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Summary

Energy flow analysis has been developed and studied by many researchers to analyze acoustic energy in the
medium to high frequency ranges. In this paper, a method to solve the 3D acoustic multi-domain problem by
adopting an indirect approach to the EFBEM (Energy Flow Boundary Element Method) is proposed. A joint
matrix comprised of power transmission and reflection coefficients is used to describe the energy exchanges
between domains and absorption coefficients are applied to consider an energy absorbing boundary condition.
Finally, coupled small reverberation rooms and a mock-up system of ship cabins were analyzed using the method
to compare the numerical analysis with the experimental results. They show good agreement, thereby validating
the method. The indirect EFBEM method allows us to use spherical wave Green’s functions, which are not
available in the direct method. Therefore, it is expected that the method can be applied to almost any acoustic

multi-domain situation, from room to room cases to radiation problems.

PACS no. 43.20.-f, 43.55.-n

1. Introduction

Predicting noise and vibration levels is very important to
engineers in, for instance, the automotive, shipbuilding
and aircraft industries because noise and vibration prob-
lems are negatively related to passengers’ comfort. Many
researchers have tried to develop better analysis meth-
ods with more efficient calculations by taking advantage
of technology like parallel computing, making numerical
analysis more popular and more accurate than before.

Numerical methods for noise and vibration analysis
have usually been classified by frequency range. The well-
known conventional methods like the FEM (finite element
method) and the BEM (boundary element method) are
appropriate for low frequency problems because they are
based on the wave propagation theory. However, as the fre-
quency increases, the wavelength decreases, therefore the
mesh size needs to be smaller to accurately describe wave
motion. Generally, 6-8 elements can be modeled within a
wavelength to obtain reliable results, but it becomes diffi-
cult to use conventional methods in medium to high fre-
quency ranges.

SEA (statistical energy analysis) was developed by
Lyon [1] to predict noise and vibration at high frequen-
cies when the modal density is high enough. It provides
a space and time-averaged energy density in a subsystem.
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Basically, energy-based methods have no constraints on
element size because the phase of the waves are not con-
sidered, and so SEA has been widely used to predict high
frequency acoustic energy. However, it has some limita-
tions: first, it cannot provide the spatial energy distribution
of the subsystems, and second, it is valid only when the
modal density is high enough.

Ray tracing can also be a good alternative for room
acoustics problems in high frequency ranges. It is a very
straightforward method to calculate interior noise and it
is effective to analyze the impulse response in a room.
However, it takes lots of computational efforts to obtain a
steady state room interior noise field when a large number
of rays and reflections are considered.

To overcome the weaknesses of the above methods,
EFA (energy flow analysis) was introduced by Belov et al.
[2]. It is also an energy-based method similar to SEA but it
considers spatial energy distribution and energy flow (in-
tensity). Moreover, the conventional FEM and BEM for-
mulations can easily be applied to EFA because its energy
governing equation is analogous to the steady state heat
conduction equation. In the late 1980’s, Nefske and Sung
[3] applied FEM to the vibrational energy governing equa-
tion from the Euler-Bernoulli beam theory, and Wohlever
and Bernhard [4] additionally studied vibrational power
flow in rods and the Euler-Bernoulli beam. Bouthier and
Bernhard [5, 6] expanded on the work of Wohlever and
Bernhard by applying the energy model to membranes, the
Kirchhoff plate, and acoustic cavities.
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Smith [7] suggested a hybrid method to predict vibra-
tional response of a point loaded plate. It computes the
direct field and the reverberant field separately, and LeBot
[8] developed a vibro-acoustic model for the analysis of
multi-dimensional systems like plates and acoustic cavi-
ties. Furthermore, Park et al. [9] studied energy flow mod-
els for in-plane waves in isotropic thin plates and for flex-
ural waves in orthotropic thin plates, and an energy flow
model for a reinforced plate was suggested by Seo and
Hong [10].

On the other hand, Lee er al. [11] applied the BEM
to the EFA energy governing equation, and Kwon et al.
[12, 13] derived the spherical wave energy governing
equation using the far field assumption by implement-
ing an indirect BEM for the governing equation. Wang et
al. [14] also suggested energy boundary element analysis
(EBEA) formulations for the sound radiation problem at
high frequencies under the incoherent intensity boundary
condition. Efforts to predict directivity of sound propaga-
tion in an energy-based method were carried out by Rouser
and Franzoni [15], and Besset et al. [16], while Chappell et
al. [17] introduced dynamic energy analysis (DEA) based
on the Chebyshev expansion to analyze coupled acoustic
systems at high frequencies and showed its robustness by
comparison with FEM and SEA.

For multi-domains problems, a direct EFBEM was con-
sidered by Hong ez al. [18, 19, 20, 21, 22], and in this case,
the integral equation is derived using the divergence theo-
rem, thus is available only for closed domains. Moreover,
its governing equation is derived with the plane wave as-
sumption, which has limitations for general acoustic prob-
lems, e.g. sound radiation.

In this study, a new approach using an indirect EFBEM
to analyze 3D multi-domain problems is suggested. En-
ergy flow between adjacent domains is expressed in a joint
matrix comprised of power transmission and reflection co-
efficients in common partitions. The energy absorption by
the enclosed surfaces of each domain is considered by ap-
plying absorption coefficients on the boundary. Moreover
adopting Green’s functions for spherical waves as well as
plane waves makes this method useful for various acoustic
coupling cases.

2. Methodology

2.1. The energy governing equation

The acoustic energy governing equation for a spherical
wave is derived using the far field (kr > 1) and low damp-
ing assumptions [12, 13],

c 1 d

_—gV.{—z—(rz(e>)r}+nco(e) ={(mn). (1)
nw rzdr
where (..) means a time-averaged value, r is the distance
from the source to the receiver, ris a direction vector, #
is the damping loss factor, and (zj,) is the external input
power to the subsystem. As the solution for Equation (1),
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Green’s function G is substituted for (e) in Equation (2),
1d , 2,2
V-{r—2d—r(r G)r}—nkG=6(r), @)
where 6(r) is the Dirac delta function and k is the acoustic
wave number. G is expressed in Equation (3) as [12, 13]

G(r) = e, 3)

dregr?
where ¢, is the group velocity. Using Equation (3) the
time-averaged acoustic energy density at distance r can
be obtained. For intensity, Green’s function F is given as
[12,13]

1
F(r) = — e kr 4
") dzrts @

2.2. Indirect EFBEM

The indirect approach to the EFBEM is used in this re-
search as previously mentioned. The basic concept of the
indirect method is that a real system is embedded in an
infinite acoustic field, and the reverberation field can be
expressed by a number of fictitious sources distributed on
the boundary surface of the real system [23]. The acous-
tic energy density at a specific point can be obtained by
adding the energy densities from the real acoustic source
and the fictitious sources because the sound waves have
linearity. As a result, the energy density and the acoustic
intensity can be respectively expressed as

e(x) = [ G(lx =& D(&)dS(E)
Js

4 J Glx — 2) Tn(2) AV (2), )
|4

q(x) = | F(lx—¢&) (&) dS&)
JS

N J F(x = 2) n(2) AV (2). ©)
|4

where G and F are Green’s functions for energy density
and intensity, respectively; V' is the 3D domain; .S denotes
the surface boundary; x, & and z are the position vectors
of the receivers in the domain, the fictitious sources on the
boundary, and the physical acoustic sources, respectively,
and ®(¢&) is the strength of the fictitious sources. The first
integrals on the right hand side of Equations (5) and (6)
represent the energy density and intensity reproduced by
boundary surfaces, i.e. the reverberation field, and the sec-
ond integrals are the contributions of the physical acoustic
sources.

The boundary surfaces need to be discretized to solve
the boundary integral equations of Equations (5) and (6),
then they can respectively be rewritten in matrix form as

{e}lxl = [G]Ixm{q)}mxl + [G]lxn{n}nxl’ )

{q}lxl [F]lxm{(b}mxl + [F]lxn{n}nxl’ ®)

where [ is the number of receiving points, m is the num-
ber of boundary surface elements, and » is the number of
acoustic sources. The matrices and are comprised of val-
ues of Green’s function for the energy density and inten-
sity, respectively.
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Figure 1. Interface condition of 3D acoustic multi-domains.

2.3. Multi-domain analysis

2.3.1. Coupling relationship

Energy flow between 3D acoustic domains is shown in
Figure 1 where n indicates the normal vectors, and g* and
q~ are the outward and inward intensities, respectively.
The domains can be divided by the different impedances
of liquid and solid materials. The following equations are
used to derive the energy flow relationships between the
two domains [18],

a =9 —4q;, ©)
© =9 —q, (10)
laf ={d"}-{a°}. (1)
e = e;r +e, (12)
e = e; +e,, (13)
{e} = {e"}+{}. (14)

where e and e~ are the outgoing and incoming compo-
nents of the energy densities, respectively. The intensities
at the interface can be expressed as the differences between
the outgoing and incoming intensities given by Equations
(9)—(11) because they are vector quantities while the en-
ergy densities at the interface are the summation of outgo-
ing and incoming components.

Generally, acoustic intensity is expressed in terms of
group velocity and energy density, as shown in

+ +
q; = Cgie

" (15)
a = cae;, (16)

where c,; is the group velocity of domain i. The following
are their respective matrix forms:

{a*} = [C]{e"}. (17)
{a7} = [cl{e}. (18)

where [C] is the group velocity matrix given as

[c] = [cgl 0 ] . (19)

0 Cg2

Considering the power transmission and reflection coef-
ficients, the incoming intensities of each domain can be
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expressed in terms of their outgoing intensities. That is to
say, the incoming intensity of domain 1, g, is the sum-
mation of the reflected intensity of domain 1, r“qf, and
the transmitted intensity from domain 2, ;g5 , where ry;
is the power reflection coefficient of domain 1 and 7,; is
the power transmission coefficient from domain 2 to do-
main 1. This also can be applied to the incoming intensity
of domain 2 and they can be expressed as

q; = ruq, +71214;. (20)
4 = T124) + 1224, . 2D
{a7} = [P]{a"}. (22)

where [ P] is the power transmission-reflection coefficients
matrix expressed as

[P] = [y“ m] : (23)

T12 Y22

The relationship between the intensities and the energy
densities at the common boundary of coupled domains
needs to be derived to define the joint matrix. Using Equa-
tion (11), the net energy flow variables q; and ¢, at the
common boundary surface between domains 1 and 2, re-
spectively, can be expressed in terms of the outward inten-
sities because the inward intensities can be rewritten with
outward intensities, power transmission, and reflection co-
efficients. Therefore, it can be obtained as

{o}-{a&}-{x}
-{a)-m{a} e
- {a}

where [I] is an identity matrix.
Multiplying Equation (24) by results in

A E) =R
(g e
[I+P]{Z§t}.

The outward intensities can be expressed in terms of the
energy density and power transmission-reflection coeffi-
cients matrix [P] as

{Z;:}=[1+P]"[C]{2}. (26)

Finally, the intensities at the common boundary surface
can be defined in terms of the energy densities and the
joint matrix [J] as

{}

[1-P|[1+P][C] { :}

[7] { 2 } 27)
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where [J] is the joint matrix comprised of the power
transmission-reflection coefficient matrix, the identity ma-
trix, and the group velocity matrix,

[7] = [1-P][1+P]"'[C]. (28)

2.3.2. Boundary condition

Generally, the intensity boundary condition is used to cal-
culate the magnitude of the fictitious sources ®. There are
three causes of generated energy flow at the boundary:
first, external sources exciting walls; second, energy ab-
sorption by the walls; and last, energy exchanges through
the boundaries. Therefore, the boundary surfaces can be
divided according to the types of boundary condition,
which can be expressed as

{a}r = {a}n +{a}i + {0} (29)

where I refers to the boundary surfaces composed of ex-
ternal source region I'j, absorbent region I';, and cou-
pled boundaries I's; {q}le_’jt are the external sources; {q}i‘lgs
is absorbed energy and {q}trr;ms is transmitted energy. In
the case of the externally excited intensity (i.e. vibrating
wall), {q}‘;’jt need to be known before computation, and
the power dissipation due to absorption can be calculated

as
(@) = Flel e, (30)

where « is the absorption coefficient of the boundary sur-
face [24] and c, indicates group velocity. For coupled do-
mains, the energy exchanges between them can be ex-
pressed in a joint matrix using Equation (25), as described
previously.

Considering two domains (1 and 2), Equation (8) can
be rewritten as

ext abs trans
{Ch} +{Q1} +{611} (31)
q2 q? q2
_[Rofo, fR™ 0 m,
L0 R @, 0 F2lnpllt I |~

where the left hand side equates to the net energy flow of
domains 1 and 2; @ and II indicate the magnitude of fic-
titious sources and acoustic sources, respectively; F' and
Fi"PU are the matrices of the Green’s functions for the in-
tensity (Equation 4) between the boundary elements and
the fictitious sources, and between the boundary elements
and the acoustic sources, respectively; and subscripts 1 and
2 indicate domains 1 and 2, respectively.

In Equation (31), the absorbed energy flow term can be
defined as in Equation (32) by using Equation (30), and
the transmitted energy flow term can be determined as in

526

Document downloaded by @DAEL, 2026-11-06 14:24:34 - personal use only

Kim et al.: 3D multi-domain analysis using EFBEM

Equation (33) by using Equation (27),
q o _ G |o e
7p) 4 a e
_ % o G, (O]
a7l {a) e
+ C_g [04] Gilnput ) Hl
4 a Glznput I, ,
q trans e
1 1
= (J
{a) -mic}
_ Gy @,
- 4] [ Gz] { @2} (33)
Ginput Hl
+ [J] l 1 G;nput] {H2 ,

where e; and e, are the energy densities of the boundary
elements; J is the joint matrix which describes the rela-
tionship between the energy density and the intensity at
the interface; and G and G™™" are the matrices of the
Green’s functions for energy density (Equation 3) between
the boundary elements and the fictitious sources, and be-
tween the boundary elements and the acoustic sources, re-
spectively.

After this, all terms except for the externally excited en-
ergy flow component in Equation (31) have ® vector or I1
vector, and so Equation (31) can be written in a simpler
form as

Q| _ _Ja m_ IL
AapeAa) olmp oo

where A and B are given in the two equations

_ % o Gy
O O
Gy F
W al-["a]
_ e [ay Ginput
B = Z [ (12] l ! G;nput] (36)

Gilnput Flinput
+ [J] Ginput - Finput .
2 2

The magnitude of the fictitious sources @ on the bound-
aries can be computed by multiplying Equation (34) by
the inverse of A, then the energy density of any receiving
points can be simply calculated by Equation (7). Using the
above procedure, the number of domains is not restricted,
thus many domains can be calculated simultaneously by
considering the coupling effect.

3. Results and Discussion

3.1. The small reverberation chamber

A coupled small reverberation chamber with a common
partition of 1.2 m? was used to determine the sound reduc-
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el \
Source room

Figure 2. An experimental set-up for the measurement of sound
reduction index by using coupled small reverberation chamber
(Volume of receiving room: 3.252 m3, Area of test panel: 1.2 m?).

tion index (SRI) of a partition (the setup was as in Fig-
ure 2). A rotating microphone in each room measured the
sound pressure level at six points according to the rotating
angle step of 60°.

A 0.6 mm steel plate was used as a test panel and the
boundary element model for the simulation was prepared
as in Figure 3. To obtain the power transmission coef-
ficient, the official (certified) test results of the SRI for
0.6 mm steel plates was used, and the equation of the rela-
tionship between the SRI and the power transmission co-
efficient is [25]

TL = —101log, (7). (37)

The averaged absorption coefficients were calculated
through the reverberation time T of the receiving rooms;
they were very small and so a reliable frequency range
needed to be considered before the test results were
recorded.

The noise response in a room is divided into two regions
according to the frequency. The Schroeder frequency de-
fined in Equation (38) is sometimes helpful although it is
quite restrictive [26, 27],

f. =2000\/Ts/V . (38)

Below the Schroeder frequency, the modal density is in-
sufficient and the room noise field is decided by nor-
mal modes, thus energy-based methods are inadequate
for those frequencies. On the other hand, at frequencies
above the Schroeder frequency, the noise field becomes
uniform by overlapping many normal modes, and so statis-
tics/energy based methods are applicable to these frequen-
cies.
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Receiving room

Source room

Figure 3. Boundary element model of coupled small reverbera-
tion chamber (The number of element: 3616).

—&— Receiving Room
—%— Source Room

Standard Deviation (dB)

Frequency (Hz)

Figure 4. (Colour online) Standard deviation for the spatial distri-
bution of sound pressure (blue solid line: receiving room, green
solid line: source room).

In this study, the Schroeder frequency of the receiving
room is about 800 Hz, which means that the sound field
below 800 Hz may not be uniform. The standard devia-
tions for the spatial distribution of sound pressure levels
(six points) are shown in Figure 4 and Table I, and as can
be seen in the figure, it decreases rapidly as the frequency
increases.

Error calculations between the analysis and measure-
ments in the receiving room are shown in Table II, and
it is acceptable to conclude that simulation results are re-
liable above 500Hz. As mentioned previously, the test
room is too small to apply the energy-based method to
estimate the sound pressure field at frequencies below
500 Hz (sometimes the Schroeder frequency formula gives
a higher value than the actual frequency limit [27]).

The SRI curve for the test panel is shown in Figure 5,
where SRI is defined as

SRI [dB] = L; — L, + 10log,, (S/A), (39)

where L; and L, are the space-averaged sound pressure
levels in the source and receiving rooms, respectively; S
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Table I. Measured sound pressure levels in the small reverbera-
tion rooms (Spatial average, 6 points). All values in dB, Frequen-
cies in Hz.

Receiving room Source room
Freq Aver Range Dev  Aver Range Dev

100 | 6949 18.06 812 8726 15.07 6.02
125 | 7986 17.71  6.72 91.78 2.67 0.86
160 | 72.69 19.03 7.62 89.80 9.64 321
200 | 7719 1490 585 90.88 580  2.30
250 | 78.03 578 185 97.11 366 142
315 | 77.01 6.84 220 96.48 497 1.78
400 | 77.84 390 138 9482 6.44  2.10
500 | 70.90 555 191 93.38 5.21 1.74
630 | 70.35 335  1.27  90.80 435 145
800 | 66.10 235 077  87.18 470 145
1000 | 66.75 267 087 89.84 259 094
1250 | 71.87 099 031 9529 1.89  0.66
1600 | 69.71 1.12 043 95.68 223 071
2000 | 67.28 1.73 055 9513 142 052
2500 | 64.97 098 033 9523 280 0.92
3150 | 59.20 1.04 033 92.00 1.87  0.60

Table II. Error between simulated and measured sound pressure
level in receiving room (Error(%) = |A — B|/B - 100, A: simula-
tion, B: measurement).

Rotating Angle (degree)
Freq 0 60 120 180 240 300

100 | 31.47 0.45 097 1844 1.08 1.11
125 1.62 14.06 6.47 9.53 395 1215
160 096 27.63 0.90 339 320 2324
200 5.66 11.50 1.41 393 571 1374
250 6.74 5.83 8.35 7.54 0.61 5.72
315 5.52 2.59  10.17 245 0.59 2.92
400 1.38 2.57 1.92 0.68 1.01 1.54
500 2.47 7.76 3.14 517 917 8.34
630 0.70 0.02 0.00 417 278 0.47
800 243 2.44 1.22 231 059 0.71
1000 332 1.32 0.69 341 0.70 3.00
1250 0.21 0.90 0.83 194 132 0.11
1600 0.22 0.99 0.14 1.30 0.35 0.27
2000 1.34 1.11 0.09 1.14  2.06 0.14
2500 1.60 0.56 0.34 0.57 0.62 2.03
3150 1.44 1.88 0.53 032 0.24 0.85

is the area of common partition, and A is the absorp-
tion area of the receiving room obtained by the product
of the absorption coefficient and the surface area of the
room [25]. Moreover, the comparison between the analy-
sis and measurements shows good agreement, especially
above 500 Hz.

3.2. Cabin unit mock-up

For a second validation example, the cabin unit mock-up
was used to validate the proposed method. Generally, a
mock-up system is built to confirm that the SRI value be-
tween two spaces (such as cabin-to-cabin and cabin-to-
corridor) is acceptable before the construction of a ship
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—©— Analysis

—¥— Measurement-Minichamber

10°
Frequency (Hz)

Figure 5. (Colour online) Comparison of SRI between analysis
and measurement (blue solid line: analysis, green solid line: mea-
surement).

CABIN UNIT

EMPTY CABIN UNIT

Source room

Receiving room

T [ e

STy vt

B N\ ® //M
\!\L, /g-
=

Toilet

=

Corridor

\

Figure 6. Unit cabin mock-up system.

or offshore structure because there are some rules limiting
the SRI level for quiet cabins. Compared with previous ex-
perimental systems, the mock-up system consisted of five
domains, as shown in Figure 6, and the 3D BEM mod-
els were prepared as depicted in Figure 7 (the dimensions
of the cabin were calculated as L x B x H = 4.185m x
1.93m x 2.3m). All of the possible energy transmission
paths such as door, wall, and ceiling were considered by
modeling their power transmission and reflection coeffi-
cients obtained through certified laboratory test results of
TL (Transmission Loss) (shown in Figure 8 for each build-
ing component); the double panels were for the common
wall between the rooms and the single panels were for the
othe r walls. The averaged absorption coefficients for the
receiving room were computed using the measured rever-
beration time.

Figure 9 shows the spatial distribution of the energy
density at 3.15 kHz. As can be seen in the figure, the sound
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Source room
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9 Corridor

Figure 7. 3D BE models.
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Figure 8. Sound reduction index (Laboratory test).

Table III. The maximum and the minimum values of each space
(3.15kHz).

Space Max. (dB) Min. (dB)
Source room 110.13 101.46
Receiving room 40.38 37.46
Toilet (source room side) 56.89 53.77
Toilet (receiving room side) 36.03 31.07
Corridor 69.48 61.66

energy was generated in the source room and propagated
to the corridor, the next room, and the toilet. After this,
the sound energy of each domain affected each other until
they reached a steady state. The maximum and minimum
values in each domain are reported in Table III.

The cabin unit mock-up was built and fully outfitted.
The sound pressure levels were measured at 10 points in
each room and space-averaged values were used to calcu-
late the SRI values according to ISO 717-1(1996) guide-
lines [28]. Finally the SRI values for all frequencies (1/3-
octave band center frequencies from 100 Hz to 3.15 kHz)
were obtained. As seen in the Figure 10, there is good
agreement but with some errors because the mock-up fa-
cility is not like the reverberation chamber; it has addi-
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SOURCE
ROOM

Figure 9. Energy density distribution of cabin unit mock-up sys-
tem (height = 1.5 m).
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Figure 10. (Colour online) Comparison of sound reduction index
(Rw) of adjoining cabins (blue solid line: analysis, red solid line:
measurement).

tional equipment such as ventilation ducts, electrical sys-
tems (the same as in the real ships) that can affect the SRI
values. Nevertheless, the method gave fairy good results.

It is difficult to estimate the SRI of the cabin units be-
cause the sound energy transmits through multiple paths.
Therefore, this multi-domain method could be a reliable
solution.

4. Conclusion

In this paper, an indirect EFBEM approach to solve three-
dimensional multi-domain problems considering energy
exchanges among a number of adjoining domains was
developed. This research deals with a newly developed
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procedure incorporating the derivation of a boundary el-
ement matrix equation with a joint matrix and three differ-
ent types of boundary conditions, i.e. vibrating walls, en-
ergy absorbing walls, and energy transmitting walls. Com-
pared with the direct method, which is derived with a plane
wave assumption and the divergence theorem, the indirect
method is useful for almost all acoustic situations, includ-
ing sound radiation, and for all types of domain because
the Green’s function for spherical waves can be applied. To
validate the method, a comparison between the numerical
analysis and experimental results for a small reverberation
chamber and a unit cabin mock-up system was carried out.
The SRI results of which showed good agreement.

In conclusion, the method is a reliable way to solve large
and complex acoustic models which have many coupled
domains.
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