





WORN, LOOSE OR MISMATCHED BELTS

¢ Belt frequencies are below the RPM of either the motor or the driven machine.
¢ When they are worn, loose or mismatched, they normally cause 3 to 4 multiples

of belt frequency.
¢ Often 2 x belt frequency is the dominant peak.
¢ Amplitudes are normally unsteady, sometimes pulsing with either driver or driven

RPM.
¢ On timing belt drives, wear or pulley misalignment is indicated by high amplitudes

at the timing belt frequency.
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BELT / SHEAVE MISALIGNMENT

e Misalignment of sheaves produces high vibration at 1x RPM predominantly
in the axial direction and axial harmonics of the fundamental belt frequency

¢ The ratio of amplitudes of driver to driven RPM depends on where the data
is taken as well as on relative mass and frame stiffness

¢ Often with sheave misalignment, the highest axial vibration will be at the fan RPM
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ECCENTRIC SHEAVES, SHEAVE RUN-OUT

¢ Eccentric/ unbalanced sheaves cause high vibration at 1 x RPM of this sheave.

e The amplitude is normally highest in line with the belts, and should show up on
both driver and driven bearings

¢ This can be checked by removing the belts and measuring again

e It is sometimes possible to balance eccentric sheaves by attaching washers
to taper lock bolts

e However, even if balanced, the eccentricity will still induce vibration and reversible
fatigue stresses in the belt
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ECCENTRIC SHEAVES

¢ Center of rotation different from geometrical center
e The eccentric rotor will produce high vibration at the rotation speed.
e The phase will be the same in both horizontal and vertical direction.

e If you try to balance an eccentric rotor, you may reduce the vibration readings
in one direction, but the readings will increase in the other.
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BELT RESONANCE

e Belt resonance can cause high amplitudes if the belt natural frequency should
happen to approach or coincide with either the motor or the driven machine RPM

e Belt natural frequency can be altered by either changing the belt tension or
the belt length

e Can be detected by tensioning and the releasing belt while measuring response
on sheaves or bearings
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HYDRAULIC FORCES : BLADE PASS & VANE PASS

e Blade pass frequency (BPF) = number of blades (or vanes) x RPM.

¢ This frequency is inherent in pumps, fans and compressors and normally does
not present a problem.

e However, large amplitude BPF and harmonics can be generated in the pump
if the gap between the rotating vanes and the stationary diffusers is not kept
equal all the way round.

¢ Also, BPF(or harmonics) sometimes coincide with with a system natural frequency
causing high vibration.

¢ High BPF can be generated if the wear ring seizes on the shaft or if welds fastening
diffusers fail. Also, high BPF can be caused by abrupt bends in line work (or duct),
obstructions which disturb the flow path, or if the pump or fan rotor is positioned
eccentrically within the housing.

BFF = # Blades x RPN
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HYDRAULIC & AERODYNAMIC FORCES: FLOW TURBULENCE

¢ Flow turbulence often occurs in blowers due to variations in pressure or
velocity of the air passing through the fan or connected line work.

e This flow disruption causes turbulence which will generate random,
low frequency vibration, typically in the range of 20 to 2000 CPM.
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CAVITATION

e Cavitation is caused by the collapse of small bubbles that occurs during
local boiling at certain condition of the fluid (low dynamic pressure)

e The Collapses are short in time and thus wide in frequency.
» The resonances are exited throughout the spectrum
» Specially high frequencies are exited
* In envelope spectra an increase of the background level with no distinct
lines are seen.
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CAVITATION

e The faster a fluid travels by an object the lower the pressure will be,
this phenomenon is well known as Bernoullis law, and it is the reason
that aero planes can fly and turbo machines are working.

e The lower the pressure, the lower the boiling temperature of water.

¢ In some instances the water of a pump may start boiling locally as a result
of the local fluid speed will decrease local dynamic pressure and hence
decreased the boiling point below the fluid temperature.

e When the local pressure increases again the small bubbles formed
in the boiling process collapses very rapidly.

e The rapid collapse causes shock pulses which may be strong enough
to break apart fragments of metal on the location it occurs - cavitation wear.

¢ The collapsing bubbles also induce shock waves which are transferred
through the structure.

e Since the pulses are very short, they have a very high frequency content,
and they will excite resonances throughout the spectrum range.
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CAVITATION

¢ Cavitation normally generates random, higher frequency broadband energy
which is sometimes superimposed with blade pass frequency harmonics.

« Normally indicates insufficient suction pressure (starvation).

» Cavitation can be quite destructive to pump internals if left uncorrected.
e |t can particularly erode impeller vanes.

¢ When present, it often sounds as if "gravel" is passing through the pump

e Broadband high-frequency noise, indicates cavitation in a centrifugal pump
due to low inlet pressure.
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UNSUITABLE PUMP ASSEMBLY

® Excessive vibration at Ash Sluice pump-motor (3600RPM)
« Vane passing frequency component (5X) : 16.764 mm/s
« Rotating frequency component (1X) : 2.54 mm/s
« Cause: Casing distortion during assembly after overhaul
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FAN

¢ Most fans are either axial flow propeller-type fans, or are centrifugal type
¢ Fans, especially when they are handling particle-laden air or gas,
are prone to uneven buildup of detritus on the blades.
¢ This causes imbalance, and should be corrected as soon as it is diagnosed.
o If any of the blades become deformed, cracked, or broken,
the vibration peak of blade pass frequency will increase in level,

and if there are many blades, sometimes 1X sidebands will appear
around the blade pass frequency.
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NORMAL GEAR SPECTRUM

e Normal spectrum shows 1x and 2x RPM, along with gear mesh frequency (GMF)

e GMF commonly will have running speed sidebands around it relative to the shaft
speed which the gear is attached to.

e All peaks are of low amplitude and no natural gear frequencies are excited.

Fadial - Sy Cear GIWF = Gear IvEsh Freq.
fxial - Helical Gear
(811 Gear 3 pectrm)
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¢ A key indicator of gear tooth wear is excitation of the Gear Natural Frequency,
along with sidebands around it spaced at the running speed of the bad gear

e Gear mesh frequency (GMF) may or may not change in amplitude, although
high amplitude sidebands surrounding GMF usually occur when wear is noticeable

e Sidebands may be a better wear indicator than GMFs themselves.

GIIF = # Teeth x FPIV
fn= Gear Matural Freg.
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TOOTH LOAD

e Gear mesh frequencies are often very sensitive to load.

¢ High GMF amplitudes do not necessarily indicate a problem, particularly
if sideband frequencies remain low and no gear natural frequencies are excited

e Each analysis should be performed with the system at maximum operating load
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GEAR ECCENTRICITY & BACKLASH

e Fairly high amplitude sidebands around GMF often suggest gear eccentricity,
backlash or non-parallel shafts which allow the rotation of one gear
to "modulate" the running speed of the other.

¢ The gear with the problem is indicated by the spacing of the sideband frequencies

e Improper backlash normally excites GMF and gear natural frequencies, both of
which will be sidebanded at 1x RPM.

¢ GMF amplitudes will often decrease with increasing load if backlash is the problem
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GEAR MISALIGNMENT

e Gear Misalignment almost always excites second order or higher GMF harmonics
which are sidebanded at running speed.

e Often will show only small amplitude 1x GMF, but much higher levels at 2x or 3x
GMF

e Important to set the F,_, high enough to capture at least 2 GMF harmonics
if the transducer has the capability.
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CRACKED OR BROKEN GEAR TOOTH

o A cracked or broken tooth will generate a high amplitude 1x RPM of this gear,
plus it will excite the gear natural frequency (f,)) sidebanded at its running speed

e It is best detected in time waveform which will show a pronounced spike every
time the problem tooth tries to mesh with teeth on the mating gear

e Time between impacts (A ) will correspond to 1/speed of gear with the problem

e Amplitudes of impact spike in time waveform will often be much higher than
that of 1x gear RPM in FFT.

Time Warreform
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M= 1/RPM of gear with cracked or broken tooth
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HUNTING TOOTH PROBLEMS

e Hunting Tooth Frequency (HTF) is particularly effective for detecting faults on
both the gear and the pinion that might have occurred during the manufacturing
process or due to mishandling.

e It can cause quite a high vibration, but since it occurs at low frequencies,
predominantly less than 600 CPM, it is often missed.

¢ A gear set with this tooth repeat problem normally emits a "growling" sound
from the drive.

¢ The maximum effect occurs when the faulty pinion and gear teeth both enter
mesh at the same time (on some drives, this may occur once every 10 or 20
revolutions, depending on the fyr formula).

fur= GMF XN,/ (Toear X Tpinion)

e Tcears Trinion = NUMber of teeth on the gear and pinion, respectively.
¢ N, = number of unique assembly phases for a given tooth combination which
equals the product of prime factors common to the number of teeth on each gear
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HUNTING TOOTH PROBLEMS

THT = (GIMF (M )i Zear){ Tpinion)
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CASE HISTORY: TOOTH WEAR
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WHAT’S BEARING ?

e A part which supports a journal and in which the journal revolves (ISO 1925)

e A mechanical element which inserted rolling elements or lubrication between
two bodies with relative motion for reducing the friction

el e

Without rolling elements With rolling elements
or lubrication or lubrication




Bearings
*

FLUID FILM

Hydrodynamic

Hydrostatic

ACTIVE
CONTROL

—| Magnetic

—| Piezoelectric
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ROLLING ELEMENT BEARINGS

Merit

Demerit

e Standardization, compatibility

e Simple structure, easy repair & check

e Small starting friction torque

e support radial/axial loads
simultaneously

e Limited life span due to fatigue failure
of rolling elements

e Poor damping capacity
e Limited load support capacity
e For small/ low speed machinery
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FLUID FILM BEARINGS

Merit

Demerit

e High load capacity

e Large/high speed M/C
e Strong impact

e Good damping

e Low noise

e Long life

o Oil whip/ whirl

e Complex structure
(oil supplying system)

e Week temperature

e Expensive

Thrust bearing

50

Vibwation amplitcs (mils p-p)

‘Spoad (vmin)

Effect of damping

Vibration amplituds (mm p-p)

Speed {cimin)

Vibration ampltude (s p-p)



UsE LIMITS : LOAD, SPEED

Shaft diameters
in mm







BEARING FREQUENCIES

T op _ D1+D2
D1 D2 2 t BD
l n = number of balls

f, =rotation frequency

n BD
BPFO = fouter (HZ )= 2_fr(1_ PD Cos ﬁ
(Ball Pass Frequency of Outer race)
BPFI = fier (Hz ) = g_fr(1+ cos ﬁ\J

(Ball Pass Frequency of Inner raceP ,
PD [ BD ) 1
f (Hz )= f ____|1- cos g |

BSF = ball " BD |_ PD J

(Ball Spin Frequency)

FTF = f (Hz)—l—f(l— BD cos ﬂ)
- cage - 2 r PD

(Fundamental Train Frequency)




FAULTS IN ROLLING ELEMENT BEARING

Fault Frequency Time signal/ spectrum
Outer race BPFO, harmonics | Harmonics of BPFO
Inner race BPFI, harmonics Initial fault : Harmonics

Progress : harmonics % rotating frequency
Ball/ roller BSF or FTF, Modulated natural frequency with FTF
harmonics

Unsuitable Natural frequency, | Modulated natural frequency with BPFI
lubrication BPFI
L | Shaft & bearing | 1X, harmonics 3X or higher harmonics dominant
£ | Housing & (2X, 3X, ...) 1X, 4X components dominant
gt | bearing

Excessive internal
clearance

Natural frequency

Modulated natural frequency with RPS




FAULT FREQUENCY OF ROLLING ELEMENT BEARING (KOWACO)

880rpm Point Part. No MFG. BPFO BPFI FTF BSF No. of Ball
(8P) Pump SKF 77.90 112.77 77.53 5.99 12
NU324
Wondong, | DE FAG 83.86 121.44 77.44 5.99 13
Isacheon
Pumping | Pump s SKF 45.92 71.41 64.34 5.74 8
Stations NDE FAG 45.67 71.28 63.01 5.71 8
Motor SKF 71.33 104.67 74.63 5.94 13
DE NU326
FAG 83.86 121.44 77.44 5.99 14
Motor 6330 SKF 52.18 80.08 67.23 5.80 9
NDE FAG 52.62 79.38 69.39 5.85 9
Pump SKF 78.39 112.28 79.89 6.03 13
DE NU320
FAG 78.50 111.76 80.61 6.04 13
Pump 20 SKF 45.07 72.27 59.87 5.63 8
NDE FAG 52.27 80.08 67.41 5.81 9
Motor SKF 45.95 71.39 64.46 5.74 8
DE/NDE 6326
FAG 45.94 71.28 64.42 5.74 8




4 FAILURE PHASES

Phase 1:

e Earliest indications of bearing problems appear in ultrasonic frequencies ranging
from approximately 20 ~ 60kHz

e Appear operation frequency and lower harmonics (2x, 3x)
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4 FAILURE PHASES

Phase 2:

¢ Slight bearing defects begin to "ring" bearing component natural frequencies (fn)
which predominantly occur in the 30K ~ 120K CPM range.

¢ Sideband frequencies appear above and below natural frequency peak at end of
phase 2

Tine B Tome C !

Bearing Defect  Bearng Component
Freq Region EI‘-Iathl Frecuency region

Stage 2

1x Bearing
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4 FAILURE PHASES

Phase 3:

¢ Bearing defect frequencies and harmonics appear when wear progresses.

e More defect frequency harmonics appear and a number of sidebands grow,
both around these and around bearing natural frequencies.

e Wear is now usually visible and may extend throughout periphery of bearing, particularly
when well formed sidebands accompany any bearing defect frequency harmonics,
replace the bearings now.

Tune B  Tome C
Bearing Defect ~ Bearing Component
FreqRegion ENatu:ral Frecpencay region




4 FAILURE PHASES

Phase 4:
e Towards the end, the amplitude of the 1x RPM is even effected.

e It grows, and normally causes growth of many running speed harmonics.

e Discrete bearing defect and component natural frequencies actually begin to "disappear"
and are replaced by random, broadband high frequency "noise floor".

¢ In addition, amplitudes of both high frequency noise floor may in fact decrease

Lone B  Tome
Bearing Defect  Bearing Coraponent
FreqRegion ~ Matual Frequency region

Stage 4

: Random High
> Frecpuency Vibmtion
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CASE HISTORY : OUTER RACE DEFECTS

e Specification : Roller Bearing(NU319), N = 29.6Hz, Z = 14, BD = 26mm, PD = 147.5mm, 3 =0°
e Fault frequency :
BPFO =29.6(14/2)(1- 1.024/5.807 x 1) =170.67 Hz, FTF=12.5Hz

e Frequency analysis

* 12.5Hz(FTF) : Looseness ws
* 30Hz(N) : Unbalance o
* 170Hz(BPFO) : Outer race :
+ 140Hz = 170 - 30: Sidebands "’

£76.80 iU

SPEC I}), =2 2=E2 52 :

HT2 280l 2= HAl FBPED :

- 340Hz : 2nd BPFO ot gy -4 .

+ 852.5Hz : 5th BPFO PN, SO ! 3
He0.00 Re v-op: u:"-o‘m B50. 05 ’W‘JS&L H:E

Outer race defect of roller bearing (NU319) for electric motor




CASE HISTORY : INNER RACE DEFECTS

e Specification : Ball bearing (#6313), N = 19.6Hz, Z = 8, BD = 23.8mm, PD = 102.5mm
e Fault frequency : BPFI = 19.6(8/2) (1 + 23.8/102.5 X 1) =96.9Hz

e Frequency analysis
*19.5Hz : 1X

* 39Hz, 59Hz : Harmonics,
Looseness symptom
*96Hz : BPFI, H X (S
A2)E AN LS. 20l 01

= HAl

*193Hz : 2nd BPFI

IPrs

0.35 ;
0.28 }
0.2t
BRFI
38
0.14
] 2 BPEI
= i
-]
0.07 M g 3 a
4B & 2
t 3
0.00 | I it AN R E
0 766 12006 VEo 00" 20006
R=0.00 Wr v=0.00551PS 1his e Ve ty

Inner race fault for ball bearing




CASE HISTORY : INNER RACE DEFECTS

A MAG TENDING SIDE

RMS: 25 0.1
1 24152
RPS = 3.42
BPFO = 30.6
wn BPFI=39.1
=} 0.075 BSF =26.8
FTF=1.53
n
=]
z
S
START: O Hz BW: 2.3438 Hz STOP: 625 Hz % 0.05 JA-\/\JJK»
8. TIMECRY _ SUCT PICKUP ROLL , >
o
. 5
%]
=} 0.025 - =
° 2
. 1 L f
START: O Sac STOP: 640 mSac
Xi 42,1875 Hz Y: 65.02 mIPSrme BND: 122.0 mIPSrme s0 100 1s0 200 250

1)
2)

2 It (shallow flaking) 0l LI Z 0f] 244

Inner race fault of ball bearing
BPFI : 37Hz

Harmonics : 74 Hz, 116 Hz, 155 Hz

frequency, Hz

Spectrum after 2 weeks
1) WO AR &30l et SHE S
2) Sideband : BPFI &+ RPS




CASE HISTORY : BALL DEFECTS

« 200 2 K™ FM4=(2BSF): RERA(S, EH)0l 2 Al, REQAIN1SE Z 202 ¢l
OlA(LH, )0l =HS JiotH e [f M E=HE SHe 42011, 22 HALs
0l dHGHK LCOZ =X S)IsdHERE US.
< JIE2EFU==(FTF): HOIXIE Bt AL F= B2 2 =& =2 LMGHA &2
D UEFWEE X 0l 420 2H, 0 e RELAN Z2sts EAl
Frequency analysis 7 e
*11.4Hz : FTF oss |
* 243Hz : Natural freq. i ;
> : S
e IRANS FA0A FTFZ g
HZRE F1}4(210, 221.25, gl R e
232.5, 255, 266.25 Hz) 244, : 1 gt T
igRE.L 241808 i, SABRE
< Ol0fl et E2 "2 "ﬁ é“ _3&] 3 2§§‘§:
_‘.—_OIE g/c\;' Sl)()ﬁ 00“ §ﬁt‘f‘ﬁn~"%?‘*&5'ﬁ'ﬁ‘oﬁ
1/8= nsec ~ L __Hertz

Vibration spectrum with 3 ball faults




SELECTIVE ENVELOPE DETECTION (SED)

Amplitude-modulated time signal, waveform 1/3 octave or broader
Al 4 \

Bandpass filter : !

~

<10dBT

g

1. Filtering
(with bandpass filter)

2. Rectifying G

(amplitude demodulation)

10 kHz
Envelope
5 (energy vs.time)

' .-~!L. time

Envelope spectrum

3. FFT-analysis X .
( (modulating frequencies)

500 Hz (typical for 50Hz machine)




SELECTIVE ENVELOPE DETECTION

EFFECTIVE TOOL FOR DETECTION AND ANALYSIS
¢ Rolling element bearing faults

¢ Repeated shock wave

e Modulated random noise

* Filtered Amplitude demodulated FFT analysis
« Envelope filter ranges in 1/3 octave bands from 709Hz to 44.7kHz
* 10Hz - 20kHz of FFT display span

« Dynamic range ~90dB

» Tracking & gear exchange triggering

« Averaging 1 - 1000 (spectrum or enhanced)
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ENVELOPE ANALYSIS

Vibration
i A b bl (4, ) ittty L g I .
time ol T Y bl b time
signal li ‘ J !
Spectrum
I | » frequency
A Filter 10 kHz
Filtered _m m n J.[ ]
time singal > - wbad ~v— g
time
/
Envelope
Spectrum
MM A A, » frequency

5O0HZ
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BEARING DEFECTS ARE EASILY SEEN IN ENVELOPE SPECTRUM

In normal spectrum the bearing
frequencies are not always visible
when there is a bearing fault

0 BPFO
In the Envelope Spectrum early
Envelope 2xBPFO developements of bearing faults
Spectrum 3 x BPFO can easilybe identified

¥~ 4xBPFO

MM’\AWANMW\-«M=

50 Hz

.

\J

50 Hz




RANDOM NOISE

+ When arolling element bearing is rotating

random noise is emitted caused by the
metal contact between the rollers and the
bearing.

« The random noise:
® has aflat spectrum.
® contains energy in very high frequency range.

40 kHz




BEGINNING WEAR

«» The maximum metal stress of a

rolling element bearing is
® In the load zone of outer race

Load Direction

® Few millimeters below the bearing
surface.

+ Most bearing wear starts as a spall
or crack.

+» The crack will produce Impacts

® Energy in high frequencies

® Exciting of bearing resonances.
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PROGRESSING WEAR

% As the wear progresses:

“ Defects tend to smooth out

“ The signal is not so impactive

“ The random noise of the good
bearing becomes modulated

+ As the defect becomes deeper,
the balls will jump and erode
the inner race.

i

10 kHz
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BEARING FAULTS

1. Outer Race Faults
- Lead Time Month’s
« Ball Pass Frequency Outer Race
( BPFO) and Harmonics BPFO

]

RPM

2. Inner Race Faults
- Lead Time Days - Weeks
« Ball Pass Frequency Inner Race
(BPFI) with sidebands BPA
of rotational speed

]

3. Ball Defects
* Requires Immediate action
« Ball spin frequency
BSF with harmonics. BSF
» Often in combinations with
above with various
harmonics.

i




MOUNTING ROTOR AND LUBRICATION DEFECTS

Rotor Misalignment 1XRPM
Rotor Unbalance
Force Revolution around

il

outer race
Radial Tension 2xRPM
of Bearing
2*RPM
Misalignment of 2xBPEFO
outer Race
2*BPFO
Slip of Racein Harmonics
the Mounting Seat of RPM

1|

Lubrication Defect Increase of
Background
level






TYPES OF JOURNAL BEARINGS

Journal
bearing

___ (1) Hydrodynamic __|
bearing

Bearing
—( i) with fixed
sliding surfaces

bearing

(2) Hydrostatic

L—~ (3) Hybrid bearing

____a) 360° cylindrical bearing with or

without axial grooves
— b) Partial bearing

¢) Two-lobe bearing
without or with offsct

d) Three-lobe or four-lobe
bearing

— e) Bearing with pressure dam

——1) Spiral groove bearing

L— g) Others

—— With 3 or 4 pads

Foil bearing

| (i Tilting pad
(i) bearing
L—(iii)Others

L—LOP or LBP

—— Floating bush bearing

L Pourous metal bearing

‘With 4 or 5 pockets

‘With axial grooves
between pockets

(@]ele]ele
0000

i~

@)




ELLIPTICAL JOURNAL BEARING

High load carrying capacity, simple, cheap

RING

CASING

OVERSHOT
GROOVE

FEED HOLE

DOWEL

END LEAKAGE
GROOVE

AAZ2H3:@e283




TILTING PAD JOURNAL BEARING

High stability, self-aligning, complex, expensive I

RING

ANNULUS GROOVE

LOCKING PIN

PAD

4 :? ADJUST PLATE

FEED HOLE

ALIGNMENT PAD

A= HZ:FE2E3
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TAPER LAND THRUST BEARING

64
®
/

hi2 7/% 7R
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hy ba A
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THRUST BEARING

Pivot shoe type self-equalizing thrust bearing

}\\/ -

Self-equalizing:
Misalignment 7+ {2t E leveling padof|
Hel 2E =9 5tF0| Hel L SHA
gL EE

X " '
AZHSB: (?F)EEE’O"B
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PRINCIPLE OF LUBRICATION

Divergent
N cavitated film
Hydraulic Pressure
Bearing . .
> Shaft rotation (velocity)
Converging > Oil suction (shearing force)
oll wedge ..
x > Wedge effect (eccentricity)
Shaft
rotation . .
Important Design Variables
> Size, rotating speed
Hydrodynamic 4~ Minimum film > Clearance, oil viscosity
pressure profile - Maximum film
‘ T temperature > Load, shape etc.
* Ling of
cantess

Maximum pressure
S gysAzt U™ As T el
. A

N : _
Al 2=0f| 2|

1. Op = Bearing center
2. Q; = Journal center




COMMON HYDRODYNAMIC JOURNAL BEARINGS

% 4
”’/////,,,/////////////
Circular

Tilting Pad Herringbone
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PRINCIPLE OF LUBRICATION

Plain (cylindrical) journal bearing |

3

-~

OIL FEED HOLE

- X

MINIMUM FILM
CLEARANCE

L‘\ PRESSURE

PROFILE




PRINCIPLE OF LUBRICATION

Elliptical journal bearing | Three-pad tilting pad journal bearing |

¥
Y b

PAD 1

PRESSURE

PROFILE \\

PAD 3

PRESSURE
PROFLE —

LOAD

LOAD
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THEORETICAL ANALYSIS

“ Performance Analysis of Journal Bearing
@ Static characteristics analysis

« Distribution of oil film pressure

« Distribution of oil film thickness

o Temperature distribution

« Load capacity

o Attitude angle

o Friction loss & temperature rise

o Minimum required oil flow rate

® Dynamic characteristics analysis
« Stiffness and damping coefficient
« Critical mass, threshold speed (stability criterion)




INSTABILITY

+* INSTABILITY PHENOMENA

e Self-excited vibration due to stiffness and damping coefficient of oil
film

e Oil whirl or oil whip phenomena

¢ Oil whip: resonance phenomena of system natural frequency & oil

whirl frequency
e Stability characteristics will be changed bearing geometry, operating

** REMEDIAl, AGTION N o

e Increase unit load whip

e Decrease oil viscosity

e Use tilting pad bearing

e Tilting pad bearing is best choice,
stable always

e Circular —» Pressure dam — Elliptical

Qil
whirl

Amplitude

L

|
Wy, 20,

— 3-lobe — Tilting pad type -
Rotating speed ()

n




EFFECTS OF BEARING GEOMETRY ON STABILITY

OIL SUPPLY GROOVE:

BEAR%NG
B 2-groove Circular
B 3-and 4-groove Circular
¢ H::::::m) (b) 4 GROOVE (€) ELLIPTICAL B Step Geometry
mo W Elliptical Order of
B 3-Lobe I . -
Increasing Stability
B Tilting Pad
g

(d) OFFSET (e) PRESSURE DAM (f) TILTING PAD




OIL WHIP INSTABILITY

¢ A spectral map showing oil whirl becoming oil whip Instability as shaft speed
reaches twice critical.

¢ Oil whip may occur if a machine is operated at or above 2 x rotor critical frequency.
e When the rotor is brought up to twice critical speed, whirl will be very close to rotor
critical and may cause excessive vibration that the oil film may no longer be capable
of supporting.

o Whirl speed will actually "lock onto” rotor critical and this peak will not pass through
it even if the machine is brought up to higher and higher speeds.

Rotor Speed

or 0l Whatl
| A Ol Whip Lk
l‘\l‘ J.:. : Ivlass [rabalance ek \
P% !|I‘I Jrr Rl
g III er
‘:%h‘ 4 AA g- T ‘I =
=T Ao Cuitinl Speed
=
Fraguency
SA W 7| A B R X sHstod 1Al



OIL WHIRL INSTABILITY

¢ Oil whirl instability occurs at 0.42 ~ 0.48 x RPM and is often quite severe.

e Considered excessive when amplitude exceeds 50% of bearing clearances.

¢ Oil whirl is an oil film excited vibration where deviations in normal operating
conditions (attitude angle and eccentricity ratio) cause oil wedge to "push”
the shaft around within the bearing.

¢ Destabilizing force in the direction of rotation results in a whirl (or precession).

o Whirl is unstable since it increases centrifugal forces which increase whirl forces.

e Can cause oil to no longer support the shaft, or can become unstable when whirl
frequency coincides with a rotor natural frequency.

e Changes in oil viscosity, lube pressure and external pre-loads can affect oil whirl.

(0.42 -0.42 x FPI)




JOURNAL BEARING FAULTS

o

Wo=

7

Wo~ 0.3-0.5ws

7”{1‘%
igEBEHES ¥ -

-

(R EEEER B RS

A
Oil Instability 10
* Normally 42%~ 47% of 31 -
running speed i
* May appear from 0.3~0.7X
in some occasions 031 o
* Non synchronous
0.43X 1X 2X
mm/

10
Wear
Clearance Problems
* Harmonic series
of rotational speed 031

3.1

1X 2X 3X 4X 5X 6X 7X 8X 9X 10X...




BEARING FAILURE

Failure Causes = o4 o3 " o o 5

Famvior Britisn_ Unifs | S | Units. incrgase b ot d

| ==

Design = Improper type
= Excessive load
= Light load
m Excessive clearance
= Small clearance

Operation = Misunderstand operational manual w .
Improper Flushing

n0[2F =¢

Frequent start & stop " [
Lubrication breakdown N

Manufacturing | = Improper material "R
= Poor bonding

= Under/over cutting

o7 s/ > o
o o4 02 ©03 04 05 06 07 08B 09 1o
€

Misalignment
Unbalance @ Load capacity diagram

for plain journal bearings




WEAR / CLEARANCE PROBLEMS

o Latter stages of sleeve bearing wear are normally evidenced by the presence of
whole series of running speed harmonics (up to 10 or 20).
o Wiped sleeve bearings often allow high vertical amplitudes compared to horizontal.

¢ Sleeve bearings with excessive clearance may allow a minor unbalance and/or

misalignment to cause high vibration which would be much lower if bearing
clearances were to specification.

=

Anmpilifue
=
i

¥

K

Froquancy
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INDUCTION MOTORS
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ROTOR AND STATOR
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SPEED VS. TORQUE

® Starting Torque
® Pullout Torgue

® Synchronous Speed

f, = f

slip ~ 'stator ~ 'rotor
L




CHARACTERISTIC FREQUENCY

N, = 1225\ = SYNCHRON. SPEED

F, = N, - RPM = SLIP FREQ.
F, = (F9(P) = POLE PASS FREQ.
RBPF = # ROTOR BARS X RPM

WHERE:
F, = ELECTRICAL LINE FREQUENCY
RPM = ROTOR SPEED ‘

N, = SYNCHRONOUS SPEED

F, = SUP FREQUENCY (N, - RPM)

F, = POLE PASS FREQUENCY

P =#POLES

RBPF = ROTOR BAR PASS FREQUENCY



ELECTRIC MOTOR : CRACKED ROTOR BARS

Broken Rotor Bars

_______________ Rotors @ Cracked Rotor Bar H
Bars [ 7 Seuimiing &\ | Bars W Loose Rotor Bar
A i Shorted Rotor Laminations 'I "M“
o ) Poor End Ring Joints
* Side bands of Slip Freq Ao
around 1X, 2X 3X etc. Loose Rotor Bars may
<-35dB = Serious also cause Sidebands of

>-45dB = OK. Line frequency around Rotor bar|
passing frequency and 2*RBPF

v 45 dB

1] \4

| \ Zoom
(1X- n*Slip Freq) 1X (1X+n*Slip Freq) Spectrum

Pole Pass Freq. = Slip Freq.* No. of Poles
Slip Freq. = Synch Speed - RPM

Rotor Bar Freqg. = No. of rotor Bars * RPM
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FAULT TYPE

€ MECHANICAL FAULT

Elements Faults
BeEring * Rolling element bearing defect (ball, Inner & outer race, cage)
* Journal bearing defect (oil whip/whirl, wear etc.)
Shaft » Mass unbalance, bent shaft, looseness, rubbing, resonance
Coupling » Misalignment (parallel, angular)

@ ELECTRICAL FAULT

Elements

Faults

Air-gap

 Air-gap unbalance (stator eccentricity, rotor eccentricity)

Rotor, end ring

* Rotor bar breakage / crack

* Rotor bar looseness / open

* Rotor lamination short

* Rotor bar thermal bow due to local overheating
* End ring breakage / crack

Stator

* Flexible stator
* Stator lamination short
* Stator lamination looseness




VIBRATION IN ELECTRIC MOTORS

Fault Frequency Spectrum Action
. 120Hz & &, 252 — =
Air-gap Py ° - HE HIA,
variation 120Hz gi;o_":"'} 120Hz342] -OLDFEOIQt DE XIS EA XX
Stator short 120HZ. 120Hz, harmonics -DEX WA
harmonics
Flexible stator 120Hz 2x 2t 120Hz2+2| beat -NERZLEE IS
Rotor bar 1x 2t sidebands o -
-t ol

breakage Ix (slip freq. x No. of pole) T Bt Al
Rotor 120Hz% fpl EUSE &2 Do B S| B A O] S
eccentricity Ix 1x, 2x @ 120Hz2t2l beat | < HS0l ZdE =+ UAS
Magnetic center . e -HOE =S HESH SOl &
variation 1x, 2x Impact in axial direction = HIEF HOERAS HIA




AIR-GAP PROBLEMS

€ STATIC ECCENTRICITY
« Stator core ovality
* Incorrect positioning of the rotor or stator

€ DYNAMIC ECCENTRICITY
* Bent shaft
* Mechanical resonance at C. S.
* Bearing wear

€ CHARACTERISTICS
* 2 x line frequency (2F, )
« Same symptom of stator fault (2F_, F, £ 2kF))
* Different classification between these faults

@ CAUSES
* Unequal center line of stator and rotor




STATOR ECCENTRICITY, SHORTED LAMINATIONS & LOOSE
IRON

¢ Stator problems generate high vibration at 2x line frequency (2F,).

e Stator eccentricity produces uneven stationary air gap between the rotor and the stator
which produces very directional vibration.

o Differential air gap should not exceed 5% for induction motors and 10% for synchronous
motors.

¢ Soft foot and warped bases can produce an eccentric stator.

e Loose iron is due to stator support weakness or looseness.

e Shorted stator laminations cause uneven, localized heating which can significantly grow
with operating time.

Radial Fp, = Line Frequency (3000 CFIVD)
(for 50 Hz lire frecg)
2Fp

Anmiitude

= 2

Fraquaney
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ECCENTRIC AIR-GAP (VARIABLE AIR-GAP)

e Eccentric Rotors produce a rotating variable air gap between rotor and stator which
induces pulsating vibration (normally between (2F,) and closest running speed harmonic).

¢ Often requires "zoom" spectrum to separate the (2F_) and the running speed harmonic.

e Eccentric rotors generate (2F,) surrounded by Pole Pass frequency sidebands (Fp)
as well as Fp sidebands around running speed Fp appears itself at low frequency
(Pole Pass Frequency = Slip Frequency x # Poles).

e Common values of Fp range from approximately 20 to 120 CPM (0.30 ~ 2.0 Hz)

Fy = Electrical Line Fromency Fadial
Mg =Syreh Speed = 20F/P §
F,=SlipFeq = Ng - RPM L 2Fr
Fp = Fole Pass Freq. =F_*F g "
P =Murnber of Poles T Fr Sidebands arommd 2F;,
i A
Fragquancy
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CASE HISTORY : AIR-GAP PROBLEM

@ CAUSE:
* Motor unbalance, armature eccentricity, flexible stator

& SYMPTOM :
» 2 times of line frequency (120Hz)

o5 ALMAG BFP_MOTOR 28+15 RMS: 10
120 Hz (0.211)
@
=]
0 i\
START: O Hz BW: 4. 7743 Hz STOP: SO0 Hz
B: TIMECR)
: 0.428
c (ARl
o R a it il I
-6

START: 0 Sac STOP: 800 mSaec




ROTOR PROBLEMS

CAUSES :
* Broken/ cracked Rotor Bar
» Broken/ cracked end ring, bad coupling between rotor bar and end ring
» Rotor lamination short, loosed/ opened rotor bar
» Electric arcing between loosed rotor bar and end ring

SYMPTOMS :

Aol B
> SEK B0 BE Yo D/ 32
i o o _ .ed as(m 2o g2 AEY
+ BET BT S Y A0IS 2 A = u
- 2 SUEDA (F) S0 42w
s aEN ESY Bt
- . SERE(10C B2 WS S SUEDA(F) SUS HE UM 55 £514
o 20| LAE FET} = 3 P
Sl Tk gt (2, 3X, 4%, 5x)_4 =0 F,0l SO 42 A
> BEL NS AR = AN = EUELAREPHY 019 ZAEE U FA0 27,0 S0 A=
& ST =T End ring AOISI ®IIR 0FF | - 2F, T 2xRBPF H20| =2 3

RADIAL 3200 LINE FFT

F,SIDEBAND AROUND OPER. SPEED HARMONICS

4X

2X Vibration spectrum

3X




ROTOR BAR PROBLEMS

e Broken or cracked rotor bars or shorting rings, bad joints between rotor bars and
shorting rings, or shorted rotor laminations will produce high 1x running speed vibration
with pole pass frequency sidebands Fp.

e In addition, cracked rotor bars will often generate Fp sidebands around the 3rd, 4th
and 5th running speed harmonics.

e Loose rotor bars are indicated by 2x line frequency (2F,) sidebands surrounding the rotor
bar pass frequency (RBPF) and/or its harmonics (RBPF = Number of rotor bars x RPM).

e Often will cause high levels at 2x RBPF with only small amplitude at 1x RBPF.

Frequemcy

Fadial FpSidebands around 1x, 2x, 3x
Stator

- a

o o

£

2l &

& AL Alld
Frequemep
Fadial 2 Sidebands amund REFP
= EEFF
E | = EBFF =Rotor Bar Pass
"% Frequency= # Baie x FFM
Iilagre tic Field A
T

SAU S W /| AS e AlSH ey



CASE HISTORY 1 : BROKEN ROTOR BAR

@ Broken or loosed rotor bar is occurred when motor is connected with load

¢ 2XF O Fr 20 = 2 S8 FLrE F8 = SAUFa=(pole passing
frequency) Fpe}t Z+2 7+ 2| Zrl % (sideband) A& Fr + Fp &4

A1 MAG UND-1C 07/18/80 RMS: 50

B: STORED RMS: 4
200 22 +

mINS

20 Fr
mINS
701V

o

INS
START: O Hz B¥: 1.875 Hz STOPy 500 Hz
Bi TIME (RY LOADED

aivs L Fr + Fp

ISR N

Y3A0095 IPS

IPS

-B00

STARTy 0 Sec STOP: 800 mSec CENTER: 58.5 Hz BWs 87.5 mHz SPAN:
X» B0 Hz Yi 158.4 mINSrms BND: 192.2 mINSrms

Vibration in broken rotor bar (2,000 HP)

10 Hz




CASE HISTORY 2 : BROKEN ROTOR BAR

¢ Symptom frequency for broken or cracked rotor bar and end ring, shorted rotor
lamination : 1X £ Fp (2 pole motor : Fp =2 Fs, 4 pole motor : Fp =4 Fs)

@ Broadband spectrum (Fig. a) : 1X, harmonics, symptom of mechanical looseness

€ Zoomed spectrum (Fig. b) : 1X £ Fp, 2X = Fp

22 FEB 90 _O%v0B 1122 22 FEB G0 Otv14 1123
.189 = = MD:CT__],EET_.CT .787 rzu.s_cm £3 mgs_‘ [
:3‘ ov;uu.- J.'n;nc RUNNING SPOED
< ol s Fo = 370 ‘ﬂ' indddate
. - . -
L, mormEmasl e
vi 2 3 I_ vi 3
H : 2 s L: 155 3
| I tA—JIAx_ %
g _o_'—{ 3 s . é' R g] roisrass| | L‘ : '
—— ., *_ | A ol ] rore
& g . . = ._T}‘E 1 1l T somancs
o1 4 F-8 45— 0 IBF 1
= a s 2 g ]2 s w t I
RT3 o e t 4
[ arme 1 ‘
SO Y Y 5 o N O Y O 1 O 1 O O I
a) Broadband spectrum b) Zoomed spectrum(1X)

Vibration spectrum for rotor bar fault
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CASE HISTORY 2 : BROKEN ROTOR BAR

@ Zoomed spectrum (Fig. ¢ -d) : 1X, 2X, 3X, 4X 52 o Z M E PPF 22 ol M2 =Y
@ Pole Passing Frequency (PPF) : Fp = No. of poles (P) x slip frequency (Fs)
@ Rotating speed : 1176 rpm, Fs = 24 cpm (0.4 Hz), Fp = 6 x 24 = 144 cpm (2.4 Hz)
@ 4 cracked rotor bars. Xt &M 20| 2 2 17 o[ Alte| Eof ZEHo| LM EHE o|o|
22 FED 90 0% 19 1122
22 FEB 90 O 16 1122 .18y pOL43. CPM = Q- 11
.189 POO2. _ 18Q. F~3 IN/S D-P _[ 780G,
1 »
|-———)2X MNSENG SPEED .
-3 seeED
48 l |
vi 1L piierea vi 3-8-8(3-2
- seslzz
Az i AZ Ispsd
sU L su POLE PASS O —tel POLE PASS
1 5 A 1 SIDERANOS i ]
= =SSR oL :
A - wV) t
A i ;
I U R 0 N S S '
F» 7152.0 i) wnliats sl Subral rlurtunt st v bt
As 78, 3E-3
C:2X & AHEH d:3X & AHEH

J84-11 38N S 2 IS AHEY
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LOOSE OR OPEN ROTOR BAR

& CAUSE : Looseness or open of rotor bar

¢ SYMPTOM FREQUENCY : 8|MX} & §3 Fal=(RBPF)2| o} & =2 F T2
=

» Rotor Bar Passing Frequency (RBPF) = No. of rotor bar x RPM
= =

* RBPF, 2 x RBPF == 3 x RBPFOIM & Z0| CHEF 1.5 mm/sE =2t& | 2H7} &

+ RBPF2} 0|2] =5t & Folol= atstA 2uf M2l Fub=(2F )2l Foi H(sideband)
dZ20l EX

1600 LINE FFT
RBPF = ROTOR BAR PASS FREQ. = #BARS X RPM
2F; SIDEBANDS AROUND RBPF AND/OR 2 X RBPF R B P F i 2 n FL
RBPF +

1X 2X RBPF
< 2XRBPF + 2nF,
\ LLLLA__

360K CPM




CASE HISTORY : OPENED ROTOR BAR

@ Symptom frequency for loosed or opened rotor bar

* Rotor Bar Passing Frequency (RBPF), harmonics (2RBPF etc)

* Sidebands : RBPF * 2F , 2RBPF * 2F

* RBPF: F ., =No.ofrotor bar x Fr = 57 x 1,793 rpm = 102,201 cpm (1,703 Hz)
@ Zoomed spectrum (Fig. a, b)

* RBPF: 0.203 mm/s (0.008 in/s), very small amplitude

+ 2x RBPF: 8.636 mm/s (42 times of RBPF), very large amplitude

*+ 2xRBPF x 2F (7,200 cpm) : sidebands

@ Confirmed over two opened rotor bars by overhaul

17 IIAY- 1% 20 4013
.E-3 INS 0P

TOES3 CPM

”.IF‘J P

<
-

al3 £l 5]
s : 2
o1 ;_ 3 §- g.
-}_‘_‘_“:'J _::ﬂ




STATOR PROBLEMS

@ Detectable Stator problems by Vibration Analysis

¢ STATOR ECCENTRICITY

+ Cause : ¥2f X|HKsoft foot), FIER! 7| =(warped base)

« 3| M Aot DX} Alo|e] S H YT M A ZF(stationary air-gap)| 0|28t AHE
S A7 = HA

e SHORTED STATOR LAMINATION
+ Cause : D™ X M 5o MAHAEA (insulation problem of stator lamination)
CANFA XA E FHERIA & = U= ET LSt 7 A of7|
o 2T A ZEn} &4 3 A H &&= A= thermal induced vibrations 24
e LOOSE IRON

* Cause : Weakness and looseness of stator supports

4 SYMPTOM FREQUENCY : 2F,




VIBRATION DUE TO STATOR FAULT

€ CHARACTERISTICS

XS A FO2 280 (2F)

<HMSI HAS XHoIH, 0| AsHdE2 L=t

CANSS O ZHAOILIHIH SO 2

« 28114 (Pole Passing Frequency)2 S A 20| L MoK 2SS
cDEX UM LM, 2L SE SIS0 o HEDX S0 I

« DX 2K Mo SRE XE

-

ol &2

@ CAUSES

«UHIMOZ = MZD|2 =L 2SS HIS2 HOIA AO|l EEJILEdld ESD12
SEFIM=It LOLXI 1D, 2F 0l 10%0|LHE H 280 S&S 223 = %4—?— RS
X

s NAXAEC 2 A ALOI(SHAL, A M0 MI|N SHEO AN M ASS LM
<EHAOILI DX AHO0 &0l DEXN S0l SUHE e d 2 8s2 EotE 2
2nF (n=1,2,3,..) 42 &M




VIBRATION DUE TO STATOR FAULT

4 DISCRIMINATION GUIDELINE FOR NORMAL/ ABNORMAL

e Peak value of 2F component (120Hz) :
* New or reassembled induction motor (50 ~ 1,000HP) : < 1.25 mm/s

* Operating motor (50 ~ 1,000 HP) : < 2.54 mm/s
» Precision machine tool spindle : <0.625 mm/s

€ CRITERION FOR TREND MONITORING
|eh HH]|) 223 2 JIX|= BT, 2F,
AL flsl AT ER

« Of|X| MHu| (AEfZA[Z MEe| 7 3x|7}
254mm/s & Z1jet &

o I3 X|7} 3H &7I5HHLE
AL ER

« I 3Ax|2] 37|7}4.45 mm/s 0|5te] ot

02

k=1
T

=
S 420l 2F M= z

o| ztof LIEHLIH, HF

ZAIZEAA|

i

e, &

o

SH Al E 7R

o

]

‘ ALLOWABLE AIR-GAP ECCENTRICITY
+ Induction motor 5%, synchronous motor 10% O L}




STATOR ECCENTRICITY

@ Cause : 92f X|Hksoft foot)2t F B8 7[E(warped base) = A IHXIE LM A[Z

€ Symptom frequency : DEX 2= MY F L= 28 =(2F )0l M =2 T SS LY

IR HA 2 o] 2 X|gM o S S WHA|F|= S| XAt T XL Alo[e] B s AX|
= 33 S YA

3200 LINE FFT
RADIAL
2F,
X F = LINE FREQ
l 2X

12K CPM

Vibration spectrum




CASE HISTORY : STATOR ECCENTRICITY

@ Analysis results of Broad band spectrum (Fig. a) :
« F7|x 2l AejZtAFH] 7|2t Soll FSEHALR
S MEE(3,560 rpm) A E £ F=X|: 0.381 mm/s (0.015in/s)
2F, (7,200 cpm) A& T 3 X[ : 5.842 mm/s (0.230in/s)
SHAIR|(HF Y 3)E Zxtste o gt 2l & LY
@ Analysis results of zooming spectrum (Fig. b) :
«B[MKEo| 28] M2 (7,173 cpm) 2] = : 0.111mm/s (0.0044 in/s)
« 2F, & (7,200cpm)e| ZIE : 5.791mm/s (0.228 in/s), 7+& EfEl J SntF ol M 0|
WA BIR g

02 AUG 80 13 44 3012
E-3 =

.7870 %M mlﬂ.rn_L'__szrl_ﬁql
7200.0 CPM (.228 infeec)
- W = 2XUNE
: % ! ¢
z H H
a8 3 .0787 )
B T vt Z
=]
L P ~ €
z
Z > AZ
fd 5 §
a .0079 R —_
3 . g 04 ¥
o i... #3 FEEDWTR PUMP -
T S R ) e | § T
Al Aus 02 1996 10:57
o To0x [N SR NN U RO | | QU S SR NI R—
1X RPM:3600  Cursor Frequency : 7200 Amplitude : 0.2300 .0008 =

8414 SEBEIISE TSI DEX BN XS




SHORTED STATOR LAMINATIONS

@ Causes : poor core construction of stator
o) & EX| HH0{(heavy punction burr), E& S Md, 2% A T H(core plate insulation),
HE RHHUES2 R JHH2 EA &, olE E2 Mo dst R 35 =2 Z=2 =22y
AA =
—Oo O

@ Symptom frequency : 2X (rotor), 2F_ (stator)

d

JAXtet B MR 2= REZe| FEHA SI7t= H A TH2b(core shorting)e &M & LHER

. 1A
o HEME DX MER IFA M E FECA E = U= EDLSHE, IFEEH HE oA
= A1, 2HA|1ZH FA A sHAH MEE 5= A= E 017| T S(thermally-induced vibration)
= 2
o B3| &S pick-upol 23] et X EHH et FHER2 ANMEER ol = HE =5
o HECI#E XAMAZRE 0 22 37| chetE HA M7 E Z4X]7((detector) 2 0| &
3200 LINE FFT
RADIAL
2F,,
1X Fp,= LINE FREQ
l 2x Vibration spectrum
A

12K CPM




PHASING PROBLEMS

¢ Phasing problems due to loose or broken connectors can cause excessive vibration

at 2 x line frequency (2F,) which will have sidebands around it at 1/3rd line frequency
(/3 FY).

e Levels at 2F, can exceed 25 mm/s if left uncorrected.

¢ This is particularly a problem if the defective connector is only sporadically making
contact and periodically not.

Radial

2R 1/3 Fy, Sidehands aromd 2F;

Anplitude




RECOMMENDED MAXIMUM MEASUREMENT FREQUENCY

€@ FAULT FREQUENCY IDENTIFICATION
¢ In low frequency region :

* Fmax = 200 Hz (12,000 cpm), 3200 FFT line, 2 Average

2F WEA TS| RS H ole =3t E AEFS B IS

e In high frequency region :

*Over 4 pole motor : Fmax= 6 kHz (360,000 cpm), 1600 FFT lines, 8 average

*2 pole motor : Fmax = 4 kHz (240,000 cpm), 1600 FFT lines, 8 average

* Detection of RBPF and its harmonics

3|MA ol £8 RaE FPE 52 FOS YoM 2F AR S HE
ol £




