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ABSTRACT

PREDICTION OF SOUNDI'RANSMISSION CHARACTERISTICS OF
MULTIPLE ELASTOMERIC BULB SEALS

Barut - u, Burak Nebil
M. Sc., Department of Mechanical Engineering
Supervisor: Prof . Dr . Me hmet ¢a

June2017,103pages

Prevention of transmitted sound thgbucar doors is eritical issue;asdoors are the
weakest parts of a car asseminolfterms of sound isolation performandéain path

for sound transmission is through the seals between the car body and the door. Hence,
the examination of sound transmission loss charattsrisf seals between the car
body and door is important to improve the soisudation characteristiosf the door
assembly. The aim of this research is prediction of the sound transmission
characteristics of multiple elastomeric bulb seals used betWwe@at door and body.

Generally, two bulb seals are usétk firstone is attached to the main body of the



car andthe other is attached to the doorhose elastomeric sealargBould be

examined togethdo improve the totadound insulation performance

Prediction of sound transmission characteristicenatftiple elastomeric bulb seal
system is the main objective of this research. This assessment infdudesain

steps. The first step is validating the deformatiaalysis by comparing the force vs
opening curves of the bulb seals with the anafygesults.The ®cond step is
prediction otthe deformed form of those multiple seal systéhethird stepnvolves
validation of acoustical simulations. The final step is about estimattoansmission

loss ofthe assembly of twdeformed bulb sealbased on the deformation analysis
conducted in the second step. Sound transmission loss values are examined to predict

the sound insulation performance of the sealing system.

Keywords: Hyperelastic materialsonlinear FEA, multiple bulb seadgstem sound

transmission losdorcei opening curve
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ELASTOMER YAPI DAKK ¢ OKL UKBBAELSO N5 ERCKKTKK LKLAEYRBK
KARAKTERKSTKJKNKN DEJERLENDKRKLME S

Barut - u, Burak Nebil
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Ses ge-irgenliji konusunda otomobill erin
do!l ay e, ar a- kapel aréndan ge-en sesin ©°
ge-i kKinin en fazla ger-eklexktifi]i nokta a
nedeng ar a- kapéseé vV e gevdesi araseéendaki
gel i ktiril mesi b¢yéek °nem arz et mektedir

kapesé araséenda kul-locakhiaoh tihsisteminens ¢ ® mge - y R p
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CHAPTER 1

| NTRODUCTI ON

Elastomeric bulb seals are widely used in automotivecandtructionindustry as a
sealing system to decredsansmissiorof noise, water and heat from one medium to
another. Therefore, their insulation performance characterization becopwtant

day by day.

Bulb seals are the majeomponentso fill the openings between the door and body
frames. As the leakage area increatessound transmission from one medium to
another increases drasticallfrherefore, mechanical behavior arde sound

insulation performance of &bulb seal system should be depictieoroughly

In the automotive industry, interiound quality is one of the most important
parametersat the design stage of new higrendvehicles There are two primary
noisegeneration mechanisms, first one is the aspiration through the small leaks and
the second one is the structural transmission of sound due toi flmwluced
mechanical vibrationsf bulb sealsin cases where the seals are incapable of blocking
the flow thiough the gapsntense aspiration noise can be produdédEspecially,

while an automobile cruising at spsexver p ¢ "RGF'Q due to leakage of the wind
noise, sound insulation performance of the sealing system in the rittdiehigh

frequency ranges very crucial2].



As in the case of the automotive industry, sound quality of the interior mediums is an
important phenomenon also in tbenstructiorindustry. Moreover, it is regulated by
means of policies to increase the acoustical comfort in the hotels, office areas,
hospitals, residences, schools etc. In terms of sound transmission elimination,
operable elements likboorsand windowsare the weakst elements and the sealing
system between the door and the frame is the weakest link in the door structures.
Additionally, acoustical doors are very important architecturally, as in recording

studios, conference halls as well as hotelmaloors and doots dwellings[3].

By corsidering the needs of the two mentioned indugs it can be stated thatudy

onthe somd insulation performance of the sealing system composed of bulb seals is
very crucial and this task can be achieved by means of finite element assybes.

final shape of the bulb sealants is tiut sameasthe initial shapeanalygs should

be condated in two main steps. In the first stépe deformed geometries should be
obtained by means of quasistatic structural simulationsAfter that acoustical
analysis should be performég using these deformed geometiiesrderto get the

insulation @rformance during the utilization.

The aim of this study is characterization of the sealing system afi@mobile,
which consiss two different elastomeric bulb seals in terms of sound @ation.

This study is performed by finite element analysisno main parts. In the first part,
depiction of hyperelastic material property of the sealants and obtaining deformed
geometry is aimed. In the second part, acoustical simulamt®nductedn order

to characterize the sounaliation performance ahe overall system.

In the first part, non linear material properties of the bulb saak aredefined by

hyperelastic material models and quasstatic structural analysis performed.



However, the very first thing is obtaining a correct model f& ¢teformation
analysis. This stes completed, by performing experiments on individual sealants
and comparing the force vs opening curves of the experinergultswith the
simulation results. Afteacquiringcorrect simulation model, analysscarriedon

the actual sealing system with two individual bulb sesl

As the second step, acoustical simulatiareperformed. Same with the deformation
analysis, correct acoustical model should Magified. This stepis achieved in
different ways. Fstly, simulationof a simplified modelis performed and those
resultsarecompared with results of an analyticaéthod, whichs called as transfer
function matrix methodsecondly, acousticateasurementsreconducted and sound
transmission loss vs fregncy curveof experimental results amomparedwith
simulation resultsAs the final step, acoustical simulatias carriedon the actual
sealant system and effects of possible sound transmissiorapaittentified.

This thesis contairfsve main pats. In the first chapter, aim of the thesis #melmain
motivation of the studpave been gxained. In the second chaptproperties othe
hyperelastic materials are depicted and studies diremtlated with the
characterization of the sound transsios performance of bulb sealamditerature

are summarized. Additionally, basic information about sound transmission is
suppliedn this literature review chaptdn the third chapter nonlinear deformation
analyses arexplained. This chapter cowethedefinition of hyperelastic material
modds, validation analys and nori linear static structural analysis of the sealant
system.In the fourth chapter, acoustical analyses hawen lexplained. Validation
analyss andexperimendl results are covered as well as the simulations of the actual
sealant system. Moreover, finite element models with the material definitions and
possible transmission paths of the insulation system are described in this chapter. Last

chapterincludesdiscusionof the resultsand conclusion






CHAPTER 2

LI TERATURE REVI EW

2.1 HYPERELASTIC MATERIALS

Hyperelastic materials can beewedas a special form of the elastomeric materials.

In their moleculacompositionjong chains of crossed linked molecules and chemical
bondsexistat those entanglemepmobints, whichmake the material strongdihe most
important property of theyperelastic materials is the nonlinear relationship between
strain and stress the statt loading cased he mdecular chains of the hyperelastic
materialgllustratedin Figure2-1 are randomly oriented. When the material deforms,
those randomly oriented chains orient themselves and revert back as the load on the
material removed. As eonsequencef this, the relatiorbetween stress and strain
changes as the deformation changes and this phenomenon makes the hyperelastic
materials nonlineaiThis nonlinear relationship between the stress and strain can be
expressed by curve fitting on the experimental data of the srebsstrain by
employing the hyperelastic material mode[d]. In the dynamiccases,these
elasbmeric materials are described as viscoelastic materials. Material properties of

viscoelastic materials are highly depend on excitation frequency and temperature.
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Nonlinear hyperelastic material models are mainly based on the weighted averaging
of the strain invarian{$Q, "'OandQ, to be able to get the strain energy functions,
Furthermore, the stregsstrain relation can be calculated from the strain energy

function by the following formul§], [6].

r o (2-1)

—a

Moreover, strainnvariantsare calculated by using the stretch ratios and they can be

expressed as:

0 (2-2)
o (2-3)

0 (2-4)

where the stretch ratios are defined as:

_ 0 . p TN Q pllv (2-5)
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Figure 2-3 Definition of the stretch ratig$]

Furthermore, can be defined as the engineeringist|6].

There are various typeof hyperelastic material models to describe the relation
between the stress and strain by defining the strain energy functions. In the section
na me d HYRERELASTIC MATERIAL MODELS), fiNeoi HookeanModel,
Moorey i Rivlin Model, Yeoh ModelOgden ModelandDoule Transition (15

Parameter) Mdeb are described extensively.

Another important property of the hyperelastic materials is the frequency and
temperature dependency of its material properties. As a result of the material
nonlinearity, h gom@exrmddwdi are highly depenhdent onaHes 6
frequency and tengpatureto which the materials exposed6], [7]. For uniaxial

cases, standard viscoelastic state equations can be written as follows:

O-0 06 (2-6)



In thecase of harmonic excitations, stress and strain functions can be formulated in

terms of time as follows:

L0, 0Q (2-7)
o T (2-8)

State equation of viscoelastitaterials, which are exposed to harmonic excitations,
can beobtainedby putting equationg2-7) and (2-8) into the equation(2-6) as

follows:

(2-9)

Equation(2-9) can be simplified in terms of magnitudes strain and stress as

follows:

, 0 O - (2-10)

In equation(2-10), Ceand 'O terms represent storage modulus &s$ modulus,
respectivelyFor metals, storage modulus is constant and frequency deperafency
shear modulugs very low. However, for the viscoelastic materials (i.e. hyperelastic

materials) both constants depend on frequency.

Additionally, frequency dependency of the stressrainrelation can be represented

by using complex modulus, which is formulatedole



oQ- 0 ™ - (2-11)

In different form;

g 01 p 0QF (2-12)

where—1 represents loss factor.

= P a— (2-13

In the hyperelastic material models, the weighted average of the strain invariants can

beformedby determining thenaterial constants and thegn becalculated by curve

fitting the model on to the material test results.réf@e, obtaining the stregstrain

relationship by conducting tests on the material is the majorMtapover, since the

complex modulus values of the hyperelastic materials are highly dependent on the
frequencyadditional to the quasistatictestsi Comp |l ex Modul us Testso s
performed.l n t he s ect HWEREASTI® MATERSAL TESTS,

fiUniaxial Tensile Test, Uniaxial Compression Test, Planar Shest; Volumetric

CompressionTestnd Compl e x Mil bewépicted ddephys t s 0

2.1.1 HYPERELASTIC MATERIAL MODELS

In this section, mathematicahodels, which relate the engineering stress and
engineering strailnd frequency and temperature dependent material propafrties
the hyperelastic materialsye examined. These models are simply curve fitting

functions on the experimental results for different loading conditi@Gnbl eio

10



Hookean Model, Moonely Rivlin Models, Yeoh Modeland OgdetMo d el 0 ar e
to describe the nonlinear rDeublaTranstions h i
(157 Parameter) Model and Arrhenius Shift Factor Equationc an be wused

the complex modulus values of the elastomeraterials in dynamic cases.

2.1.1.1 Neoi HookeanModel

The strain energy function in the Nedélookeanmodel is expressed in terms of first
strain invariant and a material constant; therefore, this model is the simplest material
model to depict the relation tveeen the stress and stragharacteristicsof

hyperelastic materialgl].

® 6 0 o (2-14)

The modelhas high performance in terms of experimental fit up to 40% strain in
uniaxial tension and up to 90% strains in simple shear. Moreover, eq(#&fidhis

derived from the thermodwmics and statistical mechan[d$.

2.1.1.2 Mooneyi Rivlin Models

The earliest theory of nonlinear elasticity is set forth by Mooney. This model is

composed of both first and second strain invariants and two material cofsfants

w 6 0o & 0O o (2-15
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The material model Mooneiy Rivlin is a phenomenological theory and it shows a
good agreement with 100% strains in tensile test. However, it is insufficient in
describing the compression mode of deformation. Furthermor®]dbeeyi Rivlin
model fails to describthe stiffening of the material at large straifibis model has
beenderivedby assuming the materiak incompressible and isotropin.addition,

the Hookebds | aw i $4.obeyed in simple shear

To overcome the defects of tMooneyi Rivlin model Tschoegl suggest that using
high order terms in the geradized Mooneyi Rivlin strain energy function gives
better agreement with the experimental d@8.As a result of this fact, some

additional models, based on tM®oneyi Rivlin mode| have been proposed [5]

Three termMooneyi Rivlin Model:

@ 6 0o 6 0c 6 0O 0O o (2-16)

Signiorini Model:

@ 6 0o 6 0o 6 00 (2-17)

Third OrderlnvariantModel:

@ 6 0o 6 ©Oc 6 ©0c©Ooc 6 0o (219

Third Order Deformation (or Jamé<sreeni Simpson Model:

w 6 0o 6 O o 6 O ocOoc 6 0Oo (2-19)
60 O o

12



Although, increasing the order of the strain energy function yields a better
performancdyy capturing more infection poiniis stress straincurve which can be

seen inFigure2-4; this may result in unstable energyction, whichmayyield non

i physicalresults[4].
single one inflection two inflection
curvature point points
c 4
-//-"-’_d_ —

p,

’ ra
(@) (b) ()

Figure 2-4 Stresg straincurves obtainetly (a), Twoi TermMR,; (b), Fivei
TermMR; (c), NineT Term MR [4]

2.1.1.3 Yeoh Model

Yeoh modeldependson the assumption that the second strain invariant is constant
with strain. As a result of this fadhe strain energy function only depends on the

first strain in variant and it can be formulated[a$

w 6 0o &6 Ooc 6 0O o (2-20)

The main advantage of the Yeoh model is that various modes of deformation can be

analyzed by using only uniaxial tensile testultsof a material.

13



2.1.1.4 Ogden Model

Ogden model describes the energy functaen separable functionsf principal

stretches. It can be formulated as

) —y 7 _ o 1@ 07 p (2-21)

whereuis the Jacobian measuring dilatancy and it is depicted as the determinant of

the deformation gradieifs].

Actually, the Ned Hookeanand Mooney Rivlin models are the special forms of
the Ogden model. Moreover, it gives good experimental fit in simple tension up to
700% Furthermore, Ogden odel should also be taken into consideration for

compressible materia[s].

2.1.1.5 Double Transition (1% ParameterModel andArrhenius Shift Factor
Equation

As it is stated earlier, modulus and loss factor values of viscoelastic materials are
highly depadent on frequency and temperatuoalike the previously mentioned
mathematical models for quasstatic loadings, double transition model along with
the Arrheniusshift factor equatiors used to predict the shear modulus and loss factor
of the materialin dynamic cases for different environmental (i.e. different

temperatures) and loading conditions (dé&erentfrequencies)9].

14



Material tests in order to obtain complex modulus values can be condudiscteie
frequency values and in limited number of temperatures. In order to obtain material
properties at a temperature and frequency that was not in the measured data set
parameter is utilized that combines temperature and frequesinigh is named as
reduced frequency. By using this reduced frequency parameter, modulus and loss
factor values obtained for different temperatures and frequencies can be represented
in continwus form, which is named as master curf#eirthermore, double transition
model can be fitted oto this continuously represented data to obtain mathematical
expression of the modulus and loss factor values of a material. By using this
mathematical expressipmaterial properties can be predicted for different frequency
and temperature valuds. Figure 2-5, storage modulus test data and master curves
canbe seenFrequencyis denoted as and| ] represents reduced frequenny
Figure2-5[9].

(a)

(b)

Figure 2-5 (a), Isotherms of storage modulus at temperatdré¥ and™Y; (b),
Isotherms of storage modulus after application of the f&afor (i.e. master curve

of storage modulugl.0]

15



Function of the shift factor can be obtained by using Arrhenius shift factor equation

as follows:

iy yP P 2-22
Ly Y S (2-22)

where™Y is an arbitrary reference temperature ands the slope of the line and is
related to the activation energy of the material. It should be noted that all temperatures

are in absolute degre@selvin scale)[9].

After obtaining the master curves for both modulus and loss fafteaency
dependent mathematical expressionsglaible transition model (or I5parameter
model), can be used tooaulus and loss factor valugs different frequencies

16



2.1.2 HYPERELASTIC MATERIAL TESTS

2.1.2.1 Uniaxial Tension Test

Uniaxial tensile test has been conducted to genitial material stiffnessy o un g 6 s

modulus, material yield point and the failure stressstradn by examining the stress

I straincurve.Specimen should only be exposed to simple tension without any shear

or compression strains. Thus, the length of the material should be 10 times longer

than its width or thicknesshichever is highef4].

Stretch and stress values can be calculated by the following formulas.

R ) (2-23)
_ - o’ (2-24)
. . Or (2-25)
A (2-26)

——— test zone

Figure 2-6 Uniaxial Tensile Test Schenjigl]
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2.1.2.2 Uniaxial Compression Test

Uniaxial compression test has very similar feasuwith the uniaxial tension tests
the material should only be exposed to pure compression strains, the specimen needs
to be compressed between two platens without friction between the platens and the

specimen4].

Stretch and stress valuesn be obtained from

__ (2-27)
076 (2-28)

"OTo (2-29)

m (2-30)

Figure 2-7 Uniaxial Compression Test Fixtufé1]

18



2.1.2.3 Planar Shear Test

At the planar sheaest,the specimeris exposedo pure shear at v angle to the
stretching direction. Therefore, the width of the material should at least 10 times
longer than the length in the stretching direc{#in

Stretch and stress values can be calculfatea

- P (2-31)
_ o (2-32)
SASQ (2-39)

. m (2-34)
(2-39)

m (2-36)

\j

Figure 2-8 Coordinates of planar shear tg4t

2.1.2.4 Volumetric Compressiomest

From the volumetric compressitest,compressibilitypropertyof the material can
be obtained Eight specimens witls & & diameter and; & & thickness, which are

stacked and lubricated, compressed in a fixture. The slope of thei sttesscurve

19



gives the bulk modulus of the materi@he Pllowing formulasyield the stretch and

stress valuept].

_ - P (2-37)
_ O (2-38)
SOTo s (2-39)

whered is the cros$ sectionahrea of the plunger ari@is the force on the plunger.

Figure 2-9 Volumetric compression tefl1]

2.1.2.5 Complex Modulus Tests

Complex modulus tes@re conductedn a sealed medium. Stress and strain values
are measured to get loss factor and modulus values for different frequahcies

different temperatures. Tests can be conducted accordingstatidards listed as:

20



1 ISO 184374 Mechanical vibration and shodk Characterization of the
dynamic mechanical properties of viscoelastic matefidbart 4: Dynamic
stiffness method

1 ASTM D 5992i Standard Guide for Dynamic Testing of Vulcanized Rubber
and Rubber like Materials Using Vbratory Methods

1 1SO 101127 Damping Materialsi Graphical Presentation of Complex
Modulus

1 1SO67211:2011 Plastics Determination of Dynamic Mechanical Properties

I Part 1: General Principles

Figure 2-10 DMA machine for complex modulus test

Complex modulus tests are conducted to a narrow frequency and temperature range
anddouble transition model along with the Arrhenius shift factor equatiappied
in order to predict the complex modulusalues for differert frequencies and

temperatures.
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2.2 ACOUSTICS
2.2.1 SOUND TRANSMISSION LOSS

Whenan acoustic waveecomes incident onto l@oundarybetween two medjat
splits into two waves, first one is the reflected wave and the second one is the
transmitted wavd3]. Schematic representation of a transmission efoemally

incidentwave from one medium to another canlhestratedin Figure2-11.

Medium | ¢ Fd) Medium Il ¢ FD)

n Q¢ ©'QY

noi wei &

n i QQaQ

Interface

W T

Figure 2-11 Schematic representationtoinsmission o& normally incident wave
through two media

Soundtransmission coefficient based pawer can be defined as follows:

ReflectionCoefficient ‘08 0 Q&i"00 DG Qdxd IOM (2-40)
Based on Power ‘08¢ 0 QI @WQARD &
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Transmission
Coefficient Based on T
Power

0¢ 0 QeI MIOMmE | a DO QQ
0t 0 QI QAR &

(2-41)

Moreover, below mentioned two boundary conditions should also be satisfied to be

able express theansmission coefficients analytically.
1) Equality of pressures atl interfaces.

2) Equality of normal components of particle velocityahinterfaces.

In the case of normal transmission through three medliase scheme can be
illustratedin Figure 2-12, the abovei mentionedboundary conditions should be
satisfied at all two interfaces.

Medium | ¢ Fo) Medium Il ' F) Medium I (" Fd)
n Q¢ ©QQ
n oi wei ar”

n 1 QQacC

Interfacel Interface 2

Figure 2-12 Schematic representationtohnsmission o& normally incident wave

through three media
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For the three media case, the wave exgoes can be written as follows:

0 0 Q (2-42)
) 0 Q (2-43)
0 0 Q (2-44)
I 0 Q (2-49)
n 0 Q (2-46)

Then, by using wave equations and applying two boundary conditions on two
interfacesseparatelysound transmission coefficient can be obtaiiedhree media

case as follows:

; 0 9 sT o
0 O s G (2-47)
) v O 048
- ——— —— 2-48
vh G AT Qb " G ,‘,*’w"’ OEDD

After obtaining thesound transmission coefficients of the waves transmissioofoss

sound radiation indegan be calculated dgrmula[12].

YOQ6 phifC (2-49)
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2.2.2 SOUND TRANSMISSION LOSSANALYSE S

Many studiesare presented in the literature related with the sound transmission
characterization of the elastomeric bulb se@lere are two main noise generation
mechanismgselated withthe elastomeric bulb seals. The first one is the aspiration
noise, whictpenetrates through the openings between the car body andasddlse

other one is the flow inducedmechanical vibrations of the bulb. Aspiration noise is

the most important noissurce if there are gaps between the car body and tleseal
Therefore, dynamic characteristics of gealing systems, excited by the unsteady
surface pressure due to the turbulent flow over the vehicle, should be analyzed deeply.
Since conducting expienent on the vehicles during the drive or in the wind tunnels

is costly and time@nsuming, finite element anasmethods are used to calculate

acoustical characteristics of #esealing systems under differamtcumstances.

The comparison with the atculated sound transmission loss using different
mathematical models with the experimental resatiguiredfrom the reverberation

room tests were done by ParlaktMoreover, the sealant and air layers were modeled
by using finite element methods andrtsfer function matrix methoth their studies,

the validation was done by comparing the sound transmission loss of a simple model,
which can be seem Figure 2-13, calculated with finite element analysis and the

transfer function matrix methdd3].
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Figure 2-13 Simple seal modgl 3]

Both resultsverecalculated with finite element analysis and transfer function matrix
comparedn Figure2-14 in terms of sound transmission ldss two different bub
sealghat have different densitie&ccordingto Park and his friends, dip points in the
sound transmission loss vs frequency graph is due to the resonance fesjoktne
massi airi mass interaction. As the last step of tlsirdy,the experimeratl results

of asimple sealntmodel, which can be seenFigure2-15, were comparedith the
calculated resultS'hecalculated resultdo not show much similarityalthough there

is good correlation between the analgtizalculations and the finite element analysis.
According to them, the reason tke use ofconstant material properties in the
analytical and finite element methods as vesllithe simplicity of the analytical and

finite element modelRL3].
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Figure 2-14 Comparison of results of finite element analysis with transfer function

matrix method of simple modgl 3]
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Figure 2-15 Reverberation room experiment results of simple mdgi|
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In anotherarticle by Park et al the dynamic characterization of sealing systess
carriedto next level by analyzing a complex bulb seal, whichsed in the sealing
systems of a vehicle. The purpaséo validatetheir studieswith the reverberation
room experimerst In addition, the transverse velocity along the seal wall was
measuredby a laser vibrometer to be able to describe the vibration characteristics of
the bulb sed1].

In the finite element analysisstly, static analysisvas simulatetb get the deformed
geometry of the seal and then perturbation analyasconductedn the deformed
geometry on ABAQUS environmenfcoustic fluid i solid interactiors were
modelledand pressure wavewere defined as inputdhis choice ofthe inputas
pressure waves eliminatdhe need of the air layers that cover the input region of the

bulb seal and reduces the simulation tifhp

At the beginningonset of analysis afhe complex seal geometrihree different
simple moded, whose sound transmission loss values caorédictedoy thetransfer
function matrix methodwere constructed he numerical analysiwas validatedor
these modeldy comparing the results of the simulation with the resuitthe

analytial method.Geometries of simple models candsenn Figure2-17[1].
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Figure 2-16 Geometries of simplified modeis(a), double membrane mod€b),

double membrane model with fixed displacement boundary condétdaheir ends

(c), rectangular moddglL]

In Figure 2-17 the comparison between thesults offinite element analysis and
transfer function matrix method can tisplayed1].
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Figure 2-17 Sound transmission loss predictions for a simplii@dli membrane

modeli (x), transfer function matrix method:-{-), FE analysig1]

Results of the rectangular model for differenf "X valuescan beillustratedin
Figure2-18.

100 . L . L . L

80 i

60

R,

40

20+

0 1000 2000 3000 4000

Figure 2-18 Sound transmission loss predictions for a rectangular mdatlel/alue
of @ QT (————), 21.5; ¢ ----), 41; (———) 82[1]
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After validating the numerical analysis with the analytioathods,the sound
transmission lossvalues of complex geometrywere analyzed for different
compression ratios. Compasisof the results of the analgsand experiments can be

inspectedn Figure2-19.

10 . : | : , :
1000 2000 3000 4000
f

Figure 2-19 Comparison of results of analysis with the experiments for different
0 "Waluesi (—m—), experiment results far "Walue ofb ¢ &; (— L), analysis
results ford "Walue ofb ¢ &; (—®—), experiment results far "Walue ofp p @i

( —O), analysis results fad “Walue ofb p @a[1]

It wasstated that experimeadtresults and results of analysisplaysimilar trends
by Park and his friendsAccording to this study, sound transmission loss
characteristicef a bulb seal should lkevestigated ithree diferent regions, stiffness
I controlledregion, resonant region and mdssontrolledregion Region, which

corresponds to the frequencies lower than the imagd massresonancecalled as
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stiffnessi controlledregion and region with highdrequencies called as mass

controlledregion. Thee regions caalearly betracedin Figure2-20. [1]

100 : | : '
(a)
L ]
Stiffness- Mass-
80 k controlled controlled
' region Resonance region
60 W region
r
3 e |
e S
A0 - T
20 1
0 T | y T
0 1000 2000 3000 4000

Figure 2-20 Regions of transmission loss vs frequency gfaph

Finite element analyse by using 2D models and by considering nonlinear
hyperelastic materialwas carried out by B. Andro at. Firstly, different complex
saal geometriesvere deformedbetween wo plates anddeformed shapes were
obtained Then,an acousti@l analyss was performedby finite element methoth
order to predicthe sound tramsission lossharacteristicsTwo methods were used
to validate the deirmation analysisin the first one, the deformed geometries of the
analysis and the experimentgere comparedAs a second validation step, the
calculatedreaction forces on the upper pldte using simulationsvere compared
with the experiments. After géng close trends for the comparison of the reaction
forces of the experiments and the deformation aesjyke deformed geometwas

exportedand acoustial simulationsvereconducted?].
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In acoustial analysis, 2D modelsere preferredand initial conditions and boundary
conditionswere definedas stated ifrigure2-21. At the end, sensitivity analysigas
performedto distinguish the effects afompression ratio, material proges and

different seal geometries on the sound transmissiorj2pss

Finite / infinite element

Boundary conditions
Diffuse sound field l 1: \
2 "l-
ZepHEAEES
.-J:_i' 1 ‘._. e

Figure 2-21 Initial conditions and boundary conditions of acoustic m¢2iel

A studyon Hybrid FET SEA modelwasemployedby Cordioli et al.to predict the
sound transmission loss of a car door seal. Athkbginning,a full nonlinear
deformation/contacanalyss was performedo estimate the deformed geometry of
the door seal iractual conditions. Thenthe geometrywas utilized in a vibroi
acoustial analysis to predict the sound transmission loss of the Bealdannel
between the door and the car structure where the seal is laeedso modeledn
addition, theestimatedsound transmission loss valuesas comparedwith the

experimental datfl4].
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In this article, 3D models&/ereemployedwith modelingof a portion of the car door
seahnt only, which is exposed to the sound waves directly. The deformed and
undeformed geometries tifeir seal as well as their Hybrid FESEA model can be

seenin Figure2-22 andFigure2-23, respectivel\j14].

Figure 2-22 Undeformed and deformed geometries of the [4<4l
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Figure 2-23Hybrid FET SEAmodel of the sealing systeiv]

Up to this point, all of the articles covered ae¢ated with the sound transmission
characteristics of single bulb seal. Howeveraatualcase sealing systems on the
cardoor contain two bulb sealShe validity of the finite element methods on sound
transmission lossvas examinedy simulating sim@ models as well as complex
sealing systems that contains multiple bulbasaby Gur et al Effects of material
properties, geometries of the bulb seals on sound transmigsieralso examined in
their study In addition, the effect of prie stressonthe sound transmission loass
also depictedAccording to the articlegprei stresson the deformed bulb sealsas
found not tohave any significant effect on the soundulationperformance of the
sealing system. Since incorporating the @egdrei stresgo the acoustic analysis is
lengthy and time consuming, transmission loss analysis can be performed without

considering the pre stresson the sealing systefh5].
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Mostimportant parameters that affects the sound transmission characteristic of seals
are material properties, geometrgdaposition of the bulb seal. Bgccumulated
knowledge, Gur and his friendsere performed simulations on system, which
contains multiple sealant®eformation analysisvas performedt the beginnings

well asthe acoustial analysiswas simulatesn areduced model. Undeformed and
deformed geometries can be sé&efrigure 2-24. Moreover, acoustic model can be
seenin Figure2-25. If acoustial model examined deeply, it can be noticed that Gur

et al. useanly a portion of the door sefl5].

i,
J,N 47‘%
T,
.'/
(b)
Figure 2-24 (a), Undeformed geometry; (b), deformed geometry of sealing system

[15]
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Figure 2-25 Acoustial model of the sealing systeib]
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CHAPTBEBR

QUASBTATDEFORMATI ON ANALYSE

This chapter covers details of the quastatic deformation analys such as the
materialdefinitions, mesh generations, boundary conditions for both validation and
analysisof systems with multiple sealardbong with the resultd'here are two main
steps.The first one isassociated witldeciding on the metha be employedin the
deformatio analysis by validating them with experimaméesults and the secondeon
involves withthe deformed geometry of tlsealants

In the multiple seantsystem, there are two bulb sealose sectional viewan be
seennFigure3-1. The | ower seal i's named as AThe F
is named as AThe Secondary Seal o. Al l o]
obtained from Turkishautomotive companyTOFA k which isthe fifth largest

industrial enterprise of Turkey

Specifications of the workstation on which the analyses are performed are,

@ TOwam
o TIO'OProcessor witho ccores

1
1
T ¢ v'@WSD
T p“YHDD
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Figure 3-1 Unprocessed multiple seal system geometry
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3.1 VALIDATION OF ANALYSIS METHOD

Before going into details of the deformation analysis ofsysem withmultiple
seahnts the very first step is validation of the analysis. In this validation step, correct
hyperelastic material modethould be decided as well as the analysis mesthod

other words, the objectives of these validation simulations are deciding on the correct

material models and generating correct simulation models.

Validation of the deformation analysisti@zeenconductedy comparing the results
of three different tests; two of theisicarriedon the primary seal and the last tisst
performed on the secondary skay T O Fhade tests are chosen according to the
deformation types of this sealt system. Force vepeningcurves are taken into

account as the comparable data.

3.1.1 GEOMETRY AND MODEL GENERATION

Sketches of the testsetyps whi ch was suppl i endriglbed-2 TOF Ak ,
andFigure3-3.
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Figure 3-2 Sketches of tests which will be performed on primary s€a), 15 Test;
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Figure 3-3 Sketch of test setup of secondary s84ITest)
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2D geometries of those test setups have been created from those shgtohiesg)
SolidWorks 2016 All of the analyse have been performed by 2D modélseated
geometres ca be seem Figure3-4.F u r t h e Plamd8r re gassdngption is made

for the 2D deformation simulations.

Analyses have been performed on thkarci Mentat platform. Created geometries
meshed and displacement boundary conditions apikaf the tests have been
simulated in two load casefiist one is for mounting the seal geometry aedond
load case is for deforming the sedstimates of placement values that should be
defined as boundary conditiomgere picked from the sketches of the test setups.

Meshed geometries and details of the models can be examiRenlire3-5.
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(©)
Figure 3-4 Geometries of test setupga), B Test; (b), 29 Test; (c), & Test



Figure 3-5 Models of test setupis(a), B! Test; (b), 29 Test; (c), 3 Test
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In order to understand the effect of friction forces between the contacting bodies, two
differentcases have be@anodelled for thee tests. In the first cadaction forces are
not considered; however, in the second caselomb frictionof T is defined

between the contacting bodies.

3.1.2 MATERIALS

Two types of materialshave been assigndédr each tests, one is steel and the other

one is material configuration of tleéastomersRubber componentomposed ofive

differentmaterials, whiclcanr e A SPAF650, SP Ay EPBNVMTA2EPDM TAZ20
70,and EPDMTA20-800 In orderto obtain the stregsstrain relationship and apply

the hyperelastic materi al model s AUNni axi al
performedon the samples of those materigdlewever, samples can only be obtained

for ASPAF &5 @nd TA2@B2DM® materi al s f roilem Tur ki sh

Company.

Ten different material modelgereapplied on the results of the uniaxial tension test
and shear test by consider i ngt et wor rdoirfof earnedn t
ARel ative Erroro which are formulated as f ol
Q 0 00 Gudd 6 MG 0ddMNO Q (3-1)
Q Q T QO 6ddN6 Q (3-2)

Bestmodel, which can be used to presentrtiegerial behavior of the elastomes,

selected by considerirtgreedifferent criteriaas follows:

1. Hyperelastic material model should give similar tramd close resultwith

theexperimendl results.
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2. Results calculated from the specified mathematiceddel should be
physically meaningful In other wordscalculated stress values should have

noni negativevalues.

3. The nodel should havéhe minimumerror value with respect to others.

For the TA2065 materialTable3-1 presents the calculated error values for different

material models.

Table 3-1 Calculated error values for TAZEb material

Model Applied Absolute Error Relative Error
Neoi Hookean T &) T PRIX T
MooneyRivlin i 2 Term C Q@YX p puvd Y w
MooneyRivlin T 3 Term X @ X qu pug Tt
Signiorini V@ oo p LATWY
Second Order Invariant C® X wo V@ mwy
Third Order Deformatior puvco VAEJvpo
Yeoh pPBGXU PX®OCU
Ogdeni 1%t Order g Ydr X P QBT C
Ogdeni 2" Order C BOX WY PTAPWC
Ogdeni 3 Order CB8twYc PTAYX w

According toTable3-1, thethird order deformation modulith absolute error criteria

has minimum error; however, as the strain values iner¢las calculated stresses
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increasesharplyand givesastronomical vales. On the contrary, Yeoh model gives
relatively similar trend with the experimahtesults and its error is very close to the
error of the third order deformation model. Thus, Yeoh medtl absolute error
criteriais chosen for the TA265 material Figure 3-6 presents theesults of both

experiments and Yeoh model for TABS material.

5.218

o 1.995

F—E—fEuniaxialfexperiment ————uniaxialfyeoh
a——.planar_shearyech F——a—esimple_shear fexperiment

————simple_shearyech

Figure 3-6 Stresg strainrelation of TA2065 material

Similarly, material model for the SPAF650 is chosarrording to the criteria
specified earlierTable3-2 presentshe calculated error valgefor different material
models. Moreover, it is indicated that the minimum error caprbdictedby third

order deformation model and the second one is the Yeoh mittlehbsolute error
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criteria However, those two models give very high stress values as the strain
increasing as in the case of TAB8 material. Thushe 3™ order Ogden model with
absolute error criteria is chosen to describe the stissain relationship of SPAF650
material, lecause this model gives the best curve fit with minimum effigure3-7
presents the relation between stress and strain for both experiments andl mate

model.
Table 3-2 Calculated error values for SPAF650 material

Model Applied Absolute Error Relative Error
Neoi Hookean X Bty g X pt&p
MooneyRivlin i 2 Term UV ® TTX pTR Yp
MooneyRivlin T 3 Term pag YyyYyu pCOTTO
Signiorini g mmnmpo pcart
Second Order Invariant VTP X TTW vap o
Third Order Deformatior 8 owo X wa&tuvyxuy
Yeoh o MT YUY WP pw
Ogdeni 15t Order TX&®PT10 pocw®po
Ogdeni 2" Order Voo RUROR) WK oL W
Ogdeni 3 Order TP oY WB PT @
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Figure 3-7 Stresg strainrelation of SPAF650 material

As material samplefor tests cannot be obtained for SPAF750 matexigderimerdl

results of SPAF650 material is used by multiplyitsgest datavith the density ratios

(i.e. & Wt Y of two materialsMoreover, hyperelastic material models have been
applied on those modified test data in order to estimate the material properties of
SPAF750.Table 3-3 indicates the calculated errors for SPAF750 material. As it is
expected, this material h#fse same propertieasthe SPAF650. In other words, the
lowest error values are calculated by using tthied order deformation and Yeoh
models; however, stress values increase sharply while the strain asdaéso keep

on increasing. Best curve fis obtained by using 3 order Ogden modelith
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absolute error criteriayhich resultsin the third loweg error. Figure 3-8 presents

stress vs strain graph of both curve fitted and test data.

Table 3-3 Calcuated error values for SPAF750 material

Model Applied Absolute Error Relative Error
Neoi Hookean pogou pUBT X
MooneyRivlin T 2 Term Ug Ymp puBdTO
MooneyRivlin T 3 Term CRTQO podcqu
Signiorini pPB YPwp pCeOT
Second Order Invariant WBipopp Y® U Q
Third Order Deformatior o8 poxT Y&@ao @
Yeoh L8 L WO wacpy
Ogdeni 1% Order p oY P prtacp
Ogdeni 2" Order XEXPPO w@ ocoo
Ogdeni 3 Order X8UQ P X U W QT
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Figure 3-8 Stress' strainrelation of SPAF750 material

Last hyperelastic materiabnsidereds TA20-80. For this material, calculated errors

for different hyperelastic material modelse tabulatedn Table 3-4. According to

this table minimum error valugcan beachievedy applying third order deformation
model with absolute error criteria. However, with this model calculated stress values
got nayative (i.e. nori physical) values for planar shear. Second minimum error
value can be calculated if second order invariant model is Msaebrtheless, this
model also gives negative shear stress valuest aashnotbe used to describe the
behavior of he elastomer TA280. Therefore, next modelith the lowest error,
which istheYeoh model with absolute error criteria, is chosen. This model gives best

curve fit on the experimental results with physical stress quantities. Stress vs strain
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graph for bothexperimerdl and the curve fitted model can be examimeéigure
3-9.

Table 3-4 Calculated error vaks for TA20i 80 material

Model Applied Absolute Error Relative Error
Neoi Hookean 261.945 331.819
MooneyRivlin i 2 Term 169.814 113.741
MooneyRivlin T 3 Term 77.5762 112.001
Signiorini 58.6979 113.658
Second Order Invariant 13.0826 76.9887
Third Order Deformatior 11.1133 70.0734
Yeoh 16.8578 142.698
Ogdeni 15 Order 287.106 136.676
Ogdeni 2" Order 17.3861 101.207
Ogdeni 3 Order 17.4243 105.113
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Figure 3-9 Stresg strainrelation ofTA20-80 material

Related coefficients correspond to the applied hyperelastic material models are
presented in the below tabldgble3-5, Table3-6 andTable3-7.
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Table 3-5 Calculated coefficients fahe 3" order Ogden model of SPAF650

SPAF650 Moduli Exponents

1 THPW WIpppT
2 o®PCYqY THXOTC
3 U ®O® 1o p@Tmu

Table 3-6 Calculated coefficients fahe 3™ order Ogden model of SPAF750

SPAF750 Moduli Exponents

1 P LA WC T8TL X WU |
2 pTEY Y TBIX 0T X
3 o me P®RPXO

Table 3-7 Calculated coefficients for Yeoh model of TAB6 and TA2680

A20-6 A20-80
Oop T 0.475165 0.602777
0g T -0.07388 -0.14147
00 T 0.009658 0.032541

Assigned material configuration for the test simulations of the primary and secondary
sealants can be examined-igure3-10 andFigure3-11.
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Steel

0 —» SPAF650

(a) (b)
Figure 3-10 Assigned material configuration for simulatiasfshei (a), ' Test;
(b) 2" Test

Figure 3-11 Assigned material configuration for simulationstioé 3 Test
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