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ABSTRACT

Hydrodynamic journal bearing stability tests were conducted with three different
herringbone journal configurations. The bearings had a 1. 5-inch (3. 8-cm) diameter and
were tested in water at 80° F (300 K) at speeds to 12 000 rpm, with unit loads to 36. 9 psi
(25. 4><104 N/mz). The stability of herringbone-groove journal bearings was far superior
to that of a 100° partial-arc bearing, especially at zero load. No significant differences
in the zero load threshold of stability were observed among the three different configura-
tions of herringbone journal bearings tested. Theoretical analysis for herringbone-
groove journal bearings predicts a larger range of stable operation than was observed ex-

perimentally.
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EXPERIMENTS ON THE STABILITY OF WATER LUBRICATED
HERRINGBONE-GROOVE JOURNAL BEARINGS
I - THEORETICAL CONSIDERATIONS AND CLEARANCE EFFECTS

by Fredrick T. Schuller, David P. Fleming,
and William J. Anderson

Lewis Research Center

SUMMARY

A series of stability tests was conducted with 1, 5-inch (3. 8-cm) diameter, 1, 5-inch
(3. 8-cm) long hydrodynamic journal bearings in water at 80° F (300 K) at speeds to
12 000 rpm, with unit loads to 36.9 psi (25. 4><104 N/mz). Plain bearings were run at
various clearances with three different journals: (1) a partially grooved herringbone
journal having 20 groove-ridge pairs, (2) a fully grooved herringbone journal having
20 groove-ridge pairs, and (3) a partially grooved herringbone journal having 40 groove-
ridge pairs. The stability of herringbone-groove journal bearings was far superior to
that of a 100° partial-arc bearing, especially at zero load. No significant differences in
the zero load threshold of stability were observed among the three different configura -
tions of herringbone journal bearings tested. Theoretical analysis, for herringbone-
groove journal bearings, predicts a larger range of stable operation than was observed
experimentally,

INTRODUCTIGN

Power -generation systems for space vehicles must incorporate components that are
light in weight, possess high reliability, and are of minimum complexity. These re-
quirements apply to each component including the bearings that support any rotating
members., The bearing lubrication system can be considerably simplified if the working
fluid is used as the bearing lubricant. For the higher power levels (30 to 1000 kW),
turbogenerators employing liquid metals as the working fluid are receiving consideration
(ref. 1). Hence, if process fluid lubrication is to be used, bearings capable of operating
satisfactorily in liquid metals must be developed.



For operation in liquid metals, fluid film bearings have been selected over rolling-
element bearings because the former bearing type maintains a full fluid film more easily.
This film eliminates or minimizes the rubbing contact problem that is usually present in
rolling -element bearings. The most important disadvantage of fluid film bearings is
their tendency to exhibit self-excited instability under the light or zero-load conditions
that will exist in a space vehicle in a zero-gravity environment, Instability here refers
to self -excited fractional frequency whirl, or the tendency of the journal center to orbit
the bearing center at an angular velocity about half that of the journal around its own
center,

The tilting pad bearing configuration has excellent stability characteristics in sodium
(ref. 2). However, it is complex because it is composed of several integral parts. It
also is subject to pivot fretting. A journal bearing of fixed geometry that exhibited good
stability characteristics when lubricated with air and fair stability when lubricated with
sodium is the herringbone-groove bearing (refs. 2 to 4). Because most of the theoreti-
cal and experimental work on herringbone-groove bearings has dealt with compressible
lubricants (refs. 3 to 5), there is little information available dealing with incompressible
lubricants, The experimental data reported herein were compared with theoretical data
for incompressible lubricants,

The objectives of this study were (1) to determine the stability characteristics of
three water -lubricated herringbone-groove journal bearing configurations with various
clearances and (2) to compare experimental stability data for herringbone-groove bear-
ings with analytical predictions. Water was used as the lubricant rather than sodium,
This simulation is valid because the viscosity and density of water at 150° & (339 K)
closely approximate those of sodium at 400° F (478 K). Stability curves of two bearings
having similar geometric configurations and clearances, one run in sodium and the other
in water, confirm this contention.

The 1. 5-inch (3. 8-cm) diameter by 1, 5-inch (3. 8-cm) long bearings were submerged
in water at an average temperature of 80° r (300 K) and operated hydrodynamically at
radial loads from 0 to 36.9 psi (25. 4><104 N/mz) and journal speeds to 12 000 rpm.

SYMBOLS
ag width of helical groove, in.; cm
a. width of helical ridge, in.; cm
C bearing radial clearance, in.; cm
Cl’ C3, C5, dimensionless coefficients
Ce CP
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bearing diameter, in.; cm
bearing eccentricity, in.; cm
restoring force component
whirl-producing force component
gravitational constant, in. /secz; m/secz

groove clearance to ridge clearance ratio, hg/C
groove clearance (C + §), in.; cm

bearing length, in.; cm

length of grooved portion of bearing, in.; cm

rotor mass per bearing, Wr/g, (]b)(secz)/in.; (kg)(secz)/m
dimensionless mass parameter, MPa(C/R) 5/(2;12L)
critical mass

dimensionless mass parameter \/I\W (R/C)z/(uDL)
journal speed, rps

whirl onset speed, rpm

critical transitional journal speed from laminar to turbulent regime,
41.1 v Y D/2C/7DC, rps
number of grooves

film pressure, psi; N/m2

atmosphere pressure, psia; N/mzabs

journal radius, in.; cm

Sommerfeld number, (uN'DL/W)(C/R)z
applied load, 1b; N

total weight of rotor, lb; N
dimensionless axial coordinate z/L

axial coordinate, in.;

; cm

ratio of groove width to width of groove and ridge, ag/ (ag + ar)
helix angle, deg
dimensionless speed parameter, 6uw(R/C)2/ Pa

groove depth, in.;

; cm
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€ eccentricity ratio, e/c

o angular coordinate, rad

m absolute viscosity, (Ib)(sec)/in. 2; (N)(sec)/rn2 §
v kinematic viscosity, in. 2/sec; mz/sec i
p lubricant mass density, (]b)(secz)/in. 4; kg/m3

© attitude angle

w journal angular speed, rad/sec

W, whirl frequency, rad/sec

Subscripts:

(@ neutral stability condition

Dl concentric

1 small eccentricity

TEST BEARINGS
Design

Herringbone -grooved journal bearings of three configurations were tested hydro-
dynamically with the test bearings fully immersed in water. Journals having 20 and
40 partial grooves and 20 full grooves (fig. 1) were evaluated. Shaft rotation was such
as to cause inward pumping of the lubricant. The grooves extended beyond the bearing
sleeves at each end to ensure an adequate lubricant supply. The partially grooved jour -
nals had a circumferential land centrally located along the length of the bearing. The

%

Plain 20 Partial 40 Partial 20 Full
bearing groove groove groove

C-68-104

Figure 1. - Herringbone-groove journal configurations.
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width of the eircumferential land was one-third the length of the bearing (fig. 2). The
fully grooved journal had herringbone grooves that met midway along the axial length of
the bearing. Surface profile traces were made of each journal outside diameter to obtain
the average groove depths listed in table I.

The herringbone journal helix angle and groove to ridge width ratio (table I) were set
at those values that yield a maximum radial force at a compressibility number of zero for
a compressible lubricant (ref. 5). This approximates the conditions existing with an in-
compressible lubricant. The analysis of reference 5 assumes an infinite number of

TABLE I. - HERRINGBONE GROOVE GEOMETRIES

Journal Groové Number | Helix Groove Ridge Groove
depth, of angle, width, width, type
] grooves,| B, ag a,
n deg
in, pwm in. cm in, cm
K-14 10.0014] 36 20 33 0.062 0. 157 [0. 062 | 0. 157 | Partial
K-15 .0017] 43 40 33 .032) .081) .032| .081{Partial
K-6 .0017] 43 20 33 .062| .157] .062( .157 |Full
~—Ridge width
./
/\ ,\XY— Groove width
/ // “‘ —Helix angle
Ridge
— Groove \ ‘.\
Rotation

CD-9598-15

Figure 2. - Partially grooved herringbone journal bearing assembly.



grooves. Because of manufacturing difficulties the maximum number of grooves was set
at 40. To study the effect of the number of grooves on bearing stability a 20-groove jour-
nal was also incorporated in the tests.

The diameter and length of the bearings in all cases were nominally 1.5 inches
(3.8 ecm). The journal outside diameter and bearing inside diameter were machined to a
4- to 8-microinch (0. 1- to 0. 2-um) rms finish.

APPARATUS

Bearing Test Apparatus

A section of the test vessel and the radial loading system is shown in figure 3. The
test bearing was mounted in a housing in the test vessel, and the mating journal was
mounted and keyed to the bottom end of the shaft. The shaft was positioned vertically so
that gravity forces would not act on the journal. A 15-horsepower (11-kW) direct-
current motor powered the shaft through a 7.5 to 1 ratio gearbox. The test vessel was
located immediately below the main support bearing housing and floated between upper
and lower gas bearings. Two semicircular wheels connected by a cable belt comprised
the radial loading system (fig. 3(b)). Radial load was applied by an air cylinder between
the two semicircular wheels, one of which pivoted on a knife edge. Bearing torque was
measured by a force transducer.

The test shaft was mounted on two support ball bearings that were preloaded to about
200 pounds (890 N) by a wave spring. This preload was necessary to ensure a minimum

amount of shaft runout.

Instrumentation

Two capacitance probes, which measured the movement of the test vessel duaring a
test, were mounted outside the test vessel on the stationary vessel cover, at 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 meas-
ured by a frequency counter.

The temperature of the water in the test vessel was monitored by a thermocouple
that extended into the liquid. Test shaft speed was measured with a magnetic pickup head
mounted close to a six-toothed gear on the shaft. The signal from the pickup was dis-
played on a four-channel frequency counter.
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(a) Detailed view.

Figure 3. - Bearing test apparatus.
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PROCEDURE
General Pretest Preparation

Prior to each test, the test bearing was assembled into its housing with a slight in-
terference fit. The bearing was then machined in place to the desired inside diameter.
Nine bore-gage readings, each accurate to within 0. 0001 inch (2.5 pm), were averaged
and used as a measure of the bearing diameter. The various diametral clearances were
obtained by varying the bearing inside diameter. The outside diameter of the mating
journal was ground concentric with its inside diameter within 0. 0002 inch (5 um) to en-
sure a minimum amount of runout. Because the journals were made of a hard titanium
carbide material and the bearings of bronze, the journals did not score or lose any of
their original integrity and could be used repeatedly for these tests without remachining
their outside diameters.

After the journal was assembled onto the shaft, the vessel containing the test bearing
was filled with water and carefully raised into position around the journal by the lower
air cylinder.

Test Procedure

The test shaft speed was increased in increments of 1000 rpm from 0 to 12 000 rpm
(maximum). Radial load was kept at zero until a speed was reached where fractional
frequency whirl occurred. The onset of whirl was noted by observing the bearing motion
on the oscilloscope screen. The whirl onset speed was recorded and a load was applied
to the bearing to stabilize it before the next higher speed was attempted. At each speed,
sufficient load was maintained to keep the test bearing stable. The load was then slowly
decreased until the first signs of fractional frequency whirl were apparent. The load and
speed were then recorded and photographs of the x-y and time displacement oscillo-
scope traces of bearing motion were taken before the load was again increased and the
next higher speed attempted. This procedure was repeated until the maximum speed of
12 000 rpm was attained. In some cases the bearing motion at the higher speed levels
reached such high amplitudes that the maximum speed could not be attained without risk-
ing bearing failure. For this reason some tests had to be shortened.

The time interval between speed and load changes varied but was of sufficient dura-
tion to allow the friction torque to stabilize. Speed, load, lubricant temperature, and
bearing friction torque were recorded at each speed and load condition. Test vessel
movement was noted by observation of the oscilloscope screen in order to identify bearing
instability at each test interval.



RESULTS AND DISCUSSION
Bearing Instability

The bearing instability of principal concern here is fractional frequency whirl. Fig-
ure 4 illustrates simply the origin of this self-excited whirl phenomenon in a full cylin-
drical bearing. When the shaft is displaced by a load W from a concentric position
within the bearing, a pressure buildup occurs in the fluid film. A force component FW
acting at right angles to the eccentricity e is produced and, if great enough, will cause
the shaft center to whirl about the bearing center at approximately one-half the speed of
the shaft. Application of a larger load to the bearing will decrease its attitude angle, ¢,
and may reduce the whirl-producing force component FW to a value too small to sustain
the fractional frequency whirl. Thus, application of a larger load may result in stable
operation.

Usually, in any bearing stability investigation, the motion of the test shaft is moni-
tored. However, in the experiments reported herein, the motion of the bearing with its
massive housing was monitored. In order to establish the validity of the stability data
obtained in this investigation, a three-axial groove bearing was run in water with a plain

~—-Attitude
angle

Bearing ——

Restoring — -Whirl-producing
force force component
component

— Fluid film

Film pressure

Figure 4. - Self-excited fractional frequency whirl phenomenon.
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O Experimental (3-axial
groove bearing)

3601 gl —— Theoretical (100° partial

arc bearing, ref. 7)

2101~ 60—
Stable operation

180 40

Load, N
Load, 1b

Unstable operation

1 1 J
0 2000 4000 6000 8000
Speed, rpm

Figure 5. - Comparison of theoretical stability
characteristics of 100° partial arc bearing
with experimental data for three-axial groove
bearing. Length to diameter ratio, 1; radial
clearance, 0, 0008 inch (20 um).

journal. The results were compared with the theoretical curve of a 100° partial-arc
bearing (ref. 7) as shown in figure 5. (The 100° partial-arc bearing has stability char-
acteristics similar to those of the three-axial groove bearing). Excellent correlation
was obtained between theoretical and experimental data, which indicated that the test ap-
paratus and its monitoring system were highly reliable.

Figure 6(a) shows oscilloscope traces of bearing motion with a 20 fully grooved
herringbone journal bearing in water with a 15-pound (67-N) load. The load was sufficient
to result in stable bearing operation as indicated by the small pattern of bearing motion.
When the load was decreased to 3 pounds (13 N), however, fractional frequency whirl en-
sued. The rather large elliptical whirl pattern observed on the oscilloscope screen is
shown in figure 6(b). If the bearing was allowed to operate unstably, the supporting film
between the bearing and journal would break down, and the bearing would eventually fail.

When whirl occurs, the journal (or bearing, in this case) operates at a whirl fre-
quency that will allow it to develop a large amplitude excursion (This is a condition of
zero pressure buildup in the film under whirl conditions). The film pressure buildup is
zero only if the whirl speed matches the pumping speed (average velocity in the film).

At zero eccentricity, the average circumferential velocity in the film is one-half the
journal surface speed. For stable operation and nonzero eccentricity the average pump-
ing speed is less than one-half the journal surface speed because of the pressure buildup
in the film.

11
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(b) Unstable operation (fractional frequency whirl) at 4000 rpm; load, 3 pounds (13 N).

Figure 6. - X-Y and time traces of bearing motion of 20 fully grooved herringbone
journal in water, Bearing B-4 with journal K-6. Radial clearance, 0.0014 inch,
(36 um); time trace, 20 milliseconds per centimeter.



Journal Bearing Radial Lubricant

80 clearance,
C,
in, {um)
270 6 O K-14  MP-6 0.0012(30) Water
A K-14  MP-3 .0013(33) Sodium (ref. 2)
=)
180F ¢ 40— 2
= S Stable operation
-
8
—
90 20
Unstable operation
o- —OC—0—C 0 L t 1 )

0 2000 4000 6000 8000 10 000 20 000
Shaft speed, rpm

Figure 7. - Comparison of stahility of bearing and journal having

similar geometric characteristics in sodium at 500° F (533 K) and
water at room temperature (300 K).

Good agreement existed between the stability characteristics of herringbone-grooved
journal bearings run in water and similar bearings previously run in sodium (ref. 2) as
shown in figure 7. The 20 partially grooved herringbone journal K-14 was used in both
tests and the radial clearance in the two bearings varied by only 0. 0001 inch (3 pm) from
each other. The correlation obtained in these tests indicates that water testing can be

employed for stability investigations of bearings that eventually would be operating in
some of the liquid metals.

Herringbone-Groove Journal Bearings

Experimental results obtained with three journals having different groove geometries
are shown in table I and in figures 8 to 13. The bearings were submerged in water at a
temperature range from 72° to 89° F (296 to 305 K) (temperature variation was so small
as to have negligible effect on the results) and run hydrodynamically over a speed range
of 1000 to 12 000 rpm at unit loads from 0 to 36. 9 psi (25. 5><104 N/mz). Eleven tests
were conducted at radial clearances ranging from 0. 0003 to 0. 0017 inch (8 to 43 um).

Table III shows the fractional frequency whirl characteristics of bearing B-4 run
with a 20 fully grooved herringbone journal K-6. As the shaft speed was increased, the
minimum load at which whirl was suppressed also increased, and the whirl ratio de-
creased. Fractional frequency whirl is often referred to as '"half-frequency whirl" but,
because the whirl ratios can drop to a value much less than 0.5 (cf. 0.3, table III, also

13
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TABLE II. - TEST RESULTS ON THREE HERRINGBONE GROOVED JOURNALS

Bearing |Journal | Radial Ratio of groove
clearance, clearance
C to ridge
] clearance,
in. um H
MP-6 K-14 |0.0012( 30 2.1
B-14 .0010| 25 2.5
MP-10 L0007 3 3.0
MP-12 .0003| 8 5.7
MP-5 K-15 [0.0017| 43 2.0
MP-10 . 0008 | 20 3.1
MP-12 l .0005 | 13 4.4
B-4 K-6 0.0014 | 36 2.3
B-2 .0010 | 25 2.6
B-3 j .0006 | 15 3.6
B-5 . 0008 | 20 3.1

Number of grooves
and groove type

20 partial

40 partial

20 full

Fractional | Maximum Maximum
frequency shaft unit
whirl onset| speed, load
speed at rpm ] 9
zero load, psi | N/m
N,
rpm
4100 | 11000 |36.9]25.5x10%
5400 | 11000 [22.2|15.2
6 100 9800 (21.3]14.5
>12000 | 12000 |13.3] 9.0
3000 | 12000 |34.2]23.4x10%
6100 | 10000 |[35.1]24.1
7 100 8000 [31.1]21.4
3100 | 12000 [26.7]18.6x10%
7100 | 11000 |26.7]18.6
6 100 9000 |[33.4]23.0
6100 | 10000 |31.621.8

TABLE II. - LOAD AND WHIRL RATIOS AT

INCIPIENT WHIRL CONDITIONS

FOR VARIOUS SPEEDS

[Bearing B-4 and 20 full-groove herringbone

journal K-6. |

Shaft speed, | Minimum load to suppress
rpm whirl
Ib N

4000 3 13
5000 27
6000 19 85
7000 28 125
8000 36 160

Whirl ratio,

ww/ w

0.45
.42
.38
.34
.31




ref. 6), it appears that the term fractional frequency whirl is more descriptive of the
actual phenomenon.

A study of figures 8 to 10 reveals that fractional frequency whirl threshold speeds at
zero load are most affected by the radial clearance. Generally, the smaller the radial
clearance, the higher the whirl threshold speed at zero load. The one exception was the
20 fully grooved herringbone journal (fig. 10) where the maximum zero load whirl thres-

Bearing Radial clearance, Groove to land
C clearance ratio,
in. {(um) H
AN MP-6 0.0012 (30) 2.1
o B-M4 . 0010 (25) 2.5
210~ 60— 0O mp-10 . 0007 (18) 3.0
O MP-12 . 0003 (8) 5.7
1801~ 40
= = Stable operation
= =)
s k]
90+ 201~
Unstable operation
o= { L5 Y U o
0 2000 4000 6000 8000 10 000 12 000
Speed, rpm
Figure 8. - Stability characteristics of 20 partially grooved herring-
bone journal K-14 with plain bearing at various radial clearances.
Bearing Radial clearance Groove to land
clearance ratio,
in. (um) H
L. & MR-S 0.0017 (43) 2.0
360 8 . .
F o o mr-10 -0008 (20) 3.1
0O MmR-12 . 0005 (13) 4.4
A
2101— 601 JAY
Stable operation
= =
T 180 T 401
4 =
o0l a0l Unstable operation
ok LA o 1 J
0 2000 4000 6000 8000 10 000 12 000

Speed, rpm
Figure 9. - Stability characteristics of 40 partially grooved herring-
bone journal K-15 with plain bearing at various radial clearances.
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Load, N

Load, N

360

210

90

360~

2101

180

90

Load, Ib

Load, 1b

Bearing Radial clearance, Groove to land
C, clearance ratio,
in. {um H
A B4 0. 0014 (36) 2.3
8ol & B2 . 0010 (25) 2.6
0o B-5 . 0008 (20) 3.1
O B-3 . 0006 (15) 3.6
60
40 FAY
Stable operation
20—
Unstable operation
1 Lr o3 ! 1 |
0 2000 4000 6000 8000 10 000 12 000

80

60

20

Speed, rpm

Figure 10, - Stability characteristics of 20 fully grooved herringbone
journal K-6 with plain bearing at various radial clearances.

Number Groove Bearing
of grooves  type

(o 2 Full B-5
A 40 Partial MP-10
O 20 Partial MP-10

— — — Theoretical 100° partial-arc
bearing; radial clearance,
0.0008 in. (20 pm); ref. 7

Stable operation //

Unstable operation

1 I

2000 4000 6000 8000 10 000 12 000
Speed, rpm

Figure 11. - Effect of groove geometry on stability of herringbone
journal bearings. Groove to land clearance ratio, 3.0t03.1; bear-
ing radial clearance, 0.0007 to 0.0008 inch (18 to 20 um).



hold speed of 7100 rpm was obtained with a radial clearance of 0.0010 inch(25 pm)
rather than the minimum clearance of 0. 0006 inch (15 um). These results indicate that
the fully grooved herringbone journal bearings have somewhat different stability charac-
teristic than the partially grooved.

All three journal configurations, the 20 partial-herringbone groove, the 40 partial-
herringbone groove, and the 20 full-herringbone groove, had better stability character-
istics than the theoretical 100° partial-arc bearing (fig. 11), especially at zero load. Of
the three herringbone journals tested, the 20 partial-groove herringbone journal bearing
had the best stability characteristics under load because it required a lesser load at any
given speed to keep it stable. This is shown in figure 11 where the three herringbone
configurations are compared at essentially the same clearances and groove to land clear-
ance ratios H. At 9000 rpm, for example, the 20 fully grooved and 40 partially grooved
journals required approximately 60 pounds for stability, whereas the 20 partially grooved
journal remained stable until the load had been reduced to approximately 24 pounds.
However, no significant difference in the zero load threshold of stability was observed

10—
Z Groove to land Number of Groove
< < <4 4 449 clearance ratio, grooves  type
- H
[~ < 2.0 40 Partial
<o 2.1 20 Partial
% | O 2.3 20 Full
S o 4 2.5 2 Partial
e [pg 2.6 2 Full
Z 1= °© N 3.0 20 Partial
g O 3.1 40 Partial
2 v 3.1 20 Full
£ [ > 4 3.6 20 Full
| TAY 4.4 40 Partial
=T Vi A 44 Open symbols denote stable operation
ﬁ Solid symbols denote unstable operation
£
£ U ©
g -l
s F
E T NN
= L
01 I 1 |||||||A WA WA | | ' |||JJJJ
T 10 100

Speed parameter, I = (6uwR2/(P,C2)

Figure 12, - Experimental stability characteristics for 20 and 40 partially and 20 fuily
grooved herringbone journals with plain bearings. Groove depth, 0.0014 to 0.0017
inch (36 to 43 um).
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among the three configurations of journals tested. At zero load all three became un-
stable at shaft speeds immediately above 6000 rpm.

Figure 12 shows a stability plot of dimensionless rotor mass M as a function of
dimensionless speed parameter I' for data at various radial clearances for the three
herringbone configurations tested. The open symbols indicate conditions of stable oper-
ation, and the solid symbols, conditions of fractional frequency whirl. A smooth curve
is drawn through the points representing the highest speed attained under stable operation
at zero load for each test condition; this separates the stable from the unstable zones of
operation. The fact that a smooth curve resulted indicates that the number of grooves,
20 or 40, had no appreciable effect on bearing stability, at least not for journals having
groove depths in the range tested (0.0014 to 0. 0017 in. (36 to 43 pm)). A discrepancy
does exist in the data for the 20 fully grooved journal bearings at M values of 1.57 and
0.45 (fig. 12), indicating that a partially and a fully grooved herringbone journal bearing
have different stability characteristics at certain radial clearance conditions.

The effect of groove to land clearance ratio H on stability could not be determined
in this investigation because the groove depths of the three herringbone configurations
were held relatively constant (0. 0014 to 0. 0017 in. (36 to 43 pm)). The various values
of H were obtained by changing the radial clearances, and it is the effect of these radial
clearance variations that appears in the recorded data.

Figure 13 shows a comparison of the experimental data of figure 12 with theoretical
results obtained for the herringbone-grooved journal bearings of this investigation. The
theoretical stability analysis is presented in the appendix. It is represented by the
dashed curve to the right of the solid experimental curve in figure 13 and predicts a
larger range of stable operation than observed experimentally. Similar results were re-
ported ('ref. 3) on experiments with herringbone-groove rotors in air, indicating that
there may be an important parameter missing in the theoretical analysis. The analysis
assumes (1) an infinite number of grooves in the herringbone configuration, and (2) lami-
nar flow. Actually, the experimental data of this report were obtained from journals
having a finite number of herringbone grooves (20 and 40) and the bearings may well have
been under the influence of partially or fully turbulent flow conditions.

Bearing MP-12 mated with journal K-14 had a radial clearance of 0. 0003 inch (8 pm)
(table ). The groove depth of journal K-14 was 0. 0014 inch (36 pm) (table I). The
groove radial clearance of this bearing combination is the sum of the radial clearance
and the groove depth, or 0.0017 inch (43 pm). From figure 14 (see p. 20), for example,
for a plain bearing and journal at a radial clearance of 0.0017 inch (43 pm) and at a water
temperature of 80° F (300 K), turbulent flow conditions can be expected at shaft speeds
above approximately 9000 rpm. Therefore, turbulent conditions could have existed in the
groove areas of this herringbone-groove journal-bearing combination at the higher
speeds. This was at the minimum radial clearance condition of all the experimental tests.
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Dimensionless mass, M = (MP,)/2u2l) (CIR)

10

[

—

T

.01
1

RN

T

Groove to land Number of Groove Radial clearance,

clearance ratio, grooves  type C

H in. (um)
< 2.0 40 Partial 0.0017 (43)
o 2.1 20 Partial . 0012 (30)
a 2.3 20 Full . 0014 (35)
4 2.5 20 Partial . 0010 (25)
> 2.6 20 Full . 0010 (25)
AN 3.0 20 Partial . 0007 (18)
O 3.1 40 Partial . 0008 (20
v 3.1 20 Full . 0008 (20)
4 3.6 20 Full . 0006 (15)
FAN 4.4 40 Partial . 0005 (14)

— ~— — Theoretical

Experimental {from fig. 12)

Unstable operation

Stable operation

Lo ot N B AT I
10 100 1000
Speed parameter, [ = (6uwR2)I(PaC2)

Figure 13. - Comparison of experimental with theoretical stability data for 20 and 40
partially and 20 fully grooved herringbone journals with plain bearings.

At the maximum clearance condition (bearing MP-5 and journal K-15 (table II)), the radial
clearance was 0.0017 inch (43 um), and the groove depth was 0. 0017 inch (43 pm)

(table I), which results in a groove radial clearance of 0. 0034 inch (86 pm). Under these
conditions, assuming a plain bearing and journal having this clearance, turbulent flow in
the grooves could be expected at shaft speeds above 3100 rpm (fig. 14). Hence, it is
concluded that some turbulent flow existed in the test bearings during this investigation
that could have influenced the experimental results.
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Figure 14. - Theoretical radial clearance versus speed at critical Reynolds number for
1. 5-inch (3. 8-cm) diameter plain journal bearing in water at 80° (300 K).

The analysis of turbulent flow for a herringbone journal is difficult to perform be-
cause the transition from laminar to turbulent flow depends not only on surface roughness
but also on the centrifugal forces and pressure forces generated in the bearing (refs. 8
and 9). The analysis has been simplified by assuming that the groove clearance in the
herringbone bearing can be compared with the radial clearance of a plain bearing in de-
termining whether laminar or turbulent conditions existed. The accuracy of this assump-
tion could be determined by running a series of herringbone journal-bearing tests in a
liquid having a viscosity great enough to ensure laminar flow conditions throughout the
selected test range. These experimental data could then be compared with the theoreti-
cal analysis which is based on laminar flow conditions.

SUMMARY OF RESULTS

A series of hydrodynamic journal bearing stability tests was run in water at an av-
erage temperature of 80° F (300 K) at speeds to 12 000 rpm and radial loads from zero to
36.9 psi (25. 5><104 N/m2). Plain bearings were run at various clearances with a partially
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grooved herringbone journal having 20 groove-ridge pairs, a fully grooved herringbone
journal having 20 groove-ridge pairs, and a partially grooved herringbone journal having
40 groove-ridge pairs. The bearing diameter in all cases was nominally 1.5 inches

(3.8 cm) and the bearing had a length-to-diameter ratio of 1. The following results were
obtained:

1. The stability of herringbone journal bearings was far superior to that of a 100°
partial-arc bearing, especially at zero load.

2. The 20 partially grooved herringbone journal bearing required lower loads to
maintain stability than did the 20 fully grooved or 40-partially grooved journal bearings.
However, no significant differences in the zero load threshold of stability were observed
among the three configurations at the 0. 0014~ to 0. 0017-inch (36- to 43-pm) groove
depths tested.

3. Experimental data on stability of herringbone groove bearings did not correlate
well with the theoretical laminar flow analysis. Theoretical analysis predicts a larger
range of stable operation than was observed experimentally.

4. Good agreement existed between the stability characteristics of herringbone
grooved journal bearings run in water and similar bearings previously run in sodium.

5. Fractional frequency whirl ratio (ww/ w) decreased as the load required for sta-
bility increased.

6. Fractional frequency whirl threshold speeds are most affected by the radial
clearance. Generally, the smaller the radial clearance, the higher the fractional
frequency whirl threshold speed.

7. Experimental stability data for a three axial grooved bearing showed excellent
agreement with the theory for a 100° partial-arc bearing.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 16, 1968,
120-27-04-03-22,
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APPENDIX - STABILITY ANALYSIS FOR INCOMPRESSIBLY LUBRICATED
HERRINGBONE-GROOVE JOURNAL BEARINGS

The stability limit for an unloaded journal bearing can be determined from a know-
ledge of the small amplitude steady whirling characteristics of the bearing (ref. 10). For
gas lubricated herringbone-groove journal bearings, an analysis of small amplitude
whirling is presented in reference 5. This analysis assumes laminar flow conditions in
the bearing. Furthermore, it is assumed that the eccentricity remains small enough so
that the pressure in the fluid film is adequately represented by

P(x,0%) = PO(X) + ePl(x,G*) (D)

For an incompressible lubricant, several terms of the differential equation derived

in reference 5 disappear. What remains is

2 2 2
i8P1+E§ o Py %apl

+ C,sin0* =0 (2)

6
*
P, .2 P, 0xa* P, 2

wherein the coefficients Cl’ Cs, C5, and C6 are functions of «, 8, H, wer T L/D,
and Po and are given in reference 5. The concentric pressure distribution P, appears
as a factor in each of these coefficients; consequently,the analysis may be simplified by
dividing equation (2) by Py When either the grooved or the smooth member of the bear-
ing is stationary, the speed parameter I' (A in ref. 5) may be factored from the coeffi-
cient C6' Moreover, IT" does not appear in Cl’ C3, or C5. Thus, if Pl/I‘ is taken
as a new dependent variable in equation (2), one solution may be obtained that is valid for
all values of I'. The steady whirl solution may now be carried through as in reference 5.
According to the analysis of reference 10, the stability limit may be determined

from the steady whirl solution. The procedure is as follows: The whirl ratio wW/w is
varied until the tangential force Fw is zero. The radial force Fr is then equal to the
centrifugal force due to a critical mass M c whirling with frequency W in a circle of ra-

dius e.
F_ =M ew’ (3)
r (¢ w

The dimensionless critical mass parameter MC is then given by
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_MP, (0 36F, [, "
(6]
20°L B/ r?ep_ LD \“y

M

In reference 10 it is shown that Mc is an upper limit of M for stability if aFw/ aww is
negative. For the incompressibly lubricated herringbone bearing this proved to be the
case for all the geometries studied.

A FORTRAN IV computer program has been written to carry out this analysis. Input
to the program consists of the helix angle B, groove width ratio @, groove depth ratio
H, bearing length to diameter ratio L/D, the proportion of the bearing length that is
grooved Ll/ L, and whether the smooth or grooved member of the bearing is rotating.
Sample input data are appended to the FORTRAN program listing which follows this text.
Two data lines are shown, but any number may be used. The first indicates that 8= 330,
@=0.5 H=2.5 L/D= 1.0, and L1/D = 0.6667. The final -1 indicates that the
grooved member of the bearing is rotating; if the smooth member were rotating, +1
would be shown. The parameters on the second data line are the same except that
H=2.1 and L1/L= 1.

Table IV shows the output obtained for the two input lines just described. For each
case, the input data are printed, followed by certain coefficients appearing in the differ-
ential equation (2). There follows a table of various quantities dependent on the whirl
ratio ww/w. These are the dimensionless bearing load, in the forms W/I“ePaLD and
€S, the attitude angle ¢, dimensionless critical masses in the forms

TABLE IV. - HERRINGBONE BEARING VOHR AND CHOW ANALYSIS STABILITY CALCULATIONS
[Incompressible lubricant; grooved member rotating; helix angle, 330; groove width ratio, 0.5; length to diameter ratio, 1.0.]

(a) Groove to land clearance ratio, 2.5; groove length to bearing length ratio, 0.6667. Constants: Cy, -3.1029; C5, 6.7630;
C 0.1609; C 1.0560; CP, 0. 1591

6A’ 6B’
Whirl ratio, Bearing load Attitude Stability parameters Radial Tangential Runge Constant,
w /o angle, 3= load, load, Kutta c
6
W/TeP,LD | e et eM w/pL(C/R)" | M, . V§ ¥,/TeP,LD |F_/Tep, LD AX

0 0.1517 0.1749 | 53.292 0 0 0. 09068 0. 1216 0. 04167 1. 2169

. 5000 . 09068 . 2925 . 4936 13. 058 . 5885 . 09068 . 7812><10"3 . 04167 . 1609

. 6000 . 09365 . 2833 [ -14. 462 9. 0679 . 4904 . 09068 -. 2339)(10_1 . 04167 ~. 05027

. 5032 . 09068 . 2925 0. 1733x10~% 12,891 . 5848 . 09068 . 2’743x10‘9 . 04167 . 1541

(b) Groove to land clearance ratio, 2.1; groove length to bearing length ratio, 1.0. Constants: Cs, -2, 1765; CGA’ 0.07651;

Cepr 1-4329; CP, 0. 1449
0 0. 1484 0.1787| 51.3%0 0 0 0.09263 |o0. 1160 0.06205 | 1.5094
.5000 . 09312 .2849| -5.9183 13. 338 . 5948 . 09263 .9602x1072] . 06250 . 07651
. 4000 . 09392 .2824| 9.5097 20, 841 .7435 . 09263 .1552x107 Y| . 06250 . 3631
.4618 . 09263 .2864| .1387x107° 15.638 . 6441 09263 | .2242¢10°8| . o06250 . 1861
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3Mcw(C/R)3/uL = ﬁcl" and ﬁcr \/é- (where M. is the dimensionless mass used in

ref, 2), dimensionless radial and tangential forces Fr/I‘ePaLD and FW/I‘ePaLD, the step
size in the Runge-Kutta integration, and the coefficient C6‘ The first line, for a whirl ratio
of zero, is the steady-state solution. The whirl ratio is then varied until FW is within

a prescribed bound of zero. This condition is shown in the last line of the table, and it is
the stability parameters appearing in this line that represent the critical mass derived in

the preceding analysis.
The program listing follows.

SIBRFTC TNCHIM
COMMON /CBUON/ CHALCO6B,L,L1,DN
CUMMUN /CNMN/ C3,C05,4,C6
cuMmMunN /CVR/ CNO, CN2s NOL
REAL LaL1,LS
COMPLEX CDO
EPSF = l.F~4
WRITE (6,699)

699 FORMAT (1HZ2)

4 READ{H4+5) BETA, ALFA, Hy Ly L1, SGN

5 FUORMAT (6F8.0)

C BETA=HELIX ANGLF,DEG. ALFA=GROOVE WIDTH/TOTAL WIDTH RATIO. H=GROOVE
C CLEARANCF/LAND CLEARANCE. L=LEMGTH/DIAMFTER. L1=GRUOVED LENGTH/TOTAL
C LENGTH. SGn=+1,0 FOR SmOOTH MEMBFR ROTATING, =1.0 FOR GROOVED MEMBER
C ROTATING,

IF (Lak0.0.) STUP

WRITF (647)
7 FOURMAT (1H2/20Xs T1IHHERRINGBONE BEARING — INCOMPRESSIBLE LUBRICANT

1 — VUHR AND CHIW ANALYSIS // 20X, 22HSTABILITY CALCULATIONS )
IF (SGNLGLTL0.) GO TO 9
WRITF (64801}
R0O1 FURMAT {1RH+ 60Xy 22HSMOUTH WMEMBER ROTATING )
GO TO 902
9 WRITE (6,4901)
901 FORMAT (1H+ 60X, 23HGROOVFD MEMBFR ROTATING )
902 WRITE(6,6) BETA, ALFA, Hy L, L1
6 FORMAT (6HL BETA 10X,4HALFA 12X,1HH 12X,3HL/D 10X,4HL1/L /5Gl4.4)
BETA= BETA/57.2997T796%SGN
SI= SIN{BETA)
C= CNHS{RFTA)
ALFI= 1l.—-ALEA

H2= H3xH

H3= H2%H

DN= ALFA+ALFI%H3
L= Z.%L

LS = SGNL

H32= (H3-1,)=%2

AA= ALFARALFIT

AS= AA®SI*SI

ASC= AA®STI*CO

N2= H3+AS=H32

H31= (H3-1.}%(H-1.)

Cl= D2/ (bOn=L)

C3 = 2.%ASC*H32%/D2

Co= (H3 + AA*CO*CURH3Z )L/ (NN3C1)

COA = =3Bo%ASH(H=14)}#%2%LS/ (NDNHPN) % (AARH32%CO#COx ( ALFI*H23% (H2+H-1,)
1 —ALFA%(H2=H-1.))/D2 - H2}/C1
CeB = 1L/C1

CP = ASCH#H31%LS/D2

WRITE (6410) C3,C», C6A, CHB, CP
10 FORMAT (3HKC3 Gl2e4, 4H C5 Gl2.4y S5H C6A Gl2.44 S5H C6B Gl2.4,

1 4H CP G12.4)

WRITE (6415)
15 FURMAT ( 46HLWHIRL RATIO BRG LUAD SOMMERFELD ATT ANGLE 4X,

1 20HSTABILITY PARAMETERS 4X, 8HRAD LOAD 4X,22HTAN LOAD RUNGE KUT

278 /118 W3/ (W1+M2)4X, THA/AEPLD 5Xs 6HNRHFEPS 7X,3HPHI 5Xy34H3MWC3/LM
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-

3UR3 MCR*S#%,5 FR/AEPLD 4X48HFT/AEPLD 7Xy2HDX 10X,2HC6E )

CD2 = AS*H32 + H3
CHO = (Oeyla)*ASCHEHI2HL
NOL = 3% ((H3 + AS®H31*(H2+H-14)/H)*CP + ASCH*LS*k({H—-1,)%%2/H)

CALL BONE (0.,FTO)
Wl = .5
CALL BONE (W1,FT1)
SG1 = SIGN(.1,FT1)
W2 = Wil
DO 215 J = 1, 15
W2 = W2 + SG1
CALL BONE (W2,FT2}
SG2 = SIGN(.1,FT2)
IF (562 - SG1) 2206, 210, 220
210 Wl = W2
215 FTL = FT2
GO TO 4
220 PO 235 J = 1, 10
W = (FT2%W1l — FTL1%W2)/(FT2-FTL)
CALL BONE' (W,FT)
IF(ABS(FT/FTO)JLE.EPSF) GO TO 4
IF(ABS({FT2)eGTABS(FTL)) GO TO 230
FT1 = FT2
Wl = W2
230 FT2 = FT
235 W2 = W
GO TO 4
EMD

SIBFTC BONES
SUBROUTINE BONE (W3,FT)
COMMON /CBOUN/ C6A,C6B4L4L14DN
COMMON /CBR/ XFy JKg KS, KCy Y
CUMMON /COMD/ C3,4C5%,C6
COMPLEX UK KSaKESKCy TDXyXFyDXyY(4)sA(2),B(2),0,01

REAL LoL1
XF = «5%1
WR = 1. — 2.%W3
C6 = CH6A + WR*CH6RB
DX = ,0625%L1
TX = REAL(DX)
IF (L1.EOLle) GO TU 20
JK = ={0.91a)%0WR
KE = EXP(L®{(XF-.5))
KC = 1l./KE
KS = .5%(KE - KC)
KC = «5%(KE + KC)
KE = KS/(KC#*L)
KS = L#*KS*DN

20 B(l) = (0.,0.)

B(2) = (lay—1la)
CALL RKCN (B(1),DXyA(1))

0 =Y(2)

01 = Y(4)

CALL RKCN (B(2)+DXsA(2))

Y{2) = (A(2)%0 -~ A(1)*xY(2))/(A(2)-A(1

))
Y(4) = (A(2)*0Q1 - A{L)I=Y{4))/(A(2)-A(1))
IF (L1.EQ.1.) GO TO 125

Y{4) = Y(4) — JK¥(XF=-e5) = KEx(Y(2)-JK)

125 Y{4) = =Y (4)*3.14159265



FR REAL(Y(4))

FT ATMAG(Y (4))

W= CABS(Y{(4))

PHI = ATAN2(FT,FR)

SO = 14/{12e%3414159265%W)

CMS = 0.

CHMC = 0.

IF (W3.EN.0.) GO TOU 75

CHC = 36.%FR/W3%%2

CMS = 14/(2.%3.14159265)%SORT(COS{PHI}/SU) /W3
75 PHI = 57.,2957796%PHI

WRITE (6976) W33WsSO,PHIZCMC,CMS,FRyFT,TX,C6
76 FORMAT (/10G12.4)

RETURN

END

SIBFTC RKCNT
SUBRUUTINE RKCN {YIN,DX,A)
COMMON /CVR/ ChO, CD2, DOL
COMMON /CBR/ XFy JKy KSy KC, Y
COMPLEX CDQeY{4)sAT{4) 4BT(4)3YINGA,DXyXFyIJKaKS,KC
EXTERMAL NIRGE

Y(1)= 0.
Y{2)= 0.
Y(3)= YIN
Y{4)= 0.

CALL RKGC(DIRGEy Y, XFy DXy, AT, BT, 4)
A = DOL + CDOXY(2) + CD2%Y(3)

IF (RFAL(XF)eGREee5) RETURN

A = A/KS — (Y(2) — JKI/KC

RETURN

END

SIBFTC DIR
SUBROBUTINE DIRGE (Y,aYFP)
COMMUON /COMD/ C3,05,C6
COMPLFX Y{4),YP(4)
YP{1l)= 1,
YP({2)= Y(3)
YP(3) = CH%Y{(2) + (Queyla)®(CH =~ C3%Y(3))
YP(4)= Y(2)
RETURN
END

SIRFTC RKGHC

SUBROUTINE RKGC (DFRIV, Y, XFINAL, DFLTA, Q, YP, N)
C  RUNGE-KUTTA-GILL INTEGRATIUN OF N-1 COMPLEX FUNMCTIONS OF COMPLEX
C  ARGUMENT Y(1) FRUM Y(1)INMITIAL TO XFINAL

DIMENSTON Al4), B(4), C(4)

COMPLEX Y{1), O(1)y YP(1), XFINAL, DELTA, T

DATA A/ <5y 292893219, 1.70710678, 166666667/y B/2ey ley ley 2479

1 C/e5y 292893219, 1.70710678, .5/

KK = CABSU(XFINAL=Y(1))/DELTA) + .01

IF (KKJLELOQ) GO TO 20

DU 5 1T =1, N
5 Q(I)¥=0.

DU 10 K = 1y KK

NO 10 J = 1s 4

CALL DERIVIY,YP)

DO 10 I=).N

T=A(J)R(YP(I)=8(J)*Q(T))

Y(I)=Y(I)+DFLTA*T

10 OLI)=0(T +3xT=C{JI)*xYP(I)
20 RETURN
END
SNDATA
33. 5 25 Le 6667 -1.
33. 5 2e1 l. l. -1l
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