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FOREWORD

This report has been prepared by Bolt Beranek and Newman Inc.,
and describes the work completed during the period 15 May 1962
through 15 November 1962 under Contract No. AF 33(657) -9118,
entitled, "Dynamic Response and Test Correlation of Electronic
Equipment." This work is covered under Project 1309, "Environ-
mental Simulation Investigations for Flight Vehicle Subsystems
and Support Equipment," Task 130904, "Development of Simulation
Facili&iea and Test Methods for Induced and Associated Environ-
ments.

This program was monitored by the Environmental Divisinn,
Directorate of Engineering Test, Aeronautical- Systems Division,
under the direction of Mr. Robert W. Sevy, Project Engineer.

An earlier report under Ccntract No. AF 33(616)-7743 cover-
ing the period of July 1961 to Agril 1962 appeared as ASD Technical
Documentary Report ASD-TDR-62-614 entitled, "Dynamic Response and
Test Correlation of Electronic Equipment."



ABSTRACT

The research has centered on two main categories; the
replacement of acoustic excitation by direct mechanical excita-
tion of structures and the response of substructures which are
tied to & randomly vibrating primary structure. Studles are
included on the power transferred to a plate by a shaker, the
variation in vitratory response at various positions and fre-
quency bands, and the energy sharing between randomly excited
structures which have mechanical connections. Plans for further
research are also included.

The putlication of this report does not constitute approval
by the Air Force of the findings or conclusions contained herein.
It is published only for the exchange and stimulation of ldeas.
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RANDOM VIBRATION STUDIES OF COUPLED STRUCTURES
IN ELECTRONIC EQUIPMENTS

A, INTRODUCTION

The advent of rocketry telemetry and control requires elec-
tronic packages and components which must withstand severe acoustic
and vibrational environments. One step in the design of these
packages is the estimation of acoustic and vibrational environments.
Another is concerned with vibration and sound reduction through the
design of vibration and nolse control treatments. Finally, there
is a proof testing requirement which leads one to seek methods of
establishing the expected package or component environment in a
laboratory situation.

These requirements all dictate a need for better understanding
of the laws governing energy transfer between randomly vibrating
systems. In the following sections of this report we shall describe
our efforts to improve this understanding. In Section B, we out-
line the general problem of predicting and simulating response of
complicated structures. We then define certain subareas and tasks
which one must study as part of the more general problem. In
Section C we describe our studles and results thus far on some of
these tasks. Finally, in Section D, we indicate some of the
additional tasks to be performed during the remaining parts of
this contract.

B. DESCRIPTION OF OVERALL DIRECTIONS AND PROCEDURES

An electronic package in a random noise environment receilves
1ts energy by two primary paths, direct acoustic excitation and
mechanical vibration through its attachment points. We will
normally assume that the power from these two sources is additive.
Correlation effects which would cause departures from additivity,
are possible since the surrounding structure generates sound
about the package. The vibrations of the base structure may
therefore be correlated with the sound field. The difference in
propagation times for sound and mechanical energy and the differ-
ences 1n excitation efficiencies may be expected, however, to
minimize the effect of any correlated behavior.

Manuscript released by the authors 15 November 1962 for publication
as an ASD Technical Documentary Report.



If one computed the power absorbed by the package from the
sound field and through its mounting points, then a proof test
of the design can be made by the direct application of this power,
To apply this power with a sound field however requires very expen-
slve sound sources, It has been suggested that one might be able
to substitute direct mechanical excitation instead.

The power fed into a panel-frame structure by a random noise
sound field has been studied at BBN both theoretically and experi-
mentally (Refs. 1-3). The approach is statistical in its description
of the random noise process, and 1t is also statistical in 1its
description of the structure, Rather than analyze a structure with
precise dimensions, mounting conditions, damping treatments, etc.,
one describes the structure by an average modal density, total
area and edge length of panels, loss factor, etc., This allows one
to apply the results to a wider class of structures, but one must
also be concerned with how variations in response will arise from
one structure to another due to the variations in these statistical
measures, These same considerations will arise when we discuss
how energy is transferred between structural attachments.

In this present program, we have asked the following specific
questions:

a) What are the laws of energy transfer between connected
structures? The answer to this tells us how much
energy will get to a package through its mountings and
further, the amount of energy which travels tc internal
panels of the package.

b) Since our answers to (a) are essentially average values
of statistical results, what variations may we expect
as we go from one structure to another, or from one
part of the frequency spectrum to another, or from one
position on the structure to another? A knowledge of the
variations will allow us to set confidence levels on any
range of estimates we may wish to consider.

c) If we wish to supply mechanlical power to the package,
not through its normal environmental condition, but by
direct application of high frequency shakers, can we
develop reliable estimates of input power? Also, can
we develop techniques for measuring the input mechanical
power directly?

a) Finally, can we use these theoretical results to actually
predict response of a simple package-sub-panel system in
a nolise and vibration environment? If the answer to this
is "yes," then our confidence in the theoretical-experi-
mental procedures referred to above 1s augmented.



C. DESCRIPTION OF SPECIFIC STUDIES AND RESULTS

We will now describe specific studies which we have launched
to answer the questions posed in the preceding section. These
studies are not complete, but we feel that a good beginning has
been made., The studies themselves appear as a series of Appendices
to the report. Here we shall merely review their motivation and
discuss the main results very briefly.

I. Power Flow Into Structures Excited Mechanically

A shaker may be mounted to a structure by a stud attachment.
Normally this stud 1s sufficiently small compared to a wavelength
of bending waves and the structural dimensions that it may be
considered a point force. The power this source feeds into the
structure, therefore, depends on the point impedance at the posi-
tion of application. This impedance is usually a highly fluctuating
function of frequency for finite structures, but if one is con-
cerned with average response over a band of frequencies, then the
infinite system input impedance may theoretically be used.

The study of a shaker driven plate in Appendix I 1s an attempt
to test the assumption that the average power fed into the plate
in third octave bands can be calculated on the basis of the known
force from the shaker and the input resistance of the infinite
plate. The early concluslion seems to be that this is possible if
one will accept an uncertainty of the order of 3 db.

II. Response Variations in Multimodal Structures

Most of the studies of sound to vibration and vibration to
vibration interaction generate estimates of average energy levels
or power flow in frequency bands. These estimates are more nearly
exact as one averages over more modes of response, positions of
observation and types of structures. Some concern has arisen
about the confidence one can have in these average values if one
is dealing with only a few modes, or observation points, or struc-
tures. To generate directly procedures for evaluating confidence
levels for the estimates, we have initiated a set of studies on the
variations in response for various cases.

In Appendix II these variation studles are reported. We have
studlied the variations in response at one position when the struc-
ture is point excited at a second position (Szctions B and C) and
the response of a simple oscillator when 1t 1s attached to cthe
plate (Section D). The first study is appropriate to expected
variations in estimating the vibration of the plate itself while
the second i1s concerned with variations in substructure response--
in particular in regions of low modal density.



III. Energy Sharing Between Connected Structures

The power flow between structures and their vibration
levels are studied by considering each structure as a collection
of modes. These modes are coupled by the connection of the
structures, The evaluation of this coupling requires detalled
calculation of input impedances of various types for infinite
systems Just as the sound-structure problem requires computation
of radiation resistance for various configurations. Our work on
connected structures, therefore, has involved the computation of
these impedances for cantilevered beams attached to plates and
for plates jolned together elther by continuous welds or studs.
It has also involved experiments on the svstems analyzed theoreti-
cally to establish whether in fact one can get agreement with
theoretical estimates.

The details of the work in thils area are reported in
Appendix III. In general, our results for vibration levels in
the cantilevered beam and the welded plate are quite encouraging.

D. CONCLUSIONS

Power flow 1nto structures excited mechanically. In this
area we are developing techniques for measuring The force velocity
product so0 that input power may be measured directly for pure
tones or bands of noise. This means that experimentally we do
not have to rely on computation of input impedances or structures
with the attendant uncertainty in parameter values.

Variance analysis of multimodal structures, We now feel
that variance and confldence analysis has been sufficlently well
established as a theoretical tool. We do not, therefore, plan
further theoretical studies in developing the method. It will
instead become a part of the power flow and energy sharing studies
and be used and tested in the experimental aspects of that work.

Energy sharing between connected structures. We should like
to conslder at least two systems whlch have not been studied
experimentally at this time. One is a study of plates connected
by stud mountings, a type of connection which is very common in
real packages. The second is the response of a single oscillator
attached to a plate. This 1s essentially a test of some of the
variance studies reported in Appendix II. In addition to these,
some additional theoretical studies of plate-beam decoupling by
notching of the beam would be in order.




Environmental estimates and simulation for package-panel
structure. We plan to take a box with an Internal panel and place
IT Tn a sound field, measuring the resulting vibrational levels,
With a knowledge of the damping, we expect to correlate these
levels with the radiation resistance of the structure. This part
of the experiment is essentially a repeat of an earlier study

(Ref. 3). Then we will apply some input power with a shaker and
again measure vibration levels, with special attention to seeing
whether the acoustic response can be simulated in this way.
Comparisons of internal panel response with package wall response
should afford a reasonable test of our energy sharing calculations.
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APPENDIX I
POWER FLOW INTO STRUCTURES EXCITED MECHANICALLY

A. INTRODUCTION

In this appendix we conslder the injection of mechanical
power into a structure by an electromechanical shaker. The first
step 1s the determination of the coupling between the mechanical
shaker (or a system of shakers) and the structure we wish to test.
We propose to substitute this mechanical excitation for the
acoustic power supplied to the structure by a sound field.

The power absorbed from a reverberant sound field of mean
square pressure pe is glven by (Ref. 1)

Ewens(m)czA - ’
Fin = ——4—?—2 %rag P (1.2)
M_w
s
where
Ms is the mass of the structure,
) i1s the center (radian) frequency of excitation,
c is the speed of scund in air,
Ap is the irradiated area of the structure,
ng(w) is the average modal density of the structure,
Orad is the radiation efficiency of the structure

averaged over Ap and the frequency band of
the excitation.

It is thlis power that we want to supply by the shaker system.
The power which a shaker can feed to the structure will depend on
the real part of the mechanical impedance presented to it. We may
define the mechanical impedance

Zyy = Ry -1 Xy (1.2)

The pover input in terms of the mean square acceleration at
the shaker Eg'(in the absence of reverberation) is



2
a; R
d “'in
Pin - _;2_ (1.3)

where we have assumed that Ry, 18 a fairly smooth function of
frequency. In the 1lnitial s%ages of the computations we shall
use an impedance which is averaged over several modes of vibra-
tion. If we equate Equation (1.1) with Equation (1.3) we obtain
for the mean square pressure

Rin Mg
2r°n (w)c A

2
R

(1.4)

o

p rad

We shall be studying the mechanical-acoustical equivalence 1in the

case of panels. For a panel of thickness, h, material density,
pp, and longitudinal velocity,c,, the modal density is glven by

(Ref. 1)

VA

ng(w) = =gy (1.5)

where A, is the panel surface area (one side).

The expression for the impedance for an infinite panel is

Ry, =24 = . czha (1.6)

3

For a finite panel the same equation 1s obtained when the input
impedance is averaged over several modes. Our assumption is that
in a narrow frequency band (e.g., third octave) several modes

of the panel will be excited.



The radiation efficiency for a baffled* panel is (Ref. 2)

TP, h c.

r & 1/2 1

Orad = NN (/)75 <5 £ (1.7)
P

where P, 1s the perimeter of the panel and fp is the acoustic
coincidence frequency. The expression for o is valid if the
sound field and the vibrational field of the structure are
reverberant and the dimensions of the panel are greater than one-
third of an acoustic wavelength. For other frequency conditions,
the exprecsion is somewhat more complicated, (Ref. 2). Substitu-
ting Equations (1.5), (1.6), and (1.7) in Equation (1.4), we
obtain

2 n?
2_2°F . n
p =a —
d 73 c Fr

For a Goodmans shaker (Goodmans Industries, Ltd., Model 390CA)
the limiting rms acceleration when unloaded is about 100 g's. If
the shaker is attached to a point of a pancl whose point impedance
is Rin the mean square acceleration at the point 1is

. 1/2
-r?-) (1.8)

- = (m)?
a = a ——T—T (1'9)
d ° (uxnc) + R;Ln B

vwhere um, is the mass reactance of the moving coil assembly. This

is the mean square acceleration which we use in defining Pip in
Equation (1,3). For a panel with h = 3.16 x 101 cm, pp = 2.7 gm/em3
¢y, =5x 105 cm/sec, and Pp = 610 cm, the maximum avallable equiva-
1ént sound pressure level in db is about

* In this section we are interested in determining the power
fed into a structure by mechanical excitation. For the
specific case ol a panel exclited by mechanical means, whether
the panel is baffled or not is not important, as long as the
radliation dampling is smaller than the mechanical damping.
However when one wants to study experimentally the equivalence
between the acoustical and mechanical power supplied to the
structure, whether the panel is baffled or unbaffled becomes
essential. For an unbaffled panel the radiation efficlency
Gprgq 18 much lower than the one glven in Eq. (1.7).



(wmc)2

142 + 5 loglo (rp/f) + 10 loglo (o )2 " sz
(] in

(1.10)

For the panel under consideration fp‘::h ke (aluminum panel)
and R, = 3.12 x 109 gn/sec. The mass of the moving coil assembly

of the Goodmans shaker (Model 390A) is about 72 gm. Thus, the maxi-
mum equivalent sound pressure capability of this Goodmans shaker
with respect to the given panel is at 100 cps about 138 db and

at 1 kc about 148 db.

When an accelerometer is placed at the point to which the
shaker 1s connected the acceleration measured at this point may
be influenced by the reverberant field of the panel. The exact
expression is

2
R
ag-ag+ay il (1.11)
R + M
in (]
where ;2

1s_§he mean square acceleration indicated by the acceler-
ometer &nd ag 1s the mean square acceleration of the reverberant
vibrational " field.

The power supplied by the shaker must be equal to the power
dissipated in the system. This equality enables us to test our
formalism experimentally. The damping 1n the panel-shaker system
may be expressed in termms of a loss factor

n =138 (1.12)

p
The dissipated power is

Pasas = 22 (Mg Vo) (1.13)

where Tp 18 the reverberation time of the system. Equating
Equation (1.3) to Equation (1.13), and making use c¢f Equation
(1.11), so that the mean square accelerations involved are
measurable quantities, we obtain

10



M R
2 maz (B . in (1.18)
in Rin + "

Thus, measurements of ;37;3.w111 give us the experimental value

of the bracketed quantity in Equation (1.14). On the other hand,
measurements of n |[by reverberation time measurements and the use
of Equation (1.12) ], the use of lhe given value of mg = 72 gm in
our case) and the theoretical value of Rin as given by Equation

1.63 will enable us to calculate the bracketed factor in Equation
1.14) by an independent method. Comparison between these two
determinations should give us a cross check for our theory. It
may be in order to summarize at this point the fundamental assump-
tions that we made and that therefore must be satisfied for fair
comparison to be possible.

a) The vibrational field of the panel 18 reverberant
in the sense that all or most of the modes in a
given frequency band (e.g., third octave) are parti-
cipating in the vibration and that the vibrational
field is diffuse. An experimental test for the
reverberant field is that the vibrational level of
the panel when excited by noise filtered through a
given frequency band will be essentially independent
of position.

b) The point impedance of the panel approximates that
of the point impedance of an infinite panel. Theoreti-
cally, 1f (a) is satisfied, so 18 (b).

B. EXPERIMENTAL TEST OF EQUATION (1.1#4)

An experimental arrangement has been designed and constructed
to test Equation (1.14) which 1s derived in Section A. The differ-
ence in acceleration levels at the driving point and a selected
number of points on the panel were measured. The reverberation
time of the panel-shaker system was also determined experimentally
and the bracketed expression in Equation (1.14) was calculated in
accordance with the procedure indicated at the end of Section A.
The latter calculations were then compared with the measured

values of the ratio ;Eyar. The results for three different cases,

undamped, lightly damped and heavily damped panels, are given in
graphical form in Figures 1.1, 1.2, and 1.3.

11



1. Experimental Apparatus

An aluminum panel 3' x 4' x 0.129" was suspended from the
celling on nylon cords from two corners. Otherwise it was
unrestrained. A vibration shaker was arranged to excite the
panel at a point. The location of the driving point was chosen
away from the edge of the panel. The attaching hardware was
devised to provide only transverse motion and minimize applied
torque and damping at the driving point.

The excitation was in third octave bands of random nolse.
The output of the accelerometer attached at the driving point
was compared successively with the output of the accelerometer
attached at several points on the panel surface (see Figures 1.1,
1.2, and 1.3 for the exact locations which are indicated by
circled numbers). The output of the accelerometers was recorded
on a graphic level recorder. The flow diagram of the experimental
arrangement 1s shown in Figure 1.4,

The reverberation time was determined using a graphic level
recorder and the reverberation-time apparatus described in
reference 4 of Appendix III. A pulse technique was used for the
reverberation time measurements; the panel was tapped with a
metallic hammer at various positions on the panel and its decay
was measured by measuring the filtered (third octave band) output
of an accelerometer. The flow diagram for the experimental
arrangenent is shown in Figure 1.5.

2. Discussion

Although there i1s a general correlation between the results
of the two methods of determining the factor of proportionality

relating ;E to ;3, in detall the agreement is not completely

satisfactory. PFurther improvement in the theoretical approach
may therefore be necessary. It should be pointed out that for
the undamped and lightly damped case the vibrational field could
be assumed reverberant. The measurements taken at the three
positions on the panel did not vary by more than 2 db., In the .
case of the heavily damped panel the variation in level between
the four positions, where measurements were taken, in several
instances exceeded 6 db, These large differencesz in level were
not confined to any particular frequency range. Moreover, the
measurements of reverberation time for the heavily damped panel
at frequenciles above 3 kc are not very rellable; they were taken
at the 1limit of the range of the instrument used. The reverbera-
tion times above 3 kc were of the order of 10-2 sec. in this
case, Je note here that some of the theoretical results from
Section B in Appendix II anticipate the higher fluctuations in
response for the very heavily damped panel.

12
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APPENDIX IX
RESPONSE VARIATIONS IN MULTIMODAL STRUCTURES

A. INTRODUCTION

In the past few years, the response of complex structures
made up of panels, supporting members, struts, etc., to random
noise fields has received a good deal of attention at Bolt
Beranek and Newman Inc., and other research centers. At BBN we
have described not only the temporal response in a statistical
way, but the structure itself as well (Ref. 1). Thus, a struc-
ture 18 defined by its distribution of modal resonances in frequency,
average lengths of beams, areas of panels, etg. The results of
this procedure have been encouraging in their ability to predict
certain average characteristics of response when many modes of
vibration are involved.

For small structures in the lower frequency ranges, one may
not always have a very large number of modes contributing to the
response, One effect of this will be to cause fluctuations about
the average value in the observed response from one frequency
band to the next (Ref. 2), which we shall refer to as frequency
variation. Also, there will be variation in response as one
moves from one measuring point to another on the structure. This
spatial variation will be important as an additional source of
variation in the comparison of theoretically computed average
values and experimentally measured values. Also, one should note
that we are not concerned here with the temporal fluctuations of
the signal as a random process in time. We assume that sufficient
averaging time is used for the measurement so that variations due
to this effect are negligible.

It is ambiguous to speak merely of "the variation" since the
response variable we have in mind has not been specified. Analyt-
ically, the variation in (time) average response (velocity,
acceleration, strain, etc.) is convenlent to deal with. Experi-
mentally, response is read out and plotted in logarithmic units,
and the variation visible on the experimental plot is in decibels,
not so many g's (for example). Unfortunately, a great deal must
be known about the response in order to get its logarithmic variation.
If, for example, we know the standard deviation of the acceleration,
we cannot go from this value to a standard deviation for the
response in decibels. Indeed, the entire probability density for
the response would be required to evaluate the logarithmic variation.
In some cases we shall find it possible to make this computation,
in others we will have to be satisfied with the variation in the
dynamical variable itself.
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B, THE VARIATION OF RMS RESPONSE IN BANDS OF NOISE
FOR MULTIMODAL SYSTEMS

We wish to find the variation in mean square response (veloc-
ity, say) for a structure, which has a pure tone mean square
response* given by W(w), when that structure is excited by a band
of nolse of width & centered about the frequency w. The_ response
for band excitation of bandwidth A and spectral density % is

o2
V() = % f W(w)da, (2.1)
o/2

Let the average response W(w), be the response W(w) averaged
over similar structures or over different positions on the same
structure. The d response, to excitation of bandwidth A and
spectral density K of the average response A(®) 1is

+4/2
m (@) = Fw,) = %f:/a Mw)aw = m (o) (2.2)
W -
o}

provided W(w) varies only slightly over the bandwidth of excitation
due to changes in mocdal density or damping.

One measure of the variation in response for band excitation
is the standard deviation oy of V which is found from the variance

2.
(2.3)
02 i dw, ¢ (w, ~w,)
w2 | [0 %0 Oy (00
* "response” in this section means "mean square cesponse

in time" in all cases.
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where

2 2 2
Ow =W - mW
is the variance of the sinusolidal response,
and
2
W(w w -
1/ M\B) - my,
Pulwywp) = 2 . (2.4)
Ow

In the case of multimodal systems with a high degree of modal
overlap (a situation appropriate to rooms but not as common in
complex structures) Schroeder has shown that the correlation
function for pure tone response (Ref. 3) is of the form

4a
6 (&) = 2.
wl(€) Ly (2.5)

where a i8 the modal decay constant, related to the structural
loss factor 7 by

n =20/ . (2.6)

Also, Schroeder has shown (Ref. 4) that the distribution of
W i1s given by the exponential density

-i/m,
1 W

PYW) == e W>o0 2.7
() = 7= (W > o) (2.7)
which has a variance

05 = 2m§ . (2.8)

If we place Equation (2.5) in Equation (2.3) and transform
to variables
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ﬁ-ml-wa
neo o+ay ) (2.9)

4t dn = 2 dmi dm2

/
then the integration becomes

2 w
o == / dn f d¢ ¢, (¢)
o 0

A
ba 2 -1 A- 2.10
--A—é-ow[ dn tan 2-5'& ( )
o
l 2 |2 -1 1l 2
==0. |>tan * 7N - ln(1+1r2N)
¥ [ &
1%05 £(N)

where N = A/2ar 18 the ratio of excitation bandwidth to the effec-
tive bandwidth of the resonant modes., As N——w, the term in the
brackets which is plotted in Figure 2.1 goes to unity and one has
a result reminiscent of a central limit type of convergence of V
on its mean value.

We note that the ratio between band variance o, and pure tone
variance oy depends only on the ratio of exciting bXndwldth to
modal bandwidth only; there 1s no dependence on modal spacing
because of the model used. This may be because we have assumed a
high degree of modal overlap in using Schroeder's formulas, which
means that the modal bandwidth 2ra is large compared to the average
spacing between modes. In Sectlon C of this Appendix, we extend
these results to the region of low modal density which is a more
appropriate regime for structures,.
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We note from the result Equation (2.10) that the fluctuation
increases as the damping & increases. Our intuitive feeling, how-
ever, is that the response should "smooth out” as damping is added.
This 18 true in the low mode overlap region to be studied. For
high modal overlap however, the rapidity of fluctuation in the
pure tone response decreases with increased damping, while the
variation in response remains more or less constant. Thus if we
average this response over a fixed band of frequencies, we average
over fewer variations when the damping i1s higher, and we may expect
to see greater variation in the average.

The variance of band response can be expressed in terms of its
mean

02 = 2 02 £(N) = 2l £(N)

2 2
= N-f(N) mv 2

2

where we have used Equation (2.2).

—

Thus, for the average vp of a set of measured responses,

o 2 "'\/1% £(N) :f . (2.11)

1. Example

A large panel has a loss factor 3 = 10'2 and an average modal
separation of 4 cps. A resonant filter is equivalent to a
rectangular filter of bandwidth wnf. At 1 ke, this effective
modal bandwidth is 31.4 cps. Thus, on the average there is an
overlap of 7 or 8 modes which is probably sufficient to meet
Schroeder's criterion. We can ask what the standard deviation
would be in the third octave band centered on 1 kc. In this
case, the bandwidth of excitation is 260 cps and

A
Ngm-8.28.
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Prom Pigure 2.1, £(8.28) = 0.9 and

2. 2 1.7
dva -'\/;-vpnﬁ-vp .

Thus, the standard deviation in response will be about 3 db
from the average. By repeating the measurement at several points
on the structure, this uncertainty may of course be reduced. 1f
we take 1 = 2 x 10-3, then wnf = 6.3 cps, and N = 41.4. Thus

-3 7z
ova = vp/'\/20 = 0,224 S

which is only about 1 db variation about the mean. Of course, we
are now probably violating the condition of strong modal overlap,
but the point can be made that damping increases the fluctuation
in this region. This observation appears to be supported by some
of our preliminary experiments (see Appendix I).

C. THE VARIATION OF RMS RESPONSE IN MULTIMODAL STRUCTURES
WHEN MODAL OVERLAP IS SMALL

In Section B we showed that the band response of the structure
was related to the pure tone response in a very simple manner. In
particular, the variance of band and pure tone response were
related as indicated in Equation (2.3). This relation is unaffected
by any assumptions of modal density, damping, etc. We may therefore
use it as a starting point in our present analysis.

Again calling W(w) the mean square pure tone response we

require its autocorrelation function $w(£). This is found by
first considering the response amplitude

yo) = ) b, gyle) (3.1)

where by 1s an excitation coefficient and gm(®w) is a harmonic
oscillator (modal) response functiom,



%(m) = lw«n:l)-Iam (3.2)

Here, is the modal resonance frequency and &, is related
to the modal loss factor by m"/wm -

If W is the mean square pure tone response, then
1 2
W) = & |y ]| . (3.3)

de shall assume that all modes are fairly lightly damped
so that strong resonances occur at ® = w,. The expression for
W may be written

W= % Z Pubp 8n&n*

m,n

(3.4)

1) el

where we have assumed that gngn*=~0, when wny £ @, for any o,

This is essentially the assumption of very small no 1 gverlap.
The expression for W i1s a superposition of "events gml of
magnitude %—bﬁ spaced along the frequency axis. For a fla& panel,
the average modal density is constant (Ref. 5), and if we assume
a Polisson placement of modes along the axlis, we can directly
compute some needed statistical properties of W. We shall also
assume that the damping is the same for all modes, a, = @ = const.

Rice has shown that the correlation function of a process
like W has a correlation function given by (Ref. 6

¢, (8) = i-;a-ns(w) e ¥e? (3.5)
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where "3¢" 13 the symbol for the convolution operation defined
by

® 2 2
2¥X g j a [g)] laor) ] (3.6)

Since |s|2 has a spectrum given by,

||
Ss(‘l‘) = e »

the spectrum of the convolution of lgl2 18 (Ref. 7)
<alr|l el _ -2alr]

G(7) = e

The inverse of this spectrum is the convolution,

|8|2*e lsla = zgi;;g

Placing this in Equation (3.5) and requiring that ¢7z——>1
as £&—>0 gives
ua2
¢ (e) = (307
v 2440 )

The result Equation (3.7) is the same as that which Schroeder
obtained for the case of high mode density given in Equation (2.5}.
This strongly suggests that the correlation function for 4 is not
dependent on modal spacing. Since the correlation function is
given by Equation (3.7), the result of Equation (2.10) for the
variance of band response is unchanged. The expression for m, and
O will be altered however.



The mean value of W 18 (Ref. 8)

m, = & ny(w) S"'f a |g(w) |2

(3.8)
= g&-ns(m) ;5
The variance of W is given by (Ref. 9)
2 - Ln () f a |go) [*
(3.9)

I
= 8-%3-113(0)) b .

The excitation coefficients b depend on the type of source
used to drive the structure. If we use a shaker attached at a
point x© they are of the form

o
b ~ B sin mlwxl/ﬁl sin méwxa/la sin mlwxg/ll sin ma'lrxa/l2 (3.10)

We may form the moments of b by averaging over x, 5? :

Zae (3

;E-z Bu (g)u ) (%14 ;2-2

My = My = Eé' Ns ;§

T
2 B

Using Equation (3.11) in Equation (2.10), we have finally,

(3.11)
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4
2 1/2
. (g) £y (3.12)

We note from Equation (3.12) that as the number of modes ngA
embraced by the exciting bandwidth is increased, the variation
in response is diminished. This agrees with our intuition. Also,
as the damping is diminished, N increases and f(N) increases,
rapidly for small N and more slowly as N rises above unity (see
Figure 2.1). Thus, the variation in response increases as damping
is reduced, again in agreement with our intuitive notions. The
behavior in the low modal density region 18 therefore in sharp
contrast with the behavior at high modal density as discussed in
Section B.

The low density relative variation will equal the high density
variation when

I\ 2
2= 3 - o

or,
2rang, = 81/32 = 2.5 . (3.13)

Since 2ra is the effective bandwidth of a mode, this repre-
sents an overlapping of 2 to 3 modes, which is consistent with
Schroeder's criterion for the passage from non-overlapping to
overlapping behavior, (Ref. 3). Of course, the non-overlap
assumptions which have been made really preclude our full
acceptance of any conclusions which apply the work of this
section to a region of overlap above ng . 2ra = 1.

D. STATISTICAL ESTIMATION OF THE RESPONSE OF A HARMONIC
OSCILLATOR ATTACHED TO A FLAT PLATE

The response of a simple oscillator attached to a structure
of many degrees of freedom will be approached from the energy-
statistical method developed by Lyon and Maidanik (Ref. 10). In
subsection 1, we develop expressions for the power transfer
between the oscillator and the structure. From these we compute
the mean and the varlance of the power flow, since as we indicate
in subsection 2, this power flow governs the energy level of the
oscillator when it is attached to the structure. Using the known
mean and variance of the power flow in subsection 3, we assume



an appropriate distribution and compute confidence levels for the
vibration levels. It 1s this last step which glves engineering
value to the estimates since 1t defines a "safety factor" in terms
of so many db which must be added to the mean value estimates in
order to insure that the measured levels will fall below the
estimate a certain fraction, say 95%, of the time.

1. Power flow between an oscillator and a flat plate

We assume that the single substructure mode - many struc-
tural mode interaction problem may be modelled by the simple
system shown in Fig. 2.2. The transverse veloclty u of the flat
plate 1s governed by the equation

2~2V4u + + B ’ ba
a_EE'E'ps (4.1)

where X is the radius of gyration of the cross section, ¢y 18 the
longitudinal plate velocity, Bp 1s related to the loss factor

Np for the plate by Bp > Pg 18 the surface density of the panel,
and p 1s the force per uni area on the plate taken positiye 4in

the u direction. A homogeneous plate of thickness h = 2

and area Ap has a modal density fin radian frequency space)

BVERWCS (4.2)

The pressure p will be divided into the random noise sources
r which sustain the vibrations and the reaction force from the
oscillator at the attachment point x,. Thus,

-3 -FFs (x-x) - (4.3)

The eigenfunctions of the plate satisfy the following
relations,

4 4
V% = ¥n¥n
(4.4)



If we expand u, r and b(;,-_xo) in these functions,

u -Z UL (t) v (x) )

5(x - x,) = Z Volxg) ¥al®) (4.5)
m
-
35 - Z Spl8) ¥o(®) )
m
then Equation (4.1) becomes
éu, Wy -1 4o df
-Ft + ap -at—+ (D:Um + ps Vm a‘E = sm(t) ’ (uOG)
where, wﬁ = k:x?c% and w; = #m(go)

The oscillator 18 shown in Figure 2.2 along with 1ts
mechanical diagram and mobllity analog. If we consider the force
on the mass to be the dependent variable, then its equation of
motion is

2 au
§;§+ B, 5 + ot - mo? Z ¥ B - ol (1) (4.7)
m

Here, np = B,/0 1s the loss factor for the oscillator, and
w, = (K{/M)]"/2 is the resonance frequency.
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The symmetry between Equations (4.6) and (4.7) 1is improved
by the following change in variables:

6 = 2(x/p )" )

iy = Uplog/0) %) (4.8)

¢ =y (pK) Y2

/
Using the new variables, the equations become

2

a“u du .

L T IR0 (.70
2 d

j_t%+ B, 24 u20 - § 0 -0 - wfe (t) . (4.8a)

m

Let us assume that the oscillator is excited by wideband
noise, but the plate has no excitation other than by i1its attach-
ment to the oscillator. The power received by the plate is:

P = m=2 ¥ T - (psx)l/az i g %)
m

The cross moments ¢Em have been computed for the pair of
Equation§ (4.7a) and (4.8a) in Reference 10. Their values are
(Ref. 11

i (bo+ap) Y: (ddb/m-.)2
m =

. (4.10)

2
2 2 2 2
(wg-wr) + (Bo+ﬁp)(aowh+6pwo)
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The summation (4.9) is subject tQ some uncertainties since
one would not care to specify or precisely for all possible
experimental configurations, W8 theréfore describe them statisti-
cally. The transferred power 1is

—2- '1
£° (B +8 -z
- _..‘(r‘f"_L)Z *: [(mo-mm)z + (BJ%)%] . (4.11)
)

We assume that the frequencies are distributed along the
frequency axis as a Polsson process with a mean value given by
Equation (4.2). The mean value of P is (Ref. 8)

V212 ooy [ -
n= "!r'p' o p j (“’""0)2*(‘50"’%%
(4.12)

- F/"m

vwhere

Rin = upp°lh2/ V3

is the (real) input impedance of an infinite plate, (Ref. 12).
E%uation 4.12) may be considered the basis for mean value estimates
of power flow frcn a shaker into a structure and the vibration of
connected structures (Appendix III, Equation (2.3)).

In order to find the variation in estimated response, we will
need the variance of P. It is (Ref. 9)
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-2

=

2T o .
c< = 12p§p = . aw | (w-w)) +(ﬁo+ﬁp)/{

. (4.13)
= (V) mi/m (B#B,) n.

The form of Equation (4.13) indicates fairly clearly the
sources of variation and their effects. The first term is the
effect of spatial variation; for two dimensional sinusoidal
modes its value is 9/4. The second factor is that of irregularity
in the number of modes which the oscillator 1s likely to encounter.
The result 1s in the form of a central limit theoremwhich states
that the standard deviation ¢ will diminish relative to the
mean as the number of interacting modes

N = Tn(By+8)) (4.14)

1s increased.

2. Relation between power transfer and equilibrium
vibration levels

To get the power balance equations for the system, one
multipiies Equation (4.7a) by -Jumpdt and Equation (4.8a) by
-J¢dt and averages. The result is

-

o
Bp hp + o =38

5 (4.15)
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In Reference 10, 1t was shown that if ¢g = 0 and is a set
of wide band random noise sources, then the power flow into the
oscillator is

Pe) B W ) (0
m

where 6y = _E and 6 2-. If we can assume that the sources sj
will keep all the s ructure modes at the same energy level
6m = 6p = const, then

= -0
Boeo (ep O)Bcoup
where
B coup
pcoup - Z ﬂm
m
or R
6 =6 B_-—§-°°“ (4.16)
° P coup"' o
where Bcoup is essentially the sum which was evaluated as P in
subsection 1. We note that 1if acoup 1< 4 ﬁo, the statistics of
ﬁcoup are those of 90. In the event that ﬂcoup >> Bo’ one would
have 9 = Bp and no variation would exist.

Our estimates of variance and mean values in the previous
subsection therefore require equal energy in the plate modes 1if we
expect then to predict the subatructures{oscillator ) response, If
the sp's are caused by a point source at position X, then the
variance response will contain an additional factor of varia-~

tion *n/



3. Confidence levels for estimates of random response

We have developed expressions for the mean and variance of
power flow or response when an osclllator is attached to a flat
plate., We should now like to use these in such a way that con-
fidence levels for the estimated response may be computed. In
particular, if we calculate an average response, then we might
ask, "by how many db should one increase this estimate so that
the estimate 1s not exceeded in, say, 95% of the cases?" Our
purpose in this subsection is to answer this guestion.

We do not know the probability density ¢(P), but if we did,
the above requirement would be met by setting our estimate at A,
such that

A
j ¢(P) dP = 0.95 » CL (4.17)

o

We shall get around our ignorance of ¢ by assuming a form
for it. We require a density function which is defined for posi-
tive arguments only, and has parameters easily related to the mean
and variance. These requirements are met by the gamma distribution,

a-1 _-x/A
¢x gx e 4.18
(x) > 9T (a) ( )
where (Ref. 13)
m=2Aa , 02 = 7\2a
One has then
me g2
a-;.z. » )‘.—ﬁ (4.19)

Changing variables to y = x/A, the condition Equation (4.17)
becomes
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-1 A/\ = B .
r (a)j dy 2t eV - 71‘.9(%)- - CL (4.20)
[o]

where y(a, B) is the incomplete gamma function, (Ref, 14).

The function Equation (4.20) is plotted by Jahnke and Emde
(Ref. 15) for various values of CL. Using their values, we have
plotted curves of constant CL in Pigure 2.4, with the ratio of
squared mean to variance as the abscissa, and 10 log A/m as the
ordinate, where

A/m - B/Q . (4.21)

The curves in Figure 2.4 essentially tell us how many db to
add to the mean value estimate in order to ensure that a frection
CL of the measured values of response will fall below the estimate.
Thus for example, 1if

N =mn (po-i-ﬂp) = 10 )

then a = 4.44 and one would have to add 2.8 db for a confidence
level of 95% or 3.8 db for a confidence level of 99%. If the
plate is driven by a point source shaker so that an additional
variance factor arises from the modal energy uncertainty, then
the relevant value of a is

a-(g—)an-l.% .

Referring to Figure 2.4, a confidence level of 958 would
require that we add 3.9 ddb to the mean value estimate. For 99%
confidence, we would have to add 5,2 db,
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F1G.2.2 DIAGRAM OF PLATE WITH ATTACHED
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APPENDIX III
ENERGY SHARING BETWEEN CONNECTED STRUCTURES

A. INTRODUCTION

Wwhen large, complex structures are designed to operate in
environments that may cause them to vibrate {(e.g., lntense sound
fields, boundary layer turbulence, etc.), the design engineer
is usually concerned with the response of a rticular substruc-
ture that may be susceptible to malfunction (e.g., components of
the structures that carry electronic equipment). We wish to
develop methods for estimating the vibration of substructures
attached to large complex structures. We define a large complex
structure such that it has high modal density.and its modes are
fairly uniformly distributed in frequency space. We assume that
the substructure has its own modal density and that the method of
attachment of the substructure to the large structure is known.
We further assume that the vibration of the structure is pre-
dominantly resonant, i.e., the modes of vibration of both the
structure and substructure are not critically damped. Under this
assumption one may treat the interaction between the structures
by considering the interaction of one set of oscillators (modes)
that 18 couvpled in a known manner to another set.

The power flow between two linearly coupled oscillators has
been studied by Lyon and Maldanik (Ref. 1). The formalism has
been extended to cover the case of the power flow between two sets
of coupled oscillators. The theory has also been applied specifil-
cally to the interaction between a reverberant acoustical fleld
(considered to have a very high modal density), and a structure,
e.g., a beam, a panel or a combination of both, (Ref. 2). It is
possible to treat the connected structure problem by the same
methods, as we shall show.

The coupling 1s strongest between modes of the structure (high
modal density assumed) and a mode of the substructure when they lie
close in frequency space., Modes which lle outside each others pass-
bands are usually weakly coupled. In a glven frequency band
centered about a given ®w (w = angular frequency), if Ogg is the
modal energy of the substructure and 6y is the modal energy of the
structure, then if the structure 1s excited by external source
fields, the relation between 655 and 63 can be shown to be (Ref. 1)

s8
Ogs = % M3 (1.1)

where
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B8 e (1.2)

The ratio (1.2) is called the coupling factor for the sub-
structure; Nc and Ngg are the loss factors associated with the
coupling and the sugstructure damping respectively. Wwhile ngp
is related to the power dissipated internally, 7, 1s related to
the power lost (or gained) ?y ;he substructure to gor f;om) the
structure via the coupling (¢.f., R = uM or the
acoustic case (Ref. 1?). rad p rad

Equation (1.1) states that in the steady state condition the
modes of the substructure attain modal energles that are a fraction
u of the modal energy of the structure. For 0,2 Ngu» 936::93
and for nc<<nss, ess<< 98.

Equation (1.1) is an approximate statistical formula, (Ref. 1).
The approximation 1s better as the number of interacting modes in
a glven frequency band increases, This 1s so because the formula
is derived by averaging a summation over modes that lie in the
frequency band (e.g., octave or third-octave). Thus one would
expect the approximation to be better the higher the modal density
of the structures and the wider the frequency band chosen. One
could get an idea of the errors involved in the smoothing pro-
cedures by computing the variances of the fluctuations in the
responses of the structure and substructures; this is being
reported in Appendix II. In this Appendix for the present we
concentrate on examining whether the general assumptions and ideas

expressed with respect to Equation (1.1) are in keeping with exper-
imental data.

B. BEAM CANTILEVERED TO FLAT PLATE

To test Equation (1.1), we choose to examine a beam canti-
levered to a flat plate. The beam and the plate are so chosen
that the coupling loss factor TNe may be conveniently estimated.
Moreover, the dimensions of the beam and the plate are such that
the conditions for the validity of Equation (1.1) are approxi-
mately satisfied. Below we discuss briefly the theoretical and
experimental results involved in the test. ——

1. Theoretical Considerations

To determine 7, we assume that the beam 18 excited by an
external source, and we calculate the power loss to the plate
via the coupling. The power flow into the plate from the beam
is given by

I



(2.1)

where Zg 1s the moment 1m%edance of the plate as seen by the
beam at the Junction and M~ 1s the mean square moment generated
at the Jjunction by the vibration of the beam.

In terms of N the power that the beam loses to the plate
through the coupling is given by

2

where ;E is the mean square velocity of the beam averaged in time
and space and Mb is the total mass of the beam.

Equating Equations (2.1) and (2.2) we have

u?

N = Re ‘—]ﬁ-) . (2.3)
Zp

=
aMy vy,

If a typical dimension of the junction is small compared to
a wavelength in the beam and plate, then (Ref. 2)

c § 2
Re f—=1= R (2.4)
M
(Zp) l&pphpcp

®
where p, 1s the density, hp is the thickness, and Cp is the
longituginal velocity of the plate.

. We have now to determine I\F Consider the analog circult
of Figure 3.1 deplcting the coupling between the plate and beam.
The flow quantity 1s the angular velocity and the potential drop
1s the .moment.M...Zlg and Zg are the moment impedances of the

plate and the beam as seen by the beam and plate respectively.
We note from Figure 3.1 that the mean square moment is given by
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n B

Z
Z o | (2.5)

Zb+Zp

_.zb

where M is the mean square moment of the bean, ﬁzb 1s related
to the mean square velocity on the beam, Vo by the equation

P o 1pZe2isB T 2 (2.6)

where 98 is the density, cp the longitudinal veloclty, Xp the
radius Of gyration and Sp the cross-sectional area of the beam.

Combining Equations (2.2), (2.4), (2.5), and (2.6) we obtain

3w
=2 ¢ (2.7)
3t e
P
where hy, 1s the thiclmess, w the width, ¢ the length of the beam,
and

” 2
z

P U

AT

b P

The expression for £ may be written in the form (Ref. 2)

e 1
=1+ A1)
where
o _ Pohiep(iy)

32p ghpep
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Ky, being the wavenumber for the beam. For a circular beam of
radius r, ' = ;-103e (kpr)[kpr<<l].(Ref. 2). For a rectangular

beam the expression for I' is lacking. We assume that for our
arrangement (see Figure 3.2) the absolute value of ' is the order
of unity. Thus, for the case under consideration here (pp-pb,
hp'hb’ Cp=Cps W = 4 cm and k,=0.7 em™ at 4 kc), we may set €=l

in the frequency range from 50 cps to 12 kc. One should note that
a better approximation may lead to somewhat lower valuea of £ and
hence smaller nc.

2. Experimental Considerations and Results

Equation (1.1) as it is given 1s not convenlient for practical
purposes since one cannot measure fgg and 65 directly. We have to
express the moda) ener%ies in terms of measurable quantities. The
energy of a structure (a beam or a plate) in a given frequency
band (e.g., third-octave or octave) is given by

M s*
ES = —;)T M ] (2-8)

where 821s the acceleration spectra. uensity of the structure
in the frequency band &w, @ is the center frequency of the band
and Mg 1s the total mass of the structure. The modal energy of
the vibration of the structure is given by

s  n{o)lw

ms?

e
wzn(w)

(2.9)

where n{w) 18 the average modal density in the band &w.

Substituting Equation (2.9) in Equation (1.1) and making
the appropriate identification of the quantities, we obtain

sg nb(w)Mp T (2.10)
S; npwmb N + “b ’ )

where subscripts p and b refer to quantities related to the
plate and the beam respectively.

Equation (2.10) 18 now in a form where the parameters involved
are measurable,
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The beam-plate system is shown in schematic form in Figure
3.2. The dimensions of the aluminum beam are 95" x 1.5" x 1/8"
and those of the plate 72" x 48" x 1/8". The choice of a rather
thick beam and plate 18 made to avoid excessive loading of the
structures by the accelerometers at high frequencies. .The beam
is attached perpendicularly to the plate by epoxy. The positions
on the plate and beam where measurements were taken 1s indicated
in Figure 3.2 by the circled numbers.

The modal density of the plate, n,, is measured by exciting
the plate with a shaker and counting pure tone resonances. It
is found that the modal denslty of the plate conforms closely to
its asymptotic theoretical value, which 1s given by (Ref. 3)

A
np(w) = E\'r/_?c_ﬁn s (2.11)

pp

where Ap is the area of the plate.

For our plate np(w)~3.8 x 1072 modes/radian per second.
Deviation from the value of n (w) as given by Equation (2.11)
occurs only below about 50 cpg. We shall not be concerned with
frequencies below 50 cps.

The modal density of the beam is measured in the same way,
It 1s found that the measured modal density of the beam agrees
fairly well with the asymptotic theoretical value given by the
formula (Ref. 3)

1/2
ny(®) =1% (ﬂ%_iﬁg) ’ (2.12)

It 1s of interest to note that above 6 kc the modal density
of the beam exceeds the value which is glven by Equation (2.12)
and slowly approaches the modal density of a plate as the frequency
is increased. From these measurements the quantity

nb(m)M

10 log, ml;- (2.13)

is determined. This quantity is given in graphical form in Figure
3.4. The factor given by Equation (2.13) represents the ratio
between the acceleration spectral densities of the plate and the
beam (in db) for the case of "thermal equilibrium” i.e., equi-
partition of modal energy (6sB = 93).
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The quantity 7np 1s determined by measuring the reverberation
time of the beam (unattached)(Ref. 4). It is related to the
reverberation time Tp by the equation

m = 5};& . (2.14)

The loss factor 7, 18 determined for two cases, an undamped
beam and a damped bcam. The damping was achieved by attaching

damping tape to the beam. Using the theoretical values of 1,
[Equation ?2.7) with é = 1] ang the experimental values of
Equations (2.13) and (2.14), Sp/s% is determined from Equation

(2.10)zl The results are glven in graphical form in Figures 3.3
and 3.4.

We then proceed to measure the quantity S%/S% directly in
order to compare 1t with the values obtained above. This con-
stitutes a test of the validity of Equation (2.10).

A block diagram of the system for measuring S%/Sa is shown
in Figure 3.5. The acceleration is measured (in third-octave and
octave bands) successively at selected points on the plate and
beam (see Figure 3.2) and simultaneously at point P on the plate.
The difference (in db) between the acceleration at a gilven point
and at point P 1s thus ottained. In a given frequency band these
differences are averaged over all the selected points of the beam
and, separately, over all the selected points on the plate. The
difference between these averages gives the value of S8 in the
frequency band., The values of S§/S2 80 obtained are g veR in
graphical form in Figures 3.3 and 3.4 for two cases of damping;
the two cases are the same as those for which reverberation time
measurements were made.,

It should be pointed out that the beam and the plate are
found to be falrly reverberant in the sense that the accelerations
(normalized by the acceleration at point P) taken at the selected
points on the plate and the beam are found to be within 1 or 2 db
of their averaged values. Note that this indicates that the vibra-
tion of the structures is predominantly resonant, a necessary
condition for the validity of Equation (2.10).

The cunparison between the direct measurement of S%/S% and
the indirect measurement (where the right-hand side of Equation
(2.10) is computed) is shown graphically in Figures 3.3. and 3.4.
We feel the agreement between the values would be satisfactory
as an englneering estimate. The point-to-point variations are
in some cases, however, qulte large. 1t was pointed out earlier
that when the number of modes either in the plate and/or the beam
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that participate in the coupling in any given frequency band is
not large, fluctuations from the ideal case, which Equation (2.10)
represents, are to be expected. Although the number of modes in
the plate in any given third-octave band is fairly large, the
number of beam modes is rather small. It 18 interesting to note
that the fluctuatlions are greatly suppressed when measurements
are conducted in octave instead of third-octave bands.

The results obtained indicate that the method developed above
for estimating tre vibrations of substructures may prove fruitful.
Some refinements, especially wlith respect to estimating variances
from the average values, would prove useful.

c. THE VIBRATION OF CONNECTED PANELS
1. Introduction

We shall now consider a connected structure which 1s a
typical part of electronic packages. The racks, housings, and
chasslis of electronics systems, for example, are made up of
plates or panels. We ask how much a subpanel will vibrate when
its mounting rack is randomly excited. In order to answer this
question eventually, we lnvestigate here the flow of vibrational
power between plates which are attached to each other by welded
seams. We do not intend to explore each of the great number of
Joints between plates which are in use but rather to apply the
general methods which have been previously outlined to a few
types of connection,

Our fundamental formula 18 the energy ratio of two coupled
modes, given in Equation (1.1). If the structures are reverberant,
as we shall assume, we can elimlnate the modal energies in favor
of the "energy velocity" spectral densities and obtain

Sv n M
8s 38 8 ss

Sv ) ”ss ) Ng Hs (3.1)
s

where n is the modal density and M the mass of the respective
structure.

For a flat plate, the modal density is

n - (3.2)
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where A i1s the (one-side) surface area, h the thickness of the
plate, and c;, 18 the plate longitudinal wave velocity. The mass
of the plate is M = pAh, where p 1s the mass density. Hence,
one obtains for connected plates

2
aV phc )
“ss ( 4

= 2
S: (ph cy

T (3.3)

88

For plates of the same material we have simply

s:s hs 2 ss
— = ﬁ_— .a
S: ( ss) “s (3 )

This formula allows us to calculate the vibration level of
the substructure if we know the thickness ratio and the coefficient

88
u's .

The determination of uss will occupy us in tgg next two
sections. If the substructlUre 1s excited, then ug may be defined

in terms of the power it loses by transmission and dissipation in
the following manner

ss _ Power transferred to structure (3.5)
kg = Total power lost *

If these quantities are interpreted in terms of loss factors,
Equation (1.1) results. Besides other results, we will present in
subsection 2. theoretical expressions for the coupling loss factor
of a plate which 1s clamped to a second plate. In subsection 3.
we will report related measurements. The technique used in sub-
sectlion 2. iswave theory. The plates are taken as infinitely large
and a reverberant field is simulated by averaging over all direc-
tions. The boundary absorption equations used in subsection 3.
are derived from a plate analogy to room acoustics. The absorption
1s obtalned by measuring the reverberation time.
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2. Flexural Wave Transmission between Clamped Panels

We consider a thin infinite half-plate 1 jolned under a
right angle to a thin infinite plate 2 (Figure 3.6). We assume
that the plates are joined as i1if they were made from one piece.
The Jjoint may be approximated by a continuous welded or soldered
seam.

Let u, v, w, be the displacements in the directions x, y, z.
For small displacements v = O, At the joint x = 0, z = 0, the
transverse displacements of both plates must vanish, u = O,
W = 0, (u refers to plate 2 and w to plate 1, but 1t is not
necessary to use indices). The conservation of the right angle
demands that dw/dx = -du/dz. Let G be the moment gper unit
length) acting on plate 1 at the joint (Figure 3.7

From Love (Ref. 5) the bending moment along the straight
edge of a plate 1s

G = -D[aaw/3n2+aaaw 52] (3.6)

where n is the coordinate out of the edge (= x) and s the
coordinate along the edge(= y), and

D= pc%h3/12 (3.7)

is the flexural stiffness of the plate. Applying this to each
of the three half plates we obtain

p3%w/2x® = p,y(3%u/02%) ) - Dy(2%u,2) (3.8)

Our set of boundary conditions i1s now complete.

The dirferentialvﬁquation ros small transverse vibrations
of a thin plate is [DV* + phd2/3t2] w = O, For harmonic time
dependence exp iwt and exp(-ikysina) on y we get the solutions

exp(+ikxcosa) and exp(+kx'V1+sinza) in x, We calculate the
transmission of a single wave

w = exp(ilwt - ik,ysina - ik,xcosa) , (3.9)
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incident in plate 1 ar an angle of incidence a {Figure 3.6).
Satisfying the toundary conditlons we Iind for the wave trans-
mitted into plate 2,

u = C exp(iwt - 1k2ysinﬁ - lKZZcosﬁ) (3.10)
wnere
C = -(1+A) klr/k2 (3.11)
= -21(k1r/k2)cosa[1cosa - V1+sin2u + r(icosp JVI:sinzb)]'l
r = Dk, /2D K, (3.12)

and A 1s the amplitude of the reflected wave. To preserve tne
dependence on y the angles o and p are related by

kysina = k8108 (3.13)

The mean square velocliuy on plate 2 is

2 1 2
V2 E(D

C2

(wklr/ka)2 cos®a

\ ) N 3
1+fvz-sinéﬁvi-(kl/ka)231n£a+r¢3+sinzavl+(kl/kafgsinéalrz

(3.14)

If the transmission from plate 1 into plate 2 is small, we
can take the amplitude of the refiected wave as A = -1, soc that
the squared velocity, averaged over plate 1,is

vl =w (3-15)

which 1s independent of a.
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In a reverberant and diffuse field waves come from all
directions with equal probability. The angular average of
Equation (3.14) can be readily found in two special cases, For
equal plates

2
{vs>
27a 1
= 3.16
ol (3.16)

and for plate 1 much thinner than plate 2 (kl>>k2, Dl<<D2, r<1).

B, 4 [rK)? K, k|, w302
—— & | 2arcsin = + sin2aresin p= |2 —Swip . (3.17)
vl 2 [ 1 1 27k2D2

The average power per unit boundary length carried by a wave
incident at the angle a (with amplitude 1) equals the average
energy denslty

E = 2phw? (3.18)
times the group velocity

cg = [Pk/Aw)™t = 2uw/k (3.15)

times cosa ., The corresponding power transmitted to plate 2
(and hence lost to plate 1) is

2 _
Post = €1 b ohyeik; coss (3.20)

The ratio of the angular averages 1s the absorption coefficient



T v /i \Paa
. rf/2 cosa V1-(k,/k,) sin%a da
v =%

Jw/2 1+rY1-81n° \g-(kl/kz)2sin20+5V1+sin2aV&+(kl/k2)2sin20+r2

(3+21)

which can be calculated readily in two speclal cases. (The
integrand is to be taken as zero where it is complex.) For
equal plates we find

vy = 4727 , ) (3e22)

and for plate 1 much weaker than plate 2

s £' 2 arcsin k2 sin2arcsin Eg
Y=z u'L El- + (3.23)

o Jjo
B.o
LR Lol

k)

(#e are looking at plate 2 as a boundary absorber attached
to plate 1. Ncte that this step 1s an intermediate step in the
calculation of w88 which in turn is needed to calculate the excita-
tion of plate 1 when plate 2 is driven)

It remains to relate ¥y to nc. This is easily done using the
formula, (Ref. 6) for the reverberation time T

Ye L
222 (3.24)

where L 18 the length of the absorbing boundary. We may inter-
pret the transmission as a coupling loss factor

Ye_.L
1
1 = @A (3425)

1

which, together with the internal loss factor W allows us to
compute the coupling factor

55



n

1l cl

W = =57 ’ (3 +26)
2 Mgty

with plate 1 assuming the role of the substructure and plate 2
the role of the structure.

3. Experimental Study

Measurements were made on one aluminum plate and on two
steel plates ("half plates") joined to heavier plates of similar
material. The 1light plates were cuf irregularly to promote
diffuse conditions. The heavier plates were damped to upproxi-
mate infinite plates when seen from the attached light plate.

The light plate was struck and the resulting vibration was
sensed with an accelerometer (Glennite 314). After filtering
through a third-octave band filter set (B+K 1609) the decay time
was measured (Ref. 4) (B3N Reverberation Time Meter). The
recorded times were converted into loss factors and absorption
coefficients according to Equations (3.25) and (3.26). The results
are plotted in Figures 3.8-10 together with theoretical values of
v from Equation (3.26).

We started with a thin aluminum plate which we glued to a heavy
one by means of an artificial resin (Flg. 3.8). The measured
values of the absorption coefficient turned out to be large in com-
parison with theory. We suspected that some imperfections in the
Joint or the glue itself was causing the excess absorption. This
suspicion was conflrmed when we measured the total loss factor n!
of the same plate glued to a heavy steel bar. The difference
between 1n' and the free plate loss factor 0 represents the loases
of the Jjoint and 1s considerable,.

We consequently went from the glued Joint to an all-metal
Joint., Because of the large size of the plates we had difficulties
in the production of the test obJect. The next plate we tested
was a thin steel plate welded to a heavy one (Figure 3.9).

The welded joint was not uniform and we found again absorption
values which were higher than the predicted ones. e finally
obtained a very good weld on a steel plate jolned to another one
about three times as thick. In this case the agreement between
experiment and theory was excellent. It seems that the slightly
increased torsional stifiness of the joint (due to the welded
depositions) did not make the theory unapplicable.



Good agreement between the presented theory and experiments
cannot be expected at low frequencies where the joint is only a
few flexural wavelengths long and also at high frequencies (above
coincidence) where radiation dominates the internal loss factor.

4, vVibratory Response of Cantilevered Panel

In subsection 1, we derived an expression shown in Equation
(3.4), for the vibratory response of a panel substructure attached
to another randomly excited panel structure. We should like to
apply this formula to the welded plate configuration shown in
Figure 3.10. 1n terms of the thicknessecs h) and hy of plates 1
and 2 respectively and the coupling and loss factors, the acceler-
tion spectrum ratio 1is

a 2
E& - ho T
S; EI Nty (3.27)

For the plates studied, h; = .057" and hp = .118". The
coupling nc is determined from the measured value of vy glven in
Figure 3.10 by using Ecuation (3.26). The substructure damping
N was measured with and without applied damping. A comparison
o} the measured response ratio with the computed values without
applied damping on plate 1 is shown in Figure 3.13. A similar
comparison is shown with plate 1 (substructure panel) more heavily
damped.

Although the agreement achieved 1s not precise, the values
tend to lle within a 3 db range of each other and we would probably
regard the calculations as a reasonable engineering estimate of
the observed response.

D. REDUCTION OF BEAM-PLATE COUPLING BY NOTCHING EBEAM

The beam which was described in Figure 3.2 was notched for
the purpose of reduclng the plate-beam coupling. The location of
the notch and definitions of dimensions are shown in Figure 3.11.
Since the reduction of coupling is only effective in reducing the
vibration when 1, < My, the experiments were run with applied
damping on the beam. The octave band results with no notch were
shown in Figure ?.uland are reproduced in Figure 3.12 under the

caption w, = 1.5", £ = O.
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The width of the Jjoining stud is wg and its length is [g.
The ratio of beam to plate vibration i1s shown for various values
of these dimensions in Figure 3.12. Qualitatively the longer and
thinner the stud, the greater is the reduction in vibration. We
do notice a resonance effect for the stud fg = 0.8", wg = 0,1"

at atout 6 kc. This corresponds to kfg —~1 where k 1s the wavenumber
for flexural waves.
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FIG. 3.6 PLATE GEOMETRY
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