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The theoretical approach presented in this paper allows SEA coupling loss factors for
subsystems to be modelled with FEM. It is then possible to take into account the
complicated substructure that can be encountered in practical industrial application. The
technique relies on the basic SEA relation for coupled oscillators and the use of dual modal
formulation to describe vibration of coupled subsystems. With this approach, the boundary
conditions of uncoupled subsystems are clearly defined and, as assumed in SEA, no modal
coupling exists in a subsystem. Modes of two different subsystems are coupled together by
gyroscopic elements and the coupling strength is related to eigenfrequencies of the
uncoupled subsystems and mode shapes through the interaction modal works. A general
expression for CLF has been obtained, and it allows CLF to be determined only from the
knowledge of the modes of the uncoupled subsystems and the modal damping. Finite
element model can be used to calculate the modal information in the case of complex
substructures. It is possible to treat the case of heterogeneous subsystems having
three-dimensional vibration motions without difficulty. Contrary to the classical approach
which is based on SEA inverse matrix and numerical experiments which necessitate
calculations of subsystem energies for the coupled structures for many excitation points, this
technique calculates CLF directly from the governing equations without solving them. In
a companion paper, the present approach is applied to a simple example to illustrate and
validate the approach.

© 2001 Academic Press

1. INTRODUCTION

Statistical energy analysis (SEA) allows the vibro-acoustic behaviour of complex structures
in mid- and high-frequency range to be predicted. The method relates the power flow
exchanged by two-coupled subsystems to total subsystem energies by the coupling loss
factor (CLF). Writing the power balance for stationary motion in each subsystem produces
a linear equation system where the unknowns are the total energies of subsystems. Then, the
difficulty in applying SEA is not due to solving complicated equations, but to the evaluation
of coupling loss factors.

Several techniques have been developed to determine CLF. The travelling wave
approach is the most popular to obtain a theoretical expression in simple cases of coupled
beams, plates, and shells (see reference [1], Chapter 10). Based on the evaluation of the
wave transmission coefficient, this approach is easy to use. However, it can lead to
mistakes for a system having a low modal overlap (see reference [2]). CLF can be only
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calculated for theoretical substructures which limits the application in the case of
manufacturing structures. Different experimental approaches have been elaborated to
evaluate CLF by measurement [3] using measured point mobility [4]; with the concept
of energetic mobility [5]; and from measured impulse responses in the coupled system
[6-8]; based upon inversion of the SEA equation. The latter, called the power injection
method, is the most popular. The difficulty of the method relies on the number of
measurements of transfer functions that are necessary and also the evaluation of
the spatial averaged energy from some measurement points in the case of hetero-
geneous subsystems. These experimental techniques are useful in an industrial
context but they necessitate having the mechanical structure in place, so that it is not
a predictive method. To solve this problem, the possibility of using a Finite Element
Method to calculate numerically the response of two-coupled subsystems and then to
identify CLF has been used [9-11]. This type of approach is predictive, and has been used
to study the validity of some SEA assumptions. The difficulties of this approach are
similar to experimental approach for heterogeneous substructures. The limits of
application are, of course, the frequency range to use FEM, and the difficulty to give
different damping loss factors to the various subsystems because global modes are used.
The approach presented in reference [ 12] differs from previous methods by the use of the
numerical Green functions of the un-coupled subsystems and a receptance-based
approach. It is then possible to take into account different damping for various
subsystems and to increase, in some cases, the frequency range considered because the
FEM calculations are made for individual uncoupled subsystems. However, it is necessary
to include sufficient uncoupled modes to constitute the Green function which can be
a frequency limitation.

The approach presented in this paper allows CLF to be calculated directly from
subsystem modal equations. The method uses the modal definitions of CLF which are
established in the basic SEA formulation (see reference [1], Chapter 3, [13,14]) and
reviewed in Section 2. The expression of the power flow exchanged by two oscillators
coupled by a gyroscopic element will be used to calculate the coupling loss factor by
summation of the different intermodal coupling factors.

Section 3, describes the major theoretical contribution of this paper. The purpose
of this section is to propose one general approach allowing modal equations of motion
to be obtained which can be represented as set of oscillators (modes) coupled by
gyroscopic elements. These modal equations will enable the modal coupling coefficients
necessary to calculate intermodal coupling factors to be identified and thus, coupling
loss factors. The formulation will be presented in the general case of the two-coupled
continuous three-dimensional elasto-dynamic systems. This approach is based on two
subsystem modes definitions, and on the use of the dual modal formulation (DMF). It is
analogous to the approach used to describe the mechanical structure-cavity coupling
[15-17]. Therefore, a generalization similar to that suggested in reference [ 18] is presented
here.

In the final section, DMF is applied to a discretized system to determine the modal
coupling coefficients. Then, in the cases of complex subsystems, FEM can be used to
calculate the modes of each uncoupled subsystem and to deduce the coupling loss factor.

SEA provides statistical estimates of energy for an ensemble average of systems whereas
FEM gives the deterministic response for a system whose characteristics are known exactly.
In consequence, the direct use of finite elements results gives only an estimate of CLF based
on one system. However, one advantage of the proposed method is the possibility of
deriving a statistical estimate of CLF by introducing a random distribution of
eigenfrequencies, and calculating the associated average CLF.
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2. CLF EXPRESSION DEDUCED FROM MODAL SEA FORMULATION

2.1. POWER FLOW EXCHANGED BY TWO OSCILLATORS COUPLED BY GYROSCOPIC ELEMENT

Two oscillators coupled via a gyroscopic element (see Figure 1) are considered. M, M,
are the masses, and K, K, are the stiffnesses of the oscillators. The natural angular
frequencies of each uncoupled oscillator are thus w; = /K;M;* for oscillator 1 and

w, = /K,;M; ! for oscillator 2. (A list of nomenclature is given in Appendix A.)

Each oscillator is damped by a viscous absorber of damping coefficient: A4, for oscillator
1, and 4, for oscillator 2. The coupling forces transmitted through the coupling of constant
G are proportional to the mass velocities, y; and y,. It is assumed that when the velocity of
oscillator 1 is positive, the force applied on oscillator 2 is negative and when the velocity of
oscillator 2 is positive, the force applied on oscillator 1 is positive. The equations of motion
for the two coupled oscillators excited by external forces F; and F, are then given by

P1(t) + A1 31 (1) + o1y1 (1) — /M7 " Mapis () = F(t),

P2(8) + A292(0) + 032 (t) + /M M5 931 (t) = F(t), (1)

where the gyroscopic modal coupling coefficient, 7, is

7 = Ge/\/ M M. (2

Now, it is assumed that external excitations are independent (uncorrelated), stationary
and to have a constant PSD (white noise). It has been demonstrated in this case [ 1] that the
time-averaged power flow from oscillators 1 to 2, Py,, is proportional to the difference
between the time-averaged total energies of the oscillators (E; — E,),

Pyy = B(Es — Es), 3)
where the coefficient f§ is expressed by

_ V(4103 + A,07)
(0 — w3)* + (4; + 4,) (4,05 + 4, 07)

p 4)

Note that the coefficient f depends on the normal angular frequencies of the uncoupled
oscillators, the damping constants and the coupling coefficient y.

/. S

Figure 1. Two oscillators coupled by gyroscopic element.
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2.2. FROM TWO-COUPLED OSCILLATORS TO TWO COUPLED SUBSYSTEMS

Now, consider two-coupled mechanical subsystems. The interaction between these
subsystems may correspondingly be studied by investigating the interaction between two
sets of resonant modes in the frequency band considered. This assertion, which is given little
attention in the literature, will be the subject of a detailed study in Section 3. It will be shown
that for an appropriate choice of modes and using dual modal formulation, the modal
equations of motions have the form

. ) F, Ne /] M7 .
Ep(t) + Ap¢h(0) + (wp)*cp(t) = (wl)iszl + . < @M y},faf(t)) Vpe[l,N,],
p p r= §4 p

s F2 X fon?M,

g (0) + 4385 (1) + (0g)ag0) = 35 = 2. < i yiﬁéé(t)) Vge[LLN;], (9
q m=1 q

where cp, M}, w) and a;, M7, o} are respectively the modal amplitudes, generalized masses,
and natural frequencies of mode p of subsystem 1 and those of mode ¢ of subsystem 2,
F, and F} are the generalized ‘forces’ applied on respectively subsystem 1 and subsystem 2,
and y,; are the modal coupling coefficients between the pair of modes (p, q).

In the frequency band, is considered to include N; resonant modes for subsystem 1 and
N, resonant modes for subsystem 2. The choice of modes of Section 3 will go in this
direction, which suggests that these resonant modes can approximately represent the
dynamic behaviour of the coupled subsystems in the frequency band considered.

Then, equations (5) can be schematically represented as Figure 2; one mode of one
subsystem is not coupled with modes of the same subsystem but is coupled by gyroscopic
elements with the modes of the other subsystem.

Isolating, in the equations system, the coupling between the mode p of subsystem 1 and
the mode g of subsystem 2, gives

M? L
1 1.1 1)2 .1 q 12:2 1pq
() + A,8,(t) + (wy)°cp(t) — | ——5 Vpets(t) = ———=,
p p-p P p MIIJ(O)IIJ)Z rq*q Mll)( 111)2

My (@),
e e = . ©

q

G2(0) + A283(0) + (@32a} (1) +

Subsystem 1 Subsystem 2

N, modes N, modes

Figure 2. Illustration of coupling of N; modes of subsystem 1 with N, modes of subsystem 2.
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where the terms L;,, and L,,, contain the generalized forces and the interactions forces
with all the others modes.

Then, by analogy with the equations of motions of two coupled oscillators (1), the power
flow, I1,; exchanged by these two modes can be deduced,

M5 = frg (Ep — Eg), ™

where E, and E} are the modal energies of mode p of subsystem 1 and mode g of subsystem
2, Bps, called the intermodal coupling factor (ICF), can be determined by analogy with
equation (4) as a function of the natural angular frequencies w,, ®;, the modal damping

bandwidth 4,, 42 and the modal coupling coefficient y,.:

12 _ (7pa)* (45 (@3)” + 45 (,)*)

- . 8
M (@l — (2P + (41 + A5 (AL (w2 + A0l ®

The application of equation (3) for the coupling of these two modes implies that the forces
L,,,and L,,, are uncorrelated, stationary, and have flat spectra in the frequency band. The
condition of validity of this assumption has not been clearly established in the literature. It
implies a certain independence of modal amplitudes (see reference [1, pp. 60-61]).
According to Fahy [19, see pp. 434-436], the forces due to coupling with other modes will
be relatively flat if modal overlap is sufficient and their correlation is small if the coupling
between subsystems is weak.

The power flow exchanged by the two subsystems I1, _, is the sum of all the individual
mode-to-mode power flows. Then

N, N, N, N,
Mp=3% Y IMyi=73% Y Bul(E —Ep. ©)
p=1q=1 p=1¢q=1
Modal energy equipartition assumption is made,

E)=e,, Vpe[l,...,N;], E;j=e, Vqel[l,...,N,]. (10)

where e; and e, are two constants.
With the orthogonality property of modes

N, N,
él = Z Ell)a 62 = Z E;a (11)
p=1 =1

q

where &; and &, represent the time-averaged total energies of subsystems 1 and 2.
Therefore, using equations (10) and (11), one can write

E, =& /Ny, E = &/No, (12)

and this can be put in equation (9). Finally,

H1—2:wc’112<él_1\[1£2>’ (13)
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where the coupling loss factor #, is expressed by

N, N, 12
_ Lp=1Lyg=1Frq
N2 = ’ (14)
lec

with o, the central angular frequency of the frequency band of interest.

This final expression allows the coupling loss factor from the intermodal coupling factors to
be estimated which depend on subsystems modes and on modal coupling coefficients, 7,..

SEA provides statistical estimates of energy for an ensemble average of subsystems
whereas equation (14) is derived from one individual system. As in reference [20], the
coefficient obtained from (14), which concerns one individual case, can be distinguished
from the traditional CLF that is used for the SEA ensemble. One advantage of the proposed
method is the possibility of deriving a statistical estimate of CLF by introducing a random
distribution of eigenfrequencies, and by calculating the associated ensemble average CLF.
To obtain this statistical estimate of CLF, the intermodal coupling factors would have to be
averaged over a population of structures. Lyon [1] gives a mean value of the ICF for
a particular population of structures such that the natural frequencies of each subsystem are
random variables with values uniformly probable over the frequency band of interest, Aw:

Y
<ﬁ117qz>w,‘,m3 = m (,))117‘12)2 (15)

This formula could replace the deterministic ICF in equation (13) in order to obtain the
ensemble-averaged coupling loss factor:

<’712> _ 51:1 flvil <ﬁ117112>(u,‘,w,§.
¢ N, o,

(16)

This approach produces simple results but the population of structures considered can be
unrealistic. A second approach consists of replacing the deterministic eigenfrequencies by
Gaussian random variables centred on the corresponding eigenfrequencies. Then one can
get an ensemble-averaged CLF from a Monte Carlo simulation.

With regard to the equipartition assumption, it can be noted that with the approach
presented in reference [21] and with the calculation of the intermodal coupling factors by
the present approach, it is possible to extend SEA to the case of non-modal energy
equipartition.

The boundary conditions necessary to establish equations (5) and how to evaluate the
modal coupling coefficients have not yet been defined. It is the aim of the next section.

3. DEFINITION OF SUBSYSTEM MODES AND USE OF THE DUAL MODAL
FORMULATION TO OBTAIN CLF

The approach presented here is not classical for mechanical coupled systems. However,
the dual formulation is the standard approach used to study the coupling cavity-structure
(see references [15-17]).

Therefore, for each time possible, a reference will be made, to this case, to facilitate
comprehension.
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The present formulation is based on the work of Karnopp. Indeed, in reference [18]" he
initiated the use of dual formulation (enunciated in reference [22]) to the coupling of
mechanical subsystems and applies the method for the coupling of two rods of identical
section. A generalization of this approach for the coupling of two continuous mechanical
systems is presented here.

3.1. STRUCTURE DESCRIPTION

Two elastic continuous mechanic systems are considered which are rigidly coupled on
Scoupiing @ shown in Figure 3. V! and V? represent the volumes occupied by subsystem
1 and subsystem 2. S¢iumpea 0 Syeer a0 SEiampea a0d S, are respectively the boundary
surfaces with blocked displacements and with free displacements for subsystem 1 and
subsystem 2. Initially, free vibration of elastic conservative systems is considered to find
modal equations of motion of the coupled subsystems.

In Lagrangian coordinates x;, (i = 1,2, 3), is defined respectively on the surfaces of
volume V! and V2 and the unit vectors n' and n? along the outer normals of the volumes.
The variables W/ and W} represent displacements in V! and V2 respectively. 6{; and o7, are
the stress tensors, &/ and & are the strain tensors, and S}, and S7, are the compliance
tensors associated to materials of ! and V2 respectively. p; and p, are the mass densities
and are independent of time. The dynamical behaviour of the structure between time ¢, and
t; 1s studied.

The continuity conditions on Scyypmg can be expressed by

Wll = le on SCoupling X ]tOs tl[a (17)
O',-ljn} + ()'izj}’lj2 = 0 on SCaupling X ]to, [1[ (18)

n! and n} are the jth components of the outer normal vectors n' and n’.

Sl

Clamped

S,

Coupling

V2

2
S(‘lamped
X2

Figure 3. Representation of the coupling of the two elastic continuum systems.

"It may be noted that several typing errors and one error of sign are present in the equations of this paper.
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3.2. DEFINITION OF SUBSTRUCTURES

For the substructuring of the problem, it is now necessary to separate these two
subsystem, and to prescribe displacements or forces on Sc,uping, fOr each subsystem.
Séoup,,-,,g and Séoup,,-,,g are defined (as the coupling surfaces Sc,upiin, in subsystem 1 and
subsystem 2) respectively.

Displacements 0n S¢ypiing are prescribed for the subsystem 1 and forces on Sy piing for the
subsystem 2 (see Figure 4). Then, for subsystem 1, the boundary condition on S¢,,piing i
assumed to be

th = Wf on Séoupliny X ] [()a [1[9 (19)
and, for subsystem 2, the boundary condition on Séaup,i,,g to be
O-izjnjg = Ff on S(lfoupling X ]th tll: (20)

Note: For the cavity-structure coupling, the boundary conditions for the cavity coupled
with the structure are the displacements imposed by the structure (like subsystem 1) and the
boundary conditions for the structure coupled with the cavity are the pressures imposed by
the cavity (like subsystem 2).

Then, from the fundamental equations and principles of continuum mechanics, the linear
field equations describing the dynamics of both subsystems can be expressed.

For subsystem 1, the following equations constitute an initial problem called problem 1:

Equations of motion:

OPW!
ot?

P1

= O'ilj’j in Vl X]to, tl[ (21)

Subsystem 1

bt

Subsystem 2

Figure 4. Illustration of the fictive separation of subsystems.
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Constitutive equations for Hookean linear elastic solid:
ei=32 (Wl + Wi)=Shuoy inV'x]Jto,t,[.
Boundary conditions:
ol =0 0n Skree X o, 1],
W!=0 on Sélamped x Jto, t1[,
Wl =W on Sé()upling X Jto, t4[.

For subsystem 2, one has problem 2.
Equations of motion:

W} )
Pszl =o; in V>xJto,t4[.

Constitutive equations for Hookean linear elastic solid:
e =3W3k + W3)=Shyon in Vx]Jto,ty[.
Boundary conditions:
oin? =0 on Steee X o, 14[,
W?=0 on Sélamped x Jto, t1[,

2.2 _ Fe 2
oijh; = Fi 0N SCoupiing X 1to, t1[.

915

(22)

(23)

(24)

(25)

(26)

(27)

(28)
(29)

(30)

3.3. VARIATIONAL FORMULATION OF THE PROBLEMS USING THE REISSNER PRINCIPLE

For each subsystem, it is possible to express the dynamic problem by using the Reissner

principle. This formulation will enable the use of the modal expansions.

For problem 1, the associate Reissner functional Wx(W}, ¢l can be expressed by (see

references [23, 24] for the second form of the Reissner functional)
VLWL, ol Qhx Sk 9,

(Wlla Gllj) - lIIIl((Wlla allj)’

t 1 (P! 1
‘lez(Wil,O'ilj)=J {L [201< P >+a}j,jW}+2a}jS}

to

— J Wialinj dS} dr.
S(]'Duﬂ’iﬂﬂ

(1)
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The associate admissible spaces are
Qe(V'Xto,ta[) = {WHWEeH' (V') Wi = 0/Stiamped}s (32)
Sr(V'x]to, t1[) = {aijjoi; = ajs oy L2 (V') gl ;€ L2(VY); ainj = 0/Skyee}.  (33)

The problem constituted by equations (21-25) can be replaced by searching for W} and
o}; in their respective admissible spaces Qg and X which render the functional ¥ (W}, o}
stationary.

In the same way, for problem 2, the Reissner functional (W Z, 67) can be expressed by
(see the first form of the Reissner functional in references [23, 241])

YR(W?,07): Qrx 2k~ R,

(W, 08) > VROV, o),
o 1 [(e*w? 1 1
viwioiy = [ 4] [3os(Sart ) - oty Wi+ Who + st |av
to vt

— J FfWiZdS} dt. (34)
S(l'ﬂr g

The associate admissible spaces are
Qr(V2x]to,t1[) = {WE/WZe H' (V2 W =0/Stumpeds> (35)
Zr(V2x]te.t,D) = {0/0f; = aj; 65,€ L2 (V?); a0} = 0/Siree)- (36)

In this case, the problem constituted by equations (26-30) can be replaced by searching
for W} and ¢7; in their respective admissible spaces Q% and Sk which render the functional
Yx(W?, a}) stationary.

3.4. MODES OF UNCOUPLED SUBSYSTEMS

3.4.1. Definition of subsystem modes

Initially, modal expansion will be used to solve the two previous variational problems
separately. The sets of mode shapes which will be considered generate subspaces of
admissible spaces associated with each variational problem. The approximate solutions of
these problems will then be found by considering these subspaces. The definition of the
modes of each subsystem must be judicious in order to link the two problems in a second
step. The coupling of the problems will be possible if modal expansion of the stress field of
subsystem 1 allows the force excitation of subsystem 2 to be determined and “inversely”, if
modal expansion of the displacement field of subsystem 2 allows the displacement
excitation of subsystem 1 to be calculated. The subspaces of admissible spaces, and
consequently, the mode’ definitions must be chosen appropriately.

Modes of subsystem 1 are then defined with blocked displacements on Sé,mp,i,,g (see
Figure 5(a)). These are called the modes of the uncoupled-blocked subsystem or, in short,
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(@ ®)

Figure 5. Subsystem definition: (a) uncoupled-blocked subsystem 1; (b) uncoupled-free subsystem 2.

the blocked modes. These modes comply with the admissibility conditions on stresses for
the problem 1. (In the case of cavity—structure coupling, the modes of the cavity are the
blocked modes because they are determined with rigid walls.)

On the other hand, modes of subsystem 2 are calculated with null stresses on Séoupl,-ng (see
Figure 5(b)). These are called the modes of the uncoupled-free subsystem or free modes.
These modes comply with the kinematic admissible conditions for the problem 2. (They
correspond to the modes of the in vacuo structure in the case of cavity-structure coupling.)

3.4.2. Calculations and properties of modes

The eigenvalue problems independently compiled with each field can be obtained from
equations of motion, constitutive law and boundary conditions expressed in mixed
variables.

For the displacement field of subsystem a (o = 1, 2), the eigenvalue problem called the
primal problem can be written after a separation of time and space, W#(M, t) = W#(M)e'-"

— (> Wi =585 (Wi, + W), in V*+ boundary conditions. (37)

D=

For the stress field of subsystem o, the eigenvalue problem called the dual problem can be
written with ¢f;(M, t) = 6¢;(M) gloat .

— pyu(w,)? Gij = S?j};, (Gkmmt + Olmmy) 10 V* + boundary conditions. (38)

These two problems (primal and dual) are extracted from the same problem expressed in
mixed variables. In general, the problem with mixed variables is respected by the couple of
solutions (w,, W¢, gi;). However, it can be noted that one solution of the dual problem
having a null eigenvalue can exist and does not have equivalence in the primal problem.
This solution does not then appear in mixed variables. For a cavity, it corresponds to the
Helmholtz mode that is found in terms of pressure and not in terms of displacement. This
solution having a null eigenfrequency will have a negligible contribution in the modal
expansion (because it is non-resonant) as soon as other resonant modes participate to the
response. As the CLF calculation takes into account only the resonant modes in a frequency
band, the Helmholtz mode contribution can be neglected. Thus, the problem in mixed
variables can be used to define the stress and displacement shapes of each mode.
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One can define, for the uncoupled-blocked subsystem 1, wp, the natural angular
frequency of mode p; WP, the dlsplacement mode shape; and 17, the stress mode shape
with the following equations (for w, # 0):

lj’

— pr (@)W =5l in VY, (39)
%(W}I; + W}f) = Siljkl&l%lp in V1, (40)
(N).lpn - 0 on SFrees Wllp = 0 on Sélampeda Wllp = 0 on Séoupling (41)

Similarly one can define for the uncoupled-free subsystem 2, wj, the natural angular
frequency of mode ¢; W24, the dlsplacement mode shape; and 677, the stress mode shape
with the following equatlons (for w? # 0):

— P2 (wq)2 W3 = &ff] in V2, (42)
3(W + W3l = SEudif in V2, (43)
&lzjqnjz = 0 on SIZ*‘reea Wqu = 0 on S(Z,‘lamped, &lzjqnjz = 0 on S(Z,‘aupling' (44)

These modes have the following orthogonality properties (see reference [25]) for subsystem
ol =1, 2):

L: whwip, WP WAV = K30, (45)
j G Shud AV = Kioy, (46)
L G0 WAV = Kjo,, 47)
L G (W + W) dV = K235, (48)

where K7, is the modal stiffness of mode p of subsystem «, and J,, is the Kronecker symbol
(0pg =01l p#q; 0,y=11if p=g).
The natural angular frequencies can be expressed by

a _
CIJP—

Ky/M?, a=1,2, (49)
where M3, is the modal mass of mode p of subsystem o.

Note: The blocked modes of subsystem 1 comply with the admissibility conditions on
stresses of the variational problem 1. Thus the set of the stress mode shapes
{G1F(M),p=1,2,..., + o0} (taking into account the stress mode of null frequency if it
exists) constitutes a base of the admissible space Xk. In a same way, the uncoupled-free
modes of subsystem 2 comply with the kinematic admissible conditions of the variational
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problem 2. The set of the displacement mode shapes {W?q(M), g=1,2,...,+ 0}
constitutes a base of Q% (the displacement kinematically admissible space). This will enable
the stress field for subsystem 1 and the displacement field for subsystem 2 on the coupling
boundary to be calculated from the modal expansion.

3.5. MODAL EXPANSION OF THE SOLUTION

Expanding displacements and stresses of each subsystem in the modal bases yields

W,-l(M,t)z i ai(I)VT/iln(M), ,J(Mt i b t)()' M), (50)
WM = Y 2OWM), ch(M.0) =S b2(0)5% (M), (51)

The expansion allows the weak solutions of the two problems (21-25), (26-30) to be found
by using the Reissner principle and subspaces of admissible spaces. These solutions are
weak solutions because the subspace generated by mode shapes will not permit strict
verification of equation (25) for problem 1 and equation (30) for problem 2.

Upon introducing expansions (50, 51) into the variational principles (31, 34), and using
the modes’ orthogonality properties (45-48), the solution of each problem is then obtained
by finding modal amplitudes that give stationary the Reissner’s Functional. That is, modal
amplitudes satisfying the Euler equation (52) associated to aj,, b,, and a;,b; for subsystem
1 and subsystem 2, are respectively,

0 d/o
[ 5 (F(@:(0), d:(0) — dt((,j (F(q,()qi(o))):o, (52

i

where F(q;(t), 4;(t)) is the considered functional which depends on g;(¢), §;(t).
Finally, for subsystem 1

Ky
: K bt 53
Jali 0~ Kipj0 =0 (53)
/bl — Kal(t) + Kb (1) — Jsl Wiint ds =0, (54)

and for subsystem 2.
K? o~
Ja — 50— K30 + f Fowds =0, (55)
SEoupting

/b2 — K2a2(t) + K2b2(t) = 0. (56)

According to the dual formulation used by Karnopp [18], the behaviours of subsystem
1 with stress modal amplitudes, b} (t), and subsystems 2 with displacement modal
amplitudes a; (1) must be described. It is analogous to the coupling cavity-structure where
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the pressure is the descriptive variable for the subsystem with blocked modes (cavity), and
the displacements are the descriptive variables for the subsystem with free modes (structure).
Therefore, combining time second derivative of equation (54) with equation (53), and
equation (55) with equation (56) gives

s 1 X3
bL(t) + (@l)?bL() = eI J Wf&ilj”n} ds, (57)
I7 l7 SC upling

B0 + @60 =3 | RS, (58)

M?

q

3.6. FREE VIBRATIONS OF COUPLED SUBSYSTEMS

Equations (57) and (58) describe the coupling through specified displacements on
subsystem 1 and forces on subsystem 2. To express coupling conditions, the specified force
acting on subsystem 2 is opposite of the stress boundary vector of subsystem 1 (see equation
(18)), and, the prescribed displacements on subsystem 1 are the displacements of subsystem
2 on the coupling surface (see equation (17)). It is now easy to express the accelerations and
the forces on the coupling surface by using modal expansions:

F_f = - mgl brln (t) &lljm n} on SCoupling? (59)
Wf = Z a;? (t) Wer on SCoupling' (60)

Putting equation (60) in equation (57), and equation (59) in equation (58), yields the
following system of equations

by () + (wp) by (1) = OO Z a; (t) W#eirntdS Vpell,...,o[,

( ) pr=1 S Coupling

a;(t) + () az ()= — MZ Z b (2) WHe Jtntds Vgell,..., o[ (61)

q m=1 Scoupting

To have equations analogous to equations (5), it is necessary to carry out the change of
variable

by(8) = ¢, (1). (62)

For the cavity-structure problem, the pressure is replaced by the acoustic—fluid velocity
potential, which, with the Euler law in the fluid medium, represents a change of variable
similar to equation (62).
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Finally, the following equations governing free vibrations of coupled substructures are
obtained:

1

ENO) + (@) b)) = iy

N (wIIJ)Z MllJ rgl af (t) JSprliny ler 6_11117 njl ds vP € [1’ ey 0 [’

. 1 & . -
az (1) + (w3)ag () = — e Y én() J Wiz"ailj n}dS Vqe[l,...,o[. (63)
SCU"I’“M/

q m=1

3.7. FORCED VIBRATION OF COUPLED SUBSYSTEMS

By introducing excitation and damping in equations (63), the system of equations
describing the forced response of the coupled subsystems from the modal amplitudes of the
modes of the uncoupled subsystem is obtained as

, . Lo —_
£+ 410 + R PO — o ¥ 20 [ WG as
p pr=1 Scoupting

1

FP
=——— V L,...
(CU},)ZMII, pe[ 5 B 0 [’

, . Le, -~
G0 + A0+ PR+ T o | e ds
SCO!AP“M‘I

q m=1

2

F
=ﬁ% Vgell,..., o[ (64)

Here modal viscous damping has been introduced through the modal damping bandwidths
A, and A7, and external excitations through the generalized terms F) and F;.

To identify the modal coupling coefficients as defined in the basic modal of two-coupled
oscillators, only the coupling of the pth mode of subsystem 1 and the gth mode of subsystem
2 is considered:

EN0) + A3 (D) + @) b ()

145 1 7729 ~1p .1 .2
N @M, L fwh My M2 s Witeny 48 4
14 p p p q Coupling

L
= ot V@l DR

ag (1) + Az az (t) + (w))* al (t)

02 1 1 - L
() . [ EVINYE J WGP n} ds] G0 =74 (65)
Mq (wp) Mp Mq Scoupling Mq

Here L;,, and L,,, contain the generalized ‘forces’ and the interaction ‘forces’ with all the
other modes.
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The modal coupling coefficient between the pth mode and the gth mode can be deduced
directly by comparison with equation (6):

12 __ 1

T
V(wp)* My Mg

Physically, it is important to note that the integral represents the interaction modal work
exchanged by the pth blocked mode of subsystem 1 and the gth free mode of subsystem 2.
The interaction modal work is given by

f W2Girn} dS. (66)
S('nuplmg

Wiz = L WHGlrn}ds. (67)

This is demonstrated in the general case of three-dimensional continuum mechanical
subsystems, and thus can be accepted as a basic principle that can be applied in simplified
models of beams, plates and shells. In these cases, the work associated with dual variables
introduced in 1-D or 2-D models (force-displacement, moment-rotation, etc.) has to be
considered.

3.8. DISCUSSION

It is an advantage of the dual formulation, as compared to displacement formulation and
free modes, that there are no ‘direct couplings’ between modes of the same subsystem (see
reference [26]). Indeed, from a formal point of view, mode p of subsystem 1 and mode g of
subsystem 2 are coupled with the modes of subsystem 2 and subsystem 1, respectively, but
are not directly coupled with the other modes of subsystem 1 and subsystem 2, respectively.
When using classical displacement formulation, also the introduction of blocked modes
gives no direct coupling for modes of same subsystem (see reference [ 1, p. 617). However, the
modes of different subsystems are coupled by mass, stiffness and damping elements. The
damping oscillator/mode coupling is not taken into account in classical SEA, and that
poses a problem; the present approach has no such problem, the modal coupling being only
gyroscopic.

In some structures, coupling dissipative joints are present. This situation can be
schematically represented as in Figure 6 where one has introduced one stiffness coupling
element and one dissipative element between the two subsystems.

In this case, the uncoupled-subsystems shown in Figure 7 can be used; subsystem 1 is
blocked and subsystem 2 is free. The uncoupled-blocked subsystem takes into account the
stiffness and dissipative elements. The modes of this uncoupled-subsystem are obtained by
considering the associated conservative structure. The damping coupling element is taken
into account by the damping loss factor of subsystem 1. Of course, as for the general case,
the modal couplings are gyroscopics. Then, the dual modal formulation allows dissipative
coupling between subsystem to be taken into account without modification of SEA
relations.

As mentioned by Karnopp [18] for two identical coupled rods, the dual modal
formulation can converge even if the subsystems have equivalent impedance. For this
particular case, it could be necessary to consider a large number of modes to converge,
whereas for cases which one subsystem is stiffer that the other, it is only necessary to
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Subsystem 1

Subsystem 2

Figure 6. Two subsystems coupled by stiffness and dissipative elements.

Subsystem 2

gl

(@) (b)

Figure 7. Subsystem definition. (a) uncoupled-blocked subsystem 1; (b) uncoupled-free subsystem 2.

consider a few modes of one subsystem to be coupled with a few modes of the other. In
section 2, the interactions between the subsystem modes which have their eigenfrequencies
in the frequency band have been considered as SEA. The present approach, considering
resonant modes and using blocked modes for one subsystem and free modes for the other, is
then well suited to coupling in which one subsystem is stiffer that the other, but leads to
approximation when both subsystem tends to have some stiffness. Obviously, the soft
subsystem has to be blocked and the stiff subsystem has to be considered to be free.
The influence of a poor choice of modes on CLF results will be presented in the companion
paper. In the particular case of equally stiff subsystems on the coupling boundary,
the choice is arbitrary but the prediction is not so good as in the case of impedance
rupture.
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3.9. CALCULATION OF COUPLING LOSS FACTORS

Combining equations (8), (14), (66) and (67), a general expression is obtained which allows
the coupling loss factors to be calculated from subsystem modal information:

N = < Z[ (Wpe) < [4p(@5)” + 45 ()] ﬂ
2T N1 0q, =1 S [(@p)* My MG \(@p)* — (00)) + (4, + A7) (45 (03)* + (45(wp)?) ) |
(68)

3.10. ENERGY PROPERTIES

The equation system (64) can be interpreted as the coupling between a set of oscillators
associated to subsystem 1 with another set of oscillators associated to subsystem 2. The
interest here is in evaluating the energy properties of these associated oscillators. In a first
step, the relations between subsystem energies and modal energies are established and
secondly, the links between the energies associated to amplitudes aZ(t) and cj(t), and the
modal energies are evaluated.

3.10.1. Subsystem energy and modal energy

The instantaneous kinetic energy of subsystem o( = 1, 2) is expressed by

1 [ow\2
- J Epm<_a[ ) av. (69)
y

Using the displacement modal expansion and taking into account the modal
orthogonality property (45), gives

o0

Z HEHO)S (70)

Therefore,

k- 3 B a

where E¥'(t) = 5 M%(dZ(t))* is the modal kinetic energy of mode n of subsystem .
In the same manner, the instantaneous potential energy of subsystem o is expressed by

1
HO =5 | oSiuonav. 7
.

Using the stress modal expansion, and taking into account the modal orthogonality
property (46), gives finally

f Ka(b(0)? 73)

l\)l'—

Ext)= Y EX() (74)

n—1

where EF(t) = 5 K%(bZ(t))* is the modal potential energy of mode n of subsystem o.
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In conclusion, the total energy of a subsystem is equal to the sum of the modal total
energies of all modes.

3.10.2. Energy properties associated to amplitudes a (t) and c)(t)

From the form of equation (64), the model amplitudes aZ(t) can be associated with the
displacement amplitude of an oscillator whose mass is the generalized mass and its
stiffness the generalized stiffness of mode g. It is well known that the kinetic (potential)
energy of the oscillator represents the mode ¢ kinetic energy (potential energy, upon
taking into account equation (56)). Thus, the total energy of the oscillator is the modal total
energy.

For subsystem 1, the parameters, which must be associated to the oscillator, are not
classical (as for subsystem 2). Calculations are then necessary to identify what is represented
by kinetic energy and what is represented by the potential energy of the corresponding
oscillator.

By identification from the form of equation (64), the modal parameters of the pth blocked
mode of subsystem 1 are associated with the oscillator parameters as shown in Figure 8. The
oscillator mass, M, is equal to the modal stiffness, K ;, and the oscillator stiffness, K, is equal
to (K})?/M}. The kinetic energy of the oscillator at any time can be expressed by

Ex(t) =3 M(3(1)* = 3 K;(&, (1)), (75)
Introducing relation (62) gives:
Ex(t) =3 Ky(

by (1) (76)

Thus, the kinetic energy of the associated oscillator is the potential energy of the pth
blocked mode.
The potential energy of the oscillator, is given by

1 1(KY)?
() =3 KO0P =3 (2 0)* 7
M=k, [T i
¥ =cy (0
(K) :
K=—mr
M, " i
TT7777 7777

Figure 8. Illustration of the oscillator associated to the pth blocked modes.
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Putting equation (62) in equation (53), and then calculating the integral over the time
(taking into account that one considers stationary motion), gives

Ml
¢h) = = B0 79)

Putting this into equation (77), gives
E,(t) =3 My (dy (1)) (79)

Thus, the potential energy of the associated oscillator is the kinetic energy of the pth
blocked mode. It is, however, important to note that the total energy of the associated
oscillator is equal to the total energy of the pth blocked modes.

4. CLF CALCULATION WITH FEM DATA

4.1. INTRODUCTION

The goal of the present approach is to apply SEA to complicated substructures. In that
case only a finite element model of each subsystem can be used. The advantages for the
proposed method of calculating CLF in this case are as follows: (1) Subsystem boundary
conditions are clearly defined (the uncoupled modes are clearly defined). (2) Heterogeneous
subsystems having three-dimensional vibration motions can be treated without any
difficulty. This can be quite difficult to do with the classical numerical experiment and the
inverse SEA technique due to the choice of the position and type of force which should be
applied. (3) The present technique involves a short computing time, because the solution of
the equation of motion is not necessary. The CLF are calculated directly from the
coefficients of modal equations.

4.2. INTERACTION MODAL WORK FOR DISCRETIZED SYSTEM

In this approach, the CLFs are calculated from the interaction modal work of couple of
modes. For a FEM discretized system, the expression for the interaction modal work can be
determined directly from the nodal variables. For the node i, the displacement variables are
the three displacements (u}, k = 1,2,3) and the three rotations (u}, k = 4,5, 6); and the dual
variables are the three forces (f{, k = 1,2,3), and the three moments (f, k = 4,5, 6).

A system composed of two vibrating subsystems discretized by finite element and coupled
together is considered. The two subsystems have some common nodes called a “coupling
node set” on the coupling boundary. As in section 3, it can be supposed that subsystem 1 is
the uncoupled-blocked subsystem and that subsystem 2 is the uncoupled-free subsystem.
Then, subsystem 1 must be described by the nodal forces (f;!’, k = 1, ...,6) and subsystem
2 by the nodal displacement (u?’, k = 1,...,6). From the physical interpretation it can be
deduced that the interaction modal work between the pth mode of subsystem 1 and the gth
mode of subsystem 2 is expressed by

fok. thghs (80)

™M

12 __
Wi = X
. {Coupling} k=1
i€
node set
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where {1 is the kth component force of node i of the pth mode of subsystem 1, and @i is the
kth component displacement of node i of the gth mode of subsystem 2.

Note: All nodal variables must be described in the same global co-ordinate system for the
two subsystems.

In conclusion, in order to calculate the coupling loss factor of a complicated system only
the FEM eigenvalue problem must be solved for each uncoupled sybsystem. The
information which must be extracted include the natural angular frequencies, the
generalized masses and the mode shapes (nodal forces or nodal displacement) on the
coupling boundary (coupling node set). Equation (80) permits the modal interaction works
to be determined. Then expression (68) can be applied directly to calculate the CLF between
the two subsystems.

5. CONCLUSIONS

A technique is presented here to calculate SEA coupling loss factors for complicated
subsystem modelled with FEM. The technique relies on the basic modal formulation of
SEA and the use of a formulation called the dual modal formulation. The use of the DMF
presents some advantages: (a) the modal equations have no direct coupling between modes
of the same subsystem (as assumed in SEA); (b) the subsystem modes considered are the
physical local modes when there is a rupture of impedance between the two subsystems.
Therefore, these resonant modes are able to represent the behaviour of the structure in
a frequency bandwidth; (c) the natural frequencies which must be considered to determine
the CLF are the natural frequencies of the uncoupled (free or blocked) subsystems; (d) there
is not the problem of stored energy in the coupling between modes because it is only
gyroscopic (no mass and stiffness coupling that store energy are necessary with the present
approach); (e) the method is simple to apply because it is possible to use directly the physical
interpretation of the interaction modal work.

The final expression for CLF which has been obtained enables it to be determined only
from the knowledge of the modes of the uncoupled-subsystems and the modal damping.
The finite element method can be used to calculate the modal information in the case of
complex subsystems that allows this technique to be applied to industrial structures.
Contrary to the classical SEA matrix-inversion technique, the present method does not
require the solution of equations of motion for many excitations. The CLFs are directly
obtained by equation (68) without solution of an equation. This saves much computing
time. In addition, different damping loss factors can be used for a subsystems without
difficulty. In the numerical simulation technique and SEA matrix inversion, there is often
the technical difficulty that FEM codes use a global damping loss factor for the considered
structure. It is then impossible to use different damping loss factors for substructures.

It should be noted that it is also possible to establish an ensemble averaged estimate of
the CLF by replacing deterministic intermodal coupling factors by an ensemble average of
the intermodal coupling factors.
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On the coupling loss factor in statistical energy analysis.
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APPENDIX A. NOMENCLATURE

modal amplitude of displacement expansion

modal amplitude of stress expansion

modal amplitude defined by equation (62)

time-averaged total energy of oscillator

instantaneous modal kinetic energy

instantaneous modal potential energy

time-averaged modal total energy

instantaneous subsystem kinetic energy

instantaneous subsystem potential energy

force nodal variable

force nodal mode shape

external force

generalized “force”

specified forces on SZ,.piing

gyroscopic constant

oscillator’s stiffness

modal stiffness

generalized “forces” and interaction “forces” with others modes
modal order

oscillator’s mass

modal mass

outer normal vector component

number of resonant modes in the considered frequency bandwidth
time-averaged power flow from oscillator 1 to oscillator 2
compliance tensor

boundary surface with free displacement

boundary surface with blocked displacement

coupling boundary surface

time

displacement nodal variable

displacement nodal mode shape

volume occupied by subsystem

interaction modal work between mode p of subsystem 1 and mode ¢ of
subsystem 2

displacement vector

displacement mode shape

specified displacements on Sk, piing

oscillator amplitude

proportional constant between Py, and (E; — E,)

intermodal coupling factor (ICF) between mode p of subsystem 1 and mode g of

subsystem 2

angular frequency bandwidth of interest

oscillator’s damping bandwidth

modal damping bandwidth

strain tensor

coupling loss factor (CLF)

gyroscopic coupling coefficient between two oscillators

gyroscopic modal coupling coefficient between mode p of subsystem 1 and

mode g of subsystem 2

time-averaged power flow exchanged by two subsystems
time-averaged power flow from mode p of subsystem 1 to mode g of
subsystem 2
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central angular radian frequency of the frequency bandwidth Aw
oscillator’s natural angular frequency

mode’s natural angular frequency

displacement admissible space

mass density

stress tensor

stress mode shape

stress admissible space

time-averaged total energy of subsystem

Reissner functional
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