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ABSTRACT

The concepts and relations which form the theoretical
foundation of the statistical energy approach to vibration
analysis are delineated. The utility of this approach for
dealing with complex systems 1s discussed, and its range of
applicability is indicated.

The important properties of the modes of vibrating
systems are reviewed and used to exhibit relations between
modal responses and average responses of total systems. It
18 demonstrated that under some conditions, which are often
approximated in actual systems, the average rate of flow of
energy from one mode to another 1is proportional to the dif-
ference in the modal energies. It is also shown that under
some conditions the average rate of flow of energy between
two sets of modes (representing groups of modes of two
coupled systems in a given frequency band) is proportional
to the difference in the set-average modal energies. Ex-
amples are presented which indicate how these relations
permit one to obtain approximate solutions to complex prob-
lems simply, on the basis of energy conservation considera-
tions.

Available extensions of the major concepts developed

in detail are mentioned, and references to the current
literature are given.
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INTRODUCTION

Recent years have seen a continuation and acceleration
of the trend toward higher performance vehicles, toward
increased propulsion system power, and toward more highly
sophisticated equipment and instrumentation. This trend
has brought with it a greater incidence of problems asso-
ciated with high frequency vibrations and has caused aero-
space englneers to concern themselves increasingly with
vibrations at frequencies considerably above the fundamental
structural resonances.

Classically, vibration engineers have focused their
attention on low-frequency oscillations, since the lowest
few vibration modes are generally the ones which are asso-
clated with the greatest deflections, the highest stresses,
and gross structural failures. However, the rather complete
arsenal of analysis techniques which have been developed for
dealing with low-frequency vibration problems contains none
which can deal simply and effectively with most high-frequency
problems, such as those of importance in relation to sonically
induced fatigue, instrumentation performance, or noise trans-
mission.

Although the classical methods are valid in principle
at all frequencies, their use is in fact very often impractical
for high frequencies, particularly for randomly excited complex
structures. The classical approach consists of determining the
natural modes, of calculating the responses of these modes to a
specified excitation of interest, and of superposing these
responses to determine the total structural response. Contin-
uous structures have an infinite number of modes, but generally
only the lowest few of these are of importance in low frequency
vibrations, so that in these cases one needs to consider only
those few modes. At high frequencies, however, a frequency band
of interest usually encompasses the resonances of a large number
of modes, and one must consider the responses of all of these
modes 1n calculating the structural vibrations in that band.

Such classical multimodal analyses may require an
amount of computation which is so great that it exceeds
the capacities of some of today's largest computers. But, one
also encounters another, perhaps more significant, limitation
on the utility of such analyses. Since the shapes of the
higher modes are much more sensitive to details of the
structure than are those of the lower modes, one must be
able to describe the structural and material properties



with greater precision in order to be able to perform
higher mode calculations meaningfully. The required
precision can generally be achieved only for fictitious
structures, in view of the manufacturing tolerances and
the variation in material properties one inevitably
encounters in realistic cases.

If one could perform a high-frequency multimodal
analysis meaningfully, one would still be faced with the
problem of interpreting the large mass of results that is
generated in such a set of calculatlions. These results
would be descriptions of the motions, within the frequency
band of interest, of a large number (ideally all) of the
points of the structure. In general, these motions will
be complex and different for different points, and one
will need to perform additional calculations, e.g. to
determine average values of various response properties,
in order to reduce the large amount of information to
tractable size.

The statistical energy analysis approach to structural
vibrations problems, pioneered by R. H. Lyon, P. W. Smith, Jr.,
and I. Dyer, was developed in response to the need for a
simple means for understanding and estimating significant
properties of multimodal vibrations of complex systems.

This approach was spawned by the realization that averaging
initially, and then carrying out calculations in terms of
average quantities, should lead to results much more readily
than the classical approach, which involves much initial
detailed calculation and subsequent averaging.

The statistical energy approach to some extent is
analogous to the "room acoustics" approach for dealing with
sound in architectural spaces. In the latter approach one
does not attempt to solve the acoustic wave equation in
detail for the complex spaces involved; rather, one analyzes
the average behavior of energy variables and interprets the
results in terms of averages of dynamic variables (e.g.,
pressures, velocities). In the statistical energy approach
one similarly does not concern oneself with a detailed
solution of the system equations of motion, but one analyzes
average energy distributions and relates those to average
response variables.

Although the term "statistical energy method" has come
into somewhat popular use at this writing, there really
exists no "method" consisting of a well-defined technique
leading to a guaranteed result (like the Rayleigh-Ritz or
the Holzer methods, for example). There does exist an



approach, which - like room acoustics - 1is one of a set of
tools, the intelligent use of which can give one approximate,
but simple and useful answers to problems which could not
otherwise be solved realistically.

The fundamentals of the statistical energy analysis
approach are scattered in the technical literature, generally
are couched in language which may discourage the non-specialist,
and in some cases have been only implied, and not spelled out
in detail. Consequently, this potentially highly useful
approach has not come to be used as widely as one may have
expected on the basis of its simplicity of application. It
is the purpose of this report to fill the apparent need for
a presentation of the fundamentals of the statirtical energy
analysis approach in easily accessible form, for an explana-
tion of its area of applicability, and for an illustration of
how these fundamentals may be used.

The first of the followlng sectlions reviews the concepts
and properties of modes of structural vibrations, and points
out some useful relations between modal response and total
average response properties. The second section derives the
basic relations that govern the exchange of energy between
two coupled modes. The third section generalizes this relation
to enable one to determine the flow of energy from one set of
modes, representing one structure or fluid system, to another
set of modes, representing another such system. The fourth
section relates some of the parameters introduced in the modal
analyses to more commonly employed, and more easily estimated
and measured system parameters. The fifth and final section
1llustrates the application of the statistical energy approach
to a special class of problems.

The reader who does not have the inclination to wade
through the considerable amount of mathematical manipulation
which appears in this report should not be discouraged. He
should ignore all those detalls and concentrate on the results
and conclusions indicated in the "Summary and Conclusions"
Ssubsections. The strong point of the statistical energy
approach, after all, is the simplicity with which the central
results can be stated and applied.



MODES OF CONTINUOUS SYSTEMS

If an undamped linear elastic system vibrates in the
absence of external forces in such a way that all points in
the system move sinusoidally in time at the same frequency,
then the system is saild to vibrate in a "natural mode" - or
"mode", for short. This type of vibration is a very special
member of the class of all possible types of free vibrations,
and possesses some useful properties, several of which are
reviewed in the present section.

The various points in an undamped system vibrating in
a natural mode generally oscillate at different amplitudes,
but are either completely in phase or out of phase with each
other. All points reach their maximum excursion (some in
the negative and some in the positive direction) at the same
instant, all points pass through their equilibrium positions
simultaneously, and all points reach any fraction of thelr
maximum excursions simultaneously. Thus, a natural mode
oscillation may be characterized by a spatial distribution
of deformations (e.g., by the distribution of deflections at
any suitable instant), multiplied by a sinusoid in time and
a constant which 1s indicative of the amplitudes.

The spatial distribution of deformations is called a
"mode shape'. Functions describing a given mode shape may
differ from each other by a multiplicative constant, since
the definition of the mode shape is arbitrary to that degree.
However, once a mode shape function has been selected, the
constant by which one must multiply this function so that it
represents a given modal vibration is fully determined. This
latter constant is called "modal amplitude"; a specified modal
amplitude and mode shape function together define a unique
distribution of deformations.

The frequency at which a system in absence of external
forces vibrates with a given mode shape is called the "natural
frequency'" corresponding to that mode. A continuous elastic
system can vibrate in an infinite number of different modes,
with an infinite number of corresponding natural frequencies.

The discussion of modes presented here is of necessity
limited in scope and rigor. A clearly written more complete
treatment may be found in Reference 1l; a collection of infor-
mation on the modal properties of simple systems 1s available
in Reference 2.



Mode Shapes and Natural Frequencies

The linear partial differential equations that govern
the motions of undamped continuous elastic systems (such as
strings, membranes, shafts, beams and plates) in absence of
external forces may be written in the form

o

Lu+Ku=0 . (1)

Here K 1s a linear differential operator which involves only
the spatial coordinates and represents the stiffness charac-
teristics of the system, and 1 1s a function of only the
coordinates and describes the mass distribution of the system.
The symbol u denotes the deflection of the system from equi-
librium as a function of time t and of the spatial coordinates,
and the dot atop a symbol indicates differentiation with
respect to time.

[For example, for a shaft in torsion u=u(x,t) denotes the
torsional angular deflection as a function of the position
along the shaft and of time. The corresponding operators
for Eq. (1) are

~ o )
u=pJ,K=--a§<KSG&> g

where p denotes the material density, J the polar moment

of inertia of the cross-sectional area, Kg the torsional
constant of the crosssection, G the shear modulus of the
material. In the most general case all of these parameters
may be functiors of the coordinate x measured along the
length of the shaft.

Similarly, for a flat plate in flexure, u=u(x,y,t) denotes
the displacement of the plate normal to its midsurface,
as a function of coordinates x,y along that midsurface
and of time. Here

o 2
b= pg(xy), K= (0 v

where p_ denotes plate mass per unit surface area, and D
represeﬁts the plate flexural rigidity, usually given as

Eh3/12(1—v2) for homogeneous plates of thickness h, ,
Young's modulus E and Poisson's ratio v. The symbol V
represents the "Laplacian" operator; in the usual Cartesian
2 2
coordinates V2 = S§§-+ 595 . In the most general isotropic
b y

case, py and D may both vary with x and v. ]

-5-



Natural modal vibrations are defined as free (unforced)
vibrations in which all points move in unison, sinusoidally
in time, at the same frequency. Such vibrations correspond
to solutions of Eq. (1) which are of the forml

u(x,y,t) = ¢(x,y) [B cos(wt + C)] (2)

in which the spatial and time dependences are separated and
where B and C are constants. Substitution of Eq. (2) into (1)
yields the time-independent partial differential equation

Ky - oPuy = 0 (3)

which the function ¥(x,y) of the spatial coordinates must
satisfy.

One finds that solutions y of Eq. (3), which satisfy the
boundary (edge) conditions applicable in a given case and which
are not identically zero, exist only for certain values of the
frequency w. These values are called the natural frequencies,
and the corresponding solution functions ¥(x,y) are called the
mode shapes of the system. To each n-dimensional system
(n=1,2,3) there correspond n-fold infinite sets of natural
frequencies and mode shapes. To each two-dimensional system
(plate, membrane) there correspond doubly infinite sets of
natural frequencies Wy and mode shapes wdk(x,y); Jok = 1,2,09e,
which satisfy Eq. (3)Y6r

Ky (x,9) - of wpy (x,y) =0 . (4)

Orthogonality and Normalization of Mode Shapes

The mode shapes of systems whose edges are elastically
constrained against lateral and rotational deformation2 possess

1From here on the notation used 1s that for two-dimensional
systems. Expressions applicable to one- and three-dimensional
systems can be deduced by direct analogy. (Also, see Ref. 2.)

2Zero and infinite values of constraint stiffness are permitted,
but in the general case the boundaries exert restoring forces
which are proportional to the deformations and/or restoring
moments which are proportional to the rotations. Infinite
lateral stiffness and zero rotational boundary stiffness
corresponds to the usual "simple support" conditions. The
case where both stiffnesses are infinite corresponds to clamped
edges; that where both are zero corresponds to free edges.
(p. 269, Ref. 1.)

..



the useful property of "orthogonality". Mathematically,
this means that the mode shapes satisfy

mwjk for j=J', k=k'

ff H(X:Y) ij(x:y') "I’thl(x:Y) dAS = (5)
A

s (9] otherwise

where the integration is carried out over the entire elastic
system (here shown as over the entire area Ag of a two-
dimensional system). In other words, if the integral of

Eq. (5) involves two different modes, then the result is
zero, but if it involves the same mode twice, then the
result is a finite number. This number has been denoted by
(m¥ 4.), where m denotes the total mass of the system, and
satisfies

m¥ g E\ly‘u(x,y) w?k(x,y) dx dy (6)
A
S

in accordance with Eq. (5).

One may observe that multiplication of ¥ by an arbitrary
constant does not affect Eq. (3) and that hence this equation
defines ng y) only within an arbitrary multiplicative constant.
Equation 65 therefore involves a similar arbitrariness., It
is generally useful for analysls purposes to "normalize" the
mode shapes ¥ 4x(x,y), - that is, to set down some more or less
arbitrary rulg for determining the multiplicative constant to
be used in a given analysis. One commonly used rule (but by
no means the only one) requires ¥ i, =1 for all j and k, so that
m¥ k in Eq. (6) reduces to the total system mass m. If this
ruie 1s used, then the mode shape functions satisfy

\[y‘u(x,y) wij(x,y) dx dy = m =\[7‘u(x,y) dx dy (7)
A A

S S

in addition to Eq. (4).



[For example, for torsional vibrations of a uniform shaft
clamped at one end (x=0) and free at the other (x=L), one
finds

¢j(x) =+2 sin[(2j-1)mx/2L], = [(2J-1)7/2LIWK_G/pJ.
For a uniform rectangular plate extending from x=0 to x=a

and from y=0 to y=b, and simply supported on all four
edges one finds

wjk(x,y) = 2 sin(Jrx/a) sin(kry/b) ,
g = 1r2(32/a2 + k2/b2)aJD/pSh ol

Representation of Deformations in Terms of Modes

Any mathematically "well-behaved" system deflection
u(x,y,t) may be expressed as a sum

w78 = ). ) Upelt) wpelny) (&)
3=1 k=1

involyving the mode shapes ¥, and "modal amplitude coefficients"
U (t), which depend only offtime (Refs. 1,3). To evaluate these
cgefficients one may proceed in a manner which is analogous to
that used to obtain a Fourier series expansion of a given func-
tion. If one multiplies both sides of Eq. (8) by w(x,¥y)¥qr(x,¥)
and integrates over the entire elastic system, then one fings in
view of the orthogonality relation (5) that only one of the
integrals of the sum will not vanish. (Namely, that for which
J=J' and k=k'.) With the normalization of Eq. (7) the value of
thls non-zero integral is m, and thus one obtains the result

Ujk(t) = %\zyﬁu(x,y,t) ¢Jk(x,y) n(x,y) dx dy (9)
A
S

which permits one to determine the coefficient U,, (t) which
c?rrespgnds to the mode shape wjk(x,y) for a givég deformation
VX7 T )



Modal Analysis of System Motions

The deflection of a viscously damped elastic system due
to the action of a distributed load p(x,y,t) is governed by a
differential equation of the form

LU+va+Kus=np(x,y,t) (10)

where the various terms have the same meaning as in Eq. (1),
and Y 1s an operator or function which involves only the
coordinates and which accounts for energy dissipation (viscous
damping) in the system.

In order to determine the equations that govern the
responses of the modes of the system one may substitute for
u(x,y,t) in Eq. (10) the series given in Eq. (8). If one uses
Eq. (4) to replace the terms involving K by others involving u,
one obtains

E: E:(F ﬁJk +y Uy +u w?k UJK) Vye(x,¥) = p(x,y,t). (11)
J=1 k=1

Now one may again try to use the strategem that was employed
in the derivation of Eq. (9). Namely, one may multiply both
sides of Eq. (11) by ®%a4,,:(X,y), integrate over the entire
system, and apply the gr%hogonality condition. However, in
general the damping operator ¥y and the mass distribution n
may not be related in any manner which permits one to apply
to the v terms the orthogonality condition of Eq. (5) which
involves u.

Fortunately, the speclal case where v=Bfu, with B a constant,
turns out to be a useful one, and may serve as a good approxima-
tion for many kinds of lightly damped systems. In this case the
previously discussed strategem does work. Its use in conjunction
with the normalization of Eq. (7) ylelds a result which one may
write as

mHJk+°ﬁJk+KJk UJk=FJk(t) 3 (12)

if one defines



(¢}
1]

- 2
m B Kjk =m ka
(13)

F . (£) E\[Y‘p(x,y,t) ¥ (x,¥) ax dy.
A

S

For a given elastic system subject to a given loading,
the "modal mass" m, the "modal damping coefficient" ¢, and
the "modal stiffness" Ky are constant, whereas the "modal
force" Fi, is a function of time only. Equation (12), which
governs ghe modal coefficients Uiy, may be recognized to be
the same as the well-known equation that governs the displace-
ment of a linear single-degree-of-freedom system consisting of
a mass m, mounted on parallel arrangement of a spring (with
stiffness Kjk) and dashpot (with viscous damping coefficient &)
and subject to a force ij(t) which varies with time.

Tt is of interest to note that Eq. (12) applies for each
mode (i.e. for all values of j and k), but that the equation
for a given j and k does not involve terms in other values of
j and k. There is then no interaction between the modal motions,
and the modes are said to be "uncoupled". Such uncoupling does
not occur in the most general case, in which orthogonality cannot
be applied to the damping terms involving 7Yy, and in which a sum-
mation involving all modes would appear in Eq. (12) instead of
the single ¢ U term. However, as mentioned previously, one
may usually ighore this damping coupling for 1lightly damped
systems.

Spatial Averages of Deformations; System Kinetic Energy

If one squares both sides of Eq. (8), multiplies the result
by &, and integrates over the entire system, one obtains

00 Load 00 00

ulyﬁug(x’y’t) h(x,y) ax dy'=:§: EZ E: E:\KY‘UJk Upner¥ g grertdx dy
A
S

j=1 k=1 j'=1 k'=1 As

= i iuik(t)

j=1 k=1

(14)

=10=



where the second form of the right-hand side follows from
orthogonality, Eq. (5), and from Eq. (7). The weighted
spatial average value of u2, with the averaging done over
the entire system and with p belng used as a weighting
function, is defined as

) = [ w2 rre) wtxw) ax ar ][ woxn ax oy
Ag By

(15)
By comparing this expression with Eq. (14) and (7) one finds

that
= Z ZU?k(t) (16)
J=1 k=1

and thus that the weighted mean square displacement is equal

to the sum of the squares of all the modal displacements

Us (t). For uniform systems, in which the mass distribution

i858 constant, the weighted mean-square displacement is equal to
the ordinary mean-square displacement, as may easily be verified
from Eq. (15); Eq. ?g6) then applies to the ordinary mean-square
displacement.

If one writes an expression like Eq. (14) in terms of the
velocity v(x,y,t) and the corresponding modal velocity coeffi-
cients Vi), then the integral on the left-hand side of that
expressign may be seen to represent twice the total kinetic
energy TT of the system. Thus, one may write

Tp(t) = eff Pl A = ) ZTka (17)
J=1 k=1

where

Ty (t) = B V(t) (18)

e



denotes the kinetic energy associated with mode (J,k).
Equation (17) shows that the total kinetic energy is equal
to the sum of all of the modal kinetic energies,_and also to
% m v2, where the weighted mean-square veloclty v2 is defined

analogously to @ 41 Eq. (15).
Expressions for the time- and space- averages may be

obtained, of course, simply by averaging both sides of
Egs. (165-(18) with respect to time.

Summary and Conclusions

The definition of modes of elastic systems and the
properties of such modes have been reviewed in rather general
terms in the present section.

It has been indicated that any physically reasonable
displacement, velocity, etc., distribution can be represented
as a superposition of corresponding modal distributions.

Orthogonality of the modes, which applies for systems with
elastically constrained boundaries (and thus for all the usually
considered ideal cases and for most of those generally of prac-
tical interest), has been shown to lead to uncoupled equations
of motions for the individual modes, except where interaction
occurs due to damping.

The uncoupled modal equations of motion have been
demonstrated to be precisely of the same form as those for
independent single-degree-of-freedom mass-spring-dashpot
systems. Thus, by use of the concept of modes one may replace
the complex problem of determining the motions of a continuous
distributed elastic system by the much simpler problem of eval-
uating the motions of single-degree-of-freedom systems which
represent the modes of the elastic system. The motions of the
total system may then be obtained by superposition of all of the
modal motions, spatial averages of motion quantities may easily
be determined from the corresponding modal amplitude coefficients,
and the total kinetic energy of the system may be found simply by
adding all of the modal kinetic energies.

8.



POWER FLOW BETWEEN TWO MODES

In many practical problems involving the vibrations of
complex elastic systems, particularly where the excitations
and responses are random, one is more concerned with under-
standing the interactions of various parts of complex elastic
systems and with estimating average vibration levels, than
with obtaining more detailed information about the system
vibrations. One finds that energy analyses are particularly
useful in such cases. These analyses tend to be simple, since
they can make use of the easily applied concept of conservation
of energy. And, as evident from the previous sectlon, if one
knows the kinetic energy of a system one knows its mean-square
velocity.

Before concerning oneself with the interaction of two
(or more) interconnected elastic systems, where each system
contains many modes, one may do well to develop an understanding
of the interaction of Jjust two modes. It is clear that in the
steady state the vibrational energy of a mode of a two-mode
system is affected by the power supplied to the mode from
external sources, by the power dissipated by the mode, and also
by the power that the mode in question receives from (or supplies
to) the other mode. The directly supplied and the dissipated
powers can generally be evaluated and related to modal parameters
and energies with relative ease. In order to make an energy
approach useful, however, one also needs expressions which relate
the mode-to-mode power flow to modal energles. It is the purpose
of the present section to develop such expressions.

It has been pointed out that a mode of an elastic system
behaves precisely like an ideal single-degree-of-freedom system
consisting of the modal mass mounted on a spring (having the
modal stiffness) and a dashpot (with the modal damping coeffi-
cient). Consequently, the energy transfer between two modes is
studied here by analyzing the corresponding behavior of two
coupled mass-spring-dashpot systems, as shown schematically in
Fig. 1. In order to facilitate the analysis, and since linear
systems are of primary interest, all of the present discussion
is restricted to linear coupling.

The concepts of impedance and admittance are reviewed in
the first of the following sections. Thereafter the restrictions
which the assumption of conservative coupling places on these
quantities are delineated. (Conservative coupling is coupling
which neither dissipates nor supplies energy, and thus is of
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primary interest where one wishes to study the energy flow
between systems.) Next are developed expressions for the
modal kinetic energies. Finally, it is demonstrated that

the time-average power flow between two modes is proportional
to the difference in the time-average modal kinetic energies
under some conditions which are often approximated in practice.

Admittances and Impedances

In order to maintain as much generality as possible, it
is useful initially to place no restriction on the coupling
element L of Fig. 1, except for requiring it to be linear.
This restriction implies that L can give rise only to linear
terms in the equations of motion, so that response variables
(displacements, velocities, etc.5 are proportional to excita-
tion variables (forces, rate of change of force, etc.),
regardless of any of the amplitudes involved.

The properties of linear systems subject to purely sinu-
soldal excitations may be studied conveniently by use of phasor
notation (Ref. 4). In this notation each sinusoidally varying
dynamic variable is represented by a complex quantity or "phasor",
and the actual time functions are obtained by taking the, real
part of the product of the corresponding phasor and e~ wt, where
® denotes the radian frequency, t time, and 1 =+/-1. Thus, for
example, if Yj 1s the phasor corresponding to the velocity Vj(t),
then

Vj(t) = Re[y_'j éiwt] = Re[yj]-cos wt + Im[KJ]~sin wt . (19)

In view of the linearity of the two-mass system of Fig. 1
the velocity phasors of the two masses obey the relation

Ly = gy &y F Lgg By

(20)

L™= g Oy e B

where Ei and I'y denote phasors corresponding to the forces Fl
and F,.” The qﬁantities Y. are called "admlttances"; from

Egs. “(20) it is evident that Yy, = V1/F; if Fp = 0, Yy, = V;/Fs
1P Py =0, Y5 = YQ/El if F, = 0, etc.

14—



By solving Egs. (20) for F and F, one finds that one

may write =
By =g ¥y v 45 g
(21)
Ep =25 ¥) +2,, Y,
where
Z01=Y5p/Ds  2,55=Yy1/D, Zy,=-Y,,/D,  Zyy=-Y,,/D
(22)

D=Y19¥pp = Yyp¥p7 -

The Z,g quantities are called "impedances". From Egs. (21)
one may observe that Zjj=F;/Vq if V5=0, Z;,=F;/V, if V,=0, etc.
Alternately, by solving Egs. (21) for V; and Vo one obtains
Egs. (20) and finds that the admittances may be expressed in
terms of the impedances as

Yy =2po By Ypp=2yy /By Yy =-21,/E, Y5y=-Z5/E -
23

E=Z,1205p7215257=1/D

The impedances and admittances in general are complex
quantities and functions of the frequency w. They depend in
general on the uncoupled system parameters, as well as on the
coupling element.

Implications of Conservative Coupling

In order to study the flow of energy between systems it
is useful to introduce the restriction of conservative coupling
in addition to that of linear coupling; that is, to postulate
coupling which neither dissipates nor supplies energy. Only
for such coupling is the energy leaving one of two coupled
systems equal to the energy reaching the other, and only for
such coupling can one speak unambiguously of energy flow from
one system to the other. The present section consequently is
concerned with the restrictions which are imposed on the various
admittances and impedances by the requirement that the coupling
be conservative.

-15-



Conservation of energy demands that in the steady state
the total work done per cycle by the external forces be Just
equal to the total energy dissipated per cycle. In view of
the well-known relations between power and forces and veloci-
ties 1n complex notation, as also summarized in Ref. 55 ‘this
statement of energy conservation may be written as

1

> ®

1 3
i vx] = =lv
Re[F1 l] Re[F ] 2'

11, |2
2 RelEV3 Yy 1" Relzyy ] + 310, % Relzy,]

(24)

where the asterisk indicates the complex conjugate of the
quantity to which it 1s appended.

8 Bstitution for F; and F, from Eqs. (21), replacement
of IXJT by V,V¥, and eliminatIon of terms common to both
sides of the resulting equation, permits one to reduce the
foregoing relation to

RelZ,, ¥, VY +2, ¥, V51 =0 . (25)

Since V,VY¥ = (V,VX)*, this result implies

(Re[221] + Re[zle]) Re(ylzg) -

26)
(Im[Z,, ] - Im[Z,,]) Im(V,V%) = O. (

But this relation must hold for all V, and Vp, and thus for
all values of Re(zlyé) and Im(y.yé). Consequently the coeffi-
cients of these two quantities %n the foregoing expression
must vanish, and

Re[Zel] = - Re[ZlE]

(27)
Im[221] = Im[Z 12]

Conservative coupling thus implies that the "transfer

impedances" satisfy

Tnn = = ZE |z

18 21 ]_Ql = IZgll s (28)
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and in view of Egs. (22) or (23), that the transfer admittances
obey

¥yl = ¥l . (29)

Time-Average Modal Kinetic Energies

Since it is desired to develop relations which express the
power flow between modes in terms of the time-average modal
kinetic energles, it is of interest first to study these energies
from a rather general viewpoint.

Clearly, the time-average value of the kinetic energy ’I‘J of
a mode J is given by

m
<r> = ol <Vi(e)> (30)

J

where ms denotes the modal mass (or the mass of the system
of which j 1s a mode) and Vi the modal velocity, and where
the brackets <---> indicate'averaging with respect to time.
The time-average value of the square of the modal velocity

1s also known as the mean-square modal velocity; it is inde-
pendent of time, in the steady state. The problem of deter-
mining the average kinetic energies thus corresponds to that
of finding the mean-square velocities, and these may be found
from the veloclitlies per se.

If the velocity of mass 1 of Fig. 1 due to a unit impulse
force 6(t) acting on this mass is given by y;1(t), then the
velocity V,(t) due to a general force Fi(t) acting on mass 1
may be expressed as a convolution (Refs. 1,6):

(=]

V.(6) = [y, (@) Flta) @ . (31)
-00
Here @ is a dummy time variable, which disappears after the
integration is performed and limits are substituted. Similarly,
if the velocity of mass 1 due to a unit impulse force acting on

mass 2 1is given by ylz(t), then the velocity of mass 1 due to a
general force Fé(t) acting on mass 2 may be written as

- 00

where B is again a dummy variable.
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According to the superposition principle, the response
produced by a combination of excitations acting on a linear
system 1s equal to the sum of the responses due to the indi-
vidual excitations. Thus, the velocity Vl(t) of mass 1 due
to the combination of a force Fl(t) acting on mass 1 and a
force Fz(t) acting on mass 2 may be expressed as

v,(6) = [ vy,(0) Fy(t0) aa + [y ,(8) Bp(t-B) aB .  (33)

The mean-square value of Vy(t) is obtained by squaring
the foregoing equation and averaging over all time.® If the
two integrals of Eq. (33) are denoted by J11=Jll(t) and
J12=J12(t), respectively, one may write

Bl 2
VD = <(I43,)5 =<l > + 0> + xa, 3> . (34)

The mixed product term may be expressed as

<Jpq 9120 =ff v11(2) ¥1,5(B) <F (t-a) F,(t-B)> d= ap , (35)

-00 =00

where the averaglng brackets have been placed only around those
quantities which involve the variable t, with respect to which
the averaging is to be performed. If F& and F2 are uncorrelated,
that is if

fFl(t-Ot) F,(t-B) dt = 0 (36)

for all @, B, then <F,(t-a) F.(t-B)> = 0, and consequently
oot 1 2

3In most cases one obtains an adequate approximation by
avera 1?g over many periods of the lowest frequency contained
in V,(t).

1
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The first term of Eq. (34) may be written analogously
to Eq. (35) as

@2p = [ [ y11(@) vy3(8) @y (t-a) B (6-p)> qwap . (37)

-00 =00

Here the term within the averaging brackets may be recognized
as the autocorrelation function R; of F1(t); this autocorrela-
tion function obeys the relation ~(Ref. 6, pp. 20, 32-34)

R, (a-B) = <F,(t-a) F,(t-B)> = <F;(t) F,(t-o+B)> =

é;JPSI(w)eiw(a-B) dw (38)

where Sl is defined as the mean square spectral density of the
stationary random force Fl(t) and is related to the autocorrela-
tion function as

©0

5,(®) = [ R(T)e™ T ar . (39)

- 00

The functions S, (w) and Rl(T) are a Fourier transform pair.
So also are the impu}se responSe and frequency response functions
ka(t) and YJk(w), which for all j,k, obey4

It should be pointed out that several different valid Fourier
transform definitions may be used. These differ only in the
coefficients attached to the integrals, but all result in a
factor of 1/2r for a complete transformation cycle. E.g., some
authors use 1/+2r in each transformation. Here 1/2r has been
used where the integrations are performed with respect to w

and unity where the integrations are performed with respect to T.

It is also important to note that Eqs. (38)-(40) involve both
positive and negative frequencies (and times), whereas only
positive frequencies have physical meaning. An experimentally
determined spectrum (involving only positive w) may be converted
to a spectrum corresponding to Egs. (38) and (39) by halving
the measured spectrum at each w and plotting the result at both
positive and negative numerical values of o (Ref. 12, pp. 11,12).

=]
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vp®) = & [ 1@ @, v ) = [y e T ar

- 00

(40)

ng(w) = \/\yjk(T)ein dar.

Substitution of Eq. (38) into (37) gives

= [ [ [ v, 5,0 5,(0) °CP) g qa ap

0 00

=fmsl(w)[fyll(a) el dd‘fyll(ﬁ) g da] -

- 00

(41)
=fsl(w) v¥, (@) ¥, (@) do =fm81(w)|Yn(w)|2 do .
Analogously one may write
£15.5 =fw82(w) ¥ ,(0) % do (42)

where stw; denotes the mean-square spectral density of the
force F2 t)s

Substitution of the foregoing results into Eq. (34)
permits one to write the mean-square velocity <V§> of mass 1 as

<> =fSl(w)|Yll(w)|2 da +f82(cn) ¥,,1? d ; (43)
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and to set down by analogy the mean-square velocity of mass 2 as

B = [ 5,(0)]%,12 @+ [ 5,0) |12 @ . (41)

Calculation of Net Power Flow Between Modes
by Superposition of Flows

In order to study the power flow (i.e., the rate of flow of
energy) from one mode to another it is convenient to consider
one force to act at a time, and then to add the power flows
obtained in the two cases to obtain the net power flow. Such
addition of power flows is permissible for statistically inde-
pendent forces F; and F,, as demonstrated below.

Since the system under consideration is linear, the force F
exerted on mass 1 by the coupling element (or by the mass on the
coupling element) obeys

F(t) = [ nyy(a,) By(t-a.) aa_ + [ hyo(B,) Fy(t-B,) aB, (b5)

in analogy with Eq. (33). Here h 1,and h,, represent impulse
response functions; h,,(t) denoteslthe cotfling force F (t
resulting from a unit "impulse of force acting on mass i, hys(t)
similarly denotes the F (t) resulting from such an impulse
acting on mass 2, ao ana Bo are dummy time variables.

The time-average power P, supplied to the coupling element
may be obtalned by multiplying the instantaneous force as given
by Eq. (45) by the instantaneous velocity as given by Eq. (33),
and averaging with respect to time. One obtains a result which
one may write

Py, = <F () Vy(£)> = Py, - B,y + AP (46)

where

-2] =



o0 0
P12a "'f fhll(ao) y11(2) <Fy(t-0;) F(t-a)> aa, da

- 00 - 00

B & -f fhle(Bo) V1o(P) <F,(t-B)) F,(t-B)> aB_ dp

(47)

AP =f f hll(ao) yle(ﬁ) <Fl(t-ao) Fe(t—ﬁ)> da ap

-00 =00

+_[ _[hle(Bo) y11(®) <F,(t-B)) F (t-a)> aB  do

For conservative coupling, the time-average power flowing
into the coupling element from mode 1 at steady state is exactly
equal to the power flowing into mode 2, so that Py, of Eq. (46;
represents also the power flow from mode 1 to mode 2. If Fi(t
and Fé(t) are uncorrelated, so as to satisfy Eq. (36), then the
time averages appearing in the integrands of the foregoing
expression for AP vanish and AP=0. Since P12 depends only on
the excitation F,(t), it may be interpreted 52 the power flow
from mode 1 to mode 2 due to the action of F,(t) by itself
(i.e., with F5=0). Ppjp may be similarly interpreted, except
that the minus sign included in its definition changes the
direction considered that of positive power flow; P5yp thus
represents the power flow from mode 2 to mode 1 due %o the
action of Fé(t) by itself.

In view of the foregoing discussion one may thus write the
net time-average (steady-state) power flow from mode 1 to mode 2
as

Pio = Fiog = Porp (48)

where now P denotes the flow from mode 1 to mode 2 if only
mode 1 is e%gfted, Py denotes the flow from mode 2 to mode 1
if only mode 2 is exc%ged, and where the two excitations are
taken to be uncorrelated.

=00



One may calculate the power flow between modes directly
by carrying out the integrations indicated in Egs. (47), as
Scharton has in essence done for a particular kind of coupling
(Ref. 7). However, one may retain a greater degree of gener-
ality and present a discussion which is relatively easily
understood by taking an approach based on Eq. (48) and on
energy balance arguments, as in the following paragraphs.

General Expression for Power Flow

If only a force F; is present (that is, if F,=0), then
mass 2 1s excited only through the coupling element, and in
the steady state all of the power dissipated by the damping
of system 2 must be supplied to this system from system 1 via
the coupling element. An analogous statement applies if F&:O
and Fo#0. Let the time-average power flow from system J to
system k be denoted by Pjy, and let the added subscript "a"
designate quantities corresponding to the Fé=o case, and
subscript "b" to the F;=0 case. In view of the previous
energy balance arguments and of Eqs. (43) and (44) one may
writes

00
>
Piog = °2<Vga> - °‘2f31(‘”) ¥,, 1< a0
- 00

- (49)
2
Poip = °1<V‘§b> =y fsz(‘”) |¥,,]° o

- 00

where S, and S, denote the mean square spectral densities of
the fordes F, &nd F,. In view of Eqs. (48) and (49), the net
power flow f%om sysgem 1 to 2, when both external forces are
acting, obeys the equation

Pis =f [c2 Sl(w) - ¢y 32(‘”)] |Yl2|2 do |. (50)

SNote that cy = Re[lelfor the system of Fig. 1, if the coupling
1s conservative. In view of the definition of Z,,, as indicated
following Eq. (22), Z;; is measured with V,=0; hénce no (dissi-
pative) elements in sysStem 2 can contribute terms to Z.,-. Since
the coupling is conservative it cannot contribute real terms to

Z31. Analogously, c, = Re[Zeg].
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Relation Between Power Flow and Kinetic Energiles

If F, and F, are "white noise" forces, that is 1if
Sl(w) = 87 and S;(w) = Sp are constant (independent of
frequency), then one may introduce the notation

T Ef ¥ 3 |? do (51)

and rewrite Egqs. (33) and (34) as

2 —
V> =83 137 + 85 Ipp
5 (52)
IVp =8) I, + 5, I,
and Eq. (50) as
Pip = Ij(e8:-¢98,) . (53)

By solving Egs. (52) for S; and Sg)in terms of <V

and <Vg>
and introducing the result into Eq. (5

2
, one obtains &n expres-
sion for the power flow P in terms of the _mean square velocities.
By expressing the mean-square velocities <V2> in terms of the
time-average kinetic energies <TJ> as indicated in Eq. (30),
one finds that one may then write

Byg s Gl = > (54)

where

e
2 1
g 112<; I+ 1 I12>

o = 1 1
12 5
10 Ioo - I1p

(55)
C (¢]
1 2
2 Ile(ﬁg 1 *% IlZ)
¢ = 5

111 Ioo - I1p
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and where one has made use of the fact that 112=121, as
implied by Eq. (29).

Power Flow for Weak Coupling

The two systems of Fig. 1 may be sald to be weakly
coupled if the transfer admittance integrals 112—12 have
values which are much smaller than those of the "self-
admittance" integrals I,; and Is0, and the transfer
impedances and admittances Z;,, 1s do not
affect the values of I ;; and I,y signigican%ly

Then, substitution of the first of Eags. (23) into
(51) yields

(o] 00 7 2 00
Tiw =‘/"Y11l2 dw =\/‘ == dw z\/\lzlll‘2 dw
L. J|Zn%e 12721 o
(56)
pr -1]-% T
~ |m1(iw) +cp + kl(iw) | dw = o ym ’
- 00 1

Note that the approximations indicated in Eq. (56) apply
even 1f the transfer impedances and admittances are not
strictly negligible (as compared to the self terms) over
the entire frequency range, provided that the value of the
integral is not significantly affected by contributions
corresponding to transfer term values which are not negli-
gible. For example, if Z and/or Z,, are small compared
to 275 and/or Z,y in certiin frequency ranges (due to
resonances of masses 1 and/or 2), then the approximations
of Eq. (56) still hold, provided that these frequency
ranges are narrow enough

By use of the previously stated requirement
I,, for loose coupling and of Eq. (56) one finds

<L I
tﬁat one may fSstate Egs. (54? and (55) as

$10 = 951 = F 10110 = ¢
(57)

Piy = ¢, (<T> - <T>)

.



Power Flow for Stiffness and Gyroscopic Coupling

If the coupling element consists of an ideal stiffness
(represented by a spring constant k ) and an ideal gyroscopic
elementé (represented by a force/velocity coefficient cg), one
finds that

Z

5
11 ml(iw) + e, + (k1+kc)(iw)

Zpp = m, (1) + ¢, + (k2+kc)(1u>)'l
(58)

"l

12 g

_ _ -1
2, = Cq kg(iw) .

One may substitute these impedances into Egs. (23) to find the
various corresponding admittances, and one may then evaluate
the integrals I3, Ioo, I12 exactly (by use of the theorem of
residues, as summarized in Ref. 9, for example, or from the
tabulated expression given on p. 72 of Ref. 6). After substi-
tution of the results into Egs. (55) and a considerable amount
of algebralc manipulation one finds that the two coefficients
¢ 5 and ¢ are here exactly equal, regardless of the magnitude
o% the coupling, and are given by

2 2

kma 4+ c¢c- a
Gy & Hyy H9, = m2m S x5 2 (59)
12 we. + (w?—wl)

éA gyroscoplc element is defined as one which produces a
negative force on mass 2 due to a positive velocity of
mass 1, if 1t results in a positive force on mass 1 due

to a positive velocity of mass 2. (See Ref. 8&.) Note
that a viscous damping element results in forces of the
same sign on both masses due to positive velocities, and
that gyroscopic coupling is conservative since the 212 and
Z,, of Egs. (58) satisfy the requirement of Eq. (28).
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where

%1 . ®s
G B d p= o 2B, §a0,)

1 M

c-k, + crk

L o
My I mpmy 2 wjoy (B 0y + €0)) (60)
@ = (k,+k_)/m @2 = (k. +k_)/m
1 1tk I/my otk,)/my

€1 5 2 mo, » By =2 myw,

The definitions of Egs. (60) w%re chosen so that wJ represents
the natural frequency of the J N mass (or mode) ifYthe other
mass 1is kept from moving, and so that £ ; denotes the ratio of
the damping coe££icient Cy to the critigal damping coefficient
2 meJ of the J mass.

The foregoing result is found to agree with that which
Scharton (Ref. 7) derived for pure spring coupling by calcu-
lating explicitly the power flow through the coupling element.
For small coupling the foregoing result also reduces to that
which was obtained by Lyon and Maidanik (Ref. 10) by means of
an explicit power flow calculation based on small coupling
approximations.

Finite Frequency Band Excitation

The previous discussion was based on force spectra S
and S» that are assumed constant for all frequencies. Th%
resulgs obtained there similarly apply to power flow and
system energies involving the entire infinite frequency band.
However, a little reflection permits one to interpret these
results also for cases where only a finite frequency band is
of interest.

One may obtaln expressions pertaining to only a finite
frequency band by replacing the infinite limits appearing in
the integrals of Egs. (4?)-(51) by the frequencies limiting
the band. Equations (52)-(55) then still apply, although the
various IJk Integrals that enter them now are different.

=T



The magnitude of the admlttance Y(w) of a not too highly
damped single-degree-of-freedom system is much greater near
the system natural frequency (resonance) than at other fre-
quencies, so thatwthe Satest contribution to the value of
the integral I =_£TY(®%T dw is due to the frequency region
near the system résonance. Consequently, the value of the
integral will be changed only slightly if the infinite limits
are replaced by finite ones, provided that the interval of
integration (i.e., the frequency band under consideration)
still encompasses the system resonance. (See, for example,
Ref. 11, or pp. 21ff, 29fF of Ref. 5.)

Similar reasoning applied to a two-degree-of-freedom
system (made up of two coupled single-degree-of-freedom
systems), which has two resonances, leads one to conclude
that the results of Egs. (56), (575, (59) and (60) also are
good approximations 1f the excitation frequency bands are
finite, but encompass both system resonances.

In view of the previously discussed predominance of the
responses near the resonances, the aforementioned results
may also be taken to be good approximations for cases where
the excitation spectra are not flat. All that is required
for these approximations to hold is that the excitation
spectra exhibit no violent peaks; 1i,e » no peaks that are of
the same order as the peaks in the ]Y] curves.

Summary and Conclusions

It has been shown in this section that the steady-state
time-average power flow from one mode to another is propor-
tional to the difference between the time-average kinetic
energies of the two modes, provided that both

1) the coupling between the two modes is
- linear (giving rise to a linear differential equation),
- conservative %neither supplying nor extracting
mechanical energy), and
- light and/or purely spring-like and/or gyroscopic;

and

2) the forces acting on the two modes are uncorrelated
and have spectra that are relatively flat (as com-
pared to the system admittance spectra) within the
frequency band encompassed by the resonances of the
coupled system.
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Expressions which give the constant of proportionality
¢ between power flow and kinetic energy difference in terms
of the characteristics of the modes and of the coupling
elements have been derived. These expressions are given in
Egs. (57) and (59).

Since the square of the difference between the squares
of the modal resonance frequencies appears in the denominator
of Eq. (59), one may note that the proportionality constant ¢c
decreases rapidly as the frequency difference increases. Thus,
the power flow between two modes whose resonance frequenciles
are nearly the same will be much greater than the flow between
similar modes whose resonances are widely separated.

The relation between power flow and kinetic energies,
which has been established in this section, permits one to
analyze the average dynamic behavior of coupled modes rather
simply on the basis of energy balance considerations. For such
energy analyses 1t is convenient to visualize coupled modes as
shown in Fig. 2. There the modes are represented as storage
elements (containing kinetic energies <T.> and <T2>), connected
by power flow P,,, supplied with power 1&puts Al and Ao, from
sources externa} to the system, and experiencing power losses
(dissipations) D; and D,, respectively.

29



POWER FLOW BETWEEN TWO SETS OF MODES

As has been discussed earlier, one may analyze the
vibrations of an elastic system in terms of the vibrations
of the set of the modes of the system. The interaction
between two elastic systems may correspondingly be studied
by investigating the interaction between two sets of modes
which represent the two systems.

The modes of an ideal system vibrate independently of
each other, as has been pointed out previously, and the
modes of lightly damped realistic systems tend to behave
similarly. Hence, the present section deals with the power
flow between two sets of modes, where the members of each
set are not coupled to each other, but are coupled to all
members of the other set.

The problem discussed in the present section may be
visualized with the aid of Fig. 3, which schematically shows
two sets of modes, one designated by "a", the other by SR
It is assumed that no power flow occurs between modes which
are members of the same set”?, but that each mode of the a
set is coupled to each mode of the B set. It is desired to
determine the flow of energy from the a set to the B set in
terms of the previously studied mode-to-mode flows, under
conditions where each of the modes of each set may dissipate
energy and may be supplied with energy from outside the system
(as indicated in Fig. 3).

In particular, it 1s desired to determine under what
conditions one may obtain relations for the total net power
flow between two sets of modes in the form

P _=¢ _.T -9¢,. T (61)

ap apg “a pa B 2

in analogy to Eq. (54), which pertains to power flow between
two single modes. Here T, and T, denote the set-averages of
the time-average modal kinetic ehergies, which are discussed
in more detail in the subsequent paragraphs. Moreover, one
desires to establish for coupled sets a power flow diagram
like Fig. 4, in analogy to the power flow diagram of' Blg. 2;

which pertains to two coupled modes.

Throughout the following discusslon it is assumed that
the power flow between each pair of coupled modes is propor-
tional to the difference between the time-average modal kinetic
energies, as indicated by the second of Egs. (57). It is con-
venient for the present purposes to rewirte the aforementioned
expression as

"No power flow between these modes occurs either if these modes
are not coupled to each other, or if all of these modes contain
equal kinetic energies. See Eq. (57).
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Pay,Bk = ¢GJ,BK(TGJ - Tg) - (62)

Here P, denotes the power flow from the Jth mode of the

a set $878Ke Kkth mode of the B set, and T,, and Ty denote the
time-average kinetic energies of these twoJmodes ?5ue to
effectively white-noise excitation), in agreement with Eq. (57).
In Eq. (62) and subsequently the brackets previously used to
designate time-averages are omitted for the sake of economy of
notation; however, all kinetic energy and power flow quantities
appearing here and henceforth are intended to represent time-
average values.

Power Flow Between Mode Sets in Terms of Set-Average Energies

The total power flow P from mode set @ to mode set B
is the sum of all the indiv%gual mode-to-mode power flows.
If set @ contains N, modes and set P contains Ng modes, then
one may express the set-to-set power flow as

Ny
Pus =j;

in view of Eq. (62).

N. N
Q
Paj,pk = EE Ef a3,k Tay - Tay) (63)
Tl Tl

Del=

k

1l
=

The set-average modal kinetic energiles T and TB of the
two sets are defined as

§ Nf
=1 .

N, N Ny N

ZZB"’ (g - T = 2 ), T ¢f‘°‘fq; 6
aj,pk' ey T Bk T TN, ag = Ny Bk (65)

J=1 k=1 =1 k=1
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must hold for all values of Tqs and T K Consequently the
set-to-set coupling factors muét obeyﬁ

Nd §$ Na
%op = [Na Z %aj,Bk TaJ] " [Z Taj]
J=1 k=1 J=1
(66)
Na N N
%a = [NB f %a3,pK Tﬁk] # [f TBk]
J=1 k=1 k=1
and the equivalent relations
5@ Nd Na
1
%ap = Nalg N“Z <Z %a,BK TaJ> ‘“< TGJ>
Bk:l = J:l
(67)

No[, Mg N
1 .
Y8a = Nollg EZ <Z %a 3,8k TBk) *< Zﬁ TBk>
J=1| k=1

k=1

The latter expressions have an interesting interpretation.
The term within the large square brackets of the first of the
foregoing equations is the weighted average of the ¢ 7,8k
coefficients (for a given value of k), with the modag 2
energies Taj acting as weighting factors. The term within
the curved “brackets may be seen to be the average (over all
values of k) of the aforementioned welghted averages. Thus,
¢qp 18 N No times the average value of ¢, (in the pre-
v?ously %ngicated sense); this implies thaé’%ﬁe power flow
between mode sets is equal to the average mode-to-mode flow
times the number of mode pairs between which power flow occurs.
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Modal Energy-Independent Coupling Factors

If the set-to-set coupling factors ¢a and ¢aa depend
on the modal energies T,, and Tg, as in EqS. (66)"and (67),
then use of these factorg in . (61) does not simplify the
calculation of power flow between mode sets. However, in
some cases the coupling factors do turn out to be independent
of the energies ThJ and T., 's, and then Eq. (61) does present
a convenient means*for ca?gulating the set-to-set power flows.
Conditions under which the coupling factors tend to be inde-
pendent of the energies are explored in the present section.

Uniform Coupling

For the case where all of the mode-to-mode coupling
factors are equal, that is, where ¢, Bk = ¢_ for all J and k,
one finds that the set-to-set coupliﬂg ¢oerricients of Eqs. (66)
or (67) are independent of the modal kinetic energies and are
given by

bap = Poq = NoNg ¢, | . (68)

One may observe, as also previously mentioned, that here the
set-to-set coupling coefficient is N N, times the mode-to-mode
coefficient, and that N,N, 1is the nufiber of mode-to-mode paths
along which power can f?o from members of one set to members
of the other.

Equation (57) indicates that the assumption of uniform
coupling may be useful under some often-encountered practical
circumstances. If all modes of set "a" are similar to each
other (i.e., have nearly the same resonance frequency and the
same amount of damping), if all modes of set "B" are similar
to each other, and if all @ modes are similarly coupled to all
B modes (i.e., if all mode-to-mode coupling is characterized by
the same kinds and magnitudes of coupling elements), then all
the mode-to-mode coupling factors will be the same. Thus,

Eq. (68) applies to mode sets that satisfy the foregoing
similarity criteria. Indeed, an essential step in the prac-
tical application of the statistical energy approach consists
of organizing the set of all modes of a system into subsets
within which all modes have similar characteristics, so that
relations like Eq. (68) can be applied to these subsets.
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Uniform Modal Energiles

If all of the modal kinetic energies in set "a" are
equal, and if the same is true of set "B", so that one may
write T, =TG0 for all J and T =Tﬁo for all k, then Egs. (66)
or (67) dre™round to reduce £

=12

¢aJ,5k s (69)
k:

Il
=

NG.
%ap = Ppa =Z
j=1

This expression indicates that here the set-to-set coupling
factor is equal to the sum of the mode-to-mode factors for

all coupled mode pairs. (This sum clearly is equal to N,N

times the average value of the mode-to-mode coupling fac%o

between all "a" and "B" modes.)

In order to investigate the circumstances under which
the assumption of uniform modal energies is a realistic one,
one needs to study the general modal kinetic energy Tﬁk'

An expression for this energy may be obtained from a £
steady-state time-average energy balance relation for the k—
mode of set "B", which relation may be written as

Na

Agy + Z Paj,pe = Dok (70)
3=l

or
Na
e

Mo+ ), fag,ocTay T = o Mgy Bk - (71)

3=1

As indicated in Fig. 3, A e represents the power supplied to
the mode directly from ex%ernal sources, D denotes the power
dissipated by the mode (which depends on tgg modal viscous
damping coefficient ) and on the mean square velocity, and
thus on the modal kine%ic energy T k)’ and Pa B denotes the
power supplied from the jth mode o% the "a" 3dtP¥o the mode
under consideration.
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Solution of Eq. (71) for Ty yields

Na Na
2c
_ . Bk
T = <Af3k o Zl %o,k TaJ) o < Bege | i ¢°‘J,Bk> » (72)
j= j=

which expresses the kinetic energy Tk of the single mode Bk

in terms of the modal and coupling parameters and of the
energles Taj of all of the modes of the "a" set. One may use
Eq. (72) toYinvestigate under what conditions all of the "B"
modes possess approximately equal time-average kinetic energies.

If those terms of Eq. (72) which contain the coupling
factors are negligible compared to the others, then this
equation reduces to

TBk = ABk msk/2 Cay . (73)

For negligible coupling the power input may be shown to be
given by?®

8If coupling effects are negligible, then the power input is
equal to the power dissipation, or (omitting all subscripts
since only one system is being considered here)

A=D=c<V> =¢SI =7S/m ,

in view of Egs. (52) and (56).

One may verify that one may obtain the same result by direct
calculation of the power input:

A = <F(t) V(8)> = [ y(a) <F(t=a) F(t)> aa .

Since the force autocorrelation function R (e) is related to
the spectrum S of a white noise force (Ref. 12) as

<F(t-a) F(t)> = Ry(@) = 27 S, 6(a) ,
where 6(a) is the delta or unit impulse function, the above
reduces to .

A= 2WS_£ y(e) 6(a) da = wS[y(o+) + y(0-)] = 7S/m ,

since y(0+) = 1/m, y(0-) = O.
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Ay =T SBk/mBk > (74)

where S k denotes the spectral density of the force which
acts digectly on the Bk mode. One may then rewrite Eq. (74) as

Tax = (1/2)(Sg/eg) - (75)

This result indicates that in the presence of small coupling
the kinetic energies of all "B" modes will be equal if the
excitations are adjusted so that the ratio of modal force
spectral density to modal damping is the same for all modes.
As a special case, if all modes of the B set are equally
excited and equally damped, then they will have equal kinetic
energies.

Some other observations relevant to uniform distribution
of energies may be made from an analysis of indirectly excited
modes. If the modes of the "B" set are lightly damped and not
directly excited (A, =0) then the net power flow to the jth
mode from all the mgges of the "a" set must be very small,
and one may determine from Eq. (71) or Eq. (72) that

Na NCl
Tok z< Z ®ay,pK TGJ) - < Z ¢0‘J,Bk> (76)
J=1 J=1

Equation (76) shows Tg, here to be a weighted average of
all of the Tgi's (with the coupling coefficients ¢a acting
as weighting %actors . One notes that the kinetic éngggies
Tq, of all of the "B" modes will be equal if the sums appearing
ingq. (76) are independent of the index k, or if all of the
"a" modes have the same kinetic energy Tyi. Thus, if the total
coupling to all "B" modes is uniform, and}br if the energy
distribution in the "a" set is uniform, then the energy
distribution in the indirectly excited "B" set will also be
uniform.

Equation (76) also implies that the distribution of
energies Tgy in the indirectly excited "p" set will generally
be smoother than that of the energies Ty4 in the "a" set, if
the summations do not depend very strongiy on the index k.

In other words, the Tgy's will approach equality to each other
more closely than do gﬁe Taj's{ provided that the coupling of
the "B" modes to all of the""a" modes is about the same for all
of the "B" modes.
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One may thus visualize the behavior of a cascade of
lightly damped mode sets, where only the first set is
directly excited, where each set is relatively loosely
coupled to its neighbors, and where the mode-to-mode
coupling for each pair of adjacent sets is more or less
uniform. (This does not imply that the mode-to-mode
coupling need have the same value for all set pairs.)

If the first set of such a cascade is excited so that an
arbitrary distribution of kinetic energies is produced in

it, then the second set will attain an energy distribution
which is more uniform than that in the first, in accordance
with the previous paragraph. Similarly, the energy distribu-
tion in the third set will then be more uniform than that in
the second, and so on.

Power Flow in the Ensemble Average

In practice one rarely deals with structures whose every
detail is precisely known. For example, manufacturing toler-
ances produce geometric differences, and variations in material
properties result in deviations from ideal homogeneity and
isotropy. Hence, one may expect to encounter some differences
in the properties and distributions of modes in nominally
identical structures, and thus in the responses of these
structures to the same excitation. In order to study the
behavior of "average" structures, one is led to consider the
power flow that may be expected to occur "on the average"
between two elastic systems, where each of the two is a member
of an ensemble, and where the members of each ensemble can
differ from each other to some degree.

Instead of dealing with only a single "a" set and a
single "B" set of modes (corresponding to a single @ elastic
system and a single B elastic system), it is necessary here
to deal with collections or "ensembles" of such sets (corres-
ponding to ensembles of elastic systems). The problem to be
considered here consists of determining the ensemble average
of the time-average power flow between @ and P mode sets, in
terms of the ensemble average of the time-average kinetic
energles.

Consider an "experiment", where one selects at random
from the ensembles one set of the type @ and one of the type B,
subjects each of the selected pair of sets to a specified
excitation, and measures the time-average power flow and
kinetic energies. It 1is desired to express the average power
flow measured in a number of such experiments in a form
analogous to Eq. (61), as
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~ e

Pap = Pup Ta = Ppa Tp > (77)

where the bar denotes the average of the values obtained in
these experiments (i.e., the ensemble average) and the tilde (~)
is intended to differentiate the present coupling coefficients
from those of Eq. (61), which pertain to two fully defined mode
sets; i.e. to a single "experiment".

One may similarly modify Egs. (62)-(66) to apply to ensemble
averages and to the coupling coefficients as defined by Eq. (77)
and arrive at expressions analogous to Egs. (67). Noting that
one may interchange the order of summation and averaging (which
essentially is another summation), one obtains

[ Ng[, Ny N, T
~ l .
¢0-ﬁ = NG.NB NE f <Z ¢aj,ﬁk TCIJ > = < Z f;;) >
k=1|‘J=1 J=1 J)
- (78)
i N.[[, N Ny uil
~ 1 -
¢Ba - NGNB < ﬁ;- Z < f $aj,ﬁk Tak > + < Z Tak) & .
J=1| ‘k=1 k=1

~ o

The average of the product of two quantities is not in
general equal to the product of the averages; one cannot in
general replace $, e by | aé Bk) (T, :), as one would like
to do in order to giggli%§ Egs. (7 ). Howéver, the aforementioned
interchange of the averaging and multiplication processes 1is valild
for random variables that are statistically independent. This
means that $qj px Taj = ($aj,pk)(Taj), provided that the probability

of obtaining any value of Taj in a given "experiment" is unaffected
by the value of ¢

aj,Bk in that experiment, and vice versa.

The various modal kinetic energies which are produced by
a given excitation distribution do depend on the various mode-
to-mode coupling factors (as one can readily determine from any
energy balance analysis), and thus cannot be entirely statistic-
ally independent of the coupling. However, it is likely that a
given Taj will depend only very weakly on a single ¢aJ Bk’
)

particularly if many modes are present in the two sets; then
these two quantities may be very nearly independent. If the
excitation distribution may also vary from experiment to experi-
ment (e.g., in the relatively realistic case where the modal
excitations depend on the sample structure selected for an
"experiment'") then statistical independence is even more likely.
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For statistically independent mode-to-mode coupling
coefficients and modal kinetlic energies one may repéace
¢aJ,ﬁk Taj by (aaj,ﬁk) -ThJ in the first of Egs. (78) and

perform a similar replacement in the second of these equations.
Ie T;; is independent of the mode number j (that is, if all
modesYof set @ have the same kinetic energy in the ensemble
average) and if a simllar statement holds about the P modes,
then one obtains from Eqs. (78) the simple result

Ny N
¢aB = ¢Ba=z i aaj,ﬁk . (79)
§=1 k=1

Equation (79), which is analogous to Eq. (69), indicates
that the coupling coefficients to be used in Eq. (77) are equal
to the sum of the ensemble average (or the ensemble average of
the sum) of the mode-to-mode coupling factors. Of course,

Eq. (79) applies only if the conditions used in its derivation
are met, that is, if the modal kinetic energies and mode-to-mode
coupling factors are statistically independent, and if the
ensemble average modal kinetic energies are independent of mode
number (constant within a type of set).

Summary and Conclusions

In this section it has been shown that the steady-state
time-average power flow from one set of modes to another is
proportional (or approximately proportional) to the difference
between the set-average modal kinetic energies of the two sets,
provided that both

1) the mode-to-mode coupling satisfies the conditions
discussed under the heading of "Power Flow Between
Two Modes", so that the power flows between modes
of the two sets may be taken as proportional to the
modal kinetic energy differences;

and

2) either a) the mode-to-mode coupling is (at least
approximately) the same for all mode pairs;

or b) all modes in a set have (at least approxi-
mately) equal time-average kinetic energies.
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Then the factor of proportionality; i.e., the coupling
factor, applicable to set-to-set power flow is equal to the
sum of all the mode-to-mode coupling factors (or to the
product of the number of mode pairs and of the average value
of all of the individual mode-to-mode coupling factors).

It has also been shown that the ensemble average of the
steady-state time average power flows from one set of an
ensemble to a set of another ensemble is proportional to the
difference between the ensemble average of the set average
modal kinetic energies of the two sets, - provided (1) that
the first of the previously listed conditions is satisfied,
(2) that the mode-to-mode coupling coefficients and modal
kinetic energies are statistically independent, and (3) that
the modal kinetic energies in the ensemble average are uni-
formly distributed within a set. The applicable coupling
factor then is the ensemble average of the sum (or the sum
of the ensemble average) of all the individual mode-to-mode
coupling factors.

The mode-to-mode coupling is essentially the same for
all mode pairs if all modes of the @ set are similar to each
other, 1f all modes of the P set are similar to each other,
and if the same (or similar) physical mechanisms (e.g., the
same type of sound-to-structure coupling) couples all modes
of the @ set to all modes of the B set.

All modes in a set have equal kinetic energies (i.e.
"equipartition of energy" occurs among the modes of a sets,
b 15 i

either a) the modes of the set are uniformly excited
and either weakly or uniformly coupled to
modes of other sets;

or b) the modes are lightly damped, not excited
directly, and uniformly coupled to a set of
modes within which all modes have nearly the
same energy.

In the special cases discussed in this section, and only
in these cases, the average response and dynamic interaction
of mode sets can be reduced to simple terms, represented
schematically in Fig. 4. The most Important expressions
pertaining to these special cases are also sumarized in
this figure. In analyzing the total interaction of two
systems by means of the statistical energy approach, one
must generally classify the modes of the two systems into
sets, such that the modes within each set are sufficiently
similar so as to satisfy the conditions which prermit this
simple treatment of set interaction to be applied.

=0



LOSS FACTORS, RESISTANCES, AND MODAL DENSITIES

The foregoing development of the concepts of the
statistical energy method was presented in terms of power
flow coupling coefficients and in terms of the number of
modes in a set. These parameters are relatively unfamiliar,
and generally more difficult to estimate, calculate, or
measure than such more commonly used quantities as loss factors,
coupling resistances, and modal densities. It is the purpose
of the present section to present the relations between these
more common parameters and those used in the previous sections,
so that one may restate the previously derived results in terms
of the more familiar quantities.

The relations between these two sets of parameters are
simple, so that restatement of the previous results in terms
of the more common quantities involves only trivial algebraic
manipulations. Hence, no restated results are given here.
Some applications of the relations given in the present section
are i1llustrated in the subsequent one.

Loss Factors

The loss factor is classically defined on the basis of a
single-degree-of-freedom system oscillating sinusoidally at
resonance in the steady state. The definition of the loss
factor n may be stated as

n = Ey/2mE (80)

where E. denotes the energy dissipated per cycle by the system
and E dgnotes the "energy of vibration", which is equal essen-
tially to the total (kinetic plus potential) energy at any time
(and is nearly constant), to the time-wise maximum kinetic energy,
and also to the time-wise maximum potential energy of the system
(Refs. 13, 14).

One may express the loss factor in terms of the time-average
power D dissipated by the system, since D = E. ® /2m, where w
denotes the radian natural frequency of the sgstgm so that w 92w
represents the natural frequency in cycles/time. One obtain®

D D
H o E i 20, T (81)
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where T denotes the time-average kinetic energy and T=E/2

holds for the postulated oscillations. Since for a simple
mass-spring-dashpot system D = e<ve> and T = <v2>m/2, one

may readily verify that for such a system

c c c
= e D 3 (82)
™y Vxm Ce

where ¢ denotes the critical viscous damping coefficient of
the sysfem. Equation (82) involves the viscous damping
coefficient ¢, and hence applies only for damping of the
viscous type; Eq. (82) thus is less general than Egs. (80)
and (81),which are not restricted to any particular type of
energy dissipation mechanism. Since the loss factor applies
for all damping mechanisms, it 1s generally preferable to
more restricted measures of damping.

A broadened interpretation of Eq. (81) is often used to
define (and measure) loss factors. In this interpretation
w_ 1s taken as the center frequency of a band encompassing
tRe system natural frequency, E is taken as the system energy
in that band, and D is taken as the power dissipated by or
(transferred away from) the system in the same band. This
interpretation is generally not needed for dealing with a
single-degree-of -freedom system, but is useful when one is
concerned with a collection of such systems, - i.e., with a
set of modes. For a set of modes, D of Eq. (81) is taken as
the total power dissipated by all modes and T as total kinetic
energy of all modes. For a set a containing N_ individual
modes, the total power dissipation D and tot31 time-average

kinetic energy Tp, are given by o

N N

> I Dyy = 2w, anaj T ,
J=1 J=1

(83)

N

T = ZgTaJ=NaTa
J=1
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where 7 3 denotes the loss factor of the &j mode, as defined
by Eq. ? 81) , and T, denotes the set-average kinetic energy,
as in Eq. (645. The loss factor 7ny of set @ then obeys

D
= TA
Mo = 20 TTa = QwoNaTa
(84)
Ny Ny
3=1 J=1

where now w_ is defined as the center frequency of a band
which encomBasses all modal resonances. The last form of
the above equation indicates that the set loss factor 7m, 1s
a weighted average of the individual modal loss factor 70
with the modal kinetic energies TGJ acting as welghting
factors.

aj’

Coupling Loss Factors

Mechanical energy may be lost from a given system not
only by being dissipated (i.e., being changed to thermal
energy), but also by being transferred to another system.
Energy conducted from a system is lost to it, Just like
energy dissipated by it. Hence, it is useful to define a
loss factor for energy conduction analogous to that for
energy dissipation.

It is convenient to define a coupling loss factor “aJ Bk
of mode @j to describe the time-average power flow P, . Bk 2
from mode @j to mode Pk in analogy to Eq. (81) by Js

_ PaJ Bk

Maj,pk - 2 @ T . (85)
’ o %Jlp. =0
Bk

The condition T, =0 is imposed in order to make this loss
factor independght of the modal kinetic energies. In view
of Eq. (62), one finds that the coupling loss factor is
related to the mode-to-mode coupling factor ¢aJ Bk as

Naj,pk = %j,8K/2 % (86)
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Eq. (86) indicates that the same coupling loss factor applies
for power flow in either direction (that 1s, 0 = an aj
for those various previously discussed cases %A’Gﬁich &
the same coupling factor agplies for power flow in either
direction (¢GJ,BK = ¢Bk,aj -

One may also define an analogous loss factor to account
for power flow from one set of modes (@) to another (B). The
coupling loss factor naB of set @ is defined as

B
o ap
Nag = 20 Ty, - ? (87)
ﬁ=

where w_ denotes the center frequency of a band which encompasses
all mod81 resonances of both sets. In view of Egs. (61) and (83),
one may rewrite the foregoing as

Pup To ¢

- _ ap
Nag = 2wo Ne U~ 2 W, N, . (8e)

Here it is important to note that because of the appearance of

N, in Eq. (88) the coupling loss factor 7., of set P (for power

f%ow from B to @) is generally not the sag% as the loss factor
of set @ (for power flow from @ to B), even if the coupling

coefficients ¢a = ¢ are the same for both flow directions

(as in the prev?ousl analyzed cases). Instead, in view of

Eq. (88) and an expression analogous to 1it,

Nag Ng = Mg Ng = ¢a3/2 @ ; (89)

Loss and Coupling Resistances

In analogy to electrical circuits, in which the time-
average povier dissipation is given by <I<>R_, where I denotes
current and R electrical resistance, one mgy define a mechanical
or acoustic résistance R of an elastic system so that the power
loss D from the system is given by

D=R<VS> . (90)
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For a viscously damped single-degree-of-freedom system the
resistance is equal to the viscous damping coefficient c,

of course. In view of Eq. (82) one may relate this resistance
to the loss factor n and obtain

(91)

R=c=1mmnm w,

for a system of mass m and natural frequency wb.

One may define a coupling resistance Ra K which describes
the power loss of a mode @j to a mode Bk anaidgously to Eq. (90)

by

Raj,px <Vay” = Faj,pk

TBk=<V§k>=O ) (92)

In view of Egs. (85) and (30) one may determine that the coupling
resistance is related to the corresponding loss factor as

Raj,B3 = "aj,B) ey % (93)

Since this expression is seen to involve the modal mass maJ,

one observes that in general R, # Re , although the
corresponding two loss factors ﬂagkbe e 5&&?

The loss resistance R, applicable to a set @ of modes
should describe the total power loss according to an equation
like Eq. (90). The choice of what one defines as the mean
square velocity 1s somewhat arbitrary; it turns out that in
dealing with a set of modes of an elastic system of mass
it 1s convenient to choose <Vg> = 2 TTa/ma. Then one obtggns

My
Ry = E%ET;; =Mg My ©F ' (94)

in view of Eq. (84). The above expression is analogous to
Egs. (91) and (93), except that m, here represents a system
mass, rather than a modal mass.®

®With the mode shape normalization indicated in Eq. (7), the
modal mass 1s the same as the system mass. But other normal-
izations may be used legitimately, and with those this equality
would not hold.
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By analogy to Eq. (94) one may define a coupling
resistance Ras to account for the loss of power from a set
of modes @ to a set of modes P as

P
_ *ap Ma (
= —— 95)
g = 2 .
B
and determine by use of Egs. (87) and (88) that
Pap My
B -
fop = Tag M B = 2 W, . (96)

Again, RaB and RBG are generally different, even if ¢a5=¢ﬁa'

Modal Densities

One usually studies the interactions of elastic systems
on a band-by-band basis, by determining the power flow from
modes of one system which have their resonances in a given
frequency band to a set of modes of another system which have
their resonances in the same band. One may in general choose
any convenient bandwidth, and one may often wish to use
different bandwidths for different calculations. The number
of modes which fall within the various sets depends on the
bandwidths one chooses, so that it 1s useful to introduce
the concept of modal density, in terms of which the dependence
of some of the previous results on bandwldth can be stated
more explicitly.

In addition, it turns out that modal densities for many
systems can be estimated readily; thus, use of modal densities
increases the practical utility of the analysis method dis-
cussed in this report.

The modal density of an elastic system 1s defined as the
average number of modes per unit frequency interval. If a
system exhibits N, modes whose resonances fall within a fre-
quency interval Aw, then the modal density of the system at
the center frequency w of the interval is defined as

ng(w) = N,/bw . (97)
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For most purposes it suffices to consider na(m) as given by
Eq. (97) to be a "smooth" function of frequency. Such smooth-
ness may be attained by restricting the applicability of

Eq. (97) to cases where the frequency interval of interest
encompasses several modes.1©

The modal densities of systems may be determined from
their "frequency equations', i.e., from the equations which
give the system resonance frequencies as a function of the
system parameters. For simple systems these calculations may
be carried out without great difficulty, as illustrated in
Ref. 5.

Table I 1lists the modal densities of some uniform elastic
systems, as obtained from Ref. 5 and from calculations based
on Ref. 2, The expressions listed in the table apply strictly
only for frequencies which are considerably above the system
fundamental (by perhaps at least two octaves), where boundary
conditions have no important effects; however, these expressions
generally also provide reasonable estimates for the modal densi-
ties at frequencies only slightly above the fundamental.

The modal density of a composite system is approximately
equal to the sum of the modal densities of the component
systems. Thus, for example, the modal density of a plate with
attached beams is roughly equal to the modal density of the
plate by itself, plus the modal densities of all of the beams
by themselves. This additive property of modal densities has
not been validated analytically, but appears plausible on the
basis of some limited experimental evidence and the following
reasoning (Ref. 17).

1°0therwise, small changes in o might result in large stepwise
changes in ng. For example, if Aw is small, it might encom-
pass one or more resonances for one center frequency, but none
for another frequency near the previous one. The assumption
of smoothness generally introduces no important errors in
estimates of average responses in broad frequency bands.
(The errors due to this assumption usually are much smaller
than those introduced by other approximations and estimates
one usually must make in order to apply the statistical
energy approach to practical problems.) However, one may
need to concern oneself with the fluctuations in ng in dealing
with more advanced problems concerning the deviations of
response from the broad-band average.
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Symbol Definitions for Table I

cross-section area

surface area

acoustic wave velocity
longitudinal wave velocity
membrane wave velocity

string wave velocity

torsional wave velocity

plate rigidity

Young's modulus

shear modulus

thickness

centroidal moment of inertia of A
polar moment of inertia of A
torsional constant of A

length

membrane tension force/unit edge length
string tension force

volume

radius of gyration of A

radius of gyration of plate cross section
Poisson's ratio

frequency (radians/time)

material density
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The number of modes in a lumped parameter system (e.g.,
one consisting of ideal springs, masses, and dashpots) is
equal to the number of degrees of freedom. If one inter-
connects two such systems, then the total number of degrees
of freedom of the composite system is equal (or very nearly
equal, depending on the manner of interconnection) to the
sum of the number of degrees of freedom of the individual
systems. Thus, the number of modes of the combined system
is equal to the sum of the numbers of modes of the two con-
stitutent systems.

However, some additional considerations are required,
since the modal resonances of the combined system generally
occur at different frequencies than the resonances of the
individual systems. If one interconnects two single-degree-
of-freedom systems having different resonant frequencies,
then one obtains a two-degree-of-freedom system which has one
resonance below the lower of the two individual system reso-
nances, and one which 1s above the higher of the individual
resonances. In other words, the interconnection in effect
shifts the resonances both upward and downward. If two multi-
modal systems are interconnected, it is 1likely that on the
average as many resonances are shifted into a fixed frequency
band as are shifted out of 1t so that the total number of
modes in the band is unchanged by the interconnection process.
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SOME SPECIAL RESULTS FOR TWO COUPLED MODE SETS

For two coupled mode sets, where one of the sets is not
directly excited, use of the statistical energy method is
particularly fruitful and can lead to valuable qualitative
insights, as well as to quantitative results. The present
section summarizes general results applicable to the afore-
mentioned case, points out some conclusions one may draw
from them, and illustrates application of these results to
some speclal cases.

Vibrations of Indirectly Excited lMode Sets

Consider two coupled sets of modes, as represented
schematically in Fig. 4, and assume that Ag=0, - that is,
that no energy is supplied to mode set B egcept via its
coupling to mode set a. In the steady state the total
power B dissipated by set P must be equal to the power Paa
supplied to it from set a. If the modes of each set are
sufficiently "similar", in the sense indicated in the previous
chapter, so that one may validly use Eq. (61) with ¢ =¢3 to
describe Paﬁ’ then the energy balance for set B requgges %hat

¢GB(TG—TB) = 2 o NgNgTg > (98)

in view of Eq. (84). 1If one solves this expression for T, one
obtains a relation between the average modal kinetic energies
of the two sets which may be expressed as

Tﬁ (¢Q_B/2(Do) Maa,

To ~ (Pap/20,) + MgNg ~ Tgq + Mg

(99)

where Eq. (89) has been used to replace ¢aﬁ by the coupling
loss factorl? Nag -

117t should be noted that Eq. (99) involves ma,, the loss factor
which pertains to energy flow from B to @, E%ereas the actual
energy flow must be in the other direction if set B is not
directly excited.
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As indicated in the discussion pertaining to Egs. (17)
and (18), the space- and time-average mean square velocity

<V§> associated with Na modes of an elastic system of mass

m, is related to the total kinetic energy TTa of these modes

as

] =D
T. =NT = 5 m V> : (100)

Ta aa a
If one uses this expression and an analogous one for set B
to eliminate the average modal energies Ta and TB from

Eq. (99), one obtains the result

oo
Vg> 2—9-'"—‘1 Mg ngle) o . Mg | —
Qa

<V§> Mg Mgty Dgle)  mg g g

The last form of this expression is obtained by use of Eq. (97)
and 1s based on the assumption that the Na ana NB modes correspond
to the same frequency band Aw.

Equation (101) is a surprisingly simple and useful result,
which permits one to calculate the mean square velocity of the
indirectly excited elastic system from that of the directly
excited one if one knows the masses of the two systems, their
modal densities (e.g., from Table I) in the various frequency
bands of interest, and the coupling and dissipation loss factors.
A further simplification occurs for those cases where Na<<Nan~ s
since then Eq. (101) reduces to a relation which does ngt 1g%olve
the loss factors. Applications of Eq. (101) to a beam coupled to
a plate and to two coupled plates, and related experimental
results showing generally good agreement with theoretical pre-
dictions, are presented in Ref. 18.

The grouping of the loss factor terms appearing in Egqs. (99)
and (101) permits one to make some observations concerning the
effectiveness of adding damping to indirectly excited systems.

If the damping of the B system is small initially, that is, if
nB<<naa, then added damping will reduce the system vibrations

<Vg> only if this added damping (or increase in nB) is significant

as compared to m, . This observation may explain why the addition
of some damping @8 a structure (system B¥ excited by sound in an
acoustic space (system a) may have little effect on Some compo-
nents of the structural vibrations.
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On the other hand, Eq. (101) indicates that the mean
square velocity of the indirectly excited system varies
approximately inversely with the loss factor n, in those
cases where N >>Nn.. Thus, added damping is e?fective in
reducing vibrgtiogg of indirectly exclited systems, provided
that the resulting dissipation loss factor exceeds the
coupling loss factor.

From Eq. (99) or (98) one may conclude that T,~T_ if
M a>>n . That is, if the power dissipation of setBB ¥s
ngglig ble, then so is the power flow from set a to set B,
and the average kinetic energy T, of the indirectly excited
set will approach that of the difectly excited set. Thus,
1f Ng >>Ngs then the two mode sets will approach "modal
enerEy quilibrium" or'modal energy equipartition".

Effect of Coupling on Vibrations of Directly Excited Mode Sets

The present discussion, like that of the previous section,
deals with two coupled sets of modes, whose interaction may be
visualized by means of the lower portion of Fig. 3. Here, as
in the previous section, no energy is assumed to be supplied to
set B from outside the system; 1l.e. A =0. However, unlike the
previous section, which focused on the indirectly excited set B,
the present section 1s concerned with the directly excited set @.

Conservation of energy requilres that the time-average power
A, supplied to set @ in the steady state be equal to the total
power dissipated by both mode sets. As previously pointed out,
the power dissipated by set B must be equal to the power supplied
to it from set @. Thus, one may write

Ay = 20 NgNyTo + ¢aa(Ta—TB)

P T
- " - ok
= ZwOTG[ﬂaNa + 2wo <} - Ta>]

If one eliminates T, by substituting Eq. (99), and if one intro-
duces the coupling ?oss factors by use of Eq. (89), then one may
find that the foregoing results in

(102)
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Eris N T o (103)

The "apparent loss factor" ng, introduced in the fore-
app

going equation corresponds to the value of the dissipation loss
factor which one would ascribe to set @ (on the basis of measure-
ments performed on set @) if one were not aware that this set is
coupled to set B. In order to determine the loss factor Mg of
set @ in absence of coupling, one would turn to Eq. (84) and
determine the values of the various parameters Ngs Tq» that
appear there. Since the directly supplied average power must
be equal to the total dissipated D (in absence of coupling to
other mode sets), one may replace by A,; then the ratio
appearing in Eg. (84) becomes precisely that which occurs on the

left-hand side of Eq. (103).

It is evident from Eq. (103) that the apparent loss factor

Mo 1s never smaller than the actual dissipation loss factor Ny -
app

Thus, if one is unaware that a system whose loss factor one is
measuring 1s coupled to another system, then one always obtains
a loss factor value which is too large. The error is insignifi-
cant, however, if the coupling is poor ( aﬁ’n ~ 0) and/or if
the coupled set is relatively lossless ?n <<%a). Effects of
energy conduction on loss-factor measuremegts are discussed in
some more detall in Refs. 19 and 20.

From Eq. (103) one may also deduce that the response
<V§> = 2NaTa/ma to a given excitation A, 1s not controlled by

the actual dissipation loss factor Mg (as in the uncoupled case),

but rather by the apparent loss factor Mo . Thus, the coupled
app

indirectly excited system B increases the effective damping of

the directly excited system @; - a conclusion which is intuitively

"obvious", since system P here serves to extract energy from

system &,

Interaction of Sound and Structures

Some of the previous results of this section are particularly
useful for estimating the sound produced in an acoustic volume due
to the vibration of a structure, or for predicting the structural
vibrations induced by a diffuse sound field.
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Consider the case where a structure S is directly excited
by random forces acting on it, and where these structural
vibrations produce noise in a room R in which the structure
is located. Here the structural modes in a frequency band of
interest correspond to a directly excited set &, the modes of
the acoustic space R correspond to the indirectly excited set B.

The total energy E, in a diffuse acoustic field within
fluid volume Y in a frequengy band Aw is related to the mean
square acoustic pressure <p measured in the same frequency
band as (p. 95 of Ref. 5)

= 2
Ep = <> W/PaCh (104)

where Py denotes the density and c¢_ the sound velocity of the
fluid. "This total energy 1is on thd average half potential and
half kinetic, hence the average total kinetic energy TTR is one
half of the total. The average modal kinetic energy T, may be
obtained by dividing T by ny,-Aw, the number of modes 1n the
interval. With the moggl den§ity expression given in Table I(p.48)
for acoustic volumes, one thus finds the average kinetic energy

of an acoustic mode of a room to be given by

E T C -2
- R _ a <p—>
TR =2 np Ao ~ 0 2 Aw : (105)
a

If one applies Eq. (100) to the structure under considera-
tion and replaces the number of modes N, by n .Aw according to
Eq. (97), then one finds that the average kin&tic energy of a
structural mode is given by

Tq = ot = — 525 (106)

where <72> represents the mean square velocity and <§2>=w2<V2>
the mean”square acceleration of the structure measured in the
frequency band Aw with center frequency w.

Introduction of Egs. (105) and (106) into Eq. (99), with
R taking the place of the indirectly excited system B and S
that of the directly excited system @, leads to the following
relation between the mean square values of the acoustic pressure
and the structural acceleration:
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oL 2 Mot
<as> 2m canS RS 'R

(107)

In most cases the room-to-structure coupling loss factor 7
may be expected to be much smaller than the dissipation logg
factor of the room. With this inequality, and with

n n n_ R
_ SR "'s - S SR (108)

Tl — =
RS np np my @

obtained from Egs. (89), (97), (96), one finds that one may
rewrite Eq. (107) as

2
P> Py Rgp _ Rsp . Py Cg (109)
- o 3 ’
<as> 2rte_ Nplp R Vo w

where the last form is obtained by substituting for n_ the
appropriate expression from Table I. The structure-td-room
coupling resistance R§ corresponds to the "radiation

resistance" which act8 'on the structure; i.e. to the resistance
which governs the loss of energy by the structure due to acoustic
radiation from it.

One may also consider a situation in which an acoustic
volume R is directly excited by a noise source, and where the
resulting acoustic pressures cause an (1ndirect1y excited)
structure to vibrate. Here the volume excites the structure;
i.e. the roles of the two systems here are interchanged from
the previously discussed case. Equations (104)—(102? still
apply, but now the structure S corresponds to the indirectly
excited set B and the room R to the indirectly excited set a,
Here, use of Eq. (99) yields a result which one may write

<as
<>

=21r2

C
53 (110)
a

SI o
u |
=

where
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and the last form of Eq. (111) follows from Eq. (96).

The results given in Eqs. (109)-(111) first appeared in
Ref. 10. This reference also describes some experimental
results, which are in good agreement with theoretical
predictions.

A word of caution is required, however, concerning the
applicability of the results of this section. These results
are derived from Eqs. (98) and (99), which in turn are based
on the assumption that a simple power flow relation holds for
the two mode sets considered. Thus, Egs. (109)-(111) should
only be applied to cases where all structural modes in the
frequency band of interest are uniformly coupled to all room
modes in the band. If differently excited or differently
coupled modes occur in the band, one must divide them into
groups of like modes, and apply the foregoing results to each
group separately, of course using properly modified modal
density expressions, as needed. Differences in sound-structure
coupling and calculations taking these into account are dis-
cussed in Ref. 5.
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CONCLUDING REMARKS

It is hoped that this report will introduce the reader
to the basic concepts involved in the statistical energy
analysis of vibrating systems, so that he may put this approach
to use with some confidence. It was endeavored to describe
the most important aspects of this analysis approach in
considerable detail, in order to give the reader an under-
standing of 1ts range of validity. Of course, not all
aspects of available results pertinent to this approach
could be covered within the time and space allotted to this
report; the reader interested in particular topics may do
well to consult some of the references given here, as well
as some of the background information cited in these refer-
ences.

Although the results presented in this report are limited
to linear coupling, a study of nonlinearly coupled modes has
been published recently (Ref. 21). This study shows that the
net energy flow between nonlinearly coupled modes also occurs
in the direction of the energy gradient, and that no energy
flows if the modal energies are equal.

The present report has dealt essentially only with two
coupled modes, or with two coupled mode sets, but not with
more sets or modes in cascade. For loose coupling, extension
of the two-set results to multiset-systems can readily be
accomplished. Such extensions and applications of them appear
in Refs. 22-24, and a complete electric-circuit analogy for
energy flow in multiset-systems is developed in Ref. 25,

As yet unpublished calculations indicate that the power flow
between any two adjacent modes of three linearly coupled

modes in cascade is proportional to the modal energy difference,
even if the modes are well coupled; however, here the factors
of proportionality generally involve properties of all three
modes and thus differ from the two-coupled-mode case.

Calculations on the basis of the statistical energy
approach of variances and confidence limits in addition to
the commonly computed averages of the dynamic variables, are
presented in Ref. 18. Illustrations of applications of the
statistical energy approach and discusslions of the problems
whicg have been studied by means of it appear in Refs. 17-19,
22-238.

At present the usefulness of the statistical energy
approach in predicting vibration responses under practical
circumstances is limited by the amount of information that is
available concerning coupling coefficients and loss factors.
Approximate determination of sound-to-structure coupling
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coefficients (or resistances) often is not very difficult,
as indicated in Ref. 5, but calculations of structure-to-
structure coupling coefficlents may involve considerable
effort (e.g., see Ref. 18). A reasonable amount of infor-
mation on the dissipative loss factors of materials and
simple structures is available in the technical literature
(e.g., Ref. 13), but the loss factors of bullt-up structures
can still not be estimated with much confidence - although
some progress is being made (Ref. 29).

The statistical energy approach is a uniquely simple
and powerful tool for providing one with a qualitative
understanding of the most important aspects of the vibra-
tions of complex systems. When combined with other,
analytically or experimentally derived, information
concerning the energy transport and dissipation parameters
involved in a given case, this approach also permits one
to arrive readily at quantitative answers to complex
vibration problems.
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MODE SET a |  ap =¢aB a B MODE SET B

TTQ TTB

lDTO lDTﬁ

Ref. Egs.
Apg, = NyA, = TN, So/My (7ﬁ§

Dpg = NyD, = 20, Ny Ty (83),(84)
Trg = NgTy = V2> my/2 = N<Vp> m /2 (17),(18)
Pup = %up(To-Tp) (61),(68),(69),(79)
%ap = NoNg®, = 20 Nonyg = 200 Ngfg, (68),(88)

See next page for definitions of symbols.
See pp. 39, 40 for summary of restrictions
under which the above relations apply.

FIG.4 POWER FLOW BETWEEN TWO SETS OF MODES
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SYMBOL DEFINITIONS FOR FIG. 4

The following abbreviations are used in this 1ist of symbols:

t.a.
8.9,

Symbols

ATa

DTa

TTa

time-average tot. total
set-average m.s.c. mode(s) of set a
Definitions

t.a. tot. power supplied to all m.s.a.

t.a. tot. power dissipated by all m.s.a.

t.a. tot. kinetic energy of all m.s.a.

s.a. of t.a. power supplied to single m.s.a.

s.a. of t.a. power dissipated by single m.s.ca.
S.a. of t.a. kinetic energy of single m.s.ca,
number of modes in set a

tot. mass of elastic system containing the m.s.a.

t.a. and space-average mean-square velocity
(of elastic system containing set a) due to all m.s.a.

t.a. and s.a. mean square velocity of single m.s.a.

S.a. spectral density of forces acting on m.s.a.
dissipation loss factor for set a

loss factor pertaining to power flow from set a to set B

center frequency of band containing all modal resonances
of both sets

set-to-set power flow coefficient

mode-to-mode power flow coefficient (averaged over
both sets)
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