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Abstract
The study of vibrations of structures is paramount in the aerospace industry, as parts are

subjected to important dynamic loads. A vibroacoustic analysis of structures is thus undergone in
order to ensure that they can withstand the acoustic environment. A validated in-house software
was proven to be very reliable but commercial solutions could provide further options in terms of
modelisation and decrease computation time while being as accurate as the in-house sotware. In

this paper, a benchmark between ArianeGroup in-house vibroacoustic software and MSC Actran is
carried out in order to evaluate their performance in terms of computation time. This comparative

study shows that ArianeGroup in-house software and Actran converge towards the same PSD
acceleration results and both softwares are consistent with SEA calculations at high frequencies.
For a small model, the in-house software is as efficient as Actran but its performance decreases as
the size of the model increases. A sensitivity study on Actran decomposition parameters shows

that accuracy increases with the number of samples and plane waves used at a cost of an increased
computation time. Yet, acceptable accuracy can be achieved without compromising on

computation time.
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Introduction

Lightweight structures in spacecrafts such as so-
lar arrays, instruments and equiments are sub-
jected to intense vibration levels, especially dur-
ing booster ignition, lift-off and atmospheric flight.
Vibrations are caused by various sources: engine
acoustic noise, structureborne and aerodynamic
noise, separation and pyrotechnic events [1]. The
resulting acoustic noise induces random dynamic
loads. As opposed to deterministic dynamic loads,
random dynamic loads are unpredictable in the
time domain: the exact value of the excitation at
any specific time t cannot be foreseen. The exact
time history signal is not the same everytime it
occurs, even though the average properties of the
signal might not vary (such a signal is called sta-
tionary). This acoustic noise is assumed to be a
broadband random stationary diffuse sound field
(Sound Pressure Level uniform in every direction)
[2]. Those loads can be dimensioning and may lead
to structural or equipment failures and malfunc-
tions. It is therefore paramount to characterize
vibrations in order to ensure that structures and
equipments can undergo them. Aerospace struc-
tures must go through environment qualification
tests such as random vibration tests or acoustic
tests in reverberant chambers (depending on their
size), but their responses must be evaluated in
early design phases to build and verify specifica-
tions. This study of the interaction between acous-
tic waves and structural vibrations is called vibroa-
coustics. At low frequencies, the behavior of a
structure can be described as a superposition of
its natural modes and vibroacoustic analyses are
based on a finite element model, while this is no
longer true at high frequency and the Statistical
Energy Analysis (SEA) has to be used to derive
the structure response. At low frequencies, Ariane-
Group has so far been using an in-house software
to carry out vibroacoustic analyses but commercial
softwares are now on the market. Such softwares
might handle more load cases while providing a
similar accuracy with shorter computation times.
As a result, a comparative study on academic cases
is undergone in this paper in order to evaluate the
performances of Ariane Group in-house software
and MSC Actran. Results at medium frequen-
cies are compared to ArianeGroup SEA software
to check whether they match results derived using

SEA. A sensitivity study of Actran model parame-
ters is also carried out in order to assess how they
influence the quality of the solution.

1 Theory

1.1 Low frequency: Modal decom-
position and FEM

1.1.1 Response of a vibroacoustic model to
random excitations

Several assumptions are considered in order to
derive a vibroacoustic model: linear elastic mate-
rial for the structure, small displacements, acous-
tic approximation for the fluid. This model is de-
scribed in terms of displacement u for the structure
and acoustic pressure p for the fluid, as a typical
fluid-structure interaction problem. The weak for-
mulation of the equations of motion is discretized
in order to derive a finite element model, leading
to the following equation:(

Ks + iωDs − ω2Ms C
ω2CT Ka + iωDa − ω2Ma

)(
u(ω)
p(ω)

)
=
(

fs(ω)
fa(ω)

)
(1)

where Ks, Ds andMs are respectively the struc-
tural stiffness, damping and mass matrices; Ka, Da

and Ma the acoustic stiffness, damping and mass
matrices; fs and fa the structural and acoustic load
vectors and C the coupling matrix. This system of
equations can be written in the form:

A(ω)y(ω) = x(ω) (2)

where 
xT (ω) = (fs(ω), fa(ω))
yT (ω) = (u(ω), p(ω))

A(ω) =

(
As(ω) C
ω2CT Aa(ω)

) (3)

with As(ω) = Ks + iωDs − ω2Ms the
structural dynamic stiffness matrix and
Aa(ω) = Ka + iωDa − ω2Ma the acoustic
dynamic stiffness matrix.

(1) is inverted to derive the output displacement
and pressure:

y(ω) = H(ω)x(ω) (4)
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where H(ω) = A−1(ω) is the receptance matrix of
the vibroacoustic model.

The load vectors are random time-dependent
quantities, i.e. stochastic processes. They are as-
sumed to be weakly stationary processes, i.e. the
mean and variance of x(t) is independent of t and
the correlation function Rx(t1, t2) only depends on
τ = t2 − t1. From (4), the response vector in the
time domain can be obtained using the convolution
integral:

y(t) =

∫ +∞

−∞
h(τ)x(t− τ)dτ (5)

where h(t) is the inverse Fourier transform of the
receptance matrix H(ω).
The Power Spectral Density (PSD) of y is given
by:

Sy(ω) =
1

2π

∫ +∞

−∞
Ry(τ)exp(−iωτ)dτ (6)

with Ry(τ) the correlation matrix of the response.
By definition, Ry(τ) =

〈
y(t)yT (t+ τ)

〉
, which by

substition of (5) leads to:

Ry(τ) =

∫ +∞

−∞

∫ +∞

−∞
h(τ1)Rx(τ − τ2 + τ1)h

T (τ2)dτ1dτ2

(7)
Introducing (24) in (6) leads to the input-output
PSD matrix expression:

Sy(ω) = H∗(ω)Sx(ω)HT (ω) (8)

where H∗(ω) is the complex conjugate of H(ω).

Computing this relation directly is computa-
tionaly costly. Instead, a modal approach is used
to reduce the size of the problem.

1.1.2 Modal approach

In order to overcome the computation cost of
random excitations in physical space, the physical
model is projected onto the modal subspace which
leads to a size reduction of the dynamic problem
(each mode accounting for several degrees of free-
dom).
A modal description of a vibroacoutic model is

based on the eigenmodes of the undamped struc-
tural and acoustic models. They are solutions of
the eigenvalue problems{

(Ks − λsMs)ψ
s = 0

(Ka − λaMa)ψ
a = 0

(9)

where λs and ψs are the eigenvalues and eigen-
vectors of the structural undamped problem and
λa and ψa the eigenvalues and eigenvectors of the
acoustic undamped problem.

The physical model is projected onto the modal
subspace of the first ms structural modes and ma

acoustic modes to derive the reduced modal model:{
us(ω) = Ψsqs(ω)
pa(ω) = Ψaqa(ω)

(10)

where qs and qa are the generalized modal
coordinates and Ψs =

[
ψs1, ψ

s
2, ..., ψ

s
ms

]
and

Ψa =
[
ψa1 , ψ

a
2 , ..., ψ

a
ma

]
the matrix of the first ms

structural eigenvectors and ma acoustic eigenvec-
tors respectively.

Projecting (1) in the modal subspace leads to(
ΨsT

As(ω)Ψs ΨsT

CΨa

ω2ΨaT

CT Ψs ΨaT

Aa(ω)Ψa

)(
qs(ω)
qa(ω)

)
=

(
ΨsT

fs(ω)
ΨaT

fa(ω)

)
(11)

The modal structural and acoustic dynamic stiff-
ness matrices are defined by{

As(ω) = ΨsT
As(ω)Ψs = Ks + iωDs − ω2Ms

Aa(ω) = ΨaT
Aa(ω)Ψa = Ka + iωDa − ω2Ma

(12)

the modal stiffness and mass matrices being diag-
onal as the eigenvectors are orthogonal.
The modal coupling matrix and load vectors can
be defined in the same way, giving the final form
of the reduced vibroacoustic model:(

As(ω) C

ω2CT Aa(ω)

)(
qs(ω)
qa(ω)

)
=
(

fs(ω)
fa(ω)

)
(13)

As previously, this relation can be inverted:

q(ω) = H(ω)f(ω) (14)

which leads to the input-output PSD matrix rela-
tion:

Sq(ω) = H∗(ω)Sf (ω)HT (ω) (15)
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Purely mechanical or acoustical excitations are
considered separetely, giving

Sf (ω) =

(
Sfs(ω) 0

0 0

)
or Sf (ω) =

(
0 0
0 Sfa(ω)

)
(16)

If a mechanical excitation is applied, the acous-
tical degrees of freedom are condensed in order to
derive a relation involving only structural modal
degrees of freedom. This leads to the following
equations: 

[
Ãs(ω)

]
qs(ω) = fs(ω)[

Ãa(ω)
]
qa(ω) = fa(ω)

(17)

with Ãs(ω) = As(ω) − ω2CAa
−1(ω)CT and

Ãa(ω) = Aa(ω)− ω2CTAs
−1(ω)C.

As a result, the output PSD matrix are derived:{
Sqs(ω) = H̃s

∗
(ω)Sfs(ω)H̃s

T
(ω)

Sqa(ω) = H̃a
∗
(ω)Sfa(ω)H̃a

T
(ω)

(18)

Finally, the PSD matrix of the physical degrees
of freedom can be computed, given (10):{

Sus(ω) = ΨsSqs(ω)ΨsT

Spa(ω) = ΨaSqa(ω)ΨaT (19)

In the applications considered, loads are dis-
tributed pressures. The nodal excitation is derived
from the nodal pressure using

fs(ω) = Np(ω) (20)

where N is a coupling matrix converting nodal
pressure into nodal loads.
The cross-PSD matrix of the nodal loads can then
be expressed as:

Sfs(ω) = NSp(ω)NT (21)

1.1.3 Diffuse sound field

A diffuse sound field is a sound pressure field
where the time average of the mean-square sound
pressure is everywhere the same and where there
is no privileged direction of the energy. One way
to build such a field is to superimpose an infinite

number of plane waves, so that all directions of
propagation are equally probable and phase rela-
tions are random (uncorrelated plane waves) [3].

Figure 1: Coordinate system (from Actran 17
User’s Guide)

A diffuse field along one axis is modeled by an
infinite number of plane originating from all direc-
tions. Let pn(r, t) denote the pressure field related
to the plane wave n, with r = (r, θ, φ) the position
vector of the observation point. In order to de-
rive the diffuse sound field PSD matrix, the cross-
correlation function has to be calculated. Thefore,
two points are considered along the axis: ξ1 lo-
cated at the origin and ξ2 located at (r, 0, 0). Giv-
ing xn(t) the instantaneous pressure value at the
origin for the considered plane wave, the pressure
field along the axis can be derived:

pn(r, t) = pn

(
0, t− r

c
cos(θn)

)
= xn

(
t− r

c
cos(θn)

)
(22)

The diffuse field pressure can be derived by sum-
ming up the contribution of an infinite number of
plane waves from all directions:

p(r, t) = limN→∞
1√
N

∑N
n=1 pn(r, t)

= limN→∞
1√
N

∑N
n=1 xn

(
t− r

c
cos(θn)

)
(23)

All signals xn(t) are assumed to have the same
autocorrelation function R0(τ), the same PSD
S0(ω) and to be uncorrelated.
By definition, the cross-correlation function of
pressures at ξ1 and ξ2 is

R(r, τ) = 〈p(0, t)p(r, t+ τ)〉 (24)

Substituing (23) in (24) and considering the fact
that the plane waves are uncorrelated and have the
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same autocorrelation function leads to:

R(r, τ) = limN→∞
1
N

∑N
n=1

〈
xn(t)xn(t+ τ − r

c
cosθn)

〉
= limN→∞

1
N

∑N
n=1R0(τ − r

c
cosθn)

(25)

It can be shown that this infinite summation
converges to a double integral over θ and φ cov-
ering all plane waves directions [4] :

R(r, τ) = 1
4π

∫ π/2
−π/2

∫ 2π

0
R0

(
τ − r

c
cosθ

)
|sinθ|dφdθ

= c
r

∫ τ
τ−r/cR0(t)dt

(26)

with the change of variable t = τ − r
c
cosθ.

By definition:

R0(τ) =

∫ +∞

−∞
S0(ω)eiωτdω (27)

Hence substituing (27) into (26) leads to

R(r, τ) =
c

r

∫ +∞

−∞
S0(ω)

c

ωr
sin
(ωr
c

)
eiωτdω (28)

As a result, the cross-PSD S(r, ω) can be derived:

S(r, ω) = S0(ω)fc(r, ω) (29)

with fc(r, ω) = sin(kr)
kr

the spatial correlation func-
tion, k = ω/c the acoustic wavenumber.

1.2 High frequency: SEA

As frequency increases, mesh element size
shall decrease in order to capture the physics of
dynamic phenomena. Indeed, the quality of a
mesh is often evaluated by the number of elements
per wavelength. As frequency increases, wave-
length decreases so in order to keep an acceptable
number of elements per wavelength (usually 6
to 8), elements shall shorten. This leads to an
increase in element number and computation time.
Besides, as frequency increases, modal density
increases and modes start to overlap. As a result,
the modal approach with modal superposition
and finite element modeling can no longer be used
with acceptable computation time and accuracy.
A non-deterministic approach is thus used to
study vibrations: the SEA [5].

In this method, the structure behavior is
statistically described, its energy being the main
variable. In order to prevent from the dicretization
issue of finite elements, the structure is subdivided
into subsystems and acoustic energy transfers
are assessed, given a set of hypotheses (large
modal density, diffuse field, weak coupling). This
method provides with a space-average response by
frequency band.

The SEA method is based on the steady-state
energy conservation for each subsystem i in every
frequency band:

πi,inj = πi,diss +
∑
j

πi,j (30)

where πi,inj and πi,diss are respectively the power
injected and dissipated in the subsystem i and πi,j
the power provided by the subsystem i to the sub-
system j.
The reciprocity principle imposes πi,j = −πj,i.

Figure 2: Schematic of a SEA system

The acoustic field exciting the system is a dif-
fuse field of constant amplitude in each frequency
band. Given frequency band ∆, it is important to
distinguish the modes whose frequencies are inside
∆, called resonant modes, from those whose fre-
quency is outside ∆, called non-resonant modes.

The modes of subsystems shall satisfy several
assumptions:

– non-resonant modes are neglected (except
some exceptions not developed in this paper)

– the coupling factors between two resonant
modes are equal

This document and the information it contains are property of ArianeGroup. It shall not be used for any purpose other than those for which it was supplied.
It shall not be reproduced or disclosed (in whole or in part) to any third party without the owner’s written consent. ArianeGroup SAS - All rights reserved. 5



– every resonant mode has the same energy level
(equidistribution of modal energy)

– every resonant mode has the same damping
loss factor

– the time-average total energy of a resonant
mode is independant from its coupling with
modes of any other subsytem

Giving those assumptions, (30) becomes:

ηi,totεi −
∑
j 6=i

ηj,iεj =
P i

niωc
(31)

with εi = Ei

ni
, where Ei and ni are respectively

the average total energy and modal density of
subsystem i in the frequency band ∆; ηj,i the av-
erage mode-to-mode coupling loss factor between
subsystems i and j; ωc the central frequency of
the frequency band ∆; P i the injected power from
external sources and ηi,tot = ηi,diss +

∑
j 6=i ηi,j the

total loss factor of subsystem i.

These relations can be put into a matrix form,
considering n subsystems:

η1,tot −η2,1 ... −ηn,1
−η1,2 η2,tot ... −ηn,2
...

... . . . ...
−η1,n −η2,n ... ηn,tot



ε1
ε2
...
εn

 =


P 1

n1ωc
P 2

n2ωc...
Pn

nnωc


(32)

These systems are solved for each frequency
band to derive the average total energy of each
subsytem. Given the approximation < Etot >≈
2 < Ecin >= ρsA < v2 >, where ρs is the sub-
system surfacic mass and A its surface, the mean
quadratic acceleration can be computed:

< a2 >=
ε

ρsA
ω2 (33)

2 Methodology
Academic cases are investigated in order to

establish a benchmark between Actran and
ArianeGroup in-house software. The quantity
of interest here is the normal PSD acceleration,
as it is a typical vibroacoustic output and is
widely used in the space industry to qualify
equipements. A rectangular plate and a cylin-
der shell, both made of a 2mm-thick aluminum

sheet, are considred in this study (see Appendix 1).

A diffuse sound field is applied as a surface field
on the structure in the in-house software (the ex-
ternal medium, if present, is not meshed), while
it can either be applied as a surface field or as
a diffuse free field on infinite elements in Actran.
Loading infinite elements allows to model the near
field and to account for diffraction, reflection and
masking effects (for an insight on the influence of
an external medium on a structure response, see
Appendix 5). In Actran, this diffuse field can ei-
ther be a conventional random diffuse field (modal
input/output relation solved), or it can be sampled
(Cholesky decomposition of PSD matrix, see Ap-
pendix 2) or modeled as a superposition of plane
waves (see Appendix 3). As a result, a sensitivity
study on the number of samples (s) and parallels
(p) - hence plane waves - is carried out.
In the analyses presented, the following pressure
field is applied:

fc (Hz) SPL (dB)
24.80 130
31.25 130
39.37 130
49.61 130
62.50 130
78.75 130
99.21 130
125.00 130
157.49 130

fc (Hz) SPL (dB)
198.43 130
250.00 130
314.98 130
396.85 130
500.00 130
629.96 130
793.70 130
1000.00 130
1259.92 130

Table 1: Noise spectrum (free field)

where fc is the center frequency of the one-thrid
octave bands and SPL the Sound Pressure Level.
In order to account for reflection, which is not
considered when a surface field is applied, the
SPL values are increased by 3 dB for a plate and
by a function of frequency for the cylinder (see
Appendix 5).

In order to derive accurate results from a FE
model, the ratio between the theoretical and nu-
merical wave velocities shall be as close as possible.
Indeed numerical errors are introduced when the
number of elements per wavelength is insufficient
to capture the physics involved. As a result, it was
shown that the ratio cFEM/cth = 0.99 is obtained
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with 16 elements per wavelength [7]. FFT recom-
mends using at least 8 elements per wavelength in
order to derive accurate results [4]. Therefore, the
element size is given by the smallest wavelength,
i.e. the largest frequency in the bandwidth consid-
ered. In the analyses presented here, this criterion
has been decreased to 6 elements per wavelength
which provides accurate results in shorter compu-
tation times (even if the criterion is not satisfied, as
the mesh induces the same bias in both softwares,
the results remain comparable). Besides, the accu-
racy of the results at high frequency is evaluated
by comparison with SEA results.

Computation time increases with the maximal
analysis frequency. Indeed, as frequency increases,
modal density increases as well so the number
of modes to include in the analysis increases
drastically. As a result, the maximum frequency
of the analysis is limited and a modal truncation
is used to only account for the modes that have
a significant influence on the response [6]. As
the cylinder has a higher modal density at low
frequencies compared to the plate, the noise
spectrum in the cylinder analysis is limited to
fc = 396.85Hz to restrain the number of modes
accounted for and reduce computing time. In
both cases, it is assumed that the modes up to
the eigenfrequency f =

√
2fmax, where fmax is the

maximum frequency of the analysis, contribute
significantly to the response of the system. This
truncation limit is chosen by analogy with a
1-degree-of-freedom oscillator which filters at
frequencies higher than

√
2f0. The modal basis

used in both Actran and the in-house software is
extracted from a NASTRAN modal analysis.

3 Results and Discussion

The in-house software was updated to a new ver-
sion during this study, which resulted in a signifi-
cant increase of its performance in terms of com-
putation time. This version still being in develop-
ment, some features have not been optimized yet.
In particular, the reading of input files is quite slow
and can easily be optimized, which is why it is in-
dicated in the following tables and why the % given
are with respect to the in-house computing time
without reading time.

3.1 Plate

The plate response is investigated up to the 1/3
octave band of central frequency 1259.92 Hz. As a
result, 899 modes up to 2000 Hz are considered in
the analysis. A comparision between ArianeGroup
in-house software and the three Actran diffuse
sound field models is carried out.
As can be seen on Figure 3, the Actran conven-

Figure 3: Normal PSD Acceleration

tional DSF and ArianeGroup in-house software
output PSD are almost identical. This result
was expected as the same theory is implemented
in both softwares. The small differences ob-
served most likely are numerical errors and are
neglectable. The overall shape of Cholesky and
plane wave decomposition curves is very similar to
the other two. Small variations can be observed,
which is due to the fact that the output PSD
is a quadratic mean of all realizations, which
introduces noise. Yet, thoses plots are fairly
good approximations of the results obtained by a
conventional DSF. One way to get better results
using Cholesky or plane waves decomposition is
to increase the number of samples and number of
plane waves. In order to verify this assumption,
a sensitivity study is carried out. As can be seen
on Figure 4, the more samples in the Cholesky
decomposition, the less noise and the closer
the results to a conventional DSF (an excellent
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Figure 4: Sensitivity study - Number of samples
for Cholesky decomposition

accuracy is achieved with 100 samples). This is
due to the fact that the quadratic mean converges
towards the conventional solution as the number
of samples increases. Hence, the accuracy of
a result obtained by Cholesky decomposition
increases with the number of samples, but so does
computation time (see Appendix 4).

In the same way, the accuracy of the results
obtained by plane wave decomposition increases
with the number of parallels, hence the number of
plane waves, and so does computation time (see
Appendix 4). Indeed, the more plane waves used,
the closer the results to the one obtained with a
conventional DSF, which is made of an infinite
number of plane waves. Yet even with a low
number of plane waves, the results are similar to
the conventional ones. In this case, the number of
samples also affects the accuracy of the result (as
seen previously), which is why the same number
of samples are used.

As frequency increases, the behavior of the plate
is no longer modal, with peaks from resonating
modes. It is thus interesting to compare those
results with the ones obtained with SEA. To do
so, the mean normal PSD acceleration on all
output nodes is calculated and averaged by 1/3

Figure 5: Sensitivity study - Number of parallels
for plane wave decomposition

octave band. As Figure 6 shows, the results are
quite different at low frequency, which is due to
the fact that modal density is to low to satisfy
the SEA hypotheses. As frequency increases, the
in-house and Actran results converge toward the
SEA results. SEA is often conservative when
complex systems are subdivided into subsystems.
For academic models such as a plate, this is not
necessarily the case, as shown by Figure 6. Yet
results are acceptable as the difference is smaller
than 3dB (multiplication factor 2).

Finally, the performance of each model in terms
of CPU time is evaluated:

Model CPU time (s) wrt in-house

In-house 3848
(incl. tread=2140)

1

Actran DSF 685 ÷ 2.49
Actran sampled

100 s 3942 × 2.3

Actran plane waves
decompostion
20 p, 100 s

42319 × 24.8

Table 2: Computation time comparison

As can be seen on Table 2, the in-house software
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Figure 6: One-Third octave comparison - Normal
PSD Acceleration

is comparable to Actran sampled DSF (100 sam-
ples) in terms of computation time. The in-house
software reading time of input files accounts for
more than 50% of the overall computation time:
this time shall be reduced to increase the in-house
software performance. Contrary to what was ex-
pected, the Actran conventional DSF is about 80%
faster than the sampled DSF. This is probably due
to the fact that only an academic case with few
modes and nodes is considered here. The plane
wave decomposition solution has a computation
time more than ten times larger than the Cholesky
decomposition and in-house one.

3.2 Cylinder

The cylinder response is investigated up to the
1/3 octave band of central frequency 396.85 Hz.
Thus, 1598 modes up to 630 Hz are considered in
the analysis. A comparision between ArianeGroup
in-house software and the three Actran diffuse
sound field models is carried out.
As for the plate, the in-house solution and Actran
various solutions are almost identical (Figure 7).
The results obtained by Cholesky and plane
wave decomposition have the same behavior as
previously, with noise due to the superposition of

Figure 7: Normal PSD Acceleration

realizations. In order to validate that the accuracy
of results increases with the number of samples
and plane waves, a sensitivity study is carried out.
It can be seen on Figure 8 that noise decreases as
the number of samples increases. It can be noted
that for the same number of samples, results seems
closer to the conventional ones for the cylinder
than for the plate.
Figure 9 shows that the more parallels in the

plane wave decomposition, the closer the results
to the conventional ones. In the plate calculation,
even with only one plane wave, the results were
quite accurate. Here, a larger number of plane
waves is required for the results to converge
towards the conventional DSF ones. With 2 plane
waves, the results are already acceptable which
is probably due to the geometry of the cylinder.
The same conclusions as with the plate can be
drawn from these computations: the accuracy
increases with the number of samples and plane
waves used in a decomposition method and so
does computation time (see Appendix 4).

As previously, a comparison with SEA is carried
out in order to check the accuracy of results as
frequency increases and the response is no longer
driven by modes resonanting. At low frequency,
the SEA hypotheses are not verified which explains
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Figure 8: Sensitivity study - Number of samples
for Cholesky decomposition

the difference between SEA and Actran and in-
house results. When frequency increases, the FEM
results tend towards the SEA ones (Figure 10).
The difference is comparable to the one observed
for the plate and is acceptable (smaller than 3dB).
Once again, the SEA results are not conservative
here.

Finally, CPU times of the different models are
compared:

Model CPU time (s) wrt in-house

In-house 54069
(incl. tread=20658)

100 %

Actran DSF 13757 41.2 %
Actran sampled

100 s 11233 33.6 %

Actran plane waves
decompostion
(p20, s100)

13654 40.9 %

Table 3: Computation time comparison

The in-house software computation time is
about four time larger than Actran computation
times. This time, reading time accounts for about
38% of the computation time, which is still a large
part of the overall computation time and partly ex-
plains why Actran is more efficient in this case (the

Figure 9: Sensitivity study - Number of parallels
for plane wave decomposition

in-house reading time is larger than Actran overall
computation time). As the cylinder model is larger
than the plate model in terms of number of nodes
and eigenmodes, calculation takes a larger part of
the overall computation time. The increased size
of the problem is also the reason why computa-
tion time increased in both softwares, compared
to the plate computations (with the exception of
the plane waves decomposition, which was slower
with the plate model despite the reduced size of
the model). The conventional and plane wave de-
composition methods took approximately the same
amount of time while the Cholesky decomposition
method took 18% less time. Using Cholesky de-
composition is thus a good strategy to derive re-
sults in a limited amount of time on a complex
model, while plane wave decomposition shall pro-
vide with accurate results faster than conventional
DSF as the model size increases.

4 Conclusion

This comparative study of ArianeGroup in-
house software and Actran on two academic cases -
a plate and a cylinder - shows that both softwares
converge towards the same solution. Indeed, Ac-
tran conventional DSF and the in-house model re-
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Figure 10: One-Third octave comparison - Normal
PSD Acceleration

sult in almost identical outputs. Those results are
compared to SEA-derived results and are shown to
be consistent, with a difference smaller than 3dB.
The sensitivity study on Actran decomposition pa-
rameters, carried out to evalute their influence on
the outputs, shows that both the numbers of sam-
ples and plane waves increase the accuracy of the
results. Indeed, as more samples are used, more re-
alizations are considered and the quadratic mean
tends toward the conventional result. Besides, the
more plane waves used in the decomposition, the
closer to the theoretical DSF (infinite number of
plane waves). As the number of plane waves and
sample increases, so does computation time but
accurate-enough results can be derived without
compromising a lot on computation time. For a
smaller model like the plate, in-house and Actran
DSF computation times are comparable, but as the
number of nodes and eigenmodes increases, Actran
becomes more efficient, which is partly due to the
fact that reading the inputs in the in-house soft-
ware is quite slow. Using Cholesky decomposition
appears to be the most efficient way to derive accu-
rate results in a limited amount of time. Indeed, as
models complexify (number of nodes and natural
modes), conventional DSF becomes more intricate
and results in increased computation time.

The in-house software used in this analysis being
the current production version, further improve-
ments being developped (including reading time
optimisation) shall reduce computing time. Ac-
tran’s advantage in terms of computing time with
respect to ArianeGroup in-house software for such
applications (model surface loading) shall be bal-
anced with Actran’s licensing cost. For model sur-
face loading applications, this tradeoff benefits the
in-house software but for other applications that
requires to account for masking effects or to model
the near field or porous materials, Actran might
be a good fit (further investigations shall be car-
ried out).
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Appendix 1 - About the meshes
The plate is 3m long, 1m wide and 2mm thick. It is made of aluminum, with the following properties:

E (GPa) ν ρ (kg/m3)
70 0.33 2800

Table 4: Aluminum properties

The plate is meshed with 5cm-wide quadrilateral linear elements. Considering the 6-elements-per-
wavelength criterion introduced previously, the maximum analysis frequency shall be fmax = 1133 Hz. As
a result, this criterion is not satisfied in the last spectrum band, which goes up to fmax = 1414.21Hz,
but results remain acceptable (even at high frequency as shown by the SEA calculations) and more
importantly comparable. 899 modes up to f = 2000 Hz are extracted.

Normal PSD acceleration is computed at a point located somewhere in a quarter of plate in order to
avoid a predominant response from one specific mode. For the values computed using SEA, the mean
normal PSD acceleration out of 44 output points is calculated.

The cylinder is 5m long with a radius of 1m. It is 2mm thick and made of the same aluminum as the
plate (Table 4).
The cylinder is meshed with 10cm-wide quadrilateral linear elements. Considering the 6-elements-per-
wavelength criterion introduced previously, the maximum analysis frequency shall be fmax = 680 Hz. As
the last spectrum band goes up to fmax = 445.45 Hz, the criterion is satisfied at any analysis frequency.
1598 modes up to f = 630 Hz are extracted.

The normal PSD acceleration is computed at a point located somewhere about a quarter of cylinder
height in order to avoid a predominant response from one specific mode. For the values computed using
SEA, the mean normal PSD acceleration out of 64 output points is calculated.
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Appendix 2 - Sampled Random Diffuse Field
One strategy to model a random diffuse field offered by Actran is to sample random excitations. This

method is based on three steps:

• First, a Cholesky decomposition of the positive definite hermitian PSD matrix Sp (21) is carried out:

Sp(ω) = L(ω)LH(ω) (34)

where L(ω) is a lower triangular matrix and LH(ω) its complex conjugate transpose.
The Cholesky decomposition is proven efficient to derive numerical solutions to linear equations (solv-
ing by forward and back substitution) and Monte Carlo simulations.

• Then, random phases are sampled in the range [0, 2π]:

φk = N(0, 1) · 2π k = 1, ..., n (35)

where N(0, 1) is a uniform random variable with zero mean and unit variance.
A vector of random phase factors ζ = (eiφ1 , ..., eiφn) is generated.

• Finally, realizations of the distributed random process are derived:

p = L(ω) · ζ (36)

This particular realization can be used instead of p in (20).
A sampled excitation is one realization of the stochastic process. Generating multiple realizations
only requires one Cholesky decomposition of Sp at each frequency. If a sufficient number of sampled
excitations is considered, the quadratic mean shall tend towards the conventional result.
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Appendix 3 - Plane Waves Superposition
As seen in Section 1 a diffuse sound field can be modelled by an infinite superposition of plane waves

originating from all directions. In numerical simulations, only a discrete number of plane waves can be
superimposed. Therefore, Actran uses three steps to model a diffuse field by a superposition of plane
waves:

• First, a reference sphere of origin o and radius R is divided into sections by Nparallels parallels. The
sphere sections are subdivided into a total of N elementary surfaces so that their associated surfaces
are almost the same.
Giving sj and nj the surface and unit normal vector at the center of the elementary surface j, the
acoustic pressure at point x due to a plane wave of amplitude Aj(ω) and phase ψj propagating along
nj is given by:

pj(x) = Aj(ω)eiψje−ikdj (37)

where k is the wave number and dj = (o · nj +R− x · nj). The plane wave amplitude is given by:

Aj(ω) =

√
sj
√

Φ(ω)√∑N
k=1 sk

(38)

with Φ(ω) = 1
2π

∫ +∞
−∞ R(0, τ)e−iωτdτ the auto-power spectrum.

• Then, N random phases are sampled in the range [0, 2π]:

ψj = U(0, 1) · 2π j = 1, ..., N (39)

where U(0, 1) is a uniform random variable with zero mean and unit variance.

• Finally, realizations of the diffuse field are generated:

p(x, ω) =
N∑
j=1

Aj(ω)eiψje−ikdj (40)

If a sufficient number of realizations is considered, the quadratic mean shall tend towards the conven-
tional result.

This method is an alternative method to simulate a diffuse sound field, especially when the computation
cost of PSD matrix decomposition becomes too important.
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Appendix 4 - Sensitivity study: computation time

Number of samples 1 4 10 30 50 100
Computation time (s) 1035 1132 1308 1902 2498 3942

Table 5: Plate sensitivity study - Number of samples

Number of parallels 1 10 20 50
Computation time (s) 5144 14055 42319 198067

Table 6: Plate sensitivity study - Number of parallels

Number of samples 1 4 10 30 50 100
Computation time (s) 3995 4626 5459 7743 9355 12014

Table 7: Cylinder sensitivity study - Number of samples

Number of parallels 1 10 20 50
Computation time (s) 1215 4236 13371 76536

Table 8: Cylinder sensitivity study - Number of parallels
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Appendix 5 - Fluid-Structure interaction: effect of the external
fluid

In both softwares, fluid-structure interaction can be accounted for by introducing an external medium
which affects the response of the structure. In the in-house software, this interaction is accounted for
by the added-mass and added-stiffness effect: the fluid modifies the system mass and stiffness matrix
[8]. In Actran, a fluid medium can be meshed with volume elements and its outer surface with infinite
elements. These elements allow to model the sound field in a semi-infinite domain by insuring a Sommerfeld
condition.
Infinite elements are represented as 2D elements applied to the exterior boundary of the finite element
domain and whose objectives are to act as a non-reflective boundary condition and to compute the sound
pressure levels in far field. Each infinite node only has one degree of freedom: the acoustic pressure. One
important parameter of infinite elements is the interpolation order. Indeed, the computation of SPL in the
far field is a truncated multipole expansion :

p(r) =
A1

r
+
A2

r2
+ ...+

An
rn

(41)

The interpolation order is a way to define virtual infinite nodes on the infinite edges of infinite elements.
Increasing the interpolation order increases the number of infinite nodes, which allows to model complex
radiation patterns but at a cost of increasing the model size, hence computation time.

As stated previously, the excitation SPL is increased by XdB when a surface field is applied in order to
account for reflection effects. Those effects being accounted for when using infinite elements, the excitation
SPL (Table 1) has not been increased by XdB when infinite elements are loaded. As a result, the sound
field is always increased by 3dB for the plate and XdB(f) for the cylinder (see Table 9) in the in-house
software but only when a surface excitation is used in Actran.

Central frequency (Hz) 31.5 62.5 125 250 500 1000 2000 ...
Sound level refine coefficient (dB) +1 +2 +2 +2 +3 +3 +3

Table 9: Cylinder sound level refine coefficients

Indeed there is almost no reflection at low frequency for a cylinder (curvature effect) but as the frequency
increases, the wavelength decreases and when it gets small enough compared to the cylinder radius, its
behaves like a plate, which explains why the sound level refine coefficient converges towards +3dB, which
is the theoretical refine coefficient of a plate.

In order to quantify the effect of an external fluid (here air) on a structure behavior, several simulations
are carried out with both softwares. In the in-house software, a fluid medium is added but the excitation
remains a surface pressure. In Actran, an external medium with infinite elements is implemented and
two simulations are carried out: either the infinite elements or the structure surface are loaded in order
the evaluate the effect of an infinite field and to verify that the near field matches the sound level refine
coefficients.

– Plate
As can be seen on Figure 11, there is no difference in the output PSD acceleration when an external
fluid is added to the in-house software model. This is probably due to the fact that the air is not a
heavy fluid (compared to water for instance) and has a limited impact on the plate dynamics. On the
other hand, the fluid clearly has an impact on the plate dynamics in Actran models: the peaks have a
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lower amplitude and are slightly shifted to lower frequencies compared to the conventional DSF without
fluid medium. This effect is present at low frequencies and tend to decrease as frequency increases. This
behavior is typical of an added-mass phenomenon.
When infinite elements are loaded, the far field pressure can be compared to the surface field pressure
on the plate in order to evaluate the near field pressure and derive sound level refine coefficients used
when a surfacic excitation is applied. Figure 12 shows that the pressure field on the coupling surface
between fluid and solid elements is about 2dB larger than the pressure field on infinite elements. This
difference slightly increases with frequency to reach more than +5dB. We were not able to retrieve the
theoretical sound level refine coefficient of +3dB for a plate, as an offset of 1dB, corresponding to 10% in
terms of PSD, was found. Further investigations shall be carried out; for instance increasing the number
of elements in the model could lead to better results at high frequencies as the number of elements per
wavelength would increase.

Figure 11: Effect of an external fluid - Compari-
son

Figure 12: Pressure field - Actran

– Cylinder

When an external fluid is added to Actran cylinder models, the fluid-structure interaction leads to
a different behavior than with the plate (Figure 13). Indeed, the same behavior as the plate can be
observed from 100 Hz - peaks have a lower amplitude and are slightly shifted to lower frequencies,
which is typical of an added mass phenomenon - but at lower frequencies, the PSD acceleration of the
cylinder shows peaks that are not present without an external fluid.
Figure 14 shows that the pressure field on the coupling surface between fluid and structure elements
increases with frequency but tends to converge to 132 dB (+2dB compared to the excitation noise). The
shape of the near field pressure matches the shape of refine coefficients from Table 9, without reaching
to +3dB. This is due to the 1dB offset noticed for the plate. Once again, further investigations shall be
carried out to retrieve the theoretical results.

This document and the information it contains are property of ArianeGroup. It shall not be used for any purpose other than those for which it was supplied.
It shall not be reproduced or disclosed (in whole or in part) to any third party without the owner’s written consent. ArianeGroup SAS - All rights reserved. 17



Figure 13: Effect of an external fluid - Compari-
son

Figure 14: Pressure field - Actran
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