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Abstract

During aircraftdevelopmentthe impact of/ibrations is examinednd how thisaffects the

aircraft structure under different conditions. Those vibrations can damage electronic
equipment that are installed within the fuselage and can even lead to material fatigue within
the structure. To reduce viiions there are two approaches that are preferred to use,

installing vibration insulators attached between the structure and the electrical congponent
change thelesign of the structure to a stiffer one. Those methods are easiest to implement in
anearly stage of the development but in later stages, wheatiaib problemsisually are

detected, it is too difficult and expensive to do major changes of the structure and there is lack
of space to implement vibration insulators. Adhinethod is then tapply passive damping

in form of damper mats to surfaces on structures where critical vibrations occurs.

The effecs on the structural behavior when damper mats are applied to a certain structure are
studied in this thesis work. The purpos&igetdeeper knowledge about how damper mats

can be used to reduce vibrations in aircraft structites type of damper mat thatsgidied

is known asgConstrained Layer Damping, CLD, whichasandwich of a viscelastic

material layer and a stiffer constraig material layer.

Modelling and simulation methods that are based on commercisbfiizare have been
developed. The analysis method is based on doing a modal analysis with structural damping
taken into account. This makes it possible to predict theathygobal damping at each

structural mode. Thmodels for damper mats havethis project beewerified with

experimental testingsing typical damper mats. The methodology can be used to predict the
behavior of damped structures in order to obtainfiectve and lightweight passive damping
solution.
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Sammanfattning

Under utvecklingen av flygplan undersoks hur vibrationer paverkar flygplansstrukturen under
olika forutsattningar. Dessa vibrationer kan skada elektronisk utrustning som ar monterad i
flygplanskroppen och kan aven gora sa att materialutmattning upds@slahsstrukturen.

For att motverka vibrationer finns det tvA metoder som &r att féredra, antingen att montera
vibrationsisolatorer mellan de elektroniska utrustningarna och strukturen eller att &ndra
designen pa strukturer till en styvare. Dessa metadenkla att implementera i ett tidigt steg

i utvecklingsprocessen men i senare steg, da vibrationsproblem ofta upptacks, sa ar det for
komplicerat och for dyrt att gora storre andringar pa strukturen och sa ar det ont om plats for
att kunna installera viations isolatorer. En tredje metod &r istallet att implementera passiv
dampning i form av dampningsmattor pa ytor av strukturen dar kritiska vibrationer uppstar.

Effekterna av det struktella uppférandet nar dampningattor ar applicerade pa en viss
struktur har studerats i det har examensarbetet. Syftet ar att fa en fordjupad kunskap om hur
dampningsmattor kan anvandas for att reducera vibrationer i flygplan strukturer. Den typ av
dampningsmatta som har studeratséirdksom Constrained Layer Damping, CLD, vilken ar

en sandwich av ett viskelastiskt lager samt ett styvare lager.

Modellerings och simuleringsmetoder som &r baserade pa kommersiatipuk&ror har
utvecklats. Analysmetoderna ar baserade pa att utfodalanalys tillsammans med
strukturell dampning. Detta mdjliggor att forutse den dvergripande dampningen vid varje
strukturell mod. Modellerna for dampningsmattorna har i det har projektet verifierats med
experimental testning av typiska dampningsmaltatodiken kan anvandas till att prediktera
beteendet av dampade strukturer for att uppna en effektiv och lattviktig passiv
dampningsldsning.

Nyckelord: Vibrationer, Dampningsmatta, FEodell, Constrained Layer Damping
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Nomenclature

Notations
Symbol Description
0 Y o0 u nModuus (Pa)
(0] Complex Youngds Modulus (Pa)
Q Resonance Frequency (Hz)
Q Center Frequency of Frequency Band (Hz)
Q Lower Frequency of Frequency Band (Hz)
Q Resonance Frequency (Hz)
Q Upper Frequency of Frequency Band (Hz)
O Shear Modulus (Pa)
"0 Complex Shear Modulus (Pa)
0] FRF Matrix
kO] Identity Matrix
0 StiffnessMatrix (N/m)
0 ComplexsStiffness N/m)
Q Stiffness(N/m)
0 Mass Matrix (kg)
a Mass (kg)
i Number of Resonance Frequency
Y Temperatureg
0 Time (s)
W] Complex Stiffness Matrixvith Visco-elastic Properties
@] Forcelnput



™ Response

@ Dynamic Stiffness Matrix

- Loss Factor

g Modal Matrix, Unity Modal Mass
Eigenvalue

' Poi s Ratim 6 s

" Density (kg/n3)

W Modal Matrix, Arbitrary Scaling
r Mode Vector, Arbitrary Scaling
S Resonance Frequency (rad/s)
Acronyms

CLD Constrained Layer Damping
DOF Degree of Freedom

FEM Finite Element Method

FRF FrequencyResponse Function
MDOF Multi Degrees of Freedom
SDOF Single Degree of Freedom
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1 INTRODUCTION

This chapter gives an understanding of the background and purpose of this project with
relation to the objectives that the company expects from this project. Also an overall
explanation of the approach is described here.

1.1 Introduction

At the section forenvironmentaéngineeringat SAAB Aerodynamics one part of the main
objectives is to protect electronic equipment from vibrataoms$ also material fatigue

aircraft structuresMethods that are most commamd peferably usedo reduce vibrations

areto useinsulators which is attached betwehbg electronic equipmernd the structurer

by increase the stiffness of the aircraft construcfidmose methods are easy to implement in

an early phasm the develomentprocess. Inater stages of the press when discovey of
unwanted vibrations is madeis hard to implement those methods sitiwreis often alack

of space to install new insulators and it is too late to change the construction of the structure.
Then there is a finallternative to implement damper mats the structure. This method is

easy to apply and takes up little space as it can save weight.

In earlier developed aircraft the structuvesreassembled with rivets, screws amalts which
made the structuralampinghigh due tdriction between the fasteners and the structures.
Today for the next generation @ircrafis the structures will be constructathinly by milling
partsin larger pieces to reduce the weight and the number of components. This results in
structures with laver internal damping within the aircrafg]

During the 198006s di mensi oni ragthetcampanwithd or danm
damping software which was leason analytic methods and wadyused for simplified

structures as beams and platedc@ations for selecting suitable damping mats were done

with this software during the development of the first versions o A8 39Gripen aircraf.

This old software is now obsolete and there is an inter&AAB to develop new methods to

simulate ad calculate the damper mats apg@ to the aircraft structunehich contains more

complex sructures than plates and beadmysusing FEsoftware.



1.2 Aim and Scope

The aim of this work is to predict the behavior of damping when damper matgpdied to a

certain structure by using Feodels. With thee models it should also be possiiale

determine where and how much damper mats that should be applied to receive the necessary
damping.

The work is limited to develop FEodels of plates to reduce the uncertainties that comes
with more complex structures.

The main purpose of this project isgain a deeper understanding of calculation methods for
damper matsThe desired outcome from ghprojecthave been listed below.

1. A number of MATLAB functions with different analysmsethodssuitablefor lumped
systems.

2. FE-models where modelling and analysis is demonstrated for a number of typical
cases.

3. An evaluation ofpecific dampemats andhe effectiveness of these. This is done
during experimental testing.

4. A testrigthat can be used for future evaluatadralternative damper mat.

5. Verifying and validation of FEnodelling and analysis. This is done during
experimental testing.

6. Documaentation of theory andiorkflow, whichis included in the report writing.



1.3 Method

The process fodeveloping simulation models for damper maii$ basically been done with

the threemainsteps in the flowchart.

Lumped Models

Figure 1.1. Flowchart of theprocess

1. Lumped Models

FE-Models

Experimental
Testing

Validation

gt

The theory to preforndifferentanalyzsonthe models is developed, tested and
evaluated in this step. MATLAB will be the main tool for preforming the calculations

on lumped models

2. FE-Models

FE-models arereated irHyperMesh, whichs used as a prepressor. Analyzes are
thenperformed on several models using Abaqus with the same theory thasaa
and developed in the prieus step.

3. Experimental Testing

Experimental testing of structures corresponding to thenbBlelsareperformed to
verify and validate the theoretical moddlse testing ixarried out witbanLMS

measuring system.

The result of this processasverified methodology and a test tigt can be used for
future evaluation of new and altetive damper mats. This can thiea used to predict
how to damp structures effectlyavhile the weight of thelamper mais minimized.
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2 Theoretical Modelling

In thischapterthe theory for handling modal analysis is descrifoggthemwith how visce

elastic material behavior is handled in theory. Different approaches have been developed for
solving the problems as computationally efficient as posdtintally, the theory wil in this

chapter be evaluated and verified with a lumped model.

2.1 Constrained Layer Damping

The Constrained Layé&amping(CLD) methodis a passive damping method where a
structure is applied with a damper mat. As sedigure 2.1the damper matsreassembled

as asandwich, whichs attached to thstructure with adhesiv&he sandwicttonsistsof one

or several layers of viseelasticmaterial, whichis made of a certain type of polymer
depending of which damping properties the structure should have. The constraining layer is
made from thin plates of aluminum.

Constraining Layer
/

/./

—|—— Viscoelastic Layer

\ Aircraft Structure

When the structure applied with CLD is deforming the wistasic material absorbs shear
energy when a shearing effect occur between the structure and the constraimingdage
elastic material properties are in general depending on frequency and temperature and will
therefore have different damping characteristics because of3tds.

Figure 2.1 CLD sandwich



Deformed CLD mat

Figure 2.2 Deformation of structurapplied with CLD

In Figure2.2thered linesdescribesiow the shear occurs in the viselastic layer between

the structure and the constraining lay2epending of the amount of shear deformation within
the CLD mat the effectiveness will vaiyhen a structure is vibrating different patterns,
modeshapes, will occur at different frequencies. Some of those mode shapes will have a
larger deformation of thstructure, whicheads to a larger shear deformation in the visco
elastic layer which results in a higher damping.

The CLD mat can consists séveral layers of viseelastic materialgvith different materials
to receivemore effective damping for a wider span of frequesat different temperatures.
Thickness of the constraining layer and the \istastic layer is important factors tredfects
the damping properties if the mat is active within the optimap&ature and frequency
region[1, 3].



2.2 Modal Analysis for Structural Damping Model

Normally modal analysis is performed on undamped mechanical systems where only the mass
and stiffness is included. The damping is the applied to the modes at the response analyses.
But in when damping is added to the mechanical sy#tene is in interedb determine the

amount of damping at each modéereforedampinghasto be modelled in the system of
equations.

The theory for modal analysis withs&ructural damping modés$ described next.

The Structural Damping Model is described by the following equation of motionrfarlé
degree of freedorfMDOF) system with) degrees of freedom:

0 Owo L JWo w0 (2.1)

0 is the mass matrix and is the complex stiffness matrix and thetbhave the size
0 0. wo isthe loadw 0 is thedisplacemenandw o is theacceleration, all at time
instantd. The complex stiffness matr[Kc] can be written as:

~

0 0 Q0 2.2)

Here 0 is the realstiffnessmatrixand "O is the structural damping matnxherej denotes
the imaginary unit

By assuming the general solution, 0 @ Q2 , acomplex eigenvalue problem is
obtained:

O _ 20 26 ™ (23)

An eigenvalue matrixQ_ 8 and a mode shape matrix] , both with size 0 @ U, will be
obtained from the solution. For the mode shayaérix, each column is a mode shape vector

e.g:

M

W [ r (24)

[ describes the mode shape vector for modad have a size of) @ .

The eigenvalue matriXQ_ 8is a diagonal matrix and have eigenvalues for mofte each
diagonal elemernit:

Tm TU T~
(s L
D 8 e _ t[ T3 .
= lm 1 E T[l"l (25)
urmt T TI U



The eigenvalues adefined by the following equation:
_ 1 JOp @Q (2.6)
— is the modal loss factor and is the resonance frequency for made

The modes, which was defined in equatofy can decouple the original system of equations
andcreatea new set oN uncoupled equations. This is based on the orthogonal properties of
mode shapes. This prexy can be written as follows

w O30 Ju 2 8 2.7
w o0 Jw J08 (2.8)

a2 8 and JQ 8 are both diagonal matrices acohtains the modahass and the modal
stiffness respectively

Mode shapes can be arbitrarily scaled and this scaling of mode shapes affects the values of the
modal mass and modal stiffnegsnew set of mode shapes can be defined that is scaled so
that the mass is equal ¢oe for all modes. This is done by first calculate the modal mass,
from equatior?.7, and then by using the arbitrary scaled mode shapeas following:
g A 8 80w (2.9
g are the massormalized mode shapes, this matrasthe following properties:
g 200 Og O (2.10

g 20 Og 2 8 (2.12)

Here "Ois the unitary matrix and)_ 8 is the eigenvalue matrix, which was obtained from
equation2 4.

The mode shape will be of real values if all terms in the damping m&raxe zero, which is
the undamped case if O is proportional to mass and stiffness as foiow

"0 OO0 U (2.12)
In equatior2.12 ®yand®denotes constantslode shapes with real values means that all
DOFb6s will b ée¢ @ compietely out of phasEBee Slweing the motion of the
mode.

If the condition in equatio.12is not satisfied the system ismdnproportional structural
damping In thiscasethe mode shapes are of complex quantities and the phase between the
DOF6s is completely arbitrary. This means th

To completely define the system of motions, equation 1, the eigenvalue ratr& and the
massnormalized mode shape matrix , must be defined. These parameters are refesrasl
modal parameterd-rom those modal parameters all other response parameters can be
derived.

If a modal matrix is arbitrarily scaledy , the modal massatrix X 8 is needed for
determine how each mode is scaled.



2.3 FRF Calculation
To be able twisualize andtalculate the damping of each mawighin a mechanical system
frequency response functions (FRFO6s) have to

The calculation of th& R Fléage been done by two approaches, first withdirect method
then with themodal method.

Calculatingt he frequency response functtansform i s nor m
formulas where the response, 5 divided bythe input force, Fin frequency domain, a
single FRFO is defined by:

@ 2.13
0 D ] (213
@ 1

Here® 71 is theresponsepectrunmeasuredt DOF& and® 1 is the input force
spectrumat DOF €.
The FRFO6s c astarifgevithitheeequatiom al mdbioas repeated below:

0 Jwo 0 Jwo wo (2149
If the force excitation is assumed to be a general periodic function with fundamental

frequency it can then be written as:
wo wl X (215)
The displacement vector can then also be written as a general periodic function:
wo ol X (2.16)
By differentiate equatio.16 twice, the following equation is obtained:
wo 1 0 X (2.17)
Inserting equatio®.15-2.17in 2.14 givesthe equations of motion in frequency domain
17 0 0 2 @7 (2.18)

The mass matrix and the complex stiffness matrix can be combined to a dynamic stiffness
matric, e.g.:

W] 1 0 0 (219

Equation2.18 can then be written as:

D] O®] @] (2.20)

The FRF matrix is defined as the inverse of the dynamic stiffness matrix:

07 ] (2.23)



Both sides of equatiok.20is multiplied with equatior2.21:
@] 01 2] (2.22

Shown by equatio.19 and2.21, the FRF matrix can be calculated from the massl
complex stiffness matrices and this method is calleditieet methodThe advantage of this
method is that the parameters can be frequency depesidce the mass and stiffness
matrices are invegt at each frequency step. Besides this gaiwesy accurate solutianThe
main problem with this method is that the computational tmoeeasesiramaticallyfor

larger systemg9]

The frequency response function can also be solved withaldal paramters, which was
derived in equatio2.10 and2.11. From thisthe mass matrix and stiffness matrix can be
calculated:

0 g J"00g (2.23
0 g 22 8 0g (2.24)

Inserting the equations above in equafidti the following equation is obtained:

(o} goO_ 1 O Og (2.25)

The approach based on equatkizb is calledthe modal methodExtraction of the modal
parameters have to be done with constant mass and stiffness matrices since this is how the
eigenvalue problem is defined. This means #fidhe material parametensust be constant

The advantage with this method is that insre computational efficient compared to the

direct method because it is simple tdrextcertain mode$or the FRF calculatiobased on
themodalparameter§9].

The 2DOF system irFigure2.3 is used as dhlustrative exampleThe FRFH2: is solved
with the direct method ande¢lmodal method with the structural damping model. The
paraméers of the system aggven in Table 2.1.

f1 fo

Figure 2.3. 2-DOF systenused as an example to demonstrate FRF calculation
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The massand structural damping constants within the system are shovabla 2.1.

Table2.1. Mass and structuralamping constants used in thdDF system

g a [kg | Q@ [N/m]
1 03 |40 3%jOmC
2 01 |15 °FjoRC

Themass and stiffness matrices for this system are

S (2.26)
Tt a
0 o Q o QQ (2.27)
FRF H22
1072 F T T T T ' ' I I I
: FRF (direct method) | 1]
— — — FRF (modal method) | ]
1073
z
E
Z 10
e}
=
(0]
[T
10°®
106

0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz]

Figure 2.4. Comparison between direct method and modal method

As Figure2.4illustratesthe modal method have exact the same solution as the direct method
whenparameters are not frequency dependdatvever, as will be seen later, visetastic
material ate described with frequency depengenperties, whichmeans that the modal

method will generally not produce the same result as the direct method.
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2.4 Linear Visco-elastic Model

Visco-elastic materials have a streggin relationship that is generally time dependent.

When a load is applied and theamoved to the material it dissipates energy in form of heat.
Compared to elastic materidlss phenomenodoesnot occur. Typically for viscelastic

materials is that the energy is strain rate and temperature dependeatiear elastic
theorytheYoungdés modul us a araveltkhoen bsitHoevesgoelastwd ul u s
materials these a complex quantities:

d 0p @ (2.29)
0 Op @ (2.29)

Oisthereal Y un g ds mdoQsuhe rtea shaanrdodulus. and— are the loss factors
of thematerial. By describing the quantities as complex, we can mathematically describe a
phasalelaybetweerthe stress antthe strain.Since these quantities depends on temperature,
“Y and frequency, , this behavior shoulbdetaken in account in the model.g:

g1 AY O] AiYOp @ 71 RY (2.30)
"01 AY 'O AiYDOp @ 1 RY (2.31)

Thegenerallybehavior of the viscelasticmaterial propertiesnodulus and loss factoxjth
the influence of temperature and frequendifustratedin Figure2.5[6].

GLASSY TRANSITION RUBBERY

Loss Factor
Modulus

and Loss
Factor

;‘M‘H
e Muodulus
High Freguency Low Frequency
or Low Temperature ar High Temperature
Scale

Increasing temperature when frequency is constant —_—
Decreasing frequency when temperatiure is constant

Figure 2.5 Temperatureand frequency effects1 the visceelastic material poperties
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As seen irFigure2.5, within theglassy areéhe modulus decreases slowmien the

temperatures increasing owhen thefrequency of excitatiors decreasingVithin the

transition area the modulus decreases fast while the loss factor reaches its maximum. For the
rubbery regionwhereeitherthe temperature is highr the freqenciesare low both the

modulus and loss factor gains low val{ies3, 6].

Material properties for a typical visesastic materialin this casedyad60lat temperature
20e (s shown irFigure2.6[10]. Thematerial data have been measured withmrequency
range from 0.1 to 10@0Hz.

Loss factor

Loss factor

O 1 1 1 1 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency [HZz]

<107 Shear modulus

T T T T T T T T T

-
o

Shear Modulus [Pa]
[&)]

1 1 1

O 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency [HZz]

Figure 2.6. Example of raterial data (oss factor and shear mod@uor varying frequency

By considering the temperature and frequency dependency, a more general form of the
complex damping matrj@ , from thestructural damping modelandefined Asseen in
equation2.31, the visceelastic shear modulus is complex valued for slastic materials.
Hence, acomplex sffness matrixwith temperatur@and frequency dependency is obtained
and therefore thknear viscoelastic nodelcan be written as:

0 2o 01 HY wo wo (2.32
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2.5 Analysis Procedure for Structures with CLD

This section describes the adjustments made to the modal approach so that frequency
dependat material properties can Ibandled in the analysis.

The process 0 ¢ a |l c udf MOOE systdrB @pplied with visedastic dampinghe
direct method and modal method described irFigure2.7. The direct methogives a
correct solution and verifies the modal solutions that lhees calculated with estimated
constants for the viseelastic material properties. Also the loss factors of the mades
calculated and compared between the different solutions to determine if the damping is
accurate in the modal approaches. In thectimethod the loss factoaseestimated with the
3dB method and in the modal method the loss factors are calculated.

Analysis Procedure for Direct Method

MDOF System

Direct Method FRF 3dB Method Loss Factor

Y

Viscoelastic
Material Data

Analysis Procedure for Modal Method

FRF

Modal Method

Loss Factor

Material Constant
Estimation

Viscoelastic
Material Data

Figure 2.7. Flowcharts of analysis procedures

As mentionedto calculate FRF with the modal method the material paranugtére visce
elastic materialsnust be constanthereforethree different approaches have been developed
to obtain constants from the material functiofisose approaches have been illustrated with
the same material functionrfthe loss factor as iRigure2.6.
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Thefirst approach is to ignore the frequency dependence and only use the mean value of the
loss factor and shear moduld$e process of this approach is describefigure2.8 and the

mean values illustrated inFigure2.9where the rd line representthe mean value of the loss
factor. The nean value of the shear modulasletermined in the same w&jnce he data of

the loss factor and the shear modulus is over a wide frequency range it is important to
determine within which frequency range the mealoe should be calculated for depending

on which modes that is of interest to damp.

Visco-elastic material
data

Mean loss factor and

{ MDOF system }

shear modulus

Build Complex Stiffness

maitrix

-

Modal Analysis

List of loss factor and
resonance frequency for
each mode

Figure 2.8 Flowchart of modal method with mean value approach
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The secon@pproach is to determine constafiatslossfactor and Bear modulus is to first
find the naturalfrequencie®f the systenwithout passivelamping whichis done by finding
those with the direct methodhen the material constants can be determanesch natural
frequencyas described in the flowchartkigure2.9. In Figure2.10the procedure of
determine local values of the loss factodéscribed where the red circlesrks the local data
at the resonance frequency. The local shear modulus data is extracted inetheagain
modal analysis with damping is then carried out at each natural frequency.

isco-elastic material
{ MDOF system ; /” data /

mode for selected mode

¥ |
- Determine loss
fll-t;StuzfnrtI:?etgrler l Selcet mode factor and shear »{ Suld Complex |
und :m ed system modulus at natural Stiffness matrix |
P | ] frequency |
I |
I |
| |
I |
| F I Loss factor and

I Increment to next Modal Analysis | resonance frequency
| |
I |

Figure 2.9. Flowchartof modal method with local approach
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Figure 2.10 Localconstants of the loss factor
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Thelastapproactthat have been developedfi® octaveband methodThe process is
described with the flowchart ligure2.11.Thedatais dividedinto octave bands and for

each octave band the average is calculdtéidere are one or several modes within an octave
band those are damped with the mean vafube damping properties that is calculated for
that bandBut if there is no mode within an octave band this octave band is then neglected.
By using those averages there will be one modal analysis for each octavédaaltulate

each octavéand,the following equations have been used:

0 Uic (2.33)
0 (2.34)
?

Q "QOQ (2.39)

The octave bang dependent of the first center frequeri€yand should be chosen so the

first octave band starts at a low frequeatiQ, which should be close to zeféor exampleb

Hz is chosen to be the center of the first octave since it produced reasonable octave bands for
the lower frequency region. The number of octave bands that will be used is dependent of the
frequency rangef the FRF that will be calculatedn advantage to use this approach is that

the lower frequency regions are divided into several bands where the loss factor and shear
modulus varies fast over frequenty.Table2.2the standardized frequency regionfseach
octavebandaregiven andrigure2.12illustrateshow the octave band divides the frequency
regions of the loss factor.

Visco-elastic material MDOF system
data

r-- - - —-- - |-""-—"—-""—"———"—1 F——
Store loss factors and
A | ' resonance frequencies
) r for these modes
Select frequency Average loss ""C“’F Build Complex
band [f f #| and shear modulus in ™ stiffness matrix
and 6, fu] frequency band

[

Increment to next
frequency band

Any modes in

Modal Analysis frequency band?

I
i
| =)
|
I
I
I

Figure 2.11 Flowchart of modal method with octave band approach
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Table2.2 Standardized frequency bands for Octave Band

Number of Lower Center Upper
Octave Band Frequency, Frequency Frequency
"Q[HZ] "Q[HZ] "Q[HZ]
1 3.5 5 7
2 7 9.9 14
3 14 19.8 28
4 28 39.6 56
5 56 76.2 112
6 112 158.4 224
7 224 316.8 448
8 448 633.6 896
9 896 1267.1 1792
10 1792 2534.3 3584
] Loss Factor Octave Band
09r \ 7
0.8 \_
0.7 ] b
§ 0.6 b
®
'-'U-) 0.5 1
§ 0.4 .
0.3 4
0.2 i
0.1 i
00 2(1)0 4(I)0 6(I)O 8(IJO 10100 12100 14I00 16I00 18I00 2000

Frequency [Hz]

Figure2.12 Lossfactor divided into octave bands

The great advantage with the modal method is that the damping, loss factors, of each mode is
calculated and gives an accurate damping for the system. But when a system is solved with
the direct m#hod the loss factors are unknown and have to be estinfdtisdcan be done by

using the 3dB methoals described in Appendix. A
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2.6 Verification with a Lumped Model

To verify the theorya lumped modéhasbeen simulated in MATLABThe mainobjectives
for the lumped model are to apply, test and evaluate the theory so the best approach can be
developed for solving the more complex and computational heawgdeels.

The model that have is used as a demonstrative exampleD©O#& System with @table
parameters thatescribeshe behavior of the lumped model in a way that should be
comparable to real life systems.

AAONONNNNN

Figure 2.13 Thedemonstrative ®DOF system

The system consists of masses, structural damping witcomplexstiffness 0  andvisco
elasticdamping w1 . Thevisco-elastic dampings implemented as a functiaf frequency
or as estimates constants depending of wimethod that will be used for calculate the FRF
In this examplethe location of the viseelastic dampers haween chosen so that not all
modes gets a high damping.

The massand structural damping constants within the system are simovable 2.3.

Table 2.3 Massand structural damping constants used in tHBGF systemA small amount
of damping is added to the underlying structure.

A [kl Q [N/m]

0.05 0.7T 5% [0.007
0.03 | 0.35T ©1+(0.0035
0.05 | 0.35T ©1+(0.0035
0.02 | 0.6T °1+(0.0065
0.02 | 0.75T °1+(0.0075

R WIN| M

Thematerial thatave been used in this example is named dyad601 and the material data is
obt ai ned@ whicbisthezdne material that was used in the previous sections.
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Themass and stiffness matrices for this system are

0 m T T T

I “ 11

U0 LS | S | 9
0 Tt m 0

(m 1m0 18y

um T

Q Q Q T T
A N o N o B o] T
0 11 T Q Q Q Q
W i N T T
u T i i ko)
Y T moT bl,l
LU0 VI 1 S 1
W] LTt O 0 T T~
m m m m 7"
Uuyp m nm n oV

(2.39)

(2.39)

(2.40)

The FRF have been examined in the driving point at DQEsponse at DOF 2 and force in
DOF 2)for this system. The FRF for the system without vistastic dampindpave been
plotted inFigure2.14 TheFRF have been calculated with the direct metfitis FRF

contains the resonance frequencies listed in TAlGle

Frequency Response Function sz

10'3 F T T T T

107

Dynamic Flexibility [m/N]

1

10.8 1 1 1 1
0 500 1000 1500 2000

Frequency [HZz]

2500 3000

Figure 2.14 Frequencyesponse function of the driving point in DOFoR the system

without visceelastic damping
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Table2.7. Identified esonancédrequenciesor the system without vis@astic damping

B [Hz]

180.9
574.2
780.6
941.1
1579.6

g~ wWN Py

Frequency range from 0 t@Q0 Hz will be examined since the resonance frequencies are
obtained within this region.

For the modal methodmaterial data for théhree approachesme fiown in Table 2.4 to dble
2.6.

Table 2.4Mean vales of loss factor and shear modulus

— [%] U EY
‘OPa]| p& o pJuTt

Table 2.5. Localalues of loss factor and shear modulus

QHz] | —[%] ‘QPa]

pPUsE | TIT Q| THPp LPT
VXE | ™MoYT | p8tu gOm
X Y& | ™OT ¢ | pg o 0T
WTPH oM W| p§ mylg
PULU YW TAICC| CHT WPt

Table 2.6. Losfactor and shear modulus estimated with octave band

Number of Lower Center Upper — [%] "QPa]
Octave Band Frequency| Frequency, Frequency
"Q[HZ] "Q[HZ] "Q[Hz]
1 3.5 5 7 0.4409 | x& o o 1t
2 7 9.9 14 0.5542 | p8tm pp T
3 14 19.8 28 06773 | pdp WP
4 28 39.6 56 0.8010 | pg8 Vv PPp T
5 56 76.2 112 08820 ¢ 1 pp ™
6 112 158.4 224 0.9385 | o® Y o T
7 224 316.8 448 0.9905 | g p P T
8 448 633.6 896 09632 | p& c TP T
9 896 1267.1 1792 08548 ¢ mmp
10 1792 2534.3 3584 0.6975 | t8tv YDp
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Solving the FRF for the system wiisco-elasticdamping with the direct method gives the
correct solution and the modal methods will be comptreédisresult. The compéson can
be seen irFigure2.15

Frequency Response Function sz
10'4 F T T T T T T T T T

FRF (direct method)

FRF (modal method, mean value)
FRF (modal method, local value) | |
FRF (modal method, octave band)

Dynamic Flexibility [N/m]
3 3
(o2} o

N
o
g

~

-8 1 1 1 1 1 1 1 1 1
10
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency [HZz]

Figure2.15 Comparisomf FRFO0s <cal cul ated with different

To check how good the modal methods are compared to the direct method when it is hard to
see how good the fit Iis between the FRFO6s th
beendone in Table 2.8.

Table2.8. Lossfactor comparison

8 — — —_ -

1 0.1768 0.0294 0.1730 0.1466
2 0.0134 0.0109 0.0145 0.0139
3 - 0.0799 0.5074 0.3584
4 - 0.4997 0.4546 0.4531
5 - 0.4990 0.4038 0.4729

2.7 Conclusion

In theresults from the lumpeslystemthe loss factor of only the first two modes where able to
be estimated with the 3dB method since the third and fourth modes have to high damping.
The conclusion fronthose results is that the local value and octave band approaches gave
good results congred to the direahethod, whichmeans that the modal method will be
excellent for calculating the damping of each mode instead of estimating the damping with
the 3dB mé&hod. The mean value approach gave not so good results compared to the direct
method.Concerning the local value approach, this is dependent on the direct method to
determine the natural frequencies which makes this apppmactiess if only the modal

mehod shall be used.
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3 FE-Modelling

The theory that was verified and evaluated with the lumped mardsls this chapteapplied

to FEmodels. Structures, basically plates, have been modelled with and without passive
damping treatment to compare the effects of the damper mats. The modeling is done in
HyperMesh, which is used as a ym@cessor. This generates a file withsmematerial
propertiesand boundaries describing the model by the use of Abaqus keywords. This data is
then processed in Abaqus which runs the simulation of the model and seithrdjfferent
analysis methods, as used fioe lumped mode]sre testedhi Abaqus in ordeto verify that

those approaches also works for therrédels.

3.1 Modelling of Structures with CLD

Creating models that abwiilt up from different layers with different materials can be done by
different approache#n this work,the visceelastic layeis described by solid elements since
the effect of sheazan best be modelled liyis type of elemenflypes of elements that have
been used is shell elements and solid elements, those are named S4R ance§3£a88ely

in Abaqus.The simplest approach is to model each layer as solid eleageimtFigure3.1
Fromearlier work this approadmasturned out to be computatiohaheavy.[5]

Figure 3.1 Whole sandwich described by solid elements
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Another approach which has proved to wodknputationdy efficient is by describing the
structure and constraining layer as shell elements and have an offset relative to the visco
elastic layer which is described as solid elements whidbgsribed irFigure3.2 [5,11]

Figure 3.2 The structure and constraining layer are described by shell elements and the
viscaelastic layer is described by solid elements.

For the second modelling approach the elements of each layer should be fixed to each other in
some way that the model behaves as one united piece since theeoimectiorbetween the

layers. This have been done with the Abaqus keyword Tibthds tle elements together.

Thr TIE constraint makes translational and rotational motion equal at the connection points

for a pair of surfaceg9]

To define a model in HyperMesh with this approach the first thing that have to be done is to
generate a mesh foretstructure layer with shell elements. Then the solid layer of the-visco
elastic material is generated by #lement offsdtunction in HyperMesh which creates an
offset of the first elements that was defined in the first layer. The last layer, theacongtr
layer, is then also generated witlement offsdiut with shell elementsTo fix the layers to

each other the Abaqusriction TIE is implemented. In this function the surfaces of the
elements in the layeereconnected to each other by definingrihas master and slave which
have to been done in two steps for this type of model. First the surface of thelesokahts
thatarefacing the structure layer is connected with the struaiementdy defining the

surface of the solidlementsasMasterand the structurelementsasSlave.This is done in the
same way for the surface of the sa@idments that are facing the constraining layer elements
Figure3.3illustratesthe TIE function for the visceelasticelements and the constrain

elemens. The pink squaresepresenthe master surfaces and the green squares represents the
slave surfacesNow thenodes at thehell elements will have the same movement atofne
nodes of theolid elements when the structure is deflecting.
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Figure 3.3 TIE functionactive on model between viselastic layer and constraining layer

When the model is done the thickness of the séygdirshave to be definedrinally, material
paraneters, boundary conditions and loaads defined for the model.
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3.2 Workflow with HyperMesh/Abaqus

When the input file of the model is generated different analyzing methods can be used in
Abaqus.The types of analyses that have beamied out for the Fnodels are

1 Modal
Mode shapes is extracted and visualieeHyperView for understanding of how the
model behaveat different natural frequencies

1 Complexmodes
Runs arrealeigenvalue analysis together wve complex eigenvalue analysis that
takes damping into account.

9 FRF Direct
Calculates the FRF for a mddeth the direct method.

1 FRF Modal
Calculates the FRF from modal parameters with the modal method.

Those analysis methods is defined in separate inputAigefor the lumped system the direct
method gives the right solution of the FRF and verifieFtiie F 0 tained Wwith the modal
methodsT h e F R F 0 abtaihedwath the aliffeeent methods atken visualized and
compared in HyperViewndMATLAB .

To run simulationghat involves damper mats thissco-elasticmaterial parameters have to be
defined in amaterial input fie. This file is then inaded in the model inpdile, containing

the visceelastic material parametei3ata forthe material input files calculatedising
MATLAB.

The input file for the modal method with the octave band apprdeithes onenodal
analysis for each octave barfithe material data is divided into octave bands as well in the
process.

For reducing the computational tintheFRF calculations is done farlimited amount of
respons&odes which is definedh the analysis input files.
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3.3 Verification

A simpleplate, shown irFigure 3.6, havebeen modied and verified with the different

analysis procedures that was developed for the lumped mateplatehasthe dimensins

of 300 x 200 x 0.5 millimeterd.he material parameters that have been used for the structure

and the constraining layer aas follows ‘O= 69GPa, = 0.33 and = 2770 kg/m which is

typical for aluminum. Also structural damping is added to the patdds assumed to be=

0.002, to getr small modal damping of 0.1p42]. The visceelastic material that is applied to

the damped plate is named dyad609 and the materiakdatasured at a temperature of

60e €10]. The thickness of the viseslastic layer is 1.4 millimeters and the thickness of the
constraining | ayer i s 0. 2 %ithmafrequentyerangerfream T h e
0 to 600 Hzat the driving point 644 which is showmFigure3.5.

Theempty spaces in Table 3ate missingesonance frequencies aods factors that could

not be estimated with the 3db methbdFigure3.7 the undamped FRF solved with the direct

method is plotted and ligure3 . 8 t he damped FRF&6s solved wit
plotted and compared.
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Figure 3.4. Material data for dyad609 at temperatureco@
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Figure 3.5. Simple platelocation of driving poin644

Figure 3.6. Simple plateapplied with CLD
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Simple Plate Frequency Response Function H644 644 Undamped
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Figure 3.7. FRFof Simple plateundamped
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Figure 3.8 DampedSmple plate compari son of FRFO6s solved wi
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Table3.1 Comparisorof resonance frequencies ala$s factors Simple plate

G XQ| Q Q — — —
1 - 42.2 37.3 - 0.0689 0.1352
2 39.4 47.3 40.9 - 0.0752 0.1709
3 - 98.4 91.2 - 0.0477 0.3808
4 93.3 119.3 93.5 0.0856 | 0.198 0.0924
5 127.2 143.3 129.6 0.2823 | 0.1696 0.2754
6 - 177 159.2 - 0.1373 0.371
7 - 182.4 163.1 - 0.2037 0.2366
8 183 196.5 184.2 0.1744 0.1152 0.1648
9 210.9 213.3 200.1 - 0.0399 0.3633
10 - 230.9 224.1 - 0.2104 0.2632
11 - 249.5 242.7 - 0.1654 0.1885
12 274.8 286.6 278.6 - 0.1663 0.1914
13 - 307.7 304.2 - 0.156 0.1702
14 - 370.4 358.2 - 0.337 0.3582
15 - 385.3 379.5 - 0.1279 0.3515
16 - 390.4 383.7 - 0.3147 0.1452
17 396.5 396.6 396.5 0.0201 | 0.0210 0.0214
18 - 428.1 486.9 - 0.3072 0.1538
19 - 454.1 504.4 - 0.4675 0.0630
20 582 482.3 585.3 0.0583 | 0.0989 0.0497
21 - 522.3 588.7 - 0.2070 0.1555
22 - 534.8 598.8 - 0.4143 0.2931
23 - 546.2 - - 0.3377 -
24 - 547.7 - - 0.2267 -
25 - 571.2 - - 0.0880 -

3.4 Conclusion
I n the comparison of the FRF&6s the modal me t

accurate compared to the FRF solved with the direct method. Since thisighdyedamped
it was had to estimate the modes with the 3dB methfiitbse modes thabuld be estimated
showed good agreement withtave band approaci he modal method solvedtivthe mean
value approach haalbad fit to the FRF solved with the direct metkotdte the frequency
dependency is not taken into account

The advantage with the modal approach methods were clearly seen in this example since
these methods produce a list of loss factors for each mode and are not depending on the 3dB
method.

In Appendix A2 the differencén howacoarse mesh compared to finer mesh affects the
results have been studiddturned out that there where a minor difference which means that
computational time can be saved by using a coarse mesh.
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4 Pre-Test Planning

This chapter describes thetivities that have been carried out as a preparation for
experimental testing-E-modelsof intended test structuteave been modeled and analyzed
using the methods describedire previoushapter.

Three different plates, referréalas TypeO, Typeand Type2, have been modeled and

verified with differentanalysisapproacheslypel and Vpe2 areplates with skirstringer

structure. This type of structure is commonly used in aircraft constructions to veeligbe

[2]. Those plates are assumed to beglex enough for being comparable with real case

structurs. The FRFO6s for a certain node have been e
frequencies and loss factor for each mode within theiénegy range from 0 to 1024 Hz.

The damper mahathas been used S8AAB is referred to asibraflex22and the material

dat a i s me aThematdal data for 2hBadhge@ mat is given in Appendix 3

The thickness of the viseslastic layer id.3 millimeters and the thickness of the constragnin
layer isO.3millimeters The material parameters that initially have been used for the structure
and the constraining layer aas follow. O= 69GPa,f = 0.33 and = 2770 kg/m. Also an
assumed structural damping-e£ 0.002is added to the plates.

4.1 Test Cases

In the first example a simple plafBypeO,with the dimensions @62x23&2 mm, have been
examined The model of this plate is shownFigure4.l Thedriving-point FRF is simulated
at node 247, as illustrated fiigure4.1.

Figure 4.1 Plate TypeO applied with CLD
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The second exampl&ypel, have the dimensions of 300 x 400n and have four
compartments with the dimensions of 120 x i@ and a thickness of hm. The stringers
have a thickness of#im and the width of 20nm. The drivingpoint FRF is simulated at
node 4194, as illustrated Figure4.2.

N4294 @

Figure4.2 Plate Typel applied with damper mat in one compartment

For thethird example plateType?2 theplatehasthe dimensions of® x 400 mmand have
three compartments. Two of them with the dimaions of 120 x 170 manda bigger ore

have the dimension 170x260 mirhe thickness of theompartments is 1.5 mrihe stringers
have a thickness of 4mand a width of 20 mmirhe drivingpoint FRF is simulated at node
2511, as illustrated iRigure4.3.

Figure 4.3. Plate Typel applied with damper mat in one compartment
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4.1 Results

Results of plate TypeO askhown in the following plots and the resonance frequencies and
loss factordrom the different approaches am@mpared in Table 4.Eigure 4.4 shows the
simulated FRF with no damper mat, dfigure4.5 is the simulated FRF with damper mat.

The empty spas in the tables are missirgsonance frequencies dods factors that cad
not be estimated with the 3dBethod.
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Figure 4.4 FRF of plate Type0, undamped
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Table 41. Comparison ofesonance frequencies ala$s factorsTypeO

aée xXQ| Q Q "Q - - -
1 76.1 76.7 76.3 - 0.022 0.019
2 78.1 78.6 78.3 - 0.016 0.015
3 174.2 174.3 173.9 0.017 0.016 0.015
4 208.2 208.6 208.3 0.019 0.020 0.028
5 - 212.8 210.1 - 0.039 0.036
6 264.3 263.9 263.7 0.023 0.022 0.023
7 312.3 312.0 312.1 0.013 0.010 0.011
8 382.4 381.8 381.7 0.021 0.019 0.021
9 441.4 441.1 441.2 - 0.004 0.004
10 520.5 521.8 522.9 - 0.012 0.013
11 552.5 551.5 552.8 0.018 0.015 0.016
12 572.6 569.3 572.9 0.028 0.029 0.031
13 606.6 603.5 604.7 0.017 0.011 0.014
14 720.7 720.2 721.4 0.009 0.008 0.009
15 742.3 738.6 740.8 0.016 0.015 0.017
16 800.8 796.5 798.4 - 0.012 0.014
17 - 809.8 811.3 - 0.009 0.011
18 924.9 921.4 924.0 0.017 0.015 0.018
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Results for plate Typel ashown inFigure4.6 (undampedandFigure4.7 (damped)The
resonance frequencies and loss fadians the different approaches am@mpared in Table

4.2.

Accelerance [(m/s)2/N]

Figure4.6. FRF

Accelerance [(m/s)2/N]
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Table 42. Comparisorof resonance frequencies alass factors Typel

aée xXQ| Q Q Q - -
1 70.4 70.5 70.3 0.056 0.121 0.011
2 95.8 96.4 96.3 0.041 0.006 0.006
3 140.8 141.9 141.8 0.028 0.009 0.086
4 168.2 170.3 169.9 0.093 0.010 0.009
5 199.5 200.7 199.8 0.069 0.010 0.009
6 260.5 260.9 261.0 0.030 0.025 0.025
7 334.5 335.1 335.7 0.041 0.044 0.044
8 - 341.7 341.7 - 0.009 0.009
9 352.1 349.6 349.8 0.017 0.016 0.017
10 404.9 402.9 403.5 0.034 0.033 0.035
11 420.6 418.7 418.8 0.019 0.013 0.014
12 489.0 487.8 490.8 0.024 0.025 0.026
13 504.7 502.6 504.2 0.019 0.017 0.018
14 526.2 521.9 527.3 0.033 0.039 0.041
15 545.7 541.9 542.9 0.018 0.013 0.017
16 - 573.2 584.3 - 0.069 0.081
17 - 628.7 629.4 - 0.008 0.009
18 651.4 651.3 652.2 0.009 0.008 0.008
19 706.1 705.3 708.9 0.028 0.023 0.025
20 731.6 726.6 730.9 0.021 0.023 0.026
21 - 756.1 759.9 - 0.021 0.024
22 792.2 787.9 791.2 0.025 0.018 0.022
23 813.7 812.9 817.1 0.022 0.022 0.026
24 882.2 879.9 885.6 0.038 0.027 0.032
25 929.1 916.9 927.7 0.046 0.041 0.047
26 - 932.7 941.6 - 0.038 0.039
27 - 947.3 948.6 - 0.009 0.012
28 - 1009.4 1016.9 - 0.033 0.043
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Results of plate Type@reshown inFigure4.8 (undamped) angigure4.9 (damped). fie

resonance frequencies and loss fadians the different approaches am@mpared in Table

4.3.

Accelerance [(m/s)2/N]

Figure4.8 FRF

Accelerance [(m/s)2/N]

Figure 4.9 Damped plate Type2, o mpar i son
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Table4.3. Comparison ofesonance frequencies ala$s factors Type2

aée xXQ| Q Q "Q - -
1 68.1 67.9 67.8 0.059 0.012 0.011
2 84.1 84.2 84.1 - 0.006 0.006
3 146.1 147.2 146.9 - 0.009 0.009
4 166.2 167.3 167.0 - 0.011 0.010
5 210.2 210.7 210.5 - 0.009 0.008
6 232.2 232.8 232.8 0.172 0.015 0.015
7 330.3 331.4 3314 - 0.010 0.011
8 346.3 346.5 346.5 0.012 0.009 0.010
9 376.4 376.0 376.4 0.021 0.024 0.024
10 404.4 403.3 403.3 0.009 0.012 0.013
11 450.4 448.3 449.7 0.018 0.015 0.017
12 - 497.5 498.4 - 0.009 0.016
13 546.5 545.7 547.6 0.018 0.016 0.018
14 628.6 627.3 629.6 0.019 0.016 0.019
15 - 637.1 639.8 - 0.019 0.019
16 - 659.1 660.2 - 0.009 0.011
17 722.7 719.5 721.8 0.017 0.014 0.017
18 746.7 740.5 743.3 0.021 0.017 0.019
19 - 762.3 762.8 - 0.005 0.005
20 826.8 824.2 826.4 0.015 0.013 0.015
21 886.9 886.5 889.0 0.016 0.013 0.016
22 912.9 908.9 911.7 0.015 0.014 0.016
23 1016.9 1016.3 1019.5 0.016 0.014 0.016

4.2 Conclusion

The simulation resultshowthat all three plate configurations are suitable for the
experimental test. The increase in damping when a damper mat is applied is clearly seen.
However, there are still distinct resonances for the darspstdm, whichs important for the
experimental grification.

The modal method solved with the mean value approach will have correct sotdtibas
F R Fdithefrequencies where the loss factor and shear modulus are approxietatalyo
the mean value.

For the plate configurations that have beeangined the mean value and octave band
approaches for the modal method is approximately the same and this is caused by that the
visco-elastic material parameters for vibraflex22 do not varying that much within the
frequency region of 22000 Hz.

Since thanodal method solved with the octave band apprgacs the most accurate results
this method will be used for calculating the loss factors in the experimental testing when the
FE-models are compared to the experimental measured plates.
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5 Experimental Testing

The purpose with the experimental part of this work is to verify and validate theoBEIs.
Corresponding geometries to the-Fibdelsdescribed in Chapteri#ave beenested.

5.1 Method

A grid is drawn on the plates anceasuring pointsf the plates ardetermined and
accelerometerareattached to those points. Force is then applied animpacthammerto
the points and theMS Acquisition System receives and processes the sitiradiare
receivedby the accelerometers and ihgacthammerThis is controlled by LMS software
onalaptop. Results aresaved to files that then is imported to MATLAB for further
examinationThe experimental setup is showrFigure5.1

® Plate with
Accelerometers

PC Impact Hammer

—1 LMS

Figure 5.1 Experimental setup

Before the damper mats weaapplied to the structure the surface of the structure was prepared
with the use of sandpaper and then cleaned with alcohol to get a good attachment surface.
When thedampemats are attached to thewstture it is hard to removeand the risk of

deforming the aluminum structure is high.
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Thefollowing figures illustrateplate TypeOlt was firsttestedwithout damper mats and then
tested with damper maffable 51 shows the correspondingsponsgoints between the FE
model and tle experimentablate. Figure 2 illustrates the response points on the test plate.

Table5.1. TypeO, correspondingesponsegoints between the test plate and therké&del

Point | Node in FEmodel| Position in x and y directions [mm
r 1365 331.8, 76.67
r 247 120.67 153.34
11 1103 241.34 ,153.34
13 14 15 16
9 o’ I 12
5 8 7 ° |®
1 2 3 4

Figure 5.2. Layoutof response pointsn plate TypeO

Figure 5.3. TypeOwithout damper mat
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Figure 5.4. TypeOwith damper mat

Figure5.5. TypeO wittrdamper mat
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PlateTypel is shown in the following figurelh Table5.2the corresponding measuring
points between the FEodel and the experimental plareshownandFigure5.6illustrates
the response points on the plafbe accelerometesseattached at point 7, 12 and 19 while
the input force is applied to all points.

Table5.2 Typel correspondingesponsegoints between the test plate and therrédel

Point | Node in FEmodel | Position in x and y directions [mm]
7 2676 105, 80
12 1096 105, 150
13 1321 200, 150
18 1488 200, 220
19 4194 295, 220
21 22 23 24 25
16 17 18 19 20
°
11 12 3 14 15
6 ?7 8 9 10
1 2 3 4 5

Figure5.7. Typelwith freefree suspension
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Figure5.9. Typelwith damper mat in one compartment
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In the following figureglate Type2 is shownin Table5.3the corresponding measuring
points between the FBodel and the experimental plate ateownandFigure5.10illustrates
the response points of the plate. The accelerometeastached at point 8, 12 and 19 while
the input force is applied to all points.

Table5.3 Typez corresponding response points between the test plate and the &€&

Point | Node in FEmodel | Position in x and y directions [mm]
8 1103 200, 80
12 3275 105, 150
13 1261 200, 150
18 1391 200, 220
19 2511 295, 220
21 22 23 24 25
16 17 18 19 20
®
11 o2 3 14 15
6 7 ol 9 10
1 2 3 4 5

Figure5.10 Layoutof respons@oints on plate Type2
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Figure5.12 Type2with damper mat in one compartment
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The coherence function quantifies the amount of contaminating noise. It was used to select a
suitable tip for the impact hammer. Typical coherence funcbbtise measurements are
shown in the following figures.

Type1 H Damped

19,19

0.7 b

0.6 b

0.5 b

Coherence

04 b

0.3F b

0.2f Rubber Tip -
Nylon Tip

O 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Frequency [HZz]

Figure5.13 Plate Typel dampedpmparison otoherence of measuremsmtith rubber and
nylon tip of the imacthammer

In Figure5.13 coherence of measurements of damped plate Typel are shown. The nylon tip
of the immcthammer gave less noise in the measurements than when a rubber tip was used.
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TypeO H 252 Undamped

Tan.

09
0.8
0.7

0.6 [

0.5

Coherence

0.4 1

0.3 b

0.2F b

0.1F b

0 1 1 1 1 1 1 11 1 1
0 100 200 300 400 500 600 700 800 900 1000

Frequency [HZz]

Figure5.14 Plate TypeO undamped, coherence of measurement with rubber tip of #o¢ imp
hammer

Type2 H

T

09| i

19.19 Undamped

0.8 4

0.7 f 4

0.6 4

05| 4

Coherence

04F b

03[ 4

0.2 4

01 4

0 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
Frequency [HZz]

Figure5.15 Plate Type2 undamped, coherence of measurement with nylarthigim@ct
hammer

The undamped plate Type@smeasured with a rubber tip thhe im@cthammer and there
was a lot of noise in the colegrce in kgure 5.14compared to theoherence of thendamped
plate Typedn Figure5.15whichwas measured with a loy tip onthe impcthammer.
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5.2 Results

T h e FRF aslampdgplateshaad the damped plates from the testing have been

comparedot he FRFOs c al-madélssTheE®RF©O s r f nbdels Haee bderc

solved with the dirdanethod and thioss factors arealculated with the modal method using

the octave band approadghor t he measured FRFOs the resona
are estimated with the 3dB method. The empty spaces in the tables are missing loss factors

that cauld not beestimated with the 3dBiethod

When the results from the F#odel will be compared with the corresponding results from
the experimental test cases the relative error between the resonance frequencies and loss
factors wil be calculated with equation 5.1

w w
bOiiéi D (5.1)

The results foplateTypeO areshown inFigure5.16 and 5.17.

TypeO Frequency Response Function Hr2 2 Undamped
104 E T T T T T T T : T T T E

Accelerance [(m/s)2/N]
)

-
o
N

-
i
N

FRF (measured)
FRF (FE-model)

100 200 300 400 500 600 700 800 900 1000
Frequency [HZz]

1073

Figure5. 16 Measur ed and s i mdanpedilagedypddoRF6s f or u

47



TypeO Frequency Response Function Hr2 2 Damped

102

- =N

o o
[=} [N
T T

Accelerance [(m/s)2/N]

-
o
N

FRF (measured) | ]
FRF (FE-model) | {

102

100 200

300

400 500

600

700

Frequency [Hz]

800 900 1000

Figure5.17 Measured and simulatdé R F 6 s amipeal platedTypeO

Thefirst sixteenloss factorsand resonance frequencigfisthe damped plat€ypeOare

compared inrable5.2. The loss factors aestimated with the 3dBiethod.The relative
errors have been calculated with more decimals for the resonance frequencies and loss factors

than are shown in the table.

Table5.4. Comparison of resonance frequencies and loss fafoBypeOat Hro r2

i 1'Q Q Relative | — — Relative
[Hz] [Hz] error, f error,—
[%0] [%0]

1 76.3 76.3 0.06 0.019 0.019 5.32
2 78.6 78.3 0.44 0.014 0.015 6.47
3 174.6 173.9 0.40 0.016 0.015 7.65
4 - 208.3 - - 0.028 -

5 211.6 210.1 0.71 0.024 0.036 53.90
6 265.1 263.7 0.53 0.026 0.023 11.49
7 315.5 312.1 1.07 0.012 0.011 12.25
8 385.9 381.7 1.08 0.24 0.021 91.27
9 4450 441.2 0.86 0.004 0.004 5.75
10 5240 522.9 0.19 0.027 0.013 52.28
11 559.5 552.8 1.21 0.022 0.016 27.45
12 576.3 572.9 0.59 0.025 0.031 25.47
13 608.4 604.7 0.61 0.022 0.014 34.73
14 725.9 721.4 0.61 0.011 0.009 13.29
15 746.1 740.8 0.72 0.021 0.017 17.42
16 - 798.4 - - 0.014 -
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Results foplate Typelaredemonstrated next.

Type1 Frequency Response Function H

19.19 Undamped

103 E

T
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o
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——

FRF (measured) 4
FRF (FE-model) | 3
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N
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1 1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900 1000
Frequency [HZz]

Figure5.18 FRFin Hig10undampeglate Typel with unadjustedrgodulus

To get a better fit between the FRF from therR&del and the measured FRF thenBdulus

have been adjustexh the FEmodeland the result of this is shownfingure5.19 The

stringersof the plate have an-Eodulusof 74 GPa andhe plate have an-Ehodulus of67

GPa.Also the density of the plateasbeen changed. This was donevsighingthe test plate

and then calculate thelumeof the correspaing FEmodel. The adjusted density’is=

2849kg/m>. Thef o | | o wi obtpingd Rafmdhe FEodelsare modelled with the

adjusted Emodulusand densityMe asur ed and si mul ated FRFb&6s fc
are illustrated irFigure5.20 to 5.22.
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Type1 Frequency Response Function H19 19 Undamped
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Frequency [HZz]
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Figure5.19 FRF in Hie10undamped plate Typel with adjustednodulus on the Fnhodel
to make a good fit to the measured FRF

Type1 Frequency Response Function H19 19 Damped
102 F T T T T T T T - T T ]

=N

o
[N
T

Accelerance [(m/s)2/N]
)
o

-
o
N
T
1

FRF (measured)
FRF (FE-model)

100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

102

Figure 5.20 FRFin Hig19damped plate Typel
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Type1 Frequency Response Function H_” Damped
103 E T T T T T T T ’ T T L
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Figure5.21 FRF in H;7damped plate Typel

Type1 Frequency Response Function H19 7 Damped
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Figure5.22 FRF in H 7dampedplate Typel
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Table5.5. Comparisorof loss factor andesonance frequencidsr Typelat Hig 19

i Q Q Relative error, | — - Relative error,
[Hz] [HZ] %] — [%]
1 70.8 70.3 0.63 0.011 0.011 4.42
2 98.3 96.3 1.98 0.005 0.006 9.28
3 145.5 141.8 2.51 0.014 0.086 5.29
4 - 169.9 - - 0.009 -
5 2030 199.8 1.58 0.085 0.009 88.89
6 265.3 2610 1.60 0.028 0.025 10.58
7 - 335.7 - - 0.044 -
8 340.5 341.7 0.36 0.033 0.009 71.61
9 352.5 3498 0.76 0.029 0.017 43.93
10 409.5 403.5 1.47 0.048 0.035 28.34
11 4230 418.8 0.99 0.028 0.014 50.25
12 - 490.8 - - 0.026 -
13 503.3 504.2 0.19 0.026 0.018 33.05
14 512.3 527.3 2.94 0.018 0.041 1.6
15 557.0 542.9 2.52 0.087 0.017 80.44
16 - 584.3 - - 0.081 -
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Finally, results forplate Type2 is demonstratedkigure5.24 to 5.28.

Type2 Frequency Response Function H

19.19 Undamped
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Figure5.23 FRFin Hig10undamped plate Type2 with unadjustech&dulus

As for plate Typel thednodulus have been adjusted the FEmodelto get a better fit
between the FRF from tiéE-model and measured FRF. The result of thisTiype2 is
shown inFigure5.24 For this plate it was only necessary to adjust tmed8ulus for the
stinger s to get a good f i toftheglateleaecran-modubusdF RF 6 s .
76 GPa The density was also changed in the same way as for Typel and the new dénsity is
=2841kg/im>.The f ol | o wKFEmgdelgaR Mmodellecowith the adjustedniodulus

and density
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Figure5.24 FRF in Hio10undamped plate Type2 with adjustedngdulus on the Fhodel
to make a good fit to the measured FRF

Measured and simul ated FRFOs f oFigugd2p®2 wi t h
5.28.

Figure5.25. FRF in Hig19damped plate Type2
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