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Introduction

In the Automotive industry the acoustic comfort is key in
vehicle development. With the electrification of the vehicle
fleets the frequency of interest is growing, reaching 10 kHz or
more. Thus, the sensitivity and variability in frequency range
of interest are increasing. This variability is a risk for
production if not evaluated in early stage. If uncertainties are
not considered, certain vehicles might not meet the defined
targets during production.

The impact of the vehicle trims on the interior noise is
increasing with the frequency. Especially when porous
materials are involved, the sensitivity and variability of those
parts need to be evaluated. Besides of the behavior due the
material properties, mass and boundary conditions have an
impact on the results. While masses are mainly well
controlled, boundary conditions are uncertain when it comes
to trim attachments (clips or snaps), or zone of contact
between trim and the vehicle structure. This article proposes
a method that evaluates the sensitivity of damping pads and
variability of acoustic trims on interior noise and structure
vibrations due to different sources of uncertainties on an
industrial model. Considered uncertainties are due to material
data (damping, mass, and stiffness), and contact zones of
trims with the structure.

In the automotive industry and with the development of
electric vehicles, the development times for vehicles are
changing. In general, we see the following macro trends.

e  The number of vehicles protypes are decreasing.
The maturity of prototypes is reduced.
The product development time is shorter
The robustness of the design is more and more
evaluated.
Concerning the NVH (Noise, Vibration and Harshness)
trends, one notices that the vehicle comfort becomes more and
more important, meaning reduced noise levels and improved
sound quality. Compliance with noise regulations becomes
more and more important, e.g., pass-by noise or pedestrian
alerting systems. In the context of electric motors, other noise
sources emerge, such as tire noise, side window noise and the
noise of HVAC (Heating Ventilation and Air Conditioning)
systems.
In the scope of this article two types of NVH treatments for
interior vehicle noise are discussed. On the one hand highly
dissipative materials as damping pads are considered, and on
the other hand acoustic trims boundary conditions are
investigated. In Figure 1 we see the two applications and their
impact on the frequency range for interior noise. While
damping pads influence the entire frequency range,
poroelastic materials (acoustic trims) start to show their
impact at around 100 Hz [2]. Other publications on interior
noise applications are in [3,4], yet the sensitivity to boundary
conditions is not evaluated. Numerically optimized damping
pad positioning has been shown in [5,6], yet a sensitivity
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analysis of mass stiffness and damping of the fully coupled
fluid and structure model has not yet been shown.
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Figure 1: Overview of Ride Comfort and NVH [1] with
treatments and their effective frequency range
The importance of damping pads and acoustic trims
(poroelastic materials) in the vehicle is growing. This is due
to the need of acoustic comfort. It is thus worth to investigate
the sensitivity and variability of those vehicle parts. This
could either be done in various measurements, or as in this
article through simulation.
The first part of the article will present the new method of
Actran Energy Analysis (EA) [7] for sensitivity analysis on
the interior noise level for body mass, stiffness, and damping
variations, and validates the method through an industrial
application.
The second part evaluates variability of vibrations and noise
level due to acoustic trim boundary condition uncertainty.

Method — Sensitivity Analysis for Actran
Energy Analysis (Actran EA)

A typical structural model in modal coordinates is described
in (1).

(diag(w?) + iwC(w) — w*Da = f Fé=f (1
In this equation, @; is the (circular) eigenfrequency of mode
i, C(w) is the (frequency-dependent) damping matrix, & is the
modal participation vector, and [ F(w)¢ = f(w) are the
(frequency dependent) modal forces.

If we want to express a in (1), we get

a = (diag(w?) + iwC(w) — w D)~ f (w). )

Sensitivity indicators are obtained through a quadratic form

of the modal participations

I(w) = a*(w)Pa(w),

3)

Here P is a diagonal or full matrix and it can be averaged by
frequency band with
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I=(wy—wy)™" f wzl(w)dw = (4a)

w1

(w2 — )7 [V & (w)Pa(w)dw, (4b)

w1

with w; and w, minimum and maximum frequency of the
frequency band.

If one wants to target the sensitivity to local changes in
stiffness, mass, and damping, the evaluation can be performed
on a patch wise level. Patches are defined as element groups,
see Figure 2 in the example of a public industrial size model.

Figure 2, example for vehicle model patch wise grouped
elements
We want to use the concept of element patches as regions
where a parameter (density, young modulus, or loss factor)
varies as a uniform distribution matrix for patch k. The
relevant mass, stiffness and damping distribution matrices on
patch level k are computed in (5) (6) and (7).

m=¢'M ¢ , 3)
ki=¢"K ¢, (6)
a=¢'C ¢, (7)
where ¢p  corresponds to the eigenvector.
To (1) we apply a small variation €,, with Zy =
(diag(w?) + iwC(w) — w?I), we get
(Zo + €, zi)a = qua = (3)
The sensitivities are computed with
9 _9 s (9a)
2e, (Zo + € z1)a = oe, f=0=
a =-Zy 'z, (9b)

de;,

Modal participation sensitivities can thus be obtained cheaply
from distribution matrices as additional load cases to solve
after modal participations have been obtained.

The whole process has been extended to a fluid structure
model and the sensitivities are computed on an industrial
example in the next chapter.
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Industrial Model and Results

The above method is now applied on an open-source
industrial model, see Figure 1Figure 3 and Figure 4. The
structural model has 1.3 million nodes and 1.2 million
elements and 7110 structural modes and 587 cavity modes
until 1120 Hz.

Figure 3, shows the structure industrial example model

Figure 4, shows the acoustic industrial model

The averaged total energy (Figure 5) level is evaluated at the
driver and passenger’s head position, see Figure 6. Total
energy is proportional to p?, thus a good indicator for
interior noise.

390 Hz
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Figure 5, shows the total energy of the driver and
passenger's head positions, the maximal peak is identified
at 390 Hz.

Figure 6, shows the element clouds of the averaged areas.

The evaluation of the sensitivities on the element patch level
are shown in Figure 7 for mass, Figure 8 for damping and
Figure 9 for stiffness.
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Variability of Trim Boundary Conditions

' In the second part the variability of the acoustic trims to
boundary conditions is evaluated. The model is the same
open-source model as in chapter “Industrial Model and
Results”. In this part the influence of the boundary condition
- on the acoustic and structural results is evaluated. For that,
IM different boundary conditions are used to couple the trim to

the same structure, see Figure 11.
Figure 7, shows the structure mass sensitivity for the noise level at
head positions. A positive sensitivity indicates that mass needs to
be reduced to reduce noise.

i;ﬂ "

Figure 8, shows the structure damping sensitivities for the noise
level at head positions, a negative sensitivity indicates that damping
needs to be increased to reduce noise.
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Figure 11, acoustic trims are either posed, screwed, clipped on the
body. Different boundary conditions account for that.

The boundary conditions that are applied to the model are:

e Airgap boundary condition applies a very small air
layer in between trim and structure.

e  Glued boundary condition, structure and trim are
coupled in all three coordinate directions; thus, they
are perfectly glued together.

e Sliding boundary condition, only normal direct
vibrations are coupled from the structure to the
acoustic trim.

Figure 9, shows the structure stiffness sensitivities for the noise
level at head positions, a negative sensitivity indicates that stiffness
needs to be increased to reduce noise.

By applying all above measures, the frequency peak at 390 e Combined Connection, the industrial standard
Hz moves to a higher frequency, this is not surprising, as in modeling a combination of sliding and glued
the undamped single degree system the eigenfrequency wy is connections.

, e Less Contact assuming that less trim surfaces are in
defined with w, = k/ m » With k the stiffness and m the contact with the structure.
mass of the system. Increasing the stiffness and decreasing The results of this variability study are shown in Figure 12
the mass will result in a movement of the peak to higher and Figure 13, Figure 14 shows the acoustic trims of the
frequencies. The damping seems to have less influence, see model and the microphone positions of the simulation.
Figure 10.
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Figure 10, by increasing the stiffness, decreasing mass, and
increasing the damping the blue curve is achieved, the 390 Hz peak
of the red curve has moved to the higher frequency.
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Figure 12, variability of accelerations of the firewall panel, due to

trim boundary condition variation, variability in amplitude and
frequency possible.
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Figure 13 a and b, variability of noise level due to firewall
insulation pad boundary condition variation

Figure 14, visualization of the acoustic trims and considered
microphone positions.

Summary and Conclusions

A new method for Vehicle / Body in Blue sensitivity analysis
has been presented. The method is an energetic NVH tool,
based on normal modes for fluid and structure. The method
allows to evaluate the optimal positions for damping pads,
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zones and additionally, were stiffness and mass should be
modified, for an optimal vehicle NVH behavior.

The presented method has been successfully used to shift one
frequency peak.

In the second part of this work, the uncertainty and impact of
acoustic trims is discussed. Correctly modeling them in mid
frequency range is crucial. High precision prediction values
can be found in [2] for a similar application (interior noise
predictions).
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