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Abstract. The paper presents a presence of subsynchronous radial vibration during mechanical running tests of High
Pressure Compressor following APl 617-7th ed. requirement. During the tests it was investigated how was the lateral
vibration behavior while the rotor speed, oil pressure and flow to thrust bearing, load and torque were varied. After
some tests, vibration analysis and literature revised, it was concluded that the main cause of radial subsynchronous
vibration was due to axial subsynchronous vibration of rotor.
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1. INTRODUCTION

Whenever a subsynchronous vibration is found ipexsum of a rotating machine, one becomes a cormEgause
of its potential to induce instability exciting tdemped natural frequency of the rotor system.

During mechanical running tests in vacuum of higlespure compressors, designed to work in off-stuilre
production, subsynchronous vibration (SSV) wereeoled in radial direction using proximitor prob&$wree different
types of compressors were tested and in all of tthenSSV were observed with different frequencies amplitudes.

The tests were carried out as specified by API617" -ed. and the limit of the amplitude of any discrete
nonsynchronous vibration (limited to 5micra) wamstimes exceeded by this SSV.

During investigations, one possible cause for tB¥ Svas the possibility of axial vibration since thavasn't any
axial load in thrust bearing. Although axial vibeat is not usually monitored in industrial area,oirder to check the
veracity of this proposition, it was proposed meamguaxial vibration while the following parametexgre varied:

« Oil pressure

+ Oil flow rate

« Rotor Speed

 Load on thrust bearing
e Torque

2. TEST PROCEDURE AND COMPRESSOR DATA

In this paper is presented the data of tests choig with two different compressors model whichl we named

hereinafter “A” and “B”. The tests were performedldwing these main steps:

Run up the rotor up to overspeed with no load,esthe rotor was running in vacuum.

Running the compressor during four hours in maxinmamtinuous operating speed (MCQOS).

Changed the oil pressure and flow to bearings tas veas running in MCOS.

Coast down of rotor without torque.

Running the compressor with load, during perforneatest, but in speed lesser than MCOS, otherwise, t
compressor and test bench could be damaged.

A dynamic signal processing instrument was usetktord the vibration data. The software providesjdiency
spectrum, orbit, trend and waveform. As show inufigl, two radial probes were mounted in each hgugiurnal
bearing, 45 degrees off top dead center, and ah jpoaximity was mounted at end of the shaft. ABts were run with
ISO VG 32.

PoooTp



Marques, Weber and Ishimoto
Subsynchronous Radial Vibration Induced by Axial Vibration

Fig. 1. Diagram of probes assembly
(a:axial probe; b: Radial probes; c: no drive eedring; d: drive end bearing; e: thrust bearing)

Measurements include rotor speed, oil supply presshbearing pad temperature, oil flow for each vidlial
bearing, axial displacement, suction and dischprgesure of compressor.

Information of compressor design and representatata from the tests are provided in the followsggtions to
relay the main points of the tests and observations

2.1 Compressor A

The compressor A, which has two sections, was dedigo be submitted the following operation comdisi: first
suction pressure (=47.39bar), first suction temjpeea(=40°C), first discharge pressure (136barkt fdischarge
temperature (=123.7°C), second suction pressur85fr), second suction temperature (=40°C), sedischarge
pressure (=250bar), second discharge temperat862Cy, mass flow (=107,400kg/h), range of critispked (=5,250-
5,550rmp), rotor weight (350kg), maximum continugpsed (=12,978rpm) and overspeed (=13,367rpm).

The both journal bearings are five-pad tilting pgoe with 40mm length, 90mm diameter, load on medf$et pivot
of 60% , diametral clearance of 0.13mm and intalesgure of 1.5bar. And the thrust bearing is doalting self-
equalizing with eight pads, offset pivot of 60%alcclearance of 0.3mm and intake pressure of @6%tgure 2 shows
these bearing:

Fig. 2. Left: Thrust bearing. Right: Journal begrin

As shown in figure 3, at first run up of the roteas already observed a 142.5Hz subsynchronousd rakiation
indicated by probe X-NDE, which is mounted in navdrend bearing. . Although the subsynchronousatibns were
measured by the others probes, the amplitude vealota So, just the data acquired by sensor X-ND& axial probe
was analyzed.
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Fig. 3. Waterfall of the radial probe X-NDE duringn up

When the compressor is running in overspeed, ddarly seen, in figure 4, that the two frequesci#25 and
142.5Hz, excite the rotor in axial direction witlnplitude varying from 28m-pp to 8Gum-pp while the radial probe X-
NDE records vibration varying from 0.@81-pp to 1.86m-pp. The average synchronous radial vibration (ds¥
5.1um-pp, so the subsynchronous was near of 30% oDLKing this period, the average oil pressure aod fh NDE
bearing are 1.29bar and 28.1l/min, respectivelythdtsame moment, the average oil pressure, flavdéaplacement
of thrust bearing are 0.85bar, 122.5l/min and 7@n%6The displacement of thrust bearing refers talagtatic
equilibrium position of rotor that means the gapaleen active thrust bearing and thrust collar.

AMPLITUDE: 20 um ppidiv

e v v v v b v v b e e b ey by
AMPLITUDE: 0.8 um ppidiv

FREQUENCY" 20 Hz/div FREQUENCY: 20 Hz/div

Fig. 4. Waterfall during overspeed — 13,367rpmt:L§fNDE bearing / Right: Axial bearing

In order to identify which synchronous speedgtbsynchronous beginning, the rotor speed wasemastwn and
run up as shown in figure 5. It is noted in bothtextall that the threshold of subsynchronous fregies, 125 and
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142.5Hz, is around 186Hz, with and without torgikso it was identified the low frequency excitation2.5Hz that
starts around 128.75Hz synchronous speed. Duhisgperiod, the average oil pressure and flow irENi2aring are
1.18bar and 26.971/min, respectively. At the sanmament, the average oil pressure, flow and displacerof thrust

bearing are 0.85bar, 0122.4l/min and 85
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Fig. 5. Waterfall — Coast down and run up of rotaft; X-NDE bearing / Right: Axial bearing

The next step was to change the oil pressure awl fb the bearings whilst the rotor speed was kegsr
12.978rpm without load. The figure 6 and 7 weratsplregion in order to easily link the operaticondition and
forced response. The following average operatiowitimns at bearings were established:

Table 1. Bearing Operational Conditions of the Bear

Thrust Bearing Radial Bearing
Period Oil Flow | Oil Pressure| Axial Disp. Oil Flow | Oil Pressure
(I/min) (bar) (um) (I/min) bar
A | 11h01m46s— 12h01minl103 135 0.96 82 27.8 1.24
B | 12h01min10s-12h41minl10s 170 151 75.9 33.4 1.59
C | 12h41min10s-13h51minl0s 92.4 1.52 83 29.172 1.37
D | 12h21min10s-12h31min-10s 124.5 0.8 85.3 NA NA
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Fig. 6. Waterfall axial bearing — Rotor speed &asly state condition
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Fig. 7. Waterfall radial bearing (X-NDE) — Rotoresgul in steady state condition

Analyzing the results above, it is possible to dode that increasing thrust bearing stiffness loyaasing oil flow
and pressure and reducing axial displacement,ubsyschronous (125/142.5Hz) disappears. Thereifoie expected
that this subsynchronous shall not occur when thmpeessor work in actual condition on site becathse load
condition also increases thrust stiffness. The &6¥.5Hz remained present even though thrust bgatiffness was
increased. Since the amplitude at 2.5Hz is tooitoradial direction, this is not a concern.

Tests described above were carried out with ofrristavacuum (-0.95bar) so in no load condition. iDgrthe test
with load varying the differential pressure in fistage between 6.3 and 9.5bar and the secondfstag@bar to 7.0bar
at 9,000rpm, it was just noted that the 2.5Hz fezmpy appeared near synchronous speed of 128Hz |ewiter
amplitude. The rotor speed did not reached the6Dtpin, threshold limit of 125/142.5Hz subsynchranénequency,
because of there is a temperature limit on thengasihich did not allow this test. Even if the subsyronous
(125/142.5Hz) appears during actual operation ¢mmdi of the compressor, it is expected low amgétwibration

since this happened with the 2.5Hz frequency wheth similar behavior.
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2.2 Compressor B

The compressor B, which has one section, was désitpe submitted the following operation conditioasction
pressure (=249bar), suction temperature (=40°Gghdirge pressure (549bar), discharge temperat@&63C), mass
flow (=215,100kg/h), range of critical speed (=&48250rpm), rotor weight (=300kg), maximum conting speed
(=11,400rmp) and overspeed (=11,750rpm). The bganivere similar with the ones used in compressor A.

Starting mechanical running test, it was seen tleeiwence of 142.5Hz subsynchronous vibration wiotor speed
was around 10,260rpm record by probe Y-NDE. — gged 8. During this period, the average oil pressaand flow in
NDE bearing were 1.14bar and 18.22l/min, respelstivét the same moment, the average oil pressudefiamw in
thrust bearing were 0.62bar and 76.5I/min. Moreptee amplitude of radial vibration was 5.38-pp at 142.5Hz
against 3.72m-pp at 1N. Beyond the subsynchronous vibration ligker than synchronous, it exceeded the criteria
limit proposed by API 617-7th which ispn-pp.

One of the probable cause of higher radial SS\bmpressor “B” than “A” is due to oil flow to thrubearing being
lower in the compressor B.
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Fig. 8. Coast down and run up of the rotor speBaéial vibration (Y-NDE)

This subsynchronous excitation seems to have backwirection, that is, opposite the whirl of syrmfous
frequency — see figure 9. While the vibration iR BHz is present, the orbit of the shaft in NDErbaalooks like a
“nest” and is too hard to analyze. But, when th®/Slisappears, the whirl synchronous frequencyasly noted as

displayed in figure 10.
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Fig. 9. Subsynchronous backward whirl — Y-NDE begri
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Fig. 10. Orbit of the shaft at no drive end bearing

This likely backward subsynchronous frequency predaring the mechanical running test of compres8dmay
be the cause of decreasing of the synchronoustidhras revealed by figure 11.

However, despite the differences about the compresboth tests presented similar results althdhgtamplitudes
of the SSV are different. Furthermore, the mairialde responsible by subsynchronous frequency diakaibration
was the axial vibration in frequency lower than dymnous speed. In addition, the axial SSV disglay®re
sensitivity to change in oil flow than load, speedi torque.
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Fig. 11. Trend of Synchronous Vibration at Y-ND&abing
2.3 CONCLUSIONS

The main cause of radial subsynchronous vibratiothese analyses, is due to axial SSV. That & dnamic of
thrust bearing is coupled with the rotor-journabbieg system. A model which could be explainingthehavior is
described by Lie, et al [3].

Qil flow rate displayed being the principal varialsesponsible for axial SSV. One possible causeS¥f is that the
insufficient oil to completely fill the pad film ttkness may trigger pad flutter behavior.

As mentioned above, this radial SSV could excitbankward direction decreasing synchronous whiut, B is not
a rule because the same kind of radial SSV in fohd&rection has been found.

If these both compressor present this radial SS¥hdwperation on site, the solution will be inseahe oil flow
rate to thrust bearing.

In spite of not being a APl 617 requirement andusatal monitored in industrial applications, theesst showed the
importance of set the axial probe to measure \tmainstead of just check rotor displacement dunmnegchanical
running test and operation on site.
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Unfortunately, it was not possible to make morelysisiin order to put the integrality of machinenyrisk. This is
the disadvantage of doing test in real machineryit@ other hand, it is possible to closer the af@n test condition
to actual operation condition.
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