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ABSTRACT

Controlling the vibratory response of a mechanical system is of key importance
in most modern engineering designs. Constrained viscoelastic layered damping of
vibrating elements is one method that can be used for vibration reduction. This thesis
deaks with an integrated system damping and excitation source isolation scheme for
reducing the vibration signature of a three dimensional structure. Use of a validated
finite element model of the system to predict system dynamic behavior proved to be
an effective method in the design of the constrained viscoelastic layered damping
treatment. Direct frequency response analysis was performed on the structure with the
damping treatment applied and excitation source isolated. Experiments were also
performed on the structure without the damping treatment to provide reference data

for comparison purposes.
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I. INTRODUCTION

As the art of undersea warfare becomes more complex, the requirement for an
increased acoustical advantage over the adversary becomes increasingly important. In
order for a ship to remain acoustically quiet it must control its radiated noise signature.
A major source of radiated noise onboard ships is the vibration of shipboard components.

In many practical situations, it is possible to reduce but not eliminate the dynamic
forces that cause vibrations. Several methods can be used to control vibrations. A few

of the more important ones are listed below [Ref. 1].

(1) Controlling the natural frequencies of the system and avoiding resonance
under external excitation.

(2) Preventing excessive response of the system by introducing a damping or
energy-dissipating mechanism.

(3) Reducing the transmission of the excitation forces from one part of the system
to another by the use of vibration isolators.

(4) Reducing the response of the system by the addition of an auxiliary mass
neutralizer or vibration absorber.

(5) Reducing the response of the system by the use of an active damping scheme.

Favorable vibration reductions have been achieved using various active damping
strategies on flat panels and cantilever beams [Ref. 2, 3]. Passive damping has also
proved to be an effective means of vibration reduction. Specifically, constrained
viscoelastic layered damping shows much promise for vibration reduction over a broad
frequency range. A study of the effects of various constrained viscoelastic layered
damping treatments on flat plates is provided in references 4 and 5.

This thesis deals with the analysis and testing of an integrated constrained
viscoelastic layered damping and source isolation scheme for a three dimensional system.

The structure studied was a five sided aluminum box connected at the edges with weld



joints. Analysis and experimentation on the structure was limited to a frequency range
of 0 to 100 hertz (Hz). For our system, this frequency range contained 20 vibration
modes (6 rigid body and 14 elastic) which were the most pronounced in terms of
dominating the system dynamic response. Utilization of a three dimensional structure
provided the opportunity to conduct damping analysis/experiments on a system with

complex mode shapes due to the simultaneous interaction of multiple sides.




II. THEORY

A. VISCOELASTIC MATERIAL

Viscoelastic damping capability is exhibited strongly in many polymeric and glassy
materials [Ref. 6]. Polymeric materials are made up of long chains of carbon atoms
which are joined strongly together. When these chains are linked to other similar chains
a polymer network is developed. The damping action occurs during relaxation and
recovery of the network after deformation has occurred.

An understanding of the variation of damping properties with the environment is
essential for effective noise and vibration control treatments to be designed [Ref. 6].
Three factors which affect the properties of viscoelastic damping material are temperature,
frequency, and cyclic strain amplitude. Of these three, temperature is considered to be
the most significant. This temperature effect is illustrated in Figure 2.1. This figure
highlights four distinct regions. In the glassy region, the storage modulus is at a
maximum value while the loss factor is at a minimum. As temperature increases into the
transition region, the storage modulus decreases while the loss factor increases to a peak
value and starts to drop off. In the rubberlike region, the storage modulus and loss factor
remain essentially constant at low values. As temperature increases into the flow region,
storage modulus starts to decrease and the loss factor increases. It should be noted for
most polymeric materials the flow region does not exist. Additionally, the width of the

transition and rubberlike region can vary anywhere from 20 to 300 degrees C [Ref. 6].
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Figure 2.1. Variation of Viscoelastic Material Properties with Temperature. [Ref. 6]

The effects of frequency on material properties are shown in Figure 2.2. The
storage modulus always increases while the loss factor increases to a peak value in the
transition region and starts to drop off as frequency enters the glassy region. It is
important to realize that a temperature change of only a few degrees may have the same

effect on material damping properties as a frequency change of several decades.
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Figure 2.2. Variation of Viscoelastic Material Properties with Frequency at a Constant
Temperature. [Ref. 6]

The effects of cyclic strain amplitude on the damping properties of viscoelastic
materials are not easy to quantify. As the strain émplitude of a material increases, the
energy dissipation of the material also increases resulting in a rise in material temperature.
The trend follows the same general pattern as the temperature effects but to a smaller

degree. This effect is illustrated in Figure 2.3.
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Figure 2.3. Variation in Viscoelastic Material Properties with Cyclic Strain Amplitude.
[Ref. 6]




In order to accurately predict the effects of a viscoelastic damping treatment, one
must take into account both temperature and frequency effects. Viscoelastic material
property variations for commonly used materials are presented using a "reduced frequency
nomogram". This plot shows the variation in the material loss factor and shear modulus
as a function of both frequency and temperature. The viscoelastic material used in this
work was 3M ISD-112 manufactured by the 3M Company. The associated nomogram
is provided in Figure 2.4. In order to use this figure, simply enter the frequency of
interest. Move horizontally to the left until the frequency intersects the diagonal constant
temperature line. Move vertically up or down until the shear modulus or loss factor curve
is intersected. Read the value of the desired material property from the respective scale

on the left hand margin of the graph.
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Figure 2.4. Reduced Frequency Nomogram for 3M ISD-112.




B. STRUCTURAL DAMPING

The dynamic response of a structure is determined by the applied forcing function
and three structure properties: mass, stiffness, and damping. Of these three damping is
the hardest to predict. In most cases damping can only accurately be determined after
conducting structural testing. Any system undergoing vibration will contain a kinetic
energy component and a potential energy component. The kinetic energy is associated
with mass and the potential energy is associated with stiffness. In addition, a vibrating
structure will have an energy dissipation component known as damping.

All structures contain at least a small amount of damping as a result of the
fabrication process. Any component on the structure that converts mechanical energy to
thermal energy is a structural damping element. Examples include rivet joints, as well
as, weld joints. The amount of system damping due to structural elements is usually very

small and on the order of 1 to 2 percent. The damping level of a structure can be

dramatically increased by the addition of a constrained viscoelastic layered damping -

treatment which will be discussed in more detail in later sections. Three primary effects

of damping are (1) reduction of peak vibration amplitude at resonance; (2) slight lowering

of the resonance frequency; (3) increased decay of the system dynamic transient response.
1. Constrained Viscoelastic Layered Damping

A simple single constrained viscoelastic layered damping treatment is illustrated

in Figure 2.5. It should be noted that Figure 2.5 is not drawn to scale.

CONSTRAINING LAYER t H3
DAMPING LAYER t H2
BASE LAYER H1

Figure 2.5. Simple Constrained Viscoelastic Layered Damping Treatment.




This configuration consists of the base layer (structure base), viscoelastic damping layer,
and constraining layer. The stiffness of the top layer and base layer are usually much
greater than the viscoelastic layer. As the system undergoes vibration, the base layer will
deform and bend. This will cause the surface away from the composite body neutral axis
to elongate stretching the viscoelastic layer. The top layer tends not to elongate due to
its high stiffness thereby constraining the viscoelastic layer. Due to this constraining
action during vibration, cyclic shearing strains are developed in the viscoelastic material.
This shear strain energy is subsequently dissipated in the form of heat. For the
constraining layer to be effective, its stiffness should not exceed that of the base layer
[Ref. 7, 8].

In designing a damping treatment it must be determined whether the surface will
have full or partial coverage. Partial coverage techniques are often used when weight
savings is a concern. To effectively design a partial coverage scheme one must have
knowledge of the system mode shapes over the frequency range of interest. Once the
modes of interest are determined locations of negectible strain energy may be eliminated.
For constrained viscoelastic layered damping where the bending of the composite produces
not only bending and extensional strains in all three layers, but also shear strain, the
location of the nodal points become extremely important [Ref. 9]. A nodal point on a
structure is a point of zero modal extension as the structure vibrates at a system natural
frequency. A good example of a nodal point would be the inflection point of a sine or
cosine wave. The amount of shear produced in a viscoelastic layer is maximum at the
nodal points. Once the nodal points and high strain energy points are isolated, the length
of the damping strip has to be determined. As a first approximation, one should keep
uninterrupted lengths of the constrained layer treatment greater than 60 percent of the
flexure wavelength of the composite to obtain loss factors which are no less than 50

percent of that obtained with a fully covered surface [Ref. 9].




C. SYSTEM ISOLATION METHODS AND CHARACTERISTICS

A simple way to reduce the undesirable effects of component vibrations is to use
a vibration isolation mount. This method basically involves inserting a resilient member
in between the vibrating mass and the source of vibration. Vibration isolators can either
be active or passive. The scope of this work is limited to passive isolators only. Figure

2.6 illustrates a simple passive isolation system.

x(1) x(1)
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Figure 2.6. Simple Machine Isolator System. [Ref. 1]

The isolator is assumed to have both elasticity and damping which are modeled
with a spring of stiffness k¥ and a damper with damping coefficient ¢. The force
developed by the rotating machine is assumed to be F(t) = F, cos (o t). The
transmissibility or transmission ratio of the isolator, T, is defined as the ratio of the
magnitude of the transmitted force to the excitation force. It can be shown that the

transmissibility is given by [Ref. 1]:

1+2¢ 0w ) 12
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where,

@, =(kfm)'? (2.2)
(= 2”:’0) 2.3)

Figure 2.7 shows the variation in transmissibility as a function of the forcing frequency
to natural frequency ratio (@w/®@,) for a simple passive isolator. It should be noted the

isolation region does not begin until (0/®,) is greater than 1.41.
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Figure 2.7. Variation of Transmission Ratio as a Function of (0/®,). [Ref. 1]

D. SYSTEM EQUATIONS OF MOTION

Several methods can be used to transform a continuous system into a discretized
multidegree of freedom system. One such method involves approximating the distributed
system mass with a finite number of elemental lumped masses. The elemental masses are
then connected to each other by elastic and damping members. Linear and angular

coordinates are then used to describe the motion of the lumped masses. The applied

10




forcing function is discretized to either a rotation or translation degree of freedom. The
matrix equations of motion used to approximate the continuous system can now be

written:
IMIE@OH[CIROHIKIX @O ={F@)} (2.9)

where,

[M]=Mass Matrix
[K]=Stiffness Matrix
[C]=Damping Matrix

{x(t)} = Displacement Vector
{F(t)} = Applied Force Vector

Equation 2.4 represents a set of "n" coupled equations. Solving for the associated
eigenvalues and using the principle of orthogonality allows these coupled equations to be

written as a set of "n" uncoupled equations as follows [Ref. 4]:

GO+ [n,0 1400 Ag@=Rn} 2.5)

where,
w(O=[dg(0)} (2.6)
{fo=[¢] F ()} 2.7)
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[#] = Eigenvector Matrix

{q(t)} = Modal Position Vector

[7; w] = Diagonal Modal Damping Matrix
[w?] = Diagonal Modal Frequency Matrix
n; = Modal Loss Factor

{f(t)} = Modal Force Vector

Each uncoupled equation of motion can now be solved independent and the total system

response is determined simply by summing up each individual modal response.

12




III. ANALYTICAL TECHNIQUES AND RESULTS

A. OBJECTIVE

When designing a constrained viscoelastic layered damping treatment for a
structure which utilizes partial coverage, the designer should have knowledge of the
system mode shapes in the frequency range of interest. Knowledge of the strain energy
distribution can also be beneficial. Modal testing of a structure provides the system
natural frequencies as well as mode shapes but does not necessarily predict areas of high
strain energy. As structures become more complex, the modal testing techniques will also
become more complicated. In most cases a finite element method is the best course of
action in determining detailed system response. This response can easily be validated
with a limited modal testing scheme. In this thesis work, the I-DEAS finite element
analysis (FEA) module was used to calculate system natural frequencies, mode shapes,
modal strain, and modal strain energy distributions [Ref. 10].

B. TESTING STRUCTURE SELECTION

The focus of this work was to study structural dynamic response in the 0 to 100
Hz range. The goal was to obtain a structure which contained well defined complex
(multiple side) mode shapes in this frequency range. After conducting some trial and
error solutions using the -DEAS FEA module on various structures, a final prototype

was agreed upon and is illustrated in Figure 3.1.
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Figure 3.1. Testing Platform/System.
The structure is a long thin rectangular aluminum box with a wall thickness of 0.1 inches.
The front and back face dimensions were 12 inches by 24 inches while the left and right
sides were 12 inches by 42 inches. The top was left open for ease of experimentation.
A finite element model was built in I-DEAS using 2600 elements and is provided in

Figure 3.2.
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Figure 3.2. Finite Element Representation.
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The structure was modeled as a free-free system to match the laboratory testing
configuration. The system was modeled entirely with thin shell elements and beam
elements. The beam elements were provided to simulate the stiffeners contained along
the upper rim in the actual structure. It was known the testing platform would have a
vibration generator with an associated support platform rigidly mounted to the base.
Since the weight of this addition was not negectible to the total system weight, the added
mass had to be taken into account in the finite element model.

Two approaches to the added mass were considered; one approach was to utilize
the lumped mass option provided in /-DEAS and the other was to simply modify the
density of a specific group of elements to account for the added mass. After analysis
with both methods in /-DEAS the later option was chosen. The reason for this was
because modifying the elemental densities better modeled the way the added mass was
distributed.

C. MODAL ANALYSIS RESULTS

The I-DEAS FEA module predicted twenty natural modes between 0 and 100 Hz
(six rigid body and fourteen elastic) and are provided in Table 3.1. The associated modes
shapes are provided in Figures 3.3 through 3.16. In addition to the normal modes, the
I-DEAS FEA module was utilized to solve for the strain and strain energy distribution for

each mode, which could be used in later analysis.

15




Table 3.1. I-DEAS Predicted Natural Frequencies

MODE | FREQUENCY | REMARKS
(Hz)
1-6 0 Rigid Body Modes
7 12.05 Torsional Mode
8 20.96 Breathing Mode
9 28.86 Breathing Mode
10 32.08 Left and Right sides in phase
11 42.02 Bottom side dominant
12 42.84 Left and Right sides in phase
13 51.35 All sides. Left / Right Sinusoid
14 58.29 All sides. Left / Right Sinusoid
15 62.07 Bottom side dominant
16 67.87 Right side Sinusoid. Front and Back out of
phase.
17 72.46 All sides. Left / Right Sinusoid
18 72.91 All sides. Left / Right Sinusoid
19 85.78 All sides. Left / Right Sinusoid
20 93.9 Bottom side dominant. Left / Right in phase

16




/eap_nnt/vaultl/spoer/theoisll.afl
REGULTS: 7- B.C. 1,M00B 7,DISPLACEMENT_?
wopu: 7 PRZQ) 12.05864
DISPLACEMDNT - NAG MIW: 1.3)H-01 MAX: 1.650+01
DOFORMATION: 7- B.C. 1,¥0D0 7,DIOPLACEMENT_?
MoDB: 7 PREQ:  12.05a6d
DISPLACEMOHT - MAG MIM: 1.33D-01 MAX: 1.65D.0L
PRAME OF RDP: PART

VALUD OPTIONI ACTUAL

1

-

"

-

L650401
RELIT
.32m.0)]
-16u.01]
L960000
RELITD
L69B+00|
050400
<411+00

~110+00]

Y
Kl

Figure 3.3. 12.05 Hz Mode Shape.

/tmo_mnt/vaulta/spsar/thegisll.atl
REAULTS: 8- B.C. 1,4GDD 4,DIPLACDKENT_ O
Mopw @ PRBQ: 20.36885
DISPLACENDNT - KAG MIN:1 1.26D-01 WAX: 6.410400
DOYORMATION! G- B.C. 1,MODE #,0IDLACEMENT_O
MODB1 4 PREQ:  20.3688S
DIAPLACEMEHT - MAG MIN: 1.26B-01 MAX: €.4104+00
PRAME OF REP: PART

VALUR OPTION:ACTUAL

“»

w

7

1.

€.

-708400]

1500 09|

.5204090)

L9013+ 00]

.278+00)

648+ 00]

018400

L3284 00]

55001

41us00

s

Figure 3.4. 20.96 Hz Mode Shape.

17




/tap_nnt/vaultl/npeer/thesisll.nfl
ROSOLTI: 5~ B.C. 1,10D0 9,0IUPLACUHINT_S
ECLLINES PRUQI  20.0616%
DIUPLACCUCUT - HAG HIG: 1.320-01 MAX: 1.01De01
DUFPORNATION: 9- D.C. 1,000 9,DISDLACEILID I
uooos 3 vaoQr 20.06368

DIYPLACEHONT - MAG HIt( 1.030-01 HAX: 1.013.01 VALU} OPTIONIACTUAL
AT

PRAHI OF ROP: PART

Figure 3.5. 28.86 Hz Mode Shape.

1.010e07

1apedrti

L130.0

i

rapeor

oy

S.rauecr]

L1806 01,

Yanane

18008

170000

Loneoc

/Eap_nnc/vaulelfapesr/thaniall afl
ROWULEG: 10- B .C. 1,MODU 10.DIAPLACHNENT_10
KooUr 10 srpQe 2.08304
DXUPLACUMUNT - UAG XU 1.090-01 HAX: 7.060400
DOPORMATION: 10- 0.C. 1,HODM 10,DIIPLACHHONT_LO
uoDLI 10 vROR:  31.0890¢
DISPLACEMDIT - UAG WIN: 1.051m-01
PRAUL OV RDP I DAY

HAX1 9.060400

Y

% I
e S

{ Lpat
oS SRR
“‘“"Q ) m‘.\;\k b3
AT
A

2N

VALUD 0RTIO0N(ACTUAL

9. 0613400,

1170600

1ineocly

6. ransoclf

5.40R+0CH

4.55020¢

3.69ms0LL

nonsoci]

1.20000¢f

i
1 00De0y]

Figure 3.6. 32.08 Hz Mode Shape.

18




|
l
1

). KT8 00
3. 108006
2.790.0¢

100001

smcpnne e omega: |

3 %
T >
a

[P

) 270000
7.000600]
1. 61us0ct
1.22900¢f
¢.230-02

32PION L ACTUAL
7.070.00
SRIAET]
ioarnest
L1500
158401
b0t
T1snson
130008
210t
).43u-0y
5.190-0%
2

VALDE 92

YALUZ 9PPIMI ACTUAL

Mode Shape.

42.02 He
19

Jtap_nnt/vaulti/apoar/theoiall afl
/tap_ont/vault2/apaoer/thestall.nfl

Figure 3.8. 42.84 Hz Mode Shape.

o o o
2 v s5 s
3 : N 2 2
= ~ (an} P
2 A P E5 F
~U0 o~ [} £ bt
g " A
ki = 3 3 3
2 oz8 s £ "5 L
A = 3028 :
2055 ¢ 5 $ 53 ¢
5 5% %
gLt . 2ap :
DN oW O ° a P s
M e T RS -t
81783 FESEE
124584 g 234702
igagsa S32.3%
18ngsn GIREIx
S ii8as gevgs
2 G - 0 e e
o o = S s S
T oo - o= e = =
s T Lo EEEREE
iz TgFegd
=z xog >
SgcEgt ZEeaZgk
sUELTES . Zgofgt
i S L QTS TE%
B vTEL =g
L e oes
- o= =K y £z £z
I 2% sE 4 £z &3
B3 3 % 5% 3%
NN R B ZHLE
Do ULy D Sore O Bore Do
328823 smggnge
zrggnes g-ez-d
23853528 -52:%:
f:8ga58 25582282
EzEEgi: 2523832
EEREEEE . 28533833
, ESHE2EE




/esp_nnt/vaulel/spoor/thestall.all
KOIULTIC 13- BH.C. 1,HODD 13,0X3PLACEMCIT_13 ~

%00D: 1) vRog:  $1.35792
DIJPLACCHUUT - MAG MUy 1.530-01 HAX: 3
DOPORMATION: 13- D.C. 1,HODE 1J3,0I3PLAC
uopu. 13 rReg. 51.2879%¢
DIYPLACTYNNT - HAG MIU: 1.5313-01 MAX: )
PRAML OF RULP. CART

VALUL 9ETION: ACTUAL

ERER TR

AN 3 sumedt
Yy
SN
'Q‘A

1aaneor]
2 )dutJI’L1
L.Ssuast
1.20m.000

J.080-0r

RETIE Y

L.510-9)0

Figure 3.9. 501.35 Hz Mode Shape.

/top_ant/vseltl/apeer/thaviall.nfl
RUOUL®G: 14- B.C. 1,000 14,DISLLACOHUIIT_ 14 B
Hoopn. 14 PaNQ 50.2911)
DIUPLACLHSBNT - HAG MIN: 1.510-01 HAX: 7. d&i1sc0
DUV ORMATION: Ld- B.C., 1,U0DI 14 DIJPLACENRNT_14
uopu: 14 PRogr 50.23L1Y
DIYPLACUHUNT - HAG HI 1.511-01 HAX T.84an.00 YALUL 0PTI0N  ACTUAL
PRANU OF ROV: PART
? 4413400,
H
i
5. 11ae0c]
i
3
5 Mn.uu‘
i
|
5.25ms000
4 s2ns00k
i
1. 19ne 00
LD RIS ED TS
i
2.34m.000
I
i
1os1eock
I
a.006-0};
.
L.sin-0sd

Figure 3.10. 58.29 11z Mode Shape.
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Figure 3.13. 72.46 Hz Mode Shape.
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IV. DESIGN OF CONSTRAINED VISCOELASTIC LAYERED DAMPING
TREATMENT

In order to approximate system loss factors and hence determine viscoelastic and
constraining layer thickness required for maximum damping, an analysis based on the
Ross-Kerwin-Ungar (RKU) equations was used [Ref. 11]. The equations are based on the

analysis of a simple sandwich configuration shown in Figure 4.1.

CONSTRAINING LAYER t H3
DAMPING LAYER t Ho
BASE LAYER H1

Figure 4.1. Elements of a Simple Sandwich Damping System.

The first step in determining the composite system loss factor is to determine the

system flexural rigidity. The flexure rigidity, EI, of the above system can be written
[Ref. 11]:

EH} EH} 4.1
EI-—=L .22 \E H D*+X-Y @b
12 12

where,

4.2
X=E,H,(H,,-D)*+E,H,(H, -D)* .
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E21122 + EZHZ

12 2

H,-D
(Hy ‘D)+E3H3(H31‘D)] 131+g “.3)

H
EZHZ(H21 __5?1] +8(E,H,H, +E;H;H, )
D._.

(4.4)
E2H2
EH,+— = +g(EH +E,H, +EHy)
H +H,
Hy=——+H, 4.5)
g, -t .6)
2
G
—— @.7)
EHHK?

E = Young’s Modulus

G = Shear Modulus

I = Moment of Inertia

H = Member Thickness
K? = Modal Wave Number

Subscripts refer to layers labeled in Figure 4.1. No subscripts implies composite system.

For a plate on simple supports, the wave number is determined by [Ref. 11]:

26




|

4.8
EH’g, (4.8)
12(1-v})Hp

where,

w, = Natural Frequency
g. = Gravitational Constant
v = Poisson ’ s Ratio of Composite Body

o = Density of Composite Body

To introduce damping into the equations, it is necessary to use the complex
modulus concept discussed in reference 11. In order to reduce the analytical burden, the
following assumptions were made:

(1) Damping of the base structure is small (i.e., n, = 0).

(2) Extensional stiffness of damping layer is small compared to rest of composite
(i.e., E, >>E,and E; > > E,).

(3) Damping of the constraining layer is small ( i.e., 5; = 0).

Under these assumptions the total system loss factor can be calculated using [Ref. 11]:

12
S
N =

i EH3

4.9)
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where,

EH3=EH}+E,H+—2_[A-B-Cl,, (4.10)
a’+b?

A=gE H E.H, *[a+bn,+i(n,0)] (4.11)

B=E,H,E,H,H, [a+bn,+i(an,~b)] (4.12)

C=2gE,H,E,H, H, [a-n,%a+2bn,+i(2an,-b+b,’)] (4.13)

a=E,H,+g(E H +E.H) 4.14)

b=gn,(E,H, +E,H}) (4.15)

i=/-1 (4.16)

n, = Viscoelastic Layer Loss Factor
IM = Imaginary Part

RE = Real Part

N,,, = System Loss Factor
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These equations can now be easily programmed into a computer to estimate the loss factor
for any configuration.

For the purpose of this experiment, each side of the structure was considered to
be a flat plate. Since equation (4.8) was developed for a simply supported plate which
did not match the testing conﬁguration, the modal wave number was estimated by
substituting the natural frequency for each mode calculated using the I-DEAS FEA
Module.

There were two methods available for obtaining the viscoelastic layer loss factor
and shear modulus. One was to read directly from the reduced frequency nomogram for
a given temperature and frequency. A more advantageous method was to determine the
loss factor and shear modulus using curve fit equations provided in reference 11. These
equations, along with equations 4.1 through 4.16, were programmed into a MATLAB
[Ref. 11], provided in Appendix A, to calculate loss factors for any configuration. Since
viscoelastic material properties are frequency sensitive the solution had to be corrected for
the final composite body natural frequency. This was accomplished by using an iterative
loop program based on a procedure described in reference 11.

Figures 4.2 through 4.5 illustrate predicted system loss factors as a function of
viscoelastic thickness, H,, and constraining layer thickness, H,, at four selected

frequencies. All figures used a base thickness, H;, of 0.1 inches.

29




0.3 T T T T T T T

o
™
13

System Loss Factor

0.2

1 1 Il 1 L 1 1

0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026
Constraining layer thickness (in)

Figure 4.2. System Loss Factor as a function of H, and H, at 21 Hz.
[solid line: H, (0.025 inches) ; dash dot : H, (0.05 inches) ; dotted : H, (0.075 inches)]
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Figure 4.3. System Loss Factor as a function of H, and H, at 52 Hz.
[solid line : H, (0.025 inches) ; dash dot : H, (0.05 inches) ; dotted : H, (0.075 inches)]
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Figure 4.4. System Loss Factor as a function of H, and H, at 72 Hz.
[solid line : H, (0.025 inches) ; dash dot : H, (0.05 inches) ; dotted : H, (0.075 inches)]
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Figure 4.5. System Loss Factor as a function of H, and H, at 85 Hz.
[solid line : H, (0.025 inches) ; dash dot : H, (0.05 inches) ; dotted : H, (0.075 inches)]
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It can easily be seen that as constraining layer thickness is increased the system loss factor
increases. Surprisingly at some of the higher frequency iterations a viscoelastic layer
thickness of 0.025 inches had a slightly higher loss factor than a thickness of 0.075
inches. In addition the maximum predicted loss factor decreased as frequency increased.
After reviewing the predicted performance by the RKU equations and considering
fabrication techniques it was decided to use the following configuration in laboratory
testing:
H, = 0.1 inches ( Base Structure)
H, = 0.0390 inches ( Viscoelastic Layer)
H, = 0.025 inches ( Constraining Layer)

The predicted system loss factor as a function of frequency is provided in Figure 4.6.

System Loss Factor

0.23r 4

021 i It 1 L 1 1
20 30 40 50 60 70 80 90
Frequency (Hz)

Figure 4.6. System Loss Factor as a Function of Frequency for Laboratory Configuration.

32




V. EXPERIMENTAL SETUP AND RESULTS

A. TESTING ARRANGEMENT

Experimental testing was performed on the structure in three separate
configurations:

(1) Reference structure without damping treatment.

(2) Damped structure using a constrained viscoelastic layered damping
treatment.

(3) Damped structure with excitation source isolated with sound isolation
mounts.

In order to approximate free-free boundary conditions, the structure was suspended from

a wood frame with elastic cords, as shown in Figure 5.1.

—

Figure 5.1. Structure Testing Configuration.
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A 2 inch by 2 inch grid map was constructed on four sides of the testing structure to aid
in the performance of the modal analysis. Figure 5.2 provides a representation of the
testing platform with source placement. The bottom left hand corner of the structure was
labeled as the origin for the experimental node numbering system. This allowed each
point on the structure to have its own unique (X, y, z) coordinate for ease of data

collection. For example all data collection locations on the left hand side were (0,y,z) and

all points on the right side were (24,y,z).

Figure 5.2. Testing Platform with Source Location.

The primary piece of testing equipment was the HP 3562A Dynamic Signal
Analyzer ( DSA ) [Ref. 12]. The DSA was used to provide a swept sine signal to a
vibration source generator, and to analyse the returning signals. The swept sine signal had
a frequency range of 10 to 110 Hz. Ten averages were performed at each data point

during the Frequency Response Function (FRF) survey using a frequency resolution of
125 mHz per step.
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Figure 5.3 illustrates a block diagram of the testing scheme. The source signal
was fed from the HP 3562A to a Wilcoxon Model F7/F4 Piezoelectric/Electromagnetic
Vibration Generator (set a three volts) via a Wilcoxon PA7C power amplifier and a
Wilcoxon impedance matching network [Ref. 13, 14]. The vibration generator was
mounted on a 9 inch by 9 inch by 0.5 inch aluminum plate rigidly connected to the base
of the testing structure located 4 inches from the front face and centered. An integral
acceleration transducer mounted in the base of the vibration generator measured input
acceleration and sent the signal into channel one of the DSA via a PCB model 462A
charge amplifier. Structure acceleration was measured at various locations with an
ENDEVCO model 2250A - 10 accelerometer. The acceleration signal was fed into
channel two of the DSA via a PCB 483B07 model power supply. Frequency response
data was measured and sent to a personal computer via the HPIB connection for storage
and subsequent analysis. The raw data sent to the personal computer was a set of 1602
data points (both real and imaginary). A computer program was written to calculate the
magnitude of the real and imaginary points and plot them as a function of the forcing
frequency. A copy of this program is provided in Appendix B. Finally, a HP model
54601A four channel oscilloscope was connected to 3562A to monitor channel one and

channel two signals. Figure 5.4 provides a photograph of the entire testing setup.
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Figure 5.3. Testing Block Diagram.
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Figure 5.4. -Testing Setup Photograph.

B. TEST OF THE SYSTEM WITHOUT DAMPING TREATMENT

The first part of the testing procedure was to perform a detailed frequency
response analysis of the structure along the surface grid points. The purpose was to
obtain the structure natural frequencies and mode shapes in the frequency range of
interest. This data could then be compared to the I-DEAS FEA Module data to verify
the I-DEAS model. The process involved acquiring FRFs at over 120 different locations.
After reviewing the initial frequency response data, fifteen data point locations were
chosen as the points where damping and isolation response data would be taken for
comparison purposes. These points are listed as A - O in Table 5.1. Figures 5.5 through
5.7 illustrates examples of FRFs obtained.
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Table 5.1. Key Data Collection Points

Point Coordinate (X.Y.Z) | Location
A (0,10,20) Left Side
B (0,10,28) Left Side
C (0,8,12) Left Side
D (0,8,24) Left Side
E (0,6,24) Left Side
F (24,10,20) Right Side
G (24,6,12) Right Side
H (24,6,28) Right Side
I (6,10,42) Front Face
J (14,10,42) Front Face
K (14,6,42) Front Face
L (10,10,0) Back Face
M (10,6,0) Back Face
N (20,0,10) Bottom

0) (4,0,20) Bottom
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After completing this detailed analysis, twelve natural frequencies were isolated
between 10 and 100 Hz. In addition to obtaining the natural frequencies, approximate
mode shapes were determined for each natural frequency. This was accomplished by
creating MATLAB contour plots derived from the response data. Figure 5.8 provides
an example of an experimentally determined mode shape.
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Figure 5.8. Experimental Mode Shape: 84 Hz.
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The measured natural frequencies along with mode shapes were compared with
analysis results to determine correlation between the two. Table 5.2 lists the

experimentally determined natural frequencies along with the correlated analysis results.

Table 5.2. Experimental vs Analysis Modal Frequencies (Hz).

- Experiment Analysis Percent Error (%)
21 20.96 0.19
31 28.86 6.9
36 32.08 10.88
44 42.02 / 42.84 2.64 ( Note 1)
52 51.35 1.25
62 58.29 5.98
63 62.02 4.7
67.5 67.87 0.55
74 72.46 2.08
75 72.9 2.8
84 85.7 2.02
|| 89.5 93.9 ' 4.9

Note 1: Unable to distinguish between 42.84 and 42.02 Hz.
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With the exception of three frequencies the percent error between experimental and
analysis data was less than five percent.

Using a half power method calculation, initial structural damping was calculated
for each mode to be used for comparison purposes in later experiments. Figure 5.9

provides a plot of percent structural damping as a function of natural frequency.

1.5 T T T T T T

System Damping (%)

0.5

20 30 40 50 60 70 80 90
Frequency (Hz)

Figure 5.9. Percent Structural Damping as a Function of Natural Frequency.
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C. CONSTRAINED VISCOELASTIC LAYERED DAMPING TREATMENT

RESULTS

The constrained viscoelastic layered damping scheme discussed in earlier sections
was applied to the structure in a partial coverage fashion. Three 9 inch by 9 inch strips
were applied to both the left and right side (midspan and both quarter span locations) of
the structure. The two quarter span locations represented areas of high extensional strain
energy for most modes while the midspan was a nodal point for most of the higher
frequencies. Two damping strips (12 inch by 5 inch and 12 inch by 4 inch) were applied
to the front and back face in the midspan regions. These locations again represented areas
of high extensional strain energy for most modes. In addition, a 15 inch by 16 inch strip
was laid along the bottom section of the structure four inches from the back face and
centered. Figures 5.10 illustrates a schematic of the damping scheme, while Figure 5.11

provides an actual photograph.
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Figure 5.10. Damping Treatment Configuration.
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Figure 5.11. Damping Treatment Photograph.

Frequency response measurements were performed at points A - O to determine
the average effectiveness of the damping material. As expected, the experimental loss
factors were much less than predicted by the RKU equations. The system loss factors
ranged from 0.03 to 0.0734. There are several reasons the experimental data does not

match the predicted values. Examples include:

(1) RKU equations were based on a flat plate with simple supports. Experimental
boundary conditions were much more complex.

(2) RKU equations assume full coverage of the damping material. A partial
coverage technique was used.
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Despite these variations the damping experiment was a success. The system
damping in the constrained viscoelastic layered configuration varied from about 1.6 % at
the lower frequencies to 3.7% at the higher frequencies. This represents an average
increase of 14% at the lower modes and a 700% increase at the higher modes. Figure
5.12 illustrates the variation in damping as a function of frequency for the structure with
and without the damping treatment. Due to coupling of modes, loss factors for all

resonant points could not be calculated.
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Figure 5.12. Percent Damping as a Function of Frequency.
[solid line: structure without damping treatment; dotted: structure with damping treatment]

The frequency response of the damped platform is characterized by a frequency
shift to the left and a smoothing of the resonant points when compared to the reference
structure. Additionally, there is a noticeable reduction in amplitude of resonant points
over the frequency spectrum. In general, the reduction was greater in the higher
frequency range of measurement. The 20 to 50 Hz range experienced a reduction of

about 6 decibels (2: 1) while the 50 to 80 Hz range experienced a 20 decibel (10: 1)
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the 80 to 100 Hz range experienced a 15.6 decibel (6: 1) reduction. Representative

damped frequency response curves plotted together with the reference curves are shown
in Figures 5.13 through 5.17.
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Figure 5.13. Frequency Response: Point E [Left side; (0, 6,24)].

( top : dB scale : bottom : Linear scale)
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Figure 5.15. Frequency Response: Point K [Front face; (14, 6, 42)].
(top: dB scale; bottom: Linear scale)
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Figure 5.16. Frequency Response: Point M [Back face; (10, 6, 0)].
(top: dB scale; bottom: Linear scale)
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53




The primary reason for the increased damping at the higher frequencies was due
to the fact that a nodal point was exploited at the midspan of both the left and right side
of the structure. Also the lower frequency modes of the structure were a system
"breathing" type of mode which would require full system coverage of the damping

material to effectively dampen.

D. INTEGRATED SYSTEM ISOLATION AND DAMPING RESULTS

The final step of the experiment was to isolate the vibration generator from the
structure by use of sound isolation mounts. This was accomplished by connecting four
mounts between the vibration generator support plate and the structure, as shown in

Figure 5.18.

Figure 5.18. Sound Isolation Mounting Configuration.
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The mounts used were provided by BARRY CONTROLS of Brighton, MA [Ref.

15]. Table 5.3 provides nominal mount characteristics.

Table 5.3. Isolation Mount Characteristics. [Ref. 15]

Manufacturer

BARRY CONTROLS

Model

L64-BA-6

Static Load Range (lbs)

3 - 6 ( per mount)

Natural Frequency (Hz)

7-10

Transmissibility at

Resonance

2.5

Resilient Element

Friction Damped Spring

Material

Aluminum

Weight ( 1bs)

0.226 ( per mount)

The expected transmissibility, T, as a function of the forcing frequency is illustrated in
Figure 5.19. Based on the static load on the mounts, the expected natural frequency of
the mount was 9.5 Hz. This mount natural frequency was located close to an analysis
structure frequency of 12.05 Hz which could have caused a transmissibility problem, since
12.05 Hz is located in the amplification region for the sound mount. However, the closest
experimental structure frequency was 21 Hz, which was located in the isolation region for

the mount.
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Figure 5.19. Transmissibility as a Function of Forcing Frequency.
After installation frequency response data was obtained at testing points A - O.
Examples of frequency response curves are provided in Figures 5.20 through 5.24. This

response data is a result of the combined efforts of system constrained viscoelastic layered

damping treatment, as well as, source isolation.

56




structure without damping treatment
———— structure with damping treatment
— —— structure with damping treatment and source isolation

Frequency Response (dB)

1 1 | 1 1 1 1 L L

N
o

20 30 40 50 60 70 80 ~ 90 100 110
Frequency (Hz)

W
(@}
T

—_
O
T

Frequency Response (Linear)
N
O

—t
[e]

20 30 40 50 60 70 80 90 100 110
Frequency (Hz)

Figure 5.20. Frequency Response: Point E [Left side; (0, 6, 24)].
(top: dB scale; bottom: Linear scale)
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Figure 5.21. Frequency Response: Point J [Front face; (14, 10, 42)].

(top: dB scale; bottom: Linear scale)
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Figure 5.22. Frequency Response: Point K [Front Face; (14,6,42)].
(top: dB scale; bottom: Linear scale)
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Figure 5.23. Frequency Response: Point M [Back Face; (10, 6, 0)].
(top: dB scale; bottom: Linear scale)
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Figure 5.24. Frequency Response: Point N [Bottom; (20, 0, 10)].
(top: dB scale; bottom: Linear scale)
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The maximum reduction in the 20 to 50 Hz range was 23.5 decibels (15:1) while the 50
to 80 Hz range experienced a maximum reduction of 26.8 decibels (22:1). The 80 to 100

Hz range also experienced a maximum reduction of 26.8 decibels.
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VL. CONCLUSIONS

Constrained viscoelastic layered damping is an effective method of vibration reduction
over a broad frequency range. Peak response reductions of 20 decibels were obtained using
a very thin layer of viscoelastic material in a partial coverage fashion. Coupling source
isolation with system damping yields dramatic reductions in a system vibration signature. A
reduction of 26.8 decibels was easily obtained over a 50 Hz span. The viscoelastic damping
material and vibration isolator were more effective in suppressing the higher frequency modes
(noise related) than the lower frequency modes (displacement related).

An analysis approach in conjunction with limited modal testing allows one to
determine locations of high strain energy, as well as, nodal points. These locations are
essential in determining placement of damping strips when utilizing a partial coverage

technique.
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VII. RECOMMENDATIONS

The scope of this work was limited to a single constrained viscoelastic layer

damping treatment for a three dimensional structure. There a several areas which deserve

more research and clarification, including:

(M

@

€))

4)

&)

©

)

Varying the thickness of the viscoelastic layer to determine the increase in
vibration damping capability.

Varying the thickness of the constraining layer to determine the increase in
vibration damping capability.

Consider a full surface coverage damping scheme to investigate the net
increase in damping capability in addition to comparing experimentally loss
values with the values obtained by the RKU equations.

Investigate the use of a double damping layer configuration.

Investigate the effect of dampmg only the nodal points of the three
dimensional structure.

Investigate the use of a tuned damper in conjunction with the constrained
viscoelatic layered damping treatment.

Extend the three dimensional analysis to a more complex structure such as the
body of an automobile.
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APPENDIX A. MATLAB PROGRAM USED TO CALCULATE MODAL LOSS
FACTORS FOR THE SINGLE CONSTRAINED VISCOELASTIC LAYERED
DAMPING TREATMENT.

This program uses the Ross-Kerwin-Ungar Equations contained in Chapter III to
estimate the system modal loss factor for various constrained viscoelastic layered damping
configurations. The modal frequency, system temperature, viscoelastic layer thickness,
and constraining layer thickness are entered in by the user. Material properties of ISD-
112 are computed using University of Dayton data and curve-fitting equations to the
reduced frequency nomogram. The units used in this program are pounds, inches, and

seconds.
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Program : Constrained Viscoelastic Damping Design

The purpose of this program is to calculate system loss

factors for various modes of a constrained layer viscoelastic
damping system using the ROSS-KERWIN-UNGAR equations. The base
plate thickness will remain constant at .1 inches. Varying
temperatures, modal frequencies, viscoelastic thicknesses,

and constraining layer thicknesses will be entered by the user.

This program applies to an unrestrained structure.
The viscoelastic material is 3M ISD-112.

The following coefficients are defined:

El = Youngs modulus of aluminum base plate (psi)
E2 = Youngs modulus of viscoelastic material (psi)
E3 = Youngs modulus of constraining layer (psi)

vl = Poissons ratio of base plate

v2 = Poissons ratio of viscoelastic material

v3 = Poissons ratio of constraining layer

rhol = density of base plate (lbm/in”3)

rho2 density of viscoelastic material (lbm/in”3)
rho3 = density of constraining layer (lbm/in”3)

f = experimental natural frequency of undamped system (Hz)
frl = reduced system frequency (Hz)

f1 = calculated frequency of damped system (Hz)

kl = system wave number (1/in"4)

hl = base plate thickness (in)

h2 = viscoelastic layer thickness (in)

h3 = constraining layer thickness (in)

eta2 = viscoelastic layer loss factor

nsys = system loss factor

gc = gravitational constant (lbm-in/s”*2-1bf)

T = system temperature (F)

A o o o o° o° o o ? o\® o\ o® o o° o AN® o° o° o o o° o o o o o o° o o o° o ° N o o o\

El=1.02E7;
E3=1.02E7;
vl=.34;
v2=.49;
v3=.34;
rhol=.1;
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rho2=.035;
rho3=.1;
hl=.1;
gc=386.4;

o

% Reduced frequency nomogram variables

T0=104;

from=2e4;

mrom=688.94;

n=.275;

ml=8.7;

etafrol=1.08;

sl=.45;

sh=-.55;

frol=5000;

C=2.5;

f=input ('enter sys undamped natural frequency (Hz)
T=input ('enter sys temperature (F) ')

h2=input ('enter viscoelastic layer thickness (in)
h3=input ('enter constraining layer thickness (in)

o\®

o\°

determine modal wave number

a\®

w=2*pi*f;
kl=w* ((12%(1-v1™2) *hl*rhol)/(E1*h1"3*gc))”.5;

% initialize tolerance

tol=.5;
% iteration loop for damped frequency
while tol>=.001
fr=1ogl0(f) - (12* (T-T0) /(525+T-T0) ) ;
fr1=10"fr;
A= (fr-logl0(frol)) /C;
m=loglo(ml)+(2*log10(mrom/ml))/(l+(from/frl)“n);
G2=10"m;
eta=1ogl0 (etafrol) +.5*C* (A% (-.1)+(1- (1+A%2)".5));
eta2=10"eta;
E2=G2*2* (1+Vv2) ;
h31=((hl+h3)/2) +h2;
h21i=(h1+h2)/2;
g=G2/(E3*h3*h2*k1l});
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c=El1*hl* (1+g)+g*E3*h3;
d=g*El*hl*eta2+g*E3*h3*eta2;
ar=g*E1*h1*E3*h3*h317°2* (c+d*eta2);
br=El*hl1*E2*h2*h31* (c+d*eta2);
x=(c* (1-eta2”2)+d* (2*eta2));
cr=2*g*E2*h2*E3*h3*x;
ai=g*E1*h1*E3*h3*h31"2*c*eta2;
bi=El1*hl1*E2*h2*h31* (c*eta2-d);
y=(c*2*eta2-d+d*eta2”2) ;
Ci=2*g*E2*h2*E3*h3*h21*h3*y;
EH=E1*h1*3+E3*h3"3;

EH3=EH+ (12/(c"2+d"2)) * (ar-br-cr);
dens=rhol*hl+rho2*h2+rho3*h3;
f1=(1/(2%pi)) *k1* (EH3*gc/ (12*(1-v1~2) *dens))
tol=abs ((f-£f1)/f);

f=f1;
end

A

.5;

o°

o\°

calculate system loss factor

o

ns=(ai-bi-ci);

nsys=(1/EH3) *(12/(c"2+d"2)) *ns;
disp ('damped system frequency')
f1

pause

disp('system loss factor')

nsys

pause

70




APPENDIX B. MATLAB PROGRAM USED TO PLOT DSA FREQUENCY
RESPONSE DATA.

The frequency response data sent from the DSA to the data acquisition computer

is a set of real and imaginary points. This program calculates the magnitude of the data

and plots it in dB or linear form.
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% PROGRAM : DATA CONVERSION

THE PURPOSE OF THIS PROGRAM IS TO CONVERT DSA FREQUENCY
RESPONSE RAW DATA ( A SET OF REAL AND IMAGINARY POINTS)

o d° o0 oe

dB SCALE.

& = raw data points

end

for i=1:1:801

I(i)=a(3);

J=3+2;
end

for i=1:1:801

m(i):(R(i)A2+I(i)“2)“.5;
end

step=100/801;

f=[lO:step:llO—step};

for i=1:1:801

d(1}=20*1ogl0 (m(i));
end

subplot(le),plot(f,d)
subplot(2ll),xlabel('Frequency (Hz) ')
‘subplot(211),ylabel('Frequency Response (dB) ‘')
subplot(ZlZ),plot(f,m)
subplot(212),xlabel('Frequency (Hz) ')
subplot(212),ylabel(’Frequency Response (Linear) ')
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