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1 Compressorsurge is commonly
known to cause violent compressor

E———————————{ '] PIDING ViDrations; however, a
3 pre-surgecondition caused by

Flow instabilities in centrifugal compressors can produce | sage stall can exist which causes

low frequency turbulence and pulsations which can result| boundedrotor vibrationsat
subsynchronous frequencies.

- : resent in centrifugal and axial
and attached piping, speed modulations, and reduced _Qompressorsand Sieliio

compressor performance. High frequency pulsations in | aerodynamic excitation which is
one of the main sources of

rotating equipment typically occur at multiples of running | subsynchronousvibration (Ref.

frequencies and can excite blade natural frequencies and | excited vibrations and forced
vibrations. The self-excited

and acoustical natural frequencies are generally at lower | first critical speed of the shaftand
are controlledby the stability of the

frequencies and are not excited by these pulsations. retor and oil film. Forced vibrations
of the rotor are caused by the
|_aerodynamic excitationdue to
stage stall or full machine stall and

i
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in nonsynchronous rotor vibrations, vibrations of the case Flow modulationis nearly always

speed such as blade, diffuser and nozzle passing \‘/i’bzrgtgrgtggzsb%feiuob;s@;&?g;?

radial shell wall resonances. The piping lateral mechanical | ViprZrions generally ocour nearthe

| Fig, 1. Cutaway of Turboexpander/Compressor lllustrating Inlet Modifications.
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Compressor Vibration
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are influenced by the acoustical
response characteristies of the
combined compressor and plping
systems. Examples of rotor and
piping vibratlans ef the latter type
will be presented.

These forced vibrations have the |
following characteristics:

1. The subsynchronagus vibrations
oecur at the lower flows negr surge
and are bounded in amplitude (as
opposedto unstable shaft
vibrations which san increase until
the shaft contacts stationary parts
suchas seals). —

2. The asynchronousfrequencies
are lower than the running speed
frequency.

3. The asynchronousamplitudes
are afunction of the tip speed and
gas density.

4. The asynchronous shaft

. L etign
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= ¥\ inlet (elbow)

Pressure Ratio

vibrations and pulsationsare phase
coherent,

5. The asynchronous pulsations
generally occur on the discharge
_unless there are inlet flow
distortions.

6. In multi-stagecompressorsthty
asynchronous pulsationsare

stages.

determined by the acoustical
responses of the entire system
including the compressor internals
iand the piping. Many times there
iare multiple harmonicsof some
basic responsefrequency.

8. In centrifugalcompressorsthe
-excitations are often associated
with stage stall in the diffuseror
return channel.

SYMPTOMS OF
FLOW INSTABILITIES

i

Oftenthe most obvious
indications of flow instabilities are
low frequency piplng vibratiogs. -
The asynchronous pulsations are
generally less than 10 psiand
seldom exceed 1% of line pressure
ion high pressure units. The
pulsations gcouple at the Eiping
elbows to produce a ghaking force
which can be signifjcant in large
| diameter piping since the Ehifﬁ-‘ya
fforce js approximately equal to the
pipe cross sectional flow area
multiplied by the pressure
pulsations. For example, an 8inch
pipe with a pulsation of 4 psi could
have a dynamig shaking force of

| generally associated with the final 1

with flow sptitter

without flow splitter

Flow

iof 400-500 ibs; however, centrifugal
piping systems typically have very
ffewclamps due to the thermal
fflexibility requirements and thus
fthe pulsation forces can produce
high vibration amplitudes on the
piping.

Another indication of the
occurrence of flow instabilities is
Increased shaft vibrations caused
by the pulsation forces on the rotor.
These can become excessive if the
agoustical response coincides with
one of the damped natural
- {frequencies of the rotqr.

Athird indicationis a |oss of
performance due to stage stall or
surge of one or more of the
impellers. Many timesthere wijl be
asmall drop in head as one
particular frequencyis excited. As
the flow is further reduced, multiple
freguency components are
sometimes excited which
drastically reduces the performance'
(Ref. 2),

Two ease histories are briefly
reviewed to illustrate the effects
an d symptoms of subsynchronous

approximately 200 Ibs. Overhead
piping can normally be clamped

2

pulsation and vibrationin

centrifugal equipment.

g ) ] | Fig. 2. Compressor Performance Test Results.
7 The pulsation equencies are. Bjmm———————————————— |

iand restrainedto withstand forces -_GASEA.—TURBOEXPM:I_QEBJ—

| COMPRESSOR

A turboexpander/compressor
unit installed in a gas progessing
plant experienced numerous
mechanical failures and low
frequency, high amplitude
vibrations on fhe piping and
housing. The performance of the
unit was less than predicted. The
unit operated from 11,000-13,500
rpm (183-225 Hz) and the piping
vibrations were primarilynear 12 H.

Tests ware made with special
instrumentation Installed on the

‘unit to identify the source of the
excitation. Pressuretransducers
wererequired to determine the
aerodynamic excitation; proximity
probes and a torsiograph were
installed to confirm the existence
and to assess the severity of the
resulting vibrations.

Pressure pulsations were
measured in the expander inlet and
discharge piping andin the
compressor suction and discharge
piping. Low frequency pulsations
near 12 Hz were measured in the
compressor suction and discharge

1 piping. There was no indication of
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‘the low frequency, puisationsg in the
; expander piping where:the
! pulsations occurred primarily; at
' multiples of running speed.
i Analysis of this:data indicated that
i the low frequency exclitation was.
. primarily associated with the
| eompressor suction.
Vibrations of the expander/
i compressor shaft relative to-the
. bearing housing were measured:
with proximity probes. Two probes
' were instatied near each bearing 90
| degrees apart ta obtaira shaft
| vibration orbit. The shaft vibration
orbit showed total vibrations of
approximately 4 mils peak-peak.
} The shaft vibration at the running
speed frequency was oniy 1 mil
white the subsynchronous
' vibrations were approximately 3
mitg. The shaft orbit was unsteady
and similar to whirl phenomena
experienced on shatt instability
vibration problems (self-excited
vibrations); however, the amplitude
remained bounded. The shaft
vibrations and suction pulsations
were coherent whichindicated that
the shaft vibrations were forced and
caused b)(]the pulsations.
e unit was operatingnear
13,000 rpm, speed modulations of
500 rpm at approximately 12 Hz
were measured wlth atorsiograph.
The speed modulationwas
obtained by analyzingthe
tachometer signal from a magnetic
pickup with a frequency-to-voltage
converter. The speed modulation
was another indication that the
loading was not constant which
suggesteda forced aerodynamic
excitation on the system.
As shownin the sketch in Figure
1 the suction piping was
perpendicularto the compressor
shaft and the gas flow had to make
asharp 90 degree turn to enter the
compressorimpeller. There were no
iniet guide vanes or turning vanesin
the compressorinlet chamber. It
was determined that the problem
was caused by turbulenceoccurring
at the inlet of the compressor
impeller. A flow splitter was
fabricated on-siteand installed in
the inlet chamber directly in line
with the suctloninlet and the
vibratlonsand pulsations were
stgnificantiy reduced and the
compressor performancewas
improved. Similar flow splitters are
| ysed ininduceddraft fansto
preventinlet vortices which create
rotating stall conditions (Ref. 3).

TABLE |
COMPARISON OF VIBRATIONS AND PULSATIONS
-+ WITH DIFFERENT INLET MODIFICATIONS
Without With Modified
o — Splitter __ Splitter Inlet
Shaft Vibration
Mils peak-peak 8
Compressor — Orbit 3.54 25 1.2
Running Speed @ 13000 rpm 1.1 0.9 1.1
- Expander — Orbit 1.5 1.0 0.7
Running Speed @ 13000 rpm 05 0.5
Torslonal
speed modulation, rpm
~Peak-Peak Speed Modulation 500 400 40
Primary Frequencies, Hz 1,6911 1,3,56,11 6,12
Pulsation
psi peak/Hz
Compressor Suction
Primary Amp/Freq 14112 0.2H2 0.1/6, 0.2112 |
Compressor Discharge
Primary Amp/Freq 2.011 0.2/11 —_
Piping Vibration
mils peak-peaMHz
Compressor Suction at Elbow
North-South @ 13000 rpm 6.0/11 2612 —
e ——————————
Based upon the dataobtained | splitter, and with the elbow inside
with the fiow splitter, acompressor | the case is shownin Table .
inlet modification was designed to
furtherimprove the compressor CASE B. MULTISTAGE
iniet fiow conditions. The CENTRIFUGAL COMPRESSOR
modification used an eibow inside _ . _
the compressorinlet chamber to This multistage centrifugal
direct the fiow into the impeller. A | compressorwas used in agas lift
vertical fiow splitter was added to service and operated near 10,000
ensure that the fiow was properly rpm (166 Hz). At reduced flow rates
distributed over the flow area of the | the discharge piping vibrated
elbow. The inlet modiflcatlon excessively and the shaft vibrations
greatly improvedthe inlet flow increased above the alarm levelson
conditions, reduced the the proximity probe meters. The
subsynchronous shaft vibratlons primary vibrationfrequency of the
and pulsations, loweredthe speed | piping and shaft was 25 Hz. The
modulations, virtually eliminated manutacturer's performance curves
the low frequencypiping andcase | indlcated that the compressor was
vibrations, and improved the operating far to the right of the
-J.compressor performance(Fi%ure 2). | predicted surge curve even at the
_|_ A comparison of the datain the reduced flow rates.
The compressor was operated at

original condition, with the fiow
[
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Compressor Vibration

performance map to determine the
cause of the excitation. Duringthe
testing, puisations wererecordedin
the suction and discharge piping
and the compressor shaft vibrations
were measured with proximity
probes. The compressor suction
and discharge static pressureand
flow was logged on a multi-channel_
strip chart recorder.

The testing was begun with the
compressoroperating at high flow
rates where the subsynchronous
piping and shaft vibrations were not
present. The data was continously
monitored asthe flow rate was
reduced while maintaininga
constant speed. As the flow rate
was reduced to a certain flow
condition (Figure 3, Point A),
subsynchronous discharge
pulsations and shaft vibrations near
25 Hz would suddenly appear and
the flow rate would simuttaneously
decrease. This flow condition was
considerably to the right of the
predicted surge line. This type of
datawas obtainedat several
different speedlines on the
performancemap (Figure 3, Point
B). Aline drawn through the points
where the subsynchronous
vibrations occurredparalleledthe | -
surge line. This line was considered
to be due to stage stall or surge of Flow

.one or more of the final stages. e

The recycle control valve was Fig. 3. Compressor PerformanceSurge Curve. -

adjusted to keep flow rates to the -

Surge
Surge Limit Contrd Line

Pressure Ratio

|2 i B o e o

right of this new surge line andthe | coNCLUSIONS T REFERENCES

compressorthen operated

satisfactorily without any These two compressors exhibited 1 J. C Wachel, Nonsynchronous | |
subsynchronous pulsationor subsynchronous vibrations which | Instability of Centrifugaf

vibration. As shown this line was had characteristics similarto a Compressors, ASME Paper No. |
considerably to the right of the shaft instability; however, these 75-PET-22.

manufacturer's surge line for the were forced nonsynchronous

2 L Bonciani, L. Terrinoni, [
A. Tesei, "Unsteady Flow
Phenomenain: Industriat
Centrifugal Compressor Stage,"

entire compressor. These stage vibrations due to unstable flow
stall conditions are different from conditions. These two compressor
machine surge and should not be rotors were stable (vibrations were

confused. The machine surgeis bounded) and modificationsto the i ‘

usually much more violent bearings and shafts would not have Z‘;,?.P,g% V;lgégshop, Texas A&M

compared to the surge for reduced the subsynchronous T ,

individual impellers. 1 vibrations. 1., 3 D.R.Smith, J. C. Wachel,
This problem appearedtobe due |  The stage stall and surge Controlling Fan Vibration — Case

to stage stall which preventsastage| conditionsare a function of the Histories,” EPRI Symposium on

from operating stably at reduced entire system which explains why a | Power Plant Fans: The State of the

flow rates (Ref. 4). I the unstable compressor can operate Art,

stage reacts with therest of the ' satisfactorilyon a test stand and 4. David Japikse, “Stall, Stage

system then a surge condition will | then experience problemsafteritis | Stall, and Surge,” Proceedings of

result. Modificationsto the impeller| installed in apiping system. Some | the Tenth Turbomachinery

or channel diffuser would be units can operate satisfactorily for | Symposium, Texas A&M University,

required to prevent the stage stall iseveral years:and then become December, 7981.

and altow the unit to operateat unstable after modifications are

reduced flow rates without made to seemingIK unrelatedpiping For more information, circle

producing tke subsynchronous elements such as heat exchangers | number 108on Me Reader Service

| pufsations and vibrations. or downstreamreceivers. Card in this issve.
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