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Fig. 11 Bearing reaction determined by hydraulic jack

4.12 Determination of Shaft Alignment. There are
basically two ways that the alignment of an installed
and complete shafting system can be checked. - One,
which is akin to the drop-and-gap method of alignment
at initial installation, is to remove the bolts from a
coupling and compare the relative position of the two
ﬁanges with the calculated value. The second method,
which is both easier to accomplish and more mefmmgful
is the so-called hydraulic jack method.

With the hydraulic jack method of checking shafting
alignment, a calibrated hydraulic jack is used to deter-
mine the actual load supported by a bearing and this
actual load is then compared with the desired load. The
actual bearing load is determined by placing a hydraulic
jack as close to the bearing housing as possible (bearing
foundations are often designed with an extension to
provide a jack foundation). A dial indicator is located
immediately above the jack so as to measure vertical
movement of the shaft. Where possible, the anchor
point for the dial indicator should be independent of -
the bearing housing. Before recording any readings, the
shaft should be lifted at least once to ensure that the
shaft can be lifted 20 to 30 mils without coming into
contact with the upper half of the bearing; this pre-
liminary jacking tends to reduce hysteresis in the shaft
and erratic readings. Ior short shaft spans, a dial
indicator should also be installed on adjacent bearings
so that any rise of the shaft in these bearings can be
noted. At a later time, this may help to explain un-
predicted readings.

With the dial indicators and jack in place, the shaft is
raised and lowered in increments, noting the jack load
corresponding to each increment of shaft rise. These
data are plotted as shown in Fig. 11. The data points
will conform to two basic slopes. The slope of the lift-
versus-pressure curve as the load is transferred from the
bearing to the jack represents the spring constant of
the bearing shell, bearing housing, and the like. When the
shaft lifts clear of the bearing, an abrupt change in
the slope of the data points occurs. The second slope
corresponds to the bearing reaction influence number
for the bearing.

Due to friction in the shafting and jack system, the
data points when raising and lowering the shaft do not
coincide, the result being the equivalent of a hysteresis
loop. The deflection-versus-load plot will show a lower
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shaft lift at a given jack load for the increasing load curve
than for the decreasing load curve. Experience indi-
cates that the true relationship between the jack load
and shaft lift is approximately midway between the lines
determined when raising and lowering as indicated by
Fig. 11. However, in cases where the increasing and
decreasing load lines are significantly different, the mean
line should favor the increasing load line.

With the mean line representing the true relationship
between the jack load and shaft lift established, the load
which would be on the jack at zero shaft lift and with
the bearing removed is determined by extrapolating the
mean line downward to zero shaft lift. Since the jack
and bearing are close together, the load as determined
can also be considered as the load on the bearing if the
jack were removed’ (or the bearing load being sought).

Under favorable jacking conditions (no binding of the
shaft in the bearing due to athwartship misalignment,
interference with stuffing boxes, etec.) experience shows
that the accuracy of the bearing reactions determined is
usually within 10 percent. However, the influence num-
bers obtained by jacking may not be as accurate. When
the bearings being jacked are located towards the middle
of the shaft and span lengths are fairly equal, jack influ-
ence numbers are generally within 30 percent of the
calculated influence numbers. For bearings located near
the ends of the shaft, the influence numbers obtained by
jacking may disagree with the calculated values by
50 percent or more.

Both the load and influence number errors are due to
inaccuracies which are inherent in the jacking procedure;
e.g., the jack not being located at the bearing center, the
load center in adjacent bearings shifting as the shaft is
raised, and hysteresis in the shafting system. Conse-
quently, when a bearing is to be realigned, the distance
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that the bearing should be raised or lowered should be
based on the calculated influence numbers rather than
the influence numbers determined by jacking.

When jacking bearings that are very close together and
in cases where the jack must be located some distance
from the bearing, the jack load should be multiplied by
a correction factor to obtain the load at the bearing.
The correction factor is as follows:

= In
C - Ijb (12)
where
I = influence of bearing on bearing
I; = influence of jack on bearing

These influence numbers are determined by including
both the jack and the bearing being jacked as support
points in the shafting system ecalculations. To be
theoretically accurate, this correction factor should be
used for every bearing that is jacked; however, only in
the aforementioned two cases is it a factor of significance.

Table 7 contains a tabulation of the measured bearing
reactions for the shafting system in Fig. 1 and illustrates
typical jacking results. The oil in the reduction gear
was heated and circulated at operating temperature;
therefore, the measured reactions should be correlated
with the hot reactions.

The hydraulic jack procedure can also be used to
detect bent shafts in that the bearing reactions can be
determined with the shaft rotated in 90-deg increments.
If the bearing reaction changes significantly with shaft
position, a bent shaft can be suspected. - This technigque
is very useful when analyzing a shaft that is suspected
of being bent.
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5.1 Introduction. Main propulsion shafting is sup-
ported by bearings which maintain the shafting in proper
alignment. These propulsion shaft bearings divide
themselves naturally into two groups; those bearings
inside the watertight boundary of the hull and those
bearings which are outside the hull watertight boundary.

The requirements imposed upon the design of main
shaft bearings are extremely severe. The bearings are
required to operate at speeds ranging from 0.1 rpm,
when on jacking gear, to 100 or more rpm in either
direction of rotation. And, unlike some applications,
the bearing loads do not vary with rpm but are essentially
constant at all speeds. Reliability is heavily empha-
sized in the design of bearings because there is no re-
dundancy for bearings and a single bearing failure may
incapacitate the propulsion system.

In addition to the radial bearings which support the

main shafting, there is located inside the ship a main
thrust bearing which transmits the propeller thrust feom
the shafting to the hull structure. Figures 1 and 2 show
the two typical main thrust bearing locations. Often,
the main thrust bearing is designed as an integral part
of the main engine and is provided by the main engine
manufacturer. Ior details concerning main thrust bear-
ings, see Chapters 9 and 20.

5.2 Line Shaft Bearings. Bearings located inside
the ship’s water-tight boundary are called line shaft
bearings, although they are sometimes referred to as
steady or spring bearings. Almost without exception,
these bearings are ruggedly constructed, conservatively
designed, babbitt lined, and oil lubricated. Except in
special cases, the bearings are self-lubricated by rings
or disks arranged in such a manner that lubrication is
effected by the rotation of the shaft. Roller bearings
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Fig. 12 Self-aligning line shoft bearing with oil disk lubrication

have been used in the smaller shaft sizes, but the ad-
vantages of lighter weight and lower friction have in
general not been sufficient to offset the higher reliability
and lower maintenance costs of the babbitt-linéd type.

Line shaft bearing housings are made of steel castings
or fabricated of steel plates welded together. Completely
satisfactory bearing housings are obtained by either
method, and manufacturing costs govern the construc-
tion method used. Since rigidity is of more concern than
strength, low carbon steel is used as the material for
bearing housings with the exception of bearings for naval
combatant vessels, in which case high-impact shock re-
quirements may necessitate the use of high-strength steel.
Bearing housings are split horizontally at the shaft
centerline. The bottom half of the bearing must be very
ruggedly designed since it carries the vertical shaft load
and any side load that exists.

The bearing housing supports a heavy steel removable
shell which is lined with babbitt. The shaft rests on the
babbitted surface. The bearing shell can be made with
a self-aligning feature by providing a spherical or crowned
seat at the interface between the bearing shell and hous-
ing. This allows the axis of the bearing shell to align
exactly with that of the shaft. TFigure 12 is a section
through a bearing with a self-aligning feature and Fig. 13
is a section through a bearing that is similar but without
a self-aligning capability. The general construction of
bearing housings and shells can be observed from Figs.
12 and 13.

Except for the aftermost line shaft bearings in mer-

chant applications, it is general practice to babbitt only
the bottom half of the bearings since these bearings
would never be expected to be loaded in the top. How-
ever, the aftermost bearing (the one closest to the stern
tube) may become loaded in the top particularly when
the stern tube bearing is water-lubricated. Water-
lubricated bearings are subject to a large amount of
wear which can result in severe misalignment. It is
considered good practice to provide the maximum prac-
ticable amount of babbitt in the top half of the aftermost
line shaft bearings when water-lubricated stern tube
bearings are used. With oil-lubricated stern tube bear-
ings, the probability of the after bearing becoming
loaded in the top is considerably reduced.

Babbitt that is centrifugally cast onto the bearing
shell is considered preferable to that which is statically
poured. The former technique dependably provides a
more secure bond between the babbitt and the bearing
shell. The desire for centrifugally cast babbitt has
required some adjustments in bearing shell and housing
design.

Babbitt can be of either the lead or tin base type.
Tin-base babbitt has greater strength and is generally
preferred for shaft bearings; it is specified almost exclu-
sively for centrifugally cast bearings. Lead-base babbitt
is preferred where embedding, conforming, and anti-
friction are primary considerations. Lead-base babbitt
has a lower yield point and a slightly better fatigue
resistance.

Physically the load-carrying length of the bearing
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Fig. 13 Non-self-aligning line shaft bearing with oil ring lubrication

should not exceed two times the shaft diameter
(L/D = 2) nor should it be much less than one shaft
diameter (L/D = 1). These limitations are set to assure
uniform bearing contact in the case of long bearings and
to prevent excessive end leakage of the oil from impairing
adequate lubrication for short bearings.

The oil reservoir must be sized to operate during ex-
treme roll and pitch conditions without leaking oil by
the shaft or disabling the bearing lubrication system.
Furthermore, the oil quantity and sump surface must be
- sufficient to dissipate the heat generated. Line shaft
bearings are sometimes designed with cooling coils lo-
cated in the sumps as shown in Fig. 13; however, experi-
ence has shown that the cooling coils are rarely, if ever,
needed.

Line shaft bearings may be lubricated by means of oil
rings, an oil disk, or by a supply of oil under pressure
(wick-lubricated bearings have fallen into disuse). Ring
oil-lubricated bearings contain two or three metal rings
with a diameter of 1.25 to 1.5 times that of the shaft (the
ratio decreases with larger shaft diameters). The num-
ber of rings in a bearing should be selected such that no
ring 1s required to distribute oil for an axial distance
greater than 7 in. on either side of the ring. The rings
rest on top of the shaft and dip into an oil reservoir
located beneath the bearing shell. Figure 13 is an exam-
ple of a ring-lubricated bearing. As the shaft turns, the
rings are rotated by the frictional contact with the top
of the shaft. Oil which adheres to the ring in way of
the oil reservoir is then carried up to the top of the shaft

where, a part of the oil is transferred to the shaft and
subsequently carried into the contact region of the bear-
ing. Ring-lubricated bearings have proved to be capable
of accommodating large angles of list and trim and have
proved to be reliable in service with design bearing unit
loads of 45 psi. With regard to the possible adverse
effects of trim, tests have been conducted which demon-
strated that ring-lubricated bearings can accommodate
angles of approximately 10 deg from the horizontal with
no sacrifice in performance. Reference {32] discusses
the performance of oil rings based on laboratory tests
and shows, among other things, the sensitivity of the
quantity of oil delivered to the oil viscosity.

Disk-lubricated bearings use a metal disk clamped to
the shaft at one end of the bearing shell. The disk may
have a flange as illustrated by Fig. 12. As the shaft
turns, the lower portion of the disk, which is immersed in
an oil reservoir, is coated with oil. This oil is carried to
the top where a metal bar scrapes the oil from the disk
and guides it into passages where it is admitted to the
top of the shaft and then into the contact region of the
bearing. Disk-lubricated bearings have been success-
fully applied with design unit pressures of 75 psi.

In special cases, line shaft bearings may be lubricated
by oil supplied by a pump. If the shafting system is
very long, sump pumps are required to return the oil
from the bearings since a gravity drain is not feasible
considering the possible trim and pitch conditions of
the ship. While this method of lubrication assures an
adequate supply of oil at all shaft speeds, it has the dis-
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advantage of the extra pumps and complexity. Further-
more in the event of pump failure, the bearings may be
damaged from the lack of oil.

The load which can be supported by a babbitted jour-
nal bearing is dependent upon the method of lubrication,
the bearing length to shaft diameter (L/D) ratio, and of
course the installation workmanship. In the past, bab-
bitted journal bearings were restricted to bearing pres-
sures of 20 to 30 psi based on the projected bearing area.
This limitation on allowable pressure resulted in bearings
with L/D ratios as large as 2. Even with high L/D
ratios, the shafting systems had very closely spaced
bearings such that the bearing loads were very sensitive
to alignment. The use of higher bearing pressures
along with the use of more sophisticated techniques
in positioning bearings has resulted in more reliable
shafting systems by virtue of the more favorable bearing
L/D ratios and more flexible shafting systems.

The most severe demands on the lubricating system of
a line shaft bearing do not correspond to full-power, full-
rpm operation, but to the condition when the shafting is
rotated by the turning gear at about 0.1 rpm for ex-
tended periods of time to facilitate uniform cooling or
heating of the main turbine rotors. If the lubrication
system fails to deliver adequate oil to the journal under
this condition, the oil film which separates the bearing
journal from the babbitt will not be replaced as it is
squeezed out; consequently, metal-to-metal contact and
damage to the bearing surface may occur. Lubrication
provisions have a strong influence on a bearing’s ability
to operate satisfactorily in the critical jacking mode of
operation; and, consequently, the means of lubrication
strongly influences the extent to which line shaft bearings
can be loaded. As a guide, it has been found that as
little as 25 drops of oil per minute on the journal surface
is adequate to sustain indefinite operation in the jacking
mode at bearing pressures of about 75 psi.

With proper attention given to design details, ring-
lubricated bearings, disk-lubricated bearings, and pres-
sure-lubricated bearings can carry increasingly higher
unit loads in that order. Disk-lubricated bearings can
carry a higher unit load than ring-lubricated bearings
based on the assumption that the oil seraper functions
properly. Very close controls must be maintained in
the manufacture of oil scrapers because manufacturing
flaws which are hardly perceptible can have a large
influence on their performance.

5.3 Outboard Bearings. Outboard bearings can
be further classified as stern tube or strut bearings.
Figures 1 and 2 show the locations of these bearings
relative to the ship arrangement.

Outboard bearings can either be water lubricated or
oil lubricated. Almost without exception in this coun-
try, all outboard bearings were water lubricated up till
about 1960 when a transition to oil-lubricated bearings
began. This transition to oil-lubricated bearings was
stimulated by the unduly short service life of many of
the water-lubricated bearing assemblies during that
period. It is believed that the shortened life of the
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water-lubricated bearings was caused by the larger ship
sizes which had greater bearing loads and more con-
taminated water passing through the bearings (larger
ships operate with less clearance between the hull and
channel bottoms such that more silt, mud, and sand is
drawn into the bearing surfaces). Reference [33] reports
the experience of ship operators regarding stern tube
bearing wear.

Minimization of vibration was also influential in the
promotion of oil-lubricated bearings. Particularly with
larger and fuller ships, variations in the water inflow
velocity to the propeller generate large variable bending
forces on the shafting; many instances of pounding of
the shafting in the forward stern tube bearing and the
stern tube stuffing box of single-screw ships have been
noted particularly when five-bladed propellers were being
used. Oil-lubricated bearings which have close bearing
clearances eliminate the pounding and associated main-
tenance of propeller shafts and stuffing boxes.

Oil-lubricated stern tube bearings also reduce the
power losses in the shafting system. For a 22,000-shp
ship an efficiency improvement of about 1.5 percent can
be expected with oil-lubricated vice water-lubricated
outboard bearings.

Although oil-lubricated outboard bearings are favored
by many, water-lubricated bearings remain in common
use. Figure 14 illustrates a typical water-lubricated
strut bearing design. A water-lubricated stern tube
bearing design is similar except that the bearing bushing
is fitted inside the stern tube rather than the strut barrel.

Water-lubricated bearings basically consist of a bronze
bearing bushing which retains a number of bearing con-
tact elements that may be made of either lignum vitae
wood, phenolic composition, or rubber bonded to brass
backing strips. A sleeve is installed on the shaft to
provide a corrosion-resistant contact surface. Careful
consideration must be given to the selection of the liner
material in relationship to the bearing material [34].

When brass-backed rubber strip bearings (rubber stave
bearings) are used, as is common in naval practice, dove-
tailed slots are accurately cut in the bushing to accom-
modate the bearing staves. Sufficient metal is left be-
tween each slot to hold the staves securely; the space
between staves also provides a cooling water flow passage.

As indicated by I'ig. 14, bearings employing lignum
vitae and phenolic materials are similar to rubber stave
bearings. A “V” or “U” shaped groove is cut at the
longitudinal joints of the blocks to provide lubricating
and cooling water flow. Brass retaining strips are gen-
erally placed at four points around the circumference to
secure the contact elements.

Lignum vitae and phenolic materials absorb water and
consequently tend to swell. Phenolic materials are
usually installed when dry and consequently swell sig-
nificantly when put into service. Swelling must be con-
sidered in the design of both lignum vitae and phenolic
bearings. Lignum vitae must be kept damp at all times
as it will otherwise become dry and crack. Reference [35]
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contains details pertinent to the application of lignum
vitae to propeller shaft bearings.

Water-lubricated bearings are designed with L/D
ratios of the order of 4 for the bearing adjacent to the
propeller and 2 for those forward of the propeller bearing.
Classification societies often specify these values as
minimum lengths. Unit loadings of the bearings based
on projected area (shaft diameter times bearing length)
are normally under 40 psi; however, great care must be
taken in placing importance on the absolute value of
bearing contact pressures which are based on the pro-
jected area. Not only does the eccentricity of propeller
thrust alter the loading but also the load distribution is
both difficult to assess and is subject to radical change.

Outboard bearing materials may wear 0.2 to 0.5in.
before being replaced.

Outboard bearings are occasionally aligned to a slope
corresponding to the static slope of the shaft in way of
the bearing in order to obtain more uniform bearing
contact when initially placed in service. However, this
procedure has not proven entirely satisfactory from a
weardown standpoint since only the starting point of the
wear process is changed and there may be little influence
on the ultimate wear pattern.

QOil-lubricated bearings, as illustrated by IFig. 15, have
been used in stern tubes and bossings more so than struts.
This is partly because of the fewer bearing problems with
water-lubricated strut bearings and partly due to the
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difficulties in adapting the system to struts. Oil-lubri-
cated bearings do not require a liner to be installed on the
shaft since contact with seawater does not oceur nor is
there any significant shaft wear. Also, no bushing is
inserted in the stern tube; the bearing shells, which have
heavy wall thicknesses, are pressed directly into the
stern tube. The L/D ratios of the heavily loaded after
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stern tube bearing have ranged widely. Early designs
had ratios of 2.5 but a trend toward a value of 1 was
subsequently established.

Oil-lubricated stern tube bearings are totally sub-
merged in oil, and seals on the after and forward ends
of the tube prevent the ingress of seawater and the
leakage of oil into the ship, respectively. The pressure
of the oil in the stern tube is maintained above that
of the ambient seawater by means of a head tank which
is located about 10 ft above the full-load waterline.
Ships which have large draft changes may require two
head tanks; one for full-draft operation and one for
ballast operation. Figure 16 illustrates a typical lube
oil diagram for an oil-lubricated stern tube bearing. A
small pump is usually installed as shown to force oil
circulation through the stern tube. The oil flow is such
that oil is circulated through both bearings. Many varia-
tions of this system have been used including the deletion
of the pump; owners often specify filters, heaters, coolers,
and coalescers to condition the oil as it passes through
the circuit. Coolers are rarely used as the temperature
leaving most stern tubes does not exceed 120 F.

Although the unit bearing pressure based on the
projected area normally falls in the 70-psi range for oil-
Iubricated bearings, the actual operating pressure is
probably closer to twice this value. An inspection of
the bearing contact area after operation reveals that the
after bearing is loaded only on the after end for a length
of about one shaft diameter; shorter bearings are often
advoeated for this reason.
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