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Abstract

This presentation discusses rub, Morton effect, parametric excitation, and shaft
crack cases in rotating machines. Rub occurs more often besides unbalance
and misalignment. The current rub topic covers all types of rub. The Morton
effect has similar vibration pattern as the Newkirk effect, though it occurs not
that often. Parametric excitation here is referred to subharmonic behavior such
as ¥2X vibration, due to either rub or bearing looseness. Since ¥2X is touched
here, shaft crack manifested by 2X vibration is also discussed briefly.
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Rub Diagnostics
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1. Introduction

———————
Types of rub Almost always the case in the

field on turbomachinery

* Newkirk effect (thermal rub behavior) manifested by 1X vibration excursion

* Forward precessional full annular rub with 1X vibration when passing
resonance speed

* Reverse precessional full annular rub (dry whirl/whip)

* Bouncing type of rub with fractional frequency (parametric excitation such
as ¥2X at speed of 2 times resonance)

* Morton effect (technically not a rub)

0 Bently Nevada
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1. Introduction (Cont.)

\

Root-causes of 1X vibration excursion:

Newkirk effect

Thermal transient
Steam loading
Changes in alignment
Changes in unbalance

Morton effect
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1. Introduction (Cont.)

Thermal Bow Effect of Rub — causing 1X amplitude & phase to change

High Spot

Rubbing Spot | F = A(t)e!* !
mre where
Seal A(t) : Amplitude varying with time

a (1) : Phase lag varying with time

1X Orbit

/Location

Increased 1X Orbit

Q) BentlyNevada
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Case 1: Steady-state and transient data

9-MW Steam Turbine Generator

4350 rpm on turbine and 1800 rpm on generator
High turbine vibration tripped the unit

Tur OB VEL Vert

I Iy

Tur IB VEL Vert

i

 Steam Turbine

/\

Tur OB Vert Tur IB Vert

S
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Case 1: Steady-state and transient data (Cont.)

\
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Case 1: Steady-state and transient data (Cont.)

\
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Case 1: Steady-state and transient data (Cont.)

\
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Case 1: Steady-state and transient data (Cont.)

1X polar plots from
proximity probes
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Case 1: Steady-state and transient data (Cont.)

1X polar plots from
seismic transducers
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Case 1: Steady-state and transient data (Cont.)

\

Waterfall plots from
proximity probes
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* Super-harmonic
components (2X, 3X,
etc.) could exist all the
time due to runout on
probe-viewing area
whether a rub occurs
or not.

AMPLITUDE: 0.8 mil pp/div

* Rich harmonics may
not be a good
indicator of rub from
proximity probes

AMPLITUDE: 0.8 mil pp/div
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Case 1: Steady-state and transient data (Cont.)

\

Waterfall plots from
seismic transducers
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indicator of rub from seismic
transducers.
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Case 1: Steady-state and transient data (Cont.)

Signs of rub as seen from
turbine rotor and top case

I

Turbine rotor A B Turbine top case
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Seal clearance setup was found to be incorrect!
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Case 2: Transient data only

\

¢ 28-MW Steam Turbine Generator
3000 rpm on turbine and 1800 rpm on generator
* High generator vibration tripped the unit

-

Steam Turbine

\\\\\\\\\\\\ Speed
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N J
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Y
Y a5°L | 45°R ) X
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o ="
View \ o SR \ N
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Case 2: Transient data only (Cont.)

\
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Case 2: Transient data only (Cont.)

Orbit plots (waveform-compensated)
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ROTATION: X TO Y (CCW)

Distorted orbits with abrupt
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changes due to rub

Rub disengaged
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Case 2: Transient data only (Cont.)
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Rub diagnostic rules in steady-state vs. transient condition

\

* Insteady-state condition, polar plots give the most meaningful indications
of rub.

* Intransient conditions, bode and orbit plots may give the most meaningful
indications of rub.

* Intransient conditions, trend or polar plots may give less meaningful
information for rub diagnostics.

* Distorted orbit may pinpoint the rub location in steady-state/transient
condition. But many rubs can occur when orbits are very smooth and look
normal.

0 Bently Nevada

Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.



Summaryv and Discussion

Selection of vibration data plots for rub diagnostics

Type of Speed Key features to look for
plot condition

Trend Stead-state Mainly screening to see If 1X vibration excursion occurs
Polar Stead-state How 1X vectors are rolling against shaft rotation

Bode Transient Comparison of shutdown vs. startup data

Orbit All Any distorted orbit (waveform-compensated)
Waterfall All Onset of rich harmonics

0 BentlyNevada | S
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There are more rub cases including those due to grounding brush
(forward 1X rolling vector) in the following paper:

Yu, J. J., 2013, Rub Diagnostics Based on Vibration Data, ASME Paper GT2013-94203,
International Gas Turbine & Aeroengine Congress & Exhibition, San Antonio, Texas.

0 Bently Nevada April2,2019 23
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file:///D:/Users/204028941/Desktop/Publication by John Yu/Rotor Dynamics/GT2013-94203.pdf

Rub due to Oil Coking/Varnishing

\

e Oil coking:

due to heating of oil from hot steam, gas flow, etc.

e Oil varnishing:
due to oil quality, over loading, electro-static discharge (ESD),

degradation of oil, etc.

0 Bently Nevada
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Case: Rub due to oil coking/varnishing
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L' 0015 mm
I nd Il —

T 1 1T1KT31002

11%FT340030 = 12992 rpm C MEZTEA0044

' 0052 mm - -0.080 mm

- — 15 10
12 um pp .:___:, = 51 q Flll: 15 um PP

2973 rpm

11 T21007
S um pp

1 11KT31001 |

CAdY TEAANT o TIWETZ1012
~' P TR ? vTaio08 4K

T T21012
14 um pp
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Case: Rub due to oil coking/varnishing

\

W TIWHTI1010 — f45° Right 1% 24JAN2019 13:38:33  5um pp /NA 13010 rpm
==MRECI101 Trai  From 24JAMNZ2019 133833 To 28JANZ019 14:38:33 Historical Alarm + Transient + Trend
w 11WHT31010 /45° Right Direct 24JAN2019 13:38:33 8 um pp 13010 rpm
==MRCIT01_Trai  From 24JANZ0TE 15:38:33 To 25JAMNI0TE 1315833 Historical Alarm + Transient + Trend
241AMNZ019 240AMZ013 241AMNZ019 25JAMNZ01S 25JAMNZ019 25JAMNZ01S 25JAMNZ0TE
13:38 17:38 21:38 01:38 0538 09:38 13:38
D ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
BELOWY MIN AMP _ | _ . _ | _ . _ | _ . _ | _ . _ | _
L e O S SN -
. I | | | | | | | | | o A | | | | | | | /\1 |
35 0 T N N R -
i
£° i | | | | | |
Tw 45 —]
- i | | | | | i
60 | | | | | | -
25 | | | | |
B I I I . . I . . . I i
l | | | Z Z | Z Z Z | _
fof | . | . | . . | . . | )
] % i | Z | Z | Z Z | Z Z | _
=2 10 | j | 1 | | j | : : | ]
E = = | ﬁ i Z | ﬁ ﬁ i Z Z | _
- [ | : | | | it | -
i | | | | | | | | : | | ~
i . . . | Z I Z | Z Z I Z Z | _
" I:I E I- I -I i | I | i | I | i | I .I i I- I | i | | | |
13:38 17:38 2138 01:38 0538 04:38 13:3!
241AM2019 240AM2019 241AM2019 25JAMZ01S 25JAMZ019 25JAMZ01S 28JANZ0TE

TIME : B0 Mins fdiv
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Case: Rub due to oil coking/varnishing

:‘y"1w}==:‘r31|:l1lil E £ 45" Right  1x Hum pp /350 13009 rpm 11JANZO19 13:35:0411T31010 El F45°  Left 15 Hum pp /133° 13009 rpm 11JANZ019 13:35:1
mmlFC3101 _Tre From 11JARNZ01913:35:18 To 258JAM20149 13:35:143 Histarical Alarm + Transient + Trend ==iFE G301 _Tre From 11JAMZ019 133519 To 28JAMN20159 13:35:19 Histarical Alarm + Transient + Trend

- urm pp - urm pp

200 20

BELOWY MIM AMP (Flagoed Data Plotted) — _

= =

0 0

4 | o

20um pp FULL SCALE COW ROTATION § 20um pp FULL SCALE CCW ROTATION
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Case: Rub due to oil coking/varnishing

£11TE30674 — /90° Left Temperature 11JAN2019 13:49:22 89 deg C NA
=MMECIT01 Trat From TTJARNZ0T9 13:49:28 To 29JANZ20TY 1353:459:28 Historical Alarm + Transient + Trend
F1ITEI0ETE Jom Left Temperature 11JAN2019 13:49:27 91 deg C NA
=MRECSTOT Tral - From TT1JANOTE 13:49:28 To 2aJAN2074 154828 Historical Alarm + Transient + Trend
1[“:' I | I | I | I | I | I | I | I | I | I | I | I | I I
_ . . . I . I . | . , . , . _ . | . _ . . _
i MU e o . Rt i SR, e -
- i | | | | | | | | | | | | | . Increésing Trend |
[ ]
- Bearing metal temperature trend |, - - - - -
1 .=
OO - -
=
— - —
T2
Fo T :
" I:I | | | | | | | | | | | | | |
T3:44 13:44 T3:44 13:44 13:44 1344 T3:44 13:4!
T1JARZ019 TaJARZ019 TadARZ2019 T7JARZ019 19JAM2019 21JAMN201Y 2aJARZ201Y 2EJAMZ20TE

TIME : 12 Hours fdiv

Se=e—— == |
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Case: Rub due to oil coking/varnishing
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Forward full annular rub case on a rotor-kit

—— down, no rub

U1
-

~
-

N
-

— down, rub

N
-

N
-

Direct Amplitude in X-Direction (mil pp)

—— up, norub

X DIR AMPL: 26.7 mil

—— up, rub | A=

/ Y DIR AMPL.: 26.6 mil

\ /orb" N L]
Rotation: XtoY 1610 rpm

0 . ,
1000 1200 1400

Comparison of direct responses
between rub and no-rub cases

Note:

- Resonance speed
region with rub is
greatly increased
during runup.

- The rotor may bounce
inside the seal with
almost continuous
contact.

1600 1800 2000
Rotative Speed (rpm)

0 Bently Nevada
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Forward full annular rub case on a rotor-kit

200

Comparison of 1X responses
between rub and no-rub cases

N
o1
o

w
o
o

w
o1
o

| Note:
4510000 1260 14IOO 1660 18I00v ‘2-(;00 ) SynChronous (1X)
precession is dominant.

N
o
o

1x Phase Lag in X-Direction (deg)

Rotative Speed (rpm)

(N - 1x phase angle changes
=] smoothly during runup,
/ - o o

quite differently compared

with no-rub cases.

30

—— down, rub

1x Amplitude in X-Direction (mil pp)

O 1 1 1 1
1000 1200 1400 1600 1800 2000

Rotative Speed (rpm)

0 Bently Nevada -
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Reverse full annular rub case on a rotor-kit

....... Yoo YT
) Triggered during startup
without outside disturbance
- Direct/orbit response

Direct Response

1x forward 1x forward
(before contact) (after contact)
= 50 [ | | | | | | | o N Ote:
=40 : N\ —_— Three regions are distinguished durin
= - | | | | | | 5
= S TN | 1Start of re ] 0y 0 o eg0 40
§ [ Rlamuas | transition from contactinitiation to
0 — A '  reverse full annular rub:
o | [Start of rot’or/seal; ; ’ /w | : -
< 10 |contact E—_— / | : .
e "1 3 \ = (1) Dominant 1x forward
0 p— ' T —
1000 1200 1400 1600 1800 2000 (2) Dominant 1x reverse

Rotative Speed T3 I
otagive Speed (rpm) and then transitional speed-independent

reverse

(3) Reverse full annular rub with a fixed
frequency

Reverse full annular rub
Ix reverse Reverse (maintaining contact afterwards)

0 Bently Nevada ”
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SPEED: 100 rpm/div

Reverse full annular rub case on a rotor-kit

|
i
|

Q

Triggered during startup
without outside disturbance
- Full spectrum cascade

0.5X 1X 2X
A
e —— = . — A \'—g":‘
/" . l A ~‘./\V f —
— 1 4
N2 — — 7 — :
I /A
T :; l’ i ~— // = '
’ 4 \/ J | Z .‘\ . X
. Y 1 ~7 3X
N/
2000 | — F——
p / | | . Ny R .
/ P 7
= . A/ - - / "
: ' '_[I ' 7/"
N \ ———— . ., :
1500 ] A 4 _Z
] / /.
] 7 7
| ' 7 7
| 7 7
{ ya 7
| V4 /.
] i 7 y4
1000 —L 7 Z
—7 7 7
I — Z
+— 7——
T—7 77
LA —A L
500 ] 7 7
| I A 4 4
I/ / /
7 7 —
1 / I | { | ||
] 1 [ ] 1
6 -4 -2 0] 2 4 6

REV VIB COMPONENTS

FREQUENCY:0.5 kCPM /div
CCW ROTATION

FWD VIB COMPONENTS

1 1 | L1 I 1 I L1 1 1 I

Note:

* Synchronous 1x response component
almost disappears during the full annular

§ rub.

e + Three speed regions during contact:
= (1) Dominant 1x forward

g (2) Dominant 1x reverse

and then speed-independent reverse
(3) Reverse full annular rub with a fixed
frequency (2300 cpm in this case)

0 BentlyNevada
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Full Annular Rub, including both forward and reverse
dry whirl/whip, are typically not seen in real
machines.

The following papers can be viewed in ASME Journal of Engineering
for Gas Turbines and Power for detailed information

Yu, J. J., Goldman, P., Bently, D.E., and Muszynska A., 2002, Rotor/Seal Experimental and Analytical
Study on Full Annular Rub, Transactions of the American Society of Mechanical Engineers, Journal
of Engineering for Gas Turbines and Power, Vol.124, pp.340-350.

Yu, J. J., 2012, On Occurrence of Reverse Full Annular Rub, Transactions of the American Society of
Mechanical Engineers, Journal of Engineering for Gas Turbines and Power, Vol. 134, 012505.

0 Bently Nevada
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file:///D:/Users/204028941/Desktop/Publication by John Yu/Rotor Dynamics/J of Eng for Gas Turbines & Power -RotorSeal Rub.pdf
file:///D:/Users/204028941/Desktop/Publication by John Yu/Rotor Dynamics/ON Occurrence of Reverse Full Annular Rub by JY (ASME J Eng Gas Turbine Power 134, p 012505).pdf

Morton Effect
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Morton Effect

e “Rubbing” on oil film.

e Looks like seal rub, but no rub sign on stationary
parts.

e Often very smooth 1X rolling vector on polar plot.
Looks like smooth orbit on polar plot.

e Typically on overhung compressor bearing

0 Bently Nevada
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Morton Effect Case

SECHiE

s s

42\VE16024F

15 Bl
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Morton Effect Case

¢TAZVET1B024E [—] 27NOVY2018 15:52:41 42VETeDZ24C | — 1 2FNOVY2018 15:52:41 1um pp
wmd 2-C-1601 From 27MNOY2018 12:52:41 To 03DECZ201M S 1gs=4 2-C-1601 From 27MNOY2018 15:52:41 To 03DECZ2018 1

Iy Iy
o & b

TRIP RMURTIPLY « & 0 0 0 0
100 & MF'L FILTEHIHG [MINrMAHJ .

TRIP MULTIPLY + & ©
100 e MF'L FILTEHING (r-ﬂIN.-MAHJ

I
i =2 ! i .=
0OX ' : 0
= 4 : ==
= E 50 ! ' = E 50
. = ——
x : | 30
I
04 03
15:52 15:52 15:52 15:52 15:52 158
2INOV2018 29MON 2018 01DEC2018 29MON 20185 D1DEC2018 0350DEC c
TIME : 8 Hours Jdiv TIME : 8 Hours Jdiv
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Morton Effect Case

FA2VEIBO24E [— ]| ST um pp /142" 2808 R 42VE16024C [— | 57 um pp /234 2801
- 2-C-1601 From 29NOV2018 21: 2000 To 29NOV201 8 Jes42-C-1601 From 2SNOV2018 21:20:00 To 29N0OV201¢
= um pp um pg
100 10

MAX) =

£

0 —(

100 um pp FULL SCALE CONROTATION § 100 um pp FULL SCALE COW ROTATION
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Morton Effect Case

- - T Lq T - “; - - L" ) Mew Plot Session - Trend Plot [New Plot Group4] Plot 1 — ] >
A MNew Plot Session - Trend Plot [New Plot Group6] Plot 1 — [] >
. o Lube Oil Cooler Outlet T [/—] ZNA 02DEC2018 09:22:26 38 deg C NA
W42VEIB024C — /80" Left  02DEC2018 06:50:09 28 um pp ZEF" - 2955 rpm _ $842-C-1601 From 28NOV2018 15:07:32 To 06DEC2018 12:28:00 Historical Alarm + Transient + T
= 2-C-1601 From 286NOV2018 15:07:32 To 06DEC2018 12:26:00 Historical Alarm + Transient + T 4z
W 42VE16024C | | f90°  Left 02DEC2018 06:48:21 32 um pp 2964 rpm
=42-C-1601 From 28NOV2018 15:07:32 To 06DEC2018 12:28:00 Historical Alarm + Transient + T ! ! L L . L ! !
28NOV2018 JONOV2018 02DEC2018 04DEC2018 06DEC2011 : T \v“\__f—“x_ -
1507 15:07 15:07 15:07 15:07 -
b . 1 . , | SRS N ST S A T T SR — )
16 ENDERSPEED: |+ | | | — — ——
360 BRAMPLE FILTERING (MIN-MAX) o .
L 3BOF 11 i1 —
23 360 SN SR R R P .= _ -
5 320 i L
w g 360 | P i - -
= i i i i
g% 360 I L i = L i
=" 360 | L :: S3
O | | - | =8 20 - . . - - . . -
Z 5 o L i
100 [ | I [ . : 1 | " _
1 | | | . . 1 . : |
B 80 . | : Lo L. . . L L . S L
E-_—% 1 | | 1 . : 1 . . | . . 10— - - : . - . - : : - - : - . - ©
E = &0 [ | [ [ . : [ . . | : A N _
- N | I I . : [ . . |
%I: 40 | | e - 7
[ | - 4 é—--a.-j'.a. s ,:.-; - _l__m:! e L = -
20 aal | | S S e ety R _ -
I d | | | I I . . I . . |
DI 'I ; i I ; 'I T ; : i ; i ; ; i ; 'I i ; 'I i I' ; ‘ D T | T T T T I T I 1 T I T I ] 1 h
. . ' 15:07 15.07 15:07 15:.07 159
4 . 15:07 15:07 15:07 .
286NOV2018 JONOV2018 02DEC2018 04DEC2018 06DEC201: LENOVINNS SMNOVE0NS G018 MOEC2016 06UEC-201

| TIME : & Hours /div TIME : 8 Hours /div
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Parametric Excitation
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Introduction

Non-fractional (such as oil whirl, approx. 0.35X to 0.47 X)
Subsynchronous

vibration

Fractional or subharmonic (such as »2X, 12X, %X, etc.)

 These two types of vibration can be confused.

* Oil whirl, sometimes called half-frequency whirl, is not
at fractional ¥2X frequency. It is typically below 0.5X.

* Though high resolution spectrum helps to determine
the frequency (unable to zoom to “0” Hz), orbits with
Keyphasor® dots, provide the best tool to distinguish
between these two types of vibration.

0 Bently Nevada

Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.



Introduction
0.47X (Oil Whirl) T ST S

|
I
P

. Brg #3 X

-2

AC COUPLED
0.2 mil Jdiv

One shaft revoldtiar
L L R B

0.2 mil Mdiv i_i C

2 msec Jdiv
HOTATION: X TO % [CCW)] 8385 rpm

Keyphasor dots are moving on the orbits

0 Bently Nevada
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X Vibration

Introduction

v BRG 3v-Sync Wavetarma s

K4 E1 o i .
5 — ﬁ
0 R Y RN
L o o =
5
% | | | | | | | | | | | | | | I | E
] O #: BRG 3%-Svnc Waveijcurm#E =
— U —
3 I R N
£ - o o
e e
| | | | | | | |
I — a1l I 150 200 25l
10 ms/di

FOTATION: & TN (LW

Keyphasor dots are locked on the orbits
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Theory
Equation of motion of the Jeffcort model:

d X dx 5
FD—+ K(Qt)X = mrQ” cos(Qt —
M+ D K@) (Qt - )
K(t)
If we have nonlinear step-changing ek
stiffness K(Qt)within each . e l -
synchronous 1X vibration cycle | 3
0 2;7z Ar Pt
sin o
AK | 2AK < na
K(Qt) =K, - - Z cos| nQt + —
27 T N 2

0 BentlyNevada
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Theory

For the case n=1 (neglecting damping), the homogenous solution
can be simplified into the Mathieu Equation

d4x

dr?

where

1 1

T=—W+—-q,

2 4

H(5+26€0s27)x =0

Thus, the principal instability region is approx. determined by

51 <le]

and the unstable solution is dominantly composed of COST andSIN 7 terms.

This is exactly the ¥2X vibration.

0 BentlyNevada
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Theory

. . a
Assume @(range where AK occurs)issmall. —— sin 5 ~ 5
Thus the unstable speed region due to step-changing stiffness:
20, < Q< 20, [11 AR . for AK >0 Normal-tight
K
and
20, |14 AR <Q<2m,, forAK <0 Normal-loose
' 7K,
where W, = ﬁ
\'M

0 BentlyNevada
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-

Steam Turbine

Brg#l |

Case One

Brg #2 Brg #3

Brg #1 to #4

-

Generator

J

Radial Proximity Probes

Y

45°L

CCW

op , X

R
=

Brg #4

* 3600-rpm, 25 MW steam turbine generator.

* Journal bearings.

* Vibration excursion from approx. 2 mil pp (~50 pm pp)
to 12 mil pp (~300 pm pp) at Bearing #3 at 2 MW, due to
onset of ¥2X vibration.

0 Bently Nevada
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Case

One

n' BRG 3 [—] /45" Left Direct 02MARZ006 16:52:54.754 11.769 mil pp 3602 rpm
==enerator From OZMARZO06 162710 To 02ZMARZO06E 16:457:45 Steady State
w BRG 3Y — 545“ Left 0.5 02ZMAR2006 16:52:54_.754 10565 mil pp FNA 3602 rpm
==Generator From 02ZMARZO06 162710 To 02ZMARZO06 16:57:445 Steady State
n' BRG 3 — fdﬁ“‘ Left 15 0ZMAR2006 16:52:54.754 2.722 mil pp /64’ 3602 rpm
==enerator From OZ2MARZO06 162710 To 02ZMARZO06E 16:457:45 Steady State
02mMARZO06 02MARZO06 OZ2MARZO0G OZ2MARZO0G OZ2MARZO0G O2mMARZO06 O2mMARZO06
162704 163204 1R 3704 1R 4204 1R 4704 1652049 1657049
] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] |
0 FILTER MOT SETTLED _
Trend plot at R B
. b 150 | 1X phase lag _
Bearing #5 Y-Probe , Gt = o ;\| B
g & i e | i
I u
S | | | | | |
i | I | I | |l |
511 :
i | | | | |P"j |
File
N | | | | Z Z Z | ' | ]
_ | | | | Z Z Z | [
B | | | | Z Z Z Z Z | ]
10— | | | | 1 Z Z Z -
A n | | | | /ZX I
W = - . -
= [ | | | . . | . . -
e o — | | | . |2
JE  F , , , Direct -
T o 5 | . . . . | . | ' ' -
~ | L : | I
B | Z Z Z Z | Z | | ]
== s ! = } = ————————— ]
— : | L S .
I:I L T 1 Jl_ B I__Jl- L L T__i_ |
16:27:.049 16:32:04 163704 1h:42:04 164704 1652049 16:57:049
02mMARZO06 02MARZO0R OZ2MARZO0G OZ2MARZO0G OZ2MARZO0G O2mMARZO0G O2mMARZO0G

0 Bently Nevada

TIME : B0 Secs idiy
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Case One

Shaft centerline plot at Bearing #3

W BRG 3v-Avg Ga [—1 f45" Left REF-3.736Y

0.000(0.000 0.000;02MAR2006 16:27:09 861

w' BRG 3x-Avg Ga 458" Right REF-8.621Y 0.000
.-.;Eieneratnr From DZ2MARZO06 16:27:10 To 02MARZO06 16:57:45
72X reached the highest 12.9 mils at

16:53:02 (3573 rpm) UP

Steady State

%X disappeared at
16:53 :27 (3299 rpm)

1B 53

5l
b
-]
—
=
—_
0

16

106} :09. 0934

Tripped after reaching 1 1643 .
12mils just before 16431
16:53:00 (3593 rpm) 16:42:09.03 19 Ao
16:41:09.035 § N\V
- 16:40:44.037 § S
i 16:39:49 040,5% o)

W1 5455 06D
6o 10,277
ML BT 11176

%X started at
16:46:39

_|_

QBentlg BB

AMPLITUDE: 002 il idiv
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Orbit plots
at Bearing #3

0.5 mmildicdis

0.5 mmildicdis

(a) Without »2X at
16:46:34

.~ orbral
- direction - -

(c) Full-blown %X at
16:52:59

(b) Starting 2X at
16:46:39

0.5 milfcdiv
Up
Bl - ——orbital direction - - B

- 2locked: N
- Keyphasor dotson : % :
o orbits:

IR

0.5 rmiliciv 3466 rpm at 16:53:14

0 BentlyNevada
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Case One

Waterfall plot from Bearing #3 Y-Probe

02 Mar 16:34:54 529
02 har 16:32:29.839 f——
02 Mar 16:30:04 5449
12 Mar 16: 27 34 SB[ pumeqransmueuonymatop:

Tz Onset of ¥2X | I
l 1X
Prior to onset of 2X

L |\x I I i"l'"ll Al I I 1 | -

02 Mar 16:49: 54 7 EeRE B T T ER R A - T E Ol B2 T B o Rty e s aB02 -
Aottt S U 7 v .'ﬂ'j‘ : 1 .
02 Mar 16:47:24 777 A\l o 1 =
: l y — =
02 Mar 16:44.54 757 ' 1 =
02 Mar 16:42:24 738 ] E
02 Mar 16:39:54 505 _ E
02 Mar 16: 3724 518 1w
4
4
4 =
1 =
— I
1 =
1 =

FREGLEMC™: 200 CPRicdiv

Indicative of natural frequency at near 1800 cpm or half of the
running speed (most likely due to suppressed oil whip), prior to
onset of ¥2X.

0 Bently Nevada
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Case One

Spectrum plot from Bearing #3 Y-Probe

el
b

144

o bbb
< 2, S

APLITUDE: 0.4 mil ppidiv

T
III|III|III|III|III|I

I:I':.II.'II-IllllllllI|IIII|IIII|IIII|IIII|IIII|I

0 1 20 4 40 =¥ =¥ T o
0.2x i

Primarily ¥2X component
without significant harmonics

0 Bently Nevada

Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.



xial groove
earing

Oversized bearing.
Diametral clearance
0.005inch (127 pm)
higher than its spec

 Damage on the bearing
surface.

0 Bently Nevada Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.



sjgaft orbit

158
"~ 945 :
b vl

2220
454
75
1554

o 7 Highvibration damaged the

/ bearing wall.

a3 T f—r

\
HERN // 1,

Orhit ;

AMPLITUDE: 1 mil fdiv
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There are more Y2 X vibration cases in the following paper:

Yu, J. J., 2010, Onset of 1/2X Vibration and Its Prevention, Transactions of the American

Society of Mechanical Engineers, Journal of Engineering for Gas Turbines and Power,
\Vol. 132, 022502,

': )BentlyNevada April 2, 201956

Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.


file:///D:/Users/204028941/Desktop/Publication by John Yu/Rotor Dynamics/Half X Vibration Paper (J Eng Gas Tur & Power FEBRUARY 2010, Vol 132  022502).pdf

Case Two

* Cross-compound steam turbine generator unit with HP speed
3600 rpm, LP speed 1800 rpm, and rated output 750 MW.

* Vibration monitored by proximity probes at each bearing, plus
seismic sensors. Data collection performed to support its
startup after outage.

P Turbine P HP Turbine .
(1800 rpm) SN-.g ‘ k (3600 rpm) .

@ & E
’. ‘\ e =

-

v '} .

o~/ -i

0 BentlyNevada
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Case Two

Problem:
* During startup when the unit was staying at warmup speed of

1800 rpm, vibration reached 20 mil pp at HP generator drive end
bearing (Brg#5) and therefore tripped the unit.

* |[ts root-cause needed to be determined as soon as possible to
avoid any delay in unit startup.

GEN BRG6 EXC BRG7

0 BentlyNevada
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Case Two

Trend R US HP Kph 90R [—] /90° Right Speed 14JAN2018 07:09:13.496 1793 rpm 1793 rpm
P From 14JAN2018 04:25:07 To 14JAN2018 07-09:13 Start Up
pIOts H E : I . : . : . : . : : .
eneE 7 1 T T . ] E
2o S0 P bbb ' L 4
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«=HP Generator Fro 1L}1.IJLHED1E 04:25:07 To 14JAN2018 07:09:13 Start Up
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o Brg 5 X —\| /4 Right 12X 14JAN2018 07-09-13.496  20_41 mil pp .
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DIRECT AMP: 0.517 mil pp

& Y:Brg 5 Y-#1 Sync Waveform E| édE—“ Left
DIRECT AMP: 0.540 mil pp

@ X:Brg 5 X-#1 Sync Waveform 45" Right

#=HP Generator 14JAN2018 05:37:07.143 Start Up Direct COMP
1801 rpm FS: 0-64 X SMPR: 128/16
L2
Up
A
I +
R _‘ Al
+ R TR +
+ SRR SRERE +
0.2 mil'div ROTATION: XTO Y (CCW)

Case Two

Changing with time at 1800 rpm

w Y:Brg 5 Y-#1 Sync Waveform o édE—" Left DIRECT AMP: 2.314 mil pp o ¥:Brg 5 Y-#1 Sync Waveform | o édE-" Left DIRECT AMP: 1.363 mil pp
o X:Brg 5 X-#1 Sync Waveform 45° '45 deq. Left TAMP: 1.269 mil pp o X:Brg 5 X-#1 Sync Waveform 45" Right DIRECT AMP: 1.748 mil pp
waHP Generator 14JAN2018 05:57°07.055 9. Direct COMP waHP Generator 14JAN2018 06:17:06.967 Start Up Direct COMP
1800 rpm FS: 0-64 X SMPR: 128/16 1799 rpm FS: 0-64 X SMPR: 128/16
Y- +2
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£ Y:Brg 5 Y-#1 Sync Waveform [—] éd? Left DIRECT AMP: 2,683 mil pp
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W :Brg 5 Y-#1 Sync Waveform [E] édE" Left
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o
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[ P - T A MSNT ATk W T W ASIAR
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Eéa? Left
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Orbit/timebase plot

o Y Brg 5 Y-#1 SyncWaveform
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Polar plot

Case Two

Changes in 1X vibration vector. Rub?

I]'EIIEII]

06 :IIIII]'

WBroSX [/ /45 Right 14JAN2018 06:47:06835 392 milpp /61
w=HP Generator From 14JANZ2018 00:50:11 To 14JAN2018 07:23.03 Start Up
F
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Case Two

Waterfall plot Abnormal ¥2 X and its multiples during shutdown

a’ Brg 5 Y-#2 Async Wavet éqﬁ“ L eft Full Spectrum 1
o Brog b X#2 Async Wavef 45"  Right _x
==HF Generator 2
From 14Jan2018 00:50:12 To 14Jan2018 07:23:07 otatUp  14Jan2018 07:09:17.594
EANone SPECTRAL LINES: 800 RESOLUTION: 37.50 CPM
FS: 0-30 k CPM
I | I | I | | | | | -
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r — s 4 _ =
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Direct, 1X, and ¥2X bode plots plots

Case Two

X maintained until 1631 rpm during coast-down

W Brg5X — /45° Right Direct 20.02 mil pp INA 991 rpm 14JAN2018 07-14:25.332 I¥Brg5y — /45° Left Direct 17902 milpp /NA 991 rpm 14JAN2018 07-14:25.332
== HP Generator From 14JAN2018 07:09:15 To 14JAN2018 07:26:03 Start Up s==HP Generator From 14JAN2018 07:09:15 To 14JAN2018 07:26:03 Start Up
WBrgs5X — /45" Right 1X 14082 mil pp /69" 991 rpm 14JAN2018 07:14:25.332 I BrgsyY — f 45" Left 1X 19.555 miil pp /86 99 rpm 14JAN2018 07:14:25. 332
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Case Two

W USHPKph9OR  [—] £90° Right Speed 14JAN2018 06:07:07.011 1800 rpm 1800 rpm

- - From 14JAN2018 00:50:11 To 14JAN2018 07:23:03 Start Up
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of Brg 3 X-Avg Gap 0.0 ¢ Brg 4 X-Avg Gap 0o Brg 5 X-Avg Gap -1.23# Brg 6 X-Avg Gap 01
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Case Two
Analysis

Root-cause of much higher vibration:

* 1Xand ¥2X components ? - Yes
» 1X, followed by dominant ¥2X (20 mil pp),thus tripping the
unit. ¥2X maintained above 1631 rpm during shutdown
 Shaftbow ? - Yes
» High runout at low speed during shutdown (10 mil pp)
* Change in bearing condition ? - Likely at Brg#5
» Normal shaft centerline plots except at Brg#5

0 Bently Nevada



Case Two

Analysis
Root-cause of much higher vibration (Cont.):
* Rub? - Yes

» 1X vectors changed at constant speed

» Much higher runout during shutdown, indicative of shaft bow

» Distorted orbits at Brg#5

» Likely due to changes in shaft centerline position

 What caused Y2X vibration ? - oversized bearing

» Y2 X occurred at 1631 to 1800 rpm during shutdown. The first
critical speed is 991 rpm. Thus, the %2 X frequency was at 815-
900 cpm < 991 cpm. Normal-tight or normal loose?

0 Bently Nevada
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Case Two
Analysis

Root-cause of much higher vibration (Cont.):

* Bearing damage? - Most likely
» At constant speed of 1800 rpm and during coast-down, shaft
centerline position was far beyond the bearing clearance
boundary at the bottom at Brg#5.
» Unfortunately, bearing metal temperature reading was
iInvalid due to the sensor issue.

0 Bently Nevada
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Case Two

Conclusions

* Brg#5 appeared to have been damaged based on shaft
centerline position.

* Rub seemed to occur, causing varying 1X vibration and
distorted orbits, plus significant shaft bow during shutdown.

» 52X vibration occurred due to oversized bearing (normal-
loose).

0 Bently Nevada
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Case Two

Recommendations:
* Open Brg#5 for inspection

e Check rub locations

0 BentlyNevada
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Case Two

Inspection & Findings :

* The findings indeed indicated
Brg #5 bearing wiped, mostly
at the left bottom with
additional 42 mils clearance
due to wear beyond as-left
clearance of 24 mils in vertical B&N
direction, matching the N\
diagnosis. Obviously the wear
was due to journal rubbing

against the babbitt surface. Babbitt wear at
the left bottom Fracture due to

0 Bently Nevada Copyright 2018 Baker h eat




Case Two

Inspection & Findings :
* |t was found that a fine strainer was mistakenly left, causing

oil reduction and starvation, and finally wiping the bearing.
Bearing was shipped offsite to be re-spun.

* Rubs occurred on inner and outer oil deflectors at Brg #5 as
well as that at adjacent Brg #4 generator side. All three

were shipped offsite for teeth replacement.
* Brg#5 H, seal casing oil deflector rubbed and replaced with
new one.

* Adjacent Brg #4 turbine side oil deflector clearance and
alignment acceptable.

0 BentlyNevada | S
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Case Two

Inspection & Findings :

* No damage was observed on Brg#5 journal surface, and its
dimensions were verified to be acceptable.

0 Bently Nevada
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Case Two

Resolution:

* The bearing was repaired and re-installed correctly.

* Damaged oil deflectors were replaced with new ones.

0 Bently Nevada
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Case Two

Final vibrations:

/45

W brg 5 Y-#< Async Wavetorm B
;45

W Brg 5 X-#2 Async Wavetorm
s=HF Generator

=rom 21Mar2018 19:10:39 To 21Mar2018 23:04:27
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| eft
Right

Full Spectrum
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21 Mar 21:10:38.178 /= _. = 3601
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Case Two

Final shaft centreline plots:

t:ﬁr;: 3 Y-Avg Gap [—1 0.78)# Brg 4 Y-Avg Gap [—] 1.14 #Brg 5 Y-Avg Gap —1 0.51|"Brg 6 Y-Avg Gap — ] 0.82
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Case Two

Lessons Learned:

Correct assembly after outage should be ensured to avoid costly repairs. All important
sensors should be ensured working properly.

The %X vibration up to 20 mil pp was due to the increase in bearing clearance, not
simultaneously due to a rub against the bearing wall.

However, rubs did occur, which first damaged bearing babbitt surface and resulted in a
change in shaft centerline position. This change caused the shaft to rub against oil
deflectors. All these rubs were indicated by 1X vibration excursions.

Shaft centerline is one of the most important plots in machinery diagnostics. It was used
to diagnose bearing damage correctly when bearing metal temperature reading was

Invalid.

Had the vibration issue be simply treated as rub, followed by re-start without in-depth
data analyses and actions, further catastrophic damages would have occurred.

0 Bently Nevada

Copyright 2018 Baker Hughes, a GE company, LLC ("BHGE"). All rights reserved.



Shaft Crack Diagnostics
-1X & 2X vibration monitoring
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Shaft crack case

Machine train diagram
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{:}f Turb ExH =
Chirect
Gap
1=

x{:} Turb EXH ™
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Shaft crack case

of TUbEXHX — /45 Right 1X 280CT2017 02:19:21 046 mil pp /142 184 rpm urbEXHY — /45" Left 11X 280CT2017 02:19:21 048 mil pp /230 184 rpm
= linit 5 From 260CT2017 11:51:49 To 02ZNOV2Z017 11:51:49 Historical Alarm + Transient + Trjs=Unit S From 260CT2017 11:51:49 To 02ZNOVZ017 11:51:49 Historical Alarm + Transient + Tr
a? Turb EXH X | | [a5° Right  Direct 280CT2017 02:19:40 0.96 mil pp 467 rpm UrbEXHY | | [45°  Left Direct 280CT2017 02:18:49  0.60 mil pp 20 rpm
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Shaft crack case

'#'Turn EXH X Velocty — /45 Right 11X 280CT2017 02:19:21 0.002 infs pk £ NA 184 rpm urb EXH Y Velocity — /f45° Left 1X 280CT2017 02:19:21 0.002 in/s pk £ NA 184 rpm
== lnit S From 260CT2017 13:18:40 To 02NOV2017 13:18:40 Historical Alarm + Transient + Trend Unit 5 From 260CT2017 13:18:41 To 02NOV2017 13:18:41 Historical Alarm + Transient + Trend
o Turb EXH X Velocity | /45" Right 2X urb EXH Y Velocity [— ] /45° Left  2X 280CT2017 02:1921 0002in/s pk /NA 184 rpm
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; TIME : 8 Hours /div TIME : 8 Hours /div

urb Inlet X Velocity — 45" Right 1X 280CT2017 02:19:21 0.002 infs pk NA 184 rpm urb Inlet ¥ Velocity — ﬁ45° Left 1X 280CT2017 02:19:21 0.002 infs pk ;fHA 184 rpm
wmlnt 5 From 260CT2017 13:18:41 To 02ZNOV2017 13:18:41 Historical Alarm + Transient = Trend Unit 5 From 260CT2017 13:18:41 To 0ZNOV2017 13:18:41 Historical Alarm + Transient = Trend

urb Inlet X Velocty [—] /45° Right 2X urb inlet Y Velocity [— ] /45° Left 2X 280CT2017 02:19:21  0.002 infs pk /NA 184 rpm
wmlnit 5 From 260CT2017 13:18:41 To 02ZNOV2017 13:18:41 Historical Alarm + Transient = Trend Unit 5 From 260CT2017 13:18:41 To 02ZNOV2017 13:18:41 Historical Alarm + Transient = Trend
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Shaft crack case

w Turb EXH Y 45" Left Full Spectrum
W TUrD EXH X 45" Right
==Lnit 5

From 300ct2017 070242 To 01Mow2017 094547
[E3Hanning SPECTEAL LINES: 800 RESOQLUTION: 0625 HZ
F5: 0-500 Hz
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Alarm + Transient + Trend F10et2017 1754833
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Shaft crack case

FTub EDXNX — [45° Rght X [14T 2934 rpm 0INOV2017 09:01:19

RUNR 5 . From 260CT2097 11,4114 To Q2NOV2017 114114 Alarm « Transient « Trend
urd EXH X | [45° mgnt 22X [128° 2954 rpm 0INOV2017 09:01:19
' From 260CT2017 114114 To O2ZNOV2D1T 114194 < -~ TV Y .

~ gn : o - 12.82 mi pp, 128 deg, 2954 rpm, 0INOV2017 09:01:19|

: o0 1000
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Shaft crack case

Direct compensated orbit of the TURB EXH bearing at 3035 RPM during shutdown

Turk EXH ¥ Lett SYMCH WE AP 344 mil pp ™ Turh Inlet ¥ [— faa* Left SYMCH WE AP - 417 mil pp
Turk EXH 45" Right SYHCH WYWF AP 645 mil pp e Turk Inlet % 45°  Right SYRHCH WE &P 5.45 mil pp
s=lnit 5 01 MOY201 7 09:01:17 Histarical Alarm + Transiert + Trend  heslinit 5 0 MOV201 7 0901217 Hiztarical Alarm + Tranzient + Trend
S 0125 ¥ ShPR: 2565 5 0-128 X ShPR: 2565
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Shaft crack case

WTUhEXHX — /45 Right 11X 4. 68 mil pp S175° 3633 rpm O1INOV2017 09:01:05
==Unit 5 From 01MOY2017 08:564:48 To 01NOY2017 09:48 16 Historical Alarm + Transient + Trend
W Turb EXH ¥ f45" Right 1%
==Unit 5 From 02JUL2015 23:30:43 To 03JUL2015 03:35:37 Hot_SD_Ref Rant
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B mil pp
5.3
UNDERSFEED (Flagged Data Platted -
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Shaft crack case
Inspection and Finding Cracks on torque tube that joins the compressor
and turbine sections of the rotor

Air separator sleeve
\

Holes admit air for
cooling turbine disks

Air separator sleeve

bolts to torque tube
via this flange —

Balance-weight holﬁ

Torque tube

Last compressor
stage =
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