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used to determine reference mass and stiffness properties: five nanels were varied in
mass with stiffness kept constant, and five nanels with constant mass were varied in
stiffness. The panels were excited in an acoustic reverberation test facility using

a broad-band siren and horn assembly, Excitation and response measurements were

taken usina microphone and accelerometer transducers attached to the nanels. The data
were then reduced and correlated to construct vibration prediction curves as a functio
of excitation/response levels, frequency, and mase and stiffness narvameters. In addi-
tion, an empirical mathematical wodel was derived to predict response levels knowing
the excitations and the mass and stiffness parameters of a panel structure. A fre-
quency denendent variable based on measured data was determined to relate these param-
eters to the panel resnonses. 1t was concluded that the vibration prediction curves
and the empirical prediction model were sufficient to adequately nredict responses to
acoustic excitation provided certain limitations and assumptions were recoqnized.
Further testinag of many differen. types of panel structures was recomended to deter-
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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

4 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

(<\r 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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Symbols and Abhreviationa

total panel surface area

modal urea

overall panel dimensionas
coefficient of damping
coefficient of critical damping

frequency dependent variable determined empirically
from measured data

rib thickness

flexural plate rigidity
decibel

Young'!'s modulus

complex sinusoidal force
mean square force per Hz
frequency, Hz

32,2 ft/se02

mean square acceleration with respect to earth's
gravity

root mean square acceleration with respect to eartht's
gravity

panel skin thickness
hertz, 1/sec

L
(-1)2

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

moment of inertia of stiffener cross-section

PSSR e -~
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Symolin and Abbroviativng

goneralined atiffnona or aingle atiffnesa
langth of angle atiffaner lega

height of goneralired atdffenep

mode numbar op ef'fective half-wavelength

muos

npumber of atringera or framea over the panel orvas«seotion
mean aquare preasure per la

denaity

damping ratio; u/ou

aound preasure level

plate thiokneaas

complex velocity

Foisaon'a ratic
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natural frequency

total panel welpht

modal welight

displacement, time dependent

distance of centruidal axis from reference plane

complex mechanical impaedance
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AbRtragh

The purpose of thia report s to experimentally determine the
efteots of loealined maua and atirffuess parameters an the vihration
responda of atiffened panel atruosurea excited by acoustic nolae,
Rleven panels vare constructed, similar in veigxht and configuration
vith typical aircraft panel atructures. A bLuaeline panel was uned to
determine reference wana and atiffmeas propertiea; five panels were
varied in mass vith atiffnesa kept conutant, and five panels with
conatant wasa were varied in atiffueaa, The panela vere excited in an
acoustic reverbveration teat facility uning a hroad-band airen and horm
assenbly. Kxcitation and responae meaaurementa were taken uaing micro-
phone and accelerometer tranaducera attached to the panela. The data
vere than reduced and correlated to conatruct vibration prediction
ourvea as a function of excitation/reaponae levela, frequency, and
mans and stiffuesa parametora. In addition, ap empirical mathematioal
mode)l vaa derived to predict reaponae levelas knowing the excitationa and
the mass and atiffneaa parameters of a panel structure, A frequency
dependent variable bvased on measured duta vaa determined to relate
these parametoers to the panel reaponsaes. It vas concluded that the
vibration prediction curves and the empirical prediction model vere
sufficient to adequately predict responses to acoustic excitation pio-
vided certain limitationa and assumptions weres recognimed. Murther
testing of many different types of panel structures vwas recommended
to determina if these prediction techniques could Le applied to all

tlassey of panels.
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DRTIRMINATION OF THK BIRROTE OF MASY AND HTTFENESS
ON THE VIFRATION REIPONSR OF RIDBED PANKIA
SURIROTED TO RANDOM ACOUSTIC NOYSK

1. lntreduetion

Prediotions of vihrations are needed early in aireraft development
to enable the denign angineer to make reasonablo estimatea of nPrelime
inary apecificationa for componenta and squipment (Ref 111). Analytioal
teochniquea involving the aolution of equationa of motion of a atmeture
provide tha neceasary vibration tools for the low fragquancy regime, At
middle and higher frequancy regimea, however, preaent methoda prove in-
adequate in predioting reaponae levela of atructurea, dua to the hiphly
coupled and complex nature of the exoitations and responses, The use of
astatintical teochninues to relate vibration reaponse levela with the aig-
nificant parametera whioch desoribe the excitation and the atruoture appeara
to be the only reancnable approach to thia complex problem. The few
limited attempta to develop empirical or semi-empirical vibration pre-
diction methoda show neveral ordera of magnitude of acatter in measured
data even when asome acaling or normalization acheme ia uited to account for
variations in local parameters. Major vonaideration should be given,
therefore, to the improvement of existing empirical techniques in which
atatiatical analyaia is used to correlate the measured excitations and
reapconaes with detailed local satructural parameters. Once these re-
lationships are devoloped and the necesaary numerical evaluations madae
for repreacntative flight vehicle atructural components, a practical !
engineering method ahould result for vibration prediction during initial

design (Ret 216).
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Ihe Lroblem

The purpone of this repoart is to experimentally dete)mine the

effeots of Jocalined mape and stiffnese parametera on the vibration re.
sponae levels of rihbbed panela exoited by vandom anoustio noise. Analy=-
ols of responae data taken from a group of aimplified panel atructures ia
parformed, Theae response data are then correlated in order to develop
empirioal relationa, eapreased in engineering terma, which ocan be ine.i-

porated into exiating prediotion techniques,

Rackaround

The response of many tynes of structurea has been atudied in the
paat both analytioally and experimontally., By far the largest oclasa of
problema treated haas beon aimple panela, and good resulta have heen ob-
tained for thia olasa of structurea, MNore recent atudiea have conaidered
the reaponsea of complex ribeatringer syatema and integrally atiffoned
panelas using swveral approximate teochniquaa., Very little experimenta:
work haa been introduced, however, and resulta have been somewhat incon-
cluaive; resulta for the moat part being based on a limited amount of
data.

Experimentation has proceeded in three main areas. First, full-
acale proof teating of aircraft structures, primarily in the study of
sonic fatipgue, has haen explored. Most of the full-scale measurements
have and are being made by ajircraft 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 atructures subjected to acoustic noise. The curves are pri-
marily semi-~-empirical in nature and are generally based on a few

scattered tests on real or representative structures,
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Finally, a number of reasonably well controlled test results are
available, moatly for simple panela, although some multi-bay panel data
are given in Refa 3.9, For the moat part, however, little documented
data are available (Ref 10:19-10).

Mioh of the experimentation on multi-bay panel ayatema thus far has
been concerned primarily with atreas and fatigue responses of struatural
elementa, Little effort has been observoed concerning the effects on re-
aponaes of such local parameters aa mass, atiffness, curvature, effeo-
tive thickneas, and ao on. Roberta (Ref 11:177-91) attempted to relafo
flight vehicle reaponae with excitation and vehicle operating conditions.
In addition to emphasis on local dynamic properties of panel ntruéturoa.
a atudy of local responnes was correlated againat oiroumferential atten~
wation, looal maan and stiffness. Overall acceleration response levela
were plotted against variations in stiffness and maga, Rpberts determined
that overall response levels were insensitive to atructural atiffnesses,
however, no dependence of these mass and atiffness parametera 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. Fxperimental data were taken

from two radically different locations on an RP-4C fighter aircraft, one
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location characterized by a "limp," unatif'fened panel-like structure, !
(\“) and the other location characteristic of a massive structure. One par.

ticular vibration prediction method, a modified form of the Franken
Method, wae choaen 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 ainple prediction plot was sufficient to cover both
atruoturea. Above 2000 Hz, two plots wers showni one applicable to a
massive, stiffened otructure, and one applicable to th? "1limp" panel
atructure. Although the technique demonstrates the applicability of the
method, the results were somewhat questionable due to the lim .ted amount

of data collected and structures examihed.

Scope

C_} Typical aircraft structures vary considerably in cunfiyuraticn,

materials and construction. Variations in mass and stif 'ness in ony

particular panel structure can be dependent on maeny variutles. In order

to achjeve a measure of control and accuracy, a highly rimplified panel

model was used for experimentation., Only a lLimited nunber of nine-hay,

aluminum panels, identical in overall dimenrfioirs rnd con’igura.ron, were

tested. Stiffener cross-sectional area way the only variable in con- ;
. struntion, while lead weights were added to the panels o vary total

mags. The response data from these panels yere analyzed nnd correlated

with respcct to mass, stiffness and exsitat.mm/response levels in an

T

attempt to develop a method for aceounting fur var.ations in these

parameters which could be used feir futinre tes<ing of more complicated

}
‘ i)b structures.
1&
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Subgrublems

Many empirical prediction tedhniques attempt to account for struc-
tural parameters by applying some tyee of normalization scheme, or by
use of appropriate mass and gtiffmess sculing, These parameters are -
very difficult to actount for, however, due to the cvomylex nature of the
panel structure. Such variables as dasping, mass loading, and construc-
£ion techniques can have imarked results on experimental data, An attempt
wuz made in this study to construet panels which would minimize these
variable effects. PFor example, the addition of lead to the panels is
vound o affect hoth the damping and stiffness of the structures to
somse degirvee. ‘The effects of this lead addition were studied.

In order that the respcnse data will have some significance, it is
japortant that the correlation of excitation and response be expressed
through statistical analysis into a form which is readily usable,
Fmpirical relationships in the form of prediction curves are explored to
compare mass and stiffress of the ﬁanels. In acddition, & mathematical
model is derived basaed on measured cest data and the characterized mass
and stiffness paramneters for the panels.

Experimental accuracy, of course, will have some effect on the use-
fulness of the dats obtained and the resulting analysis, Causes of
error resulting from equipment and test procedures will be pointed out
in this stady.

Attack of Subprobiems. This study is divided into four major parts.

The first part involves the fabrication of a number of simplified repre-
sentative aircraft panel structurns. Eleven panels are constructed with
cne parel representing a baselire panel to determine reference mass and

stiffness properties. Five panels are varied in mass while stiffness
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is kept constant, and an additional five panels are varied in stiffness
with mass remaining constant. Measurements of weipght, 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, Experimental errcrs in the apparatus will be
examined.

Following the sinusoidal testing, the panels are subjected fo
random acoustic excitation. A random noise producing giren 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 ccrrelate
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.
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II. 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. Uhere it is desired only to com-
pare damping between similar structures, a much simpler apprcach 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
mags model is quite representative of tﬁe panel response charactéristics
(Ref 15:345-346).

Complex mechanical impedance is defined as

Zz%‘ (1)

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.l as

X
Z-im+c+ium (2)

vhere K is the spring constant
¢ is the coefficient of damping
w ia the steady-state frequency of the system

Or expressed in a more convenient form,

2
7 ﬂ‘-w;;) s dew (3)




F(t)
A X(t)

1 0.
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Fig. 1. The Single Mass Oscillator

Resonance of the system shown in Fig. 1 occurs when the steady-state
frequency of the forced system is equal to the natural frequency of the

system, mn' or
W = Un [ VK;m (“)

Substituting Fq (4) into Eq (3), the complex mechanical impedance at
resonance then becomes
Zac (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 ia then possible to define the damping ratio of the system
as

e o (6)

c
where £ is the damping ratio; dimensionless
¢ is the damping coefficient

y is the critical damping coefficient, equal to Emun

8
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For a panel vibrating at a resonant frequency, m is now defined as the
modal mass which can be determined by plotting impedance versus fre-

quency as a function of maas.

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
un;ffected by, or decoupled from, any other modes (Ref 15:345.346).
Considering vibrational modes at frequencies far above the firat few
bending modes of the total structure, responses to acoustic excitations
tend to be quite localized, and independent of gimilar resonant responses
for modes which differ by a few wavelengths, Aassuming that the responses
in these higher modes are independent and somewhat linear, i.e,, the
modal responses in a given tand vary linearly with the sound pressure
level, then the vibration response beoomeu the net of the contributions
of many resonant modes. This also implies that the vibration level can
be expected to vary linearly with the responne of a asingle excited mode.

Making the above assumptions, the responae of a particular panel
mode of vibration can be approximated by analysis of the same single mass
oscillator discussed previously and shown in Pig 1. The mean aquare
acceleration for this model when subjected to a continuous random forcing
function is given in Ref 2:78 as

=2 _ af ¥F)°
b/ W (7
[+
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where 'Eg is the mean square acceleration of the mass,
referenced to earth's gravity
t is the natural frequency in Hz

FZfsg is the mean square féree in lb2 per Hz
is the damping ratio; dimensionless

W is the weight of the mass in pounds

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

A it

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

Plf5 18 the mean square pressure in psi squared per Hz

i
!
2
i - £ P(E)° A
i a,
; = 5 (8)
W W
1 c a
¢
i -
i where, now g~ 13 approximately the mean square acceleration of
i
i
4 the mode
i
§ b 4 is the resonant frequency of the mode in Hz

A ias the model area participating in the response; ine

Wa is the model weight in pounds involved in the
responding mode

In considering the manner in which vibratory response might vary with
structural mass and stiffness, it ix oufficient to lump conatant tcrmas
into a single parameter. Assuming damping to be conutant, the rms re-

sponse can then be expressed
o *

(W/y)2

where Bi ia now some conatant of proportionality,

Brma = By

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

srructural stiffneas, it {u recomnized that the modal frequency, 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

1
rfn® 0%\ (D\/2 (10)
r-3(% %) (% o
a b

where the plate flexural rigidity is
o)

(11)
12(1-»2)

D =

and my,n refer to the mode numbers, or effective half-wavelengths
of a mode
a,b are the dimensiona 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 Fq (10) and grouping terms

1
g =B -‘1‘-?;+-’£/2—Ql/upf (12)
™ms ] a2 b2 Pt (W/A

a

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 upproximate Eq (12) by considering

(W/A), = 0(f) W/A (13)

11
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ol

where now, W/A is the total panel woight ner unit areap G(f) and H(f)
are some functions of frequency, Performing these subatitutiona inte

Eq (12) and defining a new variable, C(f), the rma reaponaa becomea

Y

4 3
grms = C(f)[i_E * ia] [nlt').'] 3: (15)

Since C(f) is now the only parameter in Eq (15) which ia a function of
frequericy and mode shape, it can he determined empirically from measured
data, Further, recosnizing that the function ot is in units of weight

per unit area, the response can finally be expreascd as

1 \

2 .2 D " P(f) (16)
Crms = C(f)(a + b ) [ (U/A)S] A

In terms of common engincering parameters, Fq (10) relatos the excitation
and response characteristics of a panel structure knowing the dimensions,
the weight per unit area, and the charncterized stiffness; C(f) being
determined by empirical means.

To represent the structural stiffrness of a stiffened panel with an
equivalent plate of bending rigidity D, it is necessary 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 plane, the cdpe ot the

12
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pAanel ean ha canvaniently ahoaen aa the datum fop sase of ealenlationa
(%00 Fig ). e momant af tnertia af the oarasra0LIon aAN then he

exprosaed an
3 3 2
Ty l&Q%ML., "v[%é' CRUNR PN ] (1)

whaere 1a.b ia the mamen. of inertia of the pansl eruaa-reotion of
width a or by !n“
a,b  are the dimenaiona of the panel in inchea
h ia the thiockneaa of the panel in inchea
ia the heipght of a atringer or frame in inohea
d ia the thicknean of the atripnger or frame in inchea
ia the number of atringera or frames over the panel oroaae

acotion; dimenalonleua

The aum of the momenta of inertia can then be equated to the awm ot the
bending momenta of inertia of an equivalont {sotvoplo plate having the

aame dumengiona, Apain, uaing the edge of the plate aa the datum

. I At . bt y (nib)t)
at YR 3 g

(14)

where the parameter, t, is the equivalent plate thickneasa, In quanti-
fying atiffness in thia manner, toraional viridities have been ignored
since theae values are propertional te the bending ripiditias for astruo-
tures of aimilar configuration. Solving Fo (18; for the equivalent plate
thickness and substituting inte Fq (11), the tlexural rigidity for the

equivalent plate becomes

A
D= Tﬁ?iaoh R‘l‘:\r'y [ o Th] (19)
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Fig, 2, The Stiffenad Panel Cross-aection

Reamination of Baya (18) and (19) revenla that the charaoterised atiff.
neas of the panel atimiacture using an squivalent plate model ia depenw
dent on the panel dimenaiona and the atringer and frame apacing] apAc=
ing bheing dependent on the numbey of atringera or frames present over
the panel width.

Tt was detemined that the reaponse of a atmMmoture oould be pre-
dioted using Rq (16), knowing the exeltations, the characterieed maaa
and atiffnusa parametera for the struoture, and the funotion C(f). 1t
ahould be recognizad that while the method for quantifying atiffueas ia
not repreaentative of actual panel atiffneaas, the dorived atiffneas
parameter, D, can be expected to be proportional te actual atiffness
in some manner. Beoauae astiffneay ia such a difficult quantity to
determine for a complex atmicture, the method doea permit characteriza-
tion of the atiffnesa in terma of the aignificant atructural parameters,
Dift'erencea which may exist between theae characterived parameters and
actual parameters can be accounted for by dotermmining C(f) from measured
data taken from panol structurea for which these parameters are known,

Thus, unleas an entirely different approach ia taken, any minor modification

14
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in the method far quantifying atiffmean, ar Appximating any of the
other frequency dependent parameters, woulil orly change the value of
a(f) hy some proportionate amount, The vibration prediction relation
can he expuoted, therefure, to provide reasonable catimates of responses
of atruotures uasing C(f) in Kq (16), and the method for charaoterining

the maas and stiffnesn parametera from whioh C(f) waa determined.

15
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In determining the reaponae of panela to variationa in mass and
stiffness paramatevs, it was deaired to construot two aeta of aimilar
panely, one aet varying in weight only, and one set varying only in
stiffmesa. Panel configuration and fabrication was kept ans simple as
poesible while a measure of asimilarity to actual aireraft atructures in
weight and conatruotion was maintained.

Eleven aluminum, nine-bay panela ware conatruoted, Stiffeners
ware made from stook angle aluminum and attached to the panel akin uasing
one-eighth inoh diameter aluminum riveta spacad one inch apart, All
paAnels were conatruated with identical overall dimensiona and atiffener
configuration in an attempt to keep variable effacts in construction at a
minimum, A conatant skin thicknesa of 0,050 inchea waa uased for all
panels (See Fig. 3). Lead waa added to the panala to vary total panal
waight, and atiffener moment of inertia was varied to change panel atiff-
ness. With one panel conatructed as a baseline panel, five panals wera

varied in maaa and five panels werae varied in stiffness.

Variation in Panel Mags

Variation in maga for five panels was achieved with the addition of
3/b-inch square lead weichts bonded batween the stiffener rivets, A
lumped mass approach was used, rather than using 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 weirht of the five panels was varied by a factor of approx-

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

16
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struotural weights encountered in typioal airoraft atruoctures, Migurs 4
shows a typiocal panel with lead added to the stif'funers, and Taole [
liasta the weighta and dimensiona for each of the elevan pancle. Seuction
IV of thim raoport inoludesa an analysis of damping effacts causwnd by the

addition of lead to the panels.

Variation in Panel Stiffness

Panel astiffness was varied by changing the moment of inertia of
the aluminum stiffeners (See Appendix A). By keeping the cross-sectional
area of the stiffeners oconstant, the weight of the panels was not altered
from that of the baseline panel. Table I also includes the moment of
inertia caloulated for each atiffener type. As can be seen, the
moment values for the five panels and the baseline panel varied by a
factor of approximately sixteen, while mass was maintained within two
per cant of the baseline panel mass. These small variations in weight
were considered to be within tolerable limits for the cbnptant massy

panels,

Static Deflection Tests

A force/deflection test was performed on all panels to determine
static stiffnesses. Each 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,
Sec, V). Table II lists the static stiftnesses calculated at each point
on the panel, Deflections were measured only at the point of application

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

18
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Test Panel with Bonded Lead Weights
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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 (1b) Dimensions Moment of
(in) Inerfia

(in
L, L, | d

A 5. 44 1.00 | 1.00 | .094 0.0171
B 5.38 0.75| 1.25 | .09 0.0045
c 5.53 0.75} 0.80 | .125 0.0096
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
G 6.22 1.0C { 1.00 { .094 0.0171
H 6.94 1.00|1.00 |.094 0.0171
I 7.75 1.00 | 1.00 | .094 0.0171
J 9.00 1,00 | 1.00 |.09% 0.0171
K 9.97 1.00 {1.00 |.09% 0,0171

a Dimensions L., L. and d for the angle

Fig. 24, Appendi% A

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
linearg 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
congstant mass panels. For the constant stiffness panels, Table II1
shows that stiffness did not remain constant, and in some cases, varied
as much as 25 per cent from the baseline panel stiffness, 8Since 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 intuitiveiy
representative of changes 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.
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IV. Sinusoidal Sweep Experimentations

Purpos: of the Fxperiment

TR

This exporimentation 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-sﬁeep 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 Apparatus

Fipgure 5 depicts a block diagram of the experimental apparatus used
in the sinusoidal sweep testing. A Bruel and Xjaer Level Recorder was
used to record the acceleration response of the panels 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 paéer synchronized in freauency.
A sinusoidal voltare generated by the oscillator was fed to a console

containing a Ling-Tempco=~Vought DC Power Amplifief and Field Source,

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

23



Vibration Console

Field
Source
Panel Forece Ref.,
: "Acceler- [*1 Shaker e = = —
Structure Gage ometer DC Power
Amplifier
Acceler-
ometer
Digital !
Counter
Emitter-Followers
Volt Meter
j{ A
Amplifier Amplifier Amplifier
)4 Oscillator
]
[}
$
N Level Recorder

N\
I Phase Meter

LN
I Oscilloscope

v Y
Volt Volt
Meter Meter
Fig. 5. Block Diapram of Tesat Apparatus
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Electro-Magnetic Shaker. The force was picked up with a Wilcoxon L-10
Force 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 aécelerometer was used to provide a constant accel=-
eration input to the system throughout the frequency range. A Columbia
002.-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 proyided a

continuous reading of the reference accelerometer signal.

Other Apnaratus, Additional apparatus was necessary to permit

precise measurement nf 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 sifnals were measured for phase difference with the use of a
Technology Instruments Phasc Angle Meter. The sirmals were also

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

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

The acealarvwmetara were miunted an A Aruel and Kiaer talitvation
ahaker and ahaken at one "g." The aceeleration awplifiera wore then
Adjuated until a convenient voltage waa ¢ ad on each voltmster, A one
pound Mase waa then mountest on the ahaker and an accelerometer was
affixed to the mass, The amplitude of the ahaker waa inereased until
the acoelerometar indicated one "g," and the foroe amplifier waa ad.

Juated to a convenient valtage on the volimeter,

Baoh teat panel waa clamped in a ripid frams whioch waa bolted to
a magaive teat bed as ahown in Mg, H, The natural frequeney of the
atruoture waa low enough (below 40 Ha) not to interfere with the re-
spanae of the panela,

The ahaker waa attached to the astraoture through the force gage at
one of the pninta to be inveatigated, The refarence acceleromatur waa
then mounted on the ahalker head next to the turce gage and used aas a
feedback to the csoillator in maintaining a constant acceleration input
(See Fig., 9)., 'The Coluwnbia bOL~2 Accelervmetoer waa then mounted on the
oppoaite aide of the panel at the point of applicacion of the ahaker
(See Fig, 10). Double-backed adhesive tape was used to attach the
acvelurometer and ahaker to the panel,

Modal Teata. Five panels were teuted to oxamine the resonrnt modes
and to determine the damping. Panecla A, 1!, T and K were selected to
accoint for the full weiprht range of the constant atiffnoss panels, In

addition, Panel D was teated an a check on the damping preaent in the

constant mann panels wherc no lead waa uoed.  Fach panel waa tested at
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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). ﬁdditionnl congsideration
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 désired 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.

Impedance 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 10% - 120
Hz. Although a few panels exhibited small peaks in the ransge from 65 -

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

vibrations, and nct panel modes,
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With force and acceleration values obtained by tuning resonant
peaks 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-

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

tation (See Sec. VI).
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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
monitrred and plotted in 1/3-octave frequency band plots over a range

Description of the Wide Band Acoustic Facility

&)

Figure 13 shows the Vide 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 Xw wide band siren is utilized capable of providing a continuous
spectrum from 50 - 10000 Hz, and a maximum overall sound pressure level
(SPL) of 160 dB (re 0.0002 dynes/cm2). This von Gierke type siren
produces a random noise spectrum which closely approximates the sound
spectrum of a Jjet engine. A segmented horn with variable cu: .ff of
125 dB is used in the test chamber,

Test specimens are rigidly mounted in an enclosed 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. 3ound absorbing

25
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Fig. 14, Floor Plan of Test Facility
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material is contained in the test fixture to prevent formation of
standing waves and, once installed, access to the rear of the panels
is provided by removable covers., By proper positioning of the fest'
fixture, a variance of + 1 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 1l4-channel tape recorders. For

this test, only 24 chanriels 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 pansl. 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 17 and 18 show
front and rear views of the mounted test pnnels with microphone and
accelerometers in place.

Testing was performed at five sound pressure level settings rang-
ing from approximately 143 dB to 155 dB, with 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

29
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adjuating the airen rotor apeeda to achieve the deaired spootrum over

the entire frequency range.

Facility Instrwrentation
Noise lovels in the teat chamher were measured with Gulton MVA
2100 miorophunea, and accelerometera were BEN Model 501 miniature orye
stal transducera, utilising lightweight microdot cables, Traneduoer;
were calibrated prior to the beginning of each test and normalized to
produce the same aslucted output voltage for the same physical input.
Signal conditioning waa necesaary before the data were suitable for
recording in M frequenny ranges. Amplification was provided and
fixed at some optimal aetting during normal operation. An automatic
attenuation aystom was used to enable the wide range of signal levels
encountered in faocility operation to be raised or lowered to the input
signal range required by the tape recorders. Attenuation was possible
in 10 dB incroments over a 60 dB range. An identification system was
used to identify commutator and attenuator positions for each data
channael. An oseillograph, spectrum analyzer, filters, rms meters, an
oscilloacope, and one-third octave band analyzers were available to
monitor signals going on tape during a test. Fipgure 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 NDimamics Technology Applica-
tions Branch of the Air Force Flight Dynamies Lahoratory. The acoustic

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

b3
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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 Inec. 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,
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VI. Data Reduction and Results

The data and results taken from the static, sinusoidal, and
acoustic tests were analyzed and used to correlate mass and stiffness
parameters of 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 addit;on,
the random acoustic data was incorporated into a vibration prediction

model derived in the THEORY section of this report.

y | Effects of Panel Damping

ﬂ ' It was determined from the forced harmonic testing of the panels

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

R

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¢c data,

Correlation of Static Stiffneas 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 ipabiljity to maintain consistent boundary
conditions from one static test to the next. Although each panel wasa
clamped at the boundaries, the apparatus did not permit monitoring of

Kw)' the clamping force. Thus, it was not poassible to apply the same

w7
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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 Mags 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 terma, 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 panei 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;

2R
D = T3+ (i-v) [Ia + Ib] (19)

48
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Table IIT 1lists the parameters, W/A and D, calculated for each panel.

Construction of Vibration Predietion 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
L, =20 log,, [ &. (20)
&
and .
1
L, = 20 log), (_g__) (21)
o

and L is the acceleration level in dB
L igs the sound pressure level in dB
g 1is the root-mean-square acceleration in "g"s

g_ 1is the reference root-mean-square acceleration,

equal to one "g"
P 1is the root-mean-square pressure acting on
the structure in psi

P is the reference pressure, equal to 0.0002 microbar

Plots were made for nine accelerometer locations used to record re-
sponse levels of the panels (See Fig. 16, Sec. V). For each acceler-
ometer lccation, data were plotted for 15 hand center frequencies from
100 Hz to 2500 Hz; each data point represents an average of the par-

ameter, La'Lp’ calculated at five tested sound pressure level settings.

49
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Table III. Characterized Mass and Stiffness Parameters
Panel W/A D
(10~2 1b/in°) (10~3 1b-1n)

A 7.55 7.83

B 7.46 3,68

c 7.68 4,79

D 7.64 14.55

C L E 7.64 ol bk

F 7.46 31.71

f' G 8.6k 7.83

H 9,64 7.83

I 10.76 7.83

J 12,50 7.83

K 13,84 7.83
p
()

50
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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 P 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 Empirical 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

D /4 p(e)

3
8 " c(r) (a%40°)

g — (16)
™
(w/A)5 A
where Bnns is the root-mean-square acceleration of the structure
in 'B'a"
a,b are the overall dimensions of the panel in inches

P(f) is the mean-nquare pressurc in psi per Hz
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L 1a the total panal weirht in pownds

A ia the tatal panel aroa) ‘"?

D 1o the ohavacteriued atiffmean parameter in
pounda=inches

C(f) ia n fraquenay-dependent variable determined

empirioally from measurad data

Using the measured exeitation and reaponue lavela, the weiphta and
dimensiona, and the nharacterimsd magpa and atiffnesy parametera of the
panels, ®q (16) waa aclved for the function G(f), Thia funation waa
then plotted varaua frequency for each of the nine aocveleranater loe
cations used in the acouatie vesting (See Wig, 14, Sec. V), aa shawn
in Figure 2%, To obtain a data point fov a particular band center frea
quengy, the ratio of the acceleration and prossure levela were first
avaraged for the five sound oresgure level settincua, Aczelovatdion
proved to be quite linear with sound pressure level asa that thie
averaging technique resulted in very littie error. By (lo) waa then
solved ror C(f) for each accelerometor location and each of the oleven
panels. The final value wng then obtained by averaging the o(f) func-
tions for each panel, As shown in Pipure 23, the plot of lhe data
points resulted in a fairly narrow band, ard conailderable crossing

of individual curves for each nccolorometer was eviawent as requency
varied. For thisa reagon, a mean value curve was fitted to the data.
Presenting C(f) in this maaner permits a ranre oY values to be vaed in
the »rediction model suek that a maximum resvonse can be predicted for
a particular frequency band. Since C(f) represcnts an average of many

data points for all eleven panels, there exiasts an inherent orrer in the

bll
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midel ne wan Indioatet hy uaing 6(F) to prediot reaponien fur tha same
data oM whioh 4t was detaimined, Howaver, {f (b sa required that
IRlY & reananable ertimite 1A Resdad ta predict the reaponae of A
Atrueturs without regard to axaet lacatien, the uae of €(f) in the pre-

diotion egquation ahould pravide aufficient acouraey.

Juntwry af Reawlts

Digeunaion af the Pradiotion Cupven., ‘The vahration predietion
eurvas aa ahown in Appendices € and D ahow the effeata of maaa and
atiffneas on the reaponse levela of the teated panel atracturea, The
ourvea show oconaiderable frequeney dependence af reapanze levels aa
mana and atit'fheaa are vavied, PFopr inatance, it ia apparent that a
fregueney ahitt in panel mades occoura aa maaa and stiffneaa ohange,
and that theve exiata a marked denrve of civaa-over of the froquency
curvaa, In pgenemal, the ourvea show that the reaponse decroases as
maan inoreades, As atiffnesa variea, hawever, no definite trends can
be recognirvd. The plots of overall reaponse-excitation levels as
ahawn in Mgurea 21 and 22 further i1lluatrates theas aame genaral
reaul ta,

Mgeunsion of the Mnipieal Prediction Model, To predict re-

sponse levela of entire panel atmuocturea, the predietion relation aa
derived in ¥q (16) can be used, knuwing the characterited masa and
atiffneas parametery of the structure, the excitations, and the
quantity C(f). In order to uase theae results, however, certain obser-
vationa should be made concorning the assumptiona and limitations

placed on the mathematical model., FMirat, to derive the prediotion re-

latton, panel response was approximated by applying certain asaumptions
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to the known response of a sintle mano excited by a random force,
While theas aasumptiona concerning the indopendance of panel modal
regponaea and the linearity of oexeitationa and reeponses have been
ahown to be quite representative of aatual conditions at higher fre-
quency ragimea, it should be recugmired that no conclusion can be
drawn about the motion of the panal. Only resonant conditions are
considered, and to dotermine vibration characteristica other than
aconleration levela, it would be necessary to know the uncoupled
renoralived motion of each panel mode.

Asaumptiona wure alao made oconcerning the frequency dependence
of certain structural parameters, The relation expressed by Eq (8)
repreaenta the reaponse of a panel mode as a function of the frequency,
modal weight and area. Eq (10) was used to approximate the frecuency
of a mode aa a funotion of the wave number, or effeoctive half-wave
lenpsth, and the panel dimensions. In order to remove the frequency
dependence of these parametiers 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
gome aspec: ratio of the panels, and it would bte expected thati the
derived model and prediction curves are quite adequate., When panel
structures differ simificantly in confipguration and construction from
those tested, accurate predictions would be somewhat questionable un-
t11 further testing is done on a broad class of panel structures.

Logtly, certain simplifications were made in order to quantify

stiffness of the panels, In reality it must be recopnized that panel

o1
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stiffness is a function of many parameters, including frequency of vi-

bration and modal magss. The use of an equivalent plate model to deter-

mine the stiffnesy 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
gtiffness. 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 ecurves by some
appropriate factor based on the ratio of tested and desired panel damp-
ing factors. Of course, sgince C(f) is a function of damping, it also

would require a method of adjustment.
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VII. Conclusions and Recommendations

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 technioues 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 frecuencies, 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 investiration 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
Cu Appendix A

Derivation of Angle Section Moment of Inertia

and Area Equations

The sfiffness 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
_1 =3 . =3 = 3

(Qr: T =3 [d(Ll-y) + Ly’ = (1,=d) (y-d) ] (22)
L

where

L2 + L2 - d2
Y ey (23)
17727
and Ll and L2 are the lengths of the section legs, d is the thickness

and'§ is the location of the centroidal axisg referenced to the datum

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

terms
) 1
XX ol(T, 4T, ed)”
2 1] Hlagy=

3 3
2 2 2
I d-L,d+d ) o+ L2(L14L2t—d )

2
[d(L1 + 21,1L2.2Ll

- (L2_d)(L1-L2d-2le + 4%) ] (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,

‘Z) and thus stiffness, and keep weight per unit area constant, the area of
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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 ca ~ulated to be

U‘ A=4d (Ll+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 Fa (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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Appendix B

Excitation and Resnonse l.evels

from the Random Vibration Testa

The following graphs are plo.; of the sound pressure level (SPL)
and acceleration vibration data for nine accelerometers in acoustic
tects performed on Panel A, Similar plots for the remaining ten panels
were obtained. All data were digitized and stored on magnetic “‘ape for
future use. Sound r~:zssure levelas 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)

¢. Transducer (PUID) - identification of microphone of
accelerometer position (See IMig. 16, Sec, V)

d. Record (Rec.) -~ 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 dB
(4) 152 dB
(5) 155 4B

b e Y A AT EA ABnk
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Apendix C

Fripirical Prediction Curves:

Response 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 freauency 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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Appendix D
Fmnirical Prediction Curves;

Response Versun Varintion 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 representa the charas-
terized stii'fness parametsr of the panels. Two plots are used for
each of nine accelerometer locationsg; one for band center frequencies

from 100-500 Hz, and one for frequencies from 620.2%500 Hz. The key for

each plot containag the symbol identification for each frequency curve,
the band center frequency, and the accelerometer location as refer-

(“) enced in Fig. 16, Section V.
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