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6.10.3 Symptoms of Oil Whirl and Oil Whip

1) The frequency spectrum contains a sub-synchronous 

ftequency component at between 42 - 481 of running 

speed. In the instantaneous frequency domain this 

sub-synchronous component tends to be unstable. 

Figure 6.24 clearly illustrates the aub-synchronous 

components of 42,5 Hz and 43,5 Hz which is 45,92 and 47Z 

respectively of the running speed of 92,5 Hz.

2) Since oil whirl tracks a fairly constant ratio of 

rotative speed, this will show up as a sub-synchronous 

component over »:■ certain speed range on the waterfall 

plot. Figure 6.25, a waterfall plot indicates that oil 

whirl is occurring between 5500 RPM and 7000 RPM. (See 

top left hand side of plot).

3) Another simple way of observing oil whirl is to examine 

the orbits from two proximity probes on an oscilloscope. 

Shaft orbits for different synchronous jnd half 

synchronous whirl components were simulate ;ing a 

computer programme which generated these plots, as shown 

in Figure 6.26. The smaller orbit due to the 

sub-synchronous whirl component will tend to rotate 

inside the bigger orbit when viewed on an oscilloscope, 

as shown below in Figure 6.27.

FIGURE 6.27
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4) Oil whirl may also cause i���ability whe� the shrft 

reaches twice critical speed. At this speed, the whirl, 

which is approximately 1/2 running speed, will be at the 

critical speed, resulting in a large vibration response 

Figure 6.28 illustrates this phenomenon. Notice the oil 

whirl component tracks the rotative speed at a fairly 

constant ratio until the shaft reachen twice critical 

speed and then the oil whip component voves vertically 

across the map. This change occurs at a rotative speed 

of approximately 4 900 RPM

6.10.4 Diagnosis of Oil Whirl and Whip

1) Empirically it has been found that the thresnold speed, 

at which free motion may arise, can be increased for a 

particular rotor by subjecting it to a unidirectional 

constant force, such ss a gravitational force, or by 

modifying the bearing profile. Non-circular bearings, 

for example elliptical or three-lobed bearings, are 

often used for this purpose in medium speed 

applications. Tilting pad bearings, which are 

inherently very stab'e are used for high speed 

applications. ,

2) Providing adequate stiffness to the rotor, rotor support 

or both, is an effective way of eliminating oil whirl at 

the design stage. A practical approach to alter the 

shaft critical speed is to change the distance between 

the rotor support bearings.

3) Changes in oil viscosity or pressure can also reduce oil 

whirl.
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A) If oil whirl is present and the machine ic to be run at 

greater than twice the critical speed, either the oil 

whirl unist be suppressed or the critical speed must be 

altered so that the shaft critical speed and the oil 

whirl speed range do not coincide. This can be achie�ed 

by stiffening the rotor, the bearing supports or by 

adding mass to the rotor. Another practical way of 

changing the shaft critical sp ed is to change the 

geometry of the bearing pedestal centres.
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6.11 SHAFT CENTRE LINE POSITION ANALYSIS

6.11.1 Introduction

Shaft centre line position is a graphical presentation which 

tracks the location of the shaft centre line with respect to 

the geometric centre of a bearing. This presentation also 

permits computation of the attitude angle of the shaft with 

the bearing. A typical shaft centre line plot that was 

generated using the Bently Ne���a rotor kit can be seen in 

Figure 6.29. Each bearing type, plain slee�e, multi-lobe 

tilti�g pad etc, has a design or normal range of ��	
�� of 

attitude angle. If the obser��d attitude angle is 

significantly different from the norm, it csually indicates 

that some external preload is forcing it to an ab�ormal 

position. The stability of a machine is directly related to 

the operating attitude angle.

6.11.2 Measurement of Shaft Centre Line Position

The data necessary for the graphical representation of the 

shaft centre line is obtai�ed using the DC �oltage from two 

proximity probes (located 90° apart in the ��rtical plane), 

at fixed increments of speed during the run-up or coastdown 

of a machine. The DC �
	��ges and the corresponding speeds 

from the rotor kit can be seen in th<.» table o� the right hand 

side of Figure 6.29.
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If the speed of a machine cannot be co��rolled a problem 

could arise in acquiring the DC �����ges. A plot of speed 

�ersus time for a normal uncontrolled run-up and coastdo�� of 

a typical machine is shown in Figure 6.30 below.

RUNUP C0ASTD0WN 

f l<  FIGURE 6.30

As can be seen from Figure 6.30 the acceleration and 

de-acceleration during the run-up and coastdown is not linear 

with time. When the speed is rapidly changing e.g. 

immediately after shutdown, the required sampling of the DC 

�oltages cannot be achie��� at fixed increments of speed. 

This problem of sampling can be sol�ed by recording the DC 

��ltages and the keyphasor pulse at a particular iape speed 

and performing the analysis at a lower tape speed.
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Anotner problem associated with the recording of AC and DC 

�����g is that of signal to noise ratio. The DC �oltage in 

/louially of the order of 8 VDC while the AC �oltage ranges 

from 1 mV to 500 mV. If the DC and AC ��ltages are 

simultaneously recorded, the DC �oltage has to be atte�uated 

so as not to o��rload amplifiers on the tape recorder. In 

the process the AC signal is also attenuated resulting in a 

decrease in the signal to noise ratio. To sol�e this 

problem, the DC and AC �oltages should be recorded separately 

but simultaneously. The AC �oltage is used to generate Bode, 

Nyquist, waterfall plots, orbits and spectra, while the DC 

�oltage is used to generate the shaft centre line position 

plot.

If the speed of the machine can be co�trolled then only the 

AC �oltage needs to be recorded for the generation of the 

abo�ementioned plots excluding the shaft centre line position 

plot. For the generation of the shaft centre line position 

plot only the DC �oltage and the shaft speed need to be 

logged. The proximity probe's DC �oltage can be measured 

using a Digital Voltmeter. The speed is obtai��d by using a 

keyphasor probe coupled to a tracking filter. The speed 

shoulo be co�trolled to allow the shaft to stabilise at each 

of the speed increments before the DC �oltage reading is 

logged. Appendix 3 shows the calculation of the shaft centre 

line position and attitude angle.

Not only can the shaft centre l*ne position be plotted during 

a run-up or coastdown, but the attitude angle and the shaft 

mo���ent ���tor can be trended as seen in Figure 6.31. 

Transient data of the shaft centre line position at �arious 

speed increments during a run-up i6 stored. This is depicted 

from point A to point B in Figure 6.31. The shaft centre



FIGURF 6.31
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line position is subsequently taken monthly at the operating 

speed of the machine (3000 RPM), for trending purposes. It 

is the author's  !ew trending of this data offers an 

immediate early warning of major changes in the alignment 

state and steady state conditions of the machinery.
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6.12 CONCLUSIONS

1) Most common machinery "#bration problems can be 

diagnosed using discrete frequency analysis.

2) The effect of electromagnetic irregularity may be 

quantified by either speed or current analysis.

3) If a broken bar exists in a squirrel cage induction 

motor then this manifests itself as a A times RPM axial 

"#bration component with a large modulation at twice 

slip frequency.

4) For maximum protection against catastrophic failure it 

is reconnended that both the stator current and the 

change in axial "ibration be mo$#tored.

5) Since sideba$%& are to be i$"estigated around the 1 and 

2 times running speed zoom analysis must be a"ailable to 

detect these sideba$%s.

6) Vibration monitoring is a "'(y useful tool in detecting 

a propagating trans"'(se crack in a rotor shaft.

7) When monitoring "#bration signals from transducers, it 

is important to distinguish betwee$ cha$)'& cuased by a 

crack and changes due to normal "ariations in parameters 

which influence the "#*(+,ions.

8) It is important to consider "'ctor changer of "ibration 

and not only changes in amplitude wiiich could be 

co$&iderably smaller due to phase shift.
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9) Oil -.ip, oil whirl and rub ca/ be readily diagnosed 

using shaft orbits or frequency spectrums from proximity 

probes.

10) Cascade or waterfall plots can also indicate the 

presence of oil whip and oil whirl.

11) The frequency spectrum for a bearing where oil whirl is 

present contains a sub-synchronous unstable frequency 

component at betwee/ 42-482 of the running speed.

12) Oil whirl and whip can be elimi/ated or reduced by 

cha/ging certain bearing and rotor parameters.

13) Roller bearing defects can also be detected using 

discrete frequency analysis.

14) Trending of the shaft centre line position offers an 

immediate early warning of major changps in the 

alignment state of the machinery.
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7. MODULE 4

DETERMINATION OF SHAFT CRITICAL SPEEDS 

USING COMPUTOR PREDICTIONS AND 

EXPERIMENTAL MEASUREMENTS

7.1 INTRODUCTION

As a result of a continuing demand for increased performance, 

many modern machines in the power generation ser01ce are 

designed to operate at shaft spetds approaching the first or 

second critical speed.

ESCOM requires thut the operating speeds be at least twenty 

percent away from any critical speed. For draught group fans 

where blade passing frequencies are important the requirement 

is that no shaft critical must exist within 152 of the blade 

passing frequency.

Critical speeo. are shaft speeds which coincide with the 

natural frequencies of the rotor bearing system. In most 

real machines, the natural frequencies are speed dependent 

since gyroscopic moments, fluid-film bearing stiffness, and 

fluid seal stiffness are all speed dependent.

A 023iety of methods can be employed to measure the critical 

speeds of a rotor bearing system. Some of these methods are:

1) Hammer impact test.

2) Shaft excitation method.

3) Tranoient synchronous 0ibration data from a 0ibration 

transducer during a coastdown or run-up.

The choice o r method is usually constrained by practical or 

economic considerations when the measurement is to be made on 

an operational industrial machine.
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The most widely used met d for measuring critical speeds is 

done during a start-up or coastdown. The 4ibration signal 

from any suitable transducer can be fed through « synchronous 

tracking filter allowing a plot of synchronous 4ibration and 

phase as a function of running speed. The critical speeds 

are then identified by the peaks and a phase change on the 

Bod# plot. This method is usually the most practical and 

economical and was hence chosen.

Transient 4ibration data from two horizontally mounted 

accelerometers and a keyphasor pulse were recorded during a 

coastdown of four PA fans and two FD fans. The PA rotors 

were suspended in Cooper roller bearings and the FD rotors 

were suspended in fluid film bearings. Detailed analysis was 

performed on one PA fan, namely 2C, to demonstrate the 

4arious techniques to ascertain shaft critical spepds. These 

techniques include cascade {lots, Nyquist plots and three 

dimensional Bod? Plots.

f Computer programmes were de4eloped to predict shaft critical 

speeds using the original Prohl matrix method and the 

transfer matrix method.. The Prohl method uses an iterati45 

process to satisfy the end boundary conditions. Using the 

transfer matrix method the boundary conditions are initially 

satisfied and an iterati4e process is employed to satisfy the 

end nr*' degree polynomial depending on the number of sections 

comprising the shaft model.

Gyroscopic and rotational effects were included in the 

computer prediction of the shaft critical speeds. The effect 

of 467ying the bearing stiffness, on the predicted chaff 

critical speeds, was also in4°stigated.
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The Bent 1y Ne8ada ADRE system was uaed to process the 

transient data from the two accelerometers ar.d the proximity 

probe. Two times RPM Bode plots were generated to determine 

the first shaft critical speed of the PA and FD impeller 

shafts. The two times RPM filtered component was used 

because the first shaft critical speed is abo89 the operating 

speed for both the PA and FD fans in89:;<=>;<9?@ When the 

filtered second harmonic reaches the first shaft critical 

speed this results in maximum 8ibration amplitude and a phase 

change pro8<ded the system is not hea8<ABC?>DE9?@

Only the first shaft critical speed was identified using this 

method. The digital 89Ftor filter of the ADRE system can 

only track and filter 8ibration components at half, one and 

two times the rate of the keyphasor pulse. In other words if 

a one-pulse-per-re8olution keyphasor is present then the 

digital 8ector filter can filter the 8ibration components 

occurring at h*>lf, one ard two times the operating speed. If 

a two-pulse-per-re8olution keyphajor is ptesent then the 

digital 89Ftor filter can filter the 8ibration components 

occurring at one, two and four times the operating speed. 

Analysing the filtered fourth harmonic will re8eal the second 

shaft critical speed pro8ided this occurs at a frequency 

which is below four times and greater than twice the 

operating speed. If the system is hea8<ly-damped, the 

identification of the second, third and fourth shaft critical 

speeds from transient data is 89Gy difficult.

To illustrate how the first and second critical speeds cati be 

identified from a Bode and Nyquist plot a rundown from an 

alternator rotor that was balaHced in the 300 tonne balaHciHg 

pit at Rosher8ille will be examiHed. Figure 7.1 shows the

7.2 THEORY
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Bod? plots for the non-driIe-end and driIe-end bearing. 

Figures 7.2 and 7.3 shows the first and second shaft 

criticals respectiIJKLM It can be clearly seen that there 

are maximum peaks at 1005 RPM and 2499 RPM with phase changes 

of 180°. From the Bodf diagram alone it is not possible to 

deduce conclusiIely that these speeds correspond to the first 

and second shaft critical speeds respectiIJKLM It is only 

when the Hyquist plot for the first and s-cond shaft critical 

speeds are generated that the first and second shaft 

criticals become more distinguishable. Each curIe in 

Figures 7.2 and 7.3 relates to one measurement poiti*. These 

measurement points normally represent the Iibration data 

obtaiNed from the driIJ-end and non driIJ-end bearing 

pedestal of the rotor. Typical first and second mode shapes 

for a simply supported rotor must be examiNed to explain the 

difference in the Nyquist plots for the first and second 

shaft criticals. This is illustrated in Figure 7.4 below.

MODE SHAPES FOR ROTORS

FIRST MODE 

 SHAFT CENTRE LINE 
B ,*  B, . BEARING PEDESTALS

.SECOND.. MQb e .

FIGURE 7.4



'39
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FIGURE 7.1
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FIGURE 7.3
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From the mode shapes it is eOident that if both transducers 

were mounted either OPrtically or horizontally at the 

driOe-end and non driOPQend bearing of the rotor, then for 

the first mode the displacement of the shaft, relatiOe to its 

neutral position would be iR phase. At the second critical 

the displacement of shaft would be 180° out of phase. This 

phenomenon can clearly be seen in Figures 7.2 and 7.3.

The theory used to interpret Bodf plotes using a simple 

mathematical model can be seen in Appendix 4. The Prohl 

method for calculating crs ic*l speeds of flexible rotors 

combiRPS generality wit omparitiOe simplicity. Any 

critical speed, first, see.'.., or higher, may be calculated. 

The rotor may haOe OTriable cross-section, proOUded circular 

symmetry is maintained. The shaft journals may be coRSidered 

to be elasticall supported in t*he bearing with respect to 

both deflection and fitting of the journals. Vance et el 

(44). The calculations used for the Prohl meth*. can be seen 

in Appendix 5.

The transfer matrix method is another method whereby shaft 

critical speeds can be calculated. In the Prohl method the 

shaft rotational speed is changed so as to satisfy the end 

boundary conditions. The transfer matrix method initially 

satisfies the end boundary conditions and then uses an 

iteratiOP process to solOP for the end polynomial. The 

calculations used for this method can be seen in Appendix 6.
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7.3 OBJECTIVES

1) To determine the accuracy and reliability of VWXYZ[\

computer prediction programmes used to calculate shaft 

critical speeds by comparing them with experimental 

measurements obtai]^_ during a coastdown of four PA and 

two FD fans.

2) To determine the effect of excluding gyroscopic and 

inertia effects on the predicted shaft critical speeds.

3) To determine the effect of changing the bearing 

stiffness on the predicted shaft critical speeds.

4) To obtai] mode shapes for the PA and FD fan rotors.

5) To deV^lop computer software to predict shaft critical 

speeds.
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7.4 APPARATUS

7.4.1 Experimental Measurements 

Recorderc

TEAC se`an channel tape recorder with built in 

type MR-30.

Transducers

Two B6.K accelerometers type 4371

On# B*»nt1y Ne`bcb proximity probp, series 7200

f.llLfill

Wa`atek 24D tracking filter

Analjsexi

Wa`etek 100A FFT analyser 

Bently Ne`ada ADRE eystpm

AwpJiLLg-Li

Two B&K charge amplifiers typp 2685 

One Bently Ne`bcb amplifier type 29191

Power Supply

One -24V DC Bpntly Ne`ada power supply type 44120 

Oscillator/Demodulator

amp]ifiers,

01

One Bently Ne`bcb oscillator/demodulator series 7200
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7.4.2 Computer Predictions

Hewlett Packard 9836 desk top computer 

Hewlett Packard printer 

Olidetti M24 personal computer

7.4.3 Details of Fan Tmpellera 

PA Impeller rotor

Impeller mass 

Rotor and impeller mass 

Young's Modulus 

Material density 

Design speed

103P kg 

1340 kg

206.0 MPa

7833.0 kg/m3 

1490 RPM

FD Impeller roi or 

Impeller mass 

Rotor and impeller mass 

Coupling mass

I
Young's Modulus 

Material density 

Design speed

8310 kg 

22 679,0 kg 

277,10 kg

206.0 MPa

7833.0 kg/m3 

740 RPM

See Figure 7.5 for oderall dimensions of the PA and FD fan 

rotor.
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OVERALL DIMENSIONS FOR PA FAN ROTOR

OVERALL DIMENSIONS FOR FD FAN ROTOR.

FIGURE 7.5



EXPERIMENTAL TECHNIQUES

Data Acquisit ion

For shaft critical speed measurements, an accelerometer was 

horizontally mounted on the drife-end and non drifg-end 

bearing casing of the fan. The two accelerometers were 

mounted horizontally And not fertically on the bearing casing 

of the fan because the fan is less stiff in the horizontal 

d irection.

A proximity probe ahd a keyway was used to generate a 

one-times-RPM pulse for speed indication and tracking 

purposes. The DC and AC filtages from the proximity probe 

were filtered in such a way that only the AC fijtage 

remained, wit^ the DC foltage supressed. This was achiefkl

using the Bently Nefmlm amplifier. The AC fijtage from the 

proximity probe was attenuated usitig the Bently Nefmlm

amplifier so as not io oferload on the TEAC tape recorder. 

The reason for the attenuation is that the AC foltage is 

large, because efkno time the probe passes the keyway there 

is a larger foltage drop of approximately -8V depending on 

the depth of the keyway.

The two accelerometers were charged using the B&K charge 

amplifiers. The acceleration time traces were integrated 

once to fklocity using the integrating circuitry afailable 

withih the B&K charge amplifiers. The two fklocity outputs 

from «he charge amplifiers and the 1 x RFM pulse from the 

proximity probe were stored on the sefen channel tape 

recorder.
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The Wapetek 100A FFT analyser was used to ascertain if the 

outputs, from the two accelerometers and the proximity probe, 

were in any way spurious. The Wapetek 24D tracking filter 

was used as a speed indicaror. Speed indicat ion is important 

for run-ups and coastdowns as if indicates when to stop and 

commence the recording of the data, and for the generation of 

Bod# and Nyquist plots. Figure 7.6 shows the general layout 

of the equipment and instrumentation.

7.5.2 Data Analysis

The determination of the experimental shaft criticals 

inpqlped the generation of synchronised Bod# and Nyquist 

plots using the ADRE system. The system configuration of the 

ADRE system can be seen in Figure 7.7. The physical 

configuration of the ADRE system can be seen in Figure 7.6.

The two pelocity signals and the pulse from the proximity 

probe, stored on the tape, were fed into the Digital Vector 

filter of the ADRE system. One, and two times filtered RPM 

Bod#, and Nyquist plots were generated using the ADRE 

software.
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7.5.3 Technique used for the Computer Prediction

The technique used for the calculation of the predicted shaft

cr » j. »ned the following steps in chronological order.

ri<u each constant diameter section into numerous 

or o f length approximately 50 mm.

Calculate the mass of each of these sections of length 

approximately 50 mm.

}) Assume the imp ller mass to be as ertsly distributed 

mass along tn^ length of the shaft where the impeller is 

attached to t*<e shaft.

4) Diride the total I m p e * m a s s  by the suvwtx of *. 50 mm

sect oa» it n.ann.

5) Calculate ’he mass if the two end orerhanging shafts 

tbit are not betwetr tho bearing centres. These two 

<;ri88eii are added to the first and last sections' 

equirylent masses.

(■) Construct t'e idealised system so that the total mass 

within a girts S'ctio* dirz{t{ into two parts which 

are concentrated at :he ends of the section, this 

dirz|z}s of mass b e !r, scch that the centre of grarz~�

of the section mass vev^i unchanged.

7) For the calculation of t h * gyroscopic constants A and B, 

the distributed i m p e l m a s s  at each section was 

considered as a thin dii <f equiralent mass, harzs� a 

specified diameter and a calcuated thickness h. See 

Appendix 7.
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