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This article presents the numerical modeling of noise radi-
ated by an engine, using the so-called Acoustic Transfer Vec-
tors and Modal Acoustic Transfer Vectors concept. Acoustic
Transfer Vectors are input-output relations between the nor-
mal structural velocity of the radiating surface and the sound
pressure level at a specific field point and can thus be inter-
preted as an ensemble of Acoustic Transfer Functions from the
surface nodes to a single field point or microphone position.
The modal counterpart establishes the same acoustic trans-
fer expressed in modal coordinates of the radiating structure.
The method is used to evaluate the noise radiated during an
engine run-up in the frequency domain. The dynamics of the
engine are described using a finite element model loaded with
an RPM-dependent excitation. The effectiveness of the method
in terms of calculation speed, compared with classical bound-
ary element methods, is illustrated. The evaluation of the re-
sults, as a function of RPM and frequency, shows the poten-
tial of the approach during the engine development process.

In the automotive industry when designing an engine, engi-
neers have to take into account several constraints, which are
of completely different nature and sometimes even partially
contradictory, e.g., performance, low weight, durability, cost
and acceptable noise levels. Due to market pressures and com-
petition car manufacturers are constantly working to shorten
this development cycle.

The use of numerical modeling has become more and more
important to help the engineer in this design process and to
reduce the number of physical prototypes that will have to be
built and tested. The availability of fast, simple and accurate
modeling tools has thus become essential in automotive design
and more specifically in the field of NVH.

The process of numerical evaluation of engine noise is sum-
marized in Figure 1. Multibody simulation provides a method
for estimating the forces acting on an engine during operation,
taking into account various relevant effects such as combus-
tion pressure and bearing loads. Together with a structural fi-
nite element model of the engine, they are used to evaluate the
engine’s structural response to operational conditions as a func-
tion of both RPM and frequency. The vibro-acoustic relation-
ship between engine vibrations and the acoustic pressure field
is then evaluated in order to calculate radiated engine noise.

This article illustrates a new approach, based on the Acous-
tic Transfer Vector concept, which is used to evaluate the vibro-
acoustic response of a radiating structure in an efficient way
enabling a faster engine development process.

Acoustic Transfer Vectors Methodology

The Acoustic Boundary Element method (BEM) is a well-
established numerical method for solving acoustic radiation
problems in unbounded domains.! In the classical approach,
the acoustic response is calculated by solving the system of
equations for each loading condition, preferably in a multiload
case solution sequence. In general this is very time-consum-
ing since the BEM system matrices (full, symmetric, complex
and frequency dependent) need to be assembled and solved at
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each frequency and for each set of load cases.

The Acoustic Transfer Vector (ATV) concept consists of an-
other organization of the calculation process whereby the ob-
jective is to reduce the computational effort to a minimum by
reuse of calculated nominal Acoustic Transfer Functions. ATVs
are indeed input-output relations between the normal struc-
tural velocity of the vibrating surface and the sound pressure
level at a specific field point position.* ATVs, commonly also
referred to as Contribution Vectors or Acoustic Sensitivities,
can be interpreted as an ensemble of Acoustic Transfer Func-
tions from the surface nodes to a single field point. They only
depend on the configuration of the acoustic domain, i.e., the
geometric shape of the vibrating body, the fluid properties
(speed of sound and fluid density), the acoustic surface treat-
ment modeled by local reacting acoustic impedance conditions,
the frequency and the field point. They do not depend on the
loading condition. The ATVs can be used in all applications
where a one-way coupling is assumed between the structure
and the acoustic field (vibrations of the structure not influ-
enced by the fluid).

A highly efficient procedure for calculating ATVs has been
implemented in LMS SYSNOISE Rev 5.5, limiting the compu-
tational cost of an ATV to the cost of a single frequency re-
sponse calculation. The Acoustic Transfer Vectors from the ra-
diating surface to specified field points are evaluated in a first
step across the frequency range of interest at fixed frequency
intervals. In a second step, the acoustic response in the field
points is calculated for all loading conditions by combining the
ATV with the normal structural velocity boundary condition
vector at any frequency within the range. This ATV response
calculation is a vector-vector product, given as,

P(@) =fatv(w} " {Vn() (1)
and involves negligible computation time.

An important observation is the fact that, in the case of sound
wave propagation in an open space, the fluid domain around
the radiating object exhibits hardly any resonant behavior.
Therefore, ATVs are rather smooth functions of frequency.
Coefficients can be accurately evaluated at any intermediate
frequency, called slave frequency, using a mathematical inter-
polation scheme based on a discrete number of frequencies,
called master frequencies. It is important to note that structural
normal velocities cannot be similarly interpolated, since these
directly depend upon the highly resonant dynamic behavior
of the structure.

Another important advantage is that these frequency depen-
dent ATVs can also be used for contribution analysis, i.e., by a
‘partial’ vector-vector product taking into account only the nor-
mal velocity boundary conditions on part of the radiating sur-
face, i.e.,

Np
Pe(@) = fatv® (@)} (vi(w} (2)

e=1

whereby the superscript e denotes an element contribution.
This way, the contribution of groups of elements correspond-
ing to distinct panels of the structure can be derived, provid-
ing more insight into the noise generation mechanisms.

The engineering process to compute the structural normal
velocity on a vibrating surface relies usually on the structural
Finite Element Method and often on a modal superposition
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Figure 1. Engine noise modeling process.

approach, where the structural response is expressed as a lin-
ear combination of the mode shapes of the body as in the fol-
lowing relation

vy (@)} = ief ®p {mrsp( )} ©)

where [F ] is the matrix composed of the modal vectors, pro-
jected on the local normal direction of the boundary surface
and {mrsp(w)} is the modal response (vector of the modal par-
ticipation factors) of the structural model at a given excitation

frequency.
Combining (3) with Equation (1) leads to,
P(w) = jefatv(@)" [Pa1{mrsp( &)} @
where
icfaty (@)’ [®,] ={matv(w}' ®)

is called the Modal Acoustic Transfer Vector (MATV) which can
be directly combined with the modal response vector to give
the sound pressure at a field point:

p(w) = {matv(w}' {mrsp( @)} (6)

MATVs are the modal counter part of ATVs. They express the
acoustic transfer from the radiating structure to a field point
in modal coordinates and therefore contain the acoustic con-
tributions from each individual structural mode. The acoustic
response in the field point is obtained by recombination of the
MATV with the corresponding structural modal responses.
Working in modal coordinates results in an important data
reduction. It’s clear however that MATVs are no longer inde-
pendent of the structural model as they are linked to the struc-
tural modal basis. Whenever the structural modal basis
changes, e.g., due to structural design modifications, the set of
MATVs needs to be reevaluated. From Equation (5) it is clear
however that, for a given structural mode set, the correspond-
ing set of MATVs can easily be regenerated by projecting the
ATVs, independent of the structural model, into the modal
space. It’s important to note that this quick generation of
MATVs by projecting the ATVs into a new modal basis is only
valid if the acoustic configuration has not been changed due
to structural design modifications.

A wide range of different acoustic response calculation se-
quences based on ATVs and MATVs has been implemented in
the software.* For the application at hand a multi-RPM MATV
response solution sequence was chosen whereby the structural
modal response calculated in MSC/NASTRAN v.70.5 for all
load cases is imported in the acoustic model for evaluating a
complete acoustic signature of the engine, as explained in the
following sections.

Numerical Procedure

Structural Model and Excitation. The dynamic FEA
powertrain system model (Figure 2) which includes the cylin-
der block, the oil pan, the right and left cylinder head, the front
cover and the right and left cam cover, was developed to per-
form the NVH assembly analyses, for a total of 124,145 elements

Figure 3. Main bearing loads.

Figure 4. Piston side thrust loads.
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Figure 5. Combustion pressure loads.

and 160880 nodes. The engine dynamic loads used in the MSC/
Nastran frequency response analysis (solution 111) are: the
main bearing loads (Figure 3), the major and minor piston side
thrust loads (Figure 4) and the combustion pressure force on
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Figure 7. Optimized mesh obtained using Virtual.Lab Pre/Acoustics.

the heads (Figure 5). These forces are computed for each rpm-
value. The outputs from the MSC/Nastran analysis are the natu-
ral frequencies, mode shapes and the modal responses.

Acoustic Boundary Element Model of the Engine. The acous-
tic model has been defined in LMS/SYSNOISE Rev 5.5. Fig-
ure 6 illustrates the acoustic Boundary Element model of the
engine and consists of 11359 elements and 9034 nodes.

This reduced mesh is the result of a mesh coarsening proce-
dure applied on the structural FE mesh with the help of the
dedicated software LMS Pre/SYSNOISE Rev 5.4. The size of the
elements is small enough to describe the acoustic wavelength
corresponding to the highest frequency of interest. In this case
it satisfies the classical 6 elements per wavelength criteria up
to 1.5 kHz.

The acoustic mesh generation is time expensive (it usually
takes a couple of weeks) and represents the major bottleneck
of the proposed approach. Virtual.Lab Pre/Acoustics allows the
user to generate an acoustic mesh within hours. Figure 7 rep-
resents a typical mesh obtained using this new tool. The mesh
contains 7232 elements and 7224 nodes and is valid up to 3
kHz. This resulting mesh is optimized for acoustic BEM com-
putations. More importantly, it is obtained in less than two
hours. Unfortunately, Virtual.Lab Pre/Acoustic was not avail-
able at the time of this study and the results shown here were
computed using the mesh shown in Figure 6. New results ob-
tained using the optimized mesh will be presented in the fu-
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Figure 8. Mode shape comparison. Upper: full FE model; lower: reduced
FE model.

ture together with experimental validations.

A common numerical problem encountered in Boundary
Element analysis is the so-called nonuniqueness problem at
specific frequencies.3 These irregular frequencies relate to reso-
nance frequencies of the (imaginary) cavity enclosed by the BE
mesh. A possible solution to solve this problem is to apply
acoustic impedance boundary conditions on some elements at
the interior side of the BE mesh. The characteristic impedance
of air rc, where r is the mass density and c the speed of sound
propagation, provides a sufficiently high amount of acoustic
damping to alleviate this nonuniqueness problem.

Mesh Incompatibility Handling. For the purpose of compat-
ibility of the structural and acoustic models involved in the
vibro-acoustic coupling, a reduced structural FE model has to
be defined which is compatible with the acoustic mesh. The
mode shape data of the full FE model was transferred to the
reduced model, using a geometric mapping scheme. The va-
lidity of the reduced model, often referred to as surrogate model
for describing the highest frequency modes, as well as the qual-
ity of the mapping, was verified by a visual comparison, as il-
lustrated in Figure 8.

Results of the Radiated Noise Evaluation

Process Flow. The acoustic evaluation procedure is summa-
rized in Figure 9. In the acoustic model, the ATVs are computed
across the frequency range of interest. They are then projected
onto the space spanned by the normal component of the struc-
tural mode shapes to get the MATVs at different frequency in-
tervals.

In the structural model, mode shape data are used together
with the modal responses to get the deformation shapes of the
structure at different excitation frequencies for all RPM load
cases. The definition of a so-called weak fluid-structure link,
i.e., one way vibro-acoustic coupling between those two mod-
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Figure 10. Waterfall diagram of sound pressure levels above the engine.

els, enables evaluation of the acoustic pressures at all pre-
defined field points for a list of RPM load cases and excitation
frequency values of interest.

The calculation parameters are as follows:
® ATVs are evaluated within a frequency range from 25 to 1250

Hz, with steps of 25 Hz (50 ‘master’ frequencies only).
® A cubic spline interpolation scheme is used to estimate the

ATV at all excitation frequencies in the range of interest. The

requirements on the number of master frequencies, from

which the ATV curves are obtained at any frequency, de-
pends on the shape and smoothness of the frequency depen-
dency of the ATV.

® Modal Responses are imported in the software, leading to an
automatic creation of 52 RPM-related load cases.

® The multiload case calculation is done for the first 60 half-
orders of crankshaft rotation. Note that calculation on the
basis of orders of the rotation speed implies that the excita-
tion frequencies are different for each RPM. Using the clas-
sical BE method where each frequency is processed sepa-
rately, it would thus necessitate an enormous number of
calculation sequences. In the MATV-response approach, the
modal acoustic transfer relation is, when necessary, interpo-
lated at the excitation frequency and recombined with the
modal response in a highly efficient calculation.

As a result, the RPM- and frequency-dependent acoustic
pressure are obtained and can be represented in the form of wa-
terfall diagrams or as a color map on the field point mesh. As
such, the (M)ATV approach does not enable the evaluation of
acoustic power radiated by the system. However, this problem
can be solved for a structure which, like an engine, radiates
more or less uniformly in every direction through the use of
the 1ISO3744-1994 procedure. This procedure relates to experi-
mental evaluation of radiated acoustic power from the sound
pressure level at a limited number of points (without phase
information). Indeed, the use of the acoustic pressure values
at 20 evenly distributed locations is sufficient to get a very
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Figure 11. Modal participation factors (log magnitude scale vs. mode
number).
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Figure 12. Deformation plot at 6000 RPM, 400 Hz.

accurate estimate of radiated acoustic power provided that the
source does not radiate exclusively towards particular direc-
tions.

Results of the Procedure. Figure 10 shows sound pressure
levels, calculated 1 m above the engine, between 800 and 6000
RPM and for frequencies ranging from 8 to 1250 Hz. This dia-
gram shows the orders from the engine excitation resulting in
high levels at a frequency proportional to the RPM.

Relevant structural modes can be easily detected from the
this graph as they result in high levels at a single frequency
throughout the RPM sweep. This leads to finding the most criti-
cal RPM and frequencies. With this information, modal partici-
pation factors and deformation shapes at critical frequencies
can be generated as illustrated in Figures 11 and 12. A subse-
gquent analysis of the contribution of various engine panels to
total acoustic excitation can then help the engineer understand
the mechanisms of noise generation.

Computational Speed Comparison with Classical Approach.
Direct evaluation of acoustic pressures with the Boundary El-
ement method involves 2 steps: 1) the acoustic potentials on
the surfaces defining the acoustic field are derived from the
knowledge of velocity boundary conditions; 2) field point pres-
sures are derived from potentials at any field point position of
interest through an evaluation of the surface Helmholtz inte-
gral. The first phase is the most calculation intensive as it in-
volves the solution of a dense, complex, symmetric system of
equations.12

In the present case, we were interested in the results at 44
field points resulting in the following elapsed-time-statistics
on a HP-C3000 workstation:
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Classical Approach

1. Surface potentials — 30 min per frequency.

2. Field point pressures processing — 5 sec per frequency.

MATV Approach

1. ATV evaluation — 42 min per frequency for all field points.

2. MATYV projection — 10 min for 70 structural modes at all fre-
quencies.

3. Combination with MRSP — 7 sec per frequency.

In the present case, where the first 60 half-orders of 52 RPM
cases are considered, the direct approach would therefore need
approximately [(30+5/60)(60" 52)]/60 = 1564 hours, i.e., >60
days. The MATV approach only needs [(50" 42) + 10 + (7/
60)(60" 52)]/60 = 41 hours, i.e., <2 days

Conclusion

This article presents a new methodology for solving acous-
tic radiation problems in a more efficient way using the so-
called Acoustic Transfer Vector concept. This approach is il-
lustrated through the evaluation of the acoustic signature
analysis of an engine during a run-up. The gains in terms of
computation time, subsequent reduction in the amount of data
to handle and improved efficiency of post-processing steps
show the validity of the new method for solving large vibro-
acoustics problems.
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