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PREFACE

This publication is the result of over 260 fractional-
frequency-whirl stability tests on a variety of fixed-geometry
journal bearings. It is intended principally as a guide in the
selection and design of antiwhirl bearings that must operate at
high speeds and low loads in low-viscosity fluids such as water
or liquid metals. However, the various fixed-geometry configu-
rations can be employed as well in applications where other lu-
bricants, such as oil, are used and fractional-frequency whirl is .
a problem. The important parameters that affect stability are
discussed for each bearing type, and design curves to facilitate
the design of optimum-geometry bearings are included. A com-
parison of the stability of the different bearing configurations
tested is also given,
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INTRODUCTION

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 load with a low-viscosity fluid, such as water, as the lubri-
cant. 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, if the
amplitude of whirl grows and is not limited. Itis desirable,
therefore, to select a bearing geometry that has a high degree
of stability.

Tilting-pad bearings are exceptionally stable but are com-
plex since they are composed of several parts and may be sub-
ject to pivot surface damage (ref. 1). Fixed-geometry bearings
do not have the disadvantage of complexity, but they are not as
stable as tilting-pad bearings. The tilting-pad bearing, because
of its movable pads, directs the lubricant film reaction force of
the bearing into the line of action of the applied load on the jour-
nal, and this force tends to stabilize the bearing. This stabiliza-
tion is not possible with a fixed-geometry bearing. It is known,
however, that discontinuous films, such as those produced by
steps and grooves, tend to stabilize a bearing (ref. 2). One
bearing that shows good stability properties is the herringbone
journal mated with a plain bearing (fig. 1). The bearing acts as
a viscous pump, pumping fluid along the grooves and increasing
fluid pressure within the bearing. This self-pressurization ef-
fect can be used to control the attitude angle of the bearing and
thereby improve bearing stability. Most of the theoretical and
experimental work on herringbone journals has dealt with com-
pressible lubricants (refs; 3 to 5), and there has been very
little information available on incompressible lubricants (refs.

6 and 7). The experimental data presented in.this report are for
incompressible lubricants,

Theoretical analysis of the herringbone journal assumes an
infinite number of grooves (ref. 5). It would be of interest to
observe experimentally how bearing stability is affected by a
variation in the finite number of grooves in such a bearing.
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C-68-2882
Plain bearing

C-68-2881
20 Partial grooves 40 Partial grooves

C-68-2880
10 Full grooves 20 Full grooves 40 Full grooves

(a) Configurations investigated.
Figure 1. - Herringbone-groove journals.



INTRODUCTION - ‘ 3

,—Ridge width

N
I

~ Groove \ \.‘

Rdiation

CD-9598-15

Bearing—"

(b) Bearing assembly.
Figure 1. - Concluded.

Further, theory for incompressible flow predicts maximum sta-
bility at a film thickness ratio of 2, 1 (ref. 5). Experimental
verification of this prediction would be desirable, Film thick-
ness ratio can be varied by either maintaining constant groove
depth while varying the radial clearance or varying the groove
depth while maintaining constant radial clearance, In these ex-
periments, because of the strong influence of radial clearance
on stability, both clearance and groove depth were varied so
that the effects of varying film thickness ratio could be studied
independently of radial clearance.

There is one fixed-geometry journal bearing configuration,
the Rayleigh step bearing (fig. 2), that has had very little inves-
tigation as far as stability characteristics are concerned. - For
this reason and because analysis has shown that the single-step
Rayleigh step journal bearing will carry a substantial load even
though the bearing is in a concentric position (ref, 8), its sta-
bility characteristics were investigated experimentally, In this
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report a pad is defined as a combination of feed groove and step
and ridge regions, A segment is defined as an independently
acting 360° region; it may incorporate one or more pads.

A Rayleigh step bearing with only a single pad in its cir-
cumference results in-maximum load capacity (ref. 9). How-
ever, it has the disadvantage that the load capacity varies con-
siderably with the direction of the applied load, In spite of this
disadvantage, the stability of this type of bearing (see fig. 2(a))
was investigated. Two other Rayleigh step bearing configura~
tions were also chosen for testing. One utilizes the single-pad
configuration and is composed of three circumferential segments
side by side (fig. 2(b)). Each segment, with a length one-third
the entire bearing length, contains one pad and is displaced 120°
circumferentially with respect to the other segments. The sym-
metry thus achieved largely eliminates the disadvantage of ani-
sotropy. The other configuration consists of three pads extend-
ing the entire length of the bearing, as shown in figure 2(c). The
ridge- to pad-arc ratio ¢ is defined as the ratio of the arc sub-
tended by the ridge to the arc subtended by the pad (fig. 2(d)).
The trisymmetrical arrangements were selected mainly to en-
able direct comparison of stability data with three-lobe bearings
also covered in this investigation,

Another fixed-geometry bearing that has shown promise is
the lobed bearing (refs. 10 and 11), which has a marked simi-

ol _~Feed groove
ANANNANNNNNNY N %
' Shroud
Shroud—\ r hrou
’ /
@&\\\\\\\s Step region ™
A< R

Section A-A

(a) One-segment, one-pad shrouded Rayleigh step journal bearing,
Figure 2. - Rayleigh step bearing.
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INTRODUCT I ON 7

larity to the tilting-pad bearing except that its pads (lobes) are
fixed in one position, Most of the research on lobed-bearing
stability has been done with bearings that are centrally lobed
(fig. 3), which result in converging-diverging films, Ina cen-
trally lobed bearing, only the converging-wedge position of the
arc of each lobe is active in generating load capacity, If the
lobe is tilted toward the shaft at the trailing edge of the lobe, as
in figure 4(b), the minimum film thickness occurs nearer the
trailing edge of the lobe, and a pressure profile is built up over
a large portion of the lobe arc, which increases its load capacity
(ref. 12). Reference 12 reports an improvement in the stability
of a tilted-lobe bearing over those of centrally lobed bearings,

In the investigations on lobed bearings (refs. 10 to 12), the
nonrotating member (the bearing) had the lobed contour and was
run with a plain rotating journal. Reference 11 reports an ana-
lytical investigation of a centrally lobed rotor with three or
more lobes running stably in a plain bearing, Also included are
some experimental results for a three-central-lobe rotor,
which verify the theoretical analysis. In the investigation de-
scribed in this report, three-lobe journals with lobes tilted so
that the minimum film thickness occurs at their trailing edges
" (fig. 5(a)) and centrally lobed journals (fig. 5(b)) were run with
plain bearings. Tilted-lobe journals were tested because of .
previous reports that tilted-lobe bearings had increased stabil-
ity over those of centrally lobed bearings run with plain jour-
nals (ref. 12).

The objectives of this study were (1) to determine the im-
portant parametérs that affect the stability of the various fixed-
geometry bearings tested, (2) to generate design curves to fa-
cilitate the design of optimum-~geometry bearings, and (3) to
compare the stability of the different bearing configurations, ‘

This work was originally reported in references 13 to 18.

The following types of fixed-geometry journal bearings
were tested: (1) herringbone journals mated with plain bear-
ings, (2) Rayleigh step bearings, (3) three-lobe bearings, and
(4) three-lobe journals mated with plain bearings,

The test bearings had a nominal 3, 8-centimeter (1. 5-in,)
diameter and a length-diameter ratio L/D of unity. They
were submerged in water at an average temperature of 300 K
(80° F) and were operated hydrodynamically with zero load.
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Bearing housing

Identification
mark

(a)

-~ Bearing sector

b

(a) Bearing assembly,
(b) Bearing geometry. Offset factor a= 6/ = 0.5.

- Figure 3. - Three-central-lobe bearing.
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Trailing edge

Trailing edge~¥*

(a) Tilted-lobe (wholly converging) configuration, Offset factor a =6/ = 1.0.
(b} Centrally lobed (convergirig-diverging) configuration. Offset factor a = 8/p = 0.5.
(c) Tilted-lobe {wholly converging) configuration with three axial grooves.

Figure 5. - Three-lobe journal geometry.
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SYMBOLS

preload (ellipticity), mm; in.

bearing radial clearance, mm; in, :

radial clearance in step region when bearing and journal
are concentric, C + S, mm; in,

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

journal diameter, cm; in,

gravitational constant, m/secz; in, /sec?

herringbone~groove film thickness ratio, ratio of
groove clearance to ridge clearance, hg /C

lobe height, cm; in,
groove clearance, C + S, mm; in.

film thickness ratio for tilted-lobe bearings and jour-
nals, 1+ ARy /C

film thickness ratio for centrally lobed bearings,
1+ Hy /C

film thickness ratio for Rayleigh stép bearings, Cg/C
bearing length, cm; in,

length of grooved portion of bearing, cm; in.

rotor mass per bearing, W, /g, keg; (]b)(secz) /in,
dimensionless masé parameter, MP,(C /R)5 /2u2L

dimensionless rotor mass parameter,
CoMNg/UDL(R/C) 2 (ref. 10)

journal speed, rps

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

atmospheric pressure, N/m2 psia

journal or bearing radius, cm; in.

leading-edge entrance wedge thickness, mm; in.

lobe radius, om; in,

radius of bitch circle, cm; in.

depth of herringbone groove or Rayleigh step, mm; in,

total weight of test vessel (rotor), N; 1b

offset factor, /8 '
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B sector arc length, deg

T dimensionless speed parameter, 6uwR2/'PaC2

v angle subtended by ridge in Rayleigh step bearing, deg

6 preload coefficient, a /(RP - R)

z angle subtended by lubrication groove in Ray1e1gh step
bearing, deg

0 arc length from leading edge of sector to line along
which lobe is preloaded radially, deg

m lubricant dynamic viscosity, (N)(sec)/m% (lb)(sec) /in.2

angle subtended by step region in Rayleigh step bearing,

deg

P ratio of ridge angle to total angle of ridge-step-groove

combination, ridge- to pad-arc ratio in Rayleigh step
bearing, y/Ay + ¢ +¢)
w journal angular speed, rad/sec

APPARATUS
Test Bearings and Journals

The assembled bearing in all cases had a nominal 3, 8-
centimeter (1.5-in,) diameter and an L/D of unity. The in-
side surfaces of the bearings and the outside surfaces of the
journals were machined to a root-mean-square finish of 0. 1 to
0. 2 micrometer (4 to 8 pin.). The journals were made of stain-
less steel or Stellite material and the bearings of bronze. Run-
out of the journals on the test shaft average 5 micrometers
(200 pin.).

Herringbone journals mated with plain bearings. - Her-
ringbone journals of six configurations, three journals having 10,
20, and 40 full grooves and three having 10, 20, and 40 partial
grooves (fig. 1), were evaluated. Grooving extended beyond
the bearing sleeves at each end to ensure an adequate lubricant
supply. The partially grooved journals had a circumferential
land centrally located along the length of the bearing. The
width of the circumferential land was one-third the length of the
bearing (fig. 1(b)). The fully grooved journals had herringbone
grooves that met midway along the axial length of the bearing,.
Circumferential surface profile traces were made of each jour-
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nal outside diameter in two planes along the length of the jour-
nal to obtain the average groove depths listed in table I. A
typical surface profile trace is shown in figure 6. To reduce
the number of new journals required, the outside surfaces of
the journals with large groove depths were ground after testing
to reduce the groove depths, and the journals were reused.

Surface profile traces were made after each grinding operation
to determine the new average groove depth,

The herringbone-groove journal helix angle and groove- to
ridge-width ratio (table I) were set at those values which yield
a maximum radial force at a compressibility number of zero
for a compressible lubricant (ref. 5), which approximated the
conditions existing with an incompressible lubricant. Because
of manufacturing difficulties, the maximum number of grooves
was set at 40 for this investigation,

TABLE 1. - HERRINGBONE-GROOVE JOURNAL GEOMETRIES

[Helix angle, 33°.]

Journal | Groove depth, | Groove | Number | Groove width | Ridge width

S type of - -
grooves [ MM mj mm in.
mm | pin.
1 0.015| 590 | Partial 40 0.813 10.032 [0.813 |0.032
2 .016 | 620 | Full
3 .035 (1380 | Full
4 .043 { 1700 | Partial \ \ ]
5 0.010 | 410 | Partial 20 1.626 |0.062 | 1.626 |0.062
6 .018 | 700 Full
1 .036 | 1400 Partial
8 .042 | 1640 Full ] \

9 0.009 | 340 | Partial 10 2.43810.128 |2.438 10.128

10 .018 | 700 | Partial

11 .024] 960 | Funll

12 .032 11280 | Partial

13 .036 | 1420 | Full

14 .034]1350 | Full -
15 .068 | 2660 | Partial

16 .085]3350 | Partial | { |




APPARATUS 15
_{_0.006 mm (250 pin. )
T
Figure 6. - Herringbone-groove
circumferential surface profile
trace of journal 12.

Rayleigh step bearings. - Terms which will be used in
the description of the Rayleigh step bearing are defined as
follows: )

Configuration Relative disposition of pads and segments

Feed groove

Geo_metry
Pad

Ridge region
Segment
Shroud ‘

Step region

(figs. 2(a) to (c))

Axial groove that runs the length of the seg-
ment and feeds lubricant to the bearing
(fig. 2(c); although not shown in this figure,
the depth of the feed groove is orders of
magnitude deeper than the film thickness)

Arc lengths and step depths that describe the
step and ridge regions (fig. 2(d))

A combination of feed groove and step and
ridge regions (fig. 2(c))

Raised area of pad not including the shrouds
(fig. 2 -

An independently acting 360° region; it may .
incorporate one or more pads (fig. 2(b))
Side rails at the axial ends of the segment in
the step region that act as a dam (fig. 2)

Relieved area of a pad (fig. 2

Rayleigh step bearings of four different configurations were
evaluated (fig. 2). One consisted of one segment running the
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length of the bearing with one pad in its circumference, as
shown in figure 2(a). Another consisted of three circumferen-

- tial segments of equal length, side by side, separated from each

other by grooves, as shown in figure 2(b). Each segment con-
tained one pad that was displaced 120° circumferentially with
respect to the others to achieve symmetry in the bearing. The
length of each segment was one-third the total length of the
bearing. One set of such bearings had a ridge- to pad-arc

ratio p (fig. 2(d)) of 0.40, and another set hada of 0, 49.
These ridge- to pad-arc ratios were selected on the basis of

the load capacity results of reference 8. Since the load capacity
curve of reference 8 has a rather flat peak, both arc ratios
represent conditions which yield maximum load capacity for a
single-pad Rayleigh step bearing at the small eccentricity ratios
(e = 0 to 0. 3) that can be expected with a bearing under zero
load. . o

The third Rayleigh step bearing configuration that was
evaluated is shown in figure 2(c). It consisted of three pads
extending the entire length of the bearing. One set of such
bearings had a ridge- to pad-arc ratio y of 0. 27, and another
set hada y of 0,45. The ratios chosen were based on analyt-
ical work on load capacity for three-pad Rayleigh step bearings
at an eccentricity ratio of 0, 1 reported in reference 19. '

One of the one-segment, three-pad bearings with shrouds
and a ridge- to pad-arc ratio  of 0. 45 had its shrouds ma~
chined off after it was tested. It was then rerun without shrouds.
This was the fourth configuration tested.

The width of the shroud was 1.5 millimeters (0. 06 in.) for
the three-segment, single-pad bearing and 4. 8 millimeters
(0. 19 in,) for the one-segment, three-pad bearings and the one-
segment, one-pad bearings. The bottom corners of the steps
in the bearings were not sharp but had a machined radius of ap-
proximately 0, 97 centimeter (0. 38 in.).’

Figure 2(d) shows the parameters that define the Rayleigh
step bearing geometry. The angle vy is defined as the angle
subtended by the ridge region; ¢, the angle subtended by the
step region; and ¢, the angle subtended by the lubrication

- groove, The angle ¢ is included since it was used in the anal-

ysis of references 8 and 9. Although this angle is normally
small and may not be important for the one~ and three-step con-
figurations employed in this investigation, it can become im-
portant in an analysis of a Rayleigh step bearing with a large
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number of pads. The symbol C in figure 2(d) is the radial
clearance between the journal and the ridge region, and Cg is
the radial clearance in the step region when the journal is in a
concentric position in the bearing. The depth of the step S is
then Cg - C.

Three-central-lobe bearings. - Three-lobe bearings with
and without axial grooves separating the lobes were evaluated.
The bearings were lobed by the use of shims in a unique manner,
as presented in a recent patent disclosure (ref. 20) and shown
in figure 3(a). The procedure for fabricating a shimmed, lobed
bearing is as follows:

(1) A plain cylindrical bearing is assembled without shims
into a housing (fig. 3(a)), with a light interference fit by cooling
the bearing or heating the housing and depositing the bearing in
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 expansion coefficient of the housing is greater
than that of the bearing, heat can be used for the disassembly
operation.) .

(4) Equally spaced metal shims approximately 3 millimeters
(1/8 in.) wide are placed axially around the insidé diameter of
the housing and are tack-welded or taped to the top and bottom
of the bearing housing to prevent their dislocation. The thick~
ness 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
in 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, The amount of
lobing will depend upon the thickness of the shims and the physi-
cal properties of the bearing housing, shim stock, and bearing
materials used. '

A typical bearing assembly used in this report had the follow-
ing dimensions;
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Housing (stainless steel) .
Outside diameter, cm (in.). . . . . .. .. ... 10. 79 (4. 250)
Inside diameter, em (in.). . . . ... .. .. 5. 0411 (1. 9847)
Bearing (bronze) '
Outside diameter, cm (in.). . . . . ... .. 5.0419 (1.9850)
Inside diameter, cm (in.). . .. ....... 3.8199 (1.5039)
Interference fit between bearing and
housing, mm (uin.), , . . . ... .. .. ..... 0. 008 (300)
Shim (steel)
Width, mm (in.). . . . .. . ... . 0oL 3(1/8)
Thickness, mm (in.) . .. .. ......... 0. 025 (0. 0010)

Resultant lobe height of bearing, mm (in.). . . 0,025 (0.0010) .

A typical circumferential profile trace of the inside surface
of the shimmed test bearing is shown in figure 7. The height of
the lobes Hy was determined from similar traces for each of
the test bearings used in this study.

b 4
6.25 ym (250 ulnf)
T

~=— Shaft rotation
120° 1
Between shims

;.
Lobe height,
“lt

Figure 7. - Typical circumferential profile trace of inside surface of shimmed bearing.

Figure 3(b) shows the parameters which define the centrally
lobed bearing geometry émployed in this investigation. The
angle ¢ is defined as the arc length from the leading edge of a
sector to the line along which the lobe is preloaded radially. In
this case 6=0.5 3. The offset factor « = 9/8 for the centrally
lobed bearing is, therefore, 0.5. The preload coefficient ¢ is
equal to the preload a divided by the difference between the ra-
dius of the lobe and the radius of the journal 6 =a/(Rp- R). In
conventionally lobed bearings the lobe is machined in. However,
in this case the lobe was generated by distortion of the bearing
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wall, so the radius of the lobe Rp had to be calculated from the
values of lobe height Hy, obtained from the profile traces (fig. 7)
of each bearing tested.

Three-tilted-lobe bearings. - Three-tilted-lobe bearings,
consisting of three 115° sectors mounted in a solid housing by
holddown screws (figs. 4(a) and (b)), were evaluated. Each sec-
tor of one particular bearing assembly was ground to its specified
contour while it was the only sector assembled in the housing.
Three sectors with identical internal contours were then assem-
bled in 2 common housing to form a three-tilted-lobe beamng, as
shown in figure 4(a).

Two different contours were employed in the bearing sectors
to give one bearing a converging-diverging film (fig. 4(c)) in op-
eration and another bearing a wholly converging film (fig. 4(d)).
The converging-diverging contour was designed with the minimum
radial clearance at a point approximately 60 percent of the sector
arc length from the leading edge of each sector (fig. 4(c)). The
wholly converging contour had a minimum radial clearance at the
trailing edge of each sector (fig. 4(d)). Circumferential profile
traces were made of the internal surface of each sector in each
bearing assembly in three planes along the length of the bearing
to obtain the leading-edge entrance wedge thicknesses ARy,

(fig. 4). Typical surface profile traces are shown in figure 8,
which illustrates how the ARy, values were obtained.

Three-lobe journals. - Basicallytwo different contours were
used in the journals to give one a wholly converging film profile
in operation (fig. 5(a), offset factor « of 1.0) and another a
converging-diverging film (fig. 5(b), offset factor of 0.5). A
third configuration was obtained by machining three axial grooves
in the journal with the wholly converging film (fig. 5(c)). Fig-
ure 5 also shows the parameters which define the wholly converg-
ing, or tilted-lobe, journal and the converging-diverging, or cen-
trally lobed, journal. The angle 6 is defined as the arc length
from the leading edge of a lobe (sector) to the line along which the
lobe is preloaded radially. The symbol B is defined as the lobe
arc length. In the case of the tilted-lobe journal, ¢ = g (fig. 5(a)).
The offset factor « = 0/8 is, therefore, 1.0, The offset factor
for the centrally lobed journal is 0/8 = 60°/1200 0.5 (fig. 5(b)).
All axial grooves were 0. 236 centimeter (0. 093 in,) wide and
equally as deep.

Circumferential profile traces were made of the external sur-
face of each journal in two planes along the length of the journal to
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Figure 10, - Bearing test apparatus.
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obtain the leading-edge entrance wedge thickness ARp (fig. 5).
Typical surface profile traces are shown in figure 9, which il-
lustrates how the ARy values were obtained, A trace of the
inside diameter of the journal was also made to ensure that the
lobe contour was concentric with the inside diameter of the
journal to within 5 micrometers (200 pin. ).

Bearing Test Apparatus

The test apparatus and its associated parts are shown in
figure 10. The shaft is positioned vertically so 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 is measured by a force
transducer attached to the floating test vessel. The test shaft
was mounted on two support ball bearings that were preloaded
to about 890 newtons (200 Ib) by a wave spring. This preload
was necessary to ensure a minimum amount of shaft runout.

Two capacitance probes, which measured the movement of
the test vessel during a test, were mounted outside the test ves-
sel on the stationary vessel cover 90° from each other. The
signal from the probes was fed through displacement meters to
an X, Y-display on an oscilloscope, where the actual pattern of
motion of the test vessel could be observed and photographed.
The orbital frequency of the test vessel motion was measured
by a frequency counter,

The temperature of the water in the test vessel was moni-
tored by a thermocouple that extended into the liquid. Test-
shaft speed was measured with a magnetic pickup head mounted
close to a six-tooth gear on the shaft. The signal from the
pickup was displayed on a four-channel frequency counter,

TEST PROCEDURE

Test-shaft speed was increased in increments ranging from
100 rpm in some tests to 1000 rpm in others, The bearings
were run at zero load throughout the entire test, Onset of whirl
was noted by observing the bearing housing motion on the oscil-
loscope screen (fig, 11), - Shaft speed was recorded at this time.
Damage to the test bearing and journal due to fractional-frequency



TEST PROCEDURE

12.7 pm

(0.5 mil)

< 12.7 pm
.5 mil)

(b) Unstable operation (fractional-frequency whirl) at 5770 rpm.

Figure 11. - Bearing motion of shrouded three-pad Rayleigh step bearing in
water. Bearing 11; zero load; radial clearance, 15 micrometers (600 pin.);
horizontal time trace, 20 milliseconds per major division.
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whirl was prevented by reducing the speed immediately after
photographing the whirl pattern on the oscilloscope screen.
Usually, in any bearing stability investigation, the motion
of the test shaft is monitored. However, in the experiments de-
scribed in this report, the motion of the bearing with its mas-
sive housing (45. 4 kg, 100 Ib) was monitored. In order to es-
tablish the validity of the stability data obtained in this investi-
gation, a three-axial-groove bearing, under light radial loads,
was run in water with a plain journal, The results were com-
pared with the theoretical curve for a 100° partial-arc bearing
(ref, 21), as shown in figure 12, (The 100 partial-arc bearing
has stability characteristics similar to those of the three-axial-
groove bearing.) Excellent correlation was obtained between
theoretical and experimental data, which indicated that the test
apparatus and its monitoring system were highly reliable,

O Experimental (three-
axial-groove bearing)

80 30l —— Theoretical (100° partial-

“arc bearing, ref. 20)

of 20

Stablé operation
‘2. = '
g 4 g 180
3 ]
20 90—

Unstable operation

L ] ] 1
-0 2000 4000 6000 8000
: Speed, rpm

Figure 12. - Comparison of- theoretical stability characteristics
of 100° partial-arc bearing with experimental data for three-
axial=groove bearing. " Length-diameter ratio; 1;+radial clear-
ance, 0.020 millimeter (800 pin. ).
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RESULTS AND DISCUSSION
Herringbone Journals Mated With Plain Bearings

Experimental results obtained with six journals having dif-
ferent groove geometries are shown in table II and figures 13
to 20. Fifteen different groove depths were investigated. These
were obtained by regrinding the outside surface of the original
journals. The reworked journals were then used to obtain data
for a journal having the same geometry as the original but a
lesser groove depth, A total of 67 bearing stability tests were
conducted at radial clearances ranging from 0. 008 to 0. 046
millimeter (300 to 1800 uin, ) and groove depths ranging from
0.009 to 0. 085 millimeter (340 to 3350 pin. ). .

Effect of number of grooves on stability. - The experimen-
tal results obtained with herringbone journals having 40, 20, and
10 partial grooves and full grooves are shown in figures 13(a)
and (b), respectively. The experimental curve represents the
stability limits of the bearings tested and indicates a zero-load
threshold of stability. The area to the left of the curve repre-
sents conditions of stable operation under zero load, while the
area to the right of the curve represents conditions that produce
fractional-frequency whirl. The theoretical stability analysis
of a journal bearing in reference 13 showed that the important
parameters to consider are the dimensionless mass parameter
™M and the dimensionless speed parameter T, as shown in fig-
ure 13, A smooth curve was drawn through the collective data
points for partially grooved journals with grooves 0. 032 to
0. 043 millimeter (1280 to 1700 pin,) deep and fully grooved
journals with grooves 0, 035 to 0. 042 millimeter (1380 to 1640
pin,) deep in figures 13(a) and (b). Although there are some
individual differences in some of the data points, these differ-
ences are minimal, Thus, for the range of groove nurabers
investigated in partially and fully grooved herringbone journals,
the number of grooves does not seem to affect stability signifi-
cantly.

Effect of partial and full grooves on stability. - The par-
tially grooved journals, because of the circumferential land
centrally located along the length of the bearing, have a total
groove length two-thirds that of the fully grooved journals,

How this difference in groove length affects stability is shown
in figure 14, A study of this figure shows that the stability
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40, 20, AND 10 GROOVES

(a) 40 Grooves

TABLE II. - TEST RESULTS FOR HERRINGBONE JOURNALS WITH

Journal| Groove depth, | Groove| Bearing | Radial clear- |Film thick- | Fractional-
S type ance, C ness ratio, | frequency-
- - H whirl onset
mm | gin. mm | pin. speed at
zero load,
Ny
rpm
1 0.015| 590 Partial 1 0.014| 550 2.1 9 000
: 2 .023 | 900 1.7 5 500
3 .028 1100 1.5 3 900
4 .041 11600 1.4 1 000
2 0.016| 620 Full 5 0.013| 500 2.2 11 300
' 6 .015| 600 2.0 7 500
7 .019] 750 1.8 7 500
8 . 0251000 1.6 4 600
9 .036 | 1400 1.4 1 700
4 0.043} 1700 Partial 10 0.013| 500 4.4 .7 000
11 .020| 800 3.1 6 000
12 . 0431700 2.0 2 900
3 0.035{ 1380 Full 8 0.008] 300 5.6 11 500
9 .016| 650 3.1 11 200
13 .028 1100 2.3 4 800
14 .037]11450 2.0 2 000
15 .046 | 1800 1.8 1 500
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TABLE II. - Continued. TEST RESULTS FOR HERRINGBONE JOURNALS

WITH 40, 20, AND 10 GROOVES

(b) 20 Grooves

Journal |Groove depth, | Groove | Bearing | Radial clear- |Film thick- | Fractional-
S type ance, C ness ratio, | frequency-
- - H whirl onset
mm | pin. mm | uin. speed at
.zero load,
Nyy»
rpm
7 0.036 | 1400 Partial 10 0.008 | 300 5.7 7800
11 .018] 700 3.0 6500
16 .024] 950 2.5 5300
17 .032]1250 2.1 4000
8 0.042| 1640 Full 18 0.016| 650 3.5 6500
19 .020( 800 3.0 6000
20 . 0271050 2.6 7000
21 .034 1350 2.2 3000
5 0.010| 410 Partial 2 0.011| 450 1.9 7800
3 .016| 650 1.6 6000
22 .024] 950 1.4 3000
23 .03411350 1.3 1200
6 0.018( 700 Full 24 0.019| 750 1.9 9800
25 .025]1000 1.7 5000
26 .029|1150 1.6 4300
27 .034(1350 1.5 2000
28 .041| 1600 1.4 1500
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TABLE II. - Continued. TEST RESULTS FOR HERRINGBONE JOURNALS
WITH 40, 20, AND 10 GROOVES

(¢) 10 Grooves

Journal | Groove depth, | Groove | Bearing | Radial clear- | Film thick- | Fractional-

S type ance, C ness ratio, | frequency-
H whirl onset
mm | uin. mm | uin, speed at

zero load,
Ny
rpm
16 0.085|3350 Partial 8 0.011| 450 8.5 4300
9 .020 ( 800 5.2 3200
13 .032|1250 3. 2600
14 . 041 11600 3.1 1300
15 0.068 | 2660 Partial 29 0.011| 450 6.9 5300
5 .020 | 800 4.3 4000
8 .032 1250 3.1 3000
9 .042 (1650 2.6 1500
12 0.032]1280 Partial 8 0.011) 450 3.8 7000
9 .020| 800 2.6 6000
13 .032 11250 2.0 3800
14 . 0411600 1.8 1800
10 0.018] 700 Partial 29 0.009 | 350 3.0 7500
30 .014| 550 2.3 7000
5 .019 ] 750 1.9 6500
8 .029 11150 1.6 3300
9 . 039 | 1550 1.4 1200
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TABLE II. - Concluded. TEST RESULTS FOR HERRINGBONE JOURNALS

WITH 40, 20, AND 10 GROOVES

(c) Concludeci. 10 Grooves

Journal | Groove depth, | Groove | Bearing | Radial clear- [|Film thick- | Fractional-
S type ance, C ness ratio, | frequency-
- - H whirl onset
mm | uin. mm | uin. speed at
zero load,
Ny
rpm
9 0.009| 340 Partial 31 0.013} 500 1.7 6 500
32 .024] 950 1.4 4000
7 .033 | 1300 1.3 1 000
214 0.034|1350 Full 33 0.019| 750 2.8 9 500
34 .030]1200 2.1 7 500
35 .036 [ 1400 2.0 6 200
36 .042 11650 1.8 5 400
13 0.036 | 1420 Full 0.010} 400 4.6 10 000
.020| 800 2.8 5 800
13 .030]1200 2.2 4 600
14 . 03911550 1.9 2 000
11 0.024| 960 Full 5 0.013§ 500 2.9 7 500
' 6 .015} 600 2.6 7 500
7 .019] 1750 2.3 7 000
8 . 0251000 2.0 5 300
9 .036 | 1400 1.7 1 600

aBearing tests with one-third the housing mass of other bearings.
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Dimensionless mass, M = MPa(CIR)5/2u2L

Journal Number Groove depth, Journal Number Groove depth,
of S, of S,
grooves mm {yin.) grooves  mm {pin.)
o 4 4 0.043 (1700 o 3 40 0.035(1380)
s 7 2 .036 (1400) s 8 2 . 042 (1640)
gl o I 10 - .032(1280) | o1 0 .036(1420) Clearcance,
E —.0 ]
aE 0\0 E\ mm (pin.)
= - - - F - - 0.038 (1500)
2 | [e)
Unstable operation
1= = Unstable operation
6F -
-4f - - = - A - .025(1000)
L2 -
e Stable operation - Stable operation &
J06F- S . - 018 (700)
.04+ a\ o
02— =
01= - - - \} b= - - - .013 (500)
.06 =
88‘31_' [ I 01 N B W R 01 C 1ol 1ol
1 2 4610 22 4 110022 1 2 4610 20 4 100 20

Dimensionless speed parameter, I = éuwRZ/Pac2
{a) Partially grooved journals. (b} Fully grooved journals.

Figure 13. - Effect of number of grooves on stability of water-lubricated herringbone journals
having 40, 20, and 10 grooves.
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Journal Groove Groove depth,
type S,
mm (yin.)
o 4  Partial 0.043(1700)
e 3 Full .035(3%0)
a 7 Partial .036 (1400)
a 8 Full .042 (1640)
© 12 Partial .032(1280)
* 13 Fuli .036 (1420)
o Partial} Theoretical data from
8 Full ref. 13
Clearance,
81: = E C'.
c\Ta‘ A = = mm (yin.)
S N 3 N 0.0801
= 7 Unstable NN, Unstapte O8O
=] 1= operation = ™a operation
a® E E AN
| S — = X—x .025(1000)
= - | \
=2 tanle Stable \
é 1= operation £ operation * 018 (7001
2 .04F N a '
2 = -
s .02 -
Z o — e e ———- .013 (500}
E = = E °
S oot 1 py G Vbl Ll e
1 2 4 102 40 1004 10204060 2 4 102 40 100200

Dimensionless speed parameter, [ = 6|,u.)R2/PaC2

(a) Journal with 40 grooves.

(b) Journal with

(c) Journal with 10 grooves.

20 grooves.

Figure 14, - Effect of partial and full grooves on stability of water-lubricated

herringbone journals.

characteristics of only the 40-groove journals are appreciably
affected by groove length. In figure 14(a), at M values above
0. 25, the journal with the shorter grooves (partially grooved)
had better stability than the one with the longer grooves (fully
grooved). At M values less than 0, 25, however, the opposite

was true,

For the journals with 20 and 10 partial and full grooves,
the effect of groove length on stability was negligible (figs. 14(b)

and (c)).

Figure 14(c) also shows a theoretical data curve (the

dashed curve), with open square symbols representing partial-
groove journals and solid square symbols full-groove journals.
These points were obtained from an analytical study in refer-

ence 13 and show that the effect of groove length on stability is
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also negligible in theory for the range of dimensionless parame-
ters considered in this report.

As has been pointed out, there are individual differences in
the stability characteristics of herringbone-groove journals
when the effects of number of grooves and groove length are con-
sidered. However, these differences are minimal when all the
data are grouped to form one stability plot, Such a curve is
shown in figure 15, where a smooth curve is drawn through the
collective data for all journal bearings having 40, 20, and 10
partial and full grooves ranging in depth from 0,032 to 0. 043
millimeter (1280 to 1700 pin. ).

Loebabdd g tahinl \e
2 4 6 810 2 40 60 80100 200
Dimensionless speed parameter, I = 6uwR%/P,C2

003

8
6= (J Groove type Clearance,
— © & Partial C,
41— ® Full mm {in.)
— v _ 0.038 (1500)
- [
1 Unstable operation
o Ry
N
PN — .
S 4 ) i _ 025 (1000
= [
T 2
=3
g e
%’ "ol Steble operation ) . 018 (700)
8 —
2 °
E —
o
02—
" i ) _ . 013 (500)
008
.006—
0
1

Figure 15. - Mean stability of herringbone journals with 10, 20,
and 40 partial and full grooves. Range of groove depth, 0,032
to 0.043 millimeter (1280 to 1700 yin. ).
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Effect of groove depth on stability. - The effect of groove
depth on stability is shown in figure 16. Figure 16(a) shows the
effect of reducing the groove depth for journals having 40, 20,
and 10 partial and full grooves from an average of 0. 038 milli-
meter (1490 uin.) to an average of 0. 017 millimeter (660 in.).
The dashed curve is the curve of figure 15 and represents jour-
nals with an average groove depth of 0. 038 millimeter (1490 pin.),
and the solid curve shows the mean stability of a group of
herringbone-groove bearings with groove depths ranging from
0. 010 to 0. 024 millimeter (410 to 960 pin. ) and averaging 0. 017
millimeter (660 pin. ). Stability decreased with a decrease in

Journal Groove depth,
St
mm (yin.)
a 1 0.024 (960) Journal  Groove depth,
& 10 .018(700) 5,'
o 2 .016 (620 mm {in.)
o 6 .018(700) N 0.000 (340}
o 1 .015(%90) o 10 018 (700)
v 5 010 (410 :
' o 12 .032(1280)
----- Average groove depth, s 15 .068 (2660)
0.038 mm (1490 pin.) o 16 .085 (3350
sl {from fig. 15)
= Average groove depth, £ CIeaEance,
NG 0.017 mm (660 uin.) = 4
o 4:%2 N ) B mm (yin.)
= 2_ -
= v Unstable operation 0.038 (1300
AN Unstable
o 1— — .
S = = operation
PO =
= a4 B} = . e
= 2: : .025(1000)
& | Stable
E . = Stable operation ° = operation
£ b ) i i L 018(700)
2 L L
«é .02 -
S - Sy - -
E = . 500)
: v OE N
ooar L ebabbl Loy bl N Tt vl vl
1 2 4610 20 40 10020 @ 2 46 10 20 4 100 20
Dimensionless speed parameter, I = éusz/ PaC2
(a) Journals with 10, 20, and 40 partial (b) Journal with 10 partial grooves.

and full grooves.
Figure 16. - Effect of groove depth on stability of water-lubricated herringbone journals.
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groove depth for bearings with M values above 0. 12 and in-
creased slightly with a decrease in groove depth for bearings
with M values below 0. 12,

In general, figure 16(a) shows that the optimum groove depth
depends on clearance. The optimum groove depth changes with
M and T, both of which are dependent on the clearance; a larger
clearance requires a larger groove depth for maximum stability.

Figure 16(b) shows the stability limits of a journal having
10 partial grooves at five groove depths, As the groove depth
was increased from 0. 009 to 0. 032 millimeter (340 to 1280 pin. ),
the stability increased. Then, as the groove depth was further
increased from 0. 032 millimeter (1280 uin.) to a maximum value
of 0. 085 millimeter (3350 pin. ), the stability gradually decreased.
Maximum stability occurred at a groove depth of 0, 032 millimeter
(1280 pin, ).

Effect of film thickness ratio on stability. - The
herringbone-journal helix angle and groove- to ridge-width ratio
(table I) were set at those values which yield a maximum radial

Average radial
clearance,
mm  (gin.)

0.011 440)

— — 021 (820)
———— .032 (1240
—-— .041 (1600)

8000—

Whirl onset speed, Ny, rpm
£ (=
§ =

(=]

(%]
[=1
(=1
=]

l | | | | I |
3 4 5 6 7 8 9
Film thickness ratio, H

Figure 17. - Effect of film thickness ratio on stability of herringbone journal with 10 partial
grooves in water. Zero load.
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force as calculated from reference 5 at a compressibility num-
ber of zero for a compressible lubricant. This approximates
the conditions existing with an incompressible lubricant. The
‘optimum film thickness ratio H is 2, 1 for this condition (ref. 5).
An optimization program, utilizing the analysis in reference 5,
is developed in reference 7 to determine groove configurations
to maximize radial load capacity. Results are applicable for -
operating conditions ranging from an incompressible solution to
a highly compressible solution and for bearing length-diameter
ratios of 1/4 to 2. The optimum film thickness ratio H calcu-
lated by this program is 2, 2. Figure 17 shows plots of H
against zero-load whirl onset speed at four clearance values,
The zero-load whirl onset speed at each clearance reached a
maximum at an H value very close to 2, 1, which indicated that
this value of H is also optimum for stability. These curves
were obtained from data on a herringbone journal having 10 par-
tial grooves. : _

Figure 18 shows a dimensionless plot of H against MT,
which was the stability parameter used in the theoretical stability
analysis in reference 13. The data from partially and fully
grooved journals with 40, 20, and 10 grooves were combined to
obtain the five dashed curves shown, which represent five clear-
ances. Although the data show some scatter caused by minor
variations in the stability limits of the different journal configura-
tions, the curves all tend to peak at a value of H very close to
2,1, '

Once a value for radial clearance has been chosen for a par-
ticular herringbone journal mated with a plain bearing, the groove
depth for maximum stability can be reliably determined from the
H= 2,1 value for incompressible flow.

The theoretical curves for a herringbone journal having par-
tial and full grooves are also shown in figure 18 as the solid and
long-dash curves, respectively. Data for these curves were ob-
tained from the computer program in reference 13, These two
curves also peak at an H value of 2, 1. This indicates that maxi-
mum stability is predicted to occur at the same H value as the
maximum radial force at a compressibility number of zero (for a
compressible lubricant), namely, at H= 2 1 (ref. 5). Figure 18
also shows that theory predicts a larger range of stable operation
than that observed experimentally, Similar results were reported
in reference 4, which indicates that there may be an important pa-
rameter missing in the theoretical analysis.
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Stability parameter, MI" = 3MwC3/LuR3
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16

14

12

10

Average radial
clearance,
mm  {yin.)

&) 0.012 (470}
O .020 (780
(& .025 (980
> .031 (1210
[N .038 (1510)

Groove Length ratio,
Uy

Partial 0. 667 Theoretical data
— — Full 1.000 from ref, 13

B B

) . RSN
—  of '{O\\&
96 ~~—o—-L0o-
. | | L L
1 2 3 4 5 6

Film thickness ratio, H

Figure 18. - Comparison of theoretical and experimental
stability data for herringbone journal. Helix angle,
33%; groove-width ratio, 0.5; length-diameter ratio, L
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The data in figure 18 are repeated in figure 19 with a differ-
ent stability parameter (3MC3/ 2/LR3/ 2) in an effort to bring the
experimental curves closer together. Stability thresholds fall
within a narrower range of this parameter.

Effect of changes in housing mass. - The mass of the
test housing (rotor mass per bearing) M that was used in all but
four stability tests in this investigation was 45. 4 kilograms
(0. 286 (Ib)(sec?) /in.). The remaining four tests were run with
a plastic test housing which had a mass of 13. 3 kilograms (0. 084
(Ib)(sec) /in.), or 30 percent of the mass of the heavier test

Average radial Clearance
clearance, ratio,
mm  (in.) C/R
O 0.012 4700  0.63x10°3
o .00 @80 LO4
O .05 980 L%
> .031(1210 1.6l
N .038(15100 2.0l

15— l?'{
AY
A
|

3

B AT
AN RN

o~ — ! VN

= BOK v\

“i‘g >3 \\\ \

& T R

= 4> ,.,g \

S [ oo

& SN IS

e I ’/10\‘

£ i \ \

E 1 N

fod ] \

s X \.

= U] l H AN

= L5 )

A I,’ [ “—-O-——.ob\
5|—f ° o
3 | | | | |
1 2 3 4 5 6

Film thickness ratio, H

Figure 19. - Experimental stability data for herringbone
journal. Helix angle, 339, groove-width ratio, 0.5;
length-diameter ratio, 1.
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housing. Stability curves are shown in figure 20 for a herring-

bone journal having 10 full grooves run at the two different mass
conditions,
demonstrates the validity of the chosen dimensionless parame-
ters M and T.

Dimensionless mass, M =

MP,(CIRI[2u2L

2 8-

.01

.008
. 006

.004
.003

£ O OO

The close correlation of the data for the two curves

Journal Groove depth,  Housing mass per

S, bearingé -

mm (pin.) kg ((IbKsecé)in.)
o u 0.034 (13500 13.3  (0.084)
C 13 .036 (14200 45.4 (. 286)

Lol 1o bl - -
476 %W N 40 60 80100 200
Speed parameter, [ = (:uszlPaCZ

~n

Figure 20. - Stability data for herringbone journal having
10 full grooves run with plain bearing at two rotor mass
values,
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Rayleigh Step Bearings

Experimental results obtained with three-segment, one-pad
shrouded Rayleigh step bearings (fig. 2(b)) with values of ridge-
to pad-arc ratio ¢ of 0.40 and 0. 49 are shown in table III.

Test results for one-segment, three-pad shrouded bearings
(fig. 2(c)) with § equal to 0. 27 and 0. 45 are shown in table IV.
Table V lists the results for a similar bearing with a 3 of 0. 45
but without shrouds. Test results for a Rayleigh step bearing

TABLE III. - TEST RESULTS FOR THREE-SEGMENT, ONE-PAD
SHROUDED RAYLEIGH STEP JOURNAL BEARINGS

(a) Ridge- to pad-arc ratio ¢, 0. 40

Bearing | Depth of Radial clear- | Radial clearance Film Fractional-
step, ance at at step, thickness | frequency-
S ridge, CS =C+8S ratio, whirl onset
- C k.= CS/C speed at
mm  ppin. i ) zero load,
mm | pin. mm | pin. N
w?
rpm
1 0.023| 900 | 0.013| 500 0.036 | 1400 2.80 5700
. 02511000 .048 | 1900 1.90 1230
0381500 .061 ) 2400 1.60 420
. 0512000 .074 | 2900 1.45 200
2 0.041{1600| 0.013| 500 0.053 | 2100 4.20 5200
.025] 1000 .066 | 2600 2.60 920
. 0381500 .079 | 3100 2.07 360
. 05212050 .093 | 3650 1.73 ~ 210
3 0.053/2100| 0.013} 500 0.066 | 2600 5.20 5300
.025] 1000 .079 | 3100 3.10 1320
. 03811500 .091 | 3600 2. 40 450
. 051} 2000 . 104 | 4100 2.05 280
4 0.094}3700| 0.013| 500 0.107 | 4200 8.41 3800
.024] 950 .118 | 4650 4.90 1100
.037] 1450 . 131 | 5150 3.55 300
.050] 1950 . 144 5650 2.90 100
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with a single segment extending the length of the bearing and
one pad in its circumference and § equal to 0.4 are listed in
table VI. A total of 80 bearing stability tests were conducted at
a radial clearance C ranging from 0.010 to 0, 052 millimeter
(400 to 2050 puin, ) and step depths S ranging from 0, 015 to

0. 094 millimeter (600 to 3700 pin, ).

TABLE II. - Concluded. TEST RESULTS FOR THREE-SEGMENT, ONE-PAD

SHROUDED RAYLEIGH STEP JOURNAL BEARINGS

(b) Ridge- to pad-arc ratio ¥, 0.49

Bearing Depth of |Radial clear- | Radial clearance Film Fractional-
step, ance at at step, thickness |frequency-
S ridge, Cs =C+8S ratio, whirl onset
C k. =C./C | speed at
mm | pin. zero load,
mm | uin. mm pin, N
w)
rpm
5 0. 029 | 1100.| 0.010] 400 0.038 | 1500 3.75 5840
.024] 950 .052 | 2050 2.16 1200
. 037 | 1450 .065 | 2550 1.76 370
. 05112000 .079 | 3100 1.55 190
6 0.036 | 1400 | 0.011( 450 0.047 | 1850 . 4.12 5600
.025| 1000 .061 | 2400 2.40 1200 -
-, 038 | 1500 .074 | 2900 1.93 390
. 0522050 .088 | 3450 1.68 230
7 0.-053 | 2100 | 0.013] 500 0.066 | 2600 5.20 5300
.025]1000 .079 | 3100 3.10 . 1410
.038 1500 .091 | 3600 2.40 440
. 05212050 . 105 | 4150 2.03 200
8 0.089 | 3500 | 0.013] 500 0.102 | 4000 8.00 4100
.024| 950 . 113 | 4450 4.69 1000
.037] 1450 . 126 | 4950 3.41 150
.050] 1950 . 138 | 5450 2.80 100
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TABLE IV. - TEST RESULTS FOR ONE-SEGMENT, THREE-PAD

SHROUDED RAYLEIGH STEP JOURNAL BEARINGS

(a) Ridge- to pad-arc ratio ¥, 0.27

Bearing | Depth of Radial clear- | Radial clearance Film Fractional-

step, ance at at step, thickness |frequency-

S ridge, Cs =C+8S ratio, whirl onset

- C - kr = CS/C speed at
mm | gin. mm | pin. zero load,

mm | pin, Ny,
rpm
9 0.015| 600} 0.014; 550 0.029 } 1150 2.09 5700
.024| 950 .039 | 1550 1.63 4300
. 0421650 .057 | 2250 1.37 2100.
.051| 2000 . 066 { 2600 1.30 500
10 0.030 | 1200 | 0.013| 500 0.043 | 1700 3.40 - 6300
.024] 950 .055 | 2150 2.26 4400
. 0381500 .069 | 2700 1. 80 2800
. 05212050 ..083 ] 3250 1. 59 1300
11 0.048 | 1900 | 0.015] 600 | = 0.064 | 2500 4.18 5600
.025] 1000 .074 | 2900 2.90 4400
.037] 1450 . 0851 3350 2.31 3000
.051| 2000 .099 | 3900 1.95 - 1200
12 0.064| 2500 | 0.018| 700 0.081 | 3200 4.58 4200
.024] 950 . .088 | 3450 3.64 4100
.037] 1450 . 100 | 3950 2.72 3000
. 0522050 . 116 | 4550 2.22 600
13 0.091| 3600 | 0.017| 650 | 0.108 ; 4250 6. 54 3500
.023]| 900 . 114} 4500 5.01 3000
.036] 1400 . 127 | 5000 3.57 2100
.051] 2000 . 142 | 5600 2.80 500
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TABLE IV. - Concluded. TEST RESULTS FOR ONE-SEGMENT, THREE-PAD

SHROUDED RAYLEIGH STEP JOURNAL BEARINGS

(b) Ridge- to pad-arc ratio ¢, 0.45

Bearing| Depth of Radial clear- |Radial clearance Film Fractional-

step, ance at at step, thickness | frequency-

S ridge, CS =C+8 ratio, whirl onset

- C - k. = CS;’C speed at
mm | pin, mm pin. - zero load,
mm {uin. N,
rpm 3

14 0.020 | 800 {0.011 ]| 450 0.032 | 1250 2.18 6000
.022 | 850 .042 | 1650 1.95 4300
.039 |1550 . 060 | 2350 1.52 2800
.050 |1950 . 069 | 2700 1.42 600
15 0.025| 1000 | 0.011 | 450 0.037 | 1450 3.23 5600
.024] 950 .050 | 1950 2.05 4100
.036 1400 .061 | 2400 1.71 | 3000
. 050 [1950 .075 | 2950 1.51 1020
16 0.048 | 1900 | 0.015 | 600 0..064 | 2500 4.18 5700
.025 {1000 .074 | 2900 2.90 4200
. 037 11450 .085 [ 3350 2.31 3200
. 051 | 2000 .099 | 3900 1.95 1200
17 0.066 | 2600 | 0.017 | 650 0.083 | 3250 - 5.00 5000
.023 | 900 .089 | 3500 3.89 3700
. 036 | 1400 . 102 | 4000 2.86 2300
.051 12000 . 117 | 4600 2.30 800
18 0.089 | 3500 | 0.015 | 600 0. 104 | 4100 6.84 4100
‘ .022} 850 . 110 | 4350 5.12 3300
.034 1350 . 123 | 4850 3.59 © 1500
.050 11950 . 138 | 5450 2.19 600
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TABLE V. - TEST RESULTS FC.. )i.¢ - 3 IGMENT,
THREE-PAD UNSHROUDED R "".EIGH
STEP JOURNAL BEARING

[Ridge- to pad-arc ratio ¥, 0.45; bearing 19; depth
of step S, 0.066 mm (2600 yin.)]

Radial clear- | Radial clear- | Film thick- T-‘ractionalj
ance at ridge, |ance at step, |ness ratio, [frequency-
C C;=C+8 | k.= CS/C whirl onset
- speed at
mm |pin. mm | uin, zero load,
Nw,
rpm
0.013 [ 500 { 0.079 3100 6.20 4300
.024 1 950 . 090 | 3550 3.74 1400
. 037 |1450 . 103 | 4050 2.79 1000
. 050 | 1950 . 116 | 4550 - 2.33 650

TABLE VI. - TEST RESULTS FOR ONE-SEGMENT,
ONE-PAD SHROUDED RAYLEIGH STEP
JOURNAL BEARING

[Ridge— to pad-arc ratio y, 0.40; bearing 20; depth
of step S, 0.066 mm (2600 pin.).]

Radial clear- [Radial clear~| Film thick- |Fractional-
ance at ridge, |ance at step, |ness ratio, | frequency-
C C,=C+58 k, = CS/C whirl onset
speed at
mm upin. mm | pin, zero load
Ny
rpm
0.015( 600 | 0.081|3200 5.33 3900
.027 11050 . 0933650 3.47 3000
.043 11700 . 109 | 4300 2.53 720
.052 12050 . 11814650 2.27 700
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Figure 21. - Effect of step depth on stability of three-segment, one-pad shrouded Rayleigh
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Effect of step depth on stability. - The experimental re-
sults obtained with three-segment, one-pad shrouded Rayleigh
‘step bearings are shown in figure 21, Figure 21(a) shows the
stability limits of a three-segment, one-pad shrouded Rayleigh
step bearing with a ridge- to pad-arc ratio of 0, 40 at four step
depths. .Maximum stability occurred at a step depth of 0. 053
millimeter (2100 uin,) as the step depth was varied over a range
of 0,023 to 0, 094 millimeter (900 to 8700 pin,), This was also
the case for similar bearings with a y of 0. 49 (fig. 21(b)),
where maximum stability occurred at a step depth of 0, 053 mil-
limeter (2100 uin.) as the step depth was varied over a range of
0. 029 to 0, 089 millimeter (1100 to 3500 uin.).

The experimental results obtained with one~segment, three-
pad shrouded Rayleigh step bearings are shown in figure 22.
Threshold of stability curves for the bearings witha 3 of 0, 27
are shown in figure 22(a). The stability characteristics re-
mained essentially the same for bearings with a range of step

Step depth, . Step depth,
S, S,
mm (in,) mm (uin,)
5 0,015 (600) & 0,020 (800)
o ,030(1200) o ,025(1000)
100 o ,048(1900) L_ o ,048(1900) :
o 064 (2500) = o 066 (2600) Clearancs,
a | (91(3600) = & 08 (3500) C,
C mm {yin.)
10 . . — — s ———.———0, 051 (2000)
Unstable Unstable
— operauon__ operatlon__ms(lm)

— .025 (1600

Dimensioniess mass, M = MPa(CIR)5/ ZuZL

" E
1 Stable operation E Stable operation
01 S ' = 013 (500)
00 bt tennl byl 1 b N I 1T YV R 71—
.1 1 10 100 .1 1 10 100
Dimenslonless speed, I = uuR%/P,C2
(a) Ridge- to pad-arc ratio, 0.27. (b} Ridge- to pad-arc ratio, 0.45.

Figure 22. - Effect of step depth on stability of one-segment, three-pad shrouded Rayleigh
step bearing, ’
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depths from 0. 015 to 0. 064 millimeter (600 to 2500 pin.) at M
values below 5. 0. A noticeable drop in stability occurred when
the step depth was increased to 0. 091 millimeter (3600 pin, ).
This was also true for similar bearings witha yp of 0. 45 (fig.
22(b)), where stability was little affected by increased step depth
at M values below 5. 0 until a value of 0, 089 millimeter (3500
pin.) was reached. Experimental data points for values of di-
mensionless mass M above 5, 0 for the bearings with Y equal
to 0. 27 (fig. 22(a)) and 0. 45 (fig. 22(b)) represent bearings with
large clearances ranging from 0. 048 to 0. 052 millimeter (1900
to 2050 pin.). There is a greater variation in stability at these
large clearances for both bearing types (¢ of 0. 27 and 0. 45) as
the step depths are varied over their respective ranges.

Effect of ridge- to pad-arc ratio on stability. ~ The effect
of ridge- to pad-arc ratio iy on stability of the three-segment,

-one-pad shrouded Rayleigh step bearing is shown in figure 23

The solid and dashed curves were obtained from figures 21(a)
and (b), respectively, and represent the stability characteristics
of a three-segment, one-pad shrouded bearing at two y values
(0. 40 and 0. 49) but at the same step depth of 0, 053 millimeter
(2100 pin ). A study of figure 23 shows that the stability of the
three-segment, one-pad shrouded Rayleigh step bearing was not
appreciably affected by a change in ridge- to pad-arc ratio P
from 0. 40 to 0. 49, since the two curves are in such close prox-

- imity to one another,

The two curves shown in figure 24 for a one-segment, three-
pad shrouded Rayleigh step bearing were obtained in a manner
similar to that for the curves in figure 23, The solid and dashed
curves represent the stability characteristics of a one-segment,
three-pad shrouded bearing at y -equal to 0. 27 and 0. 45, respec-
tively, at a step depth of 0. 048 millimeter (1900 pin.) obtained
from figures 22(a) and (b). As in the case of the three-segment,
one-pad bearing, the stability characteristics of the one- segment,
three-pad bearing were not appreciably affected by a change in y
even though this change in 3 (0. 27 to 0. 45) was much greater
than that for the three-segment, one-pad bearing (0 40 to 0, 49).

Effect of bearing configuration- -on-stability. - Comparison
of the stability curves for the three-segment, one-pad bearing
(fig. 23) with those for the one-segment, three-pad bearing
(fig. 24) shows that the latter bearing configuration is the more
stable of the two, For example, at a dimensionless mass ™M of
1.0, the dimensionless speed I' is 1.6 for the three-segment,
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Figure 23. - Effect of ridge- to pad-arc ratio on stability of three-segment,
one-pad shrouded Rayleigh step bearing. Step depth, 0.053 millimeter
(2100 pin.). .
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Ridge- to
10— pad-arc
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g
a .l Stable operation
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Dlmenstonless speed, = ﬁprZ/P 2

Figure 24. ~ Effect of ridge- to pad-arc ratio on stability of one-segment,
three-pad shrouded Rayleigh step bearing. Step depth, 0.048 milli-
meter (1900 pin.).

one-pad bearing (fig, 23) and 7, 8 for the one-segment, three-pad
bearing (fig. 24), which indicates a substantial gain in stability
with the one-segment, three-pad configuration. However, it
must be remembered that the single-pad bearing is composed of
three separate bearings (segments), each with a length-diameter
ratio L/D of 1/3, whereas the three-pad bearing hasan L/D
of 1, It may be that this difference in- L/D between the two
bearing configurations accounts for the main difference in their
stability characteristics.

The main purpose for testing the one-segment, one-pad
bearing (fig. 2(a)) was to determine if it had any stability what-
soever, The results of the tests showed that this configuration
does have very good stability charaoteristics even though it has
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Figure 25. - Comparison of stability of shrouded Rayleigh step bearings of
three different configurations.
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the disadvantage of a preferential loading direction, Figure 25
shows a comparison of stability characteristics of the one-
segment, one-pad bearing with those of the three-segment, onc -
pad bearing and the one-segment, three-pad bearing. Bearings
with approximately the same step depth S and ridge- to pad-arc
ratio y were employed for this comparison, Figure 25 shows

. that the one-segment, three-pad configuration is the most stable
o’ the three, followed by the one-segment, one-pad bearing. The
thrre-segment, one-pad bearing was the least stable, The in-
crease in stability of the one-segment, one-pad and the one-
segment, three-pad bearings over that of the three-segment, one-
pad bearing in all probability is due to the larger L/D ratio
of the first two bearing configurations,

100

— Bearing type
— O Shrouded
- O Unshrouded CleaEance, .
_ . mm (gin. )
— 0= - 0.051 (2000)
N: :
Q -
ué — Unstable operation
=~ [ ’ 038 (1500)
=
IE. —
R E
= [
t F il 025 (1000)
8
wr ——
c
-
E
L |
— Stable operation
. 013 (500)

.01_14444#4_ J—H—H#H—P—l—p

100
Dlmensmnless speed, re 6uwR2/P c2

Figure 26. - Comparison of stability of shrouded and unshrouded one-
segment, three-pad Rayleigh step bearing. Ridge- to pad-arc ratio,
0.45; step depth, 0,066 millimeter (2600 yin. ).



RESULTS AND DISCUSSION 51

Comparison of stability of a shrouded and an unshrouded
Rayleigh step bearing. - The two curves in figure 26 show the
threshold of stability of shrouded and unshrouded one-segment,
three-pad bearings with 3§ equal to 0, 45, The data for both
were obtained from the same bearing (number 17, table IV(b)),
which was first run with shrouds. The shrouds were then ma-
chined off, and the bearing was renumbered 19 (table V) and re-
run without shrouds, Figure 26 shows that a substantial increase
in stability can be gained by using shrouds since the dimension-
less mass M for the shrouded bearing is always greater than
that for the unshrouded bearing over the entire range of dimen-
sionless speed T tested.

Effect of clearance on stability. - Figure 27 is a plot of
whirl speed against film thickness ratio k,. at four clearances.
At the larger clearances, 0,025 and 0. 048 millimeter (1000 and
1900 pin, ), the one-segment, three-pad shrouded bearing is
clearly the most stable of the four Rayleigh step bearings tested.
. However, at the smallest clearance value, 0.010 to 0, 015 milli-

meter (400 to 600 uin,), the stability of all four configurations
tends to approach equal magnitude, In fact, the three-segment,
one-pad shrouded bearing shows greater stability than the other
three configurations at high film thickness ratios (above 5. 2),
which is the opposite of their performance at the larger clear-
ance value, 0.025 to 0. 048 millimeter (1000 to 1900 pin,). This
difference is possibly due to some slight angular misalinement
of the bearing axis with the journal axis which tends to preload
the bearings and gives them a stability which might not be pres-
ent under more ideal alinement conditions (see ref. 22)., Refer-
ence 17 reports a plain bearing and journal running stably in
water at a radial clearance of 0. 009 millimeter (350 uin.) to a
speed of 6200 rpm apparently because of preloading of the bear-
ing by misalinement. For the Rayleigh step bearings (in fig. 27) -
at clearances above 0, 015 millimeter (600 pin.), this preload is
too small to affect the bearings and results in a more accurate °
measure of their true stability. In light of the preceding discus-
sion, the four Rayleigh step bearing configurations of this in-
vestigation can be rated in order of diminishing stability as
follows: (1) one-segment, three-pad shrouded bearing, (2) one-
segment, one-pad shrouded bearing, (3) one~segment, three-pad
unshrouded bearing, and (4) three-segment, one-pad shrouded
bearing.

Rayleigh step bearing design curves. - The data for the
one-segment, three-pad shrouded Rayleigh step bearing with
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Whirl onset speed, N, rpm

STABILITY OF VARIOUS FIXED-GEOMETRY BEARINGS

Bearing type
O One-segment, three-pad shrouded
O Three-segment, one-pad shrouded
~ A One-segment, one-pad shrouded
& One-segment, three-pad unshrouded
8000 — —
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(a) Radial clearance in ridge region, 0.010 to (b} Radial clearance in ridge region,
0.015 miflimeter (400 to 600 pin. ). 0.025 millimeter (1000 pin. ).
(c) Radial clearance in ridge region, 0.038 (d) Radial-clearance in ridge region, -
millimeter (1500 pin. ). 0.048 millimeter (1900 pin. ).

Figure 27. - Whirl onset speed as function of film thickness ratio at various radial
clearances.
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a 3 of 0. 27 were replotted in slightly different form in order to
facilitate the design of optimum-geometry bearings., Because of
the close similarity of the stability data for the bearings with 3
equal to 0. 27 and 0. 45 (fig. 24), the design curves discussed in
this section can be applied to either. Design curves for the
three-segment, one-pad shrouded bearing were not considered
in this report because of their relatively low stability., The one-
segment, one-pad configuration was not considered because of
its limitation of preferential loading direction and the fact that
insufficient stability data were available,

-Whirl onset speed is plotted against radial clearance in fig-
ure 28 for five values of step depth for the one-segment, three-
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ratio, . Step depth,
8000 k ,
- 3.40 N 2% . mm (gin.)
£ 2.26(0) N
o, (Le ) a0 (120
- ' g .048 (1900)
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I | | 1
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L | L | l l 1 |
400 600 800 1000 1200 1400 1600 1800 2000
Clearance, C, pin,

Figure 28. - Whirl onset speed as function of radial clearance for one-segment,
three-pad shrouded Rayleigh step bearing at various film thickness ratios.
Ridge- to pad-arc ratio, 0.27.



54 STABILITY OF VARIOUS FIXED-GEOMETRY BEARINGS

pad shrouded bearings. The values of the film thickness ratio
ky. = C4/C (table IV(a)) are given for each data point and repre-
sent the ratio of the clearance at the step region to the clearance
at the ridge region of each bearing when the shaft is concentric
in the bearing (see fig. 2(d)). The four vertical dashed lines,
drawn at arbitrary clearance values of 0, 018, 0,025, 0. 038,

and 0. 051 millimeter (700, 1000, 1500, and 2000 pin,), intersect
the stability curves at various values of whirl onset speed. The
curves in figure 29 were obtained by cross plotting the data in
figure 28 at the four values of clearance with whirl onset speed
Nw and film thickness ratio k, as variables. Simple straight
line interpolation was used for the cross plot. In figure 29

there is an optimum value of k, at any given C, and this opti-
mum is a function of C. Figure 29 shows that stability becomes
more sensitive to k as C increases, which makes it more
difficult to achieve an optimum, The figure also shows that the
optimum film thickness ratio k, decreases from 2.8 to 1.6 as
the clearance increases from 0. 018 to 0, 051 millimeter (700 to

6000—
40001~
//\‘ 0
“-Optimum k
R » r \
E // 7 \\\
= 7 \
N / \
= 2000~ , \
. \
g \
g .
2 [ \ Clearance,
2 Cl
g 1000— mm (yin.)
0.018 (700)
800 , \ — —— 025 (1000}
\ ————— 038 (1500)
600— i \ ——-— 051 (2000)
400 | ] I i |
1 2 3 4 5 6
* Film thickness ratio, k., Cc/C

Figure 29. - Whirl onset speed as function of film thick-
ness ratio for one-segment, three-pad shrouded Rayleigh
step bearing. Ridge- to pad-arc ratio, 0.27.
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2000 pin.). For eccentricity ratios less than 0. 2, an optimum
film thickness ratio of 1.7, obtained by using the criterion of
load capacity, was reported in reference 9. The optimum ky
value is, therefore, generally higher (1.6 to 2.8) when the cri-
terion of stability is used rather than load capacity.

From figure 29 the step height for maximum stability at
each of four clearances can be calculated. It is approximately
36 millimeters (1400 pin.) over the range of clearances inves-
tigated. A ratio of step height to radius (Cg-C)/R 0£0.0019
will, therefore, yield the most stable one-segment, three-pad
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Figure 30. - Dimensionless speed as function of film thick-
ness ratio for one-segment three-pad shrouded Rayleigh _
step bearing. Ridge- to pad-arc ratio, 0. 27.
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shrouded Rayleigh step bearing at any clearance value.

Figure 30 is essentially a repetition of figure 29 except that
the ordinate is the dimensionless speed y rather than the di-
mensional speed Ny, Values of C/R as wellas C have also
been listed in an attempt to make this figure of wider applicabil-
ity in the design of a Rayleigh step bearing of optimum stability.

Three-Central-Lobe Bearings

Experimental results obtained with 10 bearings having dif-
ferent lobe heights are shown in tables VII to X. Test results
for three-lobe bearings with three axial grooves are shown in
table VII, and results for bearings with no axial grooves are
shown in table X. Table VIII lists the results for a three-axial-

_groove bearing with no lobing, and table IX the results for a
plain bearing with no grooves and no lobing. Journals of differ-
ent diameters were used to obtain the different clearances
shown for any particular bearing tested. A total of 39 bearing
stability tests were conducted at values of radial clearance 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. ).

Effect of lobe height on stability. - Figure 31(a) shows the
stability limits of a three-lobe, three-axial-groove bearing at
five lobe heights. As the lobe height was increased from 0 to
0. 25 millimeter (0 to 1000 pin,), 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 fur-
ther 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.).

Figure 31(b) shows the stability limits of three-lobe bear-
ings with no axial grooves at five lobe heights. Maximum
stability occurred at a lobe height of 0. 025 millimeter (1000
pin,) for the limited data recorded. (There were no data ob-
tained at lobe he1ghts below 0,025 mm (1000 pin.).) An increase
in lobe height above 0. 025 millimeter (1000 pin,) caused a de-
crease in stability,

Range of stability of three-central-lobe bearing with and
without axial grooves. - It is interesting to note that stable
operation at a clearance value above 0, 018 millimeter (700 pin.)

. was impossible to attain with the three-central-lobe bearing
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TABLE VII. - TEST RESULTS FOR THREE-CENTRAL-LOBE BEARINGS WITH THREE AXIAL GROOVES

[Otfset factor a, O. 5.]

THREE-AXIAL-GROOVE BEARING

WITH NO LOBING

[Bearing 5; film thickness ratio, 1. 0.]

Radial clear- |Fractional-frequency-
ance, C whirl onset speed
at zero load,
mm |uin.
N
rpm
0.009 | 350 7000
.023 | 900 500
. 033 (1300 250
. 046 | 1800 70

4 Bearing| Lobe height, | Preload (el- |Minimum ra- | Radial clear- | Fractional- | Film thick- |Preload co-
HL lipticity), a dial clear- | ance before |frequency- | ness ratio, | efficient,
- N ance, preload, whirl onset K o1 HL 5-_2
mm o uin. | omm e 2Ry - R [Co=Ry-R | speedat }K® T Rp-R
zero load,
mm |uin. mm |uin. N,
W
rpm
1 0.015| 600 | 0.030| 1200 | 0.014| 550 | 0.044 |1750 5000 2.09 0.685
.020 | 800 .051 (2000 670 1.75 . 600
.025 11000 . 056 {2200 300 1.60 . 545
.039 |1550 .070 [2750 200 1.39 438
.052 | 2050 .083 |3250 - 90 1.29 . 367
2 0.025 ( 1000 | 0.051( 2000 | 0.015| 600 | 0.066 |2600 4900 2.67 0.770
.024 | 950 . 076 {3000 2000 2.06 .680
.039 (1550 .091 |3600 500 1.65 ° . 565
. 052 (2050 . 104 |4100 160 1.49 . 494
3 0.046 | 1800 | 0.091| 3600 | 0.013 | 500 | 0.104 [4100 5000 4.60 0.878
.022] 850 . 114 4500 2200 3.12 .810
. 037 {1450 . 130 |5100 390 2.24 .713
.050 {1950 . 142 {5600 100 1.92 .648
4 0.066 | 2600 { 0.132] 5200 | 0.010{ 400 | 0.142 (5600 4300 7.50 0.930
.024| 950 . 158 [ 6200 1300 3.74 .848
.037 (1450 .170 [ 6700 200 2.79 .782
.047 (1850 . 180 {7100 130 2.41 .738
TABLE VIII. - TEST RESULTS FOR

TABLE IX. - TEST RESULTS FOR
A PLAIN BEARING (NO

GROOVES, NO LOBING)

[Bearing 6.]

Radial clear- | Fractional-frequency-
ance, C whirl onset speed
- at zero load,
mm | uin,
Ny
rpm
0.009| 350 6200
.018§ 700 (a)

alBearing unstable at minimum
operating speed (70 rpm).
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Lobe height,
H,
mm (pin,)
100}— 80 o
= a .015 (600)
~ o 025 (1000) C'eacra"“’-
L o .046 (1800) i)
Mo o 066 (2600) mm in.
0= - - - 0.051 (2000)
E N
— - .038 (1500)
1
= .025 (1000)
g L
=
; & e
| N S ; .018 {700)
| &« il
| (] "
; Q_m —
E A
[ | == - - - 013 (500)
p - \
4 ol
8 C
g — (@
T oot bl pnnbl 1l Ll
e - )
Z
g 1l
i 8 -
| = - - - ' - .025 (1000)
: - Unstable operation
" Lobe height,
A HL,
; — mm {in,) — — - - .018 (700)
j = 80 O
% L o .025 (1000) _
1 o .048 {1900) .
| O o 076 (3000) " - Wb - 013 (500)
| - v .102 (4000) Stable operation
— b N
ool bl nad el v
.01 W1 — 1 710 7T 100 1000

Dimensioniess speed, I = 6uwR2/PaC2

(@) With three axial grooves.
(b) Without grooves.

Figure 31. - Effect of lobe height on stability of three-central-lobe bearing.
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without the three axial grooves (table X). It appears that at the
tighter clearances, 0.013 to 0. 018 millimeter (500 to 700 pin.),
the lobes of the bearing without grooves are effective in keeping
the bearing stable. However, as the clearance is increased
above 0. 013 millimeter (700 pin.), the lobes lose their effective-
ness, and the bearing no longer acts as a bearing of three dis-
tinct 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, which represented a mini-
mum condition of lobe height for the bearings without grooves.
This bearing ran stable at a clearance of 0. 009 millimeter

TABLE X. - TEST RESULTS FOR THREE-CENTRAL-
LOBE BEARINGS WITH NO GROOVES

[Offset factor a, 0. 5.]

Bearing | Lobe height, | Minimum ra- |Fractional-

HL dial clear- |frequency-
- ance, whirl onset
mmofpne e RPC - R | speed at
zero load,
mm in,
u NW’
rpm

7 0.025| 1000 | 0.013 ] 500 7000
.018 | 700 5400
.023 | 900 (a)
. 032 |1250 (a)

8 0.048 | 1900 | 0.013 | 500 5500
.018 | 700 4400

.023 | 900 (a)

.032|1250 | . (a)

9 0.076 | 3000 | 0.013 | 500 4500
.018 | 700 3800

.023 [ 900 (a)

.032 1250 (a)

10 | 0.102] 4000 | 0.011] 450 4300
.016 | 650 1200

. 025 {1000 (a)

.029 [1150 (a)

aBearing unstable at minimum operating speed
(70 rpm). 4
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(350 pin.) to a speed of 6200 rpm but was completely unstable at
a clearance of 0. 018 millimeter (700 pin, )(table IX). 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. 22). At higher clearances, above 0. 009 milli-
meter (350 pin.), the preload was too small to preload the bear-
ing effectively and keep it running stably.

From the results of the present investigation it is apparent
that a three-central-lobe bearing 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,

Comparison of theoretical and experimental stability data
for three-central-lobe, three-axial-groove bearings. - The
solid curves shown in figure 32 are from reference 10 and show
the theoretical stability threshold of three-lobe bearings that
are centrally lobed. Since the Reynolds number of the experi-
mental points presented in this report fell within the range of
0 to 2000, both curves have been included. The experimental
data were plotted by using the parameters of reference 10 and
show fair agreement with the theoretical values for the centrally
lobed bearing (offset factor « =0.5). Theory predicts a larger
range of stable operation than was observed experimentally.

Conventionally the lobe radius is machined into the bearings,
and this radius is then measured. Using shims to obtain the
lobes, as was done here, results in a lobe contour that is not ex-
actly a true circular arc. Therefore, a radius which approxi-
mates the curvature of the lobes had to be calculated from the
lobe heights. Figure 33 shows the difference in lobe contour be-
tween 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°
arc to the right of the curves. .Both lobes have the same height,
0. 025 millimeter (1000 pin.). The effect that differences in lobe
contour might have on stability could only be determined if the re-
sults of these shimmed-lobe bearing tests were compared with
those for machined-lobe bearings of equal offset factor and dimen-
sions,
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Figure 32. - Comparison of theoretical and experimental data using dimensionless
parameters of reference 10.
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Shimned-lobe profile from actual profile trace
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Figure 33. - Comparison of profiles of shimmed and machined lobes. Lobe height, 0. 025 millimeter
(1000 pin. ).

~120° Lobe arc
7

7

~Pitch circle
/

/

Figure 34. - Method of calculating preload a, lobe radius Rp,
and preload coefficient & from measured value of lobe height
Hi. Three-central-lobe bearing.
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The calculated lobe radius Rp is the radius that would be
used to machine a lobe of the same height as the shimmed lobe.
A sample calculation follows to show how the measured lobe
height of the shimmed bearings Hy, was used to obtain Rp. Fig-
ure 34 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 arc for centrally lobed bear-
ings). A triangle based on the relation between the pitch circle
and lobe radii is constructed as shown. From the law of cosines

(Rpc + 82 = (Rpg + Hp)2 + (@2 - 2Rpg + Hy)(@)(cos 1209 (1)

In this example the lobe height Hy, was measured to be 0.025
millimeter (1000 pin.), and the pitch circle radius Rpg was
measured to be 1. 909 centimeters (0. 7514 in.). Substituting
these known values into equation (1) results in a value of 0.050
millimeter (2000 pin.) for the preload a. The lobe radius Rp is
the sum of the pitch circle radius Rpc and the preload a, or in
this case 1.909 + 0.0050 = 1,914 centimeters (0.7514 +0.0020 =

. 0.7534 in.)., The preload coefficient is then obtained from § =
a/(Rp - R) and would be the same for a machined lobe of equal
height.

Three-central-lobe bearing design curves. - Whirl onset
speed is plotted against radial clearance in figure 35 for the four
values of lobe height Hy for the three-lobe axial-groove bear-
ings. The values of film thickness ratio k, =1 + (Hy,/C) and
preload coefficient 6 = a/(Rp - R) (table VII) are given for each
data point, Figure 36, obtained from figure 35, 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 read-
ily apparent because of the nonlinear scale used in plotting ko, in
this figure,

Figure 37 is essentially a repetition of figure 36 except that
it was plotted by using the dimensionless speed parameter I' in-
stead of whirl onset speed as the ordinate, It is included because
it is more useful as a design parameter than the curves of fig~-
ure 36.

From figure 36 the lobe height for maximum stability at each
of four clearances can be calculated. It is approximately 28 mil-
limeters (1080 pin.) over the range of clearances investigated.
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Whirl onset speed, NW, pm

STABILITY OF VARIOUS FIXED-GEOMETRY BEARINGS

Film Preload
thick- coeffi-
N . ness  cient,
ratio, 5
ke
| ~4.60 0.878 .
6000 /{/,%_ 209 685 LobeHltelght,
o A& 261 .770 mm - in.)
4000 — \ A 0,015 (6000
’ 7.50 .930° o .05 (1000
B O .046 (1800
<O 066 (2600)
2000 —
1000 — |
80— 175 .600-~\:_
600 — |
N |
|
400 — |
1.60 .545-~-|.
i |
2.79 .782--}.
200+— '
|
100 — |
80 I I
005 .010 .015 .02 .025 .050 075
Clearance, C, mm
| ] ] ] ] ] |
100 400 600 800 1000 2000 3000

Clearance, C, uin.

Figure 35, - Whirl onset speed as function of radial clearance at
various film thickness ratios and preload coefficients for three-
central-lobe bearing with axial grooves.
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10000 —
8000 —
= Clearance,
6000— C,
= mm  {uin.)
4000f— ——— 0.015 (600) /
| —— .04 (%50
———— .036 (1400
— - — . 046 (1800
& 2001 /7L\
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3 00—
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200 (— /’ / ™~
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100 | | 1 |
4 .5 .6 R .8 .9

Preload coefficient, &

[ | |- | ] 1 I I O
1.3 1.4 1.5 1.6 18 20 22 2630354 5%
Film thickness ratio, kg =1+ H/C

Figure 36. - Whirl onset speed as function of preload coeffi-
cient and film thickness ratio for three-cent ral-lobe bear-
ings with axial grooves.

A ratio of lobe height to radius Hy /R of 0.0014 will, therefore,
yield the most stable three-central-lobe bearing with axial
grooves, at any clearance.

Preload coefficient is 2 more universal term used in lobed-
bearing design than is film thickness ratio. Lobe height is used
in this report only because it was the dimension that was mea~
sured, and from it the radius of the sector Rp was calculated
to arrive at the preload coefficient 6 = a/(Rp -~ R). For this
reason both preload coefficient & and film thickness ratio kg
appear as coordinates in figures 36 and 37.

Figures 36 and 37 show that the preload coefficient, at the
points of optimum locus, increases from about 0. 54 to 0,78 and
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Dimensionless speed, I = 6 uuRzl PaC2

STABILITY OF VARIOUS FIXED-GEOMETRY BEARINGS .

Radial Clearance
clearance, ratio,
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Figure 37. - Dimensionless speed as function of preload coef-

ficient and film thickness ratio for three-central-lobe bear-
ings with axial grooves.
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the film thickness ratio from 1. 57 to 2. 78 as the clearance is re-
duced from 0. 046 to 0. 015 millimeter (1800 to 600 pin.).

Three-Tilted-Lobe Bearings

The results of 32 stability tests that covered a range of ARy,
from 0, 013 to 0. 108 millimeter (500 to 4200 pin ) are shown in
tables XI and XII and in figures 38 to 45.

In these experiments, the leading-edge entrance wedge thick-
ness ARy, (figs. 4 and 8) was used as a parameter for comparing
the stability characteristics of converging-diverging bearings
with wholly converging-film three-sector bearings. Both types -
of bearings were run at four values of radial clearance C for
each of four values of ARj,

The preload coefficient § of a converging-diverging-film
bearing is different from that of a wholly converging-film bearing
when both have the same ARj, and clearance, as shown in fig-
ure 38. For example, at a ARy, value of 0. 076 millimeter
(3000 pin.), the preload coefficient for a converging-diverging-
film bearing at a radial clearance C of 0, 053 millimeter (2100
pin.) is 0,71, while for a wholly converging-film bearing the pre-
load coefficient is only 0, 54. In this report, therefore, the pre-
load coefficient is used only when experimental data are compared
with referenced theoretical data for which the preload coefficient
was used as one of the parameters,

Effect of bearing configuration on stability. - The experi-
mental results obtained with three-sector bearings having a
converging-diverging~film (& = 0. 6) and a wholly converging-film
geometry (o = 1. 0) are shown in figure 39. The smallest average
leading-edge entrance wedge thickness ARy was 0. 014 milli-
meter (550 pin, ) for the converging-diverging-film and wholly
converging-film bearings (the stability curves for which are de-
picted in fig. 39(a)). At this value of ARy, the bearings of the
two different film geometries had essentially the same stability
characteristics.

A study of figure 39 shows that the wholly converging-film
bearing is more stable for all ARy, values ranging from 0, 037
to 0. 103 millimeter (1450 to 4050 uin.), with one possible excep-
tion. In ﬁgure 39(d), ata ARy, of 0.103 millimeter (4050 pin.)
and an M of 0, 11, the curve representing the converging-
diverging-film bearing appears to cross over that for the wholly
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Bearing geometry Offset
factor, Radial
. a clearance,
Converging-diverging-film (.5 C,

———— Wholly converging film 1.0 mm {in.)
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Leading-edge entrance wedge thickness, AR[, mm
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Leading-edge entrance wedge thickness, AR, pin.

Figure 38. - Preload coefficient as function of leading-edge en-
trance wedge thickness at various radial clearances for two
different bearing lobe configurations.

converging-film bearing, which indicates that a converging-
diverging~-film bearing might be more stable at ﬁ. values below
0.11ata ARy of 0. 103 millimeter (4050 pin,).

With a converging-diverging-film shape, only a portion of
the arc of each lobe (the converging wedge portion) is active in
generating load capacity. Increased load capacity and stability
can be attained by using more of the arc of each lobe to build up
pressure (ref. 12). This is accomplished by tilting the bearing
sector on its trailing edge.
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{a) Average leading-edge entrance wedge thickness,
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(b) Average leading-edge entrance wedge thickness,
0. 037 millimeter (1450 uin. ).
Figure 39. - Effect of bearing configuration on stability of

three-lobe bearings at various leading-edge entrance
wedge thicknesses. '
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(d) Average leading-edge entrance wedge thickness,
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Figure 39. - Concluded.
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Effect of leading-edge entrance wedge thickness on sta-
bility. - Figures 40(a) and (b) show the effect of leading-edge
entrance wedge thickness ARy, on the stability of converging-
diverging-film and wholly converging-film bearings, respective-
ly. A maximum in stability exists at a ARy of 0.071 millime-
ter (2800 pin.) for values of M above 0. 44 for the converging-
diverging-film bearings (fig. 40(a)). Below this value, the
bearings with ARy, values of 0.013 and 0. 107 millimeter (500
and 4200 pin.) were the most stable.

An optimum in stability for the wholly converging-film bear-
ings existed at a ARy, of 0. 066 millimeter (2600 pin.) (fig. 40(b))
for values of M above 0. 35. This ARy, was near optimum at
lower M values as well, It is interesting to note that maximum
stability for both the converging-diverging-film and the wholly
converging-film bearings occurred at almost the same ARj, val-
ues, namely, 0,071 and 0, 066 millimeter (2800 and 2600 pin, ),

Leading-edge entrance Leading-edge entrance
wedge thickness, wedge thickness,
AR, AR,
mm (yin.) mm {gin.)
o 0.013 (500 o 0.015 (600)
100 — o .038(1500) L o 036 (1400
E a . 071(2800) = a 066 (2600) Clearance,
< [ 4 107 (4200 - a 099 (3900) ¢,
3 [ mm (in.)
=
E o NI — - ——— - —— 0,051 (2000)
S E Unstable operation = Unstable
a® o operation
R - — - 038 (1500)
I= B B
© o E
£ e =
g F - = .025 (2000}
E - n
€ -1 stable operation E-  Stable operation
E - - - S -
a — —

\ - \1§ . 018 (700)

oottt Lottt ot 1l
-1 1 10 100 I 1 10 100

Dimensionless speed, I = 6uwR%/P,c?

(a} Converging-diverging-film geometry. (b} Wholly converging-film geome{ry.
Figure 40, - Effect of leading-edge entrance wedge thickness on stability of three-lobe bearing.
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respectively,. for higher values of M. Also, there was a consid-
erable gain in stability with the wholly converging-film bearings
when the ARy, value of 0. 015 millimeter (600 pin.) was in-
creased (fig. 40(b)). '

Comparison of theoretical and experimental stability data
for three-tilted-lobe bearings. - The solid curves shown in fig~-
ure 41 are from reference 10 and show the theoretical stability
threshold of three-lobe bearings that are centrally lobed. The
experimental data were plotted by using the parameters of refer-
ence 10 and show fair agreement with the theoretical values for
the converging-diverging-film bearing, as shown in figure 41(a).
Some of the deviation in the experimental data from the theoret-
ical curves might result from the fact that the theoretical curves
are based on a centrally lobed configuration, whereas the exper-
imental data were obtained from a noncentral-lobe configuration
(fig. 4(c)). This deviation is shown more strikingly in figure
41(b), where the experimental data for a wholly converging-film-
geometry bearing (fig. 4(d)) are plotted along with the identical
theoretical curves from figure 41(a) for a centrally-lobed bear-
ing configuration. Much of the experimental data shows a more
stable bearing than theory predicts for centrally lobed bearings.
The scatter of experimental data is more pronounced with the
wholly converging film because the preload coefficient § is not
the most desirable parameter to use for a three-sector bearing
that is not centrally lobed. The bearing parameters M and T
used in the previous figures give a much better measurement of .
bearing stability and are not dependent on the manner in which
the bearing is tilted.

Three-tilted-lobe bearing design curves. - Whirl onset
speed is plotted against radial clearance in figure 42 for four
values of ARy, for the wholly converging-film bearings. The
values of the film thickness ratio k =1 + (ARy,/C) (table XII)
are given for each data point and represent the ratio of inlet to
exit film thickness in each sector. Figure 43, obtained from
data in figure 42, shows that there is an optimum value of k at
any given C and that the optimum is a function of C. It also
shows that stability becomes more and more sensitive to k as
C increases.

Figure 44 is essentially a repetition of figure 43 except that
it was plotted by using two dimensionless parameters, dimension-
less speed T' and film thickness ratio k. It is included because
it is more useful as a design tool than the curves of figure 43,
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Figure 41. - Comparison of theoretical and experimental data for three-lobe bearing using

dimensionless parameters of reference 10.
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Figure 42. - Whirl onset speed as function of radial clear-
ance for three-lobe wholly converging-film-geometry
bearing at various film thickness ratios.
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Figure 43. - Whirl onset speed as function of film thickness ratio for wholly
converging-film-geometry three-lobe bearing. Offset factor, 1.0.
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Figure 44. - Dimensionless speed as function of film thickness ratio for wholly
converging-film-geometry three-lobe bearing. Offset factor, 1.0. ‘

Three-Lobe-Bearing Geometry of Maximum Stability

The offset factor o of a lobed bearing is defined as the
ratio of the arc length from the leading edge of the sector to the
line along which the lobe is preloaded radially ¢ to the arc
length of the sector B (figs. 3 and4). Figure 45 shows a com-
parison of the stability of three~lobe bearings with various offset
factors., Whirl speed is plotted against radial clearance for
bearings of three offset factors, 0,5, 0. 6, and 1,0. The points
for the three-lobe bearing with offset factors of 0. 5 and 1.0 cor-
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Figure 45. - Comparison of stability of three-lobe bearings at various offse
factors. | '

respond to the points of maximum stability (optimum locus curve)
obtained from figures 36 and 43, respectively. The points for
the bearings with an offset factor of 0. 6 were obtained in a simi-
lar manner from the experimental data of this report and refer-
ence 16, As the offset factor is increased from 0. 5 to 1. 0 in fig-
ure 45, the curves shift to the upper right at a shallower slope,
which indicates an increase in stability and less sensitivity to
clearance,

An analytical study of the three-lobe bearing was reported in
reference 23, which 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, This agrees with the experimental data of figure 45,
which show an offset factor of 1. 0 to be more stable than an offset
factor of 0. 5 or 0. 6, ’
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Three-Lobe Journals Mated With Plain Bearings

The results of 50 bearing stability tests with three-lobe
journals having a range of values of leading-edge entrance wedge
thickness ARy, from 0. 010 to 0. 178 millimeter (400 to 7000 pin.)
are shown in tables XIII to XV and figures 46 to 51, Twenty-four
tests were conducted with ungrooved, three-tilted-lobe journals
with an offset factor of 1.0 over a range of ARy, values of 0.023
to 0, 178 millimeter (900 to 7000 uin.). Radial clearance C
ranged from 0. 015 to 0. 048 millimeter (600 to 1900 pin.), as in-
dicated in table XIII. The results of 22 stability tests on three-
tilted-lobe journals with three axial grooves and an offset factor
of 1.0 are shown in table XIV. The AR;p values ranged from
0,010 to 0. 097 millimeter (400 to 3800 pin.), and the radial
clearances ranged from 0. 015 to 0, 048 millimeter (600 to 1900
pin.). Table XV shows the results of tests on an ungrooved,
three-lobe central-lobe journal (offset factor of 0, 5) at four
clearances ranging from 0. 017 to 0. 047 millimeter (650 to
1850 pin.). These tests were conducted at only one ARy, value
of 0, 023 millimeter (900 pin,),

Effect of offset factor on stability. - Figure 46 shows the
experimental results obtained with a converging~diverging film
and a wholly converging-film geometry. The figure shows that
the wholly converging-film configuration is clearly more stable
than the converging-diverging configuration, except at the higher
clearance values, approximately 0, 048 millimeter (1900 uin. ),
where their stabilities tend to be equal. Both curves were plot-
ted from data obtained with a leading-edge entrance wedge thick-
ness of 0. 023 millimeter (900 pin. ), and neither configuration
had axial grooves in the journal, With a converging-diverging
film shape, only a portion of the arc of each lobe, the converging-
wedge portion (see fig. 5(b)), is active in generating load capacity.
Increased load capacity and stability can be attained by using
more of the arc of each lobe to build up pressure (ref. 12). This
is accomplished by tilting the lobe on its trailing edge (fig. 5(a)).
Because of the relatively poor stability of the centrally lobed
journal compared with that of the tilted-lobe journal, only the
tilted-lobe journal was investigated further,

Effect of journal grooving on stability. - Figure 47 shows a
comparison of the stability curves for the bearings with a grooved
and an ungrooved tilted-lobe journal. The grooved journal con-
figuration was the more stable of the two for values of ARy,
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TABLE XIII. - TEST RESULTS FOR UNGROOVED THREE-

TILTED-LOBE JOURNAL CONFIGURATION

E)ffset factor o, .1.0.]

Journal | Leading-edge | Bearing ra- | Fractional-| Film thick-
entrance dial clear- | frequency- | ness ratio,
wedge thick- ance, C whirl onset ARL
ness, ARp - speedat |X= 1+
- mm A pin 3 sero load,
mm | uin. NW’
rpm
1 0.023| 900 [0.018| 700 5350 2.29
-031 11200 1100 1.75
.036 {1400 650 1.64
. 048 | 1900 130 1.47
2 0.046 | 1800 |0.015( 600 5400 4.00
.028 |1100 1600 . 2.64
.033 [1300 1000 2.38
. 046 {1800 300 2.00
3 0.066 | 2600 | 0.018 700 5330 4.72
. 0311200 1500 3.16
. 036 | 1400 1000 2.85
. 048 11900 420 2.37
4 0.09713800 | 0.018| 700 5400 6.43
. 03111200 2000 4.17
. 036 | 1400 1600 3.172
. 048 | 1900 600 3.00
5 0.132]5200 | 0.018 | 700 5200 8. 44
.031]1200 2720 5.33
.036 | 1400 1800 4.72
.048 | 1900 700 3.74
6 0.178]7000 | 0.015| 600 4800 12.70
.028 1100 2500 7.37
.033 (1300 1700 6.38
. 046 | 1800 700 4.89
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TABLE XIV. - TEST RESULTS FOR GROOVED THREE-
TILTED-LOBE JOURNAL CONFIGURATION

[Ofiset factor o, 1.0.]

Journal | Leading-edge | Bearing ra- | Fractional-| Film thick-
entrance dial clear- | frequency- | ness ratio,

wedge thick- ance, C whirl onset ARL
_ness, AR, - speedat |K =1+
- mm (pin. o gerg load,
mm | uin, Ny,
rpm
7 0.010§ 400 |0.015( 600 4600 1.67
.022| 850 4000 1.47
.028 [ 1100 2700 1. 36
.033 1300 1500 1.31
. 046 | 1800 400 1.22
8 0.023f 900 |0.018| 700 4600 2.29
.024| 950 4100 1.95
0311200 [ 3300 1.75
.036 | 1400 2600 1.64
. 048 | 1900 1070 1.47
9 0.046| 1800 | 0.015| 600 4700 4.00
.028 {1100 2600 2.64
.033 (1300 1900 2.39
. 046 | 1800 910 2.00
10 0.066 | 2600 | 0.018| 700 4100 4,72
. 0311200 2100 3.16
. 036 | 1400 1400 2.85
. 048 | 1900 680 2.31
11 0.097]3800 | 0.018 | 700 4200 6. 43
.031]1200 2000 4. 17
. 036 | 1400 1400 ©3.72
. 048 | 1900 600 3.00
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from 0. 023 to 0. 066 millimeter (900 to 2600 pin.). The differ-
ence in stability of the two configurations gradually diminished as
ARy, was increased, until, at a ARy, of 0.097 millimeter (3800
pin. ), the two configurations had essentially the same stability
characteristics (fig. 47(d)). Evidently a bearing with a large en-
trance wedge film thickness ARy, is better able to feed itself
and so is less sensitive to the presence of grooves,

Effect of leading-edge entrance wedge thickness on stabil-
ity. - Figure 48 shows the effect of leading-edge entrance wedge
thickness ARp on the stability of the ungrooved and grooved
tilted-lobe journals running in a plain bearing. For ungrooved
journals (fig. 48(a)), maximum stability occurred at a ARy, of
0. 132 millimeter (5200 pin.), as ARy was varied from 0.023
to 0. 178 millimeter (900 to 7000 pin.). Stability gradually in-
creased with increased ARy, until a value of 0. 132 millimeter
(5200 pin.) was reached. Further increase in ARj, causeda
decrease in stability, as shown by the data in figure 48(a).

The grooved journals showed stability characteristics en-
tirely different from those for the ungrooved journals, For the
grooved journals (fig, 48(b)), maximum stability occurred at a
ARy, of 0,023 millimeter (900 pin.), as AR, was varied from
0. 010 to 0. 097 millimeter (400 to 3800 pin.). This ARy, value
of 0, 023 millimeter (900 pin.) is only about one-sixth that of the
optimum ARj, for the ungrooved journals (fig. 48(a)). Another
difference in stability characteristics of the two different config-
urations was the manner in which the stability changed with
changes in ARy, Whereas the ungrooved journals showed a
gradual change in stability with changes in ARy, the stability of
the grooved journals (fig. 48(b)) was generally not greatly af-
fected by changes in ARy, except for the abrupt change in sta-
bility at a ARy, of 0. 023 millimeter (900 pin. ).

Three-tilted-lobe-journal design curves. - Whirl onset
speed is plotted against radial clearance in figure 49(a) for six
values of ARy, for the grooved journal. The value of the film
thickness ratio k = 1+ (ARy,/C), from tables XIII and XIV, is
given for each data point and represents the ratio of inlet to exit
film thickness in each lobe, B )

Figure 50, obtained from- data in f1gure 49 shows that there
is an optimum value of k at any given C for both the ungrooved
and grooved journals and that this optimum is strongly dependent
on C. It also shows that stability for both journal types becomes
more sensitive to k as C increases, The difference in stabil~-
ity characteristics of the ungrooved and grooved journal configu-
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Figure 47. - Effect of journal grooving on stability of three-tilted-
lobe journal configuration at various leading-edge entrance
wedge thicknesses. Offset factor, 1.0.
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Dimensionless mass, M = MPa(CIR)S/zuZL
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{d) Leading-edge entrance wedge thickness, 0.097 millimeter
(3800 pin.).

Figure 47. - Concluded.
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Figure 49. - Whirl onset speed as function of radial clearance for plain bearing operating with three-
tilted-lobe journal at various film thickness ratios. Offset factor, 1.0.

rations is apparent in figure 50 when the magnitude and range of
k for both configurations are considered, The optimum film
thickness ratio k for the ungrooved journal (fig. 50(a)) de-
creases from 6.7 to 4. 0 as the clearance increases from 0. 018
to 0. 046 millimeter (700 to 1800 uin.), whereas the optimum k
for the grooved journal (fig, 50(b)) decreased from 1, 92 to 1, 55
over a similar clearance range, Except at a clearance of 0, 018
millimeter (700 pin.), the stability at optimum k for the grooved
journal is greater than that for the ungrooved journal over the
range of clearances shown in figure 50, The stability curves for
the ungrooved journal (fig., 50(a)), having much flatter peaks than
those for the grooved journal (fig. 50(b)), could make the former
configuration more desirable for the designer because of its les-
ser sensitivity to changes in the film thickness ratio, although
some sacrifice in stability would resulit.
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The reason for the upswing in the 0, 018- and 0. 023~
millimeter- (700~ and 900-uin, ) clearance curves for the un-
grooved journal (fig. 50(a)), at k values of 2, 3 and 2, 1, respec-
tively, is not completely clear. The upswing is probably due to
slight misalinement of the bearing with the journal. With the
tight clearances of 0. 018 and 0. 023 millimeter (700 and 900 uin.)
and the small entrance wedge film thicknesses ARD which are
also present at these small k values (see ref. 22), this mis-
alinement would tend to preload the bearing and give it some
added stability. At higher clearances, above 0. 023 millimeter
(900 pin.), and/or higher ARy, values (higher k), this preload
would be too small to influence stability, Although these condi-
tions exist for some points at tight clearances for the grooved
journals also, there is no upswing effect in figure 50(b). The

Radial clearance, Clearance
C, ratio,
mm {pin.) CIR .
- 0.018 (7000 0.93x1073
— — .03 (900) L2
————— 031 (1200) 1.60
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- \/7_\ ——e— 046018000 2.4
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-~ /// \\\\ FoT~——
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» e . T
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(a) Ungrooved journal. (b} Grooved journal.

Figure 51. - Dimensionless speed as function of film thickness ratio for plain bearing operating
with three-tilted-lobe journal. Offset factor, 1.0. ’
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grooves could have had some effect on the tight clearance values
to cancel any advantage in stability gained by preloading due to
slight misalinement of the bearing and journal.

Figure 51 is essentially a repetition of figure 50 except that
it was plotted by using the dimensionless speed parameter I' in-
stead of whirl onset speed Ny, as the ordinate.

Stability Comparison of Four Three-Lobe Bearing Geometries

Whirl onset speed is plotted against clearance ratio C/R in
figure 52 for four different fixed-geometry journal bearings.

Journal Bearing Offset  From
factor, fig. -
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) axial grooves
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Figure 52. - Stability comparison of four three-lobe bearing geometries.
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Two curves represent the stability of a lobed journal running
with a plain bearing, and the other two represent a lobed bear-
ing running with a plain journal. The data for the grooved and
ungrooved three-tilted-lobe journals running with a plain bear-
ing correspond to the points of maximum stability (optimum k
curves) obtained from figure 50. The curve for the three-tilted-
lobe bearing (offset factor of 1. 0) with three axial grooves run-
ning with a plain journal was obtained from figure 43. The
curve for the three-central-lobe bearing (offset factor of 0. 5)
with three axial grooves running with a plain journal was ob-
tained from figure 36.

Figure 52 shows that the four fixed-geometry bearings con-
sidered can be generally rated in order of diminishing stability
as follows: (1) three-tilted-lobe bearing with grooves (offset
factor of 1. 0) running with a plain journal; (2) three-tilted-lobe
journal with grooves (offset factor of 1, 0) running with a plain
bearing; (3) three-tilted-lobe, ungrooved journal running with.a
plain bearing; and (4) three~central-lobe, grooved bearing run-
ning with a plain journal,

Finally, it should be mentioned that, in the tests in which
the journals had tilted lobes, it was observed that the shaft
speed could be increased beyond the point of initial fractional-
frequency whirl without the whirl orbit growing excessively, In
some cases, a shaft speed that was twice the shaft speed at ini-
tial fractional-frequency whirl was reached before any sign of
bearing distress (orbit growth or unsteady torque) was observed.
This may be one of the best features of the tilted-lobe journal
configuration.

Stability Comparison of Five Fixed-Geometry Bearings

Whirl onset speed is plotted against clearance ratio C/R
in figure 53 for five different fixed-geometry journal bearings
with an L/D of unity. The data for these curves were obtained
from optimum locus curves for each bearing. Figure 53 shows
that the five fixed-geometry bearings-considered can be gener-
ally rated in order of diminishing stability as follows: (1) three-
tilted-lobe bearing (offset factor of 1.0), (2) herringbone journal
mated with a plain bearing, (3) one-segment, three-pad, shroud-
ed Rayleigh step bearing, (4) three-tilted-lobe journal with
grooves (offset factor of 1.0) mated with a plain bearing, and



RESULTS AND DISCUSSION

Journal Bearing Offset  From
factor, fig. -
a
Plain Three-tilted-lobe 1.0 43
—— — Herringbone-groove  Plain .- 17
-~ ——=— Plain Rayleigh step (one- --- 29
segment, three-
pad shrouded)
——=~—Three-tilted-lobe Plain L0 50
with grooves
—--— Plain Three-central-lobe .5 36
with grooves
10 000—
8000~ —
B Unstable operation
6 0001 -
L ~. =~ N
4 000 N -
. 3
L S ~. \\
\\ \:\
£ A NN
& 2 000 \\ \ ~\\\
2 A
z \ \
H R
2 1000 \
= 8001 \
g ol \
2 600 \
= \
= L
= 4001 \\
- Stable operation \‘
\
200}
100 [ I | |
.6 1.0 L5 2.0 25 3.0x107

Clearance ratio, C/R

Figure 53. - Stability of five fixed-geometry bearings.

93



94

STABILITY OF VARIOUS FIXED-GEOMETRY BEARINGS

types makes it difficult to rate one above the other. The ratings
almost certainly require a qualifying range of clearance to make
them worthwhile,

10.
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