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ABSTRACT

This report concerns an experimental laboratory study of the sliding friction
behavior of water-lubricated rubber stave bearings. Speed-dependent friction
characteristics were measured because thev are associated with the phenomenon

of audible self-excited vibrations. As part of an effort to establish guidance

for the design of noise-free stern tube bearings, the friction-speed curves
for five modified designs were obtained and were compared with those for a

conventional design.

The reference conventional stave bearing uscd in this studv is similar in
cross—-sectional design to that used aboard ship for jpropulsion shaft sup-
port. The modified designs were produced from the conventional design by
inserting brass cylinders into the stave near the rubber-stave backing inter-
face. The "swing pad" stave, which features several iaminated brass layers

and a conformal load bearing surface, was also included in the studv. Testing

conditions included a speed range of 00 to 1.36 m/s and a unit normal load

range of 105 to 689 kPa.

The results obtained show that changes in the friction-speed curve were pro-
duced by the stave modifications. Since the friction speed curve is one of the
contributors to bearing vibrations, stave design modifications have the poten-

tial for avoiding such vibrations.

The authors wish to acknowledge the efforts of Mr. S. A. Montross and Dr. D.
D. Ful'er for their contributions to the work described here. Mr. Montross
vathered all the cexperimental data and Dr. Fuller made suggestions on how

the rubber cross section coultd he chanwed for the investigative laboratory

work.
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1.0 INTRODUCTION

Ship propulsion shafting is commonly supported by water-lubricated bearings,
The outboard shaft support bearings are designated as stern tube and strut
bearings. Each of these bearing support structures is c(.mposed of several
load carrying elements called staves. Stave clement desiyns commorlv used

v

have been reported in References 1 - 4,

Each stave element consists of a loas brass strip which has a svathetic
rubber bended to its load supportine =urfaco. This rubber surface when
flooded with seca water becomes the propulsion shaft sliding support bearing.
Basically todav's designs have good loading capacity and wear well. How-
ever, under certain operating conditions these bearings can cause and/or
sustain a certain amount of vibration. Reported as having a "squeal” or
"chatter" quality, these vibrations occasionallv have rather large amplitudes

and span a wide range of vibrational frequencies, including the audible.

Since the stave bearings are designed to operate with a unit loading of 280-310

kPa (40-45 psi) and spend much of their operating life at low sliding speed,
these bearings frequently run in the boundarv lubrication regime. Thus, the
majority of the load is often carried through intimate contact between the
rubber and the material of shaft construction. Most lubricating films gen-
erated during operation may be as low as 0.0254 te 0.508 vm (1 to 20 micro-
inches) in thickness. Static and sliding coefficients of {riction have heen
observed over the full range from essentiallv 0 to 1.0, 1n general, break-
away frirtion is from 0.4 to 0.8 and decreases toward a lower level as
operating speed increases. Fig. 1.1 is a tvpical curve of the observable
friction ceefficient for a water-luhricated stave bearing., The actual run-
ning friction of a stave hos bheen ohserved to depend upon several variahles
including the

® surface conditions of the metal shaft

e wear histcery of the ‘upporting rubber surface

® water condition, temperature, mineral content, etc.

e applied load

e running speed

e relative contact surface curvature
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The negative slope characteristic of the friction-speed curve dominates
the cause-effect relation of the '"squeal" or "chatter" which would not occur

if the friction-speed curve were positivelv sloped.

It is the purpose of this report to investigate the influence of the stave
design on the frictional speed characteristics of the bearings. To do this,
several modified stave designs were tested in a laboratory, water-lubricated
rig. The majority of the modified designs contain embedded brass elements
within the rubber portion of the stave itself. These stiffening inserts were
intended to modify the lubrication performance of the sliding surface by
changing its compliance characteristics. Included in the tests was the
"swing pad" design which is constructed of multilayers of brass and rubber.

In addition, this design has a contoured upper surface which nearlyv con-

forms to the shaft it is intended to support.




2.0 BACKGROUND AND APPROACH

Stern tube bearings have been subjected to laboratory tests (Refercnces 1 - 6)
for many years. In a past study (4) specific stave bearing factors such as
mounting compliance, structural dampine, and the slope of the friction-speed
curve were identified as important parameters in the operation of the bear-
ings. ¢Yrevious studies had produced a working test rig, instrumentation
capabilities, experii.ental techniques, and analytical procedures for evalua-
tion of test bearing data. In this section some aspects of the previous

work will be presented. In addition, the technical approach of the present

study is discussed in some detail.

Rubber bearings have been known to bt prone to vibratorv behavior under

some conditions of operation. laboratory production of the tvpe of vibra-
tion experienced in the ficld was the primarv objective of one of the earlier
studies (6). Rubber bearing noise was produced in those early tests by
loading a stave element against a transparent disk. Actual sounds and
spectra of their emission were examined and photos of the emitting inter-
faces were taken. Control of the vibratory caission was not established and

no mechanism of noise generation was determined.

Following that study an experimental apparatus was designed and constructed
(5). The test apparatus was used for the examination under laboratory

conditions of small sections of rubber bearing staves. The test device was
capable of quiet and smooth operation and provided a syctem for controlled

examination of stave elements.

In subsequent laboratory work (2) the test bed was used to demonstrate the
ability of producing controlled quantifiable noise. The work resulted in a
qualitative description of the squeal phenomenon., It was suggested that
squeal/chatter was the conscquence of an unstable vibrational mode. In the
experimental apparatus uscd, one such mode corresponded to the motion of the
test stave in a circumférential direction with respect to the disk. It

was also suggested that production of uudible noise need not be associated

with instantaneous disappearance of rubber/disk relative motion (i.e.,
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"stick" need not occur). From these qualitative descriptions of the
squeal/chatter phenomenon, both a simple analviical model and an improved

pad mounting design for the experimental apparatus were jroduced (4).

In (4) the analvtical model and the improved pad mounting design were used

to quantify squeal/chatter vibrations. The techinical approach taken employed
the analytical model to predict the onset of squcial/chatter in the experimental
apparatus. Success in this prediction of squeal/chatter tendency led to the

following conclusions:

o the squeal/chatter mechanism was explained for the

experinental apparatus,

o the squeal/chatter nechanisn can, in principle, be

quantified,

¢ squeal/chatter results from the rrowth of an unstable

vibratiocn mode,

o the structural damning and slene of the friction-speced
curve are impo:tant factors in the generation of lhe

squeal/chatter vibration.

This previous work (4) suggested that one wav to eliminate squeal/chatter

is to modify the slope of the friction-speed curve. The present report is
concerned with the possibilities of effecting such a modification through
changes in stave design. Several changes in stave design can be envisioned.
Perhaps the simplest is to change the compliance characteristics of th¢
stave in a manner that encourages the formation of a water film at the
stave/shaft interface. A change which may do this is one that produces

*
a normal compliance decrease with distance from the leading edge. Such

*
In a conventional stave, the rubber material is thickest at the center

of the cross-scction. This leads to Yow compliance at the leading edge
and high compliaunce at the center of the cross-section of the stave.

¥
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a change in the conventional stave therefore was made and the resulting

changes in the friction speed curve were measured.

Because of recent success in shipboard use of swing pad staves, one such

stave was also included in the present effnrt.

To obtain the friction-speed curves for the tested staves, the follouving

detailed work was performed. This work consisted of

1. Minor rig modifications, including:
a. higher unit normal load capability;

b. alternate load and speed measurement techniques above

and beyond those emploved in the past;

c. mechanicali drive stiffening and test disk support modifi-

cations for the expected higher loading levels.

2. Preparation of the modified stave bearing elements.

3. Experimental testing of the bearing stave elements prepared.

The description of the test rig and its modifications is contained in
Section 3.1.1. The newly provided instrumentation is discussed in Section
3.1.2. Stave modification and cross-sectional designs are presented de-

tailed in Section 3.1.3.

The overall test results and data are given in Section 3.2, and Section

4,0 is composed of the summary of these examinations.




3.0 DISCUSSION OF EXPERIMENT

This section presents overall design reatures of the test rig and discusses
recent moedif ications made in preparation of subsequent testing of the compliant
rubber stave bearings. Alsco included is a discussion of the types of tests

performed and the resulting test information gathered.

3.1 Description of Test Apparatus

The test apparatus used in gathering friction-speed data from a short single
element stave bearing section is shown in Figs. 3.1 and 3.2. The asscmbly
shown in the photo has been previously discussed in References (2), (4) and
(5) and was modified in several ways for the present test work. Test rig

modifications and overhaul included
® a new friction (tangential) force measurement technique
e replacement of the drive shatt of the test rig
e increased loading capacity on the sliding test bearing

e an improvement in the shaft (rotational) speed readout -

e wvater line filteving for control of contaminants, and

o addition of high capacity supports in the rig.

3.1.1 Mechanical Design Modifications

Frictjon Force Measurement

Recent test rig alterations provided for a new friction (tangential)
force measuring concept on the mounted test pads. The past work
had been conducted with a piczoelectric force cell as shown in

Fig. 3.2. The time constant of the piezoclectric force cell is

relatively short and was previously used in a relatively rapid run-
down mode. A .apability for steady state measurement of {riction )
was needed for slow speed runs and was achieved by adding a precision
displacement sensor to the test rig (position shown in Fig. 3.2).
This sensor was calibrated for tangential reaction loads applied

to the stave mounting block depicted in Fig. 3.1.
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Calibration consisted of applyving known tangential loads to the

stave mounting block and noting the reaction directly on the x-v
plotter used for friction-speed output measurement.  Calibration of
the friction reactive force was performed with no load on the test
stave itself. Calibraticn loading was applied in rthe same dirceticen
as that of the expected frictional foree applied by the dist to the
stave,  In addition, the test stave when locded normally withoo:

the rig test shaft rotating indicated no tangential trvictional force

autput.

Drive Shaft Stiffening

The present test work was performed with a much stiffer drive axle
than used in the past. The steel woven flexible drive axle was
replaced with a solid steel axle with waiversal joints as shown in
Fig. 3.3. The universals and the drive shaft were coupled with

locked keys. The universal joints were machined for a minimum of

clearance around the connecting axle shafting to prevent the possi-
bility of having torsional dead band and/or backlash between the
drive motor and the test rig disk. A relatively rigid torsional

4 connection was obtained. The universal joints were effective in

avoiding inadvertent lateral loading due to misalignment,

i Increased Loading Capacity

Stave loading in the present rig is derived from a hydrostatic water-

actuated bearing and piston. This piston loader is positioned directly
9 across the rotating disk from the test rubber stave.  The supply

pressure to the hvdrostatic bearing on the face of the load piston

and on the cvlindrical sides of the load piston has been significantly

increased. This pressure supply increase widens the loading range

of the test rig by insuring that the loading piston does not come into
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contact with the test rig rotating Jdisk. Applied test pad loads of

4 to 9 times those ponsibice in the past are now available.

Teat Shaft Retational Speed

Past pertormance testing incotperated o shatt encoder and frequency-
te-direct current ratic tor nteasurenent of specd. This made precise
recording o Slidinge cpeeds dn the 0 1o 0,079 m/s range difficult

to ohtain.  The precent work incerporaited a direct current generating
source which gave o Do voltape proportional to shaft speed over

the “ull operatiog ranpe from 0t 1.2 n/s.  Test shaft speed cali-
bration was set up on the x=v plotter through visually clocking the
shat't rotational frequency with o stop witch through a ene-to-two

minute timing cvele.

Water Line Filtering

The rotating test disk weight is supported by hvdrostatic water
bearings. In the pist it has been found that both these support
bearings and the loading piston has required cleaning. Particulate
contaminants in the water supply and debris generated by rubbing

of pump rotor on occasion plugged the feeding ports and degraded
their operation.  In order to eliminote this problem in the present
work, in-line filters were installed. The filter worked verv well
and at o time did the hedrostatic bearings need to be cleaned

ttter the Tilters weve jnntalled.
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Side Reaction Loads and 5QRBPr},ﬁJ}T5Wr?

With increased capacity ot the loading piston, correspondingly higher
capability in the side loag supports became necessary.,  Originally
the side loads werce supported by hvdrostatic pads.  Although higher
hvdrostatic load capacity could be realized by using higher pressure,

it was decided to replace the hvdrostatic side supports with a pair

of identical relling clemene devces v dllustrated in Fig. 3.3 which
Aare lees Vikelv to roact with o cos i friction in an overload con-
dition,

3.1.2 Instrumentation

The essential features of the t-st riy instrumentation are shown
in block diavram form in Fig. 3.4, The basic instrument elerents
of this tes! set-up consisted, in addition to the rig drive and

disk support structure, of

o a pressure gage for detecting and setting the applied

normal loads placed on the test bearing stave,
o a direct current generating rotational speed sensor,
o a tangential stave bearing forc~ sensor, and

o au x-v plotter for visually displaving and

recording the test results,

An in-line pressure page was used as an indicator to set and measure

the amount of load beine applied across the test disk, and hence, on

the test stave bearing.,
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All tests staves are nominally .025 m (1.0 in) long and .070 m
] (2.75 in) wide, so that nominal unit loads based on the projected
arcva varied trom 22 kPa to 152 kPa (3.2 psi to 22.0 psi). "True

contact area" during testing was much smaller and could be estimated
by inspection of the surface wear pattern; accordingly '"true unit

load" was estimated to range from 105 kPa to over (89 kPa (15 psi

to over 100 psi).

Speeds used in testing were sot and varied by hand with the aid

of the operator control knob on the motor speed controller.

Disk Rotational Speeds

Visual tracking of test disk rotational speed was performed by

observing the X-Y plotter pen position on prescaled plotter paper.

Scaled axes in meters per sec were determined bv clocking shaft

rotational frequencies with a stopwatch. Accuracv of speed measure-
l ment was within +2% in the high range of speeds from0.32m/s to

1.36 m/s, Speed measurement accuracy below 0.32m/s approached

a fixed value of about +.016 m/s as a result of plotter scaling

technique.

The output signal from the tachometer generator was very clean
and stable and required no filtering or amplification in crder

to drive the plotter.

Stave Friction torce Detection

Stave bearing friction forces were determined by sensing the
small translational! motior of the stave mounting block. This
metion in most of the tests ameunted to less than .05 ma

0.002 inch) of total translaticn., An accurate displacement
probe D.C. signal was amplificd and used to drive the recording

X-Y plotter during each test cendition of loading. Calibrations of

14




stave mounting block translational position and load were determined
by applying various know . amounts of force to the stave mounting. The
displacement (resulting force) sipnal was fully amplified and run to
the plotter during calibration and then all electronic scttings were

left fixed during that portion of the testing.

Calibration of loading revealed this sensing technique to be linear
over the majority of test range loads. However, some stiffening of
the support structure was noted at high loads, which rendered the

scale non-linear.

Since these loads were outside the majority of those used in
testing, it did noi hamper data gathering. For those tests where
the friction calibration was in the non-linear range a point-by-

-point transfer of the scale was performed for evaluation purposes.

Recording Results on X-Y Plotter

The signals of speed and friction measurcvment were fed to a standard

X-Y plotter with vernier offset and electronic scale adjustment
capability, providing "instant" display of the friction versus speed

test results. Direct recording in this manner also allowed visual

LN _ZXTA. .

checking of sensor-to-recorder calibration signals of rig test

parameters.

3.1.3 Test Staves

Several test staves were used in the work presented in this dis-
cussion. A total of six different pad geometries were considered by
the labor:tory test rig. Variations in stave designs tested are shown

in the photograph of Fig., 3.5.

A previously published report (Ref. 4) discussed the desirability of
modifving the friction-speed curve to control or to minimize squeal/
chatter vibrations. The stave sections in Fig., 3.5 were devel-

oped in orde. to assess the potuntial of altering this curve. The

15




]
4
1
i

DESCRIPTION DISK ROTATION

SWING PAD

BAS.C STAVE

SMALL PIN

MEDIUM PIN

LARGE PIN
(Centered)

LARGE P
(Right Side)

. LARGE PIN
t (Left Side)

L076m
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Figure 3.5 Photograph of Test Stave Design Cross Sectiomn
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intent of adding the pin to the stave wvas to wmodify its compliance
characteristics so that the maximun compliance is dat the edves of the
cross~section and the minimum compliance is at the conter of the cross-

section. With this compliance distribution, there ig an increased

likelihood (compared to that for the basic stave) of forming a hydro-
dynamic water film at low shaft speeds. With such a water-film, the
variations in friction-speed slope might be reduced, thereby reducing
the magnitude of the low speed nevative slope of the curve. This, in

turn, would tend to reduce squeal/chatter as indicated in (4).

The non-standard cross-sectional test stave designs shown in

Fig. 3.5 were obtained by drilling axial holes in the stave and by
then inserting brass pins. The brass pins were sli htly larger than
the holes, so that several pounds of force were nceeded to insert
each pin into its hole. All stave test sections, except the swing
pad test stave, were obtained by cutting the test sections from the

same bearing stave.

The cylindrical pins used ran the full length of the test pad and were

0.0095, 0.012, 0.0158 m (0.375, 0.500, and 0.625 inches) in diameter

Three pads were constructed with the pin inserted concentrically along
the normal axis of the stave léngth. ~SeQL'ral pads with the 0.0158 m
(0.625 inch) diameter pins were tested. One pad had the pin
centered, whereas in the others it was offset from the bearing load
supporting contact line (see lower two designs shown in Fig. 3.5).
Depending upon the relative running direction of t'e shaft on this

pad, it was anticipated that different lubricating films would be

ki,

generated during operation; and thus different amounts of friction.

Slight differences of the stiffening pin placement within the rubber 1

itself existed between the large 0.0133m (0.625 inch) diameter and

the other two staves with smaller pins. The larger 0.0158 m (0.625 inch)
diameter was mounted in intimate contact with the backing of the stave
bearing brass wherecas the two small pins were placed within the body

of the rubber itself (agaip refer to Fig. 3.5 for a representative

view of this construrction).




The swing pad desipgn is a composite of sceveral lavers of rubber and
brass material which has a concave bearing surface molded into it.

This conformity serves two basic purposcs. First of all, this pad puts
more rubber into contact with the shaft it supports and, therefore,

has the potential of operating with a lower unit pressure loading

than the stundard design. Secondly, the curvature and composition

are such that loading will tend to form an entryv wedge between the
surface rubber and the rotating shaft. This entrv wedge will

facilitate the formation of a hydrodvnamic water titm at the bear-

At 3 .

ing/shaft interface.

3.2 Description of Tests !

A variety of laboratorv test conditions were fmposed upon cach of the stave
bea;ing sections shown proviously in Fiz. 3.5. These operating conditions

are displaved in a tabularized matrix in Tabl.: 3-1. Over fifty indcpendent }
friction versus speed curves were taken under the various loading and run-in

conditions shown.

The run-in period for the test stave varied from a few minutes to several 1
hours for the test runs. The test procedure attempted to evaluate the
friction characteristics of the test staves in a '"'like new' condition, as
well as in the "worn" condition. deiseparpte.iong term types of run-in
were evaluated. 1In one of the tests the staves were merelv operated for a
long period of time (several hours) during which their performance was
checked. In another set of tests the staves were put through an accelerated
wear process and then retested for their change in friction behavior. This
accelerated wear process involved removal of pad surface rubber with the aid
of a fine (320 grit waterproof) emery paper, The removal of rubber was %
done by mating the test disk and pad while trapping the emery paper betwecen {
the two. Sanding was performed under water and at the ncrmal experimental |

load to be run after the process was complete. Fach stave was 'sanded" until ]

the "worn' contact zone was cqual in pattern width to that cxhibited by

stave sections which had been "run-in'" without sanding.

oS oy




Tloqunu 19AD ] PROT Y] (SOWI @°g) sowId f¢ ST ‘(°Sql) N ‘pProl TrRWAON
*

(171un) 3327)
0 ° o000 00 NId 40¥VT
(193u9) 3Y3S1Y)
o000 000 NTa AUV 1
Avvuvu:ouv
o 0 o000 0 o0 N1d ADNVT
(pPaaa3ud))
. ° * e 000 ool N1d RNIGHLN
o
(paiauny)
0 o oo oo SHdTIVES
0 ° e c o0 000000 00 mo—— .UV GAVLS DISVE
’ o o ) dVd ONINS
g v ¢ Ty ¢ v ey oy ¢ty ¢ v § ¢ T NO11DIS SSON)
[~ani peay [aay] puo Ao peod 1980 proty i
TT—any SUo | 0f-uny 3100US TT—uny TUeT T
TAVIS WVAN QAIVUTTA00V NOLLOTS dAVLS TSdud
G210N NOTLIANOD @ IOV 404 SIAMND NOTLOINA ONIATTS NOLLJINJSIM ONIYVIH

SNOTILIGNOD 1S4l ONILVIddO

[~¢£ d74V1




3.3 Results for Friction vs. Speed with Load Effeccts

Fig. 3.6 is a typical plot of test stave friction force measured as a function

of sliding speed. The curve is representative of those cathered during test-

ing. The low specd portion of the curve has a rapidlv rising friction force
which increases as sliding speed increases. At about O.16 m/s (6.3 in/

sec) and above the frictional force of the stave bearing drops off.

The friction versus speed plots taken during testing were quite smooth and

repeatable; however, as scen in Fig. 3.6 small amplitude variations in friction-

al force are apparent. In particular, see the small spikes above 0.64 m/s
(25 in/sec).

The source of these small oscillations was not identified positively during
testing, but they were known to be in phase with the test disk rotation.
These small variatious in friction were thus attributed to disk rum-out,

normal loading changes, or to the local surface chemistry of the rotating
disk.

In connection with the surface chemistry effect it was noted that a disk
left in contact with the stave over a period of several days generated a
much higher once-per-rev variation in sliding friction than one which had
just been cleaned prior to testing. Thus, a standard disk surf.ce cleaning

operation was performed before each new stave element was tested.

Although qualitatively the character of the friction-speed plot of tig. 3.6
is generally representative of all curves taken, the specific shape was

found to depend upon
® The geometric design of the elastomeric bearing layer,
® The normal loading to which the bearing is subjected,
e The degree to which the pad has been worn-in,
e The ambient water temperature of operation, and

@ The condition of chemical cleanliness of the shaft surface

mated in sliding with the rubber bearing.
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The overall trends to some of these friction dependencies are shown in

Fig. 3.7. Shown in that figure are six separate friction versus speed plots
for each ot six stave designs tested. Some of these show that friction
drops continuously as the sliding speed increases. Most, however, reveal

a low speed point at which the fri-tion peaks out at a maximum for the test

load applied.

Summary details of how =liding friction depends upon bearing load and bearine~
geometry are shown graphically in Fig. 3.8. In this {igure are shown the

six bearing stave cross-sections and their associated level of friction for

the full range of test loadings. Each shaded curve gives the full envelope

for all test speeds. Since 0.159 m/s (6.25 in/sec) represented the speed

of maximum friction for these staves, the top of the shaded envelope represent;

a sliding speed of that value.

The ffiction-loading trends are evident from the various plots for each test
stave shown in Fig. 3.8. Each stave geometry tested reveals a dependence of
the coefficient of friction on loading level. A constant coefficient of
friction would be represented by a straight line on this type of plot. It
can be seen that in some of the test designs the friction coefficient in-
creases as the load goes up, whereas, in some cases it decreases as the load
is increased. In particular, the test stave with the large pin (centered)
represents a case where the friction coefficient drops as loading is applied
until a minimum friction level is reached; then the friction rises more

rapidly with load than for most of the other designs.

In the test stave where the large pin is near the inlet of the bearing lubri-
cant zone the friction level appears te rise continuocusly with loading.

Under an increasing load situation it appea}s that this design has a tendency
to inhibit the formation of a lubricating film more than any of the other
designs tested. This tendency could account for the continuous rise with

load observed in the friction force.

Table 3-2 indicates the degree to which the friction force magnitude changes
as the bearing sliding speed increases. At a fixed normal load this

difference in friction force change was taken from the friction traces at

disk speeds of 0.079 m/s and 0.95 m/s . Consequently, Table 3-2 gives a
- i
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measure ot the average negative slope of the friction-speed curve. (It is
this slope which is the source of the squeal/chatter vibrations.) The table
does not show the absolute level of friction force associated with the

increase in sliding speed.

The values of frictional change shown in the table do not reveal a consistent

trend when one compares the results between "short run-in" (less than five
minutes) and "long run-in" (between six and eight hours). In some of the de-
signs the chart shows a lowering of the friction difference as speed increases,
whereas in most cases, it gets bigger. As indicated by the values in Table 3-2,
the smallest change in friction force over the range of speed changes noted
occurs in the stave design which has the large pin offset toward the trailing
edge of the load zone. In this position thé pin can act as a lubricating film
convergiﬁg mechanism since the stiffest portion of the pad is on the exit side of
the sliding contact zone. This condition appears to reduce the change in fric-

tion force created by the stave as a result of increased sliding speed.

The largest change in friction occurs in the swing pad design after it has

been provided with an accelerated wear profile. This is contrasted, however,

with the fact that a "fresh" swing pad provided one of the lowest changes in
friction with speed of any of the staves teésted. In addition, the new swing
pad exhibited, for most of the speced range, an extremely [lat friction-speed
relationship as compared to the other stave designs tested. The change in
friction, however, is shown in Table 3-2 to be large since at low speeds the
friction rises abruptlyv. The flat friction-speed nature of the new swing

pad is shown in Fig. 3.9, and is contrasted with that for the "worn" pad

g which had been put through the accelerated wear process.
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4.0 SUMMARY AND CONCLUSIONS

Laboratory tests were pertormed on a serics ot moditiced test staves in which
the operationatl character of marine storn tube applications was simulated.
Experiments were directed toward the frictional evaluation of stave design
cross—sections which trequently operate in the boundarv lubricated regime.

The intent of the tests was to evaluate the extent to which the nepative

slope of the friction-speed curve could be modified by changes in stave design.
The test rig uscd was similar to that discussed previously in Reference (4);

however, the rig was modified for the present testing program.

Tnspection of the test data revealed that:

® Stave bearing cocefficients of (riction were strongly influenced

by pad loading and bv the sliding speed of operation.

e Test stave frictional behavior was also determined to depend

upon the cross-sectional design of the bearing pad.

e Stave friction level was found to depend upon the amount of

"run-in" or extent of wear present on the stave surface.

e A comparison of the swing pad design to the other staves tested
showed the swing pad to have three perforinance features that

were different from those of the others tested:

1. The friction of the swing pad always decreased as the
sliding speed increased. Some of the other pad designs

showed a peak friction near 0.16 w/s running speed.

2. The friction-speed plot taken from a '"new pad" was, in
general, much flatter than that exhibited by other staves

over the majority of the speed range tested.

3. The friction level of a '"new" swing pad drops to its miminum
faster as sliding specd increases than does that of other de-
signs tested. Since hydrodynamic wedge action is believed
to be the reason for the friction to decrease with speed, the

friction curve of the "new" swing pad suggests that a low

28




speed hydrodynamic wedge accion is in evidence. 1n the

"worn' condition, increased likelihood of intimate contact

in the worn trough is probably the reoson that the friction

level remains close to the breakaway value.

Inspection of the data indicates that the shape of the friction-speed and
friction-load curves are affected by the design of the stave. In particular,
the thickness distribution of the elastomer across the stave does have a
measurable influence on the slopes of these curves. Consequently, the data
incidate that the design of the stave can have an effect on the tendency of
the bearing to produce the unstable vibrations (caused by these negative

slopes) which are commonly termed as "squeal' and ''chatter."”
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5.0 RECOMMENDATIONS

The results of the work have indicated that the design of the stave affects

the shapes ~f the friction-speed and friction-load curves, and thereby affects

the tendency of the bearing to producc nois¢. Consequently, additional
experimental work should be done in order to optimize (minimize) the low
speed friction force dependence on speed and load. 0f special importance is
that this work be directed towards the swing pad, which has recently demon-

strated promising performance in a sca trial.

The overall objective of the additional work should be to develop procedures
for the design and construction of swing pad staves. This work should involve
the experimental determination of how the differences in friction-speed be-
havior for conventional and swing pad staves arise. The work should also in-
volve measurements of internal friction for these two stave types because

the importance of internal damping on squeal/chatter is similar to that of the
friction-speed curve. All measurements should be made not only for the
conditions in the experimental apparatus, but also for more realistic

stave length-to-width ratios and relative curvatures. Finally, the measure-
ments should include not only that for friction force, but also those for 3
water film thickness and rubber deformation at the inlet and outlet regions f

of the contact zone.
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