DAY 2

-Fast Fourier Transform

-Frequency Max/Min

-Resolution and Filter

-Fundamental to analyze VIBRATION
-Directional Analysis

-Harmonic, Sideband, Beating

-Amplitude Modulating/Frequency Modulating
-Basic of Vibration Problems

-4 Types of Unbalance
-Unbalance Analysis






Sound & Vibration

Sound waves cause vibration when they
impact a surface, such as your ear drum...
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Y o ]|

Sound (pressure waves in the air) are caused
by the movement (vibration) of a solid
surface, such as the surface of a drum.




So, about that bike...

Remember that bike you had
when you were 9 or 10?

It probably wasn't as
cool as this one!



So You Made it Cool...

..by attaching cards, cardboard, or
whatever else to the fork or spokes.



Remember the sound that it made...

..what you heard was something like...

A “popping” sound...




How often did it make the sound?

If the cards were attached to a spoke then....

You heard the "pop" once each time the
cards hit the fork, or "
" of the wheel.




How often did it make the sound?

..and if you pedaled fast enough that the wheel spun 60 times per
second (fough kid/), then....

You would hear the "pop” 60 times per
second.

I

A rate of Events Per Second is

called "Hz" (like the car rental folks)




And if you kept at that rate for a minute...

If you pedaled fast enough that the wheel spun 60 times per
second for 1 minute then....

You would hear the "pop” 3600 times
per minute.

A rate of Events Per Minute is called
“cpm” (Cycles Per Minute)




..really tough kid!

That's about 100 Miles Per Hour




If you drew what you heard..

time )

A plot of the sound over time

is called a "Time Waveform”

In this case it's more of a “pulse”
then a "wave” but we'll get to that




What else did you hear?

..what did you hear when you
blew past your kid brother?

Your bike...




If you drew what you heard...

0 1
20 Hz Time Waveform ——

Time waveforms that include 6§]: e Wavef
only a small subset of all of the AL C
noise out there are called

“filtered" Time Waveforms

| I—
A time waveform that includes oy Wevef
all of the sounds is called an < UTuts WA

"unfiltered” Time Waveform




Another way to look at it

What if I wanted to see,
at a glance, what the

frequency of every signal
in a time waveform was?

How would this / be
represented on this ?

Hz

\

could also be “cpm”



The Spectra

Each signal (filtered
time waveform)
would be a line at

that it had occurred

at... o . The algorithm that does this
| S +' is called the Fast Fourier
& Transform, or simply "FFT".

- B Oftena spectra plot is
called an FFT plot.

- I A plot that depicts all of
3 50 E 2 the sounds, each
3 ) 2 5 represented by a line at the
: frequency of the sound is
T called a "Spectra” - which is

Hz the plot of a "Spectrum”.




How often did it make the sound?

What if you had attached the cards to
the fork rather than to a spoke?

Then you would have heard the
“pop"” once each time the cards hit a
spoke! If there were 10 spokes then
you would have heard a "pop” at a
rate of "10 TIMES PER
REVOLUTION" of the wheel.

ten pulses per one revolution




Orders

A frequency equal to the speed of shaft (wheel? is commonly
called the “"1x running speed” vibration, or simply
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Time Waveform

< Heavy Spot
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> Time

Amplitude

3000 RPM

Rotation |
1 revolution
3000 RPM = 3000 cycles per minute
50 Hz = 50 cycles per second
1 Order = One times turning speed



Time Waveform
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3000 RPM !

1 revolution
4 blades Vibration occurs 4 times per revolution
4 X 3000 RPM Vibration occurs at 12,000 cycles per minute

12,000 CPM
200 Hz



Time Waveform

Amplitude

12 tooth ] u u

wqu

\/ 1 revolution

3000 RPM

12 teeth are meshing every revolution of the gear
12 x 3000 RPM = vibration occurs at 36,000 cycles per minute

= 36,000 cpm = 600 Hz



Time Waveform
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Time Waveform

> Time

Time Waveform contains all the
different frequencies mixed together.



Time Waveform
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Signal Acquisition
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FFT Signal Processin




Frequency Domain

* FFT - Fast Fourier Transform
» Separates individual frequencies

+ Detects how much vibration at each
frequency



Frequency Domain
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A Typical FFT Spectrum
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A Typical FFT Spectrum
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1) Fr'equency , CPM = Cycles Per Minute
Hertz = Cycles Per Second = CPS

2) Amplitude
3) Phase
4) Demodulation ( Spike Energy )



Vibration Amplitude

1) Displacement
2) Velocity
3) Acceleration

3.1) General 6
3.2) G Spike Energy ( Demodulation for Bearing Detection )

4)dB , dB=20Log R
R ref

R = aviign1405
R ref = aminl¥ilu Noise Vibration



Type of measurement

/7 \ T
3 \ s Peok
i | | peak-peak |
g- 0 \/l Time
<
|
1 revolution

For Pure Sine Wave Form

These areas are equal

peak-peak = 2 peak
=2x1414 rms

IRMS lew el

Avg = 0.637 Peak
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What's an F, . and Why Does It Matter?

* F,.x IS The maximum frequency of the spectrum.

+ If youdon't collect it, you can't analyze it.

F.x = low frequency

F...x = high frequency




What's an F, . and Why Does It Matter?

* Frox 1S The maximum frequency of the
spectrum.

» If you don't collect it, you can't analyze it.
* Why not always collect the highest Fmax
possible?
- Limitations of the analyzer
- Takes extra data storage space
- Reduces the resolution of the spectrum



Fimax = 10 orders of operating speed for general analysis,
such as Unbalance, Misalignment, ...

Fimax = 20 orders of operating speed for Blade / Vane Pass analysis,
for example; Pump, Fan, Blower...

Fmax = 50 orders for Bearing analysis for Shaft diameter less than 4-6”
Emax =75 orders for Bearing analysis for Shaft diameter greater than 4-6”

Fimax = 3.5 Times of Gear Mesh Frequency (GMFF),for Gear Analysis
(GMF = Number of Gear Teeth x Shaft Running Speed of the Gear)

Fimax = 2.5 orders of Line Frequency for Electrical Eccentric Rotor/Stator,
and Electrical Phase problem

Fimax = 6KHz for Rotor Bar and Shorting Ring problem






Why should T be concerned about resolution?

s N
W

Because, if you can't see it, you can't analyze it....




Amplitude

Number of Lines

A

lines or bins or cells
— [« of resolution

\4

Frequency

Fmax

Resolution = :
Number of Lines
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Sampling Size = 256, 512, 1024, 2048, 4096, 8192, 16384, 32768

_M#AJL

Resolution Line = 100, 200, 400, 800, 1600, 3200, 6400, 12800

Remark : 8 bits annsegeasianssas 256 M

Example : A939M5tHUA1 100 1d4 Spectrum, 14 Time Domain A9IUNVBENIHOE 2.5 19189 A Spectrum
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/\Frequency = F max.
Resolution Line

For example : F max = 1000 Hz, Resolution Line = 400
/\Frequency = 1000 = 2.5 Hz.
400

A Time = T max =1 =0.4sec.
2.5

4 average = 4 x 0.4 = 1.6 sec
(More sampling data, more accuracy)

Overlap 50 % = 1.6 sec / 2 = 0.8 sec,
(Less sampling dataq, less accuracy)

Additional bearing spectrum = 2 x 0.8 = 1.6 sec.



Resolution Line Recommendation

400 Lines for general purpose

800 Lines for Gear and Bearing analysis

3200 Lines for Motor Analysis

The example of resolution for Bearing.

Speed > 900 rpm , Resolution = 3-5 Hz per Line

Speed < 900 rpm , Resolution = 1.5-3 Hz per Line



Filter Type

Low Pass Filter
- LP 1000 Hz. = Cut-Off Frequency more than 1000 Hz.

Band Pass Filter
- BP 10-1000 Hz. = Cut-Off Frequency less than 10 Hz.
and more than 1000 Hz.

High Pass Filter
- HP 10 Hz. = Cut-Off Frequency less than 10 Hz.
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1) Amplitude Unit : Displacement, Velocity, Acceleration
2) Type of Detection: RMS, Peak, Peak-Peak

3) Fmax : The range of vibration frequencies to be
analyzed

4) Frequency units: CPM, Hz, Order

5) Filtering : The frequency to filter out ( noise frequency )

6) Resolution Lines : The accuracy of displayed vibration
frequencies

7) Number of Averages : How many FFT's are taken and amplitude
averaged to minimize random and transient
events



Vibration Analysis
Overall Value Part




Vibration Analysis

"Of all the parameters that can be measured
non- intrusively in industry today,
the one containing the most information
is the vibration signature. "

Art Crawford
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Frequency
Hzor CPM

L Displacement in mm = Machine's Stress
P For Example; 20 mm. Amplitude,
<_ 120 mm.  What's it tell us? Just Stress

T Velocity in mm/s = Machine's Fatigue
_ ycle ) :
‘ T minute For Example ; the same displacement amplitude as 20mm.
. & Machine can be bent as 1,000,000 times.
as Fig 1) the velocity amplitude is 20 mm/min
= 0.33 mm/s, broken in 1,000,000 min.

T  '100 cycles  as Fig 2) the velocity amplitude is 20 mm/1/100 min
-3 1 minute = 2000 mm/min= 33.3 mm/s, broken in 10,000 min.

Acceleration in 6 = Impact Force from Bearing or Gear
* Rate of Change of velocity from zero to max. velocity
or max. velocity to zero, if the velocity has been changed
so fast, it means high G , as a hammer knock to a rigid table




Diagnosing Machine Faults

1) Unbalance 30%
2) Misalignment 30%
3) Resonance 10%
4) Bearing defects 10%
5) Gear defects 3
6) Belt & Pulley problems | 15%
7) Motor analysis
8) General looseness or wear =
9) Soft Foot problem

p 5%
10) Blade / Vane pass problem

11) ETC... _/
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SUGGESTED OVERALL ALARMS BY MACHINE
TYPE-METRIC (PEAK, OVERALL VELOCITY, MM/SEC.)

MACHINE TYPE GOOD FAIR
COOLING TOWER DRIVES 0-9.5 9.5-15
COMPRESSORS
Reciprocating 0-8 8-13
Rotary Screw 0-7 7-11
Centrifugal with or without External Gearbox 0-5 5-7.5
Centrifugal-Integral Gear (Axial Meas. ) 0-5 5-7.5
Centrifugal-Integral Gear (Radial Meas.) 0-4 4-6.5
BLOWERS FANS
Lobe-Type Rotary 0-7.5 7.5-11.5
Belt-Driven Blower 0-7 7-11
General Direct Drive Fans 0-6.5 6.5-9.5
Primary Ar Fans 0-6.5 6.5+9.5
Large Forced Draft Fans 0-5 5-7.5
Large Induced Draft Fans 0-4.5 4.5-7
Shatt-Mounted Integral Fan 0-4.5 4.5-7
MOTOR/GENERATOR SETS
Belt-Driven 0.7 7-11
Direct Coupled 0-5 5-7.5
CHILLERS
Reciprocating 0-6.5 6.5-10
Centritugal (Open-Air) 0-5 5-7.5
Centritugal (Hermetic ) 0-4 4-6
LARGE TURBINE/GENERATORS
3600 RPM Turbme/Generators 0-6.5 6.5-9.5
3600 RPM Turbine/Generators 0-.65 6.5-9.5
1800 RPM Turbme/Generators 0-4.5 4.5-7




MACHINE TYPE GOOD
CENTRIFUGAL PUMPS
Vertical Pump (12" - 20™) 0-9.5
Vertical Pump (8" - 12" Height) 0-8
Vertical Pump (5" - 8" Height) 0-6.5
Vertical Pump (0" - 53" Height) 0-5
(General Purpose Horizontal 0-5
Boiler Feed Pumps 0-5
Hydraulic Pumps 0-3
MACHINE TOOLS
Motor 0-2.5
Gearbox Input 0-4
Gearbox Output 0-2.5
SPINDLES
Roughmg Operations 0-2
Machimne Fmishing 0-1
Crtical Finishing 0-0.5

CHART NOTES :

1. Assuming machme speed = 500 to 600,000 RPM.
2. Assuming measurements by accelerometer or velocity pickup as close as possible to

bearing housing

3. Assuming machine not mounted on vibration isolators (for isolated machinery-set alarm

30% to 50% higher)

4. Set motor alarms same as that for the particular machme tvpe. unless otherwvise noted.

(n

tvpe.

. Set alarms on mdwvidual external gearbox 25% higher than that tor a particular machine
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Frequency Vs Amplitude accuracy example

Deviation, dB

TYPICAL FREQUENCY RESPONSE

10

100 1k
Frequency, Hz

20




Directional Analysis for Overall value

R=HorV ﬁqoﬁam

Machine dooliitu Overhung Type

Horizontal

Unbalance

Misalignment

Resonance

Pure Unbalance

Main Unbalance

Main Misalign.

Pure Misalignment

A <0.3R

0.3R<A <0.5R

0.5R<AK<IR

A>R

H>4VorV>4H
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Vibration Analysis
Spectrum Analysis Part
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Harmonic Example
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Amplitude Modulating

1) Occur at only one frequency which has a varied load in a specific revolution, for example,

- Bearing frequency vary amplitude at every turning speed or FTF frequency

- Gearmesh frequency vary load at every turning speed of Gear or Pinion

- Rotor Eccentricity or Cracked vary load at Pole Pass Frequency ( Slip Frequency x No. of Pole )
2) Will make only a few pairs of side band.

1 modulating
revolution

A
A 4

(==
g
v




SIDE BAND

CG=CR




Side Band example at Gearbox of A Cooling Tower Fan
with a very few of sideband frequency
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Frequency Modulating

1) Occur at Eccentric , Misalign Gear which makes rotational velocity
be none-linear in one revolution.
2) Will make many pairs of side band.
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Side Band example at Gearbox of A Cooling Tower Fan
with high numbers of sideband frequency

EMONITOR Odyszey Deluxe - [Spectrum]
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Side Band example at Gearbox of A 6as Compressor

EMOMNITOR Odyssey Deluxe - [Spectrum]
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Amplitude Beats
Modulation

Beats ve Amplitude Modulation

Titne
Frequency

The Spectrum of an Amplitude
Modulated Wave Form
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Beating

1) Occur at 2 frequencies have very close frequency as 5-100 cpm in normally, for example,
Motor drives a fluid coupling which may have a different frequency as only lower than 100 cpm
2) Will not make a side band, just can see a two close frequencies as only 5-100 cpm which is very
hard to see if the resolution is not enough.

The Example

— 17 Hz = 1020 Cpm

— 18 Hz = 1080 Cpm

Diff. Frequency as 60 Cpm = 1 Hz
mean the beating will be occurred
every 1 second




Twan frequencies Twn frequencies

130 ° ot of phase n plase

Wideband Spectnon

Pulsating &mpditade

Anmlitude

= (F2-Fl)

Foorn fecquency Frequency Beat

F F fiequency
generated by
hao

£ Peat » fie quencies
Frequency aborve
FE = F]_ - Fj \

Ivhrurnnrn frecuency ocours axiroum sibration occirs
BEATING when 2 fiecquencies ar 150" when 2 fiecuencies amwe in

ot of phase phass
dl = dl dl v o a v v Y dl o o a ¢
AN Beat AANATAIABIAINND N INATAANHU IULUNARAARBILASINANTINWLAZIYE N1TILATIZH

dl v d%/ | o o/ o = dl = £
UNLANDLLLINGNAZ AT LA AT atand Ty N uauLA L adnsaanedn g Tuaen
&ousuntuil (WnUANDNANNGN) Tnaliaseasnuaandy U1 AT UARIEan ANLANAN IUARILAA
Aryaunnuil (F2-F1) A A9KD Beat Az lignwulugosnisdnaaunuuuilsng wenzdnsiunnag lumag
A wDAN TnedsnFaaunainnistlszannuiesua 5 19 100 RPM ANAUAZ o ugIqnaziintila Time

N Ry . o - DR I
Waveform N1AMNDNIN (F1) BNNIN09ATLEAAIMNDINGN(F2) NIAUALINAUAI4ANATIWLNS

Waveform 289889ANNDRANUAN9TZAUNR 180 29AN



Beating example at Blower with Fluid Coupling
Motor speed at 1489 , Fan speed at 1202 rpm
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Waterfall Plot is C Trend

Emonitor Enshare - [Waterfall] EE|E|
=0 ¢

ld File Edit Wiew List Tools Setup Plob Window  Help L

Elef| Q] 20 mes | AlmlwE s |8 =

mmiset Cwverall RS Mag

200

10, "
a. -
T T T
a. a000. 10000 15000.
CPh 4i21897 10:30:00 Lin
Ho17a4, 14,0489
Plant Level Area 2 Level 3
P FAR #1 MTR-0OB-HORIZ Speed:1TEA
Position:1 Direction:Horizontal 4521997 10030

Double dlick for Z-axis options, double right click to autoscale Target: Latest |PAIRO] |[(default)




Diagnosing Machine Faults



Three Rules of Diagnosis

1) Each machine fault generates a specific vibration
pattern.

2) The frequency of the vibration is determined by the

machine geometry and operating speed.

3) A single vibration measurement provides information

about multiple components.



What is Unbalance?

The force created by a rotating body when its
center of mass is offset from its center of
rotation

Center of Mass # Center of Rotation

Heavy Spot

Center of Mass Center of Shaft

N

Rotation



What is Misalignment?

* Deviation from a common centerline during operation.




Two types of Mechanical Looseness

e Multiple harmonics of running speed for Stationary Parts 1/3,1/2,
2/3,1,1-1/3,15,1-2/3, 2,2-1/3, 2.5, 2-2/3x,...

e Multiple harmonics of running speed for Rotationary Parts 1, 2, 3,
4,5,6,7,8,9, 10x
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PK Velocity in InfSec
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Gear Mesh Fault

VIB -Vacuum Pump
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Sidebands
increase with
gear wear
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Gear Mesh Frequency = Number of Teeth X Shaft Speed




Vane Pass

The pressure output to the volute will vary as
the vanes pass depending on how exactly the
vanes line up with the outlet (volute) at any given
moment.

t vanes

So with any centrifugal pump there will be a
pulsation (pressure pulse) that occurs at a
frequency equal to the number of vanes times the
speed of the pump.

This Is called the “Vane Pass”
/ frequency. Itis always equal to

the number of vanes times the

/ speed of the pump.

l In this case...
| | | Vane Pass = bx

o
I
N
(00}
o
o



Unbalance Analysis



What is Unbalance?

The force created by a rotating body when its
center of mass is offset from its center of
rotation

Center of Mass # Center of Rotation

Heavy Spot

Center of Mass Center of Shaft

N

Rotation



4 Types of Unbalance

* Unbalance can be separated into 4 components:

Static Unbalance: Quasi-Static Unbalance:
Constant phase across the rotor 180° phase shift across the rotor
Center of Gravity Rotation Axis

Rotation  Unbalance 7 Center Of Gravity
Axis

SN . r.”__/?\
V U\ / \ 7 -

_ Displacement Caused Shaft Centerline
Shaft Centerline by Unbalance

Couple Unbalance: Dynamic Unbalance:
180° phase shift across the rotor 90° phase shift across the rotor

Rotation Axis Center Of Gravity PO D Center Of Gravity

\ >—- Unbalance /7\ Ff Unbalance 7
F, _—

A

\ \
Shaft Centerline Shaft Centerline




Static Unbalance:
Constant phase across the rotor

i Center of Gravity
Rotation Unbalance
Axis  \ yd
PhySical Diagram —— \— e O s = —

\/ \/
/

Shaft Centerline

Force Diagram I

Motion Diagram




Quasi-Static Unbalance: Quasi-Static Unbalance:

0° phase shift or in Phase across the 180° phase shift across the rotor
rotor
Rotation A)xis , :
\ Center Of Gravity OB Center Of Gravity

Unbalance r Unbalance
f
— -

T e

\ ) \ / h I
Shaft Centerline Physical Diagram S aft Centerline
S(s/2 >C)
> <D S(s/2 <C)
ok R cS/2 I S/2
i i s f
L Y l \ /V l
Force Diagram C

Motion Diagram




Couple Unbalance:
180° phase shift across the rotor

Rotation Axis Center Of Gravity

Unbalance
Physical Diagram \' ._/7\
I

Shaft Centerline

Force Diagram ‘

Motion Diagram




Dynamic Unbalance:
90° phase shift across the rotor

Rotation Axis Center Of Gravity

) ) Unbalance —
Physical Diagram f

\
Shaft Centerline

Force Diagram < é/ }\

Motion Diagram




Unbalance

Characteristics:
High radial peaks at 1X shaft RPM

Low axial vibration at 1X shaft RPM
Low harmonics of shaft RPM

1X RPM sinusoidal pattern in the time waveform

Can cause other faults to appear, especially looseness

The criteria acceptance for 1X is 90% of Overall Acceptance
Value




EMONITOR Odyssey Deluxe - [Spectrum]
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Unbalance

E=AM — IMBALAMCED TURBIMNE
SPECTREA FROM MULTIPLE MERSUREMEMT POIMTS
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Radial vibration at 1X
shaft RPM is much

more significant than
in the axial direction

Freq: 60.04 Hz
Order: 1.010
Spec: .390



Unbalance Case Histor

- Turbine has thrown a blade and is out of balance.

» Speed reduced to keep vibration levels acceptable,
but now turbine cannot supply enough air to boiler
to generate sufficient steam for plant processes
and heating.

TOH TIH
TOV TIV




Unbalance

IRD Mechanalysis, Inc. PREDOMINANT FREQUENCIES PREDOMINANT AMPLITUDE PREDOMINANT NOISE
T
. . . © . 3 =
Vibration and Noise »| @] . [ DRECT || PROBABLE LOCATON z|g HIEE
0 Q| =+ re S ElT| S
)] @] o — >3 = >
Identification Chart = 2| g|e = - o = [ . g é 3|
= =3 — = 0 || x| S
<= E SIEIS(E=] |EBlel (2] |alZ|c|8|le| |LIE|55|2
Causes of Vibration =358 |z P E|Z sl | T8 5|2 23| o|E| @ o o & S|E|[T|T|g
2 IEIZI2lEE == zlRe|El5|5|G|5|c|2]| g |C|=(2|E|elg|l|2|e
(RELATIVE PROBARBILITY RATINGS: 1 THRU 10) s (2B |2|a|Tl=[Z(38|22|2Z|e|&|8|2|&|8|c |&|3|3|Z|&|F[2|2]5
Initial Unbalance 10 51411911 2 8|2
UNBALANCE (1)
Shaft Bow -Lost Parts 10 51411911 812

REMARKS:

* Most common cause of vibration whose amplitude is proportional
to the amount of unbalance.
- May be aggravated by or may produce complications such as seal
rubs, bearing failure or resonance.
» Overhung rotors may show relatively high Axial Vibration
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