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Remaining lectures

The Lecture Schedule

| Date || Tuesday

| Date || Thursday

| 19 JAN 2016 |[Flight Data Basics

| 21 JAN 2016 |[Data Fitting and Analysis

26 JAN 2016 ILabVIEW & MATLAB

28 JAN 2016 ||Basic Electrical Measurements

| 2FEB 2016 |[Op-amps & Signal Conditioning

| 4 FEB 2016 |[Temperature Measurements

| 9 FEB 2016 ||Wind Tunnel & Fluid Measurements

| 11 FEB 2016 |[Thrust Measurements & Flight Modeling

| 16 FEB 2016 |[Inertial Measurement

|| 18 FEB 2016 |[Vibration & System ID

| 23 FEB 2016 |[Atmospheric Science

|| 25 FEB 2016 ||Sensors & Transducers

| 8 MAR 2016 |[Flight Hardware

| 5APR 2016 ||Field Operations & Safety

Start thinking about final project!
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Folsam Dam: vibration testing

Shaker: sinusoidal input

De Pietro Fellows
2004-2005

Nick von Gersdorff Angie Cho Eric Flynn
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Lecture outline

 |nteresting examples of rocket vibrations
 Intro to system identification and modal vibration
e Vibration analysis (math model, computational model)

e Vibration testing (experiment)

Application: cantilever beam

Application: rocket

e Fun video
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Example of rocket vibration

e HEAT1X-Tycho Brahe inaugural flight
e Pilot's POV — 9 Hz oscillation

e http://www.youtube.com/watch?v=-
rASHRBo09Rg&feature=player_embed
ded
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Example of rocket vibration

Saturn rocket

“Pain was directly associated with
motion of the eyeballs and
testicles, as well as from internal
heating that resulted from
sloshing of the brain and viscera.
The vibration frequency was also

Command Modulo
Butkhoad
Accelerometer

Conter Engine
Accolotomaotor

Command Moduto
Bulkhoad . .
Recatorometet in the range of normal brain
Gontor Enging waves, adding confusion to
Accoleromator

decision making, hand and arm
movement, and even speech.”

440 460 480 500 520 540 560
Range Time (seconds)

Jim Fenwich on Pogo oscillations

http://www.pwrengineering.com/articles/pogo.htm
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Example of rocket vibration

Space shuttle main engine turbopumps

“The high-pressure pumps rotated
at speeds reaching 36,000 rpm on
the fuel side and 24,000 rpm on
the oxidizer side. At these
speeds, minor faults were
exacerbated and could rapidly
propagate to catastrophic engine
failure.”

“...the vibration spectral data
contained potential failure
indicators in the form of discrete
rotordynamic spectral signatures.
These signatures were prime
indicators of turbomachinery
health...”

"Wings in Orbit" edited by Wayne Hale and Helen Lane
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Example of rocket vibration

Rocket failure, March 2012

“While the lower stages of the North Korean
rocket continued to function for several
minutes, resonance at the top of the launch
vehicle resulted in ‘catastrophic
disassembly of the third stage at Max Q,’
said Charles Vick, senior technical and
space policy analyst at GlobalSecurity.org.
‘The vibrations just tore it apart.™

http://www.nytimes.com/2012/04/13/world/asia/north-korea-
launches-rocket-defying-world-
warnings.html?pagewanted=all&_r=0

http://www.eetimes.com/electronics-news/4370955/Severe-vibrations-likely-brought-down-N--Korean-rocket
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Causes of rocket vibration

e Thrust oscillations
* Noise (pressure waves) due to motor or engine

e Fluid flow phenomena (aerodynamic stress)
e Wind
e Turbulence

* Vortex shedding
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Why might we be interested
in rocket vibrations?
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Infro to vibration analysis

o System identification:

building mathematical models of dynamical systems based on
observed input-output data

 Modal analysis:

characterization of vibrational mode shapes and corresponding
frequencies of a physical system

 Dynamic load and response:
load (input) applied dynamically (varying over time)
the response associated with this load is the dynamic response of
the system
BASIC IDEA/GOAL

Determine the modal properties of a system:
natural frequencies and modal shapes
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Analysis of dynamic loading

How do you approach the problem of analyzing a structure
with dynamic loading?

(a) Model your physical problem

Geometry, kinematics, material, loading
(b) Derive governing equations (mostly differential equations)
(c) Solve the equations

(d) Interpret results and refine and repeat!

What else can you do to characterize a structure?

Take measurements!

Experimental studies to validate a model or help develop a model
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A simple model:

spring-mass-damper system

e Around a resonance frequency, you can model as
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Frequency response function (FRF)
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Frequency response function (FRF)
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Damping coefficient
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http://www.sengpielaudio.com/calculator-cutoffFrequencies.htm
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e We can extend this idea from the spring-mass-damper
example to a more complicated structural element, such as a
beam

« Beams are one of the most important components in
structural engineering

* Examples of beams: bridges, walkways, rockets, ...

https://en.wikipedia.org/wiki/Beam_(structure)
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Some important properties and characteristics of a beam are:
1) Cross sectional area: 4, 1

Length: L

)
3) Material: E, p
)

http://cnx.org/contents/mu6YpDEI@1/Beams-pillarsstruts-crossbars-

Supports (boundary conditions)

Type Boundary Conditions
Pinned or hinged end 2
rmnecorimgeen Leftend: w(0)=0, —Ei’d w(0) =0
= = &
x=0 x=1 Right end:  w(Z)=0, Efdd“x{f)=0

Clamped or fixed end

x=0 x=1L

Leftend: w(0)=0, %=0

Rightend: w(L)=0, %=0

F d 2, 3
e Lefiend: 2120 gd7O@_,
(=R dx dx
x=0 x=L 1 3
Rightend: E1 9B, gD _g
dr &
Sliding or guided end 3
Leftend: M9 _o g4 “’EO)=0
dx dx

x=0 x=L

3
Right end: ) _ —Efﬂf) =0
dx dx

https://www.ecomputingx.com/demo1.jsp
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Experiments: vibration tesfing

« Lab tests

e Shaker tests

https://www.youtube.com/watch?v=08H_NT/Ziao

e Impact hammer tests

https://www.youtube.com/watch?v=tBR|PN8m6zE
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Cantilever beam (rotation lab)

e Mathematical model

to obtain natural frequencies and modal shapes

e Computational model

example: SolidWorks model

o Experimental data

tap test in lab using strain gauges
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Cantilever vibration modes

Fixed support

(a)

Beam m, E/
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Fig. 4.1 (b): The beam under free vibration 1
Z W Ny £l
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http://iitg.vlab.co.in/?sub=62&brch=175&sim=1080&cnt=1 Fig. 4.3: The first three undamped natural frequencies and mode shape of cantilever beam

https://www.youtube.com/watch?v=kun62B7VUQ8
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Cantilever: computational model

Mode 1: 299.09 Hz

URES (mm)

6.423e+003

5.888e+003
5.353e+003

Model name: Cartilever

Study name: Modes - DR
Plot type: Frequency Displacementi
Mode Shape : 1 Value=  229.09Hz
Deformation scale: 0.00237354

. 4.282e+003

B7oe+003

2141e+003

1.606e+003
1.071e+003
5.353e+002

0.000e+000

E80 Lecture 10.22: Vibration and System ID



Mode 2: 1297.9 Hz

URES (mm)
6.321e+003
I 5.794e+003
5.267e+003
. 4.741e+003

. 4.214e+003

3.667e+003

3.160e+003

2.634e+003

5.267e+002

0.000e+000
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Mode 3: 1417.6 Hz

URES (mm)

6.519e+003

5.976e+003
5.432e+003

. 4.889e+003

. 4.346e+003

1.630e+003
1.086e+003
5.432e+002

0.000e+000
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Mode 4: 1679.3 Hz

URES (mm)
8.066e+003
I 7.394e+003
6.722e+003
. 6.050e+003

. 5.378e+003

4.705e+003

0.000e+000
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Mode 5: 3917.6 Hz

URES (mm)

6.657e+003

6.103e+003
5.548e+003

. 4.993e+003

. 4.438e+003

110e+003

5.548e+002

0.000e+000
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Mode 6: 5149.6 Hz

URES (mm)
8.721e+003
I 7.994e+003
7.267e+003
. 6.540e+003

. 5.814e+003

5.087e+003

0.000e+000
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Mode /: 6538.1 Hz

URES (mm)
6.331e+003
I 5.803e+003
5.275e+003
. 4.748e+003
. 4.220e+003
3.693e+003

3.165e+003

2 638e+003

5.275e+002

0.000e+000
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Mode 8: /545.1 Hz

URES (mm)
6.878e+003
l 6.305e+003
5.732e+003
. 5.159e+003

. 4.585e+003

4.012e+003
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Mode 9: 83/7.9 Hz

URES (mm)

4.541e+003

4.162e+003

3.784e+003

. 3.406e+003

. 3.027e+003

2.649e+003

2.270e+003
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0.000e+000



Mode 10:; 8933.4 Hz

E80 Lecture 10.31: Vibration and System ID

URES (mm)

9.595e+003

§.795e+003

7.996e+003

. 7.196e+003

. 6.397e+003

5.597e+003

4797e+003

1998e+003

0.000e+000



Mode 11: 12199 Hz

URES (mm)
7.276e+003
l 6.670e+003
6.063e+003
. 5.457e+003

. 4.851e+003

4.244e+003
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Mode 12: 13198 Hz
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Mode 13: 14941 Hz

URES (mm)
6.634e+003
l 6.081e+003
5.528e+003
. 4.976e+003
. 4.423e+003

3.670e+003

3.317e+003

5.528e+002

0.000e+000
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Mode 14: 1//714 Hz

URES (mm)
8.500e+003
l 7.792e+003
7.084e+003
. 6.375e+003

. 5667e+003
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Mode 15: 18072 Hz

URES (mm)
1.016e+004
l 9.315e+003
8.468e+003
. 7.621e+003

. 6.774e+003
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Cantilever: experiment

e Sensors: piezoelectric dynamic strain gauges

Obtain data in time domain and in frequency domain
e Compare to analytical natural frequencies

e Build a low-pass filter to help analyze frequency data
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Rocket (final project)

e Mathematical model

to obtain natural frequencies and modal shapes

e Computational model

example: SolidWorks model

o Experimental data

- tap test in lab using impact hammer and accelerometers
- sensors during flight
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Rocket: mathematical model

* general solution for a free-free beam is:

y(x,t)- 2(.4, sinw, t + B, cos wnt)sin%

L

>

> : <)

h \y/
l

Figure 1: Schematic of a free-free beam

* calculations of a beam’s cross sectional properties
A=n(r'-r")

1 4 4
I=—xa(r -r :
70 =)

Cross section of a hollow cylinder
“Structural Dynamics, The theory and applications,” Joseph W. Tedesco, Addison Wesley, Longman Inc., 1999
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Rocket: mathematical model

* natural frequencies are:

2 | ET, EI.
= T = L —
wn ﬁ n l (ﬁn y ! L4

Boundary Conditions Frequency Equations B.L B.L B.L
Pinned-pinned sinffBL =0 3.141 | 6.282 | 9.423
Fixed-free cos BLcosh BL+1=0 1.875 | 4.694 | 7.855
Fixed-pinned (and pinned-free) tan BL = tanh L 3.927 | 7.069 | 10.210
Fixed-fixed (and free-free) cos fLcosh L =1 4.730 | 7.853 | 10.996
Fixed-sliding (and free-sliding) tan L + tanh BL = 1 2365 | 5.498 | B.639

Table 1: Natural Frequencies for Single-Span Beams

“Structural Dynamics, The theory and applications,” Joseph W. Tedesco, Addison Wesley, Longman Inc., 1999
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Rocket: computational model

Mode 1: 0 Hz

URES (mm)
1.3442+003
1.329e+003

1.314e+003

. 1.288e+003
. 1.283e+003
1.268e+003
1.253e+003

1.237e+003

1.207e+003
1.191e+003
1.176e+003

1.161e+003
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Mode 2: 7.0439E-4 Hz

URES (mm)
1.845e+003

l 1.720e+003
1.595e+003

. 1.471e+003

. 1.346e+003

1.221e+003

1.096e+003

9.709e+002

8.460e+002

7.211e+002

5.962e+002

4.713e+002

3.464e+002
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Mode 3: 1.7816E-3 Hz

URES (mm)
4731e+003

I 4.341+003
3.951e+003

. 3561e+003

. 3471e+003

2.780e+003

2.390e+003
2.000e+003
1.610e+003
1.220e+003

.295e+002

4.918e+001
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Mode 4: 11.752 Hz

URES (mm)
2.835e+003

I 2.599e+003
2.363e+003

. 24128e+003

. 1.892e+003

1.656e+003

1.420e+003

1.184e+003

9.483e+002

7.125e+002

Ge+002

4.936e+000
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Mode 5: 11.802 Hz
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URES (mm)

2.836e+003

2.600e+003

2.364e+003

. 2128e+003

. 1.892e+003

1.656e+003

1.421e+003

1.185e+003

9.490e+002

7.132e+002

4.773e+002

2.415e+002

5.641e+000



Mode 6: 62.133 Hz

URES (mm)
3.310e+003

I 3.035e+003
2761e+003

. 2.486e+003

. 2211e+003

1.937e+003

1.662e+003
1.387e+003
1.113e+003
§.382e+002
B36e+002
2.890e+002

1.437e+001
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Mode /: 62.287 Hz

URES (mm)
3.309e+003
I 3.035e+003
2.760e+003

. 2.486e+003

. 2211e+003

1.937e+003

1.662e+003

1.387e+003
1.113e+003
§.383e+002
5.638e+002
2.892e+002

1.466e+001
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Mode 8: 111.02 Hz

URES (mm)
3.011e+004

l 2.761e+004
2.5108+004

. 2.259e+004

. 2.008e+004

1.757e+004

1.506e+004
1.255e+004
1.004e+004
7.532e+003
022e+003
213e+003

3.941e+000
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Mode 2: 111.06 Hz

URES (mm)
2.717e+004

l 2.491e+004
2.265e+004

. 2.038e+004

. 1.812e+004

1.585e+004
1.359e+004
1.133e+004
9.061e+003
6.797e+003
4.533e+003

Zooe+l03

4.068e+000
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Mode 10: 114.3/7 Hz

URES (mm)
2.099e+004

l 1.924e+004
1.749e+004

. 157484004

. 1.399e+004

1.225e+004
1.050e+004
8.747e+003
6.995e+003
5.249e+003
3.499e+003
03

1.084e+000
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Mode 11: 154.73 Hz

URES (mm)
4.784+003

I 4.386e+003
3.988+003

. 35908+003

. 3.193e+003

2.795e+003

2.397e+003
1.999e+003
1.601e+003
1.203e+003
§.051e+002
073e+002

9.362e+000
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Mode 12: 155.32 Hz

URES (mm)
4.935e+003

l 4.525e+003
4.114e+003

. 3703e+003

. 3.293e+003

2.882e+003
2.471e+003
2.061e+003
1.650e+003
1.239e+003
§.285e+002
4.178e+002

061e+000
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Mode 13: 257.09 Hz

URES (mm)
1.898e+003

I 1.740e+003
1.583e+003

. 1.425e+003

. 1.267e+003

1.109e+003

9.518e+002
7.941e+002
6.364e+002
4.788e+002

e+002

5.714e+000
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Mode 14: 266.75 Hz

URES (mm)
1.569e+004

l 1.439e+004
1.308e+004

. 1477e+004

. 1.046e+004

9.156e+003
7.848e+003
6.541e+003
5.234e+003
3.926e+003
2.619e+003
03

4.128e+000
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Mode 15: 2/3.79 Hz

URES (mm)
5522e+003

I 5154e+003
4587e+003

. 421924003

. 3.752e+003

3.284e+003
2.816e+003
2.349e+003
1.881e+003
1.414e+003
2e+002
4 786e+002

1.107e+001
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Rocket: experimental data

In lab: tap test with impact hammer s s

“TapTestFRF.vi”

102 Impulse response of rocket
15 . r .
1
0.5 ‘
E 0
=
-0.5
-1
-15 1 1 1 1 1 L 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.

t(3)

1¥ o)

10

10°*

107 L

10°

il

Frequency response of rocket

1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000
f (Hz)

https://www.youtube.com/watch?v=XkmgMkDKAyU
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Rocket: experimental data

During flight: get time data from sensors

Post flight:  analyze data in frequency domain
compare to tap test results
compare to model predictions

(from analytical model and/or
computational model)
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Why might we be interested
in rocket vibrations?

* To characterize rocket’s
natural frequencies
and modal shapes

« Avoid dead spots (nodes) to
optimize sensor placement

« Design a vibration isolator
to minimize vibrations in
payload

 Validate your model
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Video of flutter

e https://www.youtube.com/watch?v=0hwLojNerMU
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