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EXPERIMENTS ON THE STABILITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF WATER-LUBRICATED THREE-LOBE 

HYDRODYNAMIC JOURNAL BEARINGS AT ZERO LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
by Fredr ick T. S c h u l l e r  

Lewis Research Center  

SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Stability tests were conducted with 3.8-centimeter- (1.5-in. - )  diameter, 3.8- 

centimeter- (1.5-in. - )  long, three-lobe hydrodynamic journal bearings in water at 300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK 

(80' F) at speeds to 7000 rpm with zero load. The lobes were generated by distortion of 

the bearing wall  with shims at the bearing back. Centrally lobed bearings with and with- 
out axial grooves were tested. While lobed bearings with grooves had fair stability over 
a range of clearances from 0.009 to 0.052 millimeter (350 to 2050 pin. ), those without 
grooves were unstable at minimum operating speed (70 rpm) at clearances above 0.018 
millimeter (700 pin. ). 
lobe height. 
of asymmetric lobed bearings indicates that maximum stability is achieved when the 
lobes a re  tilted so that the points of minimum film thickness occur near the trailing 
edges. This agrees well with theory, and results in a bearing stability that is least 
sensitive to clearance. 
a lobe height of approximately 0.025 millimeter (1000 pin. ) over a clearance range of 
0.015 to 0.052 millimeter (600 to 2050 pin. ). 

The stability of a three-lobe bearing is a strong function of 

Comparison of the results of centrally lobed bearings with previous tests 

For centrally lobed bearings maximum stability was attained at 

INTROD UCTlON 

The ability of a journal bearing to inhibit self-excited fractional frequency whirl is 
of prime importance for successful operation of rotating machinery at conditions of high 
speed and low loads with a low-viscosity fluid, such as water, as the lubricant. In this 
type of whirl, the journal center orbits the bearing center at an angular velocity about 
one-half that of the journal around its own center. Such whirling can fail a bearing. It 

is desirable, therefore, to select a bearing geometry that has a high degree of stability. 



Tilting-pad bearings a re  exceptionally stable but a re  complex since they are  com- 

posed of several parts and may be subject to pivot surface damage (ref. 1). Fixed- 

geometry bearings do not have the disadvantage of complexity, but they are  not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas stable 

as the tilting-pad bearing. A fixed-geometry bearing that showed good stability proper- 
ties is the herringbone-groove bearing (refs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 to 4). Another fixed-geometry bearing 

that has shown promise is the lobed bearing (ref. 5), which has a marked similarity to 

the tilting-pad bearing except that its pads (lobes) a re  fixed in one position. 

Experimental stability data on two 'designs of three-lobe bearings are reported in 

reference 6. The sectors were tilted so that the minimum film thickness occurred at a 
point 60 percent of the a rc  length of the sector from the leading edge of the lobe a r c  in 

one design (fig. l(a)) and at the trailing edge of the lobe a r c  in the other design (fig. l(b)). 
The manner in which the lobes are tilted can be expressed in simpler terms by desig- 

nating the bearing in which the point of minimum film thickness at zero eccentricity 
occurs at the trailing edge of its arc  length as a lobed bearing with an offset factor of 

1.0. A symmetric or centrally lobed bearing would, therefore, have an offset factor 

of 0.5. 
In the investigation reported herein, three-lobe bearings with an offset factor of 0.5 

(centrally lobed) were tested. Normally, lobed bearings are fabricated by internal off- 
center grinding of each lobe. However, for th is study, the lobes were generated by the 

insertion of shims between the bearing housing inside diameter and the outside diameter 

of a plain cylindrical bearing (fig. 2). At assembly, by means of differential expansion 
techniques, each shim forces the bearing wall inward in its immediate vicinity, result- 

ing in lobes on the bearing inside diameter. 
The objectives of this study were (1) to observe the effect of lobe height on stability 

of a three-lobe bearing; (2) to compare the stability of a three-lobe bearing with and 

without axial grooves; (3) to compare experimental stability data for three-lobe bearings 

with analytical predictions; (4) to generate design curves to facilitate the design of 

optimum-geometry three-lobe bearings; and (5) to compare the stability of centrally 

lobed bearings (offset factor of 0.5) with bearings having offset factors of 0.6 and 1.0. 

A bearing with three lobes was selected for this study so that the stability results 

could be compared directly with those of previously tested three-sector bearings of the 
same size reported in reference 6 and because analyses are available for the three-lobe 

bearing geometry, in references 5 and 7. The test bearings had a nominal 3 . 8 -  
centimeter (1.5-in. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) diameter and were 3 . 8  centimeters (1.5 in. ) long. They were sub- 

merged in water at an average temperature of 300 K (80' F) and were operated hydrody- 

namically at journal speeds to 7000 rpm. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SYMBOLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 

C 

cO 

D 

g 

HL 
k 

L 

M 

M 
- 

- 
MO 

NS 

NW 

preload (ellipticity), mm; in. 

bearing radial clearance, RPC - R, mm; in. 

bearing radial clearance at zero preload, Rp - R, mm; in. 

journal diameter, cm; in. 

gravitational constant, m/sec2; in. /sec 2 

lobe height, mm; in. 

film thickness ratio, 1 + (HL/C) 

bearing length, cm; in. 

rotor mass per bearing, Wr/g, kg; (lb)(sec 2 )/in. 

dimensionless rotor mass parameter, CoMNs/p DL(R/Co) 2 (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5)  

5 2 5  dimensionless mass parameter, MPaC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/2p LR 

journal speed, rps  

journal fractional-frequency-whirl onset speed at zero load, rpm 

'a 
R 

Re 

RP 

RPC 

wr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CY 

P 

r 
6 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.1 

CLI 

atmospheric pressure, N/mz abs; psia 

journal radius, cm; in. 

Reynolds number, 27r<RNSCo/p 

radius of sector, cm; in. 

radius of pitch circle, cm; in. 

total weight of test  vessel, N; lb 

offset factor, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe / p  

sector a r c  length, deg 

dimensionless speed parameter, 61.1 wR 2 /PaC 2 

preload coefficient, a/(Rp - R) 

mass density, kg/m 3 ; (lb)(sec 2 )/in. 4 

lubricant dynamic viscosity, (N) (sec)/m2; (lb) (sec)/in. 2 

a r c  length from leading edge of sector to the line along which the lobe is pre- 
loaded radially 

journal angular velocity, rad/sec 
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APPARATUS 

Test zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABearings zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Three-lobed bearings with and without axial grooves separating the lobes were eval- 

uated. The bearings were lobed by the use of shims in a unique manner as presented in 
a recent patent disclosure (ref. 8) and shown in figure 2. The procedure for fabricating 
a shimmed, lobed bearing is as follows: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(1) A plain cylindrical bearing is assembled into a housing (fig. 2), with a light 
interference fit by cooling the bearing or heating the housing and depositing the bearing 

into the housing. 
(2) The bearing is machined in place to a predetermined round inside diameter, and 

an identification mark is scribed on the top surface of the bearing and housing. 

(3) The bearing is removed from its housing by cooling the assembly. (If the ex- 
pansion coefficient of the housing is greater than that of the bearing, heat can be used 

for the disassembly operation. ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(4) Equally spaced metal shims approximately 3 millimeters (1/8 in. ) wide are 

placed axially around the inside diameter of the housing and a re  tack-welded or  taped to 

the top and bottom of the bearing housing to prevent their dislocation. The thickness of 
the shims depends upon the lobe height desired. 

(5) The bearing is assembled into the shimmed housing by cooling the bearing or  
heating the housing and placing the bearing into the housing with the identification marks 

on the bearing and housing lined up with each other. 

(6) When the bearing and housing have reached thermal equilibrium, a profile trace 
of the inside diameter will indicate accurately what size lobing has been attained. 

amount of lobing will depend upon the thickness of the shims and the physical properties 

of the bearing housing, shim stock, and bearing materials used. 

The 

A typical bearing assembly used in this report had the following dimensions: 

Housing (stainless steel) 
Outside diameter, cm (in. ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10.79 (4.250) 

Inside diameter, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Outside diameter, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.0419 (1.9850) 

Inside diameter, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.8199 (1.5039) 

Interference fit between bearing and housing, mm (pin. ) 

Width, mm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Thickness, mm (in. ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.025 (0.0010) 

Resultant lobe height of bearing, mm (in. ) . . . . . . . . . . . . . . . . . . . . . . . .  0.025 (0.0010) 

5.0411 (1.9847) 

Bearing (bronze) 

. . . . . . . . . . . . . . . . . . .  0.008 (300) 

Shim (steel) 
3 (1/8) 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtypical circumferential profile trace of the inside surface of the shimmed test  
bearing is shown in figure 3. The height of the lobes HL was determined from similar 
t races for each of the test bearings used in this study. 

employed in this investigation. The angle 0 is defined as the a r c  length from the lead- 
ing edge of a sector to the point of minimum film thickness at zero eccentricity. 

this case 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. The offset factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe for the centrally lobed bearing is, there- 
fore, 0.5. The preload coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 is equal to the preload a divided by the differ- 

ence between the radius of the lobe, which in conventionally lobed bearings is machined 
in, and the radius of the journal 6 = a/(Rp - R). However, in this case the lobe was 
generated by distortion of the bearing wall, so  the radius of the lobe Rp had to be cal- 
culated from the lobe height values HL obtained from the profile t races (fig. 3) of each 
bearing tested. 

The difference in contour between the lobes of a conventionally machined lobe bear- 
ing and those of a bearing formed by shimming wil l  be discussed in more detail in the 

section Comparison of Theoretical and Experimental Stability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAData for Three- Lobe 
Three-Axial- Groove Bearings. 

and diameter. 
machined to a 0.1- to 0.2-micrometer (4- to 8-pin. ) r m s  finish. 
made of 17-4 PH stainless steel and the lobed bearings of bronze. 

Figure 4 shows the parameters which define the centrally lobed bearing geometry 

In 

P 

The assembled bearings in all cases had a nominal 3.8-centimeter (1.5-in. ) length 
The inside surface of the bearing and the journal outside diameter were 

The journals were 

Bear ing Test Apparatus 

The test vessel and associated parts a re  shown in figure 5. The shaft is positioned 
vertically s o  that gravity forces do not load the bearing. The test vessel, which also 
serves as the test bearing housing, floats between the upper and lower gas bearings. 
Bearing torque can be measured, i f  desired, by a force transducer attached to the float- 
ing test vessel. 

Movement of the test  vessel during a test is measured by orthogonally mounted 
capacitance probes outside the test vessel. The output of the probes is connected to an 
X, Y-display on an oscilloscope, where this motion can be observed. 
quency of the test vessel motion was measured by a frequency counter. A more detailed 
description of the test apparatus and instrumentation is given in reference 2. 

The orbital fre- 
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PROCEDURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Details of the test procedure are  given in reference 2. The bearings were run at 

zero load throughout the entire test. The onset of whirl was noted by observing the 

bearing housing motion on the oscilloscope screen (ref. 2). The shaft speed was re- 
corded at this time. Damage to the test bearings due to fractional-frequency whirl was 
prevented by reducing the speed immediately after photographing the whirl pattern on 

the oscilloscope screen. 
In these experiments, the motion of the bearing with its massive housing was moni- 

tored. Thus, the journal axis was fixed while the bearing axis whirled. The validity of 
the stability data obtained in this manner was established in reference 2, where excellent 

correlation was obtained between theoretical and experimental data for a three-axial- 

groove bearing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArun in water with a plain journal. 

RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND DISCUSSION 

General 

Experimental results obtained with ten bearings having different lobe heights a re  

shown in tables I to IV. Test results for three-lobe bearings with three axial grooves are 
shown in table I, and those with no axial grooves a re  shown in table IV. Table I1 lists 
the results for a three-axial-groove bearing with no lobing, and table 111 the results for 

a plain bearing with no grooves and no lobing. Journals of different diameters were 

used to obtain the different clearances shown for any particular bearing tested. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA total 

of 39 bearing stability tests was conducted at values of radial clearances C ranging 

from 0.009 to 0.052 millimeter (350 to 2050 pin. ), and lobe heights ranging from 0 to 

0.102 millimeter (0 to 4000 pin. >. 

and run hydrodynamically. Maximum speed attained without whirl was 7000 rpm. 

The bearings were submerged in water at an average temperature of 300 K (80' F) 

Effect of Lobe Height on Stabi l i ty  

The experimental results obtained with three-lobe bearings with axial grooves a re  

shown in figure 6(a). In the area labeled stable operation, to the left of the experimental 

curves, the bearings ran stably at zero load; to the right of the curves, fractional fre- 

quency whirl occurred. The experimental curves represent the stability limits of the 

bearings tested and indicate the zero load threshold of stability. The dimensionless 

6 



mass parameter and the dimensionless speed parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI? were obtained from the 
theoretical stability analysis in reference 2. Figure 6(a) shows the stability limits of a 
three-lobe, three-axial-groove bearing at five different lobe heights. As the lobe height 
was increased from 0 to 0.25 millimeter (0 to 1000 pin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA), the stability increased. 
(The bearing having a lobe height of zero is actually a plain (unlobed) bearing with three 
axial grooves. ) As the lobe height was further increased from 0.025 to 0.066 millimeter 
(1000 to 2600 pin. ), the stability decreased. Maximum stability occurred at a lobe 

height of 0.025 millimeter (1000 pin. ). 

at five different lobe heights. Maximum stability occurred at a lobe height of 0.025 mil- 
limeter (1000 pin. ) for the limited data recorded. (There were no data obtained at 
lobe heights below 0.025 millimeter (1000 pin. ), except for the zero lobe height value. ) 
An increase in lobe height above 0.025 millimeter (1000 pin. ) caused a decrease in 
stability. 

Figure 6(b) shows the stability limits of three-lobe bearings with no axial grooves 

Range of Stabi l i ty  of a Three-Lobe Bear ing W i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Without  Ax ia l  Grooves 

It is interesting to note that stable operation at a clearance value above 0.018 milli- 

It appears that at the tighter clearances, 0.013 to 0.018 milli- 

meter (700 pin. ) was impossible to attain with the three-lobe bearing without the three 

axial grooves (table IV). 
meter (500 to 700 pin. ), the lobes of the bearing without grooves are  effective in keep- 

ing the bearing stable. However, as the clearance is increased above 0.013 millimeter 
(700 pin. ), the lobes lose their effectiveness and the bearing no longer acts as a bear- 
ing of three distinct sectors but as a plain bearing with a uniformly distorted contour. 
An attempt was made to run a plain cylindrical bearing with no grooves and zero lobe 

height, representing a minimum condition of lobe height for the bearings without grooves. 
This bearing ran stably at a clearance of 0.009 millimeter (350 pin. ) to a speed of 
6200 rpm but was completely unstable at a clearance of 0.018 millimeter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(700 pin. ) 

(table III). Since an unloaded plain journal bearing will whirl at all speeds and clear- 
ances, the one stable point at 0.009 millimeter (350 pin. ) was probably due to a slight 
misalinement of the bearing with the journal. This would tend to preload the bearing 

and give it some stability (ref. 9). At higher clearances, above 0.009 millimeter 
(350 pin. ), the preload was too small  to preload the bearing effectively and keep it 
running stably. 

From the results of the present investigation it is apparent that a three-lobe bear- 
ing with three axial grooves is stable over a larger range of clearances than one without 
grooves when operating hydrodynamically while immersed in a low-viscosity lubricant 
such as water. 

7 



Comparison of Theoretical and Experimental Stabi l i ty  Data f o r  

Three-Lobe Three-Axial-Groove Bear ings zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The solid curves shown in figure 7 are from reference 5 and show the theoretical 

stability threshold of three-lobe bearings that a r e  centrally lobed. Since the Reynolds 
number of the experimental points reported herein fell within the range of 0 to 2000, 

both curves have been included. The experimental data were plotted using the param- 

eters  of reference 5 and show fair agreement with the theoretical values for the cen- 

trally lobed bearing (offset factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcy = 0.5). Theory predicts a larger range of stable 

operation than was observed experimentally. 

measured. Using shims to obtain the lobes, as was done here, results in a lobe contour 

that is not exactly a true circular arc.  Therefore, a radius which approximates the 

curvature of the lobes had to be calculated from the lobe height readings. Figure 8 
shows the difference in lobe contour between a lobe that has been machined in and a lobe 

that has been generated by a shim. The contour of the shimmed lobe is shown as a 
solid curve and was traced from a profile trace of one of the test bearings. The dashed 

curve illustrates what the contour would look like if it were machined in and generated 
from the 120' a r c  to the right of the curves. Both lobes have the same height, 0.025 
millimeter (1000 pin. ). Although there is a slight difference in contour, applying 

circular-arc theory to the shimmed bearings seems valid in light of the following argu- 

ment. 
along with two experimental curves. The short-dash curve represents a smooth curve 
that was drawn through the collective data for a ser ies of bearings with machined lobes 

having an offset factor of 0.6 (ref. 6). The long-dash curve represents a smooth curve 
that was drawn through the experimental data shown in figure 7 for lobed bearings with 

an offset factor of 0.5 which had lobes generated by shims. It was shown in reference 6 
that increased stability can be obtained by tilting each bearing sector towards its trail- 
ing edge; therefore, a bearing with an offset factor of 0.6 wil l  be more stable than one 

with an offset factor of a. 5. It appears, then, that the theoretical curves of figure 9 
which a re  for lobed bearings of 0. 5 offset factor should be more accurately located near 

the experimental curve of the 0.5 offset factor bearings. This would place the experi- 

mental curve for the lobed bearings with a 0.6 offset factor above the theoretical curves 

of offset factor 0.5. From the results of at least these two experimental studies it 
appears that any discrepancy between theoretical and experimental results is due to 

some factor that was not considered in the theoretical analysis. The effect that differ- 

ences in lobe contour might have on stability could only be determined i f  the results of 

these shimmed lobe bearing tests were compared with those of machined-in lobe bear- 

ings of equal offset factor and dimensions. 

Conventionally the lobe radius is machined in the bearings, and this radius is then 

Figure 9 shows the theoretical curves of reference 5, repeated from figure 7, 

8 



The calculated lobe radius Rp is the same radius that would be used to machine a 
lobe of the same height as the shimmed lobe. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA sample calculation follows to show how 

the measured lobe height of the shimmed bearings was used to obtain Rp. Figure 10 is 

an illustration of the pitch circle of a three-lobe bearing and one of the centrally lobed 

sectors. The pitch circle is defined as a circle that touches each lobe at its minimum 
film thickness location (the midpoint of each lobe a rc  for centrally lobed bearings). A 
triangle based on the relation between the pitch circle and lobe radii is constructed as 
shown. From the law of cosines 

In this example the lobe height HL was measured to be 0.025 millimeter (1000 pin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 
and the pitch circle radius was measured to be 1.909 centimeter (0.7514 in. ). 
tuting these known values in equation (1) results in a value of 0.050 millimeter 
(2000 pin. ) for  the preload a. 
radius RpC and the preload a, or in this case 1.909 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0050'= 1.914 centimeters 
(0.7514 + 0.0020 = 0.7534 in. ). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 = a/(Rp - R) and would be the same for a machined lobe of equal height. 

Substi- 

The lobe radius Rp is the sum of the pitch circle 

The preload coefficient is then obtained from 

Design Curves 

The data were replotted in slightly different form in order to facilitate the design of 
optimum-geometry bearings. Whirl onset speed is plotted against radial clearance in 
figure 11 for the four different values of lobe height HL for the three-lobe axially 
grooved bearings. The values of film thickness ratio, k = 1 + (HL/C), and preload 
coefficient, 6 = a/(Rp - R)(table I), are  given for each data point. Vertical dashed lines 
intersect the experimental curves at four arbitrary clearance values. The curves in 
figure 12 were obtained by cross-plotting the data in figure 11 at the four different values 
of clearance, using the whir l  speed NW and the film thickness ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk and preload 
coefficient 6 as the coordinates. Simple straight-line interpolation was used for the 
cross plot. Figure 12 shows that there is an optimum value of k and 6 at any given C 
and that this optimum is a function of C. It also shows that stability becomes more 
sensitive to k as C increases, although this is not readily apparent because of the 
nonuniform scale used in plotting k in this figure. 

Figure 13 is essentially a repetition of figure 12 except that it was plotted by using 
the dimensionless speed parameter I? instead of whirl onset speed as the ordinate. It 
is included because it is more useful as a design parameter than the curves of figure 12. 
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Preload coefficient is a more universal term used in lobed bearing design than is 

film thickness ratio. Lobe height is only used in this report because it was the dimen- 

sion that was measured and from this measured dimension the radius of the sector Rp 

was calculated to ar r ive at the preload coefficient 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= a/(Rp - R). For this reason both 
preload coefficient 6 and film thickness rat io k appear as coordinates in figures 12 

and 13. 
Figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 and 13 show that the preload coefficient, at the points of optimum locus, 

increases from about 0.54 to 0.78 and the f i lm  thickness rat io from 1.57 to 2.78 as the 

clearance is reduced from 0.046 to 0.015 millimeter (1800 to 600 pin. ). 

Th ree-Lobe Bear ing  Geometry of Maximum Stabi l i ty  

The offset factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcy of a lobed bearing is defined as the ratio of the a rc  length from 
the leading edge of the sector to the point of minimum film thickness at zero eccentricity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 to the a r c  length of the sector zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp (fig. 4). Figure 14 shows a comparison of the sta- 
bility of three-lobe bearings with various offset factors. Whirl speed is plotted against 

radial clearance for bearings of three different offset factors, 0.5, 0.6,  and 1.0. The 
points for the three-lobe bearing with an offset factor of 0.5 correspond to the points of 

maximum stability (optimum locus curve) obtained from figure 12. The points for the 
bearings with an offset factor of 0 .6 and 1.0 were obtained in a similar manner from the 

experimental data reported in reference 6. As the offset factor is increased from 0.5  
to 1 .0  in figure 14, the curves shift to the upper right at a shallower slope, which indi- 

cates an increase in stability and less sensitivity to clearance. 

showed that a maximum in stability for a three-lobe bearing with an L/D = 1 occurred 
at an offset factor of about 0.9. 

which shows an offset factor of 1.0 to be more stable than an offset factor of 0 .5  or 0.6.  

An analytical study of the three-lobe bearing was reported in reference 7, which 

This agrees with the experimental data of figure 14, 

SUMMARY OF RESULTS 

A total of 39 stability tests was performed on two types of centrally lobed three-lobe 

bearings. One type had an axial groove separating each lobe a r c  and the other type had 

no grooves. Bearings of each type, having a variety of lobe heights, were run at a num- 
ber of different radial clearances. 

meter (350 to 2050 pin. ), and the lobe heights from 0 to 0.102 millimeter (0 to 

4000 pin. ). 

The clearances varied from 0.009 to 0.052 milli- 
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The bearings were cun hydrodynamically in water at an average temperature of 
300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK (80' F) at speeds to 7000 rpm. The test bearings had a diameter of 3.8 centi- 
meters (1.5 in. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and a length-diameter ratio of 1. 

The lobes on the test bearings were generated by means of shims inserted at three 
equidistant lines between the bearing back and housing rather than by conventional ma- 
chining techniques. The following results were obtained: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1. Maximum stability of a three-lobe centrally lobed bearing with axial grooves 
occurred at a lobe height of 0.025 millimeter (1000 pin. ) over a clearance range of 
0.015 to 0.052 millimeter (600 to 2050 pin. ). 

attain at clearances above 0.018 millimeter (700 pin. ) over a range of lobe heights 
from 0.025 to 0.102 millimeter (1000 to 4000 pin. ). 

3. Experiments indicate a smaller range of stable operation for three-lobe centrally 
lobed bearings than predicted by theory. 

4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn optimum value of preload coefficient exists at any given clearance, and this 
optimum is a function of clearance. 

5. Experimental data indicate that, as the offset factor (angle from leading edge to 
the minimum-film-thickness point at zero eccentricity/lobe angle) of a three-lobe bear- 
ing is increased from 0. 5 to 1.0,  the stability increases and becomes less sensitive to 
clearance. This agrees well with theory, which predicts maximum stability at an offset 
factor of 0.9. 

2. Stable operation of a three-lobe bearing without axial grooves was impossible to 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 28, 1971, 
129-03. 
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TABLE I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

ratio, 

HL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc = l + -  
C 

rEST RESULTS FOR THREE-LOBE BEARINGS WITH THREE AXIAL GROOVES 

- a 
R p - F  

Lobe 

height, 

HL 

2.09 
1.75 . 

1.60 
1.39 
1.29 

Preload 
(ellipticity), 

a 

0.685 
.600 
.545 
.438 
.367 

Minimum 
radial 

clearance, 

C = R p C  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR 

Radial 
clearance 

Iefore preload, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Co = R p  - R 

Fractional frequenc: 

whirl onset speed 
at zero load, 

NW, rpm 

Bearing 

r r r 

- 
pin. 

- 
pin. mm mm 

~ 

pin. mm pin. mm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. 015 600 0.030 1200 0.014 

.020 

.025 

.039 

.052 

550 

800 
1000 
1550 
2050 

0.044 
.051 

.056 

.070 

.083 

1750 
2000 

2200 
2750 
3250 

5000 
670 
3 00 
2 00 

90 

D. 025 1000 0.051 2000 0.015 
.024 

.039 

.052 

0.013 
.022 

.037 

.050 

0.010 
.024 

.037 

.047 

~ 

~ 

~ 

600 
950 

1550 

2050 

0.066 
.076 

.091 

.lo4 

2600 
3000 
3600 

4100 

4900 
2000 

500 
160 

0.770 1 .680 
.565 

2. 67 
2.06 

0.878 i::: 1 .810 
2.24 .713 
1. 92 

7. 50 

3.74 
2.79 
2.41 

D. 046 

~ 

D. 066 

1800 

~ 

2600 

3 600 

~ 

5200 

5 00 

850 
1450 

1950 

400 
950 

1450 
1850 

~ 

~ 

4100 
4500 
5100 

5600 

5600 

6200 
6700 
7100 

0.091 

0.132 

0.104 
.114 
. 130 
. 142 

0: 142 
. 158 

. 170 

.180 

5000 
2200 
3 90 
100 

4300 

1300 
2 00 

130 

0. 930 j-g 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- TEST RESULTS FOR 

Radial 

clearance, 

C 

mm pin. 

0.009 350 

.018 700 

A THREE-AXIAL-GROOVE 

Fractional frequency 

whirl onset speed 

at zero load, 

NW’ rpm 

6200 

(a ) 

BEARING WITH NO 

LOBING (BEARING 7P) 

[Film thickness ratio, 1.01 

-__-- - 

at zero load, 

TABLE 111. - TEST RESULTS FOR 

A PLAIN BEARING - NO 

GROOVES, NO LOBING 

(BEARING 50) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I 

aBearing unstable at minimum 

operating speed (70 rpm).  
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TABLE IV. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- TEST RESULTS FOR THREE-LOBE 

3earing 

~ 

BEARINGS WITH NO GROOVES 

Lobe 

height, 

HL 

mm 

0.025 

0.048 

0.076 

D. 102 

- 
pin. 

~ 

1000 

~ 

1900 

3000 

~ 

4000 

~ 

Minimum 

radial 

clearance, 

C = R P C  - R 

mm 

0.013 

.018 

.023 

.032 

0.013 

,018 

.023 

.032 

0.013 

.018 

,023 

.032 

0.011 

.016 

,025 

.029 

- 
pin. 

500 

700 

900 

1250 

500 

700 

900 

1250 

500 

700 

900 

1250 

45 0 

650 

1000 

1150 

'ractional frequenc! 

wh i r l  onset speed 

at zero load 

Nw, rPm 

aBearing unstable at minimum operating speed (70 rpm).  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Shaft L M i n i m u m  f i lm  
thickness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I;- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu - 

(a) Offset factor, 0.6. 

. Identific 
mark 

:ation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r M i n i m u m  

f i l m  thickness 
Figure 2. - Three-lobed-bearing assembly. 

(b) Offset factor, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0, 

Figure 1. - Sector bearing geometry. 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-r 

6 .25~10-~  m m  (250pin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

- Shaft rotat ion 
1200 ___1 

Figure 3. -Typical c i rcumferent ia l  prof i le  trace of inside surface of shimmed bearings. 

~ p v r B e a r i n g  sector 

Shaft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY.2 
Figure 4. - Bearing geometry fo r  cent ra l ly  lobed bearing. Offset 

factor, a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAelp. 
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I 

I 

Suppor t  
bea r ing  
h o u s i n g  

,-Upper gas bear ing  

,- Test bear ing h o u s i n g  
,,-Load cable 

- Lower gas bear ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C O - 9 9 2 3 - 1 5  

F igu re  5. - Bear ing test apparatus. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
18 



Stable operation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

.- 2 
a 1 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t Lobe height, 
HL 

mm (pin.) 

L O  10) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.a5 (1000) 
0 ,048 (19001 
0 .076 (u)001 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v . 102 I4000) 

(a) With three axial grooves. 

Unstable operation 

Stable operation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) Without grooves. 

Figure 6. - Effect of lobe he igh t  o n  stabil ity of cen t ra l l y  lobed three-lobe bearing. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

n u m b e r  // zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

// zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

0 /// ""0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A m m  (pin. 1 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 0.015 (600) 
A 0 .025 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(lo001 

0 .046 (1800) 
0 .a6 (2600) 

Theoretical data f rom 
ref. 5 f o r  central ly 
lobed, th ree-lobe 
bear ings w i th  length 
diameter rat io of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

I 
1.0 

I ~~~ I 
. 3  . 4  .5 .8  . 9  .7 .6 

I I I . 01 

Preload coefficient, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb 

Figure 7. - Comparison of theoretical and  experimental data u s i n g  dimensionless 
parameters of reference 5. 

Lobe 

Shimmed lobe prof i le from actual prof i le t race 
--- Geometrically constructed lobe prof i le of machined lobe 

Figure 8. -Compar i son  of prof i le of shimmed a n d  machined lobe. Lobe height, 0.025 mi l l imeter 
11OOOpin. 1. 
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.1  

01 
Figure 10. -Method of calculating preload a, lobe radius Rp, and 

preload coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb ,  from measured value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlobe height HL. 

’ Offset Lobes Reynolds Reference 
factor, number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr 

a 

/ ---_ 0.6 Machined ---- 

r /  

I/ Experimental 

Theoretical - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -- . 5  Shimmed ---- This  work 
0 . 5  _ _ _ _ _ _ _ _  

. 5  _____-__  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2000 5 



N 
N Film Preload 

thickness coefficient, 
ratio, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh 

Lobe height,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 0.015 (600) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.OB (1000) 
0 . M 6  (1800) 
0 .066 (2600) 

- 

- 

c 

% 600 - 
c 
0 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L ._ 
.c 
%- 400 - 

200 - 

100 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
,0075 ,010 ,015 .OB ,025 .050 .075 

Radial clearance, C, m m  

1 I I 1  I I 
100 400 600 800 1000 2000 mo 

Radial clearance, C, pin.  

Figure 11. - W h i r l  onset speed as funct ion of radial clearance at 
var ious f i lm  thickness ratios and preload coefficients for  three 
lobe bear ing wi th axial grooves. 

10 000 
Radial 

clearance, 
C 

.036 (1400) 

. M 6  (1800) 

\ 
2 
z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d 
a, 5 1000 - / / ‘ Lop t imum locus - 

100 
. 4  . 5  . 6  .7 .8 .9 

I I I 1  I I I  I I I I  I J  

Preload coefficient, 6 

1.3 1.4 1.5 1.6 1.8 2.0 2.2 2 . 6 3 . 0 3 . 5 4  5 6 
Film thickness ratio, k = 1 + H L / C  

Figure 12. - W h i r l  onset speed as f unc t i on  of preload coef- 
f ic ient  and f i lm  thickness rat io for  three-lobe bearing 
with axial grooves. 



e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
Q, 
0 
ul 
0 N 

V 

am 
N- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

\o 

L 

d 
a, a YI 

VI 
VI W 

C 
0 
VI 
c 

- 
.- 
E .- 
0 

/ '. 
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. 1  
. 4  . 5  .6  . 7  .8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 9  

Preload coefficient, 6 

I I I I  I I I I I l l  I 1  
1.3 1.4 1.5 1.6 1.8 2.0 2.2 2.6 3.03.54 5 6  

Film thickness ratio, k = 1 i. Hl/C 

Figure 13. - Dimensionless speed as funct ion of preload coef- 
f ic ient  and f i lm thickness ratio for  three-lobe bearing with 
axial grooves, 

E 
L? 

2 2000 
z 

I 

a 

0 10 (Ref. 6) 
0 .6 (Ref. 6) 
0 .5 

Radial clearance, C, mm 

I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m m 400 600 800 1oM) 

Radial clearance, C, pin. 

Figure 14. - Comparison of stability of three-lobe bearings at various offset 
factors. 


