
4D A030 891 DAVID W TAYLOR NAVAL SHIP RESEARCH AND DEVELOPMENT CE—ftc F/G t5fl
THE SWING—PAD BEARING — A p,fj CONCEPT IN SLIDING—SURFACE BEARTN——ETC (U)
ogc 76 J GREENE

UNCLASSZF IEO 01 1CC—iS-IOU Pt

~ _ _ _  _

UI!!
END

DATE
VPLM EU

2— 77

I

p



1.0 ~ ~
h 25

~2 2

Ii 
:i 

~~
• _ _

• 
I .25 f(((f~.4 Illl(~6

I” I. I



r~ 
- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

D~VIBW. TAYLWI

~~ ~ V RESEARCH AND PMENT CENTER

ThE SWING PAD BEARING - A NEW CONCEPT
IN SUDING EURFACE BEARINGS

l~~~~. BY
J. Gi sii.

A

I
•~ ~~ Ic f~~~N; dSst,tuds~ ~

I
M~~~~~~S DEPMT~~~~

fl*ARCN MID DEVELOP~EHT REPORT

— 7S~_



MAJOR DTN$*OC ORGANIZATIONAL COMPONENTS ¼
— 

DT I$RDC
_____ 1

lEae.CAL .~ICT%
Re’OST ORIGINATOR

o,nu$4~oI*aN
______  Mul*POLI$

I O1~ILOPI~~T

I ‘I

L~~F ~+*ia1
[=1- 

~~~~~~~~~~~~~~~



—1:/ ~~~~ T~~~~:~~C~ 7~~~~~~~~~~~~jUNCLASSIFIED
SECUAITY CLASS IF ICAT ION OF THIS PAGE (~ S i ’  b.(. InI.~.d) 

___________________________________

REPORT DOCUMENTATION PAGE READ USSTRUCTION3
___________ __________________________________ 

BEFORE COWPL.ET!N ORM
)..~~~~~~PItNT S C

76—~~55 

ACCESSION NO. 

~~~~ 

AT~~~~

c
~ 

~ ? Y ~~~~~ g~~~~~ t.~~__________________________________________________ - sn ug as ~.na — ---
~

~HE ~ W ING-~~AD JEARING - A JEW coNCE~~ j  Research ~“~evelopment ~ !5 )IN ~~LIDING— SUI~PACE ZEARINGS~~J
— 

,. p~~ u~~ryp~ui~~~~ ORG. ~ EPONT

1. AIjTMO5(.) S. CONTRaCt 05 GSA N? NUM$tNft).~~ p—(
~ ~.freane7 

_ _ _ _ _ _ _ _ _ _

~~~WE5P05~ltNG ORGANIZATION NAM E AND ADDRESS ~~~. ~~~~~~~~~ ELEMENY PROJECT . ;*~~ARIA I WORK UNIT NUMSERIDavid W. Taylor Naval Ship R&D Center SF54-543-501 SF54-543-
Annapolis , Maryland 21402 706 Task 17465.
__________________________________________ Work Unit 2832-160

David W. Taylor Naval Ship R&D Center j--- ~~~~ ~~~
‘-‘ /42cc.. 7.~

I I .  CONTROLLING OFF, CI NAME AND ADDRESS 

Q~ 

IS- ~~~~~~ Uf1T

Rethesda, Maryland 20084 .

_________________________________________________ 37
14. NO I I A0D5ESS(•I dSU.,.n e I,ow. Cs.,,.n~~ om~.) IS. SECURITY CLASS. (.1 tAt . r.psM)

UNCLASSIFIED
~~~~~~~~~~~ 5..

__________ 
SCHEDULE

IS. OISTRISUT ION STAT EMENT (of ffi f . RIpOFf)

Approved for public release; distribution is unlimited.

c2~ 

$.~~~~F,T1~ I UU T  UN S -ii -
~~~~~~ r~~ 1 .~~~~~~

~ g’6~ 37 F~9S~ 3 6~l~~ 
( ~~~~0

~ F5~ i3~ 7~~IS. SUPPLEMENTARY NOTES

/ ~~~~~~~~ ‘ b .  
-

I
tP. CIV WORDS (C.,1Mv ., ,.v.o.. .dd. If s s.o. p .nd t4w,Uf~ Ip block o. 5 )
swing-pad bearing . 

.

Sliding—surface bearings
Lubricated bearings /
IS. ALSACT (~~et~~ o oc ~~vOFi~ ~~* U Nmooc ~~ — S~~NH~~ ~~ blosk • I

~~Th is report introduces a new bearing concept, the swing-pad
bearing. The concept is a sliding-surface lubricated bearing in
which the stationary bearing surface is segmented into pads that
can displace through a motion resembling a swing to form a wedge-
shape converging in th. direction of motion with the, rotatingmember. Viscous friction forc. moments are in the direction to
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form the converging wedge-shape; fluid pressure force moments
oppose wedge formation. The pad bearing surface stabilizes at
a position where these moments are in balance. Exploratory experf
mental investigations conducted on model elastomer surface swing-
pad bearings indicate exceptional performance characteristics.
These characteristics are: (1) low coefficients of friction
representative of fluid lubrication under load/speed/fluid
viscosity combinations that would produce boundary lubrication
in conventional bearings; (2) operation at rotational start-up
and at extremely low speeds with applied loads that would cause
stick-slip motion and squeal in conventional bearings.
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- degrees Fahrenheit
- degrees Celsius
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ABSTRACT

This report introduces a new bearing concept .
the swing-pad bearing. The concept is a sliding-
surface lubricated bearing in which the stationary
bearing surface is segmented into pads that can
displace through a motjon resembling a swing to
form a wedge-shape converging in the direction of
motion with the rotating member. Viscous friction
force moments are in the direction to form the
converging wedge—shape; fluid pressure force
moments oppose wedge formation. The pad bearing
surface stabilizes at a position where these
moments are in balance. Exploratory experimental
investigations conducted on model elastomer sur-
face swing-pad bearings indicate exceptional per-
formance characteristics. These characteristics
are: (1) low coefficients of friction representa-
tive of ~1uid lubrication under load/speed/fluid
viscosity combinations that would produce boundary
lubrication in conventional bearings, (2) operation
at rotational start-up and at extremely low speeds
with applied loads that would cause stick-slip
motion and squeal in conventional bearings.

INTRODUCTION

It is the purpose of this report to introduce a new concept
in sliding-surface lubricated bearings, the swing-pad bearing.
Exploratory experimental investigations, initiated under the
Laminated Elastomer Advanced Design Program, indicate performance
characteristics that are exceptional in the art of lubricated
bearings.

The swing-pad bearing is a pad-type lubricated bearing with
the pads supported by curved alternate laminates of elast.omer
and metal. Figure 1 shows the general construction of the journal
and thrust versions of the swing-pad bearing.

A brief review of conventional hydrodynamic b.arings and
their performance characteristics is presented as an introduction
to this new hydrodynainic bearing concept.

76—0055 1



Journal Bearing

Thrust Bearing

Figure 1
Swing-Pad Thrust and Journal Bearings

THE HYDRODYNAMIC BEARING

The three types of lubrication between two sliding surfaces
in loaded contact are boundary lubrication (complete support of
the load through contact of surface asperities) , mixed fi lm lubri-
cation (partial support of the load on a fluid film), and fluid
lubrication (complete fluid separation of the surfaces). Fluid
lubrication avoids surface damage and wear . Mixed f i lm lubrica-
tion may result in damage to the surfaces. e.g., at the start of
the sliding motion. Boundary lubrication is usually accompanied
by some degree of wear.

Fluid lubrication between two sliding surfaces ii attained
by generating pressures within the lubricant film to trar~ mit the
applied load and maintain surface separation. The two basic
methods for attaining load-supporting fluid pressures are applica-
tion of external hydrostatic pressure and generation of the pres-
sures hydrodynamically by the geometry and motion of the surfaces.

The hydrodynamic bearing generates fluid pressures by the
rotating m mber drawing the fluid into a film formed between it-
s.lf and the stationary member. The film for bearings with rigid
sur faces - th. journal bearing. figure 2; the tapered-land thrust

76-0055 2
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bearing, figure 3; the tilting-pad thrust and journal bearings,
figures 4 and 5; has a converging wedge-shape.

j  STATIONARY BEARING
SURFACE

ROTATING JOURNAL

Figure 2
Typical Journal Hydrodynamic Bearing

(Bearing Clearance Exaggerated)

‘ MOVING

Figure 3
Basic Construction of the Tapered-

Land Thrust Bearing

STATIONARY

‘ MOVING
Figure 4

Basic Construction of
Tilting-Pad Thrust

Bearing TILTING ~~DS
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TILTING PA DS 
Basic Con struction

+ ROTATING JOURNAL of Tilting-Pad
Journal Bearing

The wedge fi lm for a hydrodynamic bearing with a compliant
elastomer surface on the stationary member is modi fied by com-
pression of the elastomer surface under fluid—film pressure.
This affects the load capacity of the bearing. Compliant sur-
face journal bearings usually have interrupted elastomer surfaces .
creating in effect a set of partial bearings sharing the load,
figure 6. Compliant surface thrust bearings are not commonly
used.

ROTATI NG 
-

JOURN AL 

-
, 

-

STATIONARY
:.~: ELASTOMER

BEARING
SURFACE

(USUALLY FLAT)

Figure 6
Basic Construction of the Compliant

Surface journal Bearing

The performance characteristics of the rigid surface bear-
ings are:

76—0055 4



• Load capacity of the j ournal and the tapered-land
thrust bearing is directly proportional to speed and fluid
viscosity. The tilting—pad bearing adjusts to increase load
capacity at off-design speeds .

• Load capacity at design speeds is high.

• Extended l ife is normal .

• Hydrodynamic load capacity at rotational start-
up is zero. Start-up can occur without serious bearing surface
damage if a lubricant with good boundary lubrication character-
istics or with a high viscosity is present within the bearing
and if the load applied before start is limited .

• Stick-slip occurs at low speeds (boundary or mixed
film conditions) particularly with low viscosity lubricants
(water).

• Sensitivity to misalignment is high.

The performance characteristics of the compliant elastomer
surface bearings are :

• Load capacity is a complicated function of the
speed , fluid viscosity, and the stiffness of the elastomer sur-
face.

• Load capacity is low as compared with rigid sur-
face bearings.

• Load limit for start—up with loads applied before
start is low.

• Stick-slip predominates at low speeds ider
boundary or mixed film conditions.

THE SWING-PAD BEARING

The swing-pad bearing is similar to the tilting-pad hydro-
dynamic bearing in that the nonrotating bearing surface is
segmented into pads that displace to form a converging wedge
shape with the rotating member. The difference between the
bearings i~ that the tilting-pad surface tilts about a center
located behind the pads, whereas the pad surface on swing pads

0Definitions of abbreviation, appear on page i. 
-
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displaces through a swing-type motion about a center located in
front of the pad surface. Bearing friction, therefore, tends to
close the lubricating wedge of the tilting-pad bearing, whereas
it tends to open the swing-pad bearing wedge.

Figures 7 and 8 show the construction of the thrust and
journal versions of the swing-pad bearing . The material of the
bearing surface on the pad is one conventionally used in sliding-
surface bearings , e.g. , * babbitt metal for oil lubrication .
elastomer for water lubrication. The bearing surface is supported
by curved segments of bonded alternate metal-elastomer laminates,
with the center of curvature located above the bearing surface
on the center line of the pads . The curvature of the laminates
in a thrust bearing is spherical and in a journal bearing
cylindrical or spherical , The bearing surface swings in the
direction of the curvature.

RO TATING THRUST
COLLAR

~~~~~~~~~~~~ ~~~-~~~- 
_ _ _ _ _

~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~ _ _ _ _ _

SWING PADS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SWING CENTER
I ICENTER OF CUR!MTURE

OF LAMINATIONSI

RA DIUS

/
______METAL LAMINATE r j.’- ’~ ~

ENLARGED VIEW OF SWING-PAD

Figure 7
- Basic Construction of Swing-Pad Thrust Bearing
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ELASTOMER LAMINATIONS

- 
— ROTATRIG JOURNAL

____________ __________  - 

MD

SWING CENTER

/~
‘V

JOURNA L
RADIUS RAD US

METAL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
ELASTOM ER

ENLARGED VIEW
OF PAD

Figure 8
Basic Construction of Swing-Pad Journal Bearing

As wedge-shape angles are minute, the elastomer shear dis-
placement and the related shear resisting forces to form these
angles are correspondingly minute and can be ignored in the
operation and the analysis of the bearing. The laminated
elastomer support returns the pad surfaces to the level neutral
position when the applied load is removed , ensures that the pad
surfaces displace in unison , promotes equal load sharing between
the pads by elastomer compression , and completely supports the
pad surface.

Figure 9 shows the fluid pressure plus friction force and
moment vectors on a swing thrust pad during rotation. Forces and
moments on a journal pad are similar.

76-0055 7



D ECTION OF / \ uskLL ION or

PUESSURE .7 \ FRICTION
MOMENT MOMENT

MOMENT ARM
SWING
CENTER

PRESSURE
PROFILE

PRESSURE FORCE
MOMENT ICENTER OF PRE SSURE)

_
_ _  

MOTION

FRICTION
FORCE

Figure 9
Forces and Moments on Swing Thrust Pad

The pressure moment on the pad surface is in the direction to
decrease the wedge-shape angle. The friction force moment on the
pad surface is in the direction to increase the wedge—shape angle.
A converging wedge shape in the direction of motion is always formed.
The pad surface swings and stabilizes at a converging wedge angle
where the moments are in equilibrium.

Figure 10 shows the wedge-shape formed by the friction force
moment at a rotational start-up with an applied load. The swing
motion forms the wedge-shape prior to sliding, the lubricant
enters, and sliding draws the lubricant between the bearing sur-
faces.

76—0055 8



UNIFORM LOADING
PRESSUR E

LIII

~~~~~~~~

• 
~‘-ROTATING

MEMBER
AT REST

POSITION PRIOR TO START OF MOTION

CENTER OF LOAD

( FR ICTION
MOTION MOMENT

~~~~~~~ 

_ _  

/FRKT~~~

Figure 10
Swing-Pad at Rotational Start-up

It is expected that an elastomeric bearing surface, as with
inverse hydrodynamic bearings, will subtract from the swing-pad’s
ability to form the converging wedge. figure 11. However, substan-
tial loading can be supported. The swing of the bearing surface
alters the surface deformation at the fluid inlet and outlet
edges. Experiments have demonstrated that, depending on the sur—
face stiffness and the magnitude of the wedge angle, fluid will
enter between the sliding surfaces and form a pressure pocket in
the elastic surface, figure 12. Post-test inspections have shown
the pocket surrounded by a raised perimeter , indicated by polished
surface of the rubber. However, the mechanism by which the pocket
is formed is not clearly understood .
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MOTION

ELASTOMER BEARING
SURFACE

I~~~~~~~~.I~~
.__ ~~~~ _~~~~~~L

1
~~~~

I / I f / f // I

Figure 11
Swing-Pad Position with Elastomer

Bearing Surfaces

POUSHED
PERIMETER

INLET OUTLET

t

PRESSURE
POCKET

Figure 12
Fluid Pressure Pocket in Thrust Pad

Elastomer Bearing Surface
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The design parameters and performance predictions of con-
ventional hydrodynamic bearings are based on the Navier-Stokes
theory of fluid flow between rigid fixed boundaries and on
Reynolds ’ simplifying equation for solutions of this theory . A
modification of the theory is required for application to the
swing-pad bearing to account for the wedge-forming actions. In
order to evaluate the bearing concept, exploratory experimental
investigations were conducted on model bearings with arbitrarily
selected designs.

EXPER IMENTS AND RESULTS

EXPERIMENTS APPROACH

The approach for evaluating the performance characteristics
of the swing-pad bearing was to conduct identical experiments on
swing-pad, tilting—pad , and fixed-pad thrust and journal bearings
and to compare performance.

THE SWING-PAD BEARING MODELS

The model swing thrust pad is shown in item (a) , figure 13.
The laminated elastomer was a nitrile elastomer and consisted of
four laminations, 0.04-inch-thick (1.02 mm), 55 durometer hard-
ness , and curved to approximately 2.25-inch (57.0 mm) spherical
radius. Oil lubrication was planned. The bearing surface was
aluminum bronze (8 rina surface finish). When the lubricant was
changed to water, the bearing surface was changed to nitrile
elastomer. This surface was applied to the pads by bonding the
elastomer to a thin steel backing and pinning this adapter to the
pad. Adapters with three different elastomer thicknesses were
fabricated: 0.01—inch (0.25 mm), 1/8-inch (3.2 nun), and 1/4—inch
(6.3 mm). The elastomer hardness was 55 durometer. The model
thrust bearing assembly is three pads , equally spaced , mounted
on a supporting plate, item (b) , figure 13.

The model swing journal pad is shown in item (a), figure
14. The journal diameter was 6 3/4 inches. The laminated elastomer
geometry consisted of five laminations. 0.04-inch-thick (1.02 nun),
55 durometer hardness, and curved to approximately 2-inch (51.0 mm)
cylindrical radius. Thc bearing surface can be changed by a pinned
adapter. The initially fabricated bearing surface was 0.03-inch-
thick (0.76 mm) dressed nitrile elastomer. 55 durometer hardness.
The model journal bearing assembly is shown in item (b), figure 14.

76—0055 11



Item (a)  - Model Thrust Pad

- -~~~~

lull - 
-

~~~

Item (b) - Model Thrust Bearing (with Two Laminations)

-

~ -S 
-

Figur e 13
Model Swing Thrust Pads and Bearing (with Two Laminations)

76—0055 12



Item (a) - Model Journal Pad
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Item (b) - Model Journal Bearing (with Three Laminations)
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Fl qure 14
Model Swing Journal Pad and Bear ing (wi th Three Laminations)
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THRUST BEARING EXPERIMENTS WITH STEEL R U N N E R

Initial Experiments

The initial experiments were with oil lubrication. The
bearing surface was aluminum bronze. The runner was steel (16
rms surface finish). The speed was a constant 150 r/m. Maximum
capacity of the stand was 600 lb/ins (4.1 MN/m3). The sole
instrumentation was a pressure gage indicating applied load. In
order to promote equal load sharing by the thrust pads , the bear-
ing surfaces were sanded after assembly against a flat plate to
eliminate height di f ferences between the pads .

Experiments quickly disclosed that the load capacity of the
swing-pad bearing with oil lubrication exceeded the capacity of
the test stand. To induce failure, the lubricant was changed to
tap water , and the bearing sur face was changed to nitrile
elastomer. The experiments were continued. Identical experi-
ments were conducted on tilting pads, figure 15, and fixed-pads,
figure 16.

• ~~-• -
- - ~~~~~~~~~~ ~~~~~~~~~~~~~ - -

_ _  

_ _  4
,

-.5

Figure 15
Model Tilting Pad
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.0

S - S

Figure 16
Model Fixed Pad

S

The following lists the applied load and performance observa-
tions. The time duration of the experimental runs was 1 hour or
until apparent fai1u~ e.

• 0.01—inch—thick (0.25 mm) Elastomer Surface.

. Swing—pad bearing started rotation with 600
lb/in2 (4.1 MN/rn3) load applied before start. After operation
the surface showed progressive polishing.

Tilting-pad bearing started rotation with 600
lb/in3 (4.1 MN/rn2) load applied before start. After operation
the surface showed considerable roughness and deterioration .

• 1/8-inch-thick ( 3 2  mm) Elastomer Surface.

Swing-pad bearing operated continuously with
600 lb/in3 (4 . 1 MN/rn2) load with surface polishing. It started
rotation with a 200 lb/in3 (1.4 MN/rn3) load applied before start.

76—0055 15
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Above 200 lb/in2 (1.4 MN/rn3), squealing occurred shortly after
start. Examination of the runner showed that the elastomer had
transferred from the bearing surface to the runner surface.
The area of transfer was a circumferential narrow ridge at the
outside diameter of the thrust pads. Removal of the transferred
elastomer from the runner stopped the squealing when the bear-
ing was reassembled and restarted at lighter preload.

Tilting-pad bearing operated continuously with
loads less than 50 lb/in3 (0.35 MN/rn3) without squealing. Above
50 lb/in3 (0.35 MN/rn3) squealing occurred immediately. Squealing
started immediately with small loads applied before start.

• 1/4—inch-thick (6.3 mm) Elastomer Surface.

Swing-pad bearing operated continuously with
loads up to 100 lb/in (0.69 MN/rn ) without squealing. Squealing
started with small loads applied before start.

Tilting-pad bearing squealed immediately
upon start of rotation without any applied load.

• Fixed—pad Experiment. The elastomer surface was
flat with rounded edges, thickness was 5/8-inch (15.9 mm), 85
durometer hardness. Upon start of rotation and with no load,
noticeable heatir~g of the water began immediately. At a loading
of 50 lb/in3 (0.35 MN/rn3) water temperature was considered
excessive (120 °F (490 C) without being stabilized), and the
experiment was stopped. Examination of the bearing surface
showed deep circumferential scores. The thrust runner was
stained brown, indicating pad material transfer as a result of
the heating.

Additional Experiments

The experimental stand was modified by installing a vari-
able speed hydraulic drive by adding a torquemeter to measure
friction torque,and by increasing its load capacity. The
elastomer thickness of the fixed pad was changed from 5/8-inch
(15.9 mm) to 3/8-inch (9.5 mm).

The experiments were continued. Figures 17 and 18 show
rotational coefficients of friction versus pressure loads at
various speeds. Data are shown for the swing pads with the three
elastomer surface thicknesses mentioned above. Data for the tilt-
ing pads with a 0.01-inch—thick (0.25 mm) elastomer surface also
are shown.

76—0055 16



FIXED -PAD , 3/8-INCH (9.5-mm)-THICK
o.os — ELASTOMER SURFACE, 85 DUROMETER

y_
~~~~~~~~~~~~~~~~~~ 

WAT ER LUBRICATIO N

• EXPERIMENT CONDITIONS: 100 R/M
STEEL RUNNER , WATER AND OIL

• ~~~~~~~~~ 
• 

SEIZURE LUB RIC AT ION, ELASTOMER BEARING

I.—. TILTING-ND 
SURFACES

BEAR ING -

0.01 — INCH (0.25—mm)-
004 THICK ELASTOMER , 55

DUROMETER SURFACE
WATER LUBRICAT ION

0

I’.

~~~O.O3 -

I-
Z SWING-PAD BEARING

55 DUROMETER 0.0 I-
SWING-PAD BEARING INCH (0.25-mm) THiCK
55 DUROMETER SURFACE SURFACE

• W 0.02 WATE R LUBRICAT ION
1/4-INCH (6.3- mm~THICK I/S-INCH LUBRICATION LUBRICATIO~

0.01 
~~2-mm) 

/
— —SI---. — — 

r—.__ — — I
0 1000 2000 3000 4000 LB/IN 2

69 (3.8 20.7 21.6 MN/rn2

PRESSURE

Figure 17
Comparison of Coefficient of Friction
Versus Pressure for Swing-Pad. Tilting-
Pad, and Fixed-Pad Thrust Bearings
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0.025
EXPERIMENT CONDITIONS: STEEL RUNNER,
WATE R LUSRICATION, 001 INCH (0.250.)
THICK 55 DUROMETEN ELASTOMEN SEARINS

0.020 sURFACE

S
U

C 0.015 —

o
.4— 20 RIM (5.5 IN/SIC)

*w
~ 0.010 — j— 40 R/M (I IS  IN/$EC)

0.005

0 ooo 1000 LB/INt
5•4 5.5 MN /rn t

PRESSURE
Figure 18

Swing-Pad Thrust Bearing Coefficient of Friction
Versus Pressure for Various Speeds

The tilting-pad could not operate with significant loads at
100 r/m with the 1/8—inch- (3.17 mm) and the 1/4-inch-thick
(6.36 mm) elastomer bearing surface as the friction torque was
beyond the capacity of the torquemeter. The tilting-pad with the
0.01—inch-thick (0.25 mm) bearing surface seized at a pressure
of 380 lb/in3 (2.6 MN/rn2). Squeal did not occur in any of these
experiments. On the swing pads, rotation was stopped and started
without removing the applied load and without apparent surface
damage. Bearing surfaces on the tilting-pad were progressively
deteriorating during rotation. Starting friction was inconsistent.
Rotational frictional torques oscillated, the amplitudes of the
oscillations related to the thickness and hardness of the elastomer
surfaces. An unusual phenomenon was that the friction values
for the swing pads with the 1/8-inch- (3.2 mm) and 1/4-inch-thick
(6.3 nun) elastomer surfaces oscillated as the loading pressures
were increased until a pressure was reached at which the oscilla-
tions ceased and friction torque remained practically constant
with increasing pressures. Examination of the bearing surfaces
revealed distinct marks of the fluid wedge pocket and the raised
perimeter, see figure 12.
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The most interesting and unusual phenomenon is that the
coefficient of friction of the swing-pad bearing in these experi-
ments was practically e~ua1 with water or oil lubrication . An
experiment with the 0.10-inch—thick (0.25 mm) elastomer surface
with oil or water lubrication at 100 r/m showed approximately
equal coefficients of friction. Apparently the wedge f i lm
thickness adjusts to the viscosity and results in equal coeffici-

• ents. Figure 17 shows these coefficients of f r ic t ion.

Break away coefficients of friction on the model thrust  bear-
• ings with a steel runner and water lubrication were measured by

use of a torque wrench . On the swing-pad bearing , s l id ing be tween
the bearing surfaces started and continued smooth ly,  and the
break away torque was clearly indicated. On the t i l t ing-pad bear-
ing , the breakaway torque was d i f f i cu l t  to discern as the motion
between the bearing surfaces was an erratic combination of
slipping and grabbing . This motion is typical of st ick-slip.

Figure 19 shows break away coefficients of f r ic t ion versus
pressure for both the thrust swing-pad and t i l t ing-pad bearings
with the 0.01-inch—thick (0 .25 mm) elastomer surface.  The
friction coefficients for the t i l t ing pads are approximated due
to the erratic motion . At 1000 lb/in 2 (6 .4  MN/rn 3) ,  the fr ict ion
torque on the tilting pads became excessive for manual measure-
ment and the experiment was stopped. Pressures were applied up
to 4000 lb/in 3 (27 .6  MN/zn 3) on the swing-pad bearing wi thout
stick-slip. Figure 20 shows break away coeff icient  of f r ic t ion
versus pressure for the swing pads with the d i f fe ren t  elastomer
surface thicknesses. Breakaway coefficients of friction for the
t i l t ing pads with 1/8-inch- (3.2 mm) and 1/4-inch-th ick (6.3
mm) surface could not be obtained because of stick—slip.

THRUST BEAR ING EXPERIMENTS WITH GLASS RUNNE R

To observe the thrust pad bearing surface, experiments on
the swing pads and the tilting pads were conducted with a trans-
parent glass runner. To avoid risk of breaking the glass, sur face
pressures were limited to 200 lb/in2 (1.38 MN/rn3 ) .

The first series of experiments with the glass runner con-
sisted of rotational experiments on the stand at the constant
speed of 150 r/m and without a torquemeter for measuring fric-
tion torque. Observations were as follows:

• 0.01—inch—thick (0.25 mm) Elastomer Surface.

Swing—pad. Elastomer surface imperfections
appeared to cause a small , stable, cloudy fluid wake that converged
in the direction of motion.
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. Tilting-pad. A cloudy f luid wake at the
fluid inlet edge of the pad appeared and disappeared at frequent
intervals.

• 1/8-inch—thick (3.2 mm1~~lastorner Sur face .

Swing—pad. A narrow wake of constant area
remained stable at the fluid outlet edge of the pad.

. Tilting-pad. A cloudy fluid wake appeared
at the fluid inlet edge of the pad, blossomed to cover one-eighth
of the pad area, disappeared , and reappeared at frequent intervals.

• 1/4—inch—thick (6 .3  mm) Elastomer Surface.

Swing-pad. The cloudy fluid wake was
identical to that on the 1/8-inch-thick (3.2 mm) surface except
that it covered one-quarter of the pad area.

Tilting-pad. Operation at zero load showed
the cloudy fluid wake was identical to that on the 1/8-inch-
thick (3 mm) elastomer surface, except that it covered half of
the pad area .

It is to be noted that squeal did not occur in any of the
experiments. As the stand did not have a torquerneter , the signi-
ficance of the fluid wakes was not understood at this point.

A second series of experiments was conducted to help clarify
the significance of the cloudy fluid wakes. These experiments
were conducted with the 1/4-inch-thick (6.3 mm) elastomer bearing
surface. Rotational speeds were 100 r/m; loads were less than 50
lb/in3 (0.34 MN/rn2). On the tilting-pad, when the runner rotated,
a cloudy fluid wake appeared at the fluid inlet edge of the pad,
blossomed toward the center of the pad, suddenly disappeared,
reappeared at the inlet edge, and repeated. This is interpreted
as stick-slip. On the swing-pad, when the runner rotated, the
cloudy wake appeared near the fluid exit edge of the pad and
remained stable and constant in size. Figure 21 shows these
cloudy wake areas. Figure 22 is a hypothesis to explain the
absence of stick-slip in the swing-pad bearing and its presence
in the tilting pad bearing. Under this hypothesis, friction on
the swing-pad bearing surface swings the surface in the direction
in which the trailing edge will contact the thrust runner and, due
to friction, motion will pull and extend the trailing edge. The
trailing edge bearing surface remains essentially flat. Friction
on the tilting-pad bearing surface tilts the surface in the
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direction in which the leading edge will contact the thrust runner
and motion will push and compress the leading edge. Compression
raises a ridge on the surface, the surface releases and snaps back
and this repeats (stick-slip) . Observation of the tilting-pad

F bearing surface tends to confirm this by exhibiting a roughened
leading edge.
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Figure 22
Relation of Stick-Slip and Geometry
Thrust Swing Pads and Tilting Pads

The third series consisted of rotational experiments on the
stand with variable speeds and loads and with a torquemeter for
measuring friction torque. The coefficient of friction data
obtained in these experiments indicate that, with soft elastomer
bearing surfaces against glass, the bearing friction torque is a
complicated function of the applied load and speed. The experi-
mental data obtained in these experiments appear in figures 23
and 24.
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Figure 23 shows coefficient of friction versus speed and
pressure for the swing pads and the tilting pads with the 0.01-
inch—thick (0.25 mm) elastomer surfaces. With this thin elastomer,
the friction coefficients for the swing pads and the tilting pads
are equal, figure 23. The ability to operate at extremely low
speeds indicates the absence of boundary lubrication . Figure 24
shows the coefficient of friction versus pressure with the 1/8—
inch-thick (3.2 mm) elastomer surface. With this thicker
elastomer , the operational differences between the swing-pad and
the tilting-pad are shown by the differences in the friction
coefficients. Squeal occurred with both pads below 20 r/m.
Experiments with the 1/4-inch-thick (6.3 mm) elastomer surface
showed that the tilting pads could operate only with zero loads
at 100 r/rn and squealed continuously. The swing pads supported
100 lb/in3 (0.69 MN/rn3) before squealing began .

JOURNAL BEARING EXPERIMENTS

The bearing surface of a pad- type bearing is noncontinuous.
Individual pads are spaced into a housing. The journal bearing
experiments were conducted without machining the bearing sur-
faces to equalize their height precisely. Pads were inserted
only in that half of the housing which carried the load. Five
pads were used.

Experiments were conducted on: (1) a swing-pad with a 0.03-
inch—thick (0.76 mm), 55 durometer hardness elastomer bearing
surface, curved to mate with the journ al ( 25 rms surface finish) ;
(2) a 3/8-inch-thick (9.5 mm) 85 durometer hardness fixed
elastomer pad with a flat bearing surface ; (3) a 0.030-inch-thick
(0.762 mm) 55 durometer hardness elastomer bearing surface
curved to mate with the journal rigidly supported on a metal
base. Two different elastomer hardnesses were used because it
was desired to explore the effect of elastomer hardness. It is
planned to repeat these experiments using an elastomer hardness
of 85 durometer for all bearing surfaces.

Figure 25 shows the rotational coefficients of friction
versus pressures and speeds for the swing-pad and the fixed
elastomer pads , items (1) and (2) above. The coefficients of
friction of the rigid metal base with the 0.03-inch-thick (9.5
mm) curved elastoiner surface (item 3 above) are not shown as
this pad was inoperable.

The coefficients of friction of the swing-pad are indicative
of fluid-film lubrication, and those of the solid elastomer pad
are indicative of boundary lubrication. Examination of the bear-
ing surface on the swing-pad shows progressive polishing and on
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the solid elastomer pad shows progressive destruction. The
solid elastomer pad could not operate below 40 r/m due to exces-
sive friction and the associated stick-slip.
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Experiments were conducted to determine breakaway coeffici-
ents of friction with load applied before start of rotation.
Figure 26 shows the coefficients of friction versus surface
pressure for the journal swing-pad. These are comparable with
those on the thrust swing-pad. Coefficients of friction for
the solid elastomer pad are not shown as stick-slip resulted in
erratic friction torque measurements that could have damaged
the torquemeter and the recording instrument if the experiment
had been continued.

0.10

0.03 INCH (0.76mm) THICK ~~DUROMETER ELA$TOM ER SURFACE

0.0~ —

0 50 100 ISO 100 250 LB/IN2
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PRESSURE, ( PROJECTED AREA )

Figure 26
Breakaway Coefficients of Friction Versus
Surface Pressure for Swing-Pad Journal

Bearing

SUMMARY OF COMPARATIVE PERFORMANCE DATA

The model swing-pad thrust bearing with the 0.01-inch-thick
(0.25 sin) elastomer bearing surfaces supported a loading pressure
of 4000 lb/in3 (27.6 MN/rn3) at 100 r/m with water lubrication.
The coefficient of friction was 0.004. (The experiment was
stopped at 4000 lb/in3.) In an identical experiment with the
t i l t ing—pad bearing , the bearing seized at a pressure of 380
lb/in3 (2.6 MN/rn3). The friction coefficients of the tilting-
pad bearing were more than 50 times those of the swing-pad bear-
i ng.
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The model swing-pad thrust bearing with 1/4-inch-thick
(6 .3  mm) 55 durometer hardness elastomer bearing surface supported
loading pressures of 400 lb/in 3 (2 .80 MN/rn 3) .  The coefficient
of friction was less than 0.010, In identical experiments, the
tilting-pad bearing was inoperable.

The model swing-pad journal bearing with 0.03-inch-thick
(0.76 mm) elastomer bearing surfaces supported 250 lb/in3

(1.7 MN/rn3). The coefficient of friction was 0.003 at 100 r/m.
The model fixed-pad journal bearing with approximately equal
surface stiffness had excessive surface destruction at 40 lb/in2

(0.28 MN/ma). The coefficients of friction were in excess of
200 to 1.

PER FORMANCE CHARACTER ISTR~S

The characteristics of the model swing-pad bearing derived
from the experimental data are:

• Coefficients of friction representative of fluid
lubrication under load/speed/fluid viscosity combinations that
would be boundary lubrication in conventional bearings (see
figures 27 and 28).

• Operation at rotational start-up and at extremely
low speeds with applied loads that would cause stick-slip and
s ’ueal in conventional bearings.

The swing-pad bearing concept is expected to have the
following additional desirable features:

• High Misalignment Tolerance. In thrust and narrow
journal swing pads, the spherical curvature of the laminated
elastomer allows considerable misalignment. In wide journal bear-
ing swing pads, the cylindrical elastomer laminates will allow
limited misalignment. The length of the journal bearing is
reduced by the high load capacity of the swing-pad bearing. This
considerably increases misalignment capability.

• Environmental Compatibility. The material of the
elastorner and metal parts can be selected to suit the environment.
The fluid indigenous to the environment can be used as the lubri- .

cant, e.g., the bearing can operate submerged in seawater.
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• Small Space Envelo~~~ . While the radial thick-
ness is approximately twice that of a typical journal bearing,
it is less than half of that of a ball bearing, and the axial
dimension can be as small as the radial thickness or as long
as feasible to fabricate.

• Simple, Rugged, and Inexpensive Construction.
The metal shims in the laminations are simple to form, and close
tolerances are not required .
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POTENTIAL APPLICATIONS OF THE SWING -PAD BEARING

The experiments reported herein show clearly that the
elastomer surface ewing-pad bearing has remarkable properties
of low friction at low speeds and high loads, with water lubrica-
tion. The swing-pad bearing concept is also expected to be
applicable to high.r speed applications, although data have not
yet been collected to verify this. applications suggested include
process fluid lubricated pump bearings and submersible electric
motor bearing..
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Only a small amount of evidence has been collected on oil-
lubricated hard surface swing-pad bearings. If further work
confirms the early indications , the swing—pad should allow con-
siderable increase in load capacity, particularly in start-up
load limits. Application in thrust bearings would be especially
useful.

• CONCLUSIONS

The elastomer-faced swing—pad bearing has been shown cap-
• able of very high load capacity with water as lubricant and cap-

able of low-friction operation under conditions of high load, low
speed, and low lubricant viscosity that would be expected to pro-
duce high friction and bearing distress in conventional bearings.

More work is needed to confirm the projected benefits of
applying the concept to higher speeds and to oil-lubricated hard
surface bearings.
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