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ADSTRACT -
Smtaiiied

S

Yigaree presented neriodically by classification socleties show a major
cause of ship casually to be stern bearing failure. This is particulaxrly
the case for large full bodied tmlk carriers and tankers, Non-—uniforn.

wake distribution around the gtern of vessels causes uneven and constantly
varying lozds upen the bearing., These loads are examined and it is
consluded that they may cauce lubricant £ilm breakdown and seal Yallures.
Tzamination of stern beawring failures gererally confirms this view and
several bearing case histories are presented. Present designs of stern
bearings ave appraised -72th the conclusion that all recent advances in stern
bearing design have beer for the purpose of improving maintainability rather

than relisbility,

eamination of the lecading pattern and the basic design requirements of gtern
goar indicate ihat the provisicn of jacking 0il would considerably improvs
giern gear reliability. This is particularly aimed at reducing the fregquency
of failure cauged by turning gear operaticn, Exverimental work ir which oil
film thickness moasuremeunts were taken on the aftermost bearing of a centainer
ship is presented. Thkis clearly demcastrates ihe problem ¢f turning gear
darage. Furthernore the shaft movements recorded at this plummexr bearing
chow that considerable tailshaft 1ift (the full stern bearing clearance is
tzken up) occuxs and that the tailshaft probably executes a closed loop
wundes the action of the propeller. Design curves are given to show the
Jupricating oil pregsures and quantities required. It is further posivlated
that, within the framework of existing classification society ruies full
hydrostatic Jubrication would have even greater advantages. Design curves to
a basis of shaft diameter are presented to enable clearance, PIessure,
jukricant flow, stiffness and basic dimensions to be derived by simple

caionlation,

Beperimental datxn on suitable materials are given and an overall material
specification produced. Designs are given for three typical ship types and
based upon theze, cost comparisons made. Costs are such that an economic as
woll as technical case can be advenced for the use of hydrostetic stern

bearings.



SECTION TITLE PAGE XNO.

1 INTRODICTION 1
2 TOADING OF STERN BEARINGS 8
3 EXISTING DESIGNS OF STERN LEARING 40
4 SEALING 65
5 COMPARISON OF PRESENT STERN GEARS 70
6 STERN BEARING FAILURES 71
7 APPRATSAL OF PRESENT LESIGNS N 71
8 STERN BEARING REQUIREMENTS 79
9 EYDROSTATIC PRINCIPLES 85
10 LUBRICANTS 88
11 PEARTNG MATERTALS 91
12 LUBRICANT SUPPLY 109
13 IESICN DATA FOR FULL HYDROSTATIC BEARTNGS 115
14 IESIGN DATA FOR JACKING SYSTEMS 127
15 “ TYPICAL LESIGNS 130
16 FOWER REQUIREMENTS 138
17 ECOKOMIC APPRAISAL 139
18 CORCLUSION 141
REFERENCES 142

AFPENDICES 145



IIST OF FIGURES PAGE WO,

Fig. 1 Paddle Wheel and dbearing 3
w2 Pypical water lubricated stern bearing 6
73 Steim bearing wear down T
"4 Bail deformaticn 10
" 5 Effect of wear down , 10
"G Shaft loads and deflexions 250,000 dwt, tanker 14
v 7 Shaft loads znd deflexiors 4win screw liner 15
" 8 Shipbuiléers alignment instructions 16
" 9 Stern bearing load distribution 18
¥ 10 Shiptuilders load distribution , ‘ 19
LI Walce compousnts 22
n o112 Wake gnolysis 24
® 13 Propeller forces : 25
L V) Effect of hull forms upon thrust eccentricity 26
% 15 Variation in resultant bending moments 28
% 16 Propelier induced bending moment single screw liner 29
L Bending moments esccording to Mottt & Fleeting 32
* 18 Fearing lozd for fast tanker ‘ 34
" 19 Shaft position for fast tanker 34
" 20 Bearing load and film thickness bulk carrier 36
® 21 Approximation of tail shaft resonant speeld 41
r 22 Conventional oil lubricated bush 45
" 23 Ivbrication cil system 45
LI Glacier Herbert bearing 48
w25 Turnbull Marxk I bearing | 51

v 26 Tarpbull Mark IV bearing 51



Fig. 27
n 28
E 25
= 30
" 39
" 3
" 33
" 34
" 35
v 36
T 37
n  3g
" 39
® 40
o a1
s 42
" 43
" 4
" 45
" A8
" 47
" 48
" 49
" 50
" 51
" 52
" 53
" 54
" 55

56

Tilting Pad Stemm Bosring

Effect of nunbter of Pads on film thicknmsss
¥ilm thickness of oil lubricated tail shaft bearings

Fiim thickness and clsarance ratio for plain and

tilting Pz2d Bearings

Camella Bearing

Algonquin Stexrn - Gear

Crane Split Sesl

Cavitation Damage

Vhitemetal ¥atigue in Stern Bush
Film stiffness @ 100 r.p.n.
Partial Dydrostatic Bearing
Full Eydrostatic Bearing
leakage Path in "D,U," lMaterial
Feed Pocket in Resin Bush
Effect of contrcl upen atiffness
Effect of pocket shape upon stiffnesa
Suggested clearances

Supply Pressure

Flow Factor and Shaft Diameter

Vater flow per 100 v.s.i, load {I/D =
L ] n 5 n n (L/D:
0il Flovw per 100 p.s.i. load (L/D =
] n ] " " n (L/D:

Jacking System proposed by Hill
Dimasnsions of Two 3lot Jacking Systenm

Guide to Jacking 0il Flow

Water Iubricated Hydrostatic Sterm Bearing (1)

" n it n

0il Iubricated Split Bydrosiatic Stexn Bearing (1)

014 " " 1" "

1)
2)
1)
2)

PAGE 0.

60
64
67

74

104
104
112
114
116

17

122
123
124
125

128



SYHBOL SECIION 2 SESTION 3
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b distance between CG. of
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1.  INTRODUCTION )

Figures presented periodically by Lloyds (15) and other (3) classification
societies show that a major cause of ship casualiy is stern bearing failure.
Thie is particularly the case for large, fulil bodied bulk carriers and
tankers, Non-uniform wake distritution round the stern of vessels causes
uneven and constantly varying loads (20) upon the bearing and can induce
sevious vibration problems. Ultimaie bearing failure caused by material
breakdovm, lubricant film breakdown and seal failure hes been attributed to
these load variations and induced vibrations (5). Iimited qualitative data
on the amount of tail shaft movement dervied from measurement on aftermost
plummer bearings will be given,

An additional cause of bearing feilure has been excessive wear during the
non~hydrodynamic mode of operation which occurs at slow speeds during
manoeuvring and when the ship's shaft is on turning gear (for the entire
period in port for steam turbine ships), Experimental substantiation of the
succeptability of large bearings to turning gear failure is given,

This latter situation will be prevented if high pressure jacking oil is
supplied to the bearing below a certain shaft speed. '

It will be further argved that within the existing framework of classification
society rules the use of full hydrostatic btearings will overcoms the problems
posed by the constantly varying weke forces and induced vibrations. Design
parameters will be presented. Experimental data upon suiizble materisis will
be compared and material recommendations mode.

It is proposed too, that the bearinz will be appraised from an economic
standpoint a2s well as a technical one,

1.1, Background
Prior to investigating novel stern gear it is well to examine the background

leading to the present situation.

Early steam ships were, generally speaking, paddie sieamers and the shafts
supporting the paddles were clear of the water and did not have to perform
a2 major sealing problem. Undoubtedly in a seaway the paddle wheel bearings
(fig. 1) would have to support fluctuating loads but these would be of a
fairly low magnitude.




with the advent of the serew propeller which, for most applications,
quickly ousted the paddle, the naval architect was faced with tne problem
of preventing ingress of water to his ship while at the same tine having
a shaft pass through his hull at a position well below the water line,
Some earliexr screw propellers had an outboard bearing, but, in the interests
of screw efficiency this soon disappeared.

The solution to this problem vas to use a vater lubricated bearing with an
jnboard sealing gland which, while preventing the wholesale inflow of water

+o the ship, did allow sufficient water to lubricate ithe bearing. Ligmun
vitae was found to be an ideal liring material wnder these conditions and
stern bearing design remeined (satifactorily) static until rapid increases

in ship size (in the 1 9501s) rendered water lubricated bearings unsuitable.

At the present time many merchant ship shafts are water lubricated, (Fig. 2)
being a typical modern (1968) design, In this design it can be seen that

ine bush is in two parbs, seperated by an anular space. Although leakage is
possible, filtered sea water is pumped to this space, and flowing for'd and aft,
guerantees jubricetion with clean water, rather than relying upon leskage of
(possibly) siited water. It will also be noted that the bearing surface is

of tufnol, a modern asbesios veinforced phenolic material rather than the
traditional lignum vitae. EHowever the ngiaved" construction essential for
panufacture from wooden staves has been retained., This aspect of the design
may be open tc criticism in that the numerous short bearing surfaces are not
conducive to a build up of a lubricating film, On the other hand the numerous
grooves allow free passage of water for cooling purposes and allow silt and
bearing detritus to be continually flusked out.

Even with light loads it seems unlikely that hydrodynamic lubrication will be
maintained over the full operating range on a water lubricated stern bearing.
This is shown by wear down figures (Fig. 3) supplied fo the writer for the
particular bearing shovm in Fig. 2. The ship in gquestion is incidentally a
26,000 ton dwt bulk carrier of veasonably fine lines for the type of vessel.
Because of the difficulty in maintaining full hydrodynamic Jubrication with
water, oil lubricated stern bearings became necessary for the larger vessels
built from the 1950's onwards. Oil Jubricated bearings had been used earlier
on merchani ships although the exact date of their introduction is not kmown to
the writex.
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& major stumbdling block to ihe wholesale introduction of oil lubricated

stern bearing was, aud still is, the difficulty in producing a reliable

stern seal. Numerically, oil lvbricated stem bushes were only a minor

part of the stern bearing market for some yeara after their introduction.

This point can te verified from the records of specialised bearing manufacturers.
Cre of these (Michell Bearings) made its first whitemetal lined stern bush

ir 1965.

In tomnnage terms it is difficult to be precise as to where the necessity fer
change from water to oil lubricated stern gear occurs. Below a deadweight of
50,000 tons seeme to be the province of the water lubricated bearing while the
stern bearings of ships above 100,000 tons dwt are oil lubricated., Specialist
vessels such as cross chamnel ferries are exceptions to this very generalised
rule, many of them having small bore oil lubricated stern bushes. |
However, since size is & criterion for the decision to fit oil lubricated stern
bearings in place of water lubricated bearings, the majority of future tennage
will, by present standards, use 0il lubricated bearings. The advantages and
disadvantages of these designs are examined in the light of operating condition
at a later stage of this report.

Yarmufacture cf large whitemetalled stern bushes present considerable problems.
Tn the period 1969 — 71 the reject xaie, during maom:fscture, was about 50% in
one factory. Although attention to detail and considerable expenditure on nevw
plant has reduced this considerably, the mere question of size leads to
manafacturing difficulties, particularly when it is remembered that the basic
process initially takes place at 230°C.

Appendix 1 has been prepared to describe the manufacturing process and the major
problems associated with it.

Suzmarising this appendix shows that, for a variety of reasons, the main effects
of the manufacturing process difficulties are lack of bond at the whitemetal/
bush interface and segregation of the constituents of the whitemetal,

Because of the difficulties met in service varicus types and designs of steim
gear have been precduced over the last few years. It seems a feature of these
that they are not designed for any greater reliability in service than the
plain (cil lubricated) bush tut have features which enable secrvicing, repair
or replacement to be carried out,



The tilting rad bearing proposed by Wankesha Bearing Corporation has bcer an
attenpt to improve service reliability bui, as poinied out by Rose, (23)
(24) suffers from reduced operating film thickness,

Seals fitted fo ztern gear are a major source of trouble in service;

failure of this component frequently caueing ccmplete bearing failure. The
seal manufacturers have carried out considerable research into the sealing
problems and, in general, have produced seals vhich are satisfactory for
fine lined vessels where more uniform flow to the propeiler results in less
tail-chaft movement., FHowever, it is debatable whether ceals have yet
reached the desirable degree of reliability for use ir full bodied vessels
whose wake patterns are such that considersble lateral and vertical movenment
iz induced into the tail-shaft. ' |

This thesls will excumine the loading pattern ond port cperation of stern
bearings., Jacking oil is recommended to overcome turning gear problems

a2t aftor exanining current designs and feilures, will areoue that a full
Iydroatatic bearing will imyrove the reliability of stern peaxr to a greatsr
extent, Furthermore, provided water is used as the lubriecant, aftormecst
sealing will cease to become a problen. _

it is alsc inltended to show that such a cystem will, in over2ll econonic terms,
te a vizble provosition although it mey be conceded that the aprvarent first
cost is higher,
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Cea LOADING OF STERN BRARTINGS .
2.1 Static loads
2,141 General

Po calculate the loads on the siern bearing and, indeed, all the shaft
bearings, the shaft is treated as 2 continuous beam with the component loads
regarded as point or uniformly distributed loads as appropriate.
If possible, the bearings will be placed at the optimum positions along the
shaft but such items as length of individual sections of shafting, bulkhead
position and gencral ship structuze may have greatex influence on bearing
position than the need for optimum positioning., However the design of the
shafting system must bz such than:-

(i) Stresses within the system are within acceptable limits.

(41) ILoads on individual bearings are acceptable..

(iii) Stern tube loading 1limits are even and acceptable.

(iv) The shafting system is maintained as flexible as possible

so that the effect of bearing weardown and hull distortion
are minimal.

(v)  Vibration is within ar acceptable limit,
Taroughout these design criteria the word acceptable is used and in the marine
industry the classification societies have tended to be the bodies which
specify acceptatle limits, Their views mey, by some, be considered conzervative
in the extreme but the nacessity to provide a safe ship must te the overriding
condition. It must be remembered that not only the ship and her mechinery
operate in a hostile envivonment (salt water and salt laden air) but that
she must withstend storm and tempest to guarantee the safety of her crew and
Cargse.

2.1.2 Permissible loads

Generally, classification societies do not specify maximum acceptable stresses
on shafting but specify the minimunm tensile sirength and diameter of shafting
based upon (presumably) factors of safety which ave not shown in the rule books.

ILloyds Register of Shipping specify that the intermediate shafting snall be
panmafecturered from steel having 2z minimum tensile strength of 44 kg/mm and
that the diameter "d" shall not be less than:



A = 254 x 'r(H( 40 \m
T4 1b}

coefficient based on engine type and number of
cylinders, It varies between 4,50 and 3,55 for oil

whera c

engines and is 3.5 for turbine engines,
H = HMaximum continuous horse power
R TePolte
T = mninimum tensile strength of material

The diameter of the tail-~shaft is derived from thie by multiplying by &

factor based upen propeller size. ILloyds insist thatl torsional vibration
characteristics of the shaft system are submitted to them for approval but do
not specify that axiel or transverse vibration calculations be submitted. Ior
do lloyds dictate ths loading, spacing or alignment of the intermediats shaflt
bearings but they will sell to builders the necessary computer programmes tec
calculate these.

European practice tends to 1imit intermediate bearing loads to about 100 p.s.i,
vhile U.S. practice is to empley larger bearings (L/D = 2) which result in
lower loadings of about 50 p.s.i. The greater lengtn of the American type makes
them more prone to misaligoment problems. Rose (22) and Couchman (8) have
expressed the opinion that bearing loads could, with safety, e increased.
Stern bearing loading must not exceed 6.3 kgfmm (90 ps.i) according to

Lloyds and furthermore, the bearing length rust net be less than twice the
minimum allowable sheft diametex.

Shorter bearing lengths would assist the buiider in that alignuent becomes less
critical. 1In private correspondence (Swan Hunter and Michell Bearings in 1970)
ratios of 1 ¢ 1 have been discussed but Hose (24) in discussions of sterugear
for supertankers showed L/D ratios of 1.5:1 to be preferable,

In all cases, however, where discussing higher loading of marine bearings

the performance at reduced r.p.m. or on turning gear must be congidered.

One criteria has been that a minirmum film of .002" ghculd be maintained at
half zhead.

The shafting sysitem must be as flexible as possible since the huli of a ship
continually flexes in a seaway and also deflects different amounts under
daifferent loadings. The effect upon static bearing load of ship movement

is considerable., Bearing manufecturers have indicated that actual load in

service may be twice the static calculated load.
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Mg. 4 shows typical cngine room deflexions due %o loading while ?ig. 5
shows theeffect on bearing icads of stern bearing weardown. Both these
diagrems are derived from Bureau Veritas records [29)

It can be seen that as wear proceeds the load at the aft end of the sterm
bearing has reduced by almost ten ters but this is accompanied by an increase
in load of 14 tons at the forwsrd bush, Wear is a funciion of load anéd

it is reasonable to assume that rate of wear will decrease with {ime, This
sssumption however is not borme out by the wear down figures presented in

Fig. 3 In this cage wear rate has been directly propcrtional to time in
sexrvice.

One explanation of the continuation of wear afier concideratle reduction
loading has taken place may lie in the fact that the process of wear down is
accompanied by deterioration in bearing surface go that whereas bearing
contact will take place at, say, slow ahead engire speed when the bearing is
first installed contact will take place at higher speeds once the surface is
rougnened, hence wear is taking place for 2 much greater operating periocd.
Also, it must be vointed out that Judging by the absolute wvalues of wear
presented, the bearing will be exceseively damaged and unfit for service
before wear rate has dropped to an acceptably low value, The paper froa which
these figures are derived clearly emphasises the effect, over the lact few
years, of changing ship dimensions upon the loading of stern and other line
shaft bearings. It points out that over the last 20 years shaft sizes

have increased almost twofold and hence shafiing stiffneass has increased by

16 times, A% the same time as shafi stiffness has increased the floor stiffness
has decreased 16 times. This considerably increases the megnitude of loading
that ships bearings must withstand due to huil deflexion and increases the
significance of shaft alignment (or misalignment).

2.1.3 Magmitude of Ioads
The static loads on shaft bearings are caleculated by considering the shaft
as a continuous beam and generally making the following assumptions,
() The sheft is continuously loaded but suppoxis 2 point load
at its extremity representing the propeller weight in sea

water (i.e. propeller weignt less up-thrust due to water displaced.)

(b) The shaft is considered to be point supported a2t the plucmer
blocks but has uniform support on the stern bearing.
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This latter assumption is, in the writers opinion, somevhat far reaching in
that it assumes the bearing bush to remzin properly alicned to thz shaft,
As has already been pcinted out the shafting of a large vessel is stiff

in comparison to the hull., ZEven if the aligament calculation is correctly
carried out and the shaft bored to this alignment any change in loading

will radically change both the alignment and static load,

When commencing the load calculations of a line of shkafting, modern procedure
is to assume that wherever possible there is one ozaring per shaft length,
This represents a considerable change in attitude over the last twenty years
from the prineciple that each shaft length required +two bearings, if only for
instellaticn and alignment considerations, On merchent ships the bearing
spacing tends to be between 6 and 12 diameters. ide2ally maximim distance
between bearings should be the object, consistent with the necessity to
suppress shaft whirl. _

Both the correct spacing of bearings and the necessary alisnment are
oalculated by an itexrafive process, For (Ship) structural weasons the mxial
position of the bearings is often fixed to fairly close limits and at the start
of the calculation it is usual to assume straight line alignment. Ioads and
influence values (influence value = change of bearing load per 001" change in
bearing height) are caleulated for each bearing, If influence values are
reasonably similar it will merely be necessary to adjust the bearing heights
relative to the cenire line in order ic achieve a Iezsonably unifora load,

If there is too great a variation in influence coefficients then it may be
necessary to re~locate bearings or in some cases remove = bearing altogeiher.
Probably the most convenient method of carrying out such a calculation is by a
conversational mode operator interactive computer programme such a3 has been
developed by N.E.L.

Ref (32) describes alignment theory and practice in ¢ongiderable depth,

The result of such a calculation is shown in Fig. 6 end it can be seen that
the shaft i1iself follows a fair curve.

This shafting is that for a 250,000 tanker and by way of comparison Fig, 7
has been drawn for the shafiing of a twin sorew passenger liner., These
diagrams have been supplied by the shipbuilder. Both stern tubes being in
fact, 0il lubricated.
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In practice - echieving the caleulated alignment is rrobably diffienlt, .
The diagrams show & fair curve for the entire shafting but it must be
remembered that the shafiing consieis of g number of shorter (and stiffer)
shaft seciions, It is usual to calculiate the epacial positions of these
sections so that, when bolted up, they will form a fair curve, The
individual sections are supported both on the installeqd bearings and on
temporary jacks set to predetermined heights using a stretched Piano wire

or an alignment telescope., The shafting ang bearings are adjusted to give a
previcusly caleulated series of "gaps" with ihe unbolted shaft, Bolting

the shafting then gives the overall correct alignment, Fig. 8,a

shipbuilders instruction sneet, illustrates the principle involved,

The installation and alignment of shaft takeg Place while the vessel is
completely light and the engines cold. Needless to cay the defioxions to the
h:ll which oceur when the vessel is loaded or ballasted censiderably affect
both the alimment and the irdividual loading,

This is rarticularly so on large bulk carriers where the shafting is gtiff
in comparison +to the hull,

It is clear too ihat the alignment of the stern bearing relative o the
shafting will change between installation and comnissioning,

The stern bearing is long in comparison to other bearings and hence, in
absolute terms, the misalignment of this bearing relative to the shaft will
be greatest,

Because of the length of the stemn bush it is usual io "slope bore® tho
stern frame to accommodate the stern bearing, The natural shape of the
shaft is such at this point that this is necessary to evenly distribute the
load, However when the change in alignment aftep launchirg is taken into
account considerable doubt must be cast on the final alignment and lcad
distribution., Volcy (29) who, irf only for his position in the classification
societies, must be considered authoritative, claims that fair curves alignment
of stern bushes does glve good results provided the stern bearing assembly
is of the singie bearing type and not the type with a forta and an after
busk (Figs. 2 and 22 show exemples of each type), Eill disegreed with

Volecy on this point and has produced diagrams which show the effect of

ship loading on the Pressure distribution within a stern bearing and also

the consequent change in the point of suprport of the shaft within the bearing,
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Hill does not give a scals of pressure on his diagranm but assuming a
typical load of 80 p.s.i. ¥ig . 9 has veen prepared. It has further been assumed
that the bush in question is &5 inches long so that ithe movenent of the poinv
of theoretical support may be seen in absolute terms., The diagram assumes
hydrodynamic lubrication. Superimposed upon this is a pressure distribution
calculated by the writer for a 259,000 ton ship,
The graphs of Raimondi & Boyd (21) were used to calculate this prsssure distribution
in which & series of minimum film thicknesses were sssumed for a shafi bent
into a parabnla and corresponding preesures calculated at intervals along the
shaft. Integrating these individual pressures gave the total load carried foxr
the series of minimum f£ilm thickness. Pleotting these loads against film
thickness permitted the pressure distribution at the normal load to be derived.
The steps in the calculation were
(1) Calculate attitude angle for a straight shaft at the load and speed
required,
(2) Assume the shaft tobe bent into a parabola equally distributed about the
mid-point of the bearing,
(3) Project the shape of the shaft ontc a plane located by the attitude
angle,
(4) Divide the bearing into 16 equal lengths,
(5) Ascume a series of minimum £ilm thicimesses at the outer ends of
the bearing.
(6) For each of these minimum films derive the minimmum film ‘thickness at the
centre of each of the 16 sections.
(7) For each of these films calculate the mean bearing pressure in each section.
(8) Integrate the pressures along the length of the bearing to obtain the
"no end-leakage" load carrying capacity.
(9) Correct load carrying capacity for end leakags.
(10) Plot load carried against assumed film thickness and egnate to total
bearing load,
(11) Derive pressure distribuiion for result of (10).

Fig. 10 shows the shipbuilders calenlations of pressure disitribution for the
same ship when fully loaded and when light ship.

The shipbuilders graphs have used a simple iso-viscous calculation for film
thickness but are veluable to this thesis as they show:-
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2.2.1 loads due to Full movement in a seaway

-

These loads are caused by the flexing of the nhull as the vessel poves in a
seaway. They are similar Yo the varictions in foress caused by ship flexure
due to different loading conditions. It seeus unlikely that in normal seas
these seaway force variations will bs as high as those caused by loading
patterns but it is possible that during stor:m conditions such vaviations
oscur. It seems reasonable to assume that the load on & stern bearing is
likely to vary about b 5% due to hull movement., Frequency of such load
changes will be a function of wave length and ship speed. With a wave length
of 100 ft, tanker speeds would result in a frequency of .3 to .4 Hz or 2.5
seconds per cycle. Since the length of a modern bulk carriex is severzl
wavelengths the loading cycle is probably not such a simple one.

Since, however, the frequency of the seaway induced load is low in comparison
to blade frequercy (7-10 Hz) it is felt to be acceptable to treat it as a
steady averaze load and to merely increase the average loading of the stem
4ube to account for it.

2.2.2 Ipads due to eccentric thrust and transverse thrust on the propeller

A propeller acting behind a ship does so in an unsymetrical wake field i.e.
the flow of water into the propeller disc is neither parallel to the

axis of rotation nore does its flow remain constant in magnitude and
direction relative to the propeller blades.

A typical blade element acting in a wake is shown in FPig. 11. The wake
flowing round the stern of the vessel has both axial and transverse components
Wa and Wt. An increase in axial wake will increase the angle of attack ()
of the propeller blade which will result in larger thrust and transverse forces.
The tangential wake componenets will be directed towzrds the centre plane

of the vessel. This results in an increased angle of attack on cne side
(starboard for clockwise rotating propellers) and & reduced angle of attack
on the other side. Because of this the propeller develops an unbalanced
transverse force. Any rotating propeller blade will develop mexinmm

thrust at a point of maximun wake. The literature shows (13) that normally
the wake is highest relative to the propellex blades in the upper half of the
propeller disc and on the starboard side fcr a clockwize turning propeller,
Since the wzke is varying at all points around the disc and, at any one
propeller pesition, along the radial line of the propeller the resultant
hydrodynamic thrust on the propeller will act, not through the centre of the
propeller boss, but at some poirt eccentric to it. '
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Fig, 12 attributable to Sinclair & Emerson (27) shows a typical wake
distribution for a single screw vessel, This cleaxly shows the varistion
in wake that a single blade will experience.

The forces generated by a propeller have been gumearised in a diagram
presented by Wereldsma (13) and used by several othexr writers on the subject.
This diagram is reproduced as Fig, 13 in this thesis.

In this diagram, T represents the axial (i.e. propulsive) thrust whiekh, as has
been indicated, varies in magnitude. It also varies in position the

of the centre of thrust being a closed loop the thrust centre being in the
same position whenever the blades occupy the same position. That is to say
the thrust varies oyclically at blade frequency both in magnitude and
position.

The transverse force F varies in a similar manner.

The wake flow is obviously dependent upon the form of the ships hull, ¥Fine
i1ined vessels will have a more uniform flow into the propeiler and hence
smaller load variaticns.

Wake flow is also Jependent upon draught. The effect of aftexr body shape
upon thrust eccentricity is shown irn Fig. 14, TUnfortunmately thig reference
does not attech figures of thrust values to the various patterns shown.
Changing draught also affects the general position of thrust centre.

secording to Vedeler (29) the centre of thrust is generally higher

(relative to the boss? for a fully loaded ship than for a ship in the

ballast condition.

Obviously thé combination of varying eccentric thrust and varying transverse
load impresses a bending moment on the shafi, As can ve scen frem Fige 14
this moment may be positive (tending to load the shaft down into the stemrm
bearing) or negative (tending to lift the shaft in the stern bearing).
Vedeler points out that the propeller induced berding moments are of sufficient
magnitude to load the upper rather than the lower half of the bearing.

Cambell and Laskey (7) show vertical load oscillations in which the tail-shaft
moves the full bearing clearance during service operation.

2.2 Mzgnitudes of Propeller Tnduced Bending Moments and Ioads

Several references are available as to the relative values of bending moments
from which loads may be eastimated. Unfortunately, however, many investigations
bave failed to give sufficient data to enzble absolute figures to be calculated.
Vedeler shows graphs of thrust variation and transverse force expressed as

percentage of average thrust.
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He also gives position of thrusi cenize sxpressed as a percentage of

propeller radius, Fig,. 15 has been prepared from Vedeler's information

to show the variation in relative thruet and eccentricity., Vedeler has measared
these figures on the shaft of a seif propelled model of & dry vargo vessel,
Assuming that these figures are reasonably representative of dry cargo

vessels put into service at the time of Vedelexrt paper the following

figures have been calculated for MV Iobito Palm — (Commissioned 1961)

whose tail-shaft arrangement is shown in Fig, 22.

Propellexr radius - 8.25 ft.
Propeller weight - 1% tons
Shaft diameter - 20 tons
R.P.M, - 118

S.H.P. - 7500 EBhp
Speed - 14 Knots

Estimated thrust using approximate formula

Thrust = HPx§26
Speed

X ¢9 = 150,000 lbo

The propeller weighs 13 ions in air and the density of bronzz is 520 1b
per cudic foot from which the weight of the propeller when submerged in
water is 11.4 tons.

Pable I has been prepared ucing a mean thrusi of 150,000 1b to show the

vertical, propeller-induced berding morment on the tail-shaft.

TABLE I
PROPEILER INDUCED VERTICAL BEWDING MOMENTS
MV_LOBITC PALM

BLADE ANGLE BENDING MOMENT
o 46 )
11.25 46,2 )
22,5 48,5 )
33475 50.5 )
45 54 ) Tons ft acting
56.25 5145 ) upwards
67.5 48.5 )
T8.T5 . 46,2 )
90 46 )

As a general rule it is sesumed that the bearing reaoticn acts at a
point 1/3 bearing length from the aft end of the stern bush.
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Iobite Palm drawings show +this point to be % 625 f£t, from the centre of gravity
of the propeller. With a propeller weight (in water) of 11.4 tonm ihe )
downward bending moment is 41.5 tons ft, Hence undexr all conditicns

of loading the tendency is for the propeller jnduced bending moment o
unload the tail-shaft bearing. As this happens the point of support in

the bush moves forward from the #1/3" position until the B due to

propeller weight is in equilibrium with the propeller thrust induced B.M.

As this occcurs the aftermost plummer block or, if fitted, the for's

bush, becomes more heavily loaded., The net posult is a barely loaded stem
bearing and a long centilivered shaft which is unstable and liable to very
high vibration amplitudes.

It is interesting to note that this particular vessel suffered extremely
heavy cavitation damage to her tail-shaft liner which, on exanination by the
writer, was attributed to shaft vibration.

Vedeler's graphs show for this type of vessel, with a four bladed propeller,
horizontal transverse foxrce is fairly consisient &t 5% of mean thiust and
that the horizontal thrust eccentricity is small. Thie results in a near
constant horizontal bending roment of 12 tons ft., acting to starboard.

¥ig., 16 has been prepared to show the variation on propelier induced bending
moments foxr Lobito Palm.

It can be seen that the plot approximates to a sine wave., For comparison
the equation BM = 4 CCS (46—-’92_’ ) has been plotied, This may suggest a

bending moment equation of the general form
EM = A + B 0S (ne+%F) where n = number of blades.

Jott & Fleeting (18) dispute the analysis of propeller induced forces in
general terms without detailed wake analysis. The work of Tsakonas, Bresten
& Miller (28) tends to confirm this. Their detailed paper requires that a
wake analysis be carried out for each ship considered before propeller
' forces may be derived.
Mott does however give calculated bending moments for a gingle screw tankewm
and a twin screw passenger vessel. Fig. 17 shows these figures. The
tanker is a fleet auxilliary and so will have fine lines for a tanker.
Both ships have four bladed propellers so blade frequency will be about
T Hz. _
For the twin screw vessel the bending moment at all times tends to 1ift the
shaft,
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By inference the net weight of sach propeller is 16.4 tons with a cenire
of gravity 4 feet from the theoreiical point of support in the stern

tube. At this point of support the propeller weight gives a bending moment
of 65 torns ft. which is considersbiy less than the irduced bending moment,
hence the shaft will te lifted in the bearing. Neglecting shafs elasticity,
equating moments leads to a point of support about 10 ft, for'd of the aft
erd of the bearing, i.e. in the neck ring.

Horizontal bending momenis vary from 100 toms ft. acting to staxrboard to

55 tons feet acting tc port, Clearly such an unlozded shaft may be
expected to oscillate in a transverse direction in the bearing.

In the case of the single screw tanker the vertical bending moment acts to
»elieve the load in the bottom half bearing except for about 10° of arc as
each blade passez the horizontal position.

Scaling the small drawings in the paper gives a propeller weight moment of
215 tons fi. Upwaxd bending moments induced by propeller action never exceed
this but a% 150 tons ft. come close to unlosding the lower half bearing.

In oxder to assess the loads on the bearing moments heve been taken about
the for'd tush with the shaft weight calculated a2t 10 tons,

Table IT shows the result of this calculation.

TABLE IT
Blade Load on stern bush Resuliant Load line angle '
Angle Vertical Horizontal measured from
vertical

0 63 rpsi 49 psi (port) 80 psi 38° (s)

20 59  psi. 49 v ® 77 pei 40° (P)

40 46,5 psi 0 " 46 psi 0

60 49.5 psi 117 " (stard) 126 psi 13° (8)

80 70 psi 107 " (star'd)} 128 psi 19° (s)

Using these loadings the locus of the shaft centre may be calculated. in
view of the relatively low speed of ghaft rotation and of load wvariation it
has been felt justifiable to use a quasi-static methed of caleulation of film
thickness.,
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This omits any squeeze film termes and is probadly least accurate in the

region where the load changes almest unidirectionally from 50 to about 130 psi.
The result of the calculzstion in which a typical siern bearing iubricant of

12 x 10"6 Reyn viscosity at 110° F has been used is given in Table II1I, Fig.18
shows the plot of the shaft movement in termg of‘film thickness,

- TABLE III
FIIM THICKNESS AND POSITION
FINE LINED TANKER

Blade Resultant Ioad Filn Thicknesses Relative position
Angle psi inch of min film,
80 L0164 58° )
20 77 .0164 58° ) in
40 46 .018 ga° ) 2vanes
60 126 .014 50° ) 1line
80 128 .014 50° )

The centre of the shaft at the axial midpoint of the bsaring is shown as
performing a "figure eight" movement of small amplitude., The eccentricity
ratio varies between 0.1 and 0.3, this small variation again seeming to justify
a simpiified calculation, Intuitively it would be expectied that the use

of a more rigorous calculation would result in a simpler closed loop locus

of slightly reduced amplitude.

Because of the bent chape of the shaft, however, the movement of the ends

of the shaft is likely to be considerably greater and there seems reason to
suspect that film thickness will be reduced to the extent that metal to metal
contact is likely at the ends of the stern bush. The plot of film thickness

at the ends of the bearing l1s alsc shown in Fig, 19. In deriving this,
hysteresis in the shaft material has been neglected. The general shape of

the arc over about 90° is confirmed by the form of wear pattern observed by the
Writer. Fig. 35 veproduced later (14) shows an are of contact generelly
heavier over the arc from the bottom of the bearing to about 90° on the port

gide,
Appendix V shows the results of an investigation into plummer bearing failure

and contains measurement of bearing film thickness, Graph IV of that appendix
shows the misalignment of the shaft across the length of the bearing plotted
t0o a basis of shaft speed. As speed increases the propeller tends to 1ift the
tail-shaft within the stern bearing which misaligns the shaft relative to

the plummer bearing.
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Above 70 rpm this migalignment is —clatively conatant at 0.0035 inches,

The stern beaxing dimensions and distance from ihe aftermost bearing Lo )
the stern tube indicate that from 70 rpm upwards the tail-shaft is loaded
into the npper half of the stern bearing.

Also indicated is an elliptical shaft rovement at the aftermost plurmer
bearing. If this reading is reliable (being small, less than 001", factoxrs
other than shaft movement influence it) a movement of about 005" could

be taking place in the stern bearing. Although %o put on abroliute quantitative
interpretation on these readings may be unwiss, they 4o however clearly
demonctrate if only on a qualitative basis that considerable tail-shaft
movement takes place in service,

Hoshino and Kume (11) carried out an anzlysis of the weke of a 56,000 ten
buik carrier of full form (Block Co—efficient 0.83) and compared this with
measured values on board ship. Using a similar approach 28 that used to
prepare Fig. 19, Fig. 20 has been prepared to show the loading diagram and
likely shé.i‘t excursicns in the stern bearing of a bulk carrier.

In qualitative terms the general motion of the shaft in way of the end of
the bearing as shown by Fig. 20 is correct. Agmin @ more rigorous analysis
may be expected to show slight quantitative differences,

In view of the agreement between prédicticn of shaft movement using gimplified
hand analysis and the obsexrved wear patterns it seems reascnable to use such
methods until such time as the real values of load can be derived with any
greater accuracye.

As a result of their measurements Hoshino and Xume did succeed in deriving
2 general equation for the bending moments induced by propeller loading

for a series of loading conditions, They give the following ecuations for
vertical 3M (Mv) and horizontal BM (¥H) deep loaded condition:

3
MV = -80.7 (%'g) + 19.4 (’{g%ﬁ sin (50 =3 )

100

vhere + ve sign indicates dowaward and port lead, ¥ é" varies with speed

over a fairly wide range.
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Equations of a similar form express Mv and M? for the ballast condition and
it is shown that the vertical bending mmmentLincreases with stern draught.
Horizontal bending moment increases to a draught between ballast and deep
dranght and then decreases with increase in draught.

Hoshino and Kume have taken bending moment peagvronents in both calm and
rough sea conditions. In calm seas the tendency of the propeller induced
moments acts to relieve stern tube load but rbugh seas will increasec stern
tube loading.

The figures of bending moment given for the rough sea condition would indicate
a variation in load from about 100 p.s.i. upwards to 200 pe.s.i. downwards,
From the few cases examined in this section the following broad conclusions
have been reached.

Propeller induced bending moments are cyclic in nature.

The vertical bending moment may be represented by an equation of the form:-
A (I‘.P.m.) 3 + B (r.pomo) 6 (Sin n e+ X)

where A, B x are constants for any ship and load conditions, n = number

of propeller blades and & = angle of propeller rotatvion.

As presented, the equation probably gives too simple an impression of the
situation. At the present time it has been inpossible to derive the constants
4, B, x in mathematical terms. Each is apparently a complex function of
draught, ship form, ship speed and possible sea state. Hoshino and Kume

give only a limited numbver of the "constants" for certain conditions. They
derived A, B, x from measured bending moments and an assumed form of the
equation,

More work is necessary on the subject of propeller induced bending noments

but it seems unlikely that a general equation holding good for the life of

the ship can be derived. The induced bending momente and their variation kave
been attrivuted to the variations of lift and drag on the prepeller blade
elements as they pass through the wake field. Presumably if an equation

could be obtained to describe the wake field (whose complexity is shown in Fig.12)
it could be used to derive the equation of the bending moments. Once ship
form is defined it ought to be a function of draughi but in a practical
situation draught is constantly varying. At any instant in a2 ships life speed
through the water is a function of shaft speed but as hull fouling and
roughening take place the relationship between r.p.rt. and ship speed will wvary,
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Also varying with age and roughening is the thiclmess of the boundary layer
which also has considexrable influsnce on the wake flow into the propeller
disc,

The cyclic bending moments cause considerable variation in loading and also
result in actual loads in exzcess of those calculated.

Considerable shaft wovement will take place under these load conditions,
particularly in the horizontal directions where full bearing clearance may be
taken up.

If P = classified society permitted pressures the following variations in

bearings loads seems likely in average sea conditicns:-

Medium lined cargo vessel + S5 to .56 P
Fine lined fast tanker + 0,5 te 1,3 P
Full bodied bulk carrier - 1,257 to + .125

+d

Whether such a generalisation is valid. on so few figures may be guestioned
but failure rates on tankers and bulk carrier suggest that the figures of
load and hence, movement, for these ships is representative.

Calculated film thicknesses show adegquate films in the bearing centre but
guestionable films towards the ends of the bush, Also it must be considered
that bearing film stiffness for centrally running shafts are low hence the

bearings studied will have little resistance to induced vibration.

2. 2.2 loads due to tail-shaft vibration

It has been shown in the last section that the action of a propeller in a
wake produces a cyclic bending moment on the tail-shaft, Obviously if the
freguency of excitation is close to the natural frequency of the shafting in
its bearing then resonance will occur. Such a condition can cazuse considerable
damage to the shafting, bearing and seals of the vessel involved.

In 1950 Panagopulus {20) 1aid down a set of rules for the calculation of
torsional, axial and lateral vibrations of tail-shaft in a paper which has
since become a classic. Fe differentiates between general lateral wibration
of the entire shafting systsm and the "local® vibration of the tail~-shaft and
propeller.

One of the results of the Panagopulus analysis was the identification of

the cause of tail-shaft failures between 1940 - 1950,

It was shown that the fepidemic" (Panagopulus' word) of tail-shaft

failures was due to fatigue induced by the constantly changing bending stress
in the shaft,



He demonstirated that whereas normal stress reversal levels were of an
acceptable oxder (1~2000 P.S.1.) the whirling of the shaft caused by local
resonance introduced a magnification factor of 10 into the siress. Bearing
failure however was no: a problem on these ships, This was not the case,
however, for the series of sitecxn bearing failures investigated by

Canadian consultants in 1963 (7). The failures had all occurred to large
tankers and bulk carxriers of full bodied form, The largest of the vessels
vas 61,300 ton displacement. At the time of the investigation these wculd be
ccngidered very large vessels.

The investigation showed that the Jasper (13) formula gave better correlation
with measured frequencies than the Panagopulus formula, Since that time
Couchman (8) has given a graph for the rapid assessment of shaft resonant
frequency.

One of the tail-shafis examined after regular failure by Campbell & Iasky
(7) was a 46,000 ton dwt. 0BO. Examination showed that the upper half of
the aftermost plummer block had wiped and it was agreed that the stern bearing
was virtually unloaded, TIn this condition the resonant vibration of the
4ail-shaft and propellex (effectively cantilevered abtout the aftermost
plummer) would be close to rurming speed multiplied by number of blades,
Investigations of constant irouble with a 38,000 ton dwt. ore carrier again
pointed to the possibility of resonant vibration,

VYhether the findings of Campbell & Lasky may\be applied to larger vessels
may be questicned., However it is pointed out that the bulk coefficients are
similar and hence similar wake perturbations will be experienced.

Also the loading diagrams of the last section show that shafts tend to

yun central in the tail-~shaft bearing and hence the olil film stiffuess is
very low and also the eyclic upthrust reverses the loading in the bearing.
If the graphs of Couchman (Pig. 21) are used to calculate the wvesonant
vibration of the 250,000 ton dwt. tanker (Page 9) then shaft resonance
occurs below 20 r.p.m. and can therefore be discounted. This graph assumes
a fully effective stern btearing acting as a solid support for the shaft

but the previous seciion shows that the stein bearing is likely to bve
unloaded throughout part of its operating cycle and throughout ite entire
cyele has a low oil film stiffness,
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If the stern bearing is considersd non-effectivo and the system taken as

a weight suspended at the end of a beam, encasire at the aftermost plummer
bearing (1.e. a 26000 1b, mass at the end of a 33%Y diameter 355" long
circvlar steel beam) the natural frequency is about 400 cycles per min.
The vessel has a Tive bladed propeller which rotates at 80 r.p.m.
Presumably the actual rescnant speed lies between these two exiremes but
based upon this evidence it seems reasonable to suppose that the Campbell
& lascky findings for bulk carrier stern geax are pertinent for large
modern tankers of similar block coefficients. It is therefore essential
that the stern bearing is an effective, stiff bearing if trouble free
yunning is to be achieved. It also seems reasonable to assume that many of
the stern bearing failures may be attributed to shaft oscillation at blade

frequency.

%, EXISTING DESIGNS OF STERN BEARINGS

3,1 Water Lubricated Staves

Pig. 2 shows a typical design of watexr lubriczted bearing which at a

aominal 24 inch bore is at the larger end of the size range of water

lubricated stern bearings. As can be seen the bearing is in itwo parts.

A long after bush and a shorter forward bush., The two sections are contained
in 2 single cast iron tube which pierces the aftexr-peak bulkhead and the

stern frame. A flange on the tube locates against a suitably thickened

portion of the after~pezk bulkhead to which it is fixed by studs and nuis,

It is attached to the stern frame by means of a nut {screw threed 2° 9%n
diameter) which draws a spigott on the tube against the for'd side of the stemn
frame.

Each bush consists of a series of staves, manufactured from a phenolic
impregnated cloth material, which are held in a gunnetal cage.

A water supply is led to the central space between the for'd and after bushes.,
Sea water from main engine or other pump is supplied to this space.

Although the particular bearing assembly shown has plastic staves more
traditional construction uses lignum vitae staves, This material is a hard
wood which is no% only suited for water lubrication but which seems to have self
lubricating properties enabling it to run under surface to surface conditlons.
It has been found that lignum vitae has better wearing properties when cut

so that the end of the grain is the bearing surface., Unfortunately this is a

wasteful method of cutting wood.
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Past practice has often been therefore to line he lower half of the bush with end
cut wood and to use lengthwise grained wood in the upper half of the bush,

This practice has grown up from the belief (shown to be falacious in

section 2) that the lower half bush is loaded vwhile the upper half is unloaded,
The use of plastic staves as shown in Fig. 2 is a development of the wooden
staved bearing and uses a material whose quality can te more accurately
contreiled and which has been showm to have excellent houndary lubricated roaning
properties,

In the United States similar bearings are manufacturered using hard rubber
(Cutlas Rubber) staves.

In all cases it will be noted that a staved construction is used with large

"Vee" ghaped spaces on the bearing surface. The object of these spaces is %o
distribute ihe water over the length of the bearing and also to trap gilt and
bearing detritus, asllowing it to be washed cut of the bearing without causing

t00 much damage to the bearing surfaces. It is the latter funetion which is

the more important design criteria in thic case.

There is no seal to prevent ingress of water on the after end of the ciern

tube but a simple gland is fitted to the forward cnd to prevent (too much)
leakage into the engine room.

It is ususl for this gland to be adjusted so that there is a steady stream

of water entering the ship which collects in the aft bilge well and is regularly
pumped out. In this way a supply of lvbricant to the for'd bush is ensured and
the gland maintained cool.

The correct method of supplying the lubricating water is to the central

anmular space at about 5 p.s.i. Many Chief Engineers, howevsr, dispense

with this supply and depend upon sea water leakage from the after end to the
bilge well. In many cases this is adequate but in many more insufficient watex,
either to lubricate or to cool, is supplied., Damage to the for'd bush in
particular is a consequence of this practice.

Cavitation damage too, often occurs when a pressure of water is not maintained
in the central space.

With water as a lubricant hydrodynamic lubrication is obtained only at fairly
high shaft speeds (say half ahead and above). The ability to generate films

is also hampered by the very short bearing lengths caused by the necessity of
providing debris slots in the surface of the bearing. If it were possible to
provide a silt free supply of water to the bush a better bearing (hydrodynamically
speaking) could be made by using a full bush,
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Tven so because of the low f£ilm thicknesses and the fairly high speed at .
which the surfaces touch considerable wear would teke place necessitating debris

slots, causing rather a vicious circle of events.

3,2 0il Lubricated Sterr Bearings

For large vessels oil lubricated bearings are in almost exclusive use and

more and more smallexr vessels use them. There are several patented designs

on %he market and some of these can boast of extensive sales. The patented
systems sometimes incorporate special sealing systems, Obviously it is most
necessary that an oil lubricant stern bearing is supplied with adequate oil
seals, one of which will be described later, to prevent ingress of water oxr egress
of oil., Provided that adequate oil supplies are carried on board ship it is
preferable that oil leaks from the ship rather than water leaks into the oil.
0il lubricated bearings, by virtue of the greater viscosity of their lubricant
generate greater film thicknesses than water lubricated bearings but even so it
is likely that metal to metal contact takes place many times during the life of
the bearing., Without considering the effect of dynamic loads at full speed,
metal contact will occur during manceuvring. In a recent paper Asanabe et al
(24) showed that in 200,000 dwt. tanker no oil film was generated in the stern
bush below 23 r.p.m. By 40 r.p.m. a film of .004" was measurad but the papex
points out vibration amplitude increased with speed.

The bearings described here will be the conventional oil lubricated bush,

the Glacier Herbert system, the Turbull system, the Tilting Pad Bearing,

the Camella bearing and the Algonquin systen,

2,2,1 Conventional Oil Lubricated Bush

The conventional oil lubricated stern arrangement consists of a steel tube
passing through the after peak welded to the stern frame and to the after-peak
bulkhead. The after-peak bulkhead is itself a specially strengthened bulkhead.
The stern frame of the ship is bored and a plain whitemetalled cast iron bush
fitted. The arrengement is showm in Fig. 22, The tail-sghafi{ of the ship which
supports the propeller passes through the tube, which is about five inches clear
of the shaft, and is supported by the whitemelalled bush, -
At the after end of the bush, between the propeller boss and the bearing is a
seal, usually supplied by a specialised seal manufacturer. t the for'd

end of the entire tube is another seal mounted on the bulkhead.

It is usual for thiseeal also 1o be of specialist supply although because of its
less onerous duties it is a simpler seal than that of the seaward end of the
tube,



011 is fed to the bearing surfaces by a series of holes supplying two

axial grooves in the vhitemetal. In the particular case drawn each groove
is supplied by three oil holes. The grooves are dizmstrically opposite and
are displaced from the horizontal plane by 150 in aun attempt to ensure the
line of action of the impressed load is along a point midway betweer the cil
grooves, 0il is fed to the grooves by a 13 bore pipe which runs through the
stern tube. 0il from the bearing spills into the for'd stern tube and into

the 0il space of the after seal. The oil in the stern tube is forced to 2 header
tank by the pressure cof incoming oil while that from the after seal flows

to a sump tank which allows any water to separate out and so provides a check on
the efficacy of %the sezl. Excessive water collection in tnis tank would
indicate a faulty seal., The lubricating oil system is chown in Fig. 23. The
header tanks shown maintain a head of oil in the system greater than the head

of water outside the stern seal preventing massive ingress of water in the event
of failure.

0i1 is normally supplied tc the bearing by pumps drawing from the sump tank
(topped up from the headex tanks), Prior to entering the bearings the oil
passes through coolers and filters,

Not only are header tanks commected to the sump but they are comnected via

a non return line to the discharge side of the lubricating oil pump.

Thus in the event of pump failure positive lubrication is obtained for a

period sufficiently long to stop the main machinexy,

It is a feature of many stern tube lubrication systems that, at reduced sgpeed,
sufficient heat will be dissipated into the after peak to allow the bearing

to continue in service., JTn this situation there will be a small amount of
circulation in the entire system caused by natural convection.

As is now common practice a thermccouple is embedded in the vhitemetal of

the bush.

3. 2.2 Glacier Hevbert System

The bearing housing is a flunged S.G. iron tube in two halves lined with
whitemetal, They are firmly bholted together and suppcried at the aft end by
a spherical carrier ring to which is bolted the outboard seal housing, and at
the forward end by a circular diaphragm to which is bolted the inbecard seal
housing.

The bearing halves are completely symmetrical and thus reversible and

invertible within the sub assewdly.
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A full assembly of the complete siterngear is shnown in Fig. 24. The A
bearing assembly, consisting of the bearing (1), the spherical carrier ring

(2) and the diaphragm (5) wiith outbourd and inboard seal housings respectively
attached, is housed entirely within the sternframe. The sternframe casting is
shaped to accommodate a short outer bore within which the spherical seating
ring (3) is fitted and secured with substantial bolis. This ring in turn
receives the spherical carrier ring (2), the whole forming an all round
supporting annulus around the aft end of the bearing, At its inboard end the
casting is provided with a bulkhead which stiffens the frame itself and in which
is formed a short stepped bore backed by two partial flanges,

The diaphragm is received loosely within the smaller diameter of the stepped
bore, the larger diameter of which forms a seating ring for the blocks (7)

and (8) which locate and support the forward end of the bearing.

The whole assembly is secured in position by the axial bolts (9) which are
anchored to the frame casting.

'0' ring seals are provided on the periphery of the spherical carrier ring

and the forward diaphragm to form an oiltight space surrounding the bearing
which is filled with lubricating oil. The '0' rings used at the forward
diaphragm are of large diameter (25-30 mm ). This allows a working clearance
between the diaphragm and its mating bore within which the diaphragm may be
eccentrically displaced to achieve final alignment of the bearing relative to the
shaft line,

The chosen location of the diaphragm is determined by adjustment of the
distance pieces (7) fitted in way of the lower supporting chocks (6).

The upper wedge chocks (8) hold the diaphragm firmly in this position with
radial pressure determined by the axial bolt loading,

This arrangement allows for the fact that the bearing will expand when

warming up at a greater rate than its housing and permits this to take place
without detracting from the rigidity of support at the forward end of the
bearing, The Belleville washer packs (10) fitted to each axial bolt ensure
virtually constant loading of these bolts and those securing the spherical
seating ring. The initial controlled load is applied by hydraulic nuts.

The spigot arranged on the after side of the spherical seating ring (3)

runs concentric with the flange carrier ring (4) with a nominal radial clearance
of 3 to 4 mm. This latter ring and the rotating element of the outboard seal,
is bolted to the forward face of the propeller shafi flange,
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Alternatively, the ring may be formed by approprinte shaping of the forward

end of the propeller boss, Wwo infiatable seals (15) each with independent

air supply, are homsed within recesses in the srherical seating ring spigot

and seal against the imner wall of the shaft carrier ring when brought into
action for under-water withdrawal. The outer diametersof the two rings are
machined parallel to receive an external bandage which can be fitted by a
skin-diver as alternative to using the inflatable seals or to seal off the
gland space from the cea if the ship is laid up,

The sea water spaces between propellier boss and stern frame are coated to

avoid corrosion and the resulting accumilation of circulating abrasive

debris in the space swrrounding the seal, Additionally the labyrinth form of
the assembly and rotation of the enclosed water by entrainment discourages the

- penetration of suspended abrasive in shoal conditiong, There arve arranged

top and bottom pipes connecting the space between working and inflatable

seals to within the vessel, The prime function of these is to test the
effectiveness of the withdrawal of the bearing and seal assembly, These

lines terminate as drilleq passages in the spherical seating ring. By
inclining the radial drilling in the direction of ahead rotation and connecting
the internal pipes to a suitable service line during normal operation, the natural
rctational flow within the enclosed area is converted into 2 positive cleansing
action and the water is constantly changed. _

It is claimed that the high veleccities of entrainment produced in the outer
regions of restricted clearance discourage marine growth. The manufacturers
suggest that in sghips which Droduce a surplus of fresh water, a nominal flow
of this would produce virtually fresh water conditions in the interior., 1In
applications with stainless steel propellers the spherical seating ring,
spherical carrier ring and gland houseing are made of "Ni-Resict™ iron

and the shaft carrier ring of stainless steel 4o the rropeller specification.
With bronze alloy propellers, compatible bronze alloys are used for these parts,
The bearing runs fully submerged in & cooled oil bath, positive cireulation

of the oil through the bearing being achieved without the forced lubrication.
The bearing is provided yith side grooves comnnacted by hcles to the

surrounding oil. A system of grooves in the bearing end spigots likewise
conrect the ends of the bearing to the oil bath, With this arrangement a
pumping action, stimulated by shaft rotaticn, draws 0il into the bearing through
the side ports along its length and discharges it from the ends of the bearing
to return to the oil bath via the end channels referred to. This system ensures
a balanced oil distribution and thermocouples embedded in the lower half at
each end of the bearing measures the tenperature of the whitemetal in the

loaded area.
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It is claimed that the arvangoment Is sell cleaning since enizainsd divt -

cr debris has ample opporiunity 4o setile out rziner then be recirculatied,
Water which may pass the outvozrd seal in event of chronic sesl leskage,
gravitates directly %o the undisturbed area at the bottom of the o0il bath
from which it can be drained. '

Vater can accumulate in the lower part of the oil bath in significant quantity
without being dravm into the circuiating system,

Monitoring devices are available to give alarm tefors the presence of water
introduces a hazard, The system thus permits ths use of normal lubricating
oil with safety,

In the design of this stern gear the bearing company recommend that the propeller
is fitted to a spigot and flenge rather than the mors usual taper, nut and
key. The inboaxd junciion between tail-shaft and main shafting will be &

miff coupling. The tail~shaft is drawm outboard, Some designs incorporate

a bucyancy comne on the prepeller. However it is pexrhaps significant that

the description of the bearing Hill (12) states "he uitimate capability

of any stexngear design limits to be determined by the skill of the naval

architect in producing a reasonable wake pattern®,

3. 2.3 Turnbull Split Stern Bearings

The Turnbull design of btearing is again split but, instead of the halvesn

. being clamped together in the conventional manner by centre line flenge studs
and nuts they are clawped by jacks ecting against the stern frane,

Fig. 25 shows an early versicn of thig stern gear. The cast iron whitemetal
lined bush is split along the horizontal centre line which 2llows the top
half bearing to be lifted and moved forward into the ship for the shaft

to be examined.

The seals at the for'd and after ends are split, The earlier version of this
bearing had a boere of Camslla design which is descyibed later,

It is claimed in a paper by Cromvie & Clay {9) that it is a feature of the
Camella design that the bearing itself can puuw o0il to a headew tank and
hence circulatien can be achieved without a juehite

This is achieved by positioning the lobes so that oil from the high pressure
zone of one lobe discharges into the low Presgure zone of the adjacent lobe,
The final leakage pressore, it is claimed, is sufficient to lift 0il in

sufficient volume to the coolewrs and header {tank,
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Such sn arrangement is unlikely o be effective when running astern. Fresumably
sufficient heat is diseipated via the adjacent ghips structure when rurning
astern to maintain service temperatures at a recsonable level., HMilne (36)

has indicated that sufficient heat j¢ normally dissipated in this marmer even
vhen ruming aliead. It bas alse been the policy of Milne's compauy 1o use
thermal cyeling as a means of circulating oil through coolers,

The Tarnbull system is marufactured complete with a special design of stern
frame and it is necessary for this specially shaped stern frame to be welded
into the existing ship structure while the vessel is on the stocks, This itype
of construction did not appeal to shipbuilders and a later design which was in
effect two concentric cylinders was manufacturered, The outer cylinder fitted
into a conventional, albeit large, stern frame in the marner of a normal

stern tube while the immer ecylinder was in fact the Turnbull bearing., Fig. 26
shows the latest design ¢f Turnbull beaving designated the ik IV bearing
which again incoxporates a section of stern frame which the builder must
incorporate into the ship. The accurate welding of such a section is likely
4o present some difficulties.

It will be seen that there is an hydraulic/mechanical sealing ring outbeard
of the outboaxrd working weal. This seal is brought ints operation befoxe
removing the lower half wcdule into the ship where the outboard seal can be
completely removed from its working poeition and replaced by an entirely new
seal if necessary. The hydroulic/mechanical seal is positioned so that the
propeller tap bolts can be removed from inside the vessel at survey time,

The lubricating oil system proposed for use with the Mk IV bearing instailation
is similar to that of comventionazl stern gear, |

Yhe Mark IV version uses whitemetal bearing bushes and lubricating oil pumps
are therefore necessary since plain bushes do not have the pumping action
which is claimed for the Camella bearing. A three-way pressure control valve
is fitted to control the bearing oil inlet pressure. The pipe runs are kept
as short as possible since there is no header tank in the system, The oil
return from the bearing is taken from the top of tho seal space =0 that in

the event of puwmy failure an oil bath system will be maintained while the
shaft is brought to a stand-still,

The bottom half of the intermal medule is chocked on to two horizontal fore
and afi machined surfaces within the stern frame. A detachable arch fastened
to the lower half of the module ic filtted with an adjustable sealing unit which

seals inside the ciroulax peortion of the stern frame,
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This arch, together with the bottom half of the module, carried the outboaxd
seal, the face of which comes into contact with the seal seat attached to the
tail-shalt flange. The top hall bearing of the mcdule is of wvery gimilex
design to the Mark J and makes an axial seal on the face of the arch and a
seal along the horizontal joint of the bottom half module. A support
extending 450 either side of ihe vertical centre line of the tail-shaft is
built into the stern frawe in the lcwer rope guard area to enable the
propeller to seat when the chocks are removed from the lower half module 80
that it can be moved into the vessel.

The sequence of operations from a ghipbuildex's point of view, thexrefore,

is that a portion of the stern frame, including the internal podule which

ig chocked in position within the frame, is aligned by telesccpe and welded

in as for the Mark I. The top half of the vearing is then removed and the
tail-shaft introduced. Becauce of the large aperture present when the top
half bhearing ise pemoved it is possible to use a tail-shaft with an integral
forward flange thus eliminating the need for a maff coupling. The propeller
is fitted, the shaft rmoved into its correct axial position and the top half
bearing locked dowli. With the ship at the dravght specified by the owner and
builder the top half bearing is removed and feelexr gauge readings are taken
beiween the shafi and the beitom half bearing to ascertain the position

of the bearing relative to the shaft. The spare chocks can then be

machined to bring the complete length of the beaxring into alignment with the
tail-shaft.

Two hydraulic jacks vhich have to be carried in the ship's stores axe

placed underneath the bottom half module and the shaft, propellen and module
1ifted to allow withdrawal of the original chccks. The new chocks are then
fitted, the module lowered and the hydraulic jacks removed from underneath the
module. The top half bearing is replaced after readings have been token on the
weardown gauge and the owners and builders are gatisfied that, at this drouvghty
the shaft is correctly supported. If trouble is expericnced with the outboard
geal, provided that the vessel can be put into a safe position, the oil is
arained from the Learing znd seal space opened, If it is found that water
continues to run then the outboard seal is known 4o be faulty. The hydraulic/
mechzni.cal seal is then actuated to make & seal on the forward face of the
propaller. The movement of the sealing ring is normally due 1o hydraulic
pressure but can also be accomplished mechanically. The geal is then locked
mechanizally in position. The space can be drained of sea water and the seal

checked by opening a drain on the inside of the hydraulic mechanical seal.
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The top half bearing can then Le vemoved and jacks snd roller~race skids .
the module, shaft

and propeller to enable the module chocks to be removed after which the Jacks

placed undecrneath the module. The jacks are uced io 1ift

are lovered until the propeller is resting in the support cradle built into
the stern frame, TFurther lowering of the jacks brings the module away from
the tail~shaft until it is resting on the roller-race skids, The moduley
complete with outboard seal, can be removed into the vessel for examination
of the seal. The split running f{ace attached to the outboard flange of

the tail-shaft cen be examined and removed if necessary. The seal can be
repaired or replaced and the whole of the module returned to its working
position by a reversal of the ahove sequence.

It is, therefore, not necessary to dry dock ox trim the vessel 1o carry

out full maintenance of the outboard besying and oil seal,

3, 2,4 Tilting Pad Stern Bearings

mio bearing manufacturers have proposed tilting'pad stern bearings for large
ships, However, only cne such unit has been installed, The adventages

clained for this particular unit have been (primarily) its self aligning
properties and ease of handling of the pads.

In order to provide self alignment within the limited space available in the
stern frame each pad has been provided with a hardened spherical button upon
which it pivots, This button sits upon & hardened insert in the stern tube.

Tn shore based installations these hardened buttons and seats have given trouble
jn service mainly becausc of surface cracking. Experience has shown that the
degree and depth of the surface hardening is critical and exceptional quality
control over the heat treatment is necessary.

The proposals of the other manufacturers have not incliuvded hardened buttons
vut allow the pads to pivot on a cylindrieal back, Fig. 27 shows one proposal
made for the incorperation of tilting pad units in a Turnbull stern bearing
module, No self alignment properties have been built into these pads except for
a small degree of end xelief,

Two rows of pads are shown and it is likely that some degree of differential
slope boring wouléd be necessary in the stern module and bearing cap to allow
the two rows of pads to align themselves to the curvature of ths shaft. The
radius of curvature of the back face of the pads is so dimensioned as to reduce
the contact siress to an acceptable amount without the necessity of hardening,
An apparent drawback of eylindrical pivoting of this kind is that as the pad
pivots, the point about which it pivots moves "forward" relative to the shaft

rotation, thus tending to xeduce the load carrying capacity.
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Acoording to Elwell and Findlay (10) however, variailons in pivot position-
of up to x 20% will have little eff2ct on the lozd carrying capacity of
tilting pad journal bearings using a high viscosity lubricant such as oil,
(In the case of low viscosity, compressible lubricants such as air, this

is not the case).

For reasons of handling specified by the custoner, eight pads per row have
been used. The effect of this has been to reduce the minimum film thickness
to sbout one third of that of the plain bush (I/D = 2) previously ueed in
this stern gear.

Since two rows havc been uced (and properly aligned) a reduction to about
half of that for the leng bush would have been acceptable since the deflexion
of the shaft over the bearing length is reduced, TFor reasons of enhanced
£ilm thickness a reduced number of pads would be preferable. This is shown
in Fig, 28 which has been reproduced from the A.S.M.E. Standard Handbook of
Imbrication Engineering. '

Towever,; to compare bearings of similer dimensions Fig. 29 has been propared.
Minimum oil film thickness has been plotted to & base of shaft diameter
assuning a full away speed of 100 r.p.m. and a load equivalent to %0 PeSele
This indicates the tilting pad bearing to be at o disadvantage tc the plain
bush in respect of {ilm thickness when the clearance ratio is 0.0015 but at a
ratio of 0,002 the position is roversed. This is explored a little further
in Fig. 3%0 vhich has been drawn to show film ratio against clearance ratio for
an IL/D = 2 bearing. Ind leakage has been tzken into account but the iso~viscous
case has been used. (U = 4.5 x 1070 Reyne )

A more rigorous determination of file clearance ratio would be expected to
reduce the ratio at the smaller clearance end of the graph.

The graph also shows that in the range of clearances normally adopted for
industrial bearings the bush has a considerably thicker lubricant film than
pads taking up a similar space.

Tn the case of stern bearings the elassification societies insist on

fairly high clearances and in the range 0.0015 %o 002 generally used, the
advantage of the bush is not so marked.,

However, it mmst be noted that for any runber of pads greater than fouw,

no advantage in respect of load carrying capacity can be claimed for the

pad bearing. The assunption hes also been made in preparing this graph

that the pads occupy & space equivalent to 0.8 of the shaft periphery.
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This is about the highest ratic that can be achicved and any reduction in
this ratio will reduce the film ratio. 0.7 is pernaps a more coimon ratio
of total pad length to shaft circumference and, this would give a film
ratio of .11 at the .002 clearance ratio. Hence, it would appear that over
the entire likely clearance range of the stern bearing the tilting pad unit

is at a disadventage tc the plain bush.

3. 2.5 Camella Stern Geax

The Camella type of sterm gear is not a complete design but a type of tush
fitted to a conventional system. A series of cixcular bores is situated
aleong the bearing. Each bore is oversize by normal standards but its

centre is displaced from the central axis. The centre of each bore is alsec
éisplaced from its neighbourk centre by 1200. If the lines of each bore Q¥z
projected onto one end the shape obtained is a three lobe beawring, This is
shown diagramatically in Fig. 31.

By the selection of bore sizes and suitable eccentricities a bearing which
restricts the movement of a shaft to close limiis tut which at the samc timse
has large oil flow clearances can be manufactured, In order that there will bve
no turning moment induced, five bores axe required in the bearing., Generalliy
the central lobe is twice the length of the other fourx,

Relative to each of the bores the shaft runs eccentrically and, therelore, 2
wedge shaped oil film is generated in each bore. This in tumm xesulis in a
force being generated in each of the bores, Obviously the veclerial
cummation of the forces in each of the sections mst be equal to the total
load on the bearing. Reference to Fig. 31 in which the centre section (¢)

is considered to be the load carrying part shows that if section C is
considered to generate an upward load then sections A and E will generate 2
force displaced by 120° clockwise 1o the force from C while sections B and D
gererate a force displaced by 120° anticlockwise.

The forces generated by Sections A,E,B and D axe essentially stabilising forceso
Tn order that mo net turning moment be empressed orn the shaft the secticns are
arranged as showie

An example of a bearing which does not requive five lobes to prevent turning
is a turbine bearing where bearings are paired., In this case three sections
only are needed.

0il supply systems are conventional.
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3. 2.6 Other Steym Ceam

2, 2.6.1 Algonquin Shern Good

The Algonguin sysiem is one of the Tew radical approaches tc stern gear design.
Described by Campbell and laskey (7) the purpose of this bearing system is

to reduce the level of vibration in the tail shafting., It is this vibration
which they claim has been responsible for much stern bearing trouble.

The object of their design is to stabilise the rotation of the shaft and at
the seme time reduce the loading on the atern bearinge

The main feature of the system shown in Fig. 32 is & comparatively short
water lubricated ztern bearing wnich peneurates the stern frame only. The
after peak bulkhead has been cut away in its norxmal position and a space

made within the after peak. Into the space a xroller bearing has been
jnstelled close to the stern bearing. The corventionzl stern tube
penetrating the after peak has Dpeen dispensed with. By situating a tight
clearance bearing close to the stern bearing 2 noda) point has been
established close to the propeller and the stera bearing has been effectively
unloaded, £erving more as o Bea water scal than an effective bearing. Cloze
to +he aftermost roller bearing another roller bearing has been installed
effectively making the shaft encastre from the aftermost plummer.

The system is designed 80 that during installation tue loads on the stern
bearing and on the rollexr bearings can be controlled using hydzaulic jacks
one of which is specially designed for snd fitted into, in the stern frame,
the other is mounted tetween the two aftermost plummer blockse.

In order to control the loads on the various bearing components the follovwing

assembly and aligoment procedure is followedi=

(1) The spherical yoller races and bearing houses axe agsenbled
n the shaft.

(2) The taii-shafi is inserted into the stexn beswing and positioned
axially. The Jacks are pressurised 1o support the shaft and its
lay adjusted to that coleulated in the earlier design stages
(Scetion 2. 1.3) by use of the jacks,

(3) The propsller is now fitted complete with nut and cone.

(4) The pressuve in the two jacks is now adjusted to a previously
ecatenlated value to impress the correct load on the stern bearing,

the aligrment checked and the plumner bearings chocked,



The Algonquin stern gear uses "Cutlas® rubber on the stern )
bearing which is water lubricated., “his tends to be a first choice
material in U.S.A. and Canada for water lubricated bearings but the
inventors of the gyutem point out that any suitable bearing

materizal may be usad.

There are other proprietory types of stern gear but all seenm to be variations
of those previously described,

One manufacturer (Railkc) proposed an oil lubricated bearing which instead of
using a whitemetalled bush uses a plastic material which can run under
conditions of boundary lubricciion with water as the lubricant. In the event
of aft seal failure the bearing will continue operating satisfactorily until
dry docking can he carried oute.
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4, SEALING

Vith water lubricated stern bearings it wac nct necessary to seal the after
end of the stern tube against water but obvicusly the for'd end had to be
sealed to prevent excessive leakage of water into the ship, The for'd seal
was usually a simple gland which, in order to rum cool, was slackened back
sufficiently to allow some water flow into the bilges. FEven the large diameterx
shafts described in the Algonquin propesals use simple for'd end glands,

Some water lubricated stern bearings have been fitted with complex sealing

in order to permit recycling of clean water as the iubricant but it ic for

the oil lubricated bearing that sealing is essential. Not only is an

after seal needed +o prevent water leakage into the bearing oxr loss of oil

to the sea but it is no longer possible to use a simple gland at the for'd
ende.

Without lezkage such a gland would run excessively hot and a constant flow

of 0il o waste is totally unacceptable.

Beth 1ip seals and mechanical seals have been develuped but the most the
modern type of seal seems to be the mechanical face seal., A typical spiit
seal of modern design is shown in Fig. 33%.

4 split mouating ring is rigidly fixed to the stern frome, Clamped to this
ring is & split bellowé piece which supporis the face carvier. The geal

foce generally of filled p.t.fe.€., ic revlzceable and ig heid in the face
carrier, TUpon the propeller/shaft flange or, in the case of a taper f
propeller, on the propeller boss is clomped & drive sleave which carries a
seat mating with the p.t.f,e. face.

The face remains stationary and the seat rotates with the shaft. The
bellows piece is of spring wires coated with a rubber sleeve and it is the
compression of this bellows piece which maintain the NECessary pressur
between the rotating secal seat and the stationary face.

Inside the mechanical seal ie a cecondary fixed sealing chanber, This
chawbexr is an ammulus around the ghaft fixed to the stern frame and naving
a close clearance where it abuts the propeller bess ox flenge. The ammular
space so formed divided into twe comparitments by a radial plate having a
close clearance around the shaft, 0il flows from the bearing into the
for'd part of this space returning through suitable passages to the
lubricating oil pumps, The oil which leake from this space finds its way
into the ocuter (mechanical) seal where it mixes with any sea water leakage

and drains to a sump tank,



The for'd scal produced by the zams manufacturver is similar in design but -
is of lighter construction ang advantage has been taken of the inereased
room for installation to simplify manufacture,

The advantage of a split seal is that it ear bo removed and serviced withousd
the necessity of drawing the tail-shaft, and 211 the mamufactuzers of these

seals emphasise the ease with which they can be maintained,
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S COMPARISON CF PRESINT STIRYN GEARS : -

From 2 mere standpoint of simplicity the water lubricated stern bearing

has much to recommend it, Sealing problems are minimal and, in the event

of lubricant cupply failnure the bearing has a burilt in "get you home" abiiity,
It is obviously an advantage for any bearing to be lubricated by the fluid
which surrounds it but although this is apparently so with the water lubricated
bearing it mvet be remembered that in estuarine waters there will be consideraple
silt and abrasive matter which, when stern leakage is used to supply water, can
cause rapid deterioration of the bearing surfaces. Nor is silt only found in
the immediate vieinity of the estuary., If this were the case the short term
abrasive wear may be acceptable., However rivers such as the Amazon deposit
511t water many hundreds of miles out to sea. Ocean going vessels also have
to meke extended river passages along the Amazon, Mississippi and other rivers.
As well as the problem of eilt in estuarine waters scne polluted estuaries

and canals are highly coxrrosive,.

The practice of staving water lubricated stern bearings enables much silt

vo be flushed from the bearing but reduces bearing arca, However siaving does
enable repairs to local damege to be carried out without conpletely ienewing
the bearing.

Because of iis inability to support any great load, the viscosity of water
being low, the water lubricated bearing has to be long in relation to its
diameter and will have less ability to tolerate misalignment, wvhich the
loading analysis has shown can be consideradlce.,

Cameron (5) has dealt with acceptable misalignment, his work sugeesting

that & misalignment which takes up almost all the availability film thickness
at one end is acceptable provided the shafting is effectively pivoting

about the centre of the bearing, i.e. if the calculated film thickness

for a well aligned hearing is “x" then the shaft may be misaligned to

zero film at one end and 2x at the other., In yractice this is hard to confirm
or accept and for a calculated f£ilm of "x" a {otzl nisalignment of ™" giving

a film of'gi at one end and %’ at the other is the kind of misalignment

that can be tolerated although no bearing mamufacturer is likely +o commnit
himself to this amount, No matter what the actual degree of misalignment,

the short oil Iubricated bearing will be able to accept about twice as much
anpular misalismment as the longer water lubricated bush for the same £ilm
thickness, Aligoment problems have to some extent been overcome by

Glacier by the provision of a spherical seat at the oft end of the tush and

limited adjustment at the forward end,
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bearing one wajor disadventage in that for exemination of the bearing the
propeller and taile-shaft must be drawn. Such a msjor operation reguires
that the vessel be dry docked.

The oil lubricated stern vearing is manufactured with a longitudinal oil
groove and cannot take load in this direction. It is necessary therefore

to turn the bush on instalilation so that the load line passes thiough the
crownt of the bearing. Load in stern bearing varies considerably in direction
so such a directional feature is undesirable, Since the water lubricated
bearing is end-fed it does not have this feature.

The Glacier & Turnbull systems are designed primarily for eass for
servicing in comparison t6 more conventional bearings., Both bearings can
be withdravn into the ship without the need to draw the tail-shaft,

Sealing against flooding is achieved by an inflatable seal in addition to
the normal aft seal, fThis double sealing is necessary since bearing

damage is often associated with seal damage (or wvice-~versa) so that

bearing examination or change is usually accompanied by a change of the
{split) seal.

The advantage of inboard dismantling and inspection is achieved at the
expense of increased size and cost of the bearing.

The space necessaryy to accommodate the beaxring necessitates fullor stern
lines, In way of the stern bearing the transverse width of the vesgel has
t0 be increased considerably for both the split vearings. This increase

in width gives very full lines adjacent to the propeller resulting in greater
disturbance to flow.

In gpite of the increase in space required for dismantling neither of the
split designs gives an engineer very muech space in which to work and
dismantling these bearings in the confined space available is not the simple
task the manufacturers claim, The Turmbull bearing seems to have the added
disadvantage that in most versions it requires that a gpecial secticn of
stern frame be aligned and welded into place, It iz not aprarent from the
information available but it is presumed that the assembly of this stern
frame section takes place when the vessel is on the stocks, whereas it would
be much more convenient to deal with this part of the ship on ite side in the
prefabrication shop, Milne (17) has deseribed %he methsd of welding the

Tarnbull frame into place.



L

This description certainly concerms the welding in place of thig large
stocks.

-

structure %o very close aligusmeut limits while the ship is on tue
Neither the Turnbull or Glacicwy besrings attempt to improve the relizbility
of stern bearings but seem to accept a degree of unreliability and catexr for
case of repair. The Algonquin systen tries to improve the reliability.

The use of roller bearings for large shafting is not popular at sea. These
bearings have acquired a veputation for false brinelling and subseguent
failure which with the technology applied by reputable rollexr bearing
manmufacturers is today largely unfounded. However the majority of these
bearings are not split so that to replace the aftermost bearing of the
Algonquin system would require the ship to be docked and the tail-shatd
drawm, (Cooper split roller bearings are an exception), The Turnbull and
Glacier stern gear and the Algonquin stern gear all require access heyond
the normal after peak bulkhead space., Whether in the long term this is
acceptable has yet to be seen,

Vansfield (16) discussing Hill's paper suggests that access to the working
space would noxmally be by trunking from above the Wulkhead deck rather
than through a watertight door in the after peak bullkhead. However after
due consideration access from the engine room had been allowed by the
classification society. Ship designs incorporating Glacier & Turnbull
designs have a continuous bulkhead at the appropriate frame position tui

the Algonquin system does not show this,

Since the Algonquin system requires inboard withdrawal of the tail--shafi

the fitting of a complete bulkhead may invroduce difficulties, Compared
with the two oil Jubricated systems the Algonquin system does not seem to have
attracted many sales, Personal correspondence from a Lloyds inspector in
Januaxy 1974 gsve heresay evidence that failure had occuxrred in service of the
early models. The systeu has been produced in Canada, a country without a
major shipbuilding or ship owning industry and this combined with early
failures may be the reason for lack of sales,

From & purely operational aspect the split, 0il lubricated stern gear have
no advsntages over the conventional oil lubricated bush., In terms of
maintenance swmd inspection they benefit but they are much more expensive in
first cost terms and require much more cpace, Additional water tight doors

ere required and the ship structure is more complex.
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6, SPERN BEARTHNG PATLURES : -

Petails of bearing failures in shipsg at sea are 3ifficult to come by.
Owners have no wish to publicise their problems noy 4o builders wish to
give details of failures which rightly or wrongly may be attributed to
their workmanship.

With earnings of over £10,000 per dzy for a laxge tanker these attitudes
are hardly surprising.

The writer has personally investigated several siern bearing failures,
unfortunately each of these (5.1 5.2 and 5.3) has been of water luoricaled
bearing and because of this the oil lubricated failures repor&dare from

other sources.

6.1 Twin Screy Passenger Vessel (Tailed 1965)

This vessel of relatively fine lines had experienced no operating trouble
at sea but when dry docked for survey it was found that there were vands of
corrosion or cavitation damage along the bronze tzileshaft liner. Closc
examination showed that as well aéxgkfined bonde of shallow damase ijen
deep there were pin holes which almost penetrated the tail-shaft lines,
Calculations performed at the time (not by the writer) showed the shafting
regonance frequency to be close to blade order frequency if the stemn
bearing were neglected. Detailed examination of the liner damage suggested
cavitation to be the cause of the major damage but clectrical discharze to
be the cause of the pitting. The stern bearing of lignum vitae was not
excessivel: worn nor damaged but the wear pattern indicated shaft contact
over all its area. ~

It was therefozxe postulated that the shaft was indeed vibrating excessively

although no coxplaints had been received of this vibration. The vibration

magnitude was considered sufficient to cause cavitation in the water. It was

thought then when contacting the bearing there had been some electrical
discharge from the ghaft. No theory was put forward as to how this current
had been generated.

The action taken was to re-line the tail-shaft and to realign the afiermost
bearing to put greater 10ad on the stern bearing. As far as is kanown this

action was successful,

6.2 Single Screw Bulk Caxrier (1972)

Yo trouble had teen reported during the voyage of this vessel but when it
was drydocked for survey the tail-shaft linex was found to be cracked on

several places,



These cracks weTe all in the somc bznd around the 1linecxr, at & position

equivalent to 2/3 tne bearing Length from the aft end of the bearinge. The

+

argest crack Was about six incnes 1ong and penetrated +hrough the liner
allowing the tail-shaft to rust. Cracks ran hoth longitudinally and
circumferentially‘

The bearing jtself showed excessive weardown for the length of cervice and
thers was Some evidence of chaxrring.

The liner was gectioned for metallurgical examination and tensile gpecimens
prepared. These showed the bulk of the linexr to pe correctly cast and of good
quality. Tn way of the cracks the crystal structure showed evidence of gross
overheatinge.

Some time prior to aocking the vessel had TUn aground in the Mississippi and
the engine roon log showed that in ordexr to free her the engine had been
slovwly revolved alternately shead and astern for several hovrs.

Under this treatment no hydrodynamic £ilm weuld be generated and considerable
heating would result. Also @ 1ot of silt would find its way jnto the bearing.

It vas concluded that the damage ocourred during thig grounding incident.

6.3 Single SCTEW Carsgo_Snip

mhis vessel had been in gexvice for ceveral years without any trouble and
had had hex tail-shaft drawn geveral times for inspection. Hovever she
suddenly started to overheat in the for'd gland and to throw packing.

The packing was changed with no appreclable change uatil eventually the

ghip had to be dockeds

Fig. 34 chovs the state of the tail-shaft st that time. The linexr wWas
replaced and the cause of damage attributed to corresion but trouble
pecormenced with the nevw liner.

At this point the writer investigateld the problem and discovered v 2t the
cister ship also was having sltern gear troubles, In the writer's opinion
the damage 10 the linex wasg typical of cavitation elthough in this case
the damage was in the fox'd vuch of a two push system whexeas cavitation
more usualiy cocurs in the central anulaT gpaces A previous netallurgical
examination had repocted the damage to De Ge—zincification.

In view of his opinion of cavitation the writer pursued the question of

")

vibration and discussion with the chief engineer, Wil also had gerved on
the sister ship, revealed that ctern and shafting vibration had becocme &

problen sbout a yeax previously,



Nhe chief engineer algo confizmsd that it was not tne practice to supply
water to the stern tube, leakage velnyg considered adequate.

The onset of wibration of both snips coincided with +he ships charging
gervice from a fally loaded condition to a 1ightly 1loaded condition in which
the propeller blades broke the surface of the sea.

Tt was postulated that this indnced vibration cansed cavitation damage, the
gystem heing more prone to damage of this nature because of the lack of
positive pressure in the water spacee

To remedy this the first action wag to supply water fyrom the engine room
pumps to the central anulaxy spacee. o5 pre¥ent continued vibration it was
necessaxry o alter the amount of vallast the ghip could carTy to ensure

full propeller jrmersion.

6. 4 Failure of 0il Lubricated Bearings

According to Koons (14) the evidence suggests tuat pigalignment is the most
conmon cause Of stern bearing fajlure, In the centext of his paper he is
veferring to vearing failure when no sealing daage has occurred., Tue to
non-uniform ieading the whitemetal overheats and wipes., This process
continues along the bearing until complete failurse occuIS. He does point
out that alignment can change and 2 chips bearing may fail some time after
commissioninge

Fig., 35 is reproduced from Koons papex and shows a stern bearing in wnich tne
whitemetal has failed by fatigue. In the case in queztion there seepms to be
some doubt as TO the bhond gtrength but there must have been considerable
variations on the loading to produce guch a failure. Most bearing failures
sesn to be sasociated with geal failure and according to Archer (1) and
1311 (12) the majority of bearing failures of 0il lubricsted stern gear
have been caused by prior ceal failure. It seems ressonable +o suppose that
a major cause of sezl failure is the relative radial movement between shafl
and seal., In the fare seal design this may not be too critical but with the
radial 1ip seal (L'ps} this must present problense This is acknowledged by
Koons (14) whao hzs written #fhe excursions of the shafi operating within the

confines of the bearing can promote wear'.
Both types of seal may suffer leakage if the seal avea is 10O large hecause

this will allow sufficient hydrodynamic pressure to be generated to open the

seal.
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The most cormon cause of seal lailure is wear, generally abrasive wear du

[44]

sand or 3ilt in the water or ;»it left ir the oil system. Koons in
deseribing lip type seals quotes several instances of elastomer deteriexation,
Crane seals have reported several seal failures dvwe to tail=shaft vibration,
The vibration had resvlted in failure of the heavy'duty springs in the
bellows piece of their seal.,

In another case tha clamping lugs had sheared, later inspecticn

revealing this to be a fatigue failure.



FIG. '35
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Te DISCUSSICH OF PRESIZT TTSICY

Froxm the rate of failuxe of stein gear it does not seem teo sweeplng &
statement to say that present designs are inadequate foxr the duties

they have to perform.

The water lubricated bearing is inadequate at lower speeds, is prone o
damage from silt and suffers from misalignment and propeller induced
movements.

Propeller induced movements at full speed seem to result in the majority
of failuves as illustrated by the examples given previously and hy the
failures reported by Campbell and Laskey.

On the other hand the simplicity of water Inbricated confers advantages.
Major sealing problems are avoided. Temporxary lubricant supply failuwe is
unlikely to result in catastrophic bearing failure. Iven after fairly
gevere damage the water lubricated bearing can be operated and the vessel
can reach port without the assistance of tugs, Even under adverse veatner
conditions, steevage way can be maintained. The adventage of oil labrication
is that nore adequate lubricant f£ilms can be maintained and that low sveed

hydrodynamic lubrication is poss

sible. DBven so, full lubrication is not
obtained in practice below 20 r.p.m. on largs tankers, Undoubledly once &
condition of boundary ludbrication occurs the vhitemetal bearing is less able
to operate satisfactorily than either wood oxr plastic bearings. Wear down is
more rapid,
The suceeptability of white metal bearings to tuzming gear damage is cisarly

4

shown in Appendix V where catastrophic failure of an aftermost bearing is shown

bt

to be caused by turning gear wear, The stern teasring doeeg not have an oi
supply limited by the ability of an oil ring to delivery oil., However ! the
positive head of oil supplying a sterm bearing is only 1ikely to prolong life
rather than prevent excessive wear down over the life of the ship.

This wear down is also likely to result in seal failure, the resultant loss of
0il or massive leakage of water into the bearing accelevating the {iral failure
condition.

The patented split designs offer few advantages ac far as performance 1
concerned. One of them has a self-aligning feature which can be used during
assembly, However as far as maintenance 2nd ingpection is concerned thesa
bearings do have considerable advantages. Because of high docking charges and
demurrage the added first cost of these bearings and the installation

difficulties are rapidly ofiselt when the ship is in sewvice.
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The tilting pad bearing is self aligning in service bul at the speeds and |
loads of a normal tail~sha?™ will result in smaller film thickness than

the plain bush., VWhere tail-shalt vibration is encountered, and this seems
a common cause of trouble, the tilting pad bearing will give greatex
restraining forces.

Unfortunately under oscillating load conditions the pivots of tilting pad
bearings hammer flat, *this rapidly increasing bearing clearance., The pads
are comparabtively easy to remove and examine, this operation being possible
with the ship aflecat.

The Algonquin system has the advantages of water lubrication but because

of the position of the aftermost bearing is very lightly loaded and in some
ways acts only as a stern giand. The tail-shaft is short and hence stiff,
In this wav excessive #ail-shaft movement and vibration is avoided,

Cverall it seems that the patented split bearings are the mecst suitable for
Jarge vessels, They do requive most space than conventional tubes but this is
mt too great a problen on full lined ships. On fine lined ships such as
fast container vessels or in twin screwed ships the space requirementes and

interference with stern iinss may present difficulties,
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8, STERN BEAUING DIOTTRIMENTS

. .

From the foregeing the requirements ior a rella ble gtern beuring for
cargo vessels arai—

(2) It et be able %o accept initial and operational misalignmente
Tnitial migalignment can pe accomrcdated by the use of some form
of sphevrical or pivot seating which would enable the bearing to
be aligned to the shaft during ass emhly. Alignment varies vhen
the ship is in service and the friction in a spherical scat is
too high to permit self alignment after assembly.

Pivoied pads vhile being able to align themselves in service suffer
{rom pivot delerioration und low film thickness. The only vractical
answer to the alignuent problien seems to be tec adopt o shoxrtor
bearing thar ot present used. If the cenventic

push is used hydvodynamic oil films would not be generated during
meneouvring and the consiant stod stast operation would couse rapid

wear, Overheating in service is ancther possitility.

-
[
o]

i
1t

(b) Piims must be generated at manoeuvring speeds. With presew
Jubricated stern gear this criteria im not alvays net,

-

(c) The stem bearing must be adle to accept leads in sevexat directions,
This is true for the water lubricated bearing but the prowvigion of &n

oil artvv clot makes this gifficult foxr 0il lubricated bearings.

(@) %he tail=shafl ought to be held steady i.e. the stern bearing system
ought to be stiff.
With a circulsr bush this could be accorplished by nsing tisht
clearances but such a bearing would rapidly overheat and would not
have the ability to accept misalignment. In rvespect of stlifness
it would be useful if the stiffness were 2 design variable to that
resonsnt conditions could be modified, Tnfortunately the stifiness
is not a design varizble in the sense thet it can be varied cver
significant limits by the designer. The designer's first cyiteria
is to provide adeguate load ca TTying capacity without overhesting.,
This leads to certain bearing dimensions which in turn determine
stiffness,
Acceptable (from load cexrying aspects ) chenges in the leng th

s
3

cleerance and diameters of the hrdrodynamic besriung have iittle

» (Y

aignificant effect on gbiliness.
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Basically nomne of the existing bvearings are able 4o sustain load, without
shaft contact, at low speceds. The ability to withstend low speed operaticn
seens tharefore = basic design criteria %o be aprplisd to all types of storm
bearing. Not only would this reduce failure rate of existing types but is

also o requirement to be added to those designs whose specific function is 1o
withstand load in any direction or to have a2 stiffer oil film.

If, during slow speed operation high pressure lubriceat is introduced into
slots or pockets in the lover hzlf bearing, the shaft will be lifted
sufficiently to prevent contact. Such systems have been propesed in 1971

by Koons (14) in 1972 by Mitsubishi Heavy Industries (2) and by Rose and Hill
1974 (35).

It is interesting to note that the Koons proposal was for the use of jacking
0il with tilting pad stern bearings. Trnthe eveut the tilting pad tvpe of
bearing did not find ready acceptance and only one such wnit (fitted with
jecking oil) has been fitted.

Possibly as = result of the corments of Hill and Rose in early 1974 {(made at a
time of considevable ship ordering activity) several bearings ordered in

mid 1974 have had jacking 0il systems specified and if present trends are
followed such systems seem likely to become stsndard on the large ( 800mn)
stern bearings.

If it iz accepted that jacking systens are necessary to provide lnbrication

at speeds below about 20 - 25rpm it seems logicul to investigate whether the
provision of a full hydrostatic bearing will confer any further advantages O
stem goar.

A full hydrostatic bearing is considered to be one in which high pressure
lubricant is supplied to pockets around the full circumference of the bush. it
is this pressure which sucizine the lubricant f£ilm wather than thz film teing
generaitsd oy shalt rotation.

One obvious zdvantage of such a bearing over a plain bush is that it can accept
load in all directions since the film is maintained all round the cleavance
space, This ability to accept load in all directions is an advantage shared
vy the tiliiag ped bearing.

Hydrostatic beaxings have been used in the machine tool industrys one of the
major adventages claimed for these bearings is that they are stiffer than

conventional bearings.
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In order to counter toil-shaft movenent it seess dezirable to restrict the
clearance of the stern bearing and to £it a bearing with as great an oil £iim
stiffness as possible.

Fig. (36) has been prepared to show the difference in lubricant film stiffness
for different types of stern beaving. In preparing these greplis & bearing load
equivalent to Lloyds ma;imum of 90 pe.s.i., has been asgumed and, where necessary
a viscosity of 12 x 10"° Reyn at 110°F used.

The graphs are shown to a base of shaft diameter and an average speed of

110 ».p.m. assumed. In practice the 1ikelihood is that shafis of lower diameter
(say 24 inch) will rotate at 110 r.p.m. vhile the largest { *4inch) will

rotate at 80 to 90 xr.p.m.

The stiffness figures for the plain bush and fox the tilting pad bearings

have been calculated using the graphs of Hagg and Sankeys

Recent discussions between the writer and Swan Hunter Shipbuildevrs would
suggest that the application of these grapns to bearings as large as those
under consideration may lead to inaccuracy in the absclute value of stiffness
but that the relative figures so produced are reasonably accurate, For this
peason the differences between the plain bush cof 0,002 clearance ratic and

the hydrostatic bush of 0.002 clearance ratio may not be as great as shoui.
lowever, it seems likely that their relative positions will remain unchanged.
The plain bush clearance ratio of 0,002 which gives the Jeact stiffness is

that clearance normally required by lloyds and other classification socictiese.
Under pressure {rom Shipbuilders and Bearing Menufacturers there has been a2
tendency to 2llow this tc be reduced to C,0015. Even s0, & hydrostatic bearing
with these clearance ratios gives a £ilm stiffness which is s1ightly grecatexr
than thise.

The reasons given by the classification societies for the large clearances
demanded is to prevent overheating of the bush and also to accept a greatew
degree of misaslignnent,

As will be showa later a clearance ratio of 0,002 would be unacceptable Fon
hydrostatic tearings and a ratio of 0,0008 has been proposed, The overheatling

-rgument advanced seoinst the tight clearance buch cannob be upheld in this

o)

case since the zrea of the bearing with tight clearance is low when compared
with the plain bush and the shearing less in the lubricant supply pockets is
emall. Added to this is the high lubricant flow.

If the 3% inch diameter bearing described later is considered, the friction loss
of the hydrostatic design is given as 2.7 HP whercas for a hydrodynamic bush

of 0,0015 e¢learance ratio the Joss would be about 14 HP. The lubricant flow

4o the hydrostatic bearing is 50 gep.m. and to the plain bush 35 g.p.m.
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The temperature rise within the lubricant film of the hydrostatic .
(tight clearance) bearing is therefore only 13¢5 of that of the plain tush.
Once a %tight clearance hydrostabic bearing can e employed then all the
criteria required by a stern bearing can be ret. Re~iterating, the

hydrostatic bearingi-

(1) Has a lubricant film geparsting the mating parts at all speeds.
(2) Can accept loads in all directions,

(3) Is considerably stiffex than the plain stern bearing bush.

It is agreed that this Jatier comparison is made with a bush of different
clearance but it is nevertheless valid since the duty has been maintained
similar and (of considerable importance in reality) both bearings are likely
to satisfy classificaticn so ety rules.

ci
The tilting pad bearing is not advanced as a possible bearing since

(a) Its operation film thickness is low.
(b) It will require jacking 0il 4o operate satisfactorily. The provision
of jacking oil comneciions limits tilting ability.

Manmufacturing experience in other fields has shown that pivot

~~
o)
~—

damage is likely in service.

The remainder of this thesis examines the various hydrostatic designs and
suitable materials in order 4o produce suitable desimms for ghipboard use
and to predict service perfornance.

iIn view of the advantages to be gained by merely providing a simple Jjacking
system a simple method of deriving pressure and 0il flow is given in

addition to the design charts for full hydrostatic operation,

9 HYDROSTATIC PRINCIPLES

The stern bearings so far described have been considered to be hydrodynanic
bearings. That is the mating svrfaces are separated by a f£ilm of lubricani
(0il or water) this film being generated and maintained by the rotation of the
shaft.

The principles may be described in qualitative texrms if one considers a shaft
lying in a circular bearing, the diameter of the bearing being larger (in
practice about 1.001 times larger).

By virtue of the different diameters, the space between the shaft and

bearing ig convergings and normally filled with lubricant,
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Jjybricant must increase or its direation TET, CRENED. Thig change in
velocity must be preduced by an inerease in pregsure within the film. When
equilibrium 1s achieved the pressure generated supports the shalt,

separating it from the bearing.

The presgure generated is a complex sunction of clearances speed, film
thickness and Jubricant viscosity.

The lowey the speed oT the lower the viscosity then the £ilm thickness for
any load is less., Jt is for shis reason that surface to surface contact
occurs at menoeuvring speeds on stern bearings.

it is not proposed 1o enter into the mathematics of the nydrodynamic bearing
Jubricant £ilim. This has been done many times and jnmomerable design methods
exist based upon golutions of the equations. e availability of computers
pag nade the use of complex design methods possible but the simpler methods
using charts such as those of Raimondi & Boyad (21) or Burke and Hezde (4)

are generally favoured by designers. Whether too much reliance may be placed
upon the absolute value of film thickmess calculated is a matter of sreurent
but after using the design methods ror a number Of years the bearing manufaciuTer
or individual designer tends to apply & comparative pmethod of design.

If, instead of the shaft drawing in a yedge of oil, a pocket is puilt into
the bearing as shown in Fig. 37 and jubricant under prassure ig supplicd

to the pocket then the shaft will be 1ifted by the applied pressure.

The amount of 1ift will depend upon ihe applied load, the pressure supplied
anc the pressure drop in the leakage path belween the shaft and the beazing.
This is the hasic principle of the hydrostatic bearing and a variation of
this is cormonly used for heavily loaded bearings which have to staxt at

full load. In this application the oil is not supplied to a large pocket
but merely to a small depression or groove in the loaded areds The groove

is of such proportion so as not to interfere with the hydrodynamic action
once the shaft is rotating.

A simple hydrostatic bearing like the one shown is only suitable for a
constant downwaxd foxrce and low speed action, Tor normal jndustrial cr
marine application a full cylindrical tush such as shown in Tig. 38 is
needed, The bearing has four ox more pockets each connected to a constant
pressure manifold via compensators which may be capilariesS, orifices or constant
flow valves, With these compensators in place the pocket pressuxes vary as

the jourmal position varies.
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As the journal approaches & POcK2t the pressure builds up, tending to restore
the journal back tc its equilibrium position, while the pressure in the

opposite pocket falls. This fall in presecure essists the return to the rumning
position.

The bearing shoun only has a single row of pockets in the axial direction.
Because of this there is no xighting couple when the shaft becomes misaligned.
To provide lateral stability eithexr another journal bearing needs to be provided
or the bearing must have two rows of pockets. To resist the turning monents

in the tail-shaft two rows of pockets will generally be provided.

As well as illusirating the general principle of the hydrostatic bearing

Fig. 38 also shews the pressure distribution across the end lands of the bearing.
For the bearing clearances and land widthe normally used sufficient accuracy is
obtained if the pressure is assumed 1o £211 linearly across the cnd lands.

In a hydrostatic system the flow (Q) from a pocket is propertional to the

pocket pressure (P) the cube of film thickness (h) and inversely proporiicnal

{0 the absolute viscosity‘ﬁﬁ%

icee Q= ~p’:§ (k) where (X) is a constant

G

o

P = QA
¥in-

load carried is egual to pocket pressure and equivalent area (A)

W=DPA
substituting for P gives
W=
n’(x)
If Q is assumed constant (i.e. a small change in load)
A= 34, 8 = A . 2
& K & ) I
= 3
h

ji.e, stiffneses is inversely proporiional to film thickness and directly

proportional 1o load.
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The gtiffness of the hydrostatic hearing can e made higher by the use of _
special compensating control valves, and advaniage nas been taken of these
very high stiffnesses in the wechine tool industry vhich mounts precision
grinding heads on this type of bearing. However the small size of grinding
head spindles is hardly relevant to a ships taileshaft and a iarger more
heavily loaded example has been sought.

This is provided by the steel industry where hydrostatic bearings are used

for roll neck bearings.

The first hydrostatic bearing application on a steel mill was in 19671 when

a rolling mill was commissioned for the Jones and Taughlin Steel Corporation,
Pennsylvania., In particular the Corporation required a stiff bearing cepable
of high load, low speed operation. This installatica was successful and
between 1961 and 1969, 117 mill etands were supplied by the lMorgan Construaction
Corporation incorporating this form of lubrication. Rickley and Biork (25)
quote exaumples of A4" diameter bearings operating aatisfactorily. Such

sizes are directly applicable o shipboard shafting, Toeds in rolling mills are
much higher than marine bearing loads and shock 1oads are common. The
successful operation of these rool neck pearings is considered 10 be evidence
that hydrostatic beaxrings will operate eatisfactorily on marine propeller
shafts,

Design curves for hydrostatic bearings based upon flow conditions have beon
prepared by Wilcox and Booser (32) Raimondi ard Boyd {21) and 0*bonoghue

and Rowe (18). This latter is the fullest reference on the subject and for
design work considered to be the most definitive. The design ourves presented

in following sections will be caleculated from the O'Donoghue and Rowe data.
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10, LUBRICANTS

As has been pointed out the load carrving capacity of a hydrostatic bearing
is dependent only upon supply pressure and tearing geometry and not on sveed
and viscosity. Since the load carrying capacity is not viscosity dependent a
mich wider range of lubricants can be used. The two obvious lubricants are,

in fact, oil and water which will be examined below.

10.1, 0il as ILubricant

The use of oil as a lubricant has stemmed historically from its high viscosity
and its non-corrosive nature. In a hostile marine environment oil is not

only non-corrosive but will often coat the parts aad help prevent corrosion.
The higher viscosity of 0il as compared to watexr will result in marginally
higher film thickness during operation because of (a) a small kydrodyremic
effect and (b) the resistance to leakage across the lands being higher.

This increase in film thickness is negligible and is not thought to be a
significant advantage. The non~-dependence of hydrostatic bearings upon
viscosity mean however that the same 0il can be used for +the main engines and
for the stern tube, there being no need to emp&y the thicker type of oil
usually used on stern tubes. The same lubricating oil system cannot however
be used since contamination of the stern tube oil with sea water is a possibility
and salt water contaminated 0il cannot be used on main machinery because of the
serious corrosion prcblems likely to be encountered. Nevertheless the use of the
same oil for all engine room duties will simplify storage and where a fleet of
vessels is concerned result in direct cost savings.

Since lubricating oil is non-corrosive conventional established bearing
materials can be used. The tail—shaft may be of plain carbon steel and the
bearing bush gunmetal or whitemetalled cast iron. In the latter case however
it would be necessary to make provision to prevent ingress of high pressure

oil into any bonding flaws between cast iron and whitemetal., This need not
present a problem since the jacking oil connections on large turbine sets are
arranged on cast iren whitemetal lined bushes,

In addition to using conventional (and relatively cheap) materials for the
bearing components the use of 0il as the lubricant would enable conventional
materials to be used in the pumps and ancilliary.equipment. The advantages

of this with regard to piping would be small but will be greater when pump
parts are considered., Reciprocating and centrifugal pumps are manufactured
from materials readily able to withstand salt water attack but if a gear

pump were necessary considerable investigations into the gear wheel materials

may be needed if sea water vere the Inbricant.



The major disadvantage of the use of oil as the lubricant is that outhoard
seals would need to be provided in order to contain the oil within the system.
The outboard oil seal is probavly the single most expensive item on a stern
gear system and if it can be dispensed with considerable cost savings will be
nade. ' '

The outboard seal is also the least reliable part of the system. It has
been argued that the higher stiffness of the hydrostatic bearing will help
prevent seal failure but merely by virtue of its position this seal must be
considered vulnerable,

In the event of seal failure, bearing failure is unlikely because the high
lubricant pressure will prevent ingress of water to the bearing mating parts.
The outflow and consequent loss of Jubricant will be high. As complete seal
failure is unlikely sufficient lubricant +o combat loss can be carried on
board but sea water leskage into the oil drains is likely to take place.
Corrosion of the bearing and pump perts designed for oil lubrication is

therefore a possibility.

10.2 Water as a Iubricant

If water is to be used as the lubricant two sources are available. Fresh

water seems to have few advantages over Jubricating oil, To conventional
bearing parts it is corrosive, it takes up space cn board ship and outboard seals
are necessary to contain it inboard. Sez water on the other hand is abundant
and outboard seals are not necessary.

The main problems in using sea water are corrosion and wear. In considering
both these probleme it must be remembered that a ship must operate in

estuarine as well as oceanic waters, The composition of sea watexr is fairly
constant throughout the world but estuarine waters vary in composition
considerably. Most ports are sited on rivers polluted by chemicals and sewerage;
both highly corrosive., Estuarine waters also contain considerable amounts of
silt which if introduced into a bearing are likely to cause rapid bearing wear,
On the other hand it can be argued that the performance of the older type of
water lubricated bearing was sufficiently good to varrant the use of sea water.
Wear rates were high with these bearings but it has been argued that they
regularly operate under conditions of low or zero £ilm thickness under which
abrasive wear would be rapid. The hydrostatic bearing it has been argued will
have adequate films at all times. '

The main advantages of using sea water as the lubricant must be that the stern
tube outboard seal can be dispensed with and the overall simplicity that can be

achieved.
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Materials capable of resisting sea water corrosion vet at the same time
providing suitable bearing suriaces are availabie. The experimerntal work of
the next section describes some of these, Filtration to remove all but the
finest particles can be incorporated into the system.

Overall it is felt that reliability will be greater when sea water is the
lubricant, the system is simpler and the disadvantages can be overcome by
proven methods,

However one great difficulty is sncountered with water as the lubricant.
Because of its low viscosity (1.5 x 10~7 Reyn) when compared with oil

( 3x ‘lO'"6 Reyn) the flow of lubricant to the bearing may be excessive when
water is used,

The flow through the bearing is proportional tc viscosity and hence for

the same pressure supply 20 times more water would nead to be pumped to

2 water lubricated bearing than to an 0il lubricated type. It seems likely
that there may be a limit placed by pumping capacity upon the size of bearing
than can be lubricated by water. ‘

Gear pumps are cften specified for use with hydrostatic bearings.

This is the one piece of ancilliaxy equipment where it is felt that sea water
is likely to pose a major problem, The usual steel gears will not tolerate
sea water., If stainless steel is used galling of the gear teeth or even
seizure is likely., Bronze is unlikely to withstand abrasion in this
application., Suction filters may overcome this but these are not considered
reliable enough for this situation. Centrifugal pumps resist abrasion and
therefore will be used in preference to gear pumps.

Designs, wherever possible will be baced on sea water lubrication buil each
case needs to be decided on individual merit. Curves for both oil and water

will be prepared.
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11, REARING MATERTALS

If the premise that the mating parts of a hydrostatic bearing are never in
contact when rotating almost anv material of adequate strength with the
ability to resist corrosion by the lubricant will be suitable for bearing
manufacture., This premise cannot however be used for the basis of design
and it must be assumed that relative motion and contact will take place
during the life on the ship. The following specific cases have +o0 be

considered.

(1) Complete permanent failure of the lubricating system which
would necessitate the bearing to be operated as a normal
hydrodynanic stern bearing, prcbably at reduced r.p.m. dut
with full shaft weight. At reduced r.p.m, propeller induced
dynamic loads could be small,

(ii) Temporary electrical failure which would require the propeller
shaft to decelerate to standstill under full load but with no
hydrostatic supporting film.

(iii) Turning gear operation Guring repair. It is to be expected
that when a turbine ship is on turning gear during warming
up or when in port the hydrostatic Jubricating system will

be in operaticn.

It is therefore necessaXy that the bearing faces should be of materials which
are compatible with each other (which rules out many stainless steels) and
have low wear rates,

Even with careful filtration it must be assumed that foreign particles will be
jintorudced into the Jjubricant and the beaxing surface must therefore bte zble
to resist abrasive wear and to absorb grit particles.

With normal oil lubrication a gsteel shaft ruming in a whitemetalled bush meets
these requirements whereas for the waiter lubricated bearings previously vged
gunmetal running on wood or phenomic resin was satisfactorye.

For the hydrostatic bearing under consideration neither wood nor phenonic
pesin are likely %o be satisfactory in view of the fluid pressures which

have to be transmitted through the bearing wall or the pressures which

have to be contained.

The shaft material has obviously to be steel, Stainless steel is too
expensive and is also a poor bearing material so a coated steel is the

most likely shaft material.
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The coating may take the form of 2 metal coating, say chrome plating, a
plastic coating or it may be sleeved with a gurmetal liner in the traditional
manner.

The bush itself will need the strength of steel or gunmetal, The bearing
surface needs to be internally bonded to this unless the shaft has a
compatible coating. However it is reasonable to suppose that one of the
bearing surfaces will be of metal and the other will ve of a softer material.
Obviously it is a prime requirement for both surfaces that they should be

immune to corrosive attack from sea water, or estuarine watex.

11.1 Material Tests

In order to establish in the first instance the bearing properties of certain
materials a series of experimental tests have been carried out. Initially
none of the material tests were carried out with a view to stern bearing
design but were carried out for specific bearing projects.

These were:i—

(i) Rance Bulb Turbine Project

During the preliminary design stages of the machinery to be

fitted to the Range Barrage the author's Company was approached

to supply Jjournal and thrust bearings for the turbines.

Although oil lubricated bearings were eventually supplied initial
specifications suggested water lubricated bearings. At the time

the Company had supplied many bearing sets coated with an epoxy
resin (ZSV) but was expecting difficulties in supply and was
considering the use of other materials and the work was carried out
to compare other materials with the (2S¥) resin, In the event,
however, before completion of the tests a (ZSV) licence was acguired
by the Company and the tests continued to fully investigate the
merit of the material.

It may be noted that some materials. normally asscciated with water
Jubricated bearings such as "D.U." and 57y fnol® were not included.
This was because these materials were manufactured by companies who
were 2lso bearing manufacturers and the author's Company felt that
it could not be dependent upon potential competitors for raw material

supplies.
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TABLE IV - MATERTALS TESTED

GENERAL
CLASSTFICATION

TRADE
NAKE

MANURACTURLE

P.7.F.E, Sheet

Glass Cloth -PTFE filled

Acetal Copolymer
P.T.F.E, Sheet
Nylon-Unfilled
Nylon-Glass filled
Nylon-Unfilled
Nylon-Graphite Filled
Nylon-Unfilled
Nylon-Graphite Filled
Nylon=Graphite Filled
Acetal Copolymer
?.T.F.E. Filled

7ZSV bixpoxy Resin
Nylon - Unfilled
P.7.F.E., - Filled
Acetal Copolymer
P.T.F,E, - Unfilled
P.T.F.E. - Filled

P.T.,F.E. = Filled
P.T.F.E. - Filled
P,T.F.E, - Filled
P.T.F.E, = Filled
Resin

Resin

P, T, F.E. - Filled
P.7.F.E, = Filled

Acetal Copolymer
Resin
Resin
Resin
Resin

Resin

Tygaflor SKAP/010/00
Tygaflor 284P/107/C0
Alkon {.012" Sheet)
Pygaflor SKAE/010/00
Maranvl Nylon B,100
Maranyl Nylon A,190
Nylatron

Maranyl Nylon A.19€
Maranyl Nylon F.103
Maranyl Nylon A.100E
Maranyl Nylon A.108
Alkon (.066" Sheet)
Y“Rulon"

- Z.5.v., 111

Maranyl - B,100
Rulon '

Alkon

Fluon V,S,E.070
Fluon V.S.B.60
Fluon V,.S.G.15Z4C
Fluon V.S.R.33

Fluon V.S.H.60

Fluon V,102

Rezolin L.930

D.R. 19299

Rulon

Rulon

Alkon

Rezolin L.930
Rezolin L.930
Bakelite DR.19299
Bakelite DR.19299
Araldite A.T.1.

Tygadure
Tygadure
I.C.I.
Tygadure
I.C.T.
I.C.I.
Polypenco
I.C.I.
I.C.I.
I.C.I.
I.C.I.
I.C.X.
Crossleys
AN
1.C.1.
Crossleys:
I.C.T.
1.C.I.
1.C.T.
I.Cc.I.
I.c.T.
I.C.I.
I.C.T.
Rezolin~France
Bakelite
Crossleys
Crossleys
I.C.I.
Rezolin~France
Rezolin~France
Bakelite
Bakelite
Araldite
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TABLE IV COUTD,

GENERAL TRADE MAWUFACTURE
CLASSIFICATION NAME
Resin Epophen ERM2/E.L.5. Borden Chem.

Resin - P.T.F.E, filled
Nylon - Glass filled

P, T.F.E. filled
P.0,F.E, filled

Emralon 815
Durethan BKV
Fluorinoid 115

Fluorsint

Acheson Colloids
Bavexr
Fluorocarbon Ltd.

Polypenco Lid.




0822

262 000°0L XA uontd
912 ASY
902 ASZ
861 ASZ
LLL ASZ
ve 000°¢LL 009¢ = 00L& susy3LTod *T°H'Q
96° 00%2 000°06L = 000°08 0066 = 00L¢ susypLiod ‘T H
4 00081 000°0¢V 00001 uTITad
711 o0%2l Cgol + 939 UOTAN
Yo" L 008L 0062l 0028 Ll UOTAN
60" 0058 0L9 UOTAR
cicl 00501 9 UOTL]
viol 00094~ 000L 000%007 = 000°092 008LL 910 WOTAN |
00L*99 00L‘99 00¢ 1 *Jedcd POTTTIUL
22°7 0004021~ 000°0L1 002¢ = 0022 Cgo o6 +
axqrd ssETH ¥GL + *¥TI'L'd
Gz 00066 = 00006 00¢2 = 0091 : o3 TUdBID 946 +
oxqTd SSBTH %02 + ‘T°IL'L°d
LG5 00021 L= 000°0L1L 000% = 0081 ezuoIg 409 + "E'I'L°d
92°2 0004021~ 000°00L 00lLz = 0cle seTH %oz + *TETLd
22’2 00066 = 00058 009¢ = 0082 oIqTi SSBTD (6L + tHtdTL'd
¢z Q08i = 00L 000°09 000406 = 000°05 000Y = 0052 *gedeld POTTTIUN
) NWZH\mA N.z«\mg_ N.zH\mA
XLIATED HIONTILS SO SOTNION N.ZH\@Q SSTULS
DIAINIES AT SSHEIHO0D NOISSIdKCO DILSYIE FIISNAL * 10 TYIHELVI

calILgdd0dd

Tvo ILNVHOIIN

\'S

e

A

Pemisi-al g

TABL




6°8 = ¥°L 00G°0L o0t xLL6 000°8L ezuoIg
A} 000°¥LL JOF X 2t 000°.2 TOLL F980
Ay} Q0L * 0% 000°3L Te93S sSsoTure}s
8°L L Q0L ¥ 0% 000°9% 15535 PUTH
Ad) 00G%Y oov*ot TEFON oF UM
L'z 0022 = 0061 Gz dA
¢rg = GL°e 000¢ = 0002 proutxontd
2°Z 000%92 = 000°8L 000G62= 000LL sseTdoronTd
#000°001L uoTnd
#000°000%2 XQ I9TO'TH
000°GY *0004000°¢ 0T XBTOBTH
£*2 000°CEL 0062 = 0001 juTsoTonNTd
6y 000°001 06zl ¢XA wonTd
9°¢ 00005 0661 ZXA wontd
NI/ NI/€T NI/
ALIAVED faowmais CSTATOH CSTATON *NI/QT SSWALS
OTAL0HdS FATSSTUAHOD NOISSTUJINOD OLISVIT FIISNHL *TI0 TVIEEIVH
?mﬁnﬂcos

SEILETL0HEd

TYOINVHDIEHN

v (comuT.)

TABLE



09 - AR VARARIAN ¢L =1L sueyzirod *Q°H
wﬁ 9 GLL GG AL utITaI
€91 092 ¢*g oo 989 UOTAN
ce
19 uo
, - TAN
Vb1 09 gl ! GL = ol L
LG 4 UOTA,
2 »
oGL 2ee €6 A 019 UoTAN
% 06 222 9 6*6 9 UOTAN
MW 92 g*g - 2°§ oL 9:9 uoTLN
LG 002 Lag 344 ot *Jercd POTTITIUA
Ol .
062 Lzg G6" L 2¢°9 Nmoz oG+ 9IqTd
sserd Y%GL + "H°d°L°d
9G2 L2¢ 98°8 LY oTydex) 96 + 8IqTd
seeTH 502 + *HI'L'd
062 Lz¢ G*LL 88°.L azuoIg %409 -+ *I*d°L°d
062 L2¢ Li 1200 axqTd SSBTH %02 + *T°d°L°d
062 Les 6 62°6G 9xqTd sS®BIY %GL + *T°IL°d
8% 062 Lz¢ 9 oL *qeIcL’d POTTTIUN
L cat
1es0d Yoz @ (a 0o 0, | y-OL"DHS 0, " HO/ D" TVO 0o/ O
s -Q =
estd 99 @ (® * QUL INTOd ZTTATIONOD NOTSNVAXE
0 NOIL¥OISIC IVIH HNIHEOM "XV ONTLTHN TVIEHT YVANTT *dId00 TYIEIIVH
[0} ;

STIcsedTEJdL0¥d

TVHYITHL

N L s o



- 08 -

al e

S TR IR Y

. 5 e

Ly02 18°l azuoxf
ozl 90° L uoxl 3S%D
0¢y 80°L 10935 SS8TUTEIS
0GLL ¢l o935 PTTH

006 = 00L gz - Vv°¢ Te3ol @1 TUM
0l AL Gzdha
¢*9 proutxonTd
¥3°L — 9¢°L ggepdorontd
02% Le2L 8 woTry
oLl 09% L2 @ I8TOBID
082 L2g ¢ AQ IOTOETD
oL
042 062 Lz¢ 2 JUTSOIONTL
082 Le¢ G4 ¢¥A uonld
062 Les ¢°G YA uonTd
062 Le¢ g8 -9 LYA ORI
9i¢ ASZ
902 ASZ
861 ASZ
1Ll ASZ
ﬁ g6 L 02 ousysATod ‘C*H'A
e1es°d ¥92 & (4
s1°s°d 99 ® Md 0 0 0L°03S*0 . * HO/HO IVD 0./c0L
0. SEL oz ada Q1fataonaion RO e
ROTIMOISIT IV HNTIEOR ONTL I Ty TYENTT *LAT00 PUARICAA'SAN

i

AT TTTATTAN




- 99 =~

(ii) Cargo Pumps for Chemical Carriers .

In response to enquiries for pump bearings to be used on the
shafts of deep well pumps on chemical carriers it was provosed
to use bearings lubricated by the chemicals pumped. A rig was
set up tc investigate voth the bearing design and the most
suitable materials. Juch of the basic testing was carrieq! out
with water as the lubricent since this was a convenient low

viscosity lubricant a5 well as being the nost commonly pumped fluid.

(iii) Pump Bearings to Overate with Sea Water at zOo C.

The conditions called for on a bearing order were for a

bearing to operate with sea water as the Jubricant, surface

speed 0,145 ft/sec. to 8,7 ft/sec, TFor the stern bearing
application undexr present consideration the most interesting
aspect of that investigation is that the lubricant used in the

test was unfiltered River Tyne water taken at Scotswood during an
average high tide, It is felt that materizls shown to be able to
resist attack by this water are unlikely %o suffer damage in normal

shipboard use.

The full list of materials tested is shown in Table IV. Table V and VI have
been prepared from published data and manufacturers' literature to give the

mechanical and thermal properties of the majority of these materials as well
as some common engineering materials.

The full test procedure and detailed results are given in Appendix II, IIT

and IV, the relevant results and materials being discussed below,

11.1.1 Bulb Turbine Tests

Thrust pads faced with the various materials were run against a phosphated

steel collar in a water bath. 250 loaded starts were made at a load

egquivalent to 20 p.s.i. followed by 4 x 100 hour steady running tests at loads
increased stepwise to 400 p.s.i. Of the initial list only the following
materials could bs considered successful in that they exnibited little wear downs

0 - ,001" wear Epoxy Resins (-~ Z.S.V. III
Bakelite DR19299
Rezolin 1930)

Bronze filled P.T.F.E, - (Rulon)
.001 = 002" wear P.P.F.E. impregnated glass cloth - (Tygador)

,002 - 003" wear Glass filled Nylon {I.C.I. A90)
Craphite £illed Fylon (I.C.I. A100)
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14. 1.2, Pump Bearings

Thege bearings wers tested on a totally enclosed journal bearing test rig,
Because of the ndture of many of the potential'lubricants only inert,carbon
filled p.t.fee. was considered and testing concentrated upon this material.
Mechanical creep was 2 problem and only after a design capable of
accommodating creep had been produced were successful runs obtained. Design
seemed critical but eventually a 44 houxr run with negligible wear was carried

out,

11. 1.3. Sea Water Pump Bearinge

Only the epoxy resin material ZSV II1 was used in this test since at the
time of testing the writers company was a licensee of ZSV and considerable
field experience had Deen obtained. The significent point of this test was
that it was successfully carried out at 3200 as well as at 1600. Twenty
Joaded starts at 65 PeS.1l, VeEIe carried out followed by 200 hours running
at 16°C and 55 hours at 3200 without measurable weal. The lubricant was
particularly relevant to the stern tube application being unfiltered Tyne

water.

11.2 Other Materials

As has been indicated the materials tested were 1imited to those which are

readily available %o the writers Company and commercial as well as technical
reasons were taken into account in their selection. This leéves out some well
established water lubricated materials.
Glacier DU - a p.t.f.e, layer over sintered bronze backing.
Railko Ferrobestos - an asbestos reinforced cresylic,
Tufnol ~ a cotton reinforced cresylic,
Since the surface of DU is part p.t.foe. it ig likely to behave in a mammer
similar to the pure p.t.f.e. tegted until wear to the asintered layer has
taken place, O(n test this material was considered to have failed by
excessive wear after 100 loaded starts. Once the pet.f.e. overlay has
been removed it is possible that the DU will act es the bronze filled potefece
material tested in vhich case satisfactory running is likely.
The test resultis published by the manufacturer suggest this to be the case.
Pest figures for phenotics are given by Wilcock and Booser (32) and show

wear rates roughly 10 x those of filled p.te.f.ee
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In spite of this the established performance of these materials at sea ig

such that they must be considered as possible materials.

11.3 Possible Materials

The previous sections have shown that certain specific plastics may be
suitable for use as bearing surfaces. They form four basic groups, Nylons,
p.t.f.e.,—cresylic resins and epoxy resins. Accepting that these will
provide suitable rudbing surfaces these materials would be examined for

their general and gpecific engineering properties,

11,3.1 Nylon

Kylons (polyamides) are thermoplestics, They have relatively low melting
points (about 250°C) and are generally nrocessed by injection moulding.
They can however be used as coating media or caun be massively cast using
low pressure techniques. All can be machined using conventional techniques
and a range of adhesives is available to bond nylon components to steel and
other metals.

Nylens are manufactured by the reaction between molecules containing amino
(NHQ) and carooxylic acid (COOH) groups. Both these groups are contained
in amino acids and manufacture is by the polymerisation of these acids.

The variety of amino acids available results in a range of nylcns oeing
available. Each type is named after the number of carbon atoms in the acid
used to produce it. Only four types of nylon are cormercially available
these are types 66, 610, € and 11, the latter being uncommon. Types 66 and
610 were tested in the experinental phase with both the successful types
being type 66.

Type 6 was not tested. Retrospectively this is unfortunate since one
manufacturer (Rislan) manufactures this in powdexr form suitable for
polymerisation 4n o mould by adding a catalyst to the monomer,

Nylon components are usually produced by injection moulding. At the present
time the largesti injection moulding available in U.K. is 44 oz. and hence
components such as stern bearings are impossible to produce in this manner,
Even if smaller sub assemblies could be used to produce stern bearings the
mere cost of moulding small quantities would be ﬁrvhibitive. Nylon however
can be cast (using special techniques) and can be supplied in bulk solid

form or in sheet.
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The bulk form is unlikelv to be large enough for tude manufacture but
staves such as have been used in older lignum vitae stern bushes would be
available. The size of this is unlikely %o be sufficient to produce the
required pocket ceometry for the hydrostatic bearing. Sheet nylon howsver
does seem a possible candidate for the lining material. Sheet is readily
available in metre square vanels 3/8 inch thick. Aithough fairly rigid the sheet
can bte formed when warmed to less than 100°C. Nylon however does not hond to
metal and it must be held in place by screws OT adhesive, Neither of these
methods seem ideal in a stern tube.

Furthermore the pocket for the fluid would have to be cut in the nylon and
jts depth is such that the nylon would be penetrated. It is unlikely that
2 pressure tight seal could be made between nylon and bush, hence leakage
from the pockels could be a major problem. This leakage could reduce the
£ilm thickness between chaft and bearing and also would be likely to cause
distortion of the plastic.

Based upon the experience of hydrostatic bearings where high pressure oil
has penetrated the interface between whitemetal and tmsh this latter would
be the potentially more troublesome.

If it were possible to cast sufficiently large nylon pads the problem of
creep and water absorption would have to be faced. At 500 p.s.i. nylon
would acquire a 0.5% permanent strain within one year while at 1000 peSeie
1% strain would be achieved. | '

When it is considered that these are steady load figures it would seen

that serious deformation of the nylon is 1ikely to occur in service. In
the type of bearing considered the dismetral clearance is likely to be
03", If a nyvlon thickness of 1.0" is assumed this clearance will increase
by between ,01" and ,005™ during 9 years service. The short term creep
figure is perhaps more significant., Every time nylon is loaded it acquires
a permanent set. At 500 p,S.i. this is .1%%, hence with an oscillating lozd
the clearance may be expected to increase considerably.

Nylon absorbs water. For small sections the +ime to reach an equilibrium
water content is short but thick section take a considerable lengtil of time
4o achieve equilibrium,

At the present time it would appear that nylon in btulk form is unlikel& to

be a satisfactory material from which to manufacture such a large bearing.
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Some companies do claim te be able te coat steel successfully with Nylon 66
but to date none to the writer's knouledge have coated steel with carbon or
glass filled Nylon 66, If this can ve echieved nylon musti be re~considered

as a bearing material,

11, 3.2 P.T.F.E.

Although not tested in this thesis the p.t.f.e. material DU has been used in
water lubricated applications., However this material consists of a steel back
upon which a layer of bronze and a layer of p.t.f.e. have been sintered. If
it is assumed that the material could be formed into pads large enough to te
mounted onto a stern bush the problem of high pressure supply would need to
be overcome,

The high pressure lubricant would tend to leak into the sintered layer

(Fig. 39) and cause it to rupture.

Creep too is a major problem with p.t.f.e. This problem caused most failures
in the experimental work described in Appendix 1V, Throughout the test work
on carbon filled p.t.f.e. bushes held in steel housings it was impossible to
maintain secure fitting of the p.t.f.e. This was a 2" diameter bush.
Adhesives were used successfully to bond thin sheet p.t.f.e. to siteel for the
earlier series of tests and p.t.f.e. bonded to steel and aluminium is readily
available on the market (often these plates are used in bridge bearings).
However once again there is the question of fixing these plates to the inside
of a bush and previding a pressure tight joint,

Certain grades of p.t.f.e. can be bonded direct to steel and such items as
frying pans and saws often have such a layer on them. P.T.F.E. in the
unfilled form wears quickly as evidenced by the first series of tests. The
p.t.f.e, layers so formed are also porous and therefore do not provide any

protection against corrosion of the underlying material.

11. 3.3 Reinforced Cresylic Resins

These materials have been widely used as stern bearing materials for a numbex
of years. The older type water lubricated bearing was fitted with staves of
reinforced resins but more recently the material has been supplied in bulk
form.

The more recent designs of bush have been for oil lubricated stern bearings

which under emergency conditions can be operated with water as the lubricant.
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With water it is unlikely that a film is generated and a conditicn cf boundary
lubrication occurs., However the service performance of these materials shows
them capable of operating undex this condition without exceséive wear., This
is not to say they may operate permanently in this manmer and water
lubrication of a large bush of say 33" diameter is considered only as a "get
you home" measure,

For the hydrostatic bearing under discussion the resin would need to be
supplied in btush form. At the present time manufacturing facilities exist to
provide bushes of up to 50" diameter. Typical bushes supplied to the marine
industry to date are 33" bore and have a wall thickness of 6", These bushes
are interference fits in cast iron stern tubes, the interference being about
0.03",

A feature of the material is its poor heat transfer coefficient and it is
therefore essential that adequate cooling is supplied to the bush. Dry
running cannot be tolerated and in the event of hydrostatic water failure
provision must be made to circulate water through the bush.

This is not the case where thinner plastic layers are used, In these cases
heat may be conducted by the metallic backing material to the after peake.
Reinforced cresylic bushes, because they require an interference fit, cannot
be used in split bearings,

If the machining of hydrostatic pockets is considered then the inability to
split the bearing may be a major drawback.

The material is sufficicatly thick to allow the pockets to be machined without
breaking through to the backing material., Leakage is less of a problem since
a small diameter pipe can be passed through the bush wall as shown in Fig, 40
to supply lubricant at pressure.

This is not the final preferred material but its properties are such that the

proprietors of the materizl could produce hydrostatic bushes using it.

11. 3.4 Epcxy HResins

Epoxy resins are well established engineering materials generally associated

with adhesives, protective paints and electrical compounents., A major
advantage they enjoy over the other materials tested is that they will bond
directly to metals.
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The ¢nly surface preparation required is that the surfaces are thoroughly
clesned. This is usvally accomplished by grit blasting and washing with
organic solvents, The bond produced is a strong chemical bond whereas the
bonds produced between p.t.f.e. and metal or nylon and metal is a mechanical
bond between the plastic and asperities on the metal.

Tn the case of nylon the bonding is assisted by the shrinking of the nylon
during cooling. Because of this nylon coats tend to be better when applied
to outside surfaces rather than internai surfaces, Once broken, nylon coatings
readily peel.

mis is not true however of epoxy coztirgs which can withstand chipping and
cutting through to the base material without spoiling the integrity of the
entire film,

Epoxies may be applied as liquids or powders. It is usual for the liquid
epoxies to be two pot systems in which the bulk epoxy is mixed with o catalyst
which causes them to harden., The hardening time is dependent upon the amount
of catalyst and the temperature, The liquids are fairly viscous and are
applied by brush or spray. Typical coating thickness are ,008" when wet,
drying to .005" cured thickness, Better build up than this cannot bte
schieved on normal surfaces in one coating and previous coats have to dxry before
additional coats can be applied. Figh build up on fiat horizontal surfaces
is obtained by damming around the surface and casting the resin,

The +time needed to achieve sufficiently thick layers for bearing operations
are probably too high for the commercial use of the liquid resins. To absorb
grit and to give some degree of conformability a finished layer of about
.015%" is needed, this being machined from a .025" applied layer. Of the
epoxies tested giving adequate wear resistance Araldite and Rezolin were
liquid systems. In the event of other materials being unsuitable, their bond
strength and btearing properties would merit investigation into means

of achieving high build up. Since other materials were found suitable it

is not considered that designs should be based upon them.

The method of applying the powder resins tested was first to coat the clean
metal with a film of powder dissolved in ethyl glycol this layer preventing
oxidation of the metal during subsequent heating, The metal is then heated
to 17500 and the powder sprinkled or sprayed onto the surface. Immediately
in contact with the heated metal the powder fuses and powder is added until

a sufficient layer has been achieved.
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The epoxy is then cured by raigsing the temperature to 220°C and maintaining
it for one hour,

The tests carried out have clearly demcnstrated the epoxy 7SV III to be a
suitable bearing surface with sea ox harbour water as the lubricant., The
layer is securely bonded and is not porous. The underlying metal therefore
need not be corrosion resistant which is a major advantage from a cost point
of view. /

Considerable service experience has been gained with ZSV bearings in the
pump and submersible motor industry. Approximately 200 complete bearings
per year of these bearings Jubricated with water are commissioned., Loads
_are typically up to 150 p.s.i. surface speeds ranging up to 80 ft. per
second. In most czses the bearings start under full load. This sexrvice
experience coupled with test data up to 400 p.s.i. and the ease of appiication
ig felt to be sufficient to warrant the use of this particular epoxy for the
stern bearing application where loads will be up to 250 p.s.i. and surface
speeds of about 13 fi/sec.

7SV TIT is a itrade name of a product of the German 7SV Company. Its

composition is:

Epikote 1007 - 70,24%
Melamine - 1.76%
3@2 03 - 1%
Mica - 1395
Carbon - 2%

11, %.5 Overall Material Specification

Of the materials tested certain nylons, Petefoe, and epoxy resins were shown
to have suitable bearing properties. Nylon and p.t.f.e. have been rejected
for manufacturing reasons.

Ease of manufacture and previous operating experience have led to the
selection of ZSV III epoxy resin as a preferred material, Operational
experience of bushes of reinforced cresylic resin has lead to the decision
to preserve this as an alternative although it has not been tested.

MThe resin selected is only one of the mating surfaces., Similar materials are
not likely to be ideal bearing combinations. '

In order to resist corrosive attack the other material must be stainless

ateel or bronze,
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The use of stainless steel is suled out on cost grounds and it is proposed

to use the more traditional bronze. Vhen the ciesylic resin bush is used )
tradition will be closely followed., It is prcposed o mount the cresylic

bush as an interfexence fit on a spherical graphite cast iron bush, The
tail-shaft will be of carbon steel of minimum U.T.S. of 28 Tons/in2 and it will
be lined with a bronze linex of U.T.S. 28 Tons/in2 with a thickness given by

(diameter of shaft + 9) inches.
32

Where epoxy resin is used as one surface it would be traditional to coat the

bearing bush with the epoxy and to line the shaft with a bronze liner.
If a cast iron bush is used it is imperative that there igs no defect on
 the coating otherwise corrosion will set in. During machining it will be
difficult not to damage the coating. If the hydrostatic pressure pockets
are machined into the bush two machining operations will be necessary.
Tn the first the pockets will be machined into the backing material then
the epoxy will ve applied followed by normal machining of +he vore of the
bush.
If however the epoxy is applied to the shaft certain advantages become
apparent, Firstly an expensive component, the bronze shaft liner, can be
dispensed with. Secondly a more even epoxy film can be applied to a shaft
siowly rotating betwsen centres than can be applied to the bore of a split
or full bush. Indeed the application of the epoxy to the bore of a fuil
bush could present major difficulties, Thirdly bush manufacture is simplified
One machine setting is required and special provision for pressure connections
breaking the coating need not be made.
The basic material specification for the epoxy lined system will be:

Shaft - 28 ton carbon steel coated with a ,015" layer of Zsv 111

Bush - Cast bronze machined to size.
The composition of bronze for shaft liners is not given by European

Classification Societies but ABS specification Type 2 Bronze is suggestedi~

Copper - 55~6056
Tin - 1.0% Max.
lead - 0.4% Max,
Iron - 0.4 = 2,06
Menganese - 145% Maxt.
Aluminiun - 0.5 — 1.5%
Nickel - 0.5% Max,

Zinc - Remainder
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12, LUBRICANT SUPFLY

The lubricant mav be supplied to the bearing on a tasis of constant volunme
or constant pressure, In a constant volume system each pocket is
individually supplied with lubricant from a positive displacement pump.

Such a system undoubtedly gives the stiffest o0il film. In practice the
performance cf & constant flow system is limited by pump performence since

a pressure relief valve must be fitted into the system to prevent pump
gtalling. Hence at high eccentricities constant volume performance is
likely to approach constant pressure verformance.

The system applied to a marine unit also has some serious practical
difficulties. For correct operation a hydrostatic journal bearing needs

at least four lubricani inlets around the circumference and for lateral
stability requires two rows of inlets axially. The requirements are therefore
for at least eight pressure inlets. + would therefore be necessary to
supply eight pump sete. Tor safety and reliapility each set wonld require
duplication and hence the system would become expensive and complex. The
problem of multiple pumps can be overcome by the use of constant flow valves.
One valve to each pocket is required and the valves themselves being pressure
operated variable orifice valves., It is not feld that complication of these
valves is justified in a marine environment., In a constant pressure system
the load carrying pockets are supplied with fluid from constant pressure
manifolds.

The maintenance of constant pressure in these manifolds is relatively easy
if pumps of sufficient capacity are used. Two pumps are required, one for
normal use, the cther as standby.

If hydrostatic bearings are developed for merchant ship use the requirements
for stiffexr beaiings may necessitate constent flow devices, However at this
stage the basis of design will be constant pressure with the emphasis on

reliability.

12.1 Iubricant Admission and Control

The control of the flow of the lubricant to a hydrostatic bearing from a
constant pressure system may be by orifice or by capillary. In both cases

an increase in flow due to shaft movement results in an inecreased pressure
drop across the orifice or capillaxry thus alteriﬁg the local bearing pressure.
The characteristics of the orifice or capillary obviously therefore affect

the dynamic characteristics of the bearing.
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In general the orifice contx rolled bearing is a stiffer bearing and, other
things being equal, orifice contrel would be desiradle,

In practical terms the characteristics cf a capillary may be made to match
fairly closely those of an orifice. By altering the dimensions of either
the most suitable stiffness characteristics can be probably achieved., In
terms of manufacture and design the crifice seems {0 offer most advantages.
Firstly it is compact and may be a simple drilled plate. If a variable
orifice is required then readily availaple needle valves are simple to
obtain.

O!'Tonoghue & Rowe (19) have produced dimensionless groups to describe the
stiffness of various types of flow control: for & six recess bearing they

give the stiffness parameters asi

Capillary = 4'3ﬁ(1 —ﬂ) Recess pressure
T+ 0'55 (1 -B) B - supply pressure
Orifice = 8,608 (1~ 3 ) = Axial flow resistance
2 -3 +X(1 -3) circumferential flow
registance,

Tn order %o illustrate the diffexrences between optimum orifice and capillaxry
control Fig. 41 has been prepared showing the variation in stiffness witn
change in supply pressure for the two svstems., In the derivation of these
graphs ¥ has been assured to be 2 which will be typical for a 32 inch beariﬁg
with 6 recesses of near equal boundaries.

The orifice control is shown tc have a slightly higher stiffness than that
obtainable by capillary control but since the designs represented by the
curves are at their optimum operating conditicn slight changes in operation
will reduce the differences in stiffness between the two systems.

For the ship's stern gear under consideration the simplicity of installation
and the ease of veriation render the orifice the more useful and practical
menas of flow control and tnis has been used .in the designs produced.

The lubricating fluid is introduced via the orifice into pockets on the
bearing surface, The general term pocket is used to describe any recess

in the bearing surface, In the case used to compare orifice and capillary
control a pocket of general rectangular form with equal boundaries was used.
Most literature recommends such a shape suggesting that the edge of the

pocket should be 4 x bearing axial length from the edge of the bearing.
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flowever the shape of the pocket can vary from one having equal boundaries to
a long pocket best described as an axial slot or to a shape approaching a
circumferential slot. Both these shapes are used in gas lubricated bearings
but find little favour in liquid hydrostatic bearings.,

Since however the objective of this exercise is stiffness it is as well to

examine Rowe's sitiffness parameter.

8.6 81 = B
2 =R +4(1-0)

A

¥

avial flow resistance
circumferential flow resistance

ify = 0 axial flov resistance is emall in comparison to circumferential

flow and the pocket approaches an axial slot., If on the other hand Yis

large the pocket form moxre rezemoles & circumferential slot., For any fixed
recess pressureB’: 0 gives the greatest stiffness whileﬁ': infinity will
give zero stiffness, hence variation in pocket shape between these two limiis
may be used to some extent to optimise bearing characteristics. Two factors
tend however to limit the extent that the pocket can approach slot form. The
first is the available pressure. The smaller the pocket in effective area
than the greater the vocket pressure mast be. TFor reliability and ease of
supply, pressure muat be maintained to reasonable limits and as illustrated

by Fig. 41 it is necessaxy to maintain a supply to pocket ratio of approximately
2, The axial sloi is also limited by end leakage. As the slot approaches the
end of the bearing lubricant flow increases. Fig. 42 has been prepared to

chow the effect of pocket shape upon stiffness paraneter (X):—

)\ = (supply pressure ¥ effective bearing areal
radial clearance

This has been shown for the range = 0.7 to 10,

This particular curve has been drawn for a pocket to supply pressurve ratio of
0.5. Reference to ¥Fig, 41 will show that theloptimum ratio is slightly abcve
0.6. The lower figure has been chosen so that as pocket pressure increases
i.e. shaft approaching the pocket, stiffness will also increase.

Shape of inlet pocket has been shown to affect stiffness to a considerable
degree and lubricuant flow is also affected, this being inversely proportional

to the distance from the edge of the pocket to the edge of the bearing.
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In order to make the graph mors reaningfMl as s design aid pocket proportions
are shown by sketches of the b bearing projected area at three pointa, -

In preparing Fig. 42 it has been assmmed that flow between pockets due to
pressure differences between pockets is negligible and that isobars
representing the pressure distribution between the pockets and the ends of the
bueh are parallel to the ends of the bush.

Over the greater part of the range of pocket shapes shown this is reasonably
trues but as the pockets approach circumferential slots, ( i.e. e(increasing) the
inter-pocket flow becomes significant. At very low valuescﬁ?&ihe pockets tend
to become isolated pressure pockets and the isobars deviate from the assumed
pattern (see diagrams on Fig. 42) The effect of this is to reduce the
stiffness parameter at the extreme ends of the curve. This is shown
(qualitativerl on Pig., 42 and it is recommended that only the centre portion
shown be used for stiffness calculation.

Power loss is also affected by pocket shape although to some extent absolute
pocket size is more significant in this respect,

The torque on a plain journal bearing is directly proportional to the speed

of rotation, the developed area of the bearing surface, the viscosity of

the lubricant and the radius of the shaft, and is "7V?rJP<7

propertioned to the radial clearance.,

In the hydrostatic bearing that part of the area represented by pocketls

will have a2 radial clearance about 30 x that of the plain area, Thus the
larger the area occupied bY pockets the lesser the direct torque on the
bearing. The larger the pockets however, the larger is the power required

to pump the lubricant because of increased flow requirements.

It is therefore important that pocket area is optinised (or compromised)
between bearing power loss and pumping pover loss., 1fost authoerities indicate
that a system in which the pockets are surrounded by equal length lands are
the best compromise and also indicate the bearing land should be approximately
one quarter the length of the bearing. Extreme accuracy does not seem
necessary and it is usual 1o round off the land lengih to convenient whole

or fractional sizes., On the basis of this section it is recommended that the
basic pocket design should fulfil this general. pattern and that orifice control

should be used, If variable orifices are needed then needle valves may be used.
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1%, TESIGH DATA FOR FULL HYDROSTATIC BRARINGS

Design data are presented in the Torm of charis. Some of these are presented
in dimensionless form but most are drawm to a vase of shaft diameter.
The reason for this is to present the data in a form which will allow its

jmmediate use to obtain a working system,

13. 1 Stiffness

Figs. 41 and 42 have already been used to illustrate the effect of supply
pressure and pocket shape but they also serve a design function in that they
allow stiffness to be calculated. '

A stiffness parameter }\is plotted against supply ratio and a factor 2(
which ig the ratio of axial and circumferential flow. 1In terms of bearing

dimensionsé{ compares flow areas and may de calculated by:

2{ = na SIJ:ljll
LA
where a and b are the circumferentizl and axial land widths respectively.
Fig. 41 is best treated as‘guide to pressure ratio which is generally recommended
to be 0,5 while Fig. 42 shows the variaiion of stiffness parameter at a
pressure ratio of C.5.

Stifiness may be derived from the dimensionless factor by

Stiffness = 2L£§£ where Ps = supply pressure
o A effective area
T

radial clearance

it

13.2 Clearsnce

Iubricant flow and stiffness are both considerably affected by the clearance
of the bearingz. As can be seen from the previous section stiffness is
inversely proportional to clearance. Flow of a fluwid between parallel plates
is proportional to the cube of the distance between them., The flow out

of the end of a hydrostatic bearing is sindlarly propvortional to the cube

of the radial clearance, From these two facters it is fairly clear that
tight clearances need to be specified for the bearings under consideration.
In deciding suitable clearances not only most manufacturing tolerances be
considered but shaft deflexion also must be taken into account. Fig. 43

has been drawn o show suggested preliminary desigm clearances., To some
extent the selection of .0008" dizmetral clearance per inch diameter is
somewhat arbpitary. At 30" shaft size the shaft deflexion totals about

L006" ~ ,007", the tolerances on the shaft will be & ,002" with similar

1imits on the bearing.
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Assuming the highest shaft size and the lowest bearing size the f-sulting
diametrial clearance will be ,0z0%, This size wouid easily accommodate
shaft deflexion of .007", Even lower clearances seen possible and it will
be shown that a reduction to ,0005 inch per inch clearance may be desirable
in some cases if only to reduce lubricant flow. The use of Fig., 43 is to
determine preliminary clearances wihich may require some modification as

design proceeds,

13.%. Supply Pressure

Tt is common practice to specify bearing load in terms of specific bearing
pressure (i.e. total load + total bearing projecied area) Fig. 44 has been
produced to enable the designer to link bearing pressure to supply pressure.,
This pressure has been based upon the O'Tonoghue & Rowe data. (19)

Two cases are given (a) L/D ratio equal %o unity, accepted as the optimum

ratio in most cases and (b) L/D = 2 which satisfies classification society
rules, Bearings with 1/D = 2 require iwo sets of slots to impart lateral
stability. If as is sometimes the case these two rows of slots are separated
by a circumferential exhaust slot then pressures should be determined as if

two "square" bearings were mounted side by side,

fubricant flow is reduced if no circumferential slot is used since not only

is the pocket pressure reduced but only two instead of 4 leakage paths are
present,

In preparing the graphs the axial land length has been expressed ac a fraction of
diameter so that any ratio represents a 1land of similar absolute size vhen
comparing an L/D 1 bearing (or 2 x L/D1) and L/D = 2 bearings.

Once bearing load, diameter and land length have been determined supply pressure
may be read directly from this graph. Alternatively when limitations are

placed upon supply pressure then land length can be ascertained.

13,4 Iubricant ¥Yiow

When a viscous fluid flows between parallel plate the flow per unit of width

is given bys

q = =dp QZ vhere h is the distance between the
ax 12/~

plates and f¢is the viscosity of the fluid.



If we assume that the shafti ie centrally eituated in a bearing then for a
radial clearance € , an axial lund widih “a' and a pockel pressure “Pp"

the flow from one end of the bearing will be given by:

3
o T D
a 12

since flow is from both ends the total flow is double this i.e.

o ¢’ @D
a 6 AL

The basic design of bearing has used an L/D of unity and “"a" has been
expressed as a fraction of L. Jif a =yl and if § is converted to gallons

per minute the pressure flow relationship becomes:

Q = pc X (0.114)

AV

vhere p = pocket pressure in p.s.i.

ePelle

4!

AL = viscosity in Reyn

C = radial clearance in inches
Flow can now be defined as pocket pressure multiplied by a factor which varies
with bearing size. sing the clearance specified in Fig. 43 this flow
factor has been plotted in Fig, 45 to a base of shaft diameter for tearings
of L/D = 1. It is shown for a series of 1and/length ratics and also for two fluidsj
water at 1.5 x 1Om7 Reyn viscosity and Esso Mar 85 a typical stern bearing oil
at a viscosity of 4.5 x ‘IO_6 Rern (temperature of oil assumed to be 90°F).
To find flow the designer needs to determine pocket pressure from the supply
pressure in Fig.44 and merely multiply by the flow factor in Fig. 45.
It seems likely that early designs of bezring will be limited to about
100 p.s.i. specific load. To achieve such low loadings a bearing of a total
length of two diameters will be required in most cases although some smaller cargo
vessels (less than 10,000 tons gross) may achieve such loadings with 1/D = 1,
The total length of two diameters may be achieved by using two 1/D = 1 bearings
separated by an exhaust slot or may use an L/D = 2 bearing with two pockeis
and no separating slet.
In order to cover the range of cases envisaged, four graphs have been plotied.
(1) 1/D = 1 water lubricated, flow plotted against diameter assuming

100 p.s.i. load (Fig. 46)

(2) 1L/D = 2 watex lubricated, flow plotted against diameter assuming
100 p.s.i. load (Fig. 47)
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(3) 1/D =1 oil lubricated with Esso Mar 85, fiow plotted against

diameter assuming 100 p.s.i. load (Fig. 48)

(4) 1/D =2 oil lubricated with Esso Mar 85, flow plotied against diameter

assuming 100 p.s.i, load (Fig. 49)

T+ can be seen that when waiter is used as the Jubricant very high flows are
yrequired if the recommended clearances of .0008" per inch diameter are used.
This is pérticularly so if two square bearings are used when the water flow
shown on the I/D = 1 graph would require doubdbling.

However, by reducing clearance ratio to .0005, it is suggested that
acceptable flows can be achieved for shaft sizes up to 25" diameter, This
precludes the largest tankers and such clearances arz nearing acceptable
marine engineering limits,

With a "full" 1L/D = 2 bearings and recommended clearance water flows are
reduced but even so , tighter than normal clearances would be required.
Overall it is felt that only by using a bearing of total length of one
diameter and using a tight clearance can a case be made for using a water
lubricated bearing for a large bulk carrier (say 30" shaft)

It must be conceeded however that at the present time it is unlikely that
the average marine engine works would be prepared to work to the tolerances
required,

Figs. 48 and 49 show 0il flows to be reasonable over the entire shaft diameter
range. Depending upon the type of design selected oil flows range from about
20 to 40 g.p.m. for a typical 35 inch diameter bearing.

At the present time the specified 0il flow for a hydrodynamic stern bearing
of gimilar size is about 40 g.p.m.

Since at this diameter water lubrication is unlikely to appeal to the
shipbuilder on grounds of high pumping rates, it can be seen that for the
same pumping cost and basic bearing system cost a considerable increase in

stiffress and reliability is possible by utilising hydrostatic bearings.

13.5 Fover Ioss
With design curves for stiffness, pressure and flow available in various forms
the only remaining design requirement is to specify power loss in the bearing.
The shearing of the Jubricant in the pockets will have negligible effect on
the torque resisting the turning of the shaft. This will almost entirely

consist of the shearing loss on the lands.
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If a centraliy running shaft is assumed then Petrof's law defincs torguc,.
Uy
Torque = R U X wetted area

£15 407 L2 X 107 HP,

o T

where "a% is diametral clearance,
Mhis gives a typnical powexr loss of 1 HP for a 33" stemm bearing vsing a

clearance ratio of .0ooce,

13.6 Dynamic Characteristics

Several authors referred to eariier show that tail-shaft resonance is a
practical possibilitye. The increased stiffness possible with the tail-shafi
bearing proposcd renders this lesa likely. '
Referring to Fig. 36 it can be seen that the film stiffness of the proposed
.0008 clearance ratic hydrostatic bearing is about three times the stiffness
of the alternative plain hydrodynamic stern bearing. The stiffness ranges
from 3 X ‘IO7 lb/ﬁqat 20 inch diameter to 45 x 107 1b/in at 30 inch.,

Overall system stiffness is probably more significant but this unfortunately
cannot be calculated for the general case. Paking the case of the 30"
diameter shaft referred to above and assuming the bearing point of support
to be 250" from the encastre nosition the shaft siiffness would be derived

fyrom the general deflexion equation of y = WL3

amp——

3EL
i.e, stiffness M . = =T
Y %5_

which gives a stiffness of 2.35 x 105 1b, per inch, In this case then the
bearing stiffness is of such a higher degree of magnitude than the shaft
stiffness that, vwhen considering shaft movement, only this needs to be taken
into account. Since the system is approximately 3 times stiffer than the
amplitude of the tail-shaft movement under thg transverse propeller loads

is reduced by this factox.
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14, DESIGH DATA TOR JACKING SYITHS

As has been indicated previousty jacking oil ayctems suarantee sotisfactory
opexation of stern bearings at iow gpeeds, Toese low speeds will occur vhexn
manceuvring in and out of port, approaching moorings or vhen the vessel is on
turning gear.

Tt is probably this latter condition which is +the most serious from a wear
standpoint.

In order to prevent rotor damage, all steam turbine machinery is rotated after
use while it cools doun. A minimum recommended period is six hours but in the
case of tankers end container ships it is standard practice to keep the engine
furning for the cntire period in port (12 to 24 hours ).

Tankers at single buoy moorings do not engage turning gear but periodically
turn the engines on live steam. This is done to maintain turbine readiness in
case of emergency and also %o keep the vessel headed to the buoy under adverse
weather conditions.

To prevent wear during this type of operation a sirmple jacking system is
adequate. Fige (50) shows the system proposed by Hill which uses a system of
four admission slots, A two slot system would have the advantage of causing
jess interference witu the generation of a hydrodynemic film and for this
reason axial slots cach one quarter the length of the bearing and situated at
each end of the bearing are proposed as being suitable jacking oil admission
pockets. Tig. 51 shous their situation. Each is connected to a constant
volume (positive displacement) pump.

Using the jecking oil srstem proposed by Fuller (34) (a method in regular use
by bearing marufacturers) such a systen would require a pocket pressure of
four times the bearing specific load when the pocket proportions proposed above
are used (i.e. for the normal mexirmm load on a stern bearing pocket prcssure
requires to be 360 p.s,i.) Fig. (52) has been prepared to show the oil flovis
to be expected from such a system, In the preparation of this graph a film
thickness of 0,007 inches has peen assumed for a shaft of 33" diameter and
f£ilms for othew diametexs have been proportioned.

The basis of this assunption has been 10 just prevent end contact when

the shaft is bent into a catenary under the welght of the propeller.

™o slots are required for lateral stability, but even if only one pump

were operational the 1ift obtained and the presénce of lubricant in the
loaded area would undoubtedly reduce turning gear weal. In view of this

plus the faect that the device is not in regular use during voyage and also
that catastrophic failure is unlikely to occur if the jacking oil is not

supplied for a short period a duplex pump svstem is not considered necessarye
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mhese will be for the following ships:
(1) Vedium lined ©sxgo veczel, shafi dizmeter 20",
(ii) Pine lineda fagt tanker, 20" shaite
(iii) TFull bodied bulk cax vier, 33" shaft.
15,1 MNediun Tined Carro Veesels
The after lines of this type of vessel are sueh that as little dia metral
space as pos asible needs to be taken up by the stern bs aring. For this reason
an uvnsplit bearing is proposed.
Section 2.2 indicates thet in the full away condition the load on the stern
pearing of such a ship is a 1little over half the rominal static load. A
tuming gear speeds and slow shesd the stern tea ring load will be the sane as
+the static load,
With L/D zatic of 2 for the entire stern bearing it is wnlikely that 207
shafting will be loaded to the maxirmm of 90 p.s.i, and a load of T5 DPaSels
is wealistic. This is then token as the basis of designi-
Diameter - 20%
Tength - 40"
Load - 20 x AC x 75 = 60,000 1b.
TDecause wake induced loads are a2t a minimum with this type of ship timisation
of stiffness charasteristics is not the pajor consideration and the general
basis of avial lauds equal to .25 the diameter will be taken. In hisg 1973
peshslel (35) Rosa vpreposed two sets of pockets gepcrated by an exhaust sioty
in offect producing two Tea arings of L/5 =1 in the tube., Tor a land

length of .25D Fig, 44 shows t
tnis ces

75 x 4ed

specific loud i.e.

ave needs to be 4.4 th

el
(=

hat the supply press

e the supply pressure should betl

330 p.sl1.

Cleavance ig based upea & I tio of .0008 hence the diametral clearance 711l
be a nominal LC16%,
atow flow veing thie nlearance is 350 g.p.m, for one bush but is reduced

8

&)

L ¥ R
to with

ZaDae

a tigh* clearance of L0005 inch

per inche.

<



Using the tighte
she Cinal recomsenced cleansnis.

T4 iz not fell necessary to vary water flows to the stern bearing of this
type of vessel s0 simple orifices in the pockets ave proposed, Since a
pockat to supply Dressure ratio of 0.5 is aimed for the orifice needs to

. o 1y N . . ps
fice flow Q = Ca J2gd and from this an orifice

XY

rednee 2 flow of (160 - 12) = 1343 ZeDolls (6 pockets rer half bush) from
Crit

230 DeBole tO 105 PeSole

dismeter of ¢.255% with a coafficient of discharge of 0,6 is required.

. - . . .- . . . ~ rvl

Rounding off to imperial arill sizes gives the choice of + o /64 inch

> o §
the lobtter giving o inereased pocket to supply ratio and & sllbhtly iffer

bearinge

A bronze bushing is recomnended with a resin coated tail-shalt.
Tn constrvction 2 double tube has been proposed in which an annulax space
pbatwesn the manifolds forms the pressure manifold. Pockets are machined in
the bors while still in the boring machine and Torm a series of ares within
the bore. Weiexw supply is to the menifclds and passes through the alver peak.
The water supply piping needs to be austenitic steely 3" boxe is suggested
wiaich will have a Dressure drop of about 20 PoSeis, por 100 . About 537 ft.
of piping will be neaded SO pump pressune will be %40 p.s.i.

Tig. 5% has veen prepared to show the details of this siern axrengemnent.

1% will be noted that no outboard seal is required. flowever a 40 1, uead
of water will exist outside the pearing due to nropeller submersion so it is
necassary that this extra pressure be suppliede.

Winal punp pressure needs to be 360 peseie

A seven stage contrifugal pump such as the high specd lather and Platt

ot Plurované ump is suggested for the dutye

Overall length of the pump is 41 inches, it is 20 inches high aznd 20 inchss
wide. Pumping power will be 42 HP.

If an L/D of 2 is used and the pockets are not separated by an exhaust

siot not only ig pumping pressure and flow reduced but a much simpler and

- F

i) - - -~ a
cheaper bearving resulis.
This iz showm in Pig. 54,

Refovence to Fig. 44 shous the supply pressure factor to be 3,5 resulting

iv a supply pressure of 262 DeSei.
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Tf the higher clemrance matic of 0000 is malniedned guving 2 L016 inch diemety

clearance wabver flow is sLill nign el 300 gep.m. even theuen much less than
the total of 700 g.p.m. for ths circumferential slot desiqn.’ It is again
fell necessary ¢ reduce the clearsnce but rather than going to the 0005
clearance ratio a ratio of 000565 (diametrical clearance .O13") is proposed
reducing the flow o the 1€0 g.v.m.,, a total considered accept table for the
previcus designs., Onifice size is 1]/64 inch. Pumping power is reduced to

40 H.P,

15.2 PFine Lined Fast Tanwer

Fere agair space is at a premium because of the fine lines of the ship.
Although the same size shalting is called for, the variation in load is highew
than for the cargo ship and a load of 1.3 x static load rust be catered for.
The cimplest means of doing this is to adopt the same desigmn of bearing as
before but to increase the supply pressure, This in fturn will increase the
flow by the same ratioc,

The force variaiions are higher for this type of vessel and hence a
correspondingly stiffer bearing is called for, Aezin this can be achieved
simply by increasing the supply pressure since stiffness of hydrostatic journal
bearings is directly proporticnal to supply pressure.

Using the same basic bearing dimensions as oefore the punp pressure needs

to be 460 p.s.i. and the water flow 210 Z.T.Is

A 3" Plurovane pump is suggested for this duty with 8 stages. Overall lenglh

of thiz pump will be 56 inches.

15,3 Full Bodied Bulk Carrier

As shown earlier the ]oad on the stern bearing of a full bodied bulk carrier
varies in the rarnge - 155 of the static load at a frequency of 5 x propeller
speed (assuming five bladed propeller).

’ A

E typical load on such a bearing is equivalent tc 86 p.s.i. over the projecte

;...4

aves hence the design load needs to be 106 p.s.i.

3 L8 . - -~y vt 3 v -y » -y “i e .
Stiffaess czigzn eriteria with this beawing but lubr ricant flow needs ¢

R

Sl)

Poa

be kept as low as is reasonable., Oil will have to be the lubricant. A
reduction in axial land length increases stiffrness but also increases flow,
A land of 5" will give a flow 70 g.p.m. from each of a pair of bearings in the

stern bush.



This figare is on the high side for & Ztax Pump and it

i
1and be incrveased to €.6" cegucing the total flow to 100 g.p.ms Supply
pressure (Fig.44) will need to Do %50 DoG.ls
Stiffness is increased {at the expense of powex consuned) when the loands
between the pockeis are inercased. This feature being snovn in Fig. 42 If
a gix inch wide pocke? is chosen tne land width netwesn pockets becomes approximately
10" and the ratid of flows becomes unity i.e. & stiffness parameter of 1.7 vhen
a pocket pressure of half supply pressura is used. Clearance ratic of »0008
is to be used giving a dismetral clearance of ,026", Because of the extra svace

o

available and the service advantages of split stern gear there seems to De

It

some advantage in incorporating the hydrostatic principie intc one of the
proprietory split stern bushes. This has the added advantage of allowing
external viping to the stern bearing and thus giving cpace +o £it control valves
rather than simple orifices, Pockel pressure ratic is then to some extent
controlavle., The valves should be medified to ensuxe that they camnot rompletely
cut off lubricant gupply. If orifices are used their diameter needs 1o be 1/8%,
Fig. 55 shows the machining requirements for the bore of the bearing and also

the means of fixing orifices.,

¥ig. 56 shows the simplification to e obtained by dispensing with the central
circunferential groove.

Total flow is reduced 10 A7 g.p.m. while suoply pressure can e reduced

from 350 p.Sei. tC 230 PaSeds Pumping power is recuced from 26 to 23 HeP.

Pump pover required to surply +he oil to the vearing will be approximately

26 HP, It has been argued earlier that chort beaxd ngs ought to be moxe

gaitable for ships hydrostatic stern gear. The I/D ratios here used are those
which at *his time would find favour with classification societies.

If an 1/D ratio of unity is to b2 used then supply pressure must be
doubled, Iubricant flow will remain the same since only two end leskage paths
will be present, The shorter bearing will permit closer clearances and if

these can be manufactured then flow can be reduced and stiffness increased.

O e
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16, POWER REGUIRHED
AL LR AR

pesrhect

The puwping requirements for itne cases cutlined

o

above have Deen Laken

directl;y from nump manufacturers! charts. Do these met be added the

ghearing losses within the bearing.

Using the Petvorf law given in Sestien 12 the total pover reouirements for

the nhydrostatic bearings are given belov.

(a) Pockets separated by anmulus

Cargo Ship 42 HP pumping
Tast Tezunker 55 W 0¥
Bulk Carrier 26 HP pumping

(b) Preferred desigus - Two Pockeb

Cargo Ship 40 HP pumoing
Fast Tanker 50 HP u

Bulk Carrier 2% HP 1

+ 1 02 Friction
4+ 1 1P "

+ 2,7 Friction

ne separation,
+ 1 HP Friction
+ 1 Hp Friction

% 2.7 Friction

4% H.P.
56 1.F.
29 E.2,

A1 H.P.
51 H.F.
26 H.P.
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17, LCONOMIC APPRATSAL : -

Although a technical case can te made for the irdreduction of hydrostatic

atern gear such a step can only be taken if ccenomically sound. The

bearings proposed will not only cost more for the bearing parts hut will
require more expensive ancillaxy equipment.

Tn order botn 1o define the cost the bearing and its ancillary equipment

Table VII has been prepared, This table compares, for each of three ship
types, the original bearing and the suggested hydrostatic. In the case

of the large bulk carrier both plain and split bushes are shovmn.,

Tt will be noted that two lubricant supply pumps are shown. One is considered
to ve a standby. Pather than have switching mechanism t0 start the standby
should the pressure drop to a certain limit, iv is proposed that both
hydrostatic pumps Iun in parallel each being cepable of supplying the

necessary lubricant flow. Txamination of this chart shows that in one instance,
that of the fast tenker, theve is a first cost benefit in favour cf the
hydrostatic bearing. This is oniy so© because it has veen possible to use a
water luoricated bearing in place of an o0il bearing and dispense with a geal,
When water lubricated bushes are replaced with watler hydrestatic bearings there
is almost 2 500 increase in first cost., This needs 4o be offset against
savings in maintenance. Even without the cavitation failures referred to
earlier savings due to weardown prevention would more than pay for the increase
in first co=t.

When oil lubricated bearings are replaced with oil hydrostatics the increase in
cost is negligible, and are such that less than a days increased 1life for the
bearing system would account for the difference in first coat.

It must be noted that the costs in table VII are not up to date and because of the

present rapid changes in costs should be taken to be relative only.
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Fxamination of stern bearing failures and existing designs has ied o a
proposal for the use of hydrosiatic hearings for ship's stern geaX.

Tt is posiulated that such bearings will be more relizble in that damaging
vibrations are contained and wear at low speeds iIs prevented.

Design charts are given and bearings for typical ships have teen presented.
A simplified economic appraisal shows jin most cases vthe Tirst cost of the
hydrostatic is higher than the bearing it replaces but that this cost is more

{han offset by reduced maintenance costs.

Tesign charts are also given for enable jacking oil systen to be fitted to
conventional stern tushes. The provision of such systems consideravly reduces Wear at
low speeds and their systems are likely to be in service operation within the

next two or three years.



- 142 -

-

REFEHYT

<
et
=]
«Q
=
(93

1. ARCHER S. Contribution to: Hill, Stern Gear Desigm for
1 3

Maximum Reliability. Trans.1 Har.R. 1972

2, ASHAWABE G. Theoretical and Experimental Investigation on
AXANOSHI M. - Stern Tube Bearing Lubrication - Technical
MATSUNOBU T.  Review, Mitsubiski Heavy Industries,

3 Bulletin De Bureau Veritas

4. BURKE A.E. & A method of Designing Journal Bearings fox
VEALE M.

steady loads., Proc. 1, Mech,BE. Conference

Lubrication and Wear 1957.

5. CAMERCN A. Principles of ILubrication, Longmans 1966,
6., CAMERON A. Basic Iubrication Theory, Longmans 1971,
Te CAMPBELL & LASKEY. Stern Gear Dssign for High Powered Single Screw

Tankers and Bulk Carriers. Trans. 1. Far.BD.

Ganadjan Division Supplement 1963,

8, COUCHMAN A.A.J. Contribution to Rose - Marine Bearings Trans.I.
Mar.E. 1967. )

e CROMBIE & CLAY An improved stern btearing system, Designe featlures
and operating experience with Purbull Splis
Stern Bearings. Trens. I. Mar.E. 1972

10, ELWELL R. & FINDLAY Design of Pivoted Pad Jouznal Bearings.
Trans, ASMF 1968

11, HOSHINO & KUME Propeller Excited Bending Moments in the Propellex
Shaft. Proceedings 1.M.A.S. Conference Trans.l.
Mar. 1969.

12, HILL A, Stern Gear Design for Maximum Reliability Trans.l.

Mar.E. 1972.

13, JASPER Vibrations of Propulsion Shafting System.
Trans, SNAME 1949.

14, XOONS Stern Bearings and Seal Failures Trang,. I,
Mar.E, 1971.

15. Lloyds List.



17.

18.

19-

20.

21.

22,

23.

24,

26,

27.

28,

29.

30.

MANSFIELD

MILNE
MOTT I.K. &
FLESTTNG R.

O'DONOGHUE JJP. &
ROWE W.I.

PANAGOPALUS E.

RATIVONDT A.A. &
BOYD J.

ROSE A.

ROSE A.

RICKLEY S.5. &
BJORX J.A.

SIMNCLAIR L.
EMERSON A,
MILINE 2.

STNCIAIR L. &
FRERSON A.

TSANKOEAS S
BRESLIN S.
MILLEKTY M.

VEDELER A,

VOICY G.C.

- 143 -

Contributions to Hill — Stern Ceax Design for

T 1 " Dl Sl i S T T byl
Vioximun Reliabllity Trons, L. H2Tes.

Contribution to Hill Stern Gear Design for

Veximum Reliability. Trans,I. Var.E. 1972,

Design aspects of Marine Propulsion Shafting

SySJBemS. TI'&nS. :[. T‘T&I‘.E. 1967.

Hydrostatic Bearing Design, Tribology Feb. 1969.

Design Stage Calculaticns of Torsional, Axial
and Leteral Vibration of Marine Shafting.
Trans, SNAME 1950.

Applying Bearing Theory To Analysis and Design
of Journal Bearings J. Appl. Mech. 1951,

Marine Bearings Trans. I. lar.E. 1967.

Contribution to Koons, Stern Bearings and Seal

Tailures Trans. L. lMar.E. 1971,

Contribution %o Sinclajr Emerson & Milne,
Propulsion of e }illion Ton Tanker, Trans.li.
Mar.E. 1971.

0il Film Roll Neck Bearing characteristics in
the Rolling Prccess, Proc. Conference
Tribclogy in Iron % +teel Works, Iron Steel Imst.

1969.

The Propulsion of a Million Ton Tarker.
Trans, I. Mar.E. 1971,

The Design and Development of Propellers for
High Powered Merchant Vessels., Trans.l. Mar.E.
1968,

Correlation and Application of an Tnsteady Flow

T

Theory for Propeller Forces. Trans, SNAMIE 1967.
Operational Problems with Stern Tube Bearing
Marine Technoiogy 1964.

Damage to Main Gearing Related to Shafting

Alignment, Proc. IMAS Conference Trans.I.
Mar.B. 1969,



WERELDSHA R.

WILIINS T.

WILCOCK D.P. &
BOOSER E.R.

A.S JI\'/I'E.
ROSE A,

MILNE P.

- 144 =
Experimental Determination of Thrust
Fecentricityv and Transverse Forces Generated by a
Screw Propeller, Shipbuilding Progress
July 1962, ‘

gome theoretical and vractical aspects of shaft

alignment Proc, LS 1973.

Bearing Design and Application, lcGraw - Hill 1957, -

Iubrication Hend Book (Pub, McGraw Hill)
Hydrostatic Stexrn Cear - Trans. HRE.C.IEE, 1274

Contribution to (35)



AFPERDTIZX T

MANUFACTURING PROCESS

WHITEMETAL STERN BUSHES
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CAST IRON

The buches are rough-turned, nored and split. After joining they are
f£inished-bored prior o timming operations, Next the wush is shot~blasted to
remove all graphite from the surface, alternatively the cast iron may be
degraphitised by the n"7olena® process in which the cast iron is suspended in a
bath of molten sodium hydroxide atb SOOOC wvhile a current of 100 to 200 Amps
per square foot is passed between the iron shell and a steel electrode in the
bath. The bush is the anode in this process. _

Following the caustic bath the bush is thoroughly washed.

Following shot blest the bushes are degreased either by:~

(2) Alkali bath, in vhich the bearing is dipped in a series of
weired tanks and thoroughly scrubbed, followed by neutralisation

of the alkali by dilute hydrochloric acid and water washing.

(b) Orgenic solvent degreasing plants; part which are not to be

tirmed are siopped with whitewash ox proprietary products.

If the Kolene process has been used to de—graphtise the bearing there is

no need for a separnte degreasing process.

The cast iron is then tinned. The recommended method uses two tin baths,

The first is pure tin at a temperature of BZOOC upon which a layer of flux
(zinc chloride 73 percent, sodium chloride 18 percent sumonium chloride

9 percent) floate, This flux is activated by a water spray just prior to the
bearing being dipped.

The cast iron is allowed to vemain until the tin bath temperature, which

drops with the entry of the cool cast iron, regains 310—32000 after which it is
removed and dipped in anothex (unfluxed) bath at 536°F (280°C).

When the cast iron is removed from the final bath it is at the correct temperature
for metalling and should be rapidly transferred to a spinning machine. As

the hot tin is expcsed to atmosphere, vellow +tin oxide is formed on the surface.
Some manufacturers remove this by a spray of hydrogen chloride.

It is not always practicable to handle hot heavy bearings on to metalling
tables or spimming machines and they are allowed to cool prior to metalling.,

Tn this case they musi be reheated before metalling and, particulariy with

ferrous backing materials,this can result in poor bonding.
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¥ywoess heal causes the formation of a thick (0,005 in.) layer of iron tin which
is extrenely brittle. During cooling or machining this layer invariably
fractures, leaving unbonded white metal,

Metal is centrifugally casi while the stern bearing is spimming at between

100 and 200rpm depending upon size.

For a large stern bearing weighing about 5 tons, 4 tons of whitemetal will be
cast, As scon as pouring the whitemetal has ceased the bush is rapidly cooled
by fine watexr spraysS. Too slow a cooling resulis in segregation of the
component metals in the whitemetal alloy. Too rapid a cooling below the
whitemetal solidus causes high stressing which zay rupture the whitemetal/

iron bond.

STEE,
The treatment for steel is similar to that for cast iron except that as
graphite is not present, shot blasting is not necessarye. Noxr is it necessary

to use activated flur in the tin bath, normal fluxing being preferable,
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AVPEeNIY IT

RESULTS OF T®ESTS OW A RANGE OF PLASTIC TFACED TIRUST BEARINGS



OBJECT ‘ -
To determine the suitability of various plastic materials for duties as

water lubricated bearings.

APPARATUS

The apparatus is shown in Fig.1 and comprises of a shaft driven via a
variable speed unit from a 5 HP electric motor. Tive collars are mounted on
the shaft each collar being submerged in fresh water in a steel tank.

A couver over the tank prevents splashing during testing.

To prevent corrosion the collar and shaft are phosphated.

Test bearings are tilting pad thrust bearings faced with the test materials.
Phe pads are hydraunlically loaded against the collars and are arranged to
grip the collars in the manmer of disc brakes, No thrust is thexefore

transmitted to the drive notor.

A1l materials were bonded to numbered thrust pads and machined and lappéd to
the correct finish, Bonding vas to the manufacturers instructicns.

As a preliminary test all samples were subject to 250 (or earlier failure)
start ~ stop tests in which the rig was started under a load of 20 peceie
(approximately 156KN/m2) run up to 2 speed of 200 r.p.m. and suddenly stopped.
Materials which completed this test were then fested at 1000 r.p.m. (24 ft/sec)
(7.3m/sec.) with loads increasing stepwise at 50 pes.i. 100 pes.i., 200 p.s.i.
and 400 p.s.i.

Pad thickness was neasured at intervals to cetermine wear down,

RuSULTS

Table I summarises the results obtained. Replacement spscimens appear in
these tables, These replacements were necessacry to balance the loading system
and zlso allowed repeat test.

The term "failed" in the tables indicates a sudden loss of material causing

a sudden drop in hydraulic pressure a8 opposed to a gradual weaT dovine.

CONCLUSIONS
Of the specimens tested only the following materials exhibited suitable wear
propexrties.,
0 - 001" wear BEpoxy Resins § 7SV 111
Bakelite TR 19299

( Rezolin L1930
Bronze filled P.T.F.E. (Rulon)
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P.T,F. B, impregnated glass oloth —(Tvzador)

,001 - ,002" Vear

002 — 003" Year Glass Tilled nylon = {ICI A90)
Graphite filled nylon - (1CT 4100)
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Tyeador SKAP/010/00 ¥ I.F.I.

opaP/10m /00 Glass Cloth
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P.T.7.E, Impreg.
7.0.T. Xematal (,012% Sheet)
Tygador SKAE/010/00 P.T.F.E.
T1.C.I. Maranyl B100 Nylon

1.C.I. Maranyl A19 Qlass Filled
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INTRODUCTION

The material tests in this eppendix weid part of & much fuller design study.

This concerned pump bearings to be lubricated with the fluid pumped. it was
necessary for the bearings to be chemically inert and for this reason P.tefeee
based materials were tested,
Three materials are tested for this appendixs

(1)  TFluorinoid 115 which is p.t.f.e. + 25¢% Carbon

(2) Fluorsint which is p.t.f.e. + mica

(3) Fluon VP 25 filled p.t.f.e. in tape form

For reason of commercial confidentiality only outline results are given

while details of fixing methods are not disclosed.

OBJECT
To investigate the wear properties of certain plastics with low-viscosity

Jubricants.

APPARATUS

Fig. 1 shows the test rig consisting of:

1. Electric Motor
2, Varizble Speed Gear Box
3, Test Shaft (Stainless Steel)
4. Support Bearings
5. Test Bearings

6. Inmbricant Containers
7. Peristaltic Pump
8, Pipework

9, Fydraulic Cylinder
10, load Meter

Fig. 2 shows the test bearing used. The material to be tested is housed in a

stainless steel bush,

METHOD OF TEST

All bearings were tested at 1500 r.p.m, st various loads on the projected area.




RESULTS

The following results were obtained.

Test No.1:

Test No.2:

Tect No.3:

Test No.4:

Test No. 5¢

Material Fluorinoid 115
Iuoricant Water @ 20%¢
Duration of Test 30C hours
Icad 100 p.S.is

Result - No detectable wear

Material Fluorinoid 115

Tubricant Water @ 20°C

Load 24 p.sSeie

Result - Bearing failure after 44 hours due to overheating

and excessive expansion following lubricant supply failure,

Material Fluorosint

Iubricant Glycerine

Load 24 p.s.i. 7

Result ~ Failure after 4 hours due tc lubricant supply

failure.

Material Fluorosint

Iubricant Trichloroethylene

load 24 p.s.i.

Result — Thermal deformation of Fluorosint caused failure

after 2 hours.

Material Fluorinoid 115

ILubricant Trichloroethylene

Ioad 24 p.s.i.

Result — Thermal deformation of Fluorinoid caused failure
after 44 hours.

After this test the bearing design was modified %o prevent distortion,

Successful running of fluorcsint was obtained.

CONCLUSION

Purely as a mating surface the f£illed p.t.f.e. materials appear suitable for

bearing applications., However the difficulties encountered due to distortion

render the materials unsuitable except for high cost applications.
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AFPPRIIDIX IV
AL OIS LA LY

PEST ON ZSV 111 IN CONTAVINATED SALT WATER AT 9OOF



OBIECT

To determine the suitabdility ol 248V 111 as a bearing material Iubricant

1
OO

txf

with sea water at temperatures up to 9 .

APPARATUS
The equipment of Appendix 11 was used but in this case the test shaft and
collars were chrome plated, Heating the s2lt water was carried out by

heating tapes around the water tank,

METHOD

The tank was filled with River'Tyne water talken at Scoitswood a2t high tide plus
a little disinfectant.

At ambient temperature and at 9OOF two series of tests were carried out, both

f)
at a pressure on the test bearing of 63 p.s.i. (428 xti/m").

(1) 12 loaded starts with speed run up to 8.7 ft/sec.

(2) Extended run at 8.7 £t/sec. (approx 2.7 metres/sec)

RESULTS

Tyelve loaded starts and 200 hours contiruous rumning at ambient temperature

produced ,0005" weaxr of the resin, This wear all took place within the first
10 hours continucus running.

Pwelve loaded sterts and 55 hours running at 90°F produced no measurable wear.
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0IL FIIM THICKHESS MEASURFIMINTS ON AN AFTERMOST
PLUMMER BEARTHC OF A TWIN SCREW CONTATWER VESSEL
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ABITRACT

Pt e

Tollowing failure to the atarboard aftermost bearing of 2 twin screw container

2

vessel measurements of o0il film thickaess vere taken on a UK. = Far Tast ~ U.K.

T

vovage.

Adequate oil films were shovn +to exist at all engine speeds but it was
demoristirated that the tail-shaft lifted under the action of the propeller, the
1ift being a function of speed but a full shaft speed probably loading the
upper half of the bearinge

Tt seems probable that the centre of the tail-shaft described a closed loop

at shaft speed. Tnsufficient data were obtained to quantify this loope.

Foilure was found to be due to the inability of the bearing to generate an oil

£ilm at turning gear sneeds (1 vev. in 5 minutes ).



1. OBIHCTIVES )

1,1 Primary Objectives

To determine the cause of repeated fajlure to the starboard aftermost bearing

of 2 twin screw contained vessel,

1.2 Secondary Objectives

(2) To measure the oil film thickness separating the shaft and bearing pads
on the starboard aftermost bearing of the vessel.

(ii) To derive the steady slate and dynamic load pattern on this bearing
under various conditions.

(iii) To ascertain the degrees of miselignment of the shaft relative to this

bearing under various conditions,

2. TITRODUCTION

The vessel is one of a class of container ships and has had a histoxry of
failure of the aftermost bearing.

As normal examination did not give an indication of the failure the author
was invited o measure oil £ilm thickness on a vOyage.

Since the results of these measurements, albeit carried out on 2 plummer
bearing indicate the degree of shaft misalignment and movement as well as
showing the susceptability of ships bearings to turning gear failure

they are consideved relevant to the stern bearing problems discussed in the
body of the thesis.

The owner has kindly given permission for the results to be put forward but
wishes not to have the veassel identified.

This report describes the measurements taken on voyage, analyses the results,

and makes recommendations ©o help preven® further damage.

During normal hydrodynamic bearing operation the shaft is separated from

the bearing by a f£ilm of oil. The thickmess of this film is a function of
bearing load, rotational speed, and viscosity of the lubricant. The function
is complex but film thickness decreases if load increases or if the rotational
speed or lubricent viscosity decreases. There is a point at which decreasing

£i1m %thickness results in contact of the moving and stationary parts.
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1
4

Turing contact, weaw will teke vlace. In most bearing applications the
guration of time at which metal %o metal contact takes place is small enough
or the loads light enough for this wear to be negligible.

Sufficient published data are availabple to enable the film thickness to be
calculated from a knowledge of the other variables or, conversely, one of the
other varizbles may be derived if the £ilm and twe other variables are known.
To measure the load on a plummer block during passage would o2 difficulst

tut to measure the distance to a rotating part is a relatively easy matter.
Two contactless methods are available (a) capacitive or (b) inductive.

Tf the shaft is considered to be one plate of a capacitor and another

plate is connected close to it then the capacitance of the system, when
gubject tc an alternating voliage, is a measure of the distance between the
plates. The capacitance of the system also varies according to the dielecixic
strength of the medicm between the plate. Hence in a bearing application the
capacitance would be affected bv the presence of oil or air. Also it is
necessary for electrical connexion to be made to the rotating shaft.

Neither of these criteria apply to an inductive method of measurement, If a
two pole mégnet is close to 2 magnetic material then the inductance of the
magnet varies as the distance between the magnet and the other material.
Provided that the medium separating the shaft and magnet is non-magnetic it
has no effect on the inductance.

This svstem of o0il film thickness was therefore adopted. Fig.1 shows the
basic prinziple involved.

In practice the magnet or inductive trensducer is a proprietaxry item in whigh
the inductance varies linearly with gap over a fairly wide range. The
necessary bridge circuiting is contained in proprietary "proximeters" and a
stabilised power supply is used to maintain a voltage across the bridge. The
bridge out-of-balance voltage is fed from the proximeters to either a cathod
ray oscilloscops or an accurate voltmeter. -

The actual circuit used is shown in Fig.2.

3.1, Calibration
The four inductive transducers were calibrated at room temperature using a
miecrometer screw arrangement. The temperature calibrations were carried out
in the test house oven, the probes being positioned in a lower tlat steel

plate while a second steel plate rested on the surface.
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The distance between the plstes was varied using pairs of feelexr geugss as.
shims. A thermocouple was placed in the lower prlate, adjaceni to the
transducer, giving accurate tenperature measurement zt the probe.

The results of the calibration are given in Figs. 5~ B

The transducers were mounted by driliing two journal pads to accept the probes
which were fitted using high temperature procf araldite (X83/466) and hardener
(my 9%2), The resin was cured for 16 hours at a temperature of 80°C.

One probe having been damaged dvring preliminary calibration, only three
probes were ingtalled in the pads, the remaining hole being f£illed with the
araldite. The probes were positioned approximately 1" from the edge of each
pad on the pivot 1ine and about .005 to ,008 inch below the whitemetal surface,
this depth being chosen such that the expected readings in operation should be
relatively temperature invariant.

Thermocouples were placed in the pads, adjacent to the probes and Jjust beneath
the whitemetal surface., Four thermocouples were used, the fourth being placed
for the missing probe.

The araldite holding the probes was scraped flush with the whitemetal

surface and, using specially machined mandrel segments, the depth of the

probe tips beneath the whitemetal surface was ascertained. The mandrels had
been machined with a slight tapew, thus oversize feeler guuges were placed
between the pad and mandril, directly above the probes, The probe voltages
obtained for these conditions are shown by the dotted lines in Figs. 3 =5
giving corresponding depths.

The electrical equipment was finally checked, the oscilloscope calibrated
using output from the proves and the digital avometer and the equipment bexed

and transported tc Southampton.

342 Tnstallation

As soon as engines were cool enough to allow turning gear to be disconunected
starboard aft bearing top casing was removed and the shaft jacked to take

the load off the bottom pads. The three lower pads were removed and replaced with
two instrumented pads and one pad fiom the ship's spares.

The pad fitted with two probes was Titted at the bottom of the bearing while the
pad with the single probe was fitted on the inbosrd side (normal upward side of

rotation).
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The probes were situated as follows:i-

No. 1 lower pad - aft end
No. 2 Jower pad - for'd end
No. % Side pad - eft end

Thermocouple leads and transducer leads were threaded through the o0il arnmulus
behind thé pads and led from the bearing via a hole drilled in the perspex
cover above the oil scraper.

The bearing pedestal was cleaned and the sump refilled with clean EssoMaxr 56
0il. A sample of the old 0il which was darkened was removed for analysis

and photographs taken of the journal pads.

With the exception of the proximitors and the probes, the equipnent was
stationed approximately fifty yards along the starboard tumel from the
aftermost bearing. This equipment consisted of a stabilised power supply 1o the
proximitors, a digital avometer measuring the proximitor output voltage, an
oscilloscope connected in parallel to the avometer to observe shaft loci and a
leeds and Northrupp temperature recorder connected to the thermocouples.
Switchgear enabled the svometer to monitor each probe individually and also
allowed a coupled input into the oscilloscope. Thus a locus was traced on the
oscilloscope by a combinaticn of two prove outyuts intc the X and Y channels
respectively. A circuit diagram of the electrical system is showm in Fig.2.
The proximitors were mounted by a flange arrangement cnto the aftermost bearing
casing and all connexions made. All ecircuits were checked and shown to be
operative., The digital avometer calibration was checked and the power supply
voltage adjusted to - 18V. A

Outputs were obtained from all three probes showing positive oil films in all

cases.

4, TEST PROCEDURE

After insiallation the vessel sailed to Hamburg and returned to Southampton.
The datum readings of the prcbes were taken while the shaft was on turning
gear and all equinment re-checked.

Readings of transducer voltage and temperature were taken at various shaft
speeds during normal port and Solent manoceuvring. Once "full away" regular
reading of voltage, temperature and shaft speed were made throughout the

Atlantic crossing to the Pananma Canal.
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It had been hoped that various weather conditions would be encountered

vut the weather and sea states vemained moderate throughout the vovege.

The effect of full helm in each direction was noted in a special test in

2 calm sea. |

Throughout the canal passage readings were taken at various speeds.

During the Balboa, Far East, Balboa, Canal passage part of the voyage ship's
personnel took regular readings of 21l parameters but due to a defect
developing cn the voltmetex did not take any eastbound Atlantic readings.

At two points during the voyage the voltage between shaft and earth was
checked.,

Prior to the ship leaving Southampton on her return to Far East, but afver
having called at zuropean perts to discharge and load containers, the bearing
pads were removed, examined and measured (to detect wear).

As a separate test a plummer bearing bottom half casing was hydraulically

loaded by the manufacturer and its deflexions noted.
Se RESULTS

5,1 0il Analysis

0il removed upon pad installation was found to be darkened. An analysis of
0il semple indicated -

Percentage insoluble material - appToX. 0.0 Wt/Wt

Acidity : 0.078 mg XOH/g

Tin and ¢ opper were the major elements present with faint traces of
aluminivm, iron, vanadium, silicen, antimony, magnesium, barium and lead.
Tin, copper and antimony are the major constituents of whitemetal while
aluminium is likely to be a result of slight wear on the oil thrower ring,
Tron is the same component of the shaft while all the remaining elements axe
likely to be found as permissible componenets of both shaft material oxr whitemetal.
0il viscosity is shown in PigaTe
5.2 At Installation

Plates 1,2 and 3 show the pads removed from the lower half casing in order to
instal the set of new pads. The lower pad shows an all over wear pattern while

the polished zones of the side pads are concentrated towards the for'd end.,



The insirument checks and readings tocen at this stage agree with the
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datum readings taken earlier.

5.3 Pre-Vovasge Check

A pre-voyage check of electronics and of datum, showed that a datum change of

0,00115 inches on the foxr'd (No.?) probe had occurred in European waters,

This was assumed to be pad wear—down for the puxrpose of further readings.

5.4 Vovage Results

Prom the results th

Table No,

II

111

e following tables and graphs have been prepared,

Content

@1l Away™ shaft speed, pad temperature and film

thickness at approximately daily intervals and shaft

alignment.

Film thiclmess, shaft alignment, speed during

manoeuvring at Southamption.

Film thickness, shaft alignment speed during spced

reduction at end of westbound Atlantic passeage.

Pilm thickness and shaft speed during application of

Port and Starboard helm,

These figures have been summarised in a series of graphs$

Graph I

This shows the variation in film thickness throughout
the voyage as recorded by probes 1 and 2, Since the
shaft speed varies by a emall amount from day to day

the figures recorded have heen corrected to assume a
constant 120 zr.p.m. and 4900 pad temperature. The
design curves shown in "Standard Handbook of Imbrication
Engineering" published by MeGraw Hill under the
sponsorship of the American Scciety of Tubrication

Engineers have veen wand to effect this correction.
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Graph III & IV

has been prevared to show the variation in alignment
throughont normal DaSSATC. 41lso showvm on this graph
are the variations in shaft speed and gea temperature.
Sea temperaturs is jneluded in order to detect whether

it caused hull distortion and, hence, shaft alignment

‘change.

Pnter into greater deteil of the vaeriations in film

thickniess and shaft alignment with shaft speed. The

#i1m thickness given is merely the mean £ilm, the for'd

and after end film thiclmess not being given separately.
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THESS, PAD TIIPERATURES AND

e AL LG ET

Date Time |l Sneed Tord Trohe (2} AT Trobne Term "ol Misaligaments
R | P w 105] demp ClEiIn x 10% ins.
L ins, 1075 ins,

24.7.They GBOCE 100 188 7 5.9 31 3.17

25 " 125 1.79 A6 4.6 46 4.01

26 0900] 125 | .64 41 4.1 48 4.21 &

27 w125 | 1.54 49.5 | 4.55 |50 4.16 2

28 w20 | 15 495 | 4.5 | 5 4,15 2

29 mo} 16 1045 50.5 4.45 51 4.15 5

30 w1116 1,5 50,5 | 4.5 51 4.5 ?:

31 " 116 1.54 5065 4.5 51 411 5
<

2.8.74. | 1000 | 116 1.59 50 4.6 50,1 4,16

3 w116 1.54 50,2 4.5 50,7 4,71

4 o115 1.5 51 4.45 51.5 4.1

5 w116 1.66 49.6 4.6 50,0 4,09

6 no {112 1.68 45.8 4.8 46 4.07

7 " 112 1.69 45,7 4.65 46 4,11

8 vtz | 1,69 46,5 | 4.6 47.1 | 4.1 &

9 noo 497 1 .64 48,5 | 4.6 49 4,11 A

10 woofaar | o159 Loz (4055 | 49.9 | 4.1 2

11 w117 1,64 50 4,55 5043 4,06 o

T oo 116 | 1.69 9.8 | 4.55 | 50.2 | 4.01 2

14 w11 | 17 48.5 | 4.6 49 4,01 =

15 " 112 1.78 49.5 4.5 50 3.87

28.6.74. | " }120 1.45 47.8 4.9 48.5 4.1

38 w120 | 1.45 47.5 | 4.45 485 | 4415

29 " 120 1.35 48 4.45 48.9 4.25

50 " 120 1,35 49 4.25 49.8 4,05

51 w120 1.4 48.8 443 49.5 4.05 .

1 w1120 1.45 48 4.35 48.8 4,05 5

2 v 1420 1.06 48.8 4,15 50.5 4.24 C

s " 120 1.20 - 4.1 5245 3699 %

4 v 1120 1.3 52,6 4,15 5345 4 =

5 " 115 1.5 50.4 4425 51.2 3.9 S

6 0600 {115 1.4 51 4.15 52 3.9 G

Mo
F Interna

1

tional Date
1 3

Line




T0
20
15
95

106

105

120

125

100

P 'J_‘!'Y.IC_‘.\TNESS AT SHAIT ATTET DIREG

FAHOFUVRLG AT SOUTHANPTON

Mean Tilm X 10

3

2.73
3.79
4.4

2,17
2,68
3.64
3,94
3,82
3. 37
2,09
3455
3.89
3.84
%484
3,86
3,81
3.47
0.55

inch

siisalismment x 107 _inch

4459
4.88
561

3494
4.09
4,717
4.78
4,82
4,72
3.48
4.86
A4.78
4,58
A58
4.4
A.d5
4,38
215
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FJ.J.n’z L J,L_L\.;z-JI D Au‘JD pISPSY b Lrjad Ui L ,r)Jl Lodr DL th‘JD
pht e i e s A il Lt o S e e S

RENL CPIOn AFnEn WNST DOUDD ATTAUTIC P;{ESAGE -
p) 3
Speed Mean Film X 107 inch Micalirmment X 10 inch
sheln MisalifnmeIlb 2 o ot
REL
4 -

116 2.95 4o15
111 3 4,15
107 2,95 4.15
104 2.9 , 4.1
101 2.85 4405
97 2.8 3495
/16 2.55 3,74
69 2.43 %659
58 2.48 3.79
29 2,08 3,09
1,27 1.94

(S}
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AL Y
FII THICIOINGS VARTAMIOU T RTNG AUPLICATT On
OF Rl
Time Soeed, Foxr's Tilm Ag;“hl Misaliemment
1 ¥ 109 inch X 102 inch ____nOﬁ inen
Sthd 0958 125 1.87 4.8 4,12
elm 02 g959 110 1,54 4% 3.96
09505 102 1.5 42 3.85
1000 96 1,26 4 5,89
1002 - 13 4.05 3.9
1004 108 145 4.5 32,85
1006 118 1.63 4.55 3.87
Port 1007 110 1469 4.3 3,76
Helm 0o 4008 110 1.59 4.35 3,91
1009 110 1.64 4.25 %476
1010 110 1.59 4.2 3,76
1012 110 159 4.5 4,06
1013 110 174 AeH .91
1014 119 1.74 4e6 4,01
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The effect of putting helm hard over, first to starboa rd then to port,

is showm in graph V. In the upper diagran actual measured films are given

but, asis usual during a turn, shaft cpeed varied during the turn and in ordex
to check film change on a CcOmmol basis the lower graphs show the film
thicknesses corrected to 2 constant 120 r.p.me.

Tt should be noted that figures of misalignment are qaoted relative to the

"zs new" surface of the bearing pads i.e. relative to the axis of the bear ring
casing. Filn thicknesses however are corrected for the (ussumed) degree of
wear vhich took place on the Southampton - Hamburg - Southampton voyage which
immediately preceded the Atlantic crossing. Any subsequent wear is not talken
into account.

Daring normal full-away condition the film thickness was observed to vary

at shaft frecuency. This is probabvly due to a combination of load variabtion

end of possible shaft out of roundness., The oscillation is in both the vertical
and horizontal planes., The apparent locus of the shaft centre at full away

was an ellipse with its major axis vertical, The major axis vas measured to
be between 0,0006 and 0,0007 inches the minor axis being asout 0,0005 inc

5¢9 Post Voyace Tzanination

Plates 4, 5, 6 show the ctate of the bearing pads upon completion of the tect
vovage., 1t can be seen that the lower pad is the most heavily marked.
Measurements of pad wear-dovn are shown in Fig.7. Wear of vhitemetal In way
of the pivot at the aft end was 0,0025 inches, wear at the for'd end 0,003

to 0,0045, The position of maximum wear was displaced from the pivet position

Y

in the direction of motion,

5.6 Voltdrop between shafi and earth

The voltage difference between chaft and earth was measured on two cccasions,
With brush gear clean and dry an 2.C. volt diffevence of 20 to 50 millivolts
and a d.c. volt difference of 360 to 410 millivolis was detected; mno current

flow could b

o detected in the brush gear earth strap, On another occasion
a 600 millivoll de.c. and a 50 to 100 millivolt a.c. difference between chaft
and earth was detected with brush gear 1ifted. With brush gear in contact
with the shaft the d.c. volt differences dropped .to between 200 and 300
millivolis and no a.c. velt difference could be detected.

With brush gear down no current could be detected flowing to earth.



; \d
£3% 1
] ;
. u~U .
i s
v i
Hw : g
o i
re <
o

wl
!




5.7 asing Deflexion

i e o s

when a plummer bearing is chocked in the normal mapner ot cach corner the
load impressed upon i+ canses deflexion in the vertical directiony this
dcflexion is accompanied LY a horizontal deflexion the effect of which is to
veduce bearing clearance ab the thorns of the bearings Graph vI shows the
total reduction in clearance at the horns of a 23" plummexr block loaded at the
nanufacturexrs factory., This hearing is a frame size smaller than the bearings
in questioh and for a given 1oad it is expected that its deflexion would be
greater,

The bearing vas not bolted down as securely as it wyould be in a ship noxr

was the casing top f£itted. Both these differences in nounting would lead

o shipboard deflexion being less than test deflexion. Although not relevant
to the argument in thie report Graph VII has also deen included to show the

amounts of deflexion recoxded in the vertical directicn.

6. DISCUSSION

wigares of oil £i1m thickmess have been measured which indicate that at ail
times during normal service and manocuvring speed adequate oil filns aie
generated. At sveeds of as Low as 20 - 25 TP the minimum f£ilm at the
for'd end seems 10 be in excess of .0007 inches.

Using the film thicknesses recorded on voyage and calculating back to a load,
again using the ASIE publication, gives a load of only

20 tons compared with loads derived by jacking of 27 tons. This may

suggest error jn measurement or in calculation method. The calculation method
is reasonably well established although because of the idealised nature

of design methods (which tend to be experimentally checked on small scale rigs)
and the size of the bearing in question some error must be assumed., In order
to study the effect of measurement error Graph VIII has Leen prepared. n
this the effect of absolute error in measuring upon the calculated load nas
been ShovTl.

Tt con be secn that to produce the difference irn load referred to above (35%) »
an errox of less than 0.,0003 inches in the absolute measurement of £ilm

thickness 1s necessarye
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gince, as will be discusced in £0)lowing paragrenns and as 1s showm in the
photographs (Plates 1 and 2), wear of the whitenetal +nolz place during the

vovase, a 0,0003 inch exyor in film +icimess measurcment is reasonable to

expect. There SEoms 1ittle meason to doubt the relative values of film
thickness, particularly since the deprce of miswlignment shovn by the fransducers
at the glowest speed is in reasonable aereenent with the measured aistribution

of whnitemetal werr—~A0vit. Acceoting, therefore, that the relstive chanzes in
£ilm thickness axre relatively accurate any change in 1oading shown by transducer
signal variation je also 1ikely to o€ reasonadly accurate.

Based 1poOn wpgl ) Avay" £i1m variation +he load 1S shown ‘o vary by
upon the steady state load. This veriatvion was at shafi freguency superiwposed
ppon a low aﬁplitude wave of 7 £0 3.3 crcles per nimute. That the Lpe@uency
was a chaft frequency ijs a 1ittle odd since, on an aftermos® hearingy 2 1ozd
variation at bhlace frequency would moxe 1ikely Dbe expecteds The (very) lowv
amplitude voxiation at 3e7 cycles peX minuve suggests hull movemnent possibly
due to wave encounter. At the time of the frequency measurenent a moderate
swell was TonniNnge An encountex period of 343 cvcles per minute guggests a
wave length of about 150 yardse.

When gtaryboaxd helm is applield theve is & clear reduction in £11m thickness
which vaen corrected for shaftl speed. indicates & 01% increasc in load upon the
aftermeost vearing. 1he chznre in alignment guring this test was slight. A
change in alionment is to be expected vith starboard helm since the action

of such helm 1o to increase propeller torque and. hence reduce shaft speede At
the same tine there is an increase in the axial component of the wake. Thas the
angle of attack of the propeller ig decreased giving thrust and, in all
probability, giving & decreased thrast eccentricity. The upward bending noment
on ‘the propeller 1g decreased and the aftermost tunnel bearing load increased.
Port helm can bve expected to have little effect on the starboard shaft. As

can be scen from Graph V this is in fact the casC.

Misalignment of the shaft hag been plotted both a8 & function of time {Graph II)
and of shaft anced (Graph TV)e Speed 2nd sead Lemperature are also plotted

on Greph IT and from this preph 3t seems thatb shoft speed has the greatest
effect on alipnment oOvex most of the voyage. On the Tokyo to Balboa leg of the
voyege howevel, gea temperature seems 1o have some modifying effect vpon

aliemmente.
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Vhere alignment is plotted divectly ageinst speed it can clearly be seen
that as shaft speed increases »C 0Ge misaligamente Turing manoeuveing in
Southampton the soread of misalignment figurss varies over a wider range than
during the speed roduction prior to anchoring at Christobal, Yhis has heen
attributed to the difficulty in precisely associating speed and transducer
voltage during rapid speed changes at Scuthempton as opposed to the greater ease
with vhich the signals could be svnechronised during the steady speed reduction
after the westward Atlantic passales.
The alignment change is such that the shaft lifts at the after end of the
bearing. That the alignment ohould change in the manner ig veasonable since
with an increase on speed noth thrust and thrust cccentricity increase. Thrast
centie on an outward turning gharboard propeller is usually in the upper
starboard part of the disc and hence inerease in thruet tends to increase the
upward bending moment on the propeller shaft.
The nmagnitude of the alisgmment change such as to indicate the propeller
induced shaft pending moment is sufficisnt to completely overceone the dovrward
moment due to propeller wveight and to either transfer the stern bearing load 1o
the upper half or at least completely unload the stera Tearinge.
yhen film thickness vecorded by the trensducers is corrected for temperature
and speed and plotted to a base of time any wear down of the whitemetal
(remembering that the lransducers are below the metal surface) will be inéicated
by an apparent reduction in f£ilm thickness, mithexr tne £ilm thickness reduntion
will be gradual (if the weaxr down is teking place more or less continucusly
dguring the voyage) or, if wear down takes place &t certain specific points in
the voyape, then a step or steps are introduced into the gra@h.
Such a step occurs on Graph 1 during the ship's stay in Tokyo when almost
,0005 inches of wear appeaxr to take place. Similar pericds of high wear took
place between the vessel leaving Southarpton and returning to gSounthampton during
a short Y¥uropean loading voyage prior to the test and again after calling at
several European discharge and loadirg ports at the end of the test voyage.
If it is assumed that no wear +took place on the westward Atlantic voyage -
a reasonable assunption in view of the lack of weaxr on ather parts of the voyage
ther the following pattern of weax ceens 1o have taken place.

Southampton to Southampton ,001"  approx.

Tokyo .0005" "

Southampton to Southampton .0015" 1
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The common fezture apout the periods during which wear anparently took rlace

is thal the engines woald be on turaing gesT for extealed periods. Turning
gear specd is about one shaft revolution in 5 ainutes and at this speed no

£ilm is likely to be cenerated. vailure at sea could be explained by the fact
that gradval geterioration of bearing surface took place during tvrning gear
operation. This deterioration, if this hypothisis is correct, would be
pregressive until the bearing enrface ultimately was SC damaged as 1o hindexr
full speed>oil £ilm generation.

Considerable numbers of bearings are in service which do not fail even with
gimilar turning geat specds. however s the 27 ton lcad derived by Jacking

is correct then, compared with other bearings, thie particulaxr one is
overloaded vy aboutl %(00e - - L& - can b - .S‘A,.wn'}:hak such

2 losd is within the capability of a bearing of the dimension of the one
investigated provided that reasonable shafl speeds are medintained at all times.
At low speeds the overioad becones gisgmificant.

The analysis of the darkened oil sample is gimilar to the sbiained whern wesr
has +taken place Hut such an analvsis would s1so be oovtained following failure
due to shaft currents being ecarthed through the bearinge

The voltazes recorded on passafe have been Ymown 1o ipduce currents of
sufficient magnitude to cause bearing failure, indeed voltages of lower magnitude
have been respensible for failure. IHowever when clenn dry brush gear was mounted
on the shaft no current flowed to earth., Vhen the velative resistances of oil
£i1m and brugh gear are compared it seems unlikely that shaft current of
sufficient magnitude to cause bearing damage flowed to earth via the bearing
o0il film and whit enetal.

Also, unless there is a fault in the ships clectrical system, shaft currents
are more likely to be generated when the machinery is at full speed than wilen
slowly rotating. The evidence on the other hand points to damagc at lower speeds.
Photographs of pads taken from the ship all show marking on the side pads.

This marking may be attributed either to 1ack of side clearance OT to the shaft
nelimbing” without a gubstantial oil film during slow speed operation.

The deflexion teste chow sufficient side clearances cven under heavily loadel
conditions.

The conditions to be drawvn from this discussion is that the results indicate
that the wear taking place when the engines are on turning gear is responsible

for bearing failure.
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Obviously all bearings st wear winen on turning gear, this wear being a

thes ) class

— N -~ s .

function of lond. The loasds ou o€ afiermost bearings of
of vessel are hicher than normatly encountered which may explain to some

extent the preferential {ailure of an aftermost bearing. This test however
has failed to indicate the reason for failure of the starboard bearing and not
the port bearing. Frure gupposition is that the 1oads on port and starboard
bearings are slightly AifTerent or that the port hearing Scrapers delivexr
marginally greater volures of oil on turning gear, this margin being gufficient
to prevent failure.

Wear rate is also dependent upon the shaft surface finigh. At the time of
jnstallation the curface was not noted as being abnormally wougil. However
surface rouginess is notoriously difficult to estimate without meas suring
instruments or comparitors SO it is felt that, pefore adopting the following

recommendatlons, shaft surface finish is checked.

Te RFOOM”ENDAT‘Ohg

if wear down On turning gear 18 to be entirely prevented then the shaft and
besring rust De fully scparated during slow gpeed operation. Phe only method
of doing this is to supply high pressure jacking 031 to small pools on the
lower pad. 01l would be drawm from the bearing sunb and delivered via flexible
pipes to the bottom pad.

gince all bearings wear at low speed and generally speaking failure is uUncOLMOl,
pethods of voducing wear on this bearing will probably increase bearing life

to that enioyed by nost marine shaft bearings.

Accepting the owners reluctance to modify bearing *oéd b7 lowering it

(since this nay vesult in stemm bearing failure) it is sugges sted that a greater
supply of cil to the bearing will probably increase 1ife, When on terning

gear the scraper delivexs only & small volume of 0il to the pearing and some

of this volume is lost down the sides of the oil pick-up ring., The volume of
0il delivered on tumming gear can be increased by fitting & modified scrapelr
and an oil wing which instead of being the usual T section is manufacturéd

co as to contain a series of "p pockets" which pick up oil from the sump to large
quantities then a plain ring. Such rings are used o1 cemen’ kiln bearings

guch a Ting although delivering much greater quantities may have the disadvantage
of jincreasing oil churning at full gpeed resulting in a hotter bearing 0il. swmp.

Also slight rmodification to the casing top would be required.
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sufficient volume is not likely ©o be more el
The Yearing may also be supplied with a greater oil voliume on turning cear

by mounting a small circulating punp outside the beering which draws oil firom
the sump throusgh one of the drain plugs and delivers a streanm of o0il between the

.

upper pads., Connexions can be made through the upper inspection dooxr to

accomplish this.

8. CCHCLUSTONS

Film thickness measurements have been made on the starboard aftermost bearing
of & container ship using inductive transducers, It has been shown that although
minor inaccuracies limit the use of this method as a mesng of deriving load,
considerable danta can be obtained as to the Tunning condition., Wear and changes
in alignment are particularly easy to detect.

Based upon the measurements taken it has been concluded that the starboard
aftermost bearing of the ship suffers evcessive wear dovm when on turning gear.
The excessive wear down is most likely due %o the fact that the beaying is

loaded well in excess of its design load. Nevertheies g it is felt that provision
of continuous supplementary oil supply during turming gear operation will
jncrease bearing life to that enjoyed by most marine tunnel bearings,

Alternatively, high pressure jacking oil may be supplied to the lower pad to

prevent any metal to metal contact.
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