels in an

attempt to develop a method for accounting f _r var ations in these

parameters which could be used frv future testing of mw)re vemplicated

structures.

I4
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Subnirbl ems

(k' Many empirical prediction tehniques attempt to account for strue-

tural parameters by applying some type of noimlization scheme, or by

use of appmpriate mass and stifffiess sceiling., These parameters are.

very difficult to aevount for, however, due to the complex naiture of the

panel structure. Such variables fia daimping, mass loading, and construe-

tion techniquea can have iwrked result,-i on experimental data. An attempt

wuB made in this study to construct panels which would minimize these

variable eff:cts. Por exanrple, the addition of lead to -the panels, is

kound to affect both the damping and stiffness of the structures to

soms degr.e. The effects of thia lead addition were studied.

In order that the respcnse data will have some significance, it is

imrportant that the correlation of excit&tion and response be expressed

through statistical analysis into a form which is readily usable.

Fmpirical relatonihipn in the form of prediction curves are explored to

compare mass and stiffness of the ptnels. In addition, a mathematical

model is derived based on measured -Lest data and the characterized mass

and stiffness parameters for the panels.

Ecperimental accuracy, of course, will have some effect on the use-

fulnese of the dat, obtained and the resulting analysis, Causes of

error resitoting from equipment and test procedures will be pointed out

in this stndy.

Attack of SubDroblems. This study :is divided into four major parts.

The first part involves the fabrication of a number of simplified repre-

sentatlve aircraft panel structures. Eleven panels are constructed with

one panel representing a baseline panel to dettrmine reference mass and

stiffness properties. Five panels are varied in mass while stiffness

5I
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is kept constant, and an additional five panels are varied in stiffness

with mass remaining constant. Measurements of weipht, stiffener cross-

sectional area, and stiffener moment of inertia values are tabulated.

The second part of the study involved vibration testing of the

panels with the use of a mechanical shaker driven by a sinusoidal force

to obtain acceleration frequency plots. The plots are then used to

examine the resonant modes of the panels and to determine the relative

damping caused by addition of lead to the panel stiffeners. A static

deflection test is then performed on each of the panels to determine

static stiffnesses. E-xperimental errors in the apparatus will be

examined.

Pollowing the sinusoidal testing, the panels are subjected to

random acoustic excitation. A random noise producing siren is used

( ) to excite the panels, and excitation and response levels are recorded

in digital and graphical form. The last section of the study then

combines the sinusoidal and random test data in an attempt to correlate

the random excitations and responses of the panels with variations in

mass and stiffness. A theoretical single-mass-oscillator model will

be applied to the results to derive relations which account for these

variations. The theory for application of this model is presented in

the next section of this report.

6
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17. Theory

Determination of Panel Damping

The amount of damping present in a complex structure, such as a

multi-bay panel, is very difficult to accurately determine and requires

rather sophisticated test equipment. Where it is desired only to cor-

pare damping between similar structures, a much simpler approach may be

used which provides a good approximation. Such a method involves con-

sideration of the mechanical impedance of a single-mass-oscillator sub-

jected to a harmonic force (See Fig. 1). At frequencies much higher than

the fundamental, panel modes are essentially decoupled, and the single

mass model is quite representative of the panel response characteristics

(Ref 15:345-346).

Complex mechanical impedance is defined as
FC1

where Z is the complex mechanical impedance

F is the complex harmonic force

V is the complex velocity

Crandall, et al (Ref 12:Cht 1-27), derives the complex mechanical impedance

for the single-mass-oscillator as shown in Fig. 1 as

Z -K + c + i(2)
iWi

where K is the spring constant

c is the coefficient of damping

w is the steady-state frequency of the system

Or expressed in a more convenient form,

Z J-W M) ~j+ iw (3)

7
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r) F(t) xt

M

Fig. 1. The Single Mass Oscillator

Resonance of the system show~n in Fig. 1 occurs when the steady-state

frequency of the forced system is equal to the natural frequency of the

system, W or

W a W 77 K/m (4)

Substituting Eq (4) into Eq (3), the complex mechanical impedance at

resonance then becomes

Z- (5)

Thus, by modeling a single panel mode with the response of a single-mass-

oscillator, the impedance at a resonant frequency is equal to the damping

coefficient of the structure. With the coefficient of damping once

determined, it is then possible to define the damping ratio of the system

as

~ mA (6)
C

where C~ is the damping ratio; dimensionlees

c is the damping coefficient

cc is the critical damping coefficient, equal to wn

, , :  r~, ' -= i : : : - '  " ' : 8

- -- ~-~.- -
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Por a panel vibrating at a resonant frequency, m is now defined as the

(C modal mass which can be determined by plotting impedance versus fre-

quency as a function of mass.

The Random Vibration Prediction Model

It is well known that the natural vibration characteristics of

many complex structures can be approximated by consideration of each

individual resonance or mode of vibration, assuming it to be essentially

unaffected by, or decoupled from, any other modes (Ref 15:$45-346).

Considering vibrational' modes at frequencies far above the first few

bending modes of the total structure, responses to acoustic excitations

tend to be quite localized, and independent of similar resonant responses

for modes which differ by a few wavelengths. Assuming that the responses

in these higher modes are independent and somewhat linear, i.e., the

4. modal responses in a given band vary linearly with the sound pressure

level, then the vibration responose becomes the net of the contributions

of many resonant modes. This also implies that the vibration level can

be expected to vary linearly with the response of a single excited mode.

Making the above assumptions, the response of a particular panel

mode of vibration can be approximated by analysis of the same single mass

obcillutor discussed previously and shown in Pig 1. The mean square

acceleration for this model when subjected to a continuous random forcing

function is given in Ref 2t78 as

gcc W217)

C

9
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where .9 is the mean square acceleration of the mass,

referenced to earth's gravity

f is the natural frequency in Hz

. ib22
F(77 is the mean square force in lb Der Hz

S/cc is the damping ratio; dimensionless

JC

W is the weight of the mass in pounds

If this model is now adapted to the case of a single panel mode re-

sponding to random fluctuating pressure, Eq (7) becomes (Ref 14),

f2 2-2 = f P A2
ac/c wc-i a(8

i-2
where, now g is approximately the mean square acceleration of

the mode

f is the resonant frequency of the mode in Hz

(Y2 is the mean square pressure in psi squared per Hz

Aa  is the model area participating in the response; in
2

Wa is themodel weight in pounds involved in the

responding mode

In considering the manner in which vibratory response might vary with

structural mass and stiffness, it i sufficient to lump constant terms

into a single parameter. Asnuming daurping to be conutant, the rms re-

sponse can then be expressed

,9 PU/)2  (9)

where B1 is now some constant of proportionality.

In order to derive an equation which is explicitly a function of

arructural stiffness, it iv recognized that the modal frequoncy, f, is

10
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a function of stiffness. If the panel structure is modeled by an

*equivalent isotropic plate having comparable stiffness properties, the

equivalent plate frequency for a resonant mode can be expressed as

2 2 b4)( / (10

where the plate flexural rigidity is

D12(1-v2)(1

and m,n refer to the mode numbers, or effective half-wavelengths

of a mode

a,b are the dimensions of the plate in inches

P is the density in pounds per inch cubed

t is the thickness in inches

E is Young's Modulus in pounds per inches squared

V is Poisson's Ratio; dimensionless

Substituting the value for frequency into Eq (10) and grouping terms

9~~ 1 ' /2rD )/4 ~ (2
rms 2B2+fl1 (WA a (2

Evaluation of Eq (12) would require a knowledge of the half-

wavelengths for each mode as well as the modal weight and area. This

would necessitate an unwieldy number of computations. It is desirable,

therefore, to "pproximate Eq (12) by considering

(W/A)a G o(f) W/A (13)

' 11
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and

m2 2 (,, \(im + n +,. f)(
"9b

where now, W/A is the total panel weight nor unit areal O(f) and H(f)

are some functions of frequency, Performing these eubatitutiono into

Eq (12) and defining a new variable, C(f), the rma response beoome.

c(f)jj12- + 2]1 [&T 7 (1

Since C(f) is now the only parameter in Eq (15) which ia a function of

frequency and mode shape, it can be determined empirically from meaeured

data. Further, recornizing that the function Pt is in units of weight

per unit area, the response can finally be expressed as

- =c(f)(a2  4 b2) D.,,,, j (16)

In terms of conmon engineering parameters, Eq (16) relater the exoitation

and response characteristics of a panel structure knowing the dimensions,

the weight per unit area, and the characterized stiffneas; C(f) being

determined by empirical means.

To represent the structural stiffness of a stiffened panel with an

equivalent plate of bending rigidity D, it is necessnary to evaluate the

equivalent plate thickness for the structure. Assuming, in general,

an orthotropic panel with stringers and frames in opposing directions, a

representative method of quantifying stiffness would be to sum the bend-

ing moments of inertia in each direction for the panel. Since the moment

of inertia about the neutral axis of the structure is proportional to

the moment of inertia about some other reference plann, the edge of the

12
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niflee thanec values are proportionn). to thn b,ndiir rig~iditten for stmio-

turea of ntmilar configuration. flolvinq Fq (18j for tho equilent plate

thickness mid rnubstituting into Nq (11), the flexural rigidity for the

equivalent plate becomes
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ftamnatioti of Nn~ 00t) and (19) reeal that the chAraoteried stiff.

nee& of the pallet structure timing an eqktivalent Plate model in dopen-.

dent on the panel dimensiona and the atringisr and frame spacinxi spao-

ing being depenlient, on the tiber of atrlngers or f'rameis present over

( the panel width.

It waa detonildne(I that the responne of a atviiotur. could be pro-

dicted uaing N'q (16), know~nix tho exaltations, the chitaoterieed nmaa

and atitt'nuna p-arameters for the struotir, and the function C(f). it

should be recognised that while the method for quantifying stiffness in

not representative of actual pamnel atiffnena, the derived stiffness

paratmeter, D, can bo expected to be projkortional. to actual stiffness

in some iiiannor. Bcatiae sti ffnezin is atuch it difficuilt quantity to

determine for a complex structure, the method doea poiiit characteriza-

tion of the stiffness in term.i of the significant structural piranistera.

Differences which my exist betwoen thene charaoterized paramieters and

actual parameters can be accounted for by determining CU') from measured

data taken from panol structures for which those parnmetors aro known.

Thus, unless an entirely different approach is takcn, any minor inodific.-tion

14
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Tn determininx the response of panesa to variations in Ma1 and

stiffness parameters, it was doeired to construct two sets of similar

panels, one set varyinx in weight only, and one set varying only In

stiffness. Panel configuration and fabrication was kept as simple as

possible while a measure of similarity to actual aircraft. structures in

weight and conatruction was maintained.

Eleven aluminum, nine-bay panela were constructed. Stiffeners

ware ade from stock angle aluminum and attached to the panel skin using

one-eighth inch diameter aluminum rivets spaced one inch apart, All

panels were constructed with identical overall dimensions and stiffener

configuration in an attempt to keep variable effects in construction at A

minimum, A constant skin thickness of 0.050 inches was used for all

( panels (See Fig. 3). Lead was added to the panels to vary total panel

weight, and stiffener moment of inertia was variod to change panel stiff-

nes. With one panel constructed am a baseline panel, five panels were

varied in mass and five panels were varied in stiffness.

Variation in Panel MAss

Variation in mass for five panels was achieved with the addition of

3/4-inch square lead weichtn bonded between the stiffener rivets. A

lumped mass approach was used, rather than usinp lead strips, to minimize

increases in panel damping caused by the addition of the lead. Epoxy

adhesive was used to bond the lead to the panels, epoxy being a rela-

tively rigid adhesive material which affects damping very little (Ref

15:53). Total weight of the five panels was varied by a factor of approx-

imately two times the baseline panel weight to cover the normal range of

A ,.16
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Ctruaotural weisphts encountered in tyVPioal Aivraft stcruturts. PiguiN

shows a typioal panel with lead added to the atiffnore,, o nd TUoln r

lista the weights and dimensions for each of the elivon pAnole, Section

IV of thin report includes an analysis of damping effots caused by the

addition of lead to the panels.

Va aio anel Stiffness

Panel stiffness was varied by changing the moment of inertia of

the aluminum stiffeners (See Appendix A). By keeping the cross-sectional

area of the stiffeners constant, the weight of the panels was not altered

from that of the baseline panel. Table I also includes the moment of

inertia calculated for each stiffener type. As can be seen, the

moment values for the five panels and the baseline panel varied by a

factor of approximately sixteen, while mans was maintained within two

C' per cent of the baseline panel mass. These small variations in weight

were considered to be within tolerable limits for the constant mass

panels.

Static Deflection Tests

A force/deflection test was performed on all panels to determine

static stiffnesses. Fach panel was simply supported at the boundaries,

and static tests were taken at nine locations on the panel. These nine

points corresponded to the same locations for attachment of accelerometers

used in obtaining response data for the random noise tests (See Fig. 16,

See. V). Table II lists the static stiffneoscs calculated at each point

on the panel. Deflections were measured only at the point of application

of the load, hence, influence coefficients tzcre not considered.

18
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Table I. 24" by 30" Aluminum Panel Specifications

All panels were constructed with a skin thickness of .050"

Stiffener Stiffener
Panel Weight (Ib) Dimensions a Moment of

(in) Ineria
(in)

LI  L2  d

A 5.44 1.00 1.00 .o94 0.0171

B 5.38 0.75 1.25 .094 0.0045

C 5.53 0.75 0.80 .125 0.096

D 5.50 1.25 0.75 .094 0.0288

E 5.50 1.50 0.50 .094 0.0510

F 5.38 2.20 0.75 .040 0.0680

0 6.22 1.00 1.00 .094 0.0171

H 6.94 1.o 1.00 .094 0.0171

I 7.75 1.00 1.00 .094 0.0171

J 9.00 1.00 1.00 .094 0.0171

K 9.97 1.00 1.00 .094 0.0171

a Dimensions L., L2 and d for the angle stiffener are given in
Fig. 24, Appendix A

Q/.
20
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Various weights were used for performing the tests, ranging from

2-5 pounds. In all cases the force/deflection curve proved to be

linear; the slope representing the stiffness at the tested point. A

wide range of values was obtained for these point stiffnesses primarily

due to the boundary condition variance from one panel to the next, the

atmospheric conditions, and the degree of prestressing present in a

particular test. For this reason, the stiffness values listed in Table

II represent an average of several tests performed on each panel.

As can be seen from Table II, a variation in stiffener moment of

inertia by a factor of sixteen resulted in a total panel stiffness

variation of approximately two times the lowest stiffness for the six

constant mass panels. For the constant stiffness panels, Table II

shows that stiffness did not remain constant, and in some cases, varied

as much as 25 per cent from the baseline panel stiffness. Since the

only variable in these panels, other than small variations in con-

struction techniques, was the bonded lead weights, it must be assumed

that the addition of the lead had considerable effect on panel stiff-

ness. While this large variation does not appear to be intuitively

representative of ch ages in panel stiffness due to the addition of

lumped masses, these variations must be taken into account in analysis

of the data taken in the random tests.

22
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4IV. Sinusoidal Sweep Experimentations

PuM2so of the , eriment

This expzrimentation was performed to examine the resonant modes

of the panels and to determine the effect on damping of adding lead

weights to the panel stiffeners. An automatic frequency-sweep oscilla-

tor generating a sinusoidal force was used to obtain acceleration

plots for the panels. Acceleration measurements were taken normal to

the panel stringers at the same locations used to mount accelerometers

in performing, the random vibration tests. While the use of the auto-

matic sweep oscillator precluded obtaining exact values for resonant

peaks, this method proved suitable for locating the modal frequencies

of the panels. Once the modal frequencies were identified, the resonant

peaks were tuned manually to obtain exact force and acceleration

readings. Point impedance was then calculated at these resonances

from which panel damping was determined.

Description of Test Anaratus

Figure 5 depicts a block diagram of the experimental apparatus used

in the sinusoidal sweep testing. A Bruel and Kjaer Level Recorder was

used to record the acceleration response of the paneln by plotting

acceleration voltages on a logarithmic graph. The recorder was con-

nected to a Bruel and Kjaer Beat Frequency Oscillator by a mechanical

drive to keep the oscillator and graph paper synchronized in frequency.

A sinusoidal voltage generated by the oscillator was fed to a console

containing a Ling-Tempco-Vought DC Power Amplifier and Field Source,

K.) where the signals were amplified and passed to a Ling-Tempco-Vought

23
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Vibration Console

Field

Panel Force Ref. Source

I Acceler- Shaker
Structure Gage ometer DC Power

1Emitter-Followers

Amplifier Amplifier Amplifier

ohstee

Oscilloscope

Meters IMetere

|J

Fig. 5. Block Diagram of Test Apparatus
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Electro-Magnetic Shaker. The force was picked up with a Wilcoxon L-1O

Porce Gage attached to the shaker head, and acceleration was picked up

with a Columbia 606-2 Accelerometer mounted on the panel opposite the

force gage. The force signal was passed to a Bruel and Kjaer Mico-

phone Amplifier containing a voltmeter to monitor response; the accel-

eration signal was amplified by a Bruel and Kjaer Audio Frequency

Spectrometer, also containing a voltmeter, and then fed to the level

recorder. Both force and acceleration signals were first passed through

in-line Bruel and Kjaer Emitter-Followers to condition the signals.

An additional accelerometer was used to provide a constant accel-

eration input to the system throughout the frequency range. A Columbia

902-H Accelerometer was attached to the shaker head. The signal from

the accelerometer was amplified and fed back to the oscillator where

the reference signal was used to control the voltage level of the

oscillator output. A voltmeter attached to the amplifier provided a

continuous reading of the reference accelerometer signal.

Other Annaratus. Additional apparatus was necessary to permit

precise measurement of signal values and to monitor response levels.

A Hewlett-Packard Electronic Digital Counter was connected to the

oscillator to permit precise frequency control. The force ana accel-

eration signals were measured for phase difference with the use of a

Technology Instruments Phase Angle Meter. The sirnals were also

monitored on a Hewlett-Packard Oscilloscope as a check on the waveform

of the sinusoidal signals (See Figs. 6-7).

25
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three different locations; these locations were selected to coincide

with accelerometer locations 3, 4 and 7 to be used in the random vibra-

tion experimentation (See Fig. 16, Sec. V). Additional consideration

was given to shaker positions to insure that modes which may have

nodal lines located at the shaker position for one test would show up

with the shaker located at another testing position.

With the accelerometer attached opposite the shaker head, the

oscillator amplitude was increased until the desired force was being

transmitted to the structure. The oscillator frequency and graph paper

were set to 40 Hz, the oscillator was clutched to the recorder, and the

recorder drive was started. When the frequency reached 2000 Hz, the

recorder was stopped. This procedure was then used for the other two

shaker locations.

Imnedance Measurements. Force and acceleration measurements were

taken at the same shaker locations used in the modal tests. With the

recorder disengaged, resonant peaks observed from the acceleration plots

were tuned manually using the phase meter and digital frequency counter.

When a 90 degree phase shift was observed, the frequency, force and

acceleration values were recorded. The technique was applied to approx-

imately 12 to 15 resonant peaks from 100 to 1200 Hz.

Results of the Experiment

Figures 11 and 12 show representative plots of resonant conditions

for the five panels. Comparison of all the plots indicated that the

fundamental frequencies of the panels varied from approximately 105 - 120

Hz. Although a few panels exhibited small peaks in the range fiom 65 -

80 Hz, these peaks were assumed to be caused by localized skin or stringer

vibrations, and not panel modes.

l Ii I I .. . ' . ..I i . .. .... " " I I ... .. . " °' " " .. -3 2
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With force and acceleration values obtained by tuning resonant

Opeaks manually, the impedance of each panel was calculated at the

resonant peaks, and the damping ratio was determined (See Theory Section).

While the damping ratio varied as much as thirty per cent from peak to

peak, an average of all damping ratios for each panel showed a variance

of less than three per cent among panels. The average damping ratio

determined by averaging the damping ratios for each mode, for all five

panels ranged from 0.0082 to 0.0084, which would classify the panels

as being in the low to medium damped range. With this small variance,

the addition of lead to the panels was considered to have negligible

effect on panel damping, hence, variations in damping were not con-

sidered in analysis of the data taken in the random vibration experimen-

tation (See Sec. VI).

Q)
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V. Random Vibration Experimentation

Purpose of the Experiment

Random vibration tests on the panels were conducted by the Wide

Band Acoustic Facility, Air Force Flight Dynamics Laboratory, Wright-

Patterson AFB, Ohio. The purpose of the experiment was to determine

the effects of local mass and stiffness parameters on the response

characteristics of the panels when subjected to a random acoustic

excitation. The panels were subjected to a reverberant acoustic field

and excited at five different sound pressure levels. Responses were

monitored and plotted in 1/3-octave frequency band plots over a range

erom 3.15 - 4000 Hz.

Description of the Wide Band Acoustic Facility

) J Figure 13 shows the Wide Band Acoustic Facility, consisting of a

16 by 11 by 11 foot reverberation chamber and a wide band siren and

horn assembly. A floor plan of the test facility is shown in Fig. 14.

A 12 Kw wide band siren is utilized capable of providing a continuous

spectrum from 50 - 10000 Hz, and a maximum overall sound pressure level

2
(SPL) of 160 dB (re 0.0002 dynes/cm ). This von Gierke type siren

produces a random noise spectrum which closely approximateL the sound

spectrum of a Jet engine. A segmented horn with variable cu iff' Uf

125 dB is used in the test chamber.

Test specimens are rigidly mounted in an encloses steel fixture

capable of holding up to five panels (See Fig. 15). For this experi-

mentation, the test fixture was positioned in the chamber such that the

panel surface was normal to the incident excitation. Sound absorbing
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material is contained in the test fixture to prevent formation of

Cstanding waves and, once installed, access to the rear of the panels

is provided by removable covers. By proper positioning of the test

fixture, a variance of + i dB in overall sound pressure level over the

fixture can be achieved (Ref 16:4).

Experimental Techniques

Facility instrumentation permits a maximum of 72 channels of data

to be recorded at one time on six 14 -channel tape recorders. For

this test, only 24 channels were available for recording data, and it

was determined that a minimum of 10 channels would be needed for each

panel to adequately describe the excitation and response characteris-

tics of the test specimens. This allowed for a maximum of two panels

to be tested at one time. The panels were mounted in locations B and

(:) C of the test fixtures for each run with the panel skin facing the ex-

citation. One microphone was located at the center of each panel and

nine accelerometers were mounted on the panel stringers normal to the

panel surface. Figure 16 shows the locations of the nine acceler-

ometers used for each panel. The 22 channels of data were fed to two

tape recorders with channels 13 and 14 of each recorder being used to

record identification and timing signals. Figures 1.7 and 18 show

front and rear views of the mount ed test panels with microphone and

accelerometers in place.

Testing was performed at five sound pressure level settings rang-

ing from approximately 143 dB to 155 dB, wi th intermediate values at

3 dB intervals. Data were recorded for two minutes at each SPL. At

the beginning of each testing period, the noise spectrum was shaped by
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Fig. 16. Accelerometer Positions for Random rests
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adJuatflnx the siren rotor speeds to Achieve the desired spectrum over

' the entire frequency rne.

Noise levels in the teat chamber were measured with Oulton WVA

2100 microphones, and acaelerometers were BW Model 501 miniature cry-

stal tranaducers, utilizing lightweiGht microdot cables. Transducers

were calibrated prior to the beginning of each test and normalized to

produce the same selected output voltage for the same physical input.

Signal conditioning was necessary before the data were suitable for

recording in FM frequenny ranses. Atplification was provided and

fixed at some optimal setting during normal operation. An automatic

attenuation system was used to enable the wide range of signal levels

encountered in facility operation to be raisod or lowered to the input

(. signal range required by the tape recorders. Attenuation was possible

in 10 dB increments over a 60 dB range. An identification system was

used to identify commutator and attenuator positions for each data

channel. An osoillograph, spectrum analyzer, filters, rms meters, an

oscilloscope, and one-third octave band analyzers were available to

monitor signals going on tape during a test. Figure 19 shows a simpli-

fied block diagram of the data collection and monitoring system. Addi-

tional information on the Acoustic Facility and the data collection

process can be found in Ref 17:17-41 and Ref 18.

Data Analysis

Data reduction was performed by the DMnamics Technology Applica-

tions Branch of the Air Force Flight Dynamics Lahoratory. The acoustic

FM data recorded on magnetic tape by the Acoustic Test Facility were

4,3



Test Specimen

Time Code

Generator

Microphone

Accelerometer Input Display

DaaMdlsHoneywell 
7400

Data Modules Tape Recorder

IHIP Model 130
Oscilloscope Magnetic Tape

113 Octave

Band Analyzer

B & KI I Output

Monitor
Level Recorder

Fig. 19. Data Collection and Monitoring System
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played back and edited on a Honeywell Model 7600 tape record/reproduce

system. The accelerometer and microphone data were processed with a

General Radio Model 1921 One-Third Octave Band Analyzer. An integra-

tion time of 32 seconds was used. The acoustic values were converted

to sound pressure levels (dB), and the accelerometer values to acceler-

ation amplitudes (g-rms) using the Raytheon 704 computer system. The

resulting one-third octave band data were plotted in report form with

an Information Technology Inc. Model 4900 computer controlling a

CALCOMP Model 563 Plotter. A digital readout of the one-third octave

band data was also obtained from the Raytheon computer. Figure 20 gives

a schematic of the one-third octave band analysis system. Represen-

tative accelerometer and sound pressure level data in plotted form are

given in Appendix B.

45



GA/'Vt73A-1

General Radio

Model 1921 1/3
Octave Analyzer

System

ITI Model 4900 Digital Data
Raytheon 704

Computer Otu

ITI Model 4900 Sound Pressure

CALZOMP 563 and Acceleration

Plot System 1/3 Octave Plots

Fig. 20. One-Third Octave P.nnd Analysis System
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VI. Data Reduction and Results< C)
The data and results taken from the static, sinusoidal, and

acoustic tests were analyzed and used to correlate mass and stiffness

parametersc the eleven tested panels with the measured acoustic re-

sponse and excitation levels. These results were then presented in the

form of vibration prediction curves to show the dependence of response

levels, as a function of frequency, on mass and stiffness. In addition,

the random acoustic data was incorporated into a vibration prediction

model derived in the THEORY section of this report.

Effects of Panel Damping

It was determined from the forced harmonic testing of the panels

that addition of lead had very little effect on the overall damping of

K. the panels (See Sec. IV). The average damping ratio for the five con-

stant mass and constant stiffness panels tested, ranged from 0.0082 to

0.0084. This variance of less than two per cent was considered small

enough to be able to treat all panels as having constant damping in

the analysis of the acoustic data.

Correlation of Static Stiffness Data

An attempt was made to correlate static stiffness measurements

taken for each panel with the response/excitation levels measured in

the acoustic testing. No meaningful results could be obtained, how-

ever, due primarily to an inability to maintain consistent boundary

conditions from one static test to the next. Although each panel was

clamped at the boundaries, the apparatus did not permit monitoring of

the clamping force. Thus, it was not possible to apply the same
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boundary conditions when panels were changed in the apparatus. For

the six constant mass panels, correlation of individual stiffnesses

between panels showed no definite trends which could be analyzed, al-

though overall averages indicated an increasing stiffness for Panels

B through F (See Table I, Sec. III). In addition, it was concluded

that the mass loading effect due to addition of lead to the five con-

stant stiffness panels only increased this inherent boundary error.

For these five panels, it was felt that a variation in stiffness up

to 25 per cent would not be possible since the lumped wass lead was

the only variable among these panels. Because of the unreliability of

the measured values, the data were used only as a general indicator of

panel stiffness, and Panels G-K were assumed to have a constant stiff-

ness for purposes of analyzing the data from the acoustic tests.

Determination of Mass and Stiffness Parameters

In order to develop vibration prediction curves as a function of

mass and stiffness, it was desirable to represent the mass and stiff-

ness parameters in common engineering terms, easily calculated and

recognizable by the design engineer. The most convenient parameter

to quantify mass was chosen to be total panel weight per unit area,

W/A. The stiffness parameter, however, was more difficult to charac-

terize. Because of the complexity, involved in analytically determining

the stiffness of a multi-bay panel structure in terms of structural

parameters, a representative stiffness parameter was derived. An

equivalent plate stiffness parameter, D, was used to represent the

panel stiffness as derived and explained in the THEORY section;

D 12(2b)(, T IIa + Ib] (19)
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Table III liets the parameters, W/A and D, calculated for each panel.

Construction of Vibration Prediction Curves

Having once determined appropriate mass and stiffness parameters,

plots were obtained as a function of frequency for each parameter

versus excitation/response levels. Figures 35-43 contained in Appen-

dix C show plots for the constant stiffness panels A, G, H, I, J and K

as the parameter W/A varies. The parameter, La-Lp, represents the

difference of the response and excitation levels respectively in dB,

where

La 20 log10 (.._L (20)

and

L= 20 log1 0 (') ' (21)

and La is the acceleration level in dB

L is the sound pressure level in dB
p
g is the root-mean-square acceleration in "g"s

go is the reference root-mean-square acceleration,

equal to one "g"

P is the root-mean-square pressure acting on

the structure in psi

P is the reference pressure, equal to 0.0002 microbar
o

Plots were made for nine accelerometer locations used -o record re-

sponse levels of the panels (See Fig. 16, Sec. V). For each acceler-

ometer location, data were plotted for 15 band center frequencies from

100 Hz to 2500 Hz; each data point represents an average of the par-

ameter, La-L, calculated at five tested sound pressure level settings.
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Table Ill. Characterized Mass and Stiffness Parameters

Panel W/A D

(10-3 lb/in2 ) (10"3 lb-in)

A 7.55 7.83

B 7.46 3.68

C 7.68 4.79

D 7.64 14.55

E 7.64 24.44

F 7.46 31.71

G 8.64 7.83

H 9.64 7.83

I 10.76 7.83

J 12.50 7.83

K 13.84 7.83
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Since 15 frequency band curves were needed for each accelerometer

location, two plots were used, one for frequencies from 100 Hz to 500

Hz, and one for frequencies from 630 Hz to 2500 Hz.

Figures 44 - 52 contained in Appendix D, show plots made for the

constant mass panels A, B, C, D, E, and F as the stiffness parameter,

D, varies. The same technique described for plotting the constant

stiffness panels was applied to these plots.

In addition to the individual plots of excitation/response levels

for each accelerometer location and frequency bend, plots of overall

excitation and response levels were constructed for the frequency range

100 - 2500 Hz (See Figs. 21 and 22). *These plots were used to indicate

general overall trends in response/excitation levels as mass and stiff-

ness of the panels were varied.

Application of the Fhvirical Prediction Model

In addition to the vibration prediction curves, it was desired

that it be possible to determine response levels when structural

parameters differ from those presented by the curves. For this reason,

an empirical relation was derived and applied to the measured data (See

THEORY Section). It was found that the response of a structure to a

random acoustic excitation could be determined using

gs tx ~f ( 4 (16)

where grms is the root-mean-square acceleration of the structure

in '' a"

a,b are the overall dimensions of the panel in inches

P() is the mean-square pressure in pni per Hz
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to the known reapona of a sinel mnso excited by a random force.

While these aemumptinna concerning the indopendenco of panel modal

roopoiaos and the linearity of excitations and responseu have been

shown to be quite repreaontAtive of actual conditions at higher fre-

quenoy regimen, it should be recrmnized that no conclusion can be

drawn about the motion of the panel. Only resonant conditions are

conaidered, and to doteraine vibration characteristics other than

aoc~leration levels, it would be necessary to know the uncoupled

reno-'llltAd motion of each panel mode.

" -aumptions wore also nvde concernio the frequency dependence

of certain structural paraneters. The relation expres3ed by Eq (8)

represents the response of a panel mode as a function of the frequency,

modal weight and aroa. Eq (10) was used to approximate the frequency

of a mode as a funotion of the wave number, or effective half-wave

lenth, and the panel dimensions. In order to remove the frequency

dependence of these parameters from the relation, a frequency depen-

dent variable C(f) was defined, which was then determined from empir-

ical data. These assumptions may place some limitations on the useful-

ness of the results obtained in this study. For geometrically similar

panels, the mode shapes and natural frequencies are proportional to

some anpec[ ratio of the panels, and it wou.d be expected that the

derived mod-l and prediction curves are quite adequate. I-hen panel

structures differ aionificantly in configuration and construction from

those tested, accurate predictions would be somewhat questionable un-

til further testingi, is done on a broad class of panel structures.

Lsotly, certnin simplifications were made in order to quantify

stiffness of the panels. Tn reality it must be recognized that panel
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stiffness is a function of many parameters, including frequency of vi-

C) bration and modal mass. The use of an equivalent plate model to deter-

mine the stiffness parameter D should not be construed as anything more

than a method for accounting for the significant structural parameters

which contribute to stiffness, and not representative of actual panel

stiffness. The method does offer a degree of validity, however, when

one considers that it does account for configurational and structural

differences, which for panels of similar construction, can be assumed

to have properties proportional to actual stiffnesses. Again, only

further testing will determine the degree to which this method of char-

acterizing stiffness is valid for a broad class of structures.

An additional observation may be warranted concerning the use of

the empirical model and the prediction curves. It was determined from

the panel tests that damping remained constant. For this reason, the

damping term in the prediction equation was included as part of the

variable C(f). Thus, allowance for variations in damping were not ex-

plicitly included in the results. For panels which differ markedly

from those tested, some error would be expected in using the model. It

would therefore be necessary to adjust the prediction curves by some

appropriate factor based on the ratio of tested and desired panel damp-

ing factors. Of course, since C(f) is a function of damping, it also

would require a method of adjustment.
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VII. Conclusions and Reco endations

Conclusions

Analysis of data and a summary of the results were presented in

the previous section. Based on these results, the following conclu-

sions were made:

1. Since present prediction methods do not account for the effects

of local structural parameters, the techniques and results presented in

this study should provide a valuable tool in improving existing vibra-

tion prediction methods.

2. When using these techniques to predict responses of panel

structures which differ significantly in configuration from those

tested, certain limitations and assumptions should be recognized until

further testing is accomplished to determine their validity for a

broad class of structures.

3. The method used to characterize mass and stiffness of the

panels accounts for the significant structural parameters of the panels,

however, further study may show that more suitable methods are appro-

priate.

4. Because of the assumptions made, the results can be expected

to give more accurate predictions at higher freouencies, far above the

fundamental modes of the panels.

5. Overall response levels indicate that, in general, response

decreases as mass increases. However, no observable trends in response

levels for variations in stiffness could be identified.
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Recommendations

At the present state of the art, the effect of local structural

parameters on the vibration response of multi-bay panel systems sub-

Jected to random excitation is extremely difficult to predict with

accuracy. It is recommended that further testing be conducted to

verify the techniques and results presented in this study, especially

for structures differing from those tested.

In addition, further analysis of the empirical prediction model

derived in this study is recommended to determine if the single-mass-

oscillator model representation and the method of quantifying mass and

stiffness, are adequate to predict panel responses with accuracy. It

may be that a more complicated model is required, or that methods more

suitable for quantifying mass and stiffness can be found.

Finally, an analytical investigation should be conducted to com-

pare with the results obtained through empirical analysis. The use of

energy methods, the solution of the differential equations of motion,

or a finite element approach could be used to study the effects of

local structural parameters under random excitation.
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Appendix A

Derivation of Angle Section Moment of Inertia

and Area Equations

The stiffness of a structural element can be shown to be a fuhc-

tion of the moment of inertia of the element. An increase in the

moment of inertia in the desired direction will correspondingly in-

crease the stiffness in that direction, provided all other parameters

remain unchanged.

The area moment of inertia of an angle section can be shown to

be
-I3 [d(Ll) 3  L- 3  (l,2 -d) (_-d) 3  (22)

w;here
2 2 d2

y 2L 1 + L2 -d)

and L and L2 are the lengths of the section legs, d is the thickness

and y is the location of the centroidal axis referenced to the datum

plane (See Fig. 24). Substituting Eq (23) into Eq (22) and grouping

terms

1 [(L [ + 2L L2 -2Ld-Ld d 2 + L2(L 2 4Lt-d )Ixx --24 (L, I T,,,-d)'

- (L2-d)(LI-L2d-2L d + d2) 3 ] (24)

Eq (24) represents the oment of inertia of the angle section with re-

spect to the datum plane in terms of L], L,, and d.

If it is desired to change the moment of inertia of the section,

and thus stiffness, and keep weight per unit area constant, the area of
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a I datum

LI

Fig. 24. Angle Stiffener Configuration

the section must remain constant, providing material properties do

not change. Thus, the area of the angle section can be ch lulated to be

(. A = d (L1+L2-d) (25)

Here again, Eq (25) is represented by the angle lengths and the thick-

ness, Ll , L2 and d respectively.

Using Eq (25) it is possible to select values for any two param-

eters and compute the third to maintain constant area, and thus weight.

These values can then be used in Eq (24) to determine the moment of

inertia of the section. Values of the parameters can then be adjusted

until the desired moment of inertia is achieved.
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(9 Appendix B

Excitation and Resnonse Levels

from the Random Vibration Tests

The following graphs are plo',. of the sound pressure level (SPL)

and acceleration vibration data for nine accelerometers in acoustic

tests performed on Panel A. Similar plots for the remaining ten panels

were obtained. All data were digitized and stored on magnetic tape for

future use. Souna r-2ssure levels are given in dB and acceleration is

given in g-rms. Actual overall SPL values are given in the extreme

right-hand column of each plot. The following information is contained

in the key for each plot:

) a. Panel - identification of the panel

b. Location (Loc.) - location of the panel in the test
fixture (See Fig. 15, Sec. V)

c. Transducer (PUID) - identification of microphone of
accelerometer position (See Pig. 16, See. V)

d. Record (Roe.) - identification of each two minute test
run; each run corresponding to an overall input SPL of
approximately

(1) 143 dB
(2) 146 dB
(3) 149 dT3
(4) 152 dB
(5) 155 dB
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e PANEL At LOC. Ct PUIO 103p REC. I
A PANEL As LOCo Co PUIO 103v REC. 2
+ PANEL At LOC. Co PUIO 103t REC. 3
x PANEL At LOC. C, PUIO 103s, REC. 4

its - 0 PANEL As LOC. Ct PUID 1039 REC. S

Is- * x

j 1# A

~Itsig

toI

MNO CENTER FREQUENCY - hZ

Fig. 25. Acoustic Sound Prossure ITvela, Panel A
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Fig.26.Acceeraion espnsoPanl A
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A 0 10s-m I-A X j
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Fig. 27. Acceleration Pesponse, Panel A

Accelerometer 2
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Fig. 28. Acceleration Response, Panel A,
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Fig. 29. Acceleration Response, Panel A,

Accelerometer 4
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C",Oa

0 PANEL A. LOC. C, PJIO 007, REC. I
a PANEL At LOC. Co FU') 007. REC. 2
+ PANEL As LOC@ Cp PUID 0079 REC. 3
X PANEL At LOC. Cr PUbO 007p REC. 4
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Fig. 32. Acceleration Re:lnonse, Panel A,
Accelerometer 7
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Fig. 33. Accelerattion Response, Panel A,

Accelerometer 8
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Apnendix C

Emirical Prediction Curves;

Resnonse Versus Variation in Mass

The following plots represent the excitation/response levels

measured for the six constant stiffness panels as the mass was varied.

The parameter, La-Lp, represents the difference in acceleration and

sound pressure values, expressed in dB. W/A represents the total

weight per unit area of the panels. Two plots are used for each of

nine accelerometer locations; one for band center frequencies from

100-500 Hz, and one for frequencies from 620-2500 Hz. The key for each

plot contains the symbol identification for each frequency curve, the

band center frequency, and the accelerometer location as referenced

to Fig. 16, Section V. The plots contained for accelerometer number 5

contain three data points for each frequency curve for which no data

existed. These points were arbitrarily set to some value for purposes

of plotting.
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__n__renl Prediction Curves;

Response Vernun Vnriation in Stiffness

The following plots represent the excitation/response levels

measured for the six constant mass panels as the stiffness was varied.

The parameter, La-Lp, represents the difference in acceleration and

and sound pressure values, expressed in dB. D represents the charac-

terized stiffness parameter of the panels. Two plots are used for

each of nine accelerometer locations; one for band center frequencies

from 100-500 Hz, and one for frequencies from 620-2500 Hz. The key for

each plot contains the symbol identification for each frequency curve,

the band center frequency, and the acceleromoter location as refer-

enced in Fig. 16, Section V.

86



OA/MC73A-

16N

0 R A

c; C; A C;

x * 19 IN

ma))iii~ ~ ___ ___ ___ ___ ___ ___ ___87P

... ... .. .. I ' I '



GA/1MC/73A-1

LA

r4
0 cs C ts1t

. A. U

IL W 
I 

Io 
'

MUM

a 0 4x 00

(am ji-t

88)



GAAVC/73A-1

0e

PP 6, P§ 9

BAS
Ca

coo ant a a9

o a a 0 a a80



GA/)C/73Arl

r . a
U1 UL-ILIt~

0

0'4

900



GA/MC/73A-1

QUI)

a a aAA

IA2

o a a + a +a

Ii. ~ ~ ~ ~ ~ w wnI..0..-tS.in

910



GA/MC/73A-1

000

44

* . . U * *4)

0

4IO

922



G)A/MC/A3A-1

roll I .: . d z.' :-. ..

I

NIP MN ON"

-" 0

-a 0-

twNi n'-Ui

IClU .v-

0 0

- 1-

- i, I I * I I I I f - .

SI. i I Ii I 

93



OAA4C/73A-1~

x 4

z- m

cw) nJ-ui

(94



ii

Oilfoa llt! "

I *- -..- '  '  -

ft. ft '4,., 1 ,S 1

C~AA4Ct1Wt

mulI .1

F ! I ' I 1 'T I'
; Y

( dl"4



VTPA

C"Iaroeo~ t~rk "480 wooe horn on 11) ().o.mbe' )19'S in Yale, IOWA,

the #on af Arthur H, base AM4 ~rort 0,, S th, After comploetir

higah achcol At MUnhrns lav, in 106h, ho onvollett at Iowa State Urd.

'iermitty, Ams, lawa, The faoluwInp year he reovived A nwtnatito to

,the United 3tta Air Force Aoadvoty, Uolaratt, And' enter'ed in JUn. Of

195, Ito was aomntiaionsd a Second lieutenant i the United 3tates Air

Poe, upon arAduation in June of 1969, IeOetving A BAcholor of Soienoe

dearee in naino.rtnx Mehanicas with A minor den.W. In MAterials, He

surved as a Teehnioal Ope'tionp Speoialiat with the lrelxn Teoh-

nalony Division, Air Force Systems Comrand, Wright-Patterson Air Porae

BAse, Ohio, until his entry into the Air Foroo Inatitute of' 'reoMology

in June of 1972,

Fernanent add'e.st t, It, 2

Perry, Iowa 50220

Thia thesis waa typed by Ma, Carmni 0%, 'n.roxell.

96

K> __


