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Summary

In the development of vehicles the prediction of

interior noise by means of numerical simulation is

presently a main goal alongside the optimisation of

durability and crash behaviour. In this paper the

methodology for the development of a precise

numerical model for the simulation of interior noise

is shown for the example of a modern sports car.

Systematic comparison of measured and calculated

results are described starting from principle test

parts, continuing with the body in white (BIW)

structure and ending up with the trimmed vehicle

body. The simulation is carried out by means of Finite

Element Method (FEM). Detailed analyses enabled to

build up specific competence for material and

structure parameters for the noise calculation model.

The final model is validated by measurements.

Introduction

Today, drivers of modern middle class and sportive

cars may expect comfort and sound in a quality, which

was restricted to upper class vehicles some years ago.

Developing these low noise vehicles, it becomes very

important to be able to predict interior noise early in

the development process. Precise prediction of interior

noise requires an integral acoustic model of the car

considering all relevant parts of the car body

structure, the passenger-room and the trim. 

Although, numerical models for durability and crash

simulation exist usually in the design process, they

can be used as a base for the acoustic model. For

vibro-acoustic calculations, there are specific

requirements for defining additional material

properties of the relevant parts. Such properties are

e. g. the dynamic stiffness, damping coefficients and

the absorption properties of the different parts (up to

200 parts in a car). 

There are a large number of publications in this area,

e.g. [2, 3]. A lot of focus on specific problems and a

lower frequency range. Additionally, this paper

describes the systematic build-up and validation of a

integrated simulation model for the trimmed vehicle

body, valid in the frequency range of the second

engine order of a 4 cylinder inline combustion engine

(up to 250 Hz).

In this frequency range, it is fundamental to start

with a precise model for the car body structure

considering the real mass and stiffness distribution.

Especially, damping effects, not relevant in durability

and crash simulation, have to be considered for the

different materials and joints. Furthermore, the

correct modelling of the vibration of windows and

doors considering sealing, locks and hinges is

required. Finally, the trim parts are specifically

relevant for the interior noise distribution, e.g. head

liner, floor carpets, seats and instrumentation board.

In order to build up specific competence and data

know-how to generate these predictive noise

simulation models, ACC started research projects in

co-operation with its industrial partners AVL List

GmbH, Graz and Magna Steyr Engineering, Graz. The

methodology used for interior noise prediction is

described in the following paper and examples of

results and specific findings are discussed.

The advantages of the systematically developed

noise simulation model can be described as follows:

On one hand, the model can be used to predict the

efficiency of design modifications (e.g. for trim parts)

and can be used for target definition of trim. On the

other hand, the models will be used to predict

absolute interior noise levels when actual excitations

are applied.

Methodology

To build up a simulation model for interior noise

calculation up to 250 Hz, the relevant physical

effects have to be analysed and considered. As

shown in fig. 1, we can select three main groups of

vehicle areas interacting with one another and

influencing the interior noise. These are, the car

body structure itself, the fluid enclosed in the

passenger-room (as well as other cavities e.g.

cavities behind covers, etc.) and the trim parts

connected to the car body. 

In order to analyse the single effects on the

simulation model consequently, the car model was

build up in 4 steps:

• Stripped body in white (SBIW): Plain spot welded

structure (consisting of deep-drawn sheet-metal

parts)

151



152

• Body in White (BIW): Windscreen and bulkhead

fixed to the car body

• Closed body in white (CBIW): All doors and

additional windows mounted

• Trimmed body (TB): CBIW including all trim parts

(seats, head liner, etc.)

FEM was applied for all structure parts and fluid

cavities for the discretisation of the vibro-acoustic

behaviour, using the second order vibration equation

(structures) and Helmholtz equation for fluids [1].

Linear structure behaviour was assumed and the

calculations were carried out in the frequency

domain.

Although, FEM models exist in the development

process for crash and durability analyses, they can

not be used for acoustic analyses directly. The

reason is, that the vibro-acoustic simulation model is

used in the extended frequency range, as shown in

fig. 2.

In this investigation, models for durability and crash

simulations of a sports car were used as a base.

First, the structure mesh density had to be checked

for vibro-acoustic simulation requirements in the

target frequency range up to 250 Hz. Furthermore, a

fluid mesh was generated for the cavities. Then, the

model parameters mass, stiffness and damping were

modified by successive comparisons of measurement

and calculation results following the stepwise

procedure as described above (SBIW, BIW, CBIW,

TB). Absorption behaviour was added to the model,

as determined by tests.

The methods used for the identification of the

parameters were:

• Comparison of measured and calculated modal

behaviour

• Comparison of measured and calculated transfer

functions

• Measurement of absorption coefficients

(impedance tube)

• Analysis of fluid-structure interaction effects

(coupled FEM-FEM)

In addition to the entire car structure, suitable test

parts made of steel sheet were analysed. Thus,

effects of weld joints, varnishing, layers, etc. could

be investigated in more detail. Furthermore, these

comparisons gave a clear insight into single vibro-

acoustic effects and saved computation time.

The calculations were carried out by means of MSC

NASTRAN (structure and fluid-structure interaction)

and LMS SYSNOISE (fluid). For measurement and

verification work LMS CADA-X and LMS GATEWAY

were used.

Results Body in White 
(SBIW and BIW)

Besides a detailed check of precise mass and

stiffness distribution of the base model (crash and

durability simulation models), the precise modelling

of welded joints was investigated. 200 modes were

found for the SBIW model. The modal comparison of

measured and calculated results using MAC (Modal

Assurance Criterion) values could be applied up to

about 80 Hz. In fig. 3, two examples of natural

vibrations are shown for modes at 37,7 and 250 Hz.

At 37,7 Hz a global mode of the entire SBIW (torsion

in longitudinal direction) is shown. At 250 Hz the

specific local vibration behaviour of structure areas

(e.g. roof) can be observed.

Heavy layers, as used for vibration reduction e.g. in

the floor areas of a car mainly increase the structure

weight and its damping behaviour. The investigations

using test part samples resulted in a mean modal

frequency reduction of 1.5 % and in increased

damping factors of up to 4 % (related to critical

damping). Relevant changes of parameters of the

SBIW model confirmed these results.

The effect of varnishing was first analysed by test

part samples as well. During the varnishing

procedure the small gaps between the sheet-metal

parts and around the weld points are filled up

resulting in a stiffed structure. This effect was

modelled by stiffening the weld joint models (up to

factor 2.5), fig. 5 and 6. Further effects were

investigated by a similar methodology, e.g. outer

floor protection, etc.



Results Closed Body in 
White (CBIW)

When mounting doors, tailgate and rear lateral

windows to the car body, their significant effect on

the interior noise could be observed. Although, the

modal behaviour of the door models had been

validated separately in detail up to 150 Hz in

advance, a sufficient correlation of the CBIW was

possible not before additionally modelling the

connecting elements (hinges, locks, buffers and

sealing) in detail. An example of this effect is given

in fig. 7.

Fluid-structure interaction was analysed in detail.

Due to the local elasticity of several structure areas,

these bilateral interaction effects on interior noise

can not be neglected at all, although the modal

density (number of modes per band width) of the

fluid (passenger-room) is much lower than the one

of the structure, fig. 8. The fluid modes were

measured by a microphone array in the cabin. To

separate fluid and structure dominated modes, their

characteristic difference in amplitude and phase

correlation was used.

An example of strong fluid and structure interactions

is shown in fig. 9. At about 130 Hz, a theoretical

excitation at one of the doors is transferred to the

other very intensively due to the vicinity of modal

frequencies of structure and fluid. Of course, the

effect on the absolute noise level will depend on the

actual excitation in the vehicle.

Results Trimmed Body (TB)

Trim parts play a significant role for interior noise,

even in the frequency range up to 250 Hz. After

investigating the existing trim parts in detail, two

types of modelling were defined. The typical trim

panel parts mainly effecte noise due to the surface

vibration. Such parts are considered as shell

elements and elastically connected to the body

structure. An example is given for the first vibration

mode of the instrumentation board in fig. 10.

Furthermore, the strong influence of openings, gaps

and holes in the board could be investigated. The

results comparing the interior pressure distribution

with and w/o covering the openings (for cables, etc.)

underlined the requirement for precise models for

real existing open areas. This effect was investigated

also for trim parts of the door [5]. 

Trim parts having dominating absorption effects are

considered as additional mass, damping and

stiffness added to the relevant car body structure

area and the acoustical effect is considered by the

acoustic admittance. Floor carpet and seats are

typical examples for such type of parts, although the

seats have an additional vibration behaviour (first

modes). 

Among others, the effect of the floor carpet was first

analysed in the CBIW model. The complexity of the

carpet model is due to the varying thickness of foam

and the partly existing air gaps between structure

and carpet. By comparison of different calculation

models, it was found, that the floor carpet can be

modelled by additional structure mass and damping

values of the floor area. The acoustical behaviour

was modelled by admittance values. The relevant

parameters were found from tests of the materials in

the impedance tube [4] and by surface vibration

analyses in the car.

The seats of the sports car consist of a plastic corpus

including some metal parts for mounting, are

upholstered by foam material, and covered by

leather. After analysing the structure vibration,

measuring the absorption coefficient of materials

used and modelling the seats including mechanical

links and guides, the entire seat model was

composed, fig. 11 and 12. Because of the

significant influence of the seats on interior noise,

the structure vibration and the acoustical behaviour

has to be considered in the FEM model [5].

In this paper, only some examples of the various

investigations carried out and the relevant results

derived in order to build up the target simulation

model for interior noise calculation up to 250 Hz,

could be shown. Further details of the investigations

will be shown in future publications by the authors.

Finally, the entire simulation model was compared to

the measured result by means of transfer functions.

The transfer functions are defined as quotient of

pressure at drivers ear (or other positions in the
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passenger room) to excitation force at car body

structure (engine mounts, tyre suspension, etc.).

One of the results is shown in fig. 13, underlining

the high quality of the final interior noise model. The

difference between the integral levels of measured

and calculated results in the frequency range up to

250 Hz was less than 1 dB.

Conclusions

A methodology has been described to investigate

main effects on interior noise and to build up a

numerical simulation model for trimmed vehicle

bodies up to 250 Hz. The results can be summarised

as follows:

• Results prove the chosen methodology and

competence for high quality simulation models for

interior noise prediction.

• The application of FEM coupled analysis of fluid

and structure is required to fulfil the target.

• According to the results, trends of acoustic

measures can be predicted with high quality.

• Thus, the application of the methodology is

suitable for the predictive requirements in the

industrial development process.

There are running projects to apply the developed

simulation methodology at ACC`s industrial partners

and ongoing work in ACC for further improvement.
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Fig. 1: Main groups of vehicle areas effecting interior noise

Fig. 2: Amplitude and frequency range for numerical simulation targets
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Fig. 3: Vibro-acoustic analysis of stripped body in white (SBIW)

Fig. 4: Analysis of the effect of heavy layers on structure vibration
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Fig. 5: Steps for investigating the effect of varnishing on structure vibration

Fig. 6: Stiffness effect of varnishing on the vibration of the car body structure
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Fig. 7: Effect of damping in hinges

Fig. 8: Characteristic of fluid and structure modes of the closed body in white (CBIW)



159

Fig. 9: Interaction of fluid and structure vibration

Fig. 10: Effect of openings in the instrumentation board on interior noise



160

Fig. 11: Analysis of the modal behaviour of front seats

Fig. 12: Analysis of the acoustic behaviour of seat materials
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Fig. 13: Measured and predicted transfer functions for the trimmed vehicle body of a sports car
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