
Introduction

THE capability of a structure to dissipate vibratory energy
plays an important role in establishing the levels of the

structure's responses to excitations, such as rocket noise, the
spectra of which extend over wide frequency bands. The
aerospace structural analyst requires means for obtaining
realistic values of the magnitude of this energy dissipation
capability or "damping" in order to he able to provide mean-
ingful response estimates. In addition, analysts and de-
signers desire to understand the mechanisms responsible for
this damping. They need to know which parameters are
important, what results may be produced by a given design
('hange, and how to design a structural configuration that
combines favorable damping characteristics with low cost
and weight.

Much useful information is available concerning the damp-
ing properties of homogeneous structures," 2 the design of
highly damped structures incorporating viscoelastie mate-
rials.3 and energy dissipatio.n associated with relative
motion at some simple structural interfaces.5 6 On the other
hand, the open technical literature contains little information
on the damping of built-up structures (such as aircraft fuse-
lages, which typically consist. of a multitude of panels and
reinforcing members joined together by various means),
particularly foi' frequencies above the fundamental resonances
of the substructural panels. The present paper is intended
to provide a step toward filling this void by identifying the
dominant damping mechanism and by suggesting practical
means fj estimating the damping of built-up structures.

The often observed fact that built-up structures tend to be
much more highly damped than similar one-piece structures
indicates that the damping of built-u1> structures is primarily
caused b tise structural joints. Accordingly, tisis paper
deals with the energy dissipation produced at such joints, and
with how the action of joints affects tise dampi>g of sub-
si ructural panels.

In order to l)rovide practically useful results, the work
l)resentecl here focuses on structurally acceptable (tight, non-
slipping) joint configurations and on vibrations at amplitudes
that are small enough so that the observed damping is inde-
pendent of amplitude. This restriction on amplitude is not a
significant one. For all configurations studied, the damping
was found to remain essentially ampli ude-indei endent UI) to
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quite large amplitudes, which one would io) general want to
avoid by proper design. In addition, since damping increases
at higher amplitudes, designs based on the lower amplitude
values presented here would tend to be conservative.

In order to determine which parameters are important, and
thus to identify the dominant energy dissipation mechanism,
a series of experiments was undertaken in which some of the
panel and joint parameters were varied systematically. This
study and its results are presented in the first of the following
sections. Thereafter, additional experimental results are
summarized and interpreted, and a panel damping estimation
technique is suggested on the basis of these findings.

Identification of the Dominant Damping
Mechanism

Experimental Arrangement and Technique
All of the measurement results reported here were obtained

by use of essentially the saine experimental set-up, instru-
mentation system, and procedures. The test structure in
each case consisted of a somewhat irregularly shaped plate.
with beams attached at one or more positions, as sketched
in Fig. 1. The plate was suspended by means of two long
strings attached near two plate corners, as indicated in the
figure. The irregular shape was chosen in order to facilitate
time establishment of a relatively uniform (hifuse wave field.T
A small helical loudspeaker " oice coil" cenwnited to tine
plate and! located in the gal) of a permanent nmgnset was used
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Eperi lucir tal results arc summarized which show what c%Teets various Pail(1. jouit, anni
attui I nient air I)aI'alnet(.rs llave Oil tine dainpinig of panel 'ibrat' s which is provided liv jolt) ise reting patnels to stilTc,ners or oilier putschs. Froto these results it is coriclunleil that tinedissipationn of vibra tory energy at structurally acceptahile mit i ti poin t-fastenc,l (riveted.bolted, or spot-welded) joints, at frequenciesconsiderably higher than the panel fundamental,
is primarily caused by the "pumping" of air produced as adjacent surfaces between fastenersmove away from and toward each other. A method for estimating the damping of built-uppanel structures is suggested, based on the concept of the absorption coefficient of a paneldiscontinuity and on empirical correlations of experimental data.
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Fig. 2 Effect of reduced atmospheric pressure on con-
tributiori to panel damping made by attached beams.

to excite the plate. The plate motions were sensed by a
small piezoelectric accelerometer bolted to the plate in one of
several locations. Care was exercised so that none of the
leads interfered with the plate motions.

Damping was measured by observing the rate of decay of
free vibrations.8 The test plate was excited with a signal
obtained by passing white noise through a one-third-octave
filter; then the excitation was suddenly turned off, and the
i-ate of decay of the accelerometer signal, filtered irs the same
band as the excitation, was observed. For each measure- -

ment the excitation was applied long enough to permit the
plate vibrations practically to attain their steady state, and
during each decay observation the voice coil circuit was kept
open so that it would contribute no energy dissipation.

The instrumentation system is represented schematically
in Fig. 1. Rate-of-decay measurements were made with the
aid of a "decay-rate meter" (Spencer-Kennedy Laboratories,
\lodel 507) which repetitively present on an oscilloscope
alternately the logarithm of a decaying accelerometer output
and that of an adjustable known signal; by matching the
51015e of the known signai to that of tire envelope of the ose-
eclerorneter signal, one niav read the reerber'ation time '/0
directly from the instrument. This time is defined as the
interval thiii which the signal power decays by a factor
106 (i.e., by 60 db, corresponding to an amplitude decay by a
factor of l0), and can readily be shown to be related to the
structural loss factors , as

2.2[Too(sec) f(cps)1' (1)

where f denotes the center frequency of the band in which
measurements ar'e being taken.

If the envelope of the oscilloscope trace of the logarithm of
the decaying acceleration signal (displayed as a function of
time) is a straight line, then the corresponding reverberation
time and decay rate are amplitude-independent. This
straight-line ti-ace is obtained foi' linear systems; for non-
linear systems the aforementioned trace generally appears
curved. Thus, the instrumentation system used here has
two ad 'ant ages, in addition to convenience: it permits one

The loss factor is a commonly employed dimensionless
measure of structural damping. It is usually defined for a strue-
tirre vibrating irr steady state, as the ratio between die energy
dissipated per cycle and 22r times tise (time-wise) maximum
total strain energy stored in the structure. For damping that
is not too high, say < 0.2, (a condition that is met irr nearly
all practical structures) , u 2c/c0, where c denotes ars equivalent
viscous damping coefficient for tire structure and frequency of
interest, arid e4 represents tlr corresponding critical Viscous
damping coefficient.

na

to judge the linearity of the test structure, and the system's
repetitive manner of operation permits one to base each
measurement on several decay observations,

Importance of Normal Relative Motion l)CtweCfl Beani
and I'iate Surfaces

A series of loss factor measurements was carried out on
and -in.-thick aluminum pintes, with beams attached by
means of bolts. A vide range of bolt-tightening torques was
USe(l, ranging fronn the lowest torque that would result in a
tight jc)inst to the gr'eatci4t tor(1uc the bolts could sustain.1'
The measured loss factors were formol to iso indepenmlcnnt cd
bolt-tightening tor'qnre, vitisin tire precision of Ilse expel-i-
ment. This finding agrees with tise results of an earlier
study,'° in which (larnping measurements were l)erformecl
onsamples of aircraft fuselage structures consisting of beams
(stringers) with attached sections of skin. In this eosrfier'
study it was noted also that similar beam-plus-skin sarnoples
provided essentially the same damping, regardless of wirethes
the skin was fastened to the beam by rivets, spot-welds, or'
well-tightened bolts.

A further series of experiments indicated that the finish of
the beam surface in contact with the test plates did not affect
the damping significantly. Contrary to what one would
expect if interface friction were the dominant mechanism,
the damping observed with a very smooth (polished) surface
was only very slightly greater than that obtained with a
coarsely knurled surface. Also, steel beams were found t o
produce the sanie amount of damping as aluminum beams,
and changes in beam cross section (or beam flexur'al rigidity)
were found to have no measurable effect, provided tisat tIce
width of the beam face in contact with the plate rernaimrc'd
unchanged and that the beam remained considerably st i ITc'm
than a Plate strip of the same width. Beams with viclei'
contact faces were found to result in greater damping; it
was noted that the loss factor increase obtained by attaclnirrg
a beam to a test plate was roughly l)roportional to the afore-
mentioned face width.

As a result of a number' of exploratory ex1)er-inrìcnts it was
observed that re(luced damncirrg resulted from airy st l05t6'gemnr
that rest.r'icts (in regions between the 1)0115 om' other cor,-
nector's) the relative motion between the adjou'enit, heiuu ini,cI
plate surfaces in the direction nominal to these surfaces. l'cr
examl)Ie. reduced dmnui simm g resulted wi seri washers were
t'lttrfll)('(l between the beam and plate, when dm-o1cs of a m,'l:t-
tiveiv rigid adhesive s'em'e placed there (hall-way 1 n'tween
adjacent connector's), or when additional beams 'ere added
so that everywhere two beams were back-to-back, on ocnrcsite
sides of the plate. Similarly, it was found that eontimruccrrsfy
welded plate seams a!s(I beams welded along the1!' emit irr'
lengths contributed no measurable damping,

In experiments in which the beams were risounted so t had
adjacent beam and plate surfaces verc not in direct trust act
(as, for example, when washers were placed oms tire irolts,
between the beams and plates) the mnea,sured r1ar'usinrg of tire
Plate with beams attached was almost exactly the sammle ILS

that of the plate without beams; i.e., the hennis again rmroole
no detectable clamping contribution.

Effect of Ambient Air

An exploration of the effect of interlace luhr'icannls9'
revealed that clamping decreases as lubm'icamst viscosity inn-
creases; dry (i.e., air-]ubm'icated) joints were found lo I s'lrisvc'
at high frequencies as if ars (cil with a viscosity br'twecrc it) arr I

100 centistokes were l)m'eSCflt.

§ As subseq cren tly discussed, sigt titi narrt nr (un'rc r:ti rc'hitt i vn'

motions ocesmr or r iy at frequencies ost wi ii cli tire cc cit - costi r Ig/
plate-wosvelenrgtlr ratio exceeds -j-. Tine kinremnost ir viscosity Ill
our at room temperatnrre osm rd stourd mci ott mnso- if rem-ic lire55 mrd IS

about 20 cenctistokes.
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An additional brief series of measurements carried out in a
vacuum chamber indicated that the added damping caused
by attached beams depends very markedly on the ambient
atrnospheiic pressure. Some of the results of these experi-
ments (performed on a smaller plate than that sketched in
Fig. 1, in view of space limitations in the available vacuum
chamber) are indicated in Fig. 2. The lower portion of this
figure shows that the clamping of the plate in absence of at-
tached beams is unaffected by the change in ambient air
pressure from one atmosphere (760 mm Hg) to 1 mm Hg.
The upper portion of this figure indicates that such a reduc-
tion of atmospheric pressure results in reducing the added
plate damping provided by an attached beam from a quite
significant value to essentially zero.

Although some aspects of the data shown in Fig. 2 (e.g.,
the generally greater damping contribution at 400 mm Hg
than at 760 mm Hg) remain to be explained, t.he data sum-
marized in this figure do suggest that the ambient. air plays
an important role in the mechanism that dominates the
dissipation of the vibratory energy of the plate because of
attached beams.

Doiiiiriant .Leel,arii,in

The foregoing observations lead one to conclude that the
dominant damping mechanism in the plate-plus-beam con-
figurations studied here is not. associated with interface slip
or friction. Calculations based on expressions derived by
Maiclanik" (and also experimentally verified by him to some
extent) indicate that the observed panel damping increase
caused by the attached beams cannot be ascribed to the
beam's increasing the efficiency with which acoustic energy is
radiated from a plate to the ambient air; the observed damp-
ing increase considerably exceeds that ascribable to increased
radiation efficiency and has a grossly different frequency de-
pendence. Thus, the damping here appears to be primarily
caused by a pumping of air, produced by relative motions
akin to slapping of the plate surfaces against adjacent beam
surfaces.

Estimation of Panel Dani ping

Absorption Coefficients of Discontinuities

The extremely useful concept of an absorption coefficient
of a beam (or of some other linear dicontinuity, such as a
plate edge or seam) on a plate was introduced by Heckl,7
in dire4 analogy to the corresponding quantity used in the
study of the acoustics of enclosed spaces. The absorption
coefficient of a linear discontinuity is defined as the fraction
of the plate bending wave energy impinging on the dis-
continuity which is dissipated at the cliscontinuity.lÍ Such
an absorption coefficient is, of course, intimately related to
the damping of the plate because of the discontinuity.

By considering the fiexural waves travelling along the
plate to be uniformly distributed in direction (i.e., to con-
stitute a "diffuse" field), and 1w accounting for the mean free
path of such waves and for the energy carried by them, Heckl
showed that the absorption coefficient y of a discontinuity
on a plate obeys a relation that may he restated as

y = - io)S/LX (2)

Here i denotes the loss factor of the jdatc being considered,
in absence of the discontinuity under study, arid denotes the
loss factor of the plate in presence of the discontinuity. The
difference ( - ,) therefore represents tire. loss factor con-
tribution made by the discontinuity. Tire symbol S repre-

¶ Iii sorne applications one finds it useful to define an absorp-
tion coeflicient that accounts for the energy transmitted past a
discontinuity, in addition to the energy dissipated by it. how-
ever, in the present paper the definition used is the one involving
only the dissipated energy.

sents the plate surface area (one side), and À denotes the
average wavelength of the plate flexural waves in the fre-
quency band under consideration. For a uniform plate of
thickness h, this wavelength obeys

X2 = ir[3(l - 2)}'/'(hcj/f) (3)

where ii and CL denote, respectively, Poisson's ratio and the
longitudinal wave velocity in the plate material.**

The symbol L introduced in Eq. (2) denotes the "effective
length" of the discontinuity; i.e.., the length on which plate
waves can impinge. Since such waves can impinge onlyon one
side of beams or other discontinuities located at a plate edge,
the effective length L of discontinuities at plate edges is the
same as the actual length of the discontinuities. But, since
plate fiexural waves can impinge on both sides of discon-
tinuities that are located several wavelengths away from the
plate edges (e.g., the beams indicated in the middle of the
plate of Fig. 1), L is twice the actual length for such discon-
tinuities.

Clearly, if one knows the absorption coefficient of a given
type of discontinuity (at all frequencies of interest), as well
as the loss factor of a given panel ils absence of dissipative
discontinuities, then one can determine the damping of the
panel in presence of the discontinuity under consideration.
If the absorption coefficient of a discontinuity would depend
on the discontinuity length and location, then a considerable
amount. of data would be required before one could use Eq.
(2) to estimate panel damping. But. Heckl's work7 and the
present study9 have shown that absorption coefficients prac-
tically are independent of discontinuity length and position
on the plate, provided one restricts oneself to frequencies that
are high enough so that the plate fiexuial wavelengths are
considerably shorter than both a characteristic plate surface
dimension and the discontinuity length. These short wave-
length restrictions are imposed by the requirement of a diffuse
wave field on the plate, and in order to avoid the generation
of significant wave diffraction effects near the ends of the dis-
continuities.

Dependence on Bolt- Spacing/Plate-Wavelength Ratio
Heckl7 observed that the curves representing tise variations

of his measured absorption coefficients with frequency gen-
emily exhibited peaks at frequencies at which the spacing
between bolts is an integral multiple of the plate flexirral half-
wavelength. Ths dependence of the damping on the bolt-
spacing/wavelength ratio was investigated furtirer in the
currently reported study, which supplemented Hecki's work
by providing experimental data on plate-and-beam configura-
tions in which the bolt-spacing, tise plate-thickness, and tire.
plate material were varied systematically.

Figure 3 shows a set of typical experimental results obtained
with three different bolt-spacings on a given l)late-plubcan1
configuration. For the sake of clarity and irr order to accent
the observed peaks, tise data in this figure are presented ils
terms of the loss factor contribution (,-) of tire attached
beams, rather than in terms of the absorption coefficient.
(The Fig. 3 data corresponding to the 6-in. l)olt-spacing also
are shown in Fig. 4 in tenas of absorption eocfhcicnts, for
illustrative purposes.)

Tise loss factor contribution curves of Fig. 3 are seen to
exhibit marked peaks at bolt-spacing/wavelength ratios
d/X -, 1, and minor peaks at d/X -., 2. The reasons
for the relative magnitudes of tire peaks on a given curve arc
not yet fully known, hut there is smise indication (Appeririix
111, Ref. 9) that these magnitudes are correlated with t lie
magnitudes of the displacements (relative to tire beam) of tire
irlatc portions between tire bolts. Figure 3 also shows that
some of tire damping cinta for different bolt-spacings fall inure

* * For risost sin retirrai met als p (13, arid tire coetlicien t of
(lrci/f) h Ei . (3) lakes or r tire vrd r te I li. For steel, rti run ¡nu ri in,
ti tari inni, arid in agniesium, CL 2 X I t)' un/see.
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or less along a common curve when they are plotted against
d/X (or against a function of d/X), and that the curve for each
bolt-spacing deviates from the CommOfl one at frequencies
that exceed some value that increases with increasing bolt-
spacmg. The reason for this behavior has not yet been ex-
plored, 1)1St is thought to be associated with the constraining
action the bolts exert on the plate (and which has less effect on
longer spans), or possibly with a frequency (or acoustic wa'e-
length) dependence of the air pumping energy dissipation
mechanism.

Ito spite of these deviations from a common curve, the
damping data for all of the various configurations studied
were found to agree better when plotted against d/X (or
against a function of this ratio) than when plotted against

pai'ate functions of d and X. Thus, it appears reasonable
to present a summary of all data in terms of d/X, and to sug-
gest an estimation technique based on this ratio.

Reduced Frequency and Absorptori Coefficient
Parameters

Sioice one usually obtains or requires damping data as a
unction of frequency, and not as a function of plate flexural
.vavelength, it is useful to introduce a "reduced frequency"
,, defined as

f. = f (d/d)° (ho//o) (CLO/CL) (4)

.vhere f, d, h, and c denote frequency, bolt-spacing, plate
:hickness, and ngitudinal wave velocity, as before, and
vhere the subscript o indicates (constant) reference values of
hese quantities. This reduced frequency is proportional
o the 1mmamc of the d/A ratio, as evident from lq. (3).
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The previously defined reduced frequency was used in the
construction of Fig. 3, and also appears as the abscissa of
Figs. 4 and 5, which summarize the damping data obtained
in a large number of experiments. Figure 4 presents absorp-
tion coefficients measured with aluminum beams attached to
aluminum plates of three different thicknesses, with three
different bolt-spacings, and using a wide range of bolt torques.
All of the data of Fig. 4 l)ertain to the saine 1-in, width of the
attached beams, but several different beam cross sections and
effective lengths are represented. Because of the large num-
ber of data points involved, these are not shown individually.
Instead, regions ai-e indicated into which fall the data for a
given set of experimental conditions. Fair agreement be-
tween the various experimental results is evident.

As mentioned previously, the damping contribution of a
beam was found to be apprmdmtely proportional to the
width w of the henni (aeC in contact wIth the plate. lt thus
is expedient to introduce a reduced absorption coefficient
y,, which is related to tise actual absorption coefficient 'y
according to

y, = y(w/wo)
. (5)

where w0 denotes an arbitrary reference value of the beam face
width.

In Fig. 5 this reduced absorption coefficient l)aran1eteÌ is
used to summarize experimental data obtained for a con-
siderable range of beam widths. Comparison of these data
with that of Fig. 4 (as also indicated in Fig. 5 by the region
enclosed by a solid curve) ShOWS that the scatter of the data
points here is no greater than that in Fig. 4.

Also indicated in Fig. 5 are data pertaining to steel beams
attached to aluminum and to steel plates, as well as data for
aluminum beams attached to steel plates. The region Occis-
pied by these cinta points is seen to coincide veri' nearly with
that occupied by the shaded regions of Fig. 4 which pertain to
aluminum beams attached to aluminum plates. Absor1 (t iOn
coefficient data on plate lap joints with a single row of f nst-
eniers5 are found also to fall largely within the shaded toren (2f
Fig. 5, but have not been indicated in this figure.

Estimation of EfFect of Reduced Atmospheric Pressure
The tinta summarized in Figs. 4 and 5 hennit one to oltun

at least a rough estimate of the absorption coefficient. of a
multipoint-fastened joint discontinuity for ambient air Iit
sires of one atmosphere. As evident from Fig. 2 ttìod f

discussion accompanying it, this estimate must be oslod lud if
the ambient air is at lower pressures. Although a dPi Lil(Yl
understanding of the damping mechanism is still looking, one
may suggest a tentative procedure on t lie basis of tl lumi
enipirical iii orinal mit limiti. lias hii collecteml

O.,
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Fig. 6 Dependence of absorption coefficient on pressure/frequency ratio.

The data of Fig. 2 (pIus some additional data for the same
configuration which have been omitted from Fig. 2 for tue
s:tke nf ilant') ne ioiiiil to ftfl vitini I i,to,iiiiiv well-
(l1ILTIC(I li:iiiii, it these tinta. are ftfntt((I ii.:i.itist. tue l':itio (if
absolute :iiiif (liii t. at iii>s (helle ¡(leSsiirt' /I t (I ti('qllCil(V f, 1L5
in 1'ii. (i. Aft mogli pi'esentztt inn of tite (itunpilig fat a in
t cii us uf other f n n' t ions nf p tun i f may lead to bet f er Cl iist.ei'
ing (If liii' il mit a, the p/f rat io represents the best i! tysically
meaningful parameter vidi which reasonable correlation of
tite tinta lias been obtained p to the time at which this paper
was submitted. Tlìe p/f ratio is, in fact, a quantity that is
often used in studies of sound propagation in rarefied gases,'2
and may be shown to be proportional to the ratio of the
acoustic wavelength to the molecular mean free path in the
gas.

Most of the values of the ratio of the absorption coefficient
'y (measured at a given frequency and reduced atmospheric
pressure) to the absorption coefficient y, tm(rneasured at the
same frequencyf t and at i atmosphere ambient pressure)
plotted in Fig. 6 are found to fall withii a reasonably well-
defined hand. This coalescing of the data is most pro-
nounced t low p/f values, whereas the data for high p/f
values exhibit considerable scatter. Thus, damping predic-
tions based on Fig. 6 will generally be more reliable for low
than for high p/f values.

Summary
The Dominant Dattiping Mechanism

The experimental results discussed here indicate that at
high frequencies (considerably above the fundamental panel
resonance) the increase ii, panel damping resulting from beams
or other discontinuitics, attached by means of structurally
acceptable fastenings, depends very markedly on the ambient
atmospheric pressure, on the presence of restraints on the
normal relative motions between mating beam and panel
surfaces, and on the ratio of connector spacing to panel flex-
ural wavelength. In addition, this damping increase has
been found to he very nearly proportional to the total effective
length of the discontinuity and to the width of the beam (or
discontinuity) face in contact with the panel.

On the other hand, the experimental evidence indicates
that the panel damping increase is virtually independent of

ff Since all of the data of Fig. & pertain t.o the same plate-
equal frequencies correspond also to equal plate flexurai vnve-
lengths.
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interface pressure (bolt torque) at the connectors, of eon-
il ('(t or ( iet.ni f s, of tlt e I lenin tini i 1 tt,e III tif criais mti nl t 1 m uk -
1I(,ssc's (except iiis0f,ii us tilt t' t liiikiti's nitil ititit ('liai bi(llI'-t il-s ittT((litC titi' plat i' flextirmil vaveleitgt.hs, mi.tid as 11111g Is t lie
lIen,,, iS (l)Ilsiii('iOi(1V st iflt'i t.limiii a siittiimu plate st.iii), niul
of tue snion t i i ni'ss of tii e u tat i i i g i 'caimi mu II i

f II mite SII rinces.
Iro1n t liese observations oiie mmiv (((nihOle that the dom-

inant meci,anism responsible for pnud damping caused by
bolted, riveted, or spot-welded joint.s is not associated with
interface slip in the vicinity of tite connectors. Rather, this
damping appears primarily to be caused by a pumping of air,
produced as surfaces that are nominally in contact with each
other move apart and together (and thus is associated pri-
marily with the regions between connectors).

It is not yet understood precisely how this air pumping
removes vibratory enei-' from a structural configuration;
in particular, the observed damping increases produced by
pressure decreases appear difficult to explain. However, it
is believed that the dominant damping mechanism lias been
identified in its broad outlines, and that meaningful, although
coarse, damping estimates can be made on the basis of avail-
able empirical data.

Procedure for Estimation of I)axnping

Since the energy dissipation contributions of various dis-
continuities on a plate ame additive, and since the absorption
coefficient of a discontinuity is a measure of the energy the
discontinuity dissipates per unit length, one may solve Eq.
(2) for and generalize the result to obtain

+ (-) yL (6)

Here 'y represents the absom-pt.ion coefficient and L the effec-
tive length of the ith discontinuity, and the summation is
taken over all of the discontinuities present on the plate under
consideration.

One may use Eq. (6), in conjunction with the expression (3)
for À. to estimate the loss factor of a given ianel with a
given arrangement of discontinuities on it, at a given ti-e-
quency f (or in a band with center frequency f). 'l'ue ah-
sorption coeflicients of bolted, riV ted, or spot-welded joints
at i atm ambient air pressure may be estimated fiom Figs.
4 and 5. If one is concerned with reduced atmospheric ¡o-es-
sures, one may then modify the previously estimated valuesby use of Fig. 6. In order to obtain the most realistic esti-
mates, one should use the data of Figs. 4 amid & which pertain
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to the configuration that most closely resembles the one with
which one is concerned. If no directly pertinent data are
available in Figs. 4 and 5, or if one only desires a preliminmy
estimate, then one may use the "approximate average"
curves indicated in Figs. 5 and 6.

The loss factor o which characterizes the damning that the
panel of interest would exhibit if it had no joints or other
discontinuities, accounts for energy dissipation within the
panel material and for energy losses from the panel caused by
sound radiation from it. (For structures in air, the material
damping usually overshadows the acoustic radiation damp-
ing.) For most practical configurations, , is negligibly small
compared to the total damping produced by the joints. For
example, for 2024-T3 aluminum' and for magnesium and
most steels,'3 ,, is of the order of lOe; and even for the rela-
tively highly damped 606l-T6 aluminum alloy, o is only of
the order of 5 X l0 (see Fig. 2).

Conclusions
The method summarized here provides estimates of the

panel damping caused by energy dissipation at structural
joints. It is important to note that one requires additional
information if one desires to calculate responses in cases where
significant energy transmission to other structural compo-
nents can occur. ' Titus, the absorption coefficients given in
tins paper apply, for example, to estimation of the broad-band
response of a fuselage section made up of many panels, for the
ease in winch the excitation is approximately uniformly dis-
tributed over all PanelS and in which the l)ulkheads at the
ends of the section are rigid enough so that they permit no
significant vibratory energy to from the section of in-
terest. On the other hand, if one wishes to calculate the
response of a single panel of the aforementioned fuselage sec-
tion to excitation acting only on the panel, one must account
for the energy flow to adjacent panels, as well as for the energy
dissipation at the panel edges.

The observed fact that reductions in damping result from
reductions in ambient pressure indicates that vibration testing
of aerospace structures at ground level atmospheric pressures
may be unconservative; greater vibration levels than those
observed at zero altitude may occur at the reduced pressures
at great altitudes. Further work is in progress, aimed at
assessing the practical importance of this damping reduction,
at obtaining a better understanding of the airpumping damp-

ing mechanism,1' and at arriving at configurations with im-
proved damping characteristics based on this mechanism.
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