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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 th )5e for a

conventional design.

The reference conventional stave bearing uskd in this study is similar in

cross-sectional design to that used aboard ship for p'ropulsion shaft sup-

port. The modified designs were produced from the conventional design by

inserting brass cylinders int the stave near the rubber-stave backing inter-

face. The "swing pad" stave, which features several jaminated brass layers

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

conditions included a speed range of 0 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.
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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 LImposed of several

load carrying elements called staves. St ive eI TemCnt desi n.u com.ol'lv used

have been reported in ReferencLS 1 - 4.

Each stave element corsists of a lo:v, brass strip which has a svnthetic

rubber bonded to its load supporting SurfcWL. This rubber surface whet,

flooded with sea water becomes the propulsion shaft sliding support bearing.

Basically todav's designs have good load in-, capacity and wear well. flow-

ever, under certain operatiag conditions these bearings can cause and/or

sustain a certain amount of vibration. Reported as having a "squeal" or

"chatter" quality, these vibrations occasionally have rather large amplitudes

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

Since tie 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 thv boundary lubrication regime. Thus, the

majority of the load is often carried through intimate contact between the

rubber and the material of shaft construction. Most lubricatinv films gen-

erated during operation may be as low as 0.0254 to 0.508 i-m (I to 20 micro-

inches) in thickness. Static and slidin.; coefficients of friction have been

observed over the full range from esse.ntiallv 0 to 1.0. In general, break-

away friction is from 0.4 to 0.8 and decreases toward a lower level as

operating speed increases. i,. 1.1 i. a typical curve of the observable

friction coefficiLt~nt for a watcr- luhrica td stave bearin,_!. The actual run-

ning friction of a stav, h, )hecn olstrv,,d to depend upon seCveral variablcs

including t!,e

0 surface conditi ens of tht, metal shaft

@ wear history of the -upporting rubber surface

e water condition, temperature, mineral content, etc.

* applied load

e running speed

9 relative contact surface curvature
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The negative slope charactcristic 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 positively sloped.

It Is the purpose of this report to investigate the influence of tile 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 performanice 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 nearly con-

forms to the shaft it is intended to support.



2.0 BACKGROUND AND APPROACH

Stern tube bearings have been subjected to laboratory tests (References I - 6)

for many y'ears. In a past study (4) specific stave bearing factors such as

mounting compliance, structural dampij ,, and the slope of the friction-speed

curve were identified is important parameters in the operation of the bear-

ings. 2revious studies had produced a working test rig, instrumentation

capabilities, experi:.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 bL prone to vibratory behavior under

some conditions of operation. Laboratory production of the type of vibra-

tion experienced in the field was the primary objective of one of tile 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 vibraLory (iission 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 wascapable of quiet and smooth operation and provided a sy: tcn: 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 consequence of an unstable vibrational mode. In the

experimental apparatus used, one such mode corresponded to the motion of the

test stave in a circumferential direction with respect to the disk. It

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

with instantaneous disappearance of rubber/disk relative motion (i.e.,

4



"stick" need not occur). From these qualitative descriptions of the

squeal/chatter phenomenon, both a simple ana t ical model and an improved

pad mounLing design for the expVrinIental apparatus were , roduced (!4).

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

to quantify squeal/chatter vibrations. The technical approach taken employed

the analytical model to predict the onset of squeal/chatter in the experimental

apparatus. Success in this prediction of squeal/ch-atter tendency led to the

following conclusions:

o the squeal/chatt'.r mechatlism was explained for the

experi-mental apparatu-;,

o the squeal/chattk r ,mechanisa can,, in principlc , be

ouanti fled,

" squeal/chatter results fro'.; tie -rowth of an unstable

vibration mode,

o the structural damning,, .Imd q1,e of the friction- -need

curve are impo-tant factors in the generation of he

squeal/chatter vibration.

This previous work (4) suggested that one way 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 w hich may do this is one that produces
,

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

In a conventional stave, the rubbtr material is thickest at the center
of the cross-section. This leads to low compliance at the leading edge
and high ompli iiice at the center of tLhe cross-section of the stave.

i l Im Im m mmi m .. ....... .... . .. ... ......



a change in tit, convent i 3:;i A t L, titrefore ,as made and the resulting

changes in the friction speed curve wt,e measured.

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

stave was also included in the present effort.

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

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 employed in the past;

c. me,:hanicai 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.

6



3.0 DISCUSSION OF EXPERIMENT

This section presents overall design features of the test rig and discusses

recent modifications made in preparation of subsequent testing of the compliant

rubber stave bearings. Also 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 dati from a short single

element stave bearing section is shown in Figs. 3.1 and 3.2. The assembly

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 a new friction (tangential) fore measurement techniquie

0 replacement (, the drive sha ft -f the test rig

# increased loadine capacity ,,n thk, sliding test bearing

* an improvement in the shaft (rotational) speed readout

* water line filtering for control of contaminants, and

0 addition of high capacity supports in the rig.

3.1.1 Mechanical Design Modifications

Friction 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 piezoelectric force cell as shown in

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

relatively short and was previ ,usly used in a relat ively rapid run-

down mode. A - apability for steady state measurement of friction

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 cal ibrated for tangential reaction loads applied

to the stave mounting block depicted in Fig. 3.1.
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CalI ibrat ion cons ited oif aipply ing known tangent it!I I a-,to the

stalvek mount ing bl 1ock and not injg t he reac I in di1 reel IV entl.xV

plotter used for frict ion-speed output measurement. CAl ilbra! ionl of

the f ric t ion react ive force wa- spe rf o med with no loald t'n t he evst

stave itself . Cal ibrat ion load ini- wais applied inlie sarL di rct ijen

ats thait of the expected frict [onal force appli ed ILw the di 14 t, tile

stave. In add it ion,* thle test s4tave, wheni lui-ded normA Iv i th1st:

theIt r ig t e St shaIf t r-otaIt in11g ji i k aIt ed nok t an11get 1a t i I Ien t otCe

.Illt puIt.

Drive Shaft Stiffening

The present test work was performed with a much stiffer drive axle

than used in the past. Trho steel woven f lexible drive axle wais

replaced with a sol id steel axle with i.aiiversal joints as shewn 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 thle Connecting axle shafting to prevent the possi-

bility of having torsional dead hand and/or backlash between the

drive motor and the test rig disk. A relatively rigid torsional

connection was obtained. The universal joints were effective in

avoiding inadvertent lateral loading due to misalignment.

Increased Loading Capac itv

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

;aIc ite 4,d hca r in I, and p1 1) in II. Ris p ist (n I o.IdCr is posit joned directly

fl( ros s tho- rotait ing disk from tht tes t rubber stv.The Snppl1)v

pressure toi the hvdlrostaitic beairing en the face oit the load p istoni

and on the cvi indrical sides of the load p iston has oen sign if icantly

increased. This pressure supply increase widens the loading range

oif the test rig by instiring thait the loading piston does not come into

9
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contact with thc~ te .t rig rotat ing d isk . Appi fed test pad loads of

4 t o i t ins t he),- t) hit- in t he p).i -t ire now availtable.

Te, t - Sh i-f t __,i- ,i -t j ni I Spec d

Pa-,t prt rmit t st ino.g inct- ',ttt d t shatt t vtcoodr aind f requency-

!-dit. ct f crrn-rt rait i, - r mcaisnr:'i ' of spt-cd. Th i maide prec ise

rocord in)! , i! in itvtcik, in ti It t o ().071) rn/s range d ifI'icul t

to' 'h t Ii . Ih -t p ,n w(,r 1, iot- it t] a dIi rect curren'1t gvnerit ing

. oi rkc. wh it h1 Lv\C 1)1. vol It I. Y, p oort jonilI to( sha ft speed over

the ntill )ptr it in- ran),'k from () t ,1 .2 -:/s. lest shaf't speed cal i-

br it in was -;,t tip ,n t he X-V IIIot Ier t hrotigh visuallIV c locking ! t.

shaf t rotat ionti If retpuvncv w t h1 st .p waitch through a one-to-two

!r inutev t iming, ivc I c.

Wtt er 1.init iI t er initg

The ro ta t i ng t es t d i.sk we igh t i s suppo r t d by hvd ros tat ic wa ter

bea rings. In the p-ist it has beeln t ound thait both these support

hearings and the lo)ad ing pist on his requ ired cleaning. part icula te

con tnainaint s in the water supply antd debris generated by rubbing

of pump rot or tin oca .s ion pl ugg,. d tht 1ft'od fog port s and degraded

t he ir opera t ion . lIn order to el imin.otk. this problem in the present

work, in-I mne f I ters were inst.i I It d. The t fIter worked vert, well

an. ! t ''time, dd the Iivdri-stat it 1).1i jgs nee'td to he, cleaned

,I t er t he ii ters were ion-t i 1,.d



Side ReaCt itt Loads ,and 5uJ r _1._Fement

With increased capac it v of th. le.,ding pis4ton. correspondingly higher

caLpabil itv in thu sidt I 1,,a stippert l ,'c.', necessary. Originally

tht. side load.s wert stpiyot t.d by hvdr,, t it iv pads. Alth ough higher

hydrostatic ,,id c.ap, itv could bt rt-,al] Ijtt .by i,-;ing higher pressure,

it was decided t, replav1e the',drstit ic sideh supports with a piir

(of identicalI r, IIin , , ' -L. o t d . i,.. illu tr.itt. in Vie-. 13 which

aIe Ic's 1ikely t , , 't with i. - I ri't i'1 in an ,v-erload con-

di tio .

. I. 2 lii ;t rtmentatio n

The essential features of the r,.-;t rig instrumentation are shown

in block diag ram form in Fig. 3.4. The basic instrument eleronts

of this test 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 fore, sensor, and

o aji x-y plotter for visually displaying and

recording the test results.

Normal Loading._of Stav

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

the amount of load bi me applied acro;s the test disk, and hence, on

the test stave bearing.

1 2
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All tests staves are numinally .025 m (1.0 ill) long and .070 m

(2. 75 in) wide, so that nominal unit loads based on the projected

arva varied from 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 estimited to range from 105 k~la to over (,89 kPa (15 psi

to over 100 psi).

Speeds used in testing were s,'t and varied by hand with the aid

of the operator control knob oI the motor speed control ler.

Disk Rotational Spi!e d s_

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 by clocking shaft

rotational frequencies with a stopwatch. Accuracy of speed rreasure-

ment was within 2, in the high range of speeds from0. 3 2 rm/s to

1.36 m/s. Speed measurement accuracy below O.32m/s approached

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

technique.

The output signal from the tachometer g;enerator was very clean

and stable and required no filtering or amplification in crder

to drive the plotter.

Stave Friction Force Dletct ion

Stave bearing friction ,orl ,s We. determined by s.,nsing the

small translation:a! me)t io0 of tli ztive mounting block. This

mction in most of the tests aneun ted to less than 1).()S r

().0O2 inch) of total tran-;latiei. \n n:cur,'te displacement

probe D.C. signal was ampl if ied And used to drive the recording

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

I',
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stave mounting block translational position and load were determined

by applying various kno,. amounts of force to the stave mounting. The

displacement (resulting force) signal was fully amplified and run to

the plotter during calibration and then all electronic settings were

left fixed during that portion otf 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 noL 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 measurement 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

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

modifying 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 potential of altering this curve. The

19
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DESCRIPTION DISK ROTA'i\ON

SWING PAD

BASIC STAVE

SMALL PIN

MEDIIi'PIN

LARGE PIN
(Center(-d)

LARGE P,:4

r '\Right Side)

LARGE PIN
(LeVft SideC)

Fis,,ure'3. 5 Phto raph of'res t Stave Dc,;i gn Cross Section-.



intent of addi ig the pin to the stave, kis to iod i V its compliance

characteristi cs so t :t thI na xi un ipI i anc, is ,it L ie e.dVes of the

cross-sect ion and the ll ill illUm co 1p Ii 11n.C is It tht LClIter of the cr;s-

section. With this complianck, distribution, there is an increased

likelihood (compared to that for the basic stave) of forming a hydro-

dynamic water film at low shaft speeds. With .- uch a water-film, the

variations in friction-speed slope might be reduced, thereby reducing

the magnitude of the low speed negative 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 needed 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.

'Fhe cylindrical pins used ran the full Ileng th of le test pad and Were

0.0095, 0.012, 0.0158 m (0.375, 0.300, and 0.625 inches) in diameter

Three pads were constructed with the pin inserted concentrically along

the normal axis of the stave length. Several 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

generated during operation; and thus different amounts of friction.

Slight differences of the stiffening pin placement within the rubber

itself existed between the largeO.0158m (0.625 inch) diameter and

the other two staves with smallier pins. The lar5cer 0.0158 m (0.625 inch)

diameter was mounted in intimate contact with the backing of the stave

bearing brass whereas the two small pins ,,,ere placed within the body

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

view of this constrt'ction).

17
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The swin- pad design iS a composite of ,CVoral lavers of rubber and

brass material which has a concave bearii, surface molded into it.

This conformity serves two basic purposes. First of all, this pad puts

more rubber into contact with the shaft it supports and, therefore,

has the potential of operat ing with a lowtr unit pressure loading

than the standard design. Secondly, the curvature and composition

are such that loading will tend to form an entr\v wedge between the
surface rubber and the rotating .shaft. Thisq eitry wedge will

facilitate the formation of a hvdrodvnaimic watc r I i il at the bear-

ing/shaft interface.

3.2 Description of Tests

A variety of laboratory test conditions were imnposed upon each of the stave

bearing sections shown pre:viouslv in Fi:. 1.5. These operating conditions

are displayed in a tabularized matrix in T;b I' 3-1. Over fifty independent

friction versus speed curves were takcn under the various loading and run-in

conditions shown.

The run-in period for the test stave varied from a few minutes to several

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. Two separate long term types of run-in

were evaluated. In one of the tests the staves were merely 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 im pad while trapping the emery paper between

the two. Sanding was performed under water an. at the normal experimental

load to be run after the process ",as complete. Each stave was "sanded" until

the "worn" contact zone was equil in pattern width to that exhibited by

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

13
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3.3 Results for FrIction vs. . Speed with Load Effects

Fig. 3.6 is a typical plot of test stave friction force mea.-ared as a function

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

ing. The low speed portion of the curve has a rapidl' rising friction force

which increases as slidinig speed incrcases. At about 0.16 m/s (6.3 in/

see) 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 seen 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/see).

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 variations in friction were thus attributed to disk run-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 sthndard disk surfce cleaning

operation was performed before each new stave element was tested.

Although qualitatively the character of the friction-speed plot of Fig. 3.6

is generally representative of all curves taken, the specific shape was

found to depend upon

o The geometric de- ign of the elastorheric bearing layer,

* The normal loading to which the bearing is subjected,

* The degree to which the pad has been worn-in,

" The ambient water temperature of operation, and

" The condition of chemical cleanliness of the shaft surface

mated in sliding with the rubber bearing.

20I
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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 frict ion depends upon hearing load and bearin7-

geometry are shown graphicailIv in Fin,_. 3.8. In this figure are shown the

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

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 friction-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 coeffilcient 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 lubr*-

cnnt zone the friction level appears to risL. continuously with loading.

Under an increasing load situation it appears 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

22
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rm.easure ot the average negativc slope of the frict ion-speed curve. (It is

this slope which is the source of the squeal/chatter vibrations.) The table

does not show the absolite 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 nored

occurs in the stave design which has the large pin offset toward the trailing

edge of the load zone. In this position the pin can act as a lubricating film

converging 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 tested. In addition, the new swing

pad exhibited, for most of the speed range, an extremely flat 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 abruptly. 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

which had been put through the accelerated wear process.
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4.0 SUMMARY AND O)NCLtS IONS

Laboratory tests were pert orm.d onk a .or ik-s , t modi t icd test staves in which

the operational character of marint st, i n thie app Ii cat ions was simulated.

Experiments were directed toward the fic tona eval at i o of stave design

cross-sections which freqtuentLV opezate in the boundary lubricated regime.

The intent of the tests was to cVd luate1 the ,ext.n t to hich the negative

slope of the friction-speed curve could be modified by changes in stave design.

The test rig used was similar to that discussed previously in Reference (4);

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

Inspection of the test data revealed that:

" Stave bearing coefficients of iriction were strongly influenced

by pad loading and bv the sliding speed of operation.

" Test stave frictional behavior was also determined to depend

upon the cross-sectional design of the bearing pad.

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

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

" A comparison of the swing pad design to the other staves tested

showed the swing pad to have three perfornanco 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 m/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 speed 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 clurvt of the "new" swing pad suggests that a low

28



speed hydrodynamic wedge action is in evidence. In the

"worn" condition, increased likelihood of intimate contact

in the worn trough is probably the reason 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."

29
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S. 0 RECOMMENDATIONS

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

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

the tendency of the bearing to product, noise. Consequently, additional

experimental work should be done in order to optimize (minimize) the low

speed friction force dependence on speed and load. Of special importance is

that this work be directed towards the swing pad, which has recently demon-

strated promising performance in a sea 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 sLave 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

water film thickness and rubber deformation at the inlet and outlet regions

of the contact zone.
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