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Unacceptable vibrations levels where experienced during
commissioning of a new compressor test facility. Two separate
ISsues were encountered during commissioning: a synchronous
vibration response while crossing the first critical speed (natural
frequency), and at higher shaft speed, a subsynchronous
vibration that locked to the rotor first natural frequency. The likely
source of the instability was oil trapped in the hollow shaft of the
compressor test assembly. The addition of a wire mesh damper
paired with a carefully designed tri -lobe canted journal bearing
eliminated both issues.
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A NDTL designed and constructed a compressor test facility to replace a
decommissioned small compressor test cell.
A 3MW at 60kRPM

A The facility drives an existing (50 year old) compressor test assembly (CTA).

A The compressor and CTA both proven over decades of work.
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A The new facility uses a different gearbox than the old facility.
A The design involved a super -critical quill shaft
A An accurate rotordynamics analysis was not feasible  z not enough info.
A Approach: carry the risk and establish rotordynamics parameters during

tests.

A Unacceptable vibration levels discovered during facility commissioning.
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The Test Facility

NDTL Motor

NDTL Gearbox

Compressor Test Assembly
(customer furnished)
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High Speed Rotor System

Gearbox High Speed Pinion
Quill Shaft

End of Quill Shaft

|
Customer CTA Shaf

Gearbox —_

Compressor Test
Assembly

iu—‘.

_ j [ » Stand \—f Spline Connection
i .:n_‘f—i

= Annular Sea
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Bearings and Instrumentation

Additional Bearings in Compressor

KEY: Y Proximity Probe
O Ball bearing

Roller bearing
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Hollow Quill Shaft Connections

0 |

Spline Connectio

Ball bearing

Spline Connection

Spline Connection

Roller bearing
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Simple Beam Element Model of

Gear Box (GB) Qutput Pinion and Quill Shaft

' Quill Shaf

GB Output Pinion
e -

A

T_ [ ] T =
|'_ — L = Lﬁﬂ] This spring represents the
Ks Kg Keta CTA connection stiffness.

«——— Not enough information
~ available to estimate its
magnitude.

GB Output Pinion Ball Bearings

(parameters supplied by vendor)
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Simple Beam Element Model GB & Quill Shaft

Critical Speed Map vs CTA Stiffness

If CTA support
stiffness (K. IS
low, modal
crossing will be at
low speed.

[ Spin/Whirl Ratio = 1, Modes =1,2,3

10° 10* 10° 10% 107 108
Bearing Stiffness

~Second mode remains
above operating speed
“range (~3060k rpm)

~maximum mapping speed

~minimum mapping speed

If KeralS stiff, modal
crossing could be within

the operating range.

Preference was to cross first critical at low speAdselect asoft quill with the
assumption that the CTA connection had low stiffness.

e e
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Initial Configuration — Campbell Diagram

Reached
~12.5kRPM
= critical speed

Target:
~55kRPM

Frequency (Hz)

15kRPM

Must add damping

30kRPM

00000

55555

0000000000 (‘)

Shaft speed (RPM)

00000

54" TURBOMACHINERY
& 41 PUMP SYMPOSIA




Next Stejidd a Fluid Film Bearmg

13

Four lobes journal bearing
DI 1 dEmonédEiny n®pp é
MIL-PRF23699 oil (%stat 100 C)

——r

Spline Connectior

‘ -‘ Bearing
ll

Quill Shaft

/

/

Air Seal

Cusfomer CTA
Shaft

RBUMA
D DOSIA



Add a Bearing — Campbell Diagram

Reached
~29kRPM
(483 Hz)
Above

crit speed

Subsynchronous
response

Target:
~55kRPM

Frequency (Hz)

15kRPM

Shaft ='s:'|5eed (RPM)
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Add a Fluid Film Bearing —Major Outcome

Fixed (reduced) the large amplitude of
Synchronous response issue,

but found a subsynchronous whirl frequency
tracking shaft speed A Source unknown.




Next StefBhange Bearing Type & Add Dampmg

APressure dam bearing
DI n @M onédElny n ®pB p €

AEnd sealed squeeze film damper (SFD)
I.I

DI ndTpnés |
AMIL-PRF23699 oil (5cstat 100 C)

nonnqy

/ Quill Shaft

Customer
CTA Shaft

Spline Connection

Air Seal

L
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Pressure Dam Bearmg + SFD Campbell Diagram
N

1E |-

Reached]”
~40kRPM-

15kRPM 30kRPM
s -

Second Ru

(B
v7.49 |
s00{ TA
£ mils P2P

Frequency (Hz)

0.7E [~
Reached

vvvv 15kRPM sokrPm ~ ~31kRPM

17 Shaft speed (RPI\/I) / a)
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Change Bearing again, add SFD — Major Outcome

Adding the squeeze film damper seemed to
h e | porhetimes!

First run after rebuild shows rotor Is stable, but
not later runs. This was a repeatable behavior.




Next StepGall the Experts

Trapped fluidcan result in

subsynchvibes at fractions of shaft
speed ~70%

Prof. Aﬁdolfo Delgado

¢CKFO Aa | f20 27
friction on the rotor Is bad, are they
lubricated? Wait a minute, can that

get out or Is itrapped?

\

Prof. Emeritus Luis San Andrés

JAY
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Instability Hypothesibrapped Fluid

A First run stable, later runs not.
A Sub-synchronous frequency |~70% shaft

speed. gy

A Evidence of oil trapped inside hollow

shaft .

A Per drawings: no path for oil to escape

(see next chart)
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Oil Flow Path

OIl Collects

Spline Spline Spline Spline
Connection Connection Connection Connection

Modification for oil drainage was not an option Z only thing to do was add
more damping and use tuned rotordynamics model to select bearing.
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Next Step GChange Bearing & Add Wire Mesh Damper

ATri-lobe canted bearing

DI nd@MmonédEn nclk n dPp e € X
AWire Mesh Damper (WMD)
DI ndcnoés
AMIL-PRF23699 oil

7 -

Wire Mesh Damper

n oc |

O

Taper Arc

54" TURBOMACHINERY
& 41 PUMP SYMPOSIA



Frequency (Hz)

Tri-Lobe Bearing + WMD — Campbell Diagram

VA

mils P2P

stable rotor

15kRPM 30kRPM

40kRPM

00000

1
is80 20000 25000 ELITTY

00000

|l
|

Shaft speedRPM)

» -
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Root Cause Analysis Summary

Original rotor system design did not have enough damping to traverse its first
critical speed.

The addition of damping (and some stiffness) was effective at reducing the
amplitude of synchronous response while crossing the first critical speed.

A subsynchronous whirl instability likely caused by oil trapped in the rotor
appeared above the first critical speed and locked on to the first critical mode.

Implementing atri  -lobed bearing and a wire mesh damper resolved the
Issue. The bearing parameters obtained from a rotordynamics stability
model.

24
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When venturing into new territory, do not skip the book
chapter on instability!

Contact experts when no more apparent options are known!

Thanks!!

Questions (?)
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RelevantLITERATURE

Instability due to Trapped Fluid



Trapped Oil T TurboLab Researc

STABILITY OF AROTOR PARTIALLY-FILLED WITH FLUID: TEST FACILITY AND
EXPERIMENTAL RESULTS

Marie Kasprzyk', John Sentmanat?, Adolfo Delgado’

Texas A&M University, J. Mike Walker '66 Department of Mechanical Engineering, College Station, TX
2Georgia Institute of Technology, Woodruff School of Mechanical Engineering, Atlanta, GA

ABSTRACT (C) Isometric View

Fluid trapped in a hollow, rotating component may lead to
subsynchronous wvibrations, resulting in high vibration
amplitudes. This asynchronous response is observed around
0.55-0.9x after passing through the first critical frequency and
affects large rotating equipment such as centrifuges, fluid-cooled
gas turbines, and jet engines. A test rig is designed to evaluate
this self-excited asynchronous vibration. The high-speed rig
comprises of a flexibly-mounted rotor partially filled with fluid,
with an overhung test chamber providing an unobstructed view
of the liquid surface. A squeeze film damper provides external
damping and allows operation through the asynchronous
response when the test chamber contains a large amount of fluid.
The results show the rotor response with different fluid depths
and external damping values as the rotor-bearing system
transverses the first critical speed (cylindrical mode). The
experiments show that only a small amount of oil (~20 mL) is
required to induce asynchronous excitations, and increasing the
fluid depth increases the amplitude of vibration. External




TurbolLabResearch 2023

STABILITY OF AROTOR PARTIALLY-FILLED WITH FLUID: TEST FACILITY AND
EXPERIMENTAL RESULTS

Trapped Fluid?

Marie Kasprzyk', John Sentmanat?, Adolfo Delgado’

1Texas A&M University, J. Mike Walker ’66 Department of Mechanical Engineering, College Station, TX
2Georgia Institute of Technology, Woodruff School of Mechanical Engineering, Atlanta, GA
Asynchronous

PAPER EXPERIMEN = —
{ Data collection ends - 7 g
{ at 4000 rpm (67 Hz) ~ - - =
E 3600 f Asynchronous (.925x) J/ A
| starts 3753 rpm (77642_.5 Hﬁz)ﬁ —

4 Synchronous

_—

Speed ( rp

3000 : ,

ing

2600

Runn
N
W
-
o
Amplitude ( 0.8 mil pp/div)

1900 —

1400 = 7
0 20 40 60 80 100
Frequency (5 Hz/div)
Figure 6 Waterfall plot displaying the response from 0-4000

(0-66 Hz) rpm. The asynchronous response begins at 3753
rpm after adding .025 mils (mm) of fluid to the test chamber.



Trapped Oil T Chevron Energy RCA

A Sub-Synchronous
Vibration Problem:

Trapped Fluid in
Compressor Coupling Spacer

Diagnosis and Resolution

John E Sutton
Chevron Energy Technology Company Pty Ltd

Perth, Western Australia
% TU%% john.sutton@chevron.com

September 10-13, 2007

https://oaktrust.library.tamu.edu/server/api/core/bitstreams/dfbd9dd2 -fO0e2-4c75-9528-895a7d9f7abc/content
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Trapped Oil T Chevron Energy RCA

FPSO
(oil processing
storage, and offloading)

-~

e T T

{
E e
s

The Recovery Gas Compressor on a new offshore gas

platform would run for only a short time before
developing vibration in the driven end shaft bearing,
near the coupling to the power turbine.
e v YTy ==
e = I e
131

"
AEF B

After the vibration started, it would gradually increase

(~1 hr), the compressor would be restarted and the
cycle repeated.
Initial investigation by the vendor reported that the
vibration was not mechanical in nature. i Y S ~
A ey o £ B Compressor . ‘ s :
Gas Processing el location ABARI Oil Production
Platform (old)

and Export
Platform (new)

Some wells newly
recompleted
as gas wells

The vibration was sub-synchronous, with a vibration
frequency at 93% of compressor operating speed.

-f0e2-4c75-9528-895a7d9f7abc/content
30
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Trapped Oil T Chevron Energy RCA

- ! “1.22 mils @196 Hz - ° EE Lube oil inside coupling
. | | ROOT CAUSE FREQUENCY . | ] o . _ -
C | | : L — . Spinning coupling creates internal vacuum to draw oil inside.
1.0 - -
: [ ' ! ! | ! . Trapped oil spins at slightly slower speed than compressor speed due
: 0 : : : S : SRR : . to viscous drag.
% C | | | S Trapped oil accumulates over 10-30 hours to point where unbalanced
S <[ | R B . mass causes vibration.
B 0.5 - S ]
Pb | | < 039 mils @216 Hz e Action:
o | A | | 1 I ] Drilled 4 small weep holes to allow oil to be thrown out from within
_J | R (I N R coupling.
0.0 - LI T T Il T 1 Jll & Ml | I Il_ 1 T | J_{J‘W Ll T | J| T ] R I . 7 o
u! 100 0 91:( ix 300 400 500 esult: (2 sach oo of a5l
' FREQUENCY: 20 Hajdiv =1 Solved vibration problem.




Trapped Oil T Chevron Energy RCA

Power

) Compressor

Turbine (
Shaft A

Drilling 4 weep holes in the spacer allows the
lube oil to escape, preventing the oil
accumulation and consequent vibration. Qil
returns to the lube oil tank through the
coupling housing drain.

/) Shaft

4,000 rpm
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Trapped OIl - Siemens RCA

Non-reproducing synchronous rotor
vibrations due to trapped oil inside
couplings

B F Koop, M P Buse
Siemens Nederland B.V., The Netherlands

F M de Jongh
TurboCare B.V., The Netherlands

Figure 1: typical configuration of a string test




6-TRAPPED Olgiemens RCA

DESCRIPTION OF STRING TEST

The vibration phenomenon was observed during an API mechanical running test.
This is a common test in the turbo machinery industry in which the compressor and
its driver are tested in a train configuration. The test is performed with the
compressor under vacuum, so minimum load is applied.

The compressor is a centrifugal compressor of the Siemens range STC-SV (08-5-A).
The rotor contains 5 Impellers and is supported by oil lubricated tilting pad
bearings; the rotor weight is 369 kg with a bearing span of 1376 mm.

The gas turbine is of type SGT-400, a typical twin shaft with a maximum speed of
9000 rpm and generates approximately 13MW shaft power. The power turbine is
directly connected to the compressor by a flexible coupling (figure 2).

A5

X
-
\J

Lamellepaketverschraubung darf nicht 'S S bz ;
$ hd $
¥

5410 R geldst oder angezogen werden! - <
Al ] ool Hightlen o foceen fhe 1o o =l | N |-, 5
- sl

o i 5

16 M3 bl

Figure 2: example of a flex disc package coupling ”



Trapped QOil - Siemens

On the other hand its influence on
vibration behaviour is easy to test with
| sealing the coupling spacer. Test runs
with a perfect dry coupling spacer and

| repeated warm and cold starts revealed
| perfect reproducing vibration in terms

I of phase and amplitude. However with
injecting only minoér amounts of oil,
starting with 10 ml (8,4 gram) the non-
reproducing behaviour immediately
returned. Increasing themount
stepwise to a maximum of 200ml shows
as expected an increasing effect on

~ | b N phase and amplitude of the vibrations.
' rouen o e =| By this the conclusion was drawn that
Figure 9: typical sub-synchronous vibrations the root cause for the problem is the Figure 6: injection of oil in the
entrapped oil, against expectation. coupling spacer

CONCLUSION

A structured Root Cause Analysis (RCA) approach by eliminating all relevant
potential failure causes has led to the root cause and effective remedial actions.
Finally an unexpected mechanism of trapped liquids was found, leading to
significant vibrations and project delay. Therefore following is concluded:

the root cause of the observed phenomenon is entrapped oil,

the weep holes as designed for this application were not sufficient,

sealing of the coupling spacer has solved the problem,

further investigation is required to obtain proper model of this phenomenon.

B WN -
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JSME Oill Inside Diaphragm Coupling

Case History

Self-Excited
Vibration

Self-Excited Vibration Caused by Trapped Liquid inside Diaphragm
Coupling

Rotating

machinery

(turbine &
generator)

Object Machine

Observed

Phenomena

Cause Estimation

Countermeasures

and Results

Turbine generator with double reduction gearing that reduces the rotation speed of the high
speed (100,000 rpm) turbine and generates power at 3,600 rpm. See the block diagram shown
in Fig.1.

The turbine and the single reduction gear shaft are connected with a diaphragm coupling. The
single reduction gear shaft rotating smoothly at 100,000 rpm suddenly experienced one day
the occurrence of unstable vibrations as shown in Fig.2 above 80,000 rpm. Their components
were larger than unbalance vibrations, which prevented further acceleration. On the turbine
side, no unstable vibration was observed.

Since it was unlikely that internal damping of the mechanical components was the cause,
considering the fact that the reduction gear shaft was rotating smoothly at 100,000 rpm and
that the system has no shrink fit, design drawings were reviewed to check for any possibility
to allow fluid to enter the interior. In addition, literature search was conducted on the
characteristics of vibrations caused by internal fluid. As a result, it has been revealed that the
fluid is most likely the cause because the fluid could penetrate inside the hollow diaphragm
coupling and that the phenomenon is repeatable with frequencies and amplitudes varying in
accordance with the rotating speeds.

As expected, overhauling of the diaphragm coupling indicated the presence of lubrication oil
on the single reduction gear shaft side. After removing the oil and resuming operation, it was
confirmed that no unstable vibration occurred. Although a path to allow for the entry of
lubrication oil has not been identified, it is assumed that the diaphragm coupling experienced
a high temperature during operation but was cooled down during standstill, which reduced
internal pressure, thus leading to the situation where vaporized lubrication o1l was introduced
inside due to pressure difference during standstill and condensed.

https://www.jsme.or.jp/dmc/uploads/sites/40/2024/04/031 E final HP.pdf
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JSME Oill Inside Diaphragm Coupling

Case History Rotating
Self-Excited Vibration Caused by Trapped Liquid inside Diaphragm machinery
Self-Excited Coupling (turbine &
Vibration generator)

' S——
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JSME T Rotor Containing Liquid

Case History

Self-excited

Vibration
Object Machine I
Observed
Phenomena
Lc
Lb
Cause Presumed
| Stopper~\ e I
)
)
: L
Liquid Analysis and Data
Processing
Fig.1: Shape of experimental apparatus

https://wvvw.jsme.or.jp/dmc/uploads/sites/40/2024/04/369_E_finaI

Unstable Vibration of Rotor Containing Liquid

Experimental centrifuge (rotating body with a cylindrical container including liquid at the
overhang position of the shaft)

When water was being poured into a rotating hollow cylinder, violent whirling vibration
occurred, which was characterized by the facts that: (1) the frequency of whirl was
proportional to the rotational speed in asynchronous mode, (2) the said frequency was
changed to a lower frequency side for increasing water depth, and (3) the violent vibration
occurred in an area close to the natural frequency of the shaft or the frame.

A rotating body containing liquid has a natural frequency of oscillation of the inside liquid. It
was considered that, at an area where the difference between the natural frequency of liquid
oscillation and the rotational speed almost coincided with the natural frequency of the rotating
body, both the inside liquid and the rotating shaft resonated, resulting in enhancement of
violent rotor vibration in a self-excited mode.

Three types of experimental models were prepared that represented rotating hollow containers
with different sizes (Table 1, Fig.1), which were used for frequency analysis of the waveforms
of whirling vibration of the rotating shaft. At the same time, pressure waveforms caused by
oscillation of the internal liquid were analyzed using an ultracompact pressure sensor and an
FM telemeter, together with an analysis of the correlation with rotor vibration. In addition,
oscillation of the liquid surface during rotation was observed using a CCD camera.

By applying a simplified sloshing equation, the natural frequency of liquid surface oscillation
and oscillation mode under the influence of centrifugal force field were obtained (Fig.2).
Depending on the combinations of circumference and axial direction mode, innumerable
liquid surface oscillations are conceivable. Analysis of the internal pressure mode on the basis
of pressure measurements (2, 1) revealed a mode shifting to the circumference direction.
Plotting the relationship between the rotor vibration and the predominant frequency of

o ]e)
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JSME T Rotor Containing Liquid

Case History

Unstable Vibration of Rotor Containing Liquid

Self-excited
Vibration
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NASA Pratt & Whitney 1 Add weep holes

NASA

ENERGY EFFICIENT ENGINE
LON-PRESSURE COMPRESSOR COMPONENT TEST HARDWAI
DETAILED DESIGN REPORT

Prepared by:
C.J. Michael and J.E. Halle I‘C

UNITED TECHNOLOGIES CORPORATION mor
Pratt & Wnitney Afrcraft Group
Commercial Products Division

1983

3.3.2.8 011 Drain Holes

The chance for oil leakage from the number 1 bearing area has heen recognizec
as a potential problem during the Integrated Core/Low Spool test program. Tc¢
avoid the possibility of oil retention in the rotor, six 0.157cm (0.062 inch)
diameter 0il drain holes have been placed in the cylindrical front disk sup-
port of rotor 5 (see Figure 3.1-1). These holes will prevent oil from being

retained in this cavity and thus eliminate the possibility of rotor imbal-

ance. The drain holes allow the oil to drain into the flowpath and eliminate
the necessity of disassembling the rotor to eliminate any collection of o0il.

These drain holes would not be used in the Flight Propulsion System since oil
in the flowpath would contaminate the cabin air supply. They are only being
used as a means to avoid a test problem in the Integrated Core/Low Spnool.

The low cycle fatigue 1ife of the rotor with drain holes was calculated to be
greater than 10,000 cycles.

https://ntrs.nasa.gov/api/citations/19830022156/downloads/19830022156.pdf
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Async Vib Incident in a Jet Engine

The Influence of Trapped Fluids
on High Speed Rotor Vibration

Fluids are often introduced accidentally and trapped inside of high speed rotors. This
has given concern as lo the possible deleterious effects of such trapped fluids on the
system's vibration characteristics. Trapped fluids will induce asynrhronous wbra!ory
molion of high speed rotors al supercritical rotational spee
antined in analytic detail. Assuming that the circumferent
Slwid varies linearly with radius, the generalized shape of

F. F. EHRICH

Manager,

Turbomochinery and Mechanical Systems
Engineering Operation,
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Asynchronous Vibration Incident in a Jet Engine

Some indieation of the pertinence of the analysis is had by
reference to Fig. 6, which represents the abnormal vibration re-
sponse of a malfunctioning jet engine. Figs, 6(a) and 6(b) repre-
sent vibration amplitude and speed traces during a start and 0
acceleration to maximum power. Analysis shows that the un-
typical peak persists to about 6 percent above the onset speed.
Fig. 6(c) shows a spectrum analysis of vibration at a fixed rpm
in the midst of peak response. Dominant frequency is asyn- Fig. 6 Asynchronous vibration in a jet engine rotor
chronous and 0.87 of rotative speed. Disassembly of the engine
revealed trapped oil in the rotor, weighing approximately 0.6
percent of the compressor weight. All these indications form a
pattern consistent with the results of the preceding analysis.

RELATIVE
HARMONIC CONTENT
|

0.6 0.7 0.8 0.9 1.0 11 1.2
HARMONIC FREQUENCY ROTATIVE FREQUENCY

FIG. 6c) SPECTRUM ANALYSIS OF PEAK VIBRATION
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centrifuge
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So in case a vibration analyst reader of these lines encounters a violently vibrating
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5.00~ below rotational frequency, the author suggests to consider this trapped liquid
nstability as a possible root cause
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https://www.linkedin.com/pulse/centrifuge  -trapped -liquid -rotor -instability -j%C3%B8rgen-colding -|%C3%B8rgensen
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SSV due to POOR LUBRICATION and CAVITATION

SUB-SYNCHRONOUS VIBRATIONS OF A ROTOR SUPPORTED ON
POORLY LUBRICATED JOURNAL BEARINGS

L. Smolik’, P. Polach™, J. Rendl™™

25™ International Conference

ENGINEERING MECHANICS 2019 PAP E REX P E R I M E NAL

Svratka, Czech Republic, 13 — 16 May 2019
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SSV due to POOR LUBRICATION and CAVITATION

DESIGN AND APPLICATION OF SQUEEZE FILM DAMPERS
IN ROTATING MACHINERY

by
Fouad Y. Zeidan

1996

us Texas
Luis San Andres

Department of Mechanical Engineering
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Vibes due to OIL CAVITATION

Vibration

Rotating

Vibration due to Cavitation of Mixed Flow Pump Machinery

Self-Excitation

Vertical mixed flow pump, 370min! — 6.5m?/sec — 15.9m (Fig.1)
Object Machine

During a large flowrate operation of a pump in the factory test, excessive vibrations
Observed (12-14mm/s-rms) in the vertical direction (shaft axial direction) and peculiar noises like a
train sound were generated, but partial to rated flowrate operations experienced no problem.

Phenomena

- Peculiar noises called a train sound like “choo-choo” were identified.

- In the large flowrate area, excessive vibrations in the shaft axial direction with a frequency
of 15 to 20Hz (non-synchronous with rotation) occurred, while this frequency varied
depending on the flowrate.

- In the frequency area of this vibration, there is no natural frequency of the structural system
(verified by means of FEM and impact test).

Thus, the above is assumed to be unstable vibrations due to cavitation of the pump suction

portion.

Cause Estimation

https://www.jsme.or.jp/dmc/uploads/sites/40/2024/04/806 _E_final HP.pdf
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Vibes due to OIL CAVITATION

Vibration
L Vibration due to Cavitation of Mixed Flow Pump Rotating
Self-Excitation Machinery
Belore taking counternmeasures
012 : :
Non-sync Axial Vib | —o00sa
s s c==122%Q
e Due to cavitation
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