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1. INTRODUCTION

Statistical Energy Analysis (SEA} [1] is a useful tool for investigating
transmission paths for sound and vibrations. A well-known disadvantage of
SEA is that it is difficult to treat systems in which high losses occurs
between subsystems. The topic of this paper is how to deal with non-
conservative coupling in enargy flow models.

2. THEORY

The case of three coupled subsystems has been dealt with in e.g.
references [2,3], where a complete energy-flow model was proposed. It was
shown that two additional, so called indirect, couplings must be introduced
into an energy-flow mode! for the three-subsystem case to yield a complete
solution. The onset of this paper is to examine the case of two non-
conservatively coupled subsystems as a special case of the three-
subsystem case. The U-shaped plate case of ref. [2,3] is used to healp yield
suitable examples. Theory is, unfortunately, too lengthy to be repeated here
in complete form and the approach is instead to give a brief outline of the
features of this case. A more in-depth examination is submitied in ref. [4).
Uncoupled subsystem energy

Following the procedure that was outlined in the derivation of [2,3], the flow
of energy between the three subsystems in Fig. 1{a) are

SpLog=@miam O+em,; m(61-63 ), and Sp,, =wmsnsbstan; m{6-61) (1a.b)

respectively, when no excitation oceurs in subsystem 2, i.e. when, by
definition, 82 = 0. Unfortunatsly, eq.(1a,b} does not support ‘energy flow
reciprocity’ which makes it less attractive for introduction into a non-
conservative two-subsysiem modsal,

Howsver, it can be observed from eq.(1a,b) that the energy flow that is
communicated between subsystems 1 and 3 yields a transmission path that
fulfils the requirement of ‘energy flow reciprocity’ and is

Spy53 = O 13 (6:-6:) - @)
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The case that is considered to produce positive values for Sp..3is when
anergy flows in the direction from subsystem 1 to subsystem 3 Eq.(2)
applies for energy-flow across the fictitious subsystem interface of Fig. 1(b}.
The power balance can, after some steps of algebra, be stated as

Sy =@ (M43 81 and Sp,,, 4=0 (ma+ma+n'31}a6s | (3a,b)

for subsystems 1 and 3, respectively {Fig. 1(c)).
Introducing the weak coupling approximation E; = n;§; for the coupled
subsystem energy yields, after some steps, the approximate power balance

{ SPin.1 }zw[(nl“'ﬂllﬂi'la) -1 ] E|]
SPin, 3 s (mrmmerra) VB3

This shows that the non-conservative case can be introduced into SEA, it
indirect Coupling Loss Factors and suitable radiation factors are derived.
Coupled subsystem energy
Most measurements or calculations refer to systems in which a response
occurs in the raceiving subsystem. It is obvicus that such cases, by
definition, must refer to coupled rather than uncoupled subsystem energy.
The weak couplin? approximation of the coupled subsystem energy may
not be sufficient for all of these cases. The experience from previous
examinations is that one should be cautious not to take the benefits of the
uncoupled subsystem enargy for granted alsc for coupled subsystem
anergy. A separate evaluation is therefore motivated for this kind of
subsystem response coordinate.

The power that is injected into the subsystems and the kinetic energy for
ihe plates can be written as

(4a,b)

Sr'n,
BV NI .
s =l e J{e=RIS ) ®

respectively. The rain-on-the-roof excitations are denoted as Sj. Eq.(5) can
be rewritten as a function of subsystem energy (eq.(6}), which yields

{SP,'n,] } {VIR]"{ ey Fm[(""‘"”“’*"'”) {itarrmam) ]{ Sk ].(7)

SPin, 3 Sty {magyrn'a) (mrrasnng ) Se3

Two additional, (off-diagonal) radiation factors can be noted in eq.(7). No
terms in the matrixé\ﬂ[ﬁ]-ban be separated purely from a knowledge of the
power inputs and subsystem responses. To access the complete
information content in the right hand side of eq.(7) requires that the energy
flows and the dissipative powers are known. Therefore, the input power
balance must be given the simplified inlerpratation

{SP,-,“ }ﬂ)[ (atairas) - “ Sy ]

SPin.3 -d'13 (os+anyrets, ) || 583
=(9|: (alro!+dl3) - l'-]'ffil { §El ] (8)
-3 (asortets ) E3
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Note that the power input is explicit!r balanced by eq.(8). It is only the
o

function of the pseudo coupling and loss factor data that is inaccurately
interpreted with respect to the derivation of the energy-flow. The form of
eq.(B) is identical with the results of other authors, e.g. [5,6], even though
types of subsystem response coordinates other than coupled subsystem
energy have been used in these examinations. Furthermore, comparison of
the simplified interpretation (eq.(7 }) and the weak coupling approximation
{eq.(4a,b)) shows close similarity. Examination of a number of cases,
however, demonstrates that the success of eq.(8) does not necessarily
depend on the coupling strength. What matters is how large the on-
diagonal radiation factor is in comparison with a subsystem's Dissipation
Loss Facior gDLF). Cases in which one subsystem's DLF dominales over
its radiation factors can be shown to yield satisfactery estimates of the
energy flow when this subsystem is the receiving subsystem, while poor
results are obtained when it is the excited subsystem. .

In shorl, such cases can be expacted when a subsystem is unable to
destroy the power transfer from an indirectly connected subsystem {(which
is where the source is located). This type of cases is invoked when the
raceiving subsystem is either lightly damped or is unable to accumulate
energy. Examples of the latter are when the subsystem is rigid, limp or at
anti-resonant frequencies.

The experience from numerical examination of several cases suggests
that eq.(8) does not depend on whether the indirect ener%y flow is weak or
strong. As mentioned above, it is the re-radiation strength of the receiving
subsystem that matters. The energy flow that is communicated between
subsystems 1 and 3 can be quite weak and eq.(8) still yield valid results as
long as the re-radiation is small in comparison with the dissipation. Thus, it
does not matier whether large distances separate subsystem 1 and 3 or the
intermediate element is heavily damped.

The derivation of the above mentioned equations does r:)nl‘\!I rely on the
form of the power balances. It may therefore be speculated that they hold
also for the case in which the intermediate element (subsystem 2} encircles
subsystems 1 and 3. A possible use of aq. (8) may therefore be as an
approximate tool in the survey of dominant transmission paths in structures
that are not (too) lightly damped.

CONCLUSIONS

Two non-conservalively coupled subsystems was demonstrated as a
special case of the three-subsysiem configuration. The physical subsystem
interfaces cannot be directly applied in the non-conservatively coupled two-
subsystem model for the simple reascn that only a single interface can be
introduced. A fictitious interface was therefore introduced to account for the
transfer of energy between the non-conservatively coupled sending and
receiving subsystems. The SEA temperature analogy was shown valid for
ihe energy flow across the fickitious interface.

Two kinds of non-conservatively coupled energy flow models were derived
for cases in which uncoupled and coupled subsystem energies are used.
The first type, that refers to uncoupled subsystem energy, can be used in a
‘forward’ fashion when setting up a SEA medsl, while the second typs, that
uses coupled subsystem energy, is appropriate for computational or
experimental analysis procedures where the flow of energy is searched for.
It was shown that the non-conservatively coupled two-subsystem energy
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flow model needs change when the response coordinate is aitered from
uncoupled to coupled subsystem energy. One change is that two additional
radiation factors must be added to the model for coupled case.

Two versions of the power balance were deduced for the coupled case.
The first version contains a complete information set that cannot be
rovealed from the power inputs alone. A second, simplified, version
therefore had to be applied for analysis of the energy tlows. This
simplification can yield perfectly valid results when exciting in one of the
subsystemns and truly fail when the other subsystem is excited. The degree
of approximation depends on how large the receiving subsystem's
dissipation-loss and radiation factors are in comparison with each other.

A few speculations about extending the use of the non-conservative power
balance were made to suggest directions for further research. The non-
consetvative two-subsystem case may be applied in the search of dominant
transmission paths in structures that are not too lightly damped. However,
an un-cautious use of the simplified power balance is not recommended as
it yields the energy flow by approximation only.
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Figure 1 a) The energy flow model in which the physical subsystem
interfaces are used. b) The conceptual energy flow balance fin which the
energy flows of Fig. 1(a) are re-expressed into one indirect and two
radiating path s. ¢) The non-conservatively coupled energy flow model the
way it can be expressed in SEA. The dashed lines symbolise the fictitious
subsystem interface that must be introduced into the model.
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