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motion of the journal center and proportional to the instantaneous 
velocity of that center. Vectors at points (2) and (3) wore drawn 
in the same manner. A t point (4) the oil restoring force vector is 
zero since the journal is momentarily centered in the bearing. 
One may see that at each of these points the resultant of these 
forces will urge the journal along the path which we have found it 
to follow under these conditions. 

Returning to Expression [1] it will be noted that the experi-
mentally obtained constant 2.16 is not an integral number. For 
our apparatus it is necessary to run the shaft about 8 per cent 
faster than the theoretical ratio 2 in order to obtain maximum dis-
placements in the several figures. Since the energy necessary to 
maintain oil whip comes from the high-pressure oil wedge gen-
erated by shaft rotation and which ideally may rotate at '/i shaft 
speed, we suggest that, in a system containing damping, there 
should be some slip between half shaft speed and oil-whip fre-
quency. This effect may be likened to induction-motor slip; 
that is, energy output is proportional to slip. 

Several investigators (4, 5) have observed figures somewhat 
similar to the epi and hvpotrochoids shown in Fig. 6. Pinkus (4) 
used no definite excitation other than residual shaft unbalance and 
the usual disturbances from gear sets, oil pumps, and so on. He 
included these figures as a matter of interest. In some cases 
Pinkus reports rotation of the figures on the oscilloscope screen. 
This agrees with our experience when the frequency ratio Nj/Nw 

is not on resonance. A t maximum displacement (resonance) the 
figures do not rotate in our apparatus. This condition may be ob-
tained by careful frequency-ratio adjustment. 

Shawki (5) used unidirectional shaft excitation only. In this 
case it is rather difficult to determine the sign of the frequency 
ratio Nj/Nw. In fig. 10 Shawki (5) shows a 2-loop epitrochoid 
at a frequency ratio Nw/Nj of 1/0.167 or, using the notation 
of this paper, Nj/Nw = 6. If we may assume that this is a posi-
tive ratio this agrees with the data shown in Fig. 6 of this paper 
for a 2-loop epitrochoid at 6.27 ratio. 

Applications 

There are several practical situations in which one might expect 
to encounter oil-whip resonances. For instance, if a shaft is run 
above its critical speed in lightly loaded oil-film bearings, the 
well-known critical-speed oil whip appears when the shaft is ro-
tating at twice critical speed. As explained previously, the oil-
whip frequency at '/J shaft speed and the shaft natural frequency 
coincide producing a vigorous resonance. In the same manner, 
one would expect a reinforcing resonance between shaft critical 
speed and the epitrochoidal forms of oil whip at frequency ratios 
of about 3, 4, 6, 8, and so on. These resonances should be less 
severe than that at a frequency ratio of 2 since the oil-whip har-
monic resonances show relatively less displacement than the 
fundamental as indicated in Fig. 5. 

A planet gear carried on sliding friction bearings in an epicyclic-
gear assembly may be excited by ring-gear inaccuracies at a 
negative frequency ratio producing a hypotrochoidal locus of the 
gear center. 

I t may be possible for one of the forms of oil-whip resonance to 
build up a self-induced vibration in combination with an adapta-
ble exciting force which exhibits no inherent periodicity. In this 
case the particular form of oil-whip resonance chosen would de-
termine the frequency of the exciting force and hence of the com-
bined resonant vibration. 

Summary 

A series of oil-whip resonance harmonics has been demon-
strated with a journal and hydrodynamic-bearing combination. 
In these experiments the journal supported by the test bearing 
was excited by a rotating force. Resonances occur at several 

ratios of the shaft speed to the exciting-force frequency both when 
the sense of rotation is the same and opposite. 

In each of these resonances the number of turns of the journal-
center locus is equal to one half the number of shaft revolutions as 
required for normal oil whip. The peak displacement at resonance 
is dependent on the test-bearing oil-supply pressure. 
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Discussion 
E. M. Simons.4 The author is to be commended for this very 

fine experimental study. The inability of an oil film to support a 
periodic or rotating load applied at a frequency of one half the 
journal speed has been discussed widely in the literature, and oil-
whip resonance above twice the critical speed of the shaft is a 
well-known phenomenon. However, little attention has been 
paid to resonance effects at other multiples of the journal speed. 
Furthermore, although a number of investigators, including the 
writer, have observed trochoidal journal-center orbits under cyclic 
loads, attempts to characterize such orbits analytically in terms of 
operating parameters have been successful only for the simplest 
cases. The author's qualitative characterization is indeed a 
significant contribution. 

T h e results of an investigation conducted by the writer some 
years ago5>6 are in general agreement with the author's findings as 
reported in this paper. For example, both studies show that the 
maximum eccentricity ratio occurs when Nj/Nw is slightly 
greater than the theoretically predicted ratio of 2. Furthermore, 
in neither case was the theoretical eccentricity ratio of unity 
observed. For comparison purposes, some typical values are 
tabulated below: 

Hidl Simons Theoretical 
Frequency ratio Nj/Nw at 

which maximum eccen-
tricity occurs 2 . 1 6 2.02 2.00 

Value of maximum eccen-
tricity ratio 0.73 0.82 1.00 

The writer has found that the theoretical values can be approached 
by extreme refinements in the testing machine through the 
elimination of slight misalignments and an}' other factors which 
tend to produce unintentional whirl-inhibiting effects. The fact 

* Consultant, Engineering Mechanics Division, Battelle Memorial 
Institute, Columbus, Ohio. Mem. ASME. 

6 E. M. Simons, "The Hydrodynamic Lubrication of Cyclically 
Loaded Bearings," TRANS. ASME, vol. 72, 1950, p. 805. 

6 R. W. Dayton, E. M. Simons, and F. A. Fend, "Discrepancies 
Between Theoretical and Observed Behavior of Cyclically Loaded 
Bearings," N A C A Technical Note 2545, November, 1951. 
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that the author's values deviate from the theoretical more than 
those of the writer would suggest that the author's test equip-
ment had a greater amount of inherent damping as a result of 
such factors as inertia of the lubricant, inertia of moving masses, 
elastic deformations, and the like. 

If this is true, one would guess that the writer's experiments 
should have uncovered the harmonic resonances at Nj/Nw values 
greater than 2. The fact is that no indication of such a series of 
oil-whip resonances was found. Fig. 9 shows the author's Fig. 5 
and the writer's Fig. 6,6 replotted to the same scale. With the 
exception of the resonance peaks, the agreement is rather re-
markable (and may be fortuitous) considering the great difference 
in test equipment, speed, load, and probably lubricant viscosity. 
Several possible explanations for the discrepancy regarding har-
monic resonances come to mind. Perhaps the writer missed the 

Clearonce circle 

Unidireclionol Sinusoidally Voring Load With N j / N w = 4 

/ 
\ 

/ 
/ i 
i 

i 

\ u 

_ A i 
/-Hull 4 

i 
i 

t> 
/ d / 

w \ 

> -s 

\ 

mons 

/ \ / \ 

cr' 

/ 
/ 

r 

Fig. 9 Eccentricities under constant load, rotating at constant speed. 
Comparison of results. 

resonance peaks because his load-rotation frequency was varied 
stepwise and the steps were too far apart. Actually, it would be 
possible to draw a curve which passes through all of the circled 
points in Fig. 9 and still would have peaks and valleys which are 
roughly parallel to those in the author's curve. An alternative 
explanation is that the resonances may be peculiar to the author's 
test equipment, being induced by natural-frequency phenomena 
associated with the loading springs or other components. Al-
though the author makes no mention of this possibility, the writer 
cannot help but feel that it has been considered and ruled out and 
that, consequently, the first explanation is the more tenable one. 

To add to the author's examples of trochoidal journal-center 
loci actually observed by other investigators, the writer would 
like to present Fig. 10(a). This is a single-loop epitrochoid which 
appeared, in accordance with the author's findings, when JVj/Nw 

was 4. The same series of tests produced the predicted 2-loop 
epitrochoid when Nj/Nw was 6. However, in both cases the 
load was a unidirectional one varying in magnitude sinusoidally, 
rather than a constant rotating load. Since Mr. Shawki' also ob-
tained epi rather than hypotrochoids with unidirectional loading, 
one wonders whether this type of loading always corresponds to 
positive values of Nj/Nw and what the governing factors are. 

Figs. 10(6 and c) show the orbits obtained under a constant ro-
tating load with Nj/Nw = 4 and 0, respectively. In these cases, 
the paths were nearly circular, and no loop was evident. How-
ever, the speed of the journal center was not uniform, but showed 
pauses where the analysis indicates loops should have been. These 
orbits were obtained with flood lubrication of the test bearing. It 

was found that loops could be made to appear simply by increas-
ing the oil-feed pressure. This agrees in part with the author's 
observation that lubricant feed pressure has an influence on oil 
whip. Actually, in the cases cited, increasing the feed pressure 
made the loops appear, but, unlike the author's example in Fig. 7, 
had no noticeable effect on the maximum eccentricity. 

Incidentally, the author does not make it clear what is meant 
by "radial displacement" in the cases where the eccentricity 
varies continuously throughout each cj'cle. The writer assumes 
that this refers to the maximum eccentricity in the orbit. 

H. Poritsky.8 This paper forms an interesting addition to the 
subject of oil whip and adds further information on this puzzling 
phenomenon. 

While there are almost as many definitions of oil whip as there 
are workers in this field, engineers working with high-speed ma-
chinery like turbines and generators are generally concerned with 
oil whip which occurs when the rotation frequency is greater than 
double the critical frequency and takes place in such a way that 
the center of the shaft whips at a frequency close to the critical 
frequency, even though the speed of rotation varies over a wide 
range. The conditions of the experiments in this paper are quite 
different and are characteristic of a light shaft, rather than a shaft 
provided with a heavy rotor and capable of critical speed vibra-
tions. Likewise, the author's definition certainly differs from the 
one of concern to high speed machine rotor engineers. 

If it is assumed that the inertia of the oil film is negligible, then 
the instantaneous oil flow, pressure distribution, and resultant 
force exerted on the shaft can only depend upon the position of 
the shaft center in its circle of clearance and upon the instan-
taneous velocity of this center. Roughly speaking, the oil film is 
not able to distinguish at any instant of time whether it is part of 
a rotor whipping at a particular frequency and revolving at some 
other frequency, or whether it is part of a light shaft which is 
being acted on by an artificially provided unbalance force. It 
appears to this writer that from the point of view of explaining 
oil-whip phenomena the most important task is to calculate or 
derive from experiments the resultant force of the oil film and its 
direction as functions of position of the shaft center, and velocity 
and direction of this center. If a way could be found to anal.yze 
the data obtained in this paper so as to furnish this reaction force, 
a solid foundation for a general study of oil-whip phenomena will 
have been laid. 

7 Author 's reference (5). 
8 Consulting Engineer, General Electric Company , Schenectady, 

N . Y . M e m . A S M E . 
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Fig. 10 Journal-center paths under two types of cyclic loading 
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Author's Closure 

The author is indebted to Dr. Simons for his careful considera-
tion of the paper. 

It seems reasonable that, since Dr. Simons' equipment appears 
to have less inherent damping than the author's apparatus, the 
resonances at ATj/Nw values greater than 2 should have appeared 
providing frequency ratios were adjustable within sufficiently 
close limits. Fig. 5 is plotted with the aid of only two experi-
mental points per resonance peak. If more points had been taken 
and plotted, perhaps the narrowness of the resonant ranges would 
have indicated that, even with less damping, the resonant range 
would not have been entered with the frequency ratios available 
to Dr. Simons. 

As inferred by Dr. Simons, the author did consider seriously 
the possibility that the resonances reported were a characteristic 
of the apparatus. Some work was done to assure ourselves and 
local critics that this was indeed an oil-whip phenomenon. The 
forms shown in Fig. 6 may be obtained at any of the shaft speeds 
we have tried in the range 1550 to 5250 rpm. Below this range 
there is difficulty in obtaining constant cam speeds for the higher 
Nj/Nw ratios. Minor resonances in the apparatus are excited 
at greater than 5250 rpm shaft speed. 

Great care in adjusting the frequency ratio Nj/Nw and 

reasonable co-operation of the apparatus in maintaining speed 
while data are recorded will produce traces such as shown in 
Fig. 6 for Nj/Nw equals —4 and —6. In these examples the 
loops and circumscribing circle are nearly the same size. In 
other cases such as at —8 and —10 the data apparently were not 
obtained exactly at the resonance peak. This effect may be ob-
served in Fig. 5 also. 

Radial displacement as used in this paper is the average radius 
of an elliptically shaped figure circumscribing the shaft center 
displacement trace. 

Dr. Poritsky has called our attention to the nonuniformity in 
the technology of oil film disturbance phenomena. More work 
leading to publication will improve the general understanding 
and inevitably tend toward standardization in terminology. 

As pointed out by Dr. Poritsky and in the Introduction of 
this paper, oil-whip phenomena, as generally encountered, occurs 
when a rotor is turning at two or more times its critical speed. 
Data reported in this paper were obtained with a "stiff" shaft. 
The advantages in working with one phenomenon at a time are 
obvious. A flexible shaft carrying a rotor has been prepared 
for this apparatus. We anticipate a certain amount of complexity 
if the forms of oil-whip resonance described in this paper are 
combined with rotor critical speeds and the normal oil whip 
occurring at twice rotor critical and above. 
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