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o Vibration, applied mathematics, creative design

Prof. L. W. Chen (Pl 204%)
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w {EE: #J 87K, total 25 Pts
= Quiz: =, ~ 25 pts each

= Possible Term project: 10 Pts

= Total 110 Points

‘ Possible Term Project (~2 A /4H)

= To be announced later
= Probably a modal testing project
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‘ B 010 k S  with gt :

= Thomson and Dahleh,

Theory of Vibration with Il
Applications,5™ Ed. R
Prentice-Hall

= S. Rao, Mechanical
Vibration, Pearson

" Motivation The Millenninm Bridge a
Recent Vibration Problem (2000-1)
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| Modeling and Degrees of Freedom

Igholnce-of-dynamic l0ads and-vibrations
calSed this to new bridge 16 vibrate wildly

 Outline of the Entire Course (I)

= Single Degree of Freedom System
o Mass-spring systems; mass-spring-damper
systems, natural frequencies
o Free and forced responses
o Frequency-responses
o Resonance
o Shock and vibration isolations
o Case studies




Outline of the Entire Course (II)

Multiple Degrees of Freedom Systems
Normal mode analysis

Natural frequencies and mode shapes
Vibration absorber

Modeling techniques

Introduction to finite element method

a
a
a
a
a
o Case studies

Outline of the Entire Course (I1I)

Continuous Vibrations

o Modeling of cable, bar, and shaft
Solution scheme

Modes and natural frequencies
Modeling of beam

Engineering examples

Case studies

O
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Outline of the Entire Course (IV)

Experimental Vibration
General procedure
Vibration test instruments
Modal testing theory
Failure diagnostics

Case studies

O

Outline of the Entire Course (V)

Integrated Topics (f577)

o Vibration control
0 Feedback control
0 Passive vibration control
0 Active vibration control
0 Noise issues
o Case studies

o Advanced vibration topics (f577)
0 Nonlinear Vibration
0 Random Vibration
o Rotordynamics
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Outline of This Lecture

Introduction

Vibration related background
Engineering vibration applications
A first look on vibration analysis
Vibration testing and control

Part I: Vibration: Brief Introduction
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| Theory of Vibration

= Study the science, mathematics, and
engineering of objects with oscillatory motion
and the force associated with them

= Oscillatory motion
o Any motion that repeats itself after an interval of
time
o Vibration frequency, vibration amplitude,...

= JHERIRE)
o BN, BRI,

= HEFFIRE)
0 BB

= S A EIRE T
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23

Approximately 4¢’s input at 115
Hz - 125 Hz

Short duration transient event
lasting about 0.2 secs

Event seen on all previous Delta
II flights

Higher magnitude and longer
duration with newer main
engines - Approximately 8 flights
No known launch anomalies
associated with event

Is this event a driver for payload
design????

Maln englne Cut off Mechanical Systems Analysis Branch/Code 542 li-:‘f

MECO Transient Descrlptlon

Goddard Space Flight Center
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Part II: Vibration Related Courses /
Books

25

B AH R A e A AR

sEREE) 112 (structural dynamics)
RSRERE AT EEE T (System
dynamics analysis)

fiEfEEEE) 7 (rotor dynamics)

It EE 2.4 (MEMS design)
FEERMEEN I BRI 247 (nonlinear vibration)
g4k E) (random vibration)

26
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2 (Acoustics)

72 R o1 12 (Aeroelasticity)
4EREZEE (structural control)
Intelligent materials and structures

YRR R

AIH S

o FERITIEE (1)

TAREEEE

o H %4772 (Ordinary Differential Equations)
o 4RMECEL (Linear Algebra)

o ‘B FIESHr (Fourier Analysis)

o fwidsr J7t2 (Partial Differential Equations)

o #E T (Numerical analysis)

28
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Part III: Vibration in Engineering
Applications

29

i

RN E R A

- it

o machine element design

o structural dynamic analysis

o High speed rails
= fZE TAZ

a Aeroelasticity , rotor dynamics
= T2

o Structure-fluid interaction

o Hemodynamics
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HREh £ e
Mk 2B,

= SR IE

o Noise control of optical storage
devices

o Speaker and microphone design

= Diagnostics
o Failure analysis
o Fatigue

HRE B R T

" SERFIREN
o Oscillator / resonator design
- B, 8, R
o Musical instrumentation with right resonant
frequency and high Q
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= SERE LR
o Structural dynamics of
buildings and bridges

» WETHE
o Earthquake
engineering

33

RE) R EF R 2SR

" BT

o modeling of dynamic systems

= SE TR TZE]

o Active control of flexible systems

= [ETE 2Ot

o Random vibration
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He®h ) E2NE FH SR E]: (SRR SR

e SR

o phonon

ST

o IR spectrum
ECHI S 3% E

o Gyroscope

o Accelerometers

o Mass/ chemical sensors

35
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‘ FERESTHT (Modal Analysis)

ZEfEE) )12 (Structural Dynamics)

40
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4ETEE)) JJE (Structural Dynamics)

41

SSTLLUOSAT-12

(Rotordynamics)
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ynamics

¥ {pixal}

(Mechatronics)
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IZEH JJEE (Space Dynamics)

CEPPADISEPS

d—— " EFPWI

TIDE
e HYDRA
CEPPAD
A

\EF\FPWI

TIMAS ahd CAMMICE, not shown,
are on the far side of the spacecraft.

=

45

SR E) ) T2 (Chaotic Dynamics;
Dvnamical Systems)
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e (Intelligent Structure)
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Tall Building =

Otmervation
ayslem

HiOmechanics
Example

1 Pulmonary

circulation
m|
Systemic
Vi
& circulation
|
Capillaries

Tha pulmonary circulatory loop bransports blood fram thae ight

side of the heart 1o the lungs and than ta the el skde of the

heert, The systemic circdatory loop treneports blood from the

laft side of the heart o all the body's tissues and than to the

vigght siche of the heort. The desgnation of the left and right

sides of the heart in the diagram i based on the left and right

wikers ot intaet heart that i still in 8 body. 50
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Biomechanics Example

B PFl'ERI

Py
PFGD
RV FREE WALL
RVF)
SEPTUM
&
LY FREE WALL
)
PERICARDIUM
{PCD)

- FIG. 1. Components of ventricular model: (A) volume distribution within the ventricles; (B) Force balance for coupled ventricles within
pericardium. Sewrce: Chung et al. (6)

51

Biomechanics Example

PULMONARY LOAD

A
Pulmenary Skant

" HEART

SEFTAL
COUPLING

Cerebrol Circulodon /
NN

v .I. 5v _I_ sC :L SAD _I_ SAp ,;I: ADp

=
SYSTEMIC LOAD b

FIG. 3. Hydraulic equivalent schematic representation of the closed-loop circulatory model. Model parameters are listed
in Table | and Appendix B. 52
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AH*'M /SPM Example

Part IV: A Quick Scan on Mechanical
Vibration

54
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‘ Example: Flow induced vibration

The Tacoma Narrows
Bridge Disaster

...Caused Wind-Induced Vibration

28
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Vortex Shedding

Tacoma Narrows Bridge

H-02 A-M.—600-ft span breaksaway...

29



‘ Part IV. A First ook on Vibration
Analysis

59

'1[oday’s Tacoma Narrows Bridge

i
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60
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| Analyzing Vibration

Physical
System

61

| Analyzing Vibration

62
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| Analyzing Vibration

0 J¥|.[ k+k —(kt,=k,1,)] x| [0
o | |-kl -kl) KIP+kZ | 6] |0

63

64
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| Modeling Vibration

The Ingredients:

65

‘ Modeling Vibration

The Ingredients:

- 1. Inertia (stores kinetic energy)

66
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| Modeling Vibration

The Ingredients:
1. Inertia (stores kinetic energy)

2. Elast|C|ty (stores potential
energy)

67

‘ Modeling Vibration

The Ingredients:
1. Inertia (stores kinetic energy)
2. Elast|C|ty (stores potential

energy)

3 Realistic Addition:
3. Energy Dissipation

e

68
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| Modeling Vibration
X .
The Ingredients:
1. Mass, m
2. Stiffness, k

C
3. Damping, ¢

e

Realistic Addition:

69

‘ Slmple Harmonic Motion

\"\

=
%]
=
=~

¥
4!

x(t) = Asin(a)nt + ¢)

(1)

70
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Simple Harmonic Motion
with Damping

Energy is converted to
heat, sound, etc.

x(t)= Ae " sin(w,t+¢)

71

How is this model useful?

X Can be used to model

a.

Motor vehicle
Water tower
Floating object

k C
-‘- ...and lots more!

o000

72
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Forced Vibration

Steady-state Response:

mew. sh1(aﬂ——¢)

(k——Afaf)2+(caﬁ:

Forced Vibration

4
3.5¢
3,
3 2.5
=)
= 2
g
= 1.5¢
l,
0.5¢
1.5 2 2.5
Frequency

Low Frequency = Small Amplitude
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Forced Vibration

4
3.5¢
3 |
g 2.5 | RESONANCE!
s 2 I
2 I
g 1.5 |
1 |
0.5¢ |
‘ | ‘ :
0.5 1 1.5 2 2.5 3
Frequency

Resonant Frequency—=—Large Amplitude

75

Forced Vibration

w

N
a = o N O W 0 b

Amplitude
[EE

o

Frequency

Large Frequency = Small Amplitude

76
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Mode Shapes

“Characteristic Geometry” of Vibration

Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 1:

Stretched Membrane

Bongo Drums

78
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 1:

Bongo Drums Mode 1

79

Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 1:

Bongo Drums Mode 2

80
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Mode Shapes

of Vibration

2>

“Characteristic Geometry

EXAMPLE 1:

Mode 3

Bongo Drums

81

Mode Shapes

of Vibration

2>

“Characteristic Geometry

EXAMPLE 1:

More complex modes...

Bongo Drums

82
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 1:

Bongo Drums More complex modes...
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar

84
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar Mode 1

85

Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar Mode 2

86
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar Mode 3

Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar More complex modes...

88
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Mode Shapes

“Characteristic Geometry” of Vibration

EXAMPLE 2:

Acoustic Guitar More complex modes...

89

Part V: Vibration Testing and Control

90
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' Modal Testing and Analysis

= Natural frequencies
= Mode shapes

= And their related applications
o Material properties
o NDT

91

RENEEE RIS

(EIE <5

92
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R EIEL B ER )

= §iRE2 (shaker)

|
Dynamic MOE determination by bending vibration

ﬁPﬁ
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Determination of shear modulus by torsion vibration

2Lf, Y AL
FC Gay}s,romr‘or: = [ J -

FrT
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=lalx
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e S e T [T N

Laboratory demonstration of active vibration
isolation

isvr Wl o Scuenarifion
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Control System for Propeller Aircraft Active Noise System

Centralised digital system made by Ultra Electronics controls 5 harmonics with
48 structural actuators at 72 acoustic sensors, distributed throughout cabin.

isvr e L
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