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The Present Status of Study on the Behaviour of the Line Shafting

Abstract

Past and present developments in the ali-
gnment procedures of the line shafting are
discussed. It is shown that the effects of
the propeller hydrodynamics and of the oil-
films, built up in the journal bearings, can
essentially change the static alignment,
However, the inclusion of these phenomena
in the alignment is not yet standard,

Also the dynamic effects of natural fre-
quencies and vibratory excitations are not
vet accounted for in the general case, alth-
ough also these aspects can influence the
safe operation of the line shafting, Theref-
ore a plea is made to develop a more com-
plete and thus a more rational alignment
procedure,

1. Sketch how the past transfer-
red into the present

The behaviour of the line shafting is imp-
ortantly influenced by its alignment, With
the alignment for a given propulsion shaft-
ing the well-or malfunctioning of the beari-
ng bushes is determined, the rate of the
wear down of the bushes, the effective su-
pport of the shaft, the natural frequencies
of the lateral vibrations, etc, Therefore
the alignment is the procedure to guarantee
a trouble free operation of the line shafting
during a certain period and many research
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is devoted to realize an optimum alignment,

The present status of the studies in this
respect is the product of the past and the-
refore a small look back into the past may
help to describe better the present,

The shaft alignment in the past was done
very simply, The most straightforward
method was taken to align the shafting sy-
stem: the straight line. Easily be defined,
easily to be justified, easily to be performed,

But it could be done along that line bec-
ause the transmitted power was low, the
rate of shaft revolutions rather high, so
that rather slender and flexible intermediate
shafts resulted, Also the propellers were
rather light due to the low power they had
to deliver,

This may sound a good reason but maybe
it is not the main reason, Maybe the lack
of technical possibilities is a much better
reason, At that time one did not by far
have the instrumentation we have nowadays
available. Although the economic require-
ments of a safe and optimum operation must
have existed also in those early days, these
requirements could not be met to the degree
they can be met now.

With the increase in installed power on
the shaft the need of a more sophisticated
alignment became necessary, From the str-
aight line one has to turn over to the cur-
ved line, Measuring and calculation techni-
ques were improved to realize this, Because
of these improvements a more optimum ali-
gnment became possible but as another res-
ult also the requirements became more se-
vere, And so on,

And this spiral of improving capabilities
and sharper specification is still existing,
Continuously forcing the designers in more
and better in shorter time and at lower cost,

More specifically we see that terms like
“rational alignment” and “judicious distrib-
ution of bearing loads” were born in the
sixtieths of this century.[1] In order to
be able to predict and to guarantee any safe
and reliable operation, the precise operati-
onal condition of the line shafting has to
be known beforehand, This precise condition
is given by the conditions between the
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journals of the shafting and the bushing
material of its bearings, Only in case the
bearing loads can be kept within certain
bounds for all normal operating conditions
of shaft and ship, one can guarantee the
safe operations of these bearings and thus
of the shaft,

The rational alignment is generally sub-
divided into 3 parts:

—the static alignment
—the stationary running alignment
—the dynamic alignment,

In normal practice the static alignment is
applied, the stationary running alignment as
well as the dynamic alignment are not
commonly applied. Partly because they are
not yet familiar, partly because of many
uncertainties in these techniques which
requires still research.

In this paper some thoughts are spent to
this field of research in the alignment of
the shaft, In Appendix A a proposal is
given as produced some years ago by one of
the technical committees of ICMES, the
International Cooperation on Marine Engine-
ering Systems. This proposal considers the
standardization of terms and symbols as
used in modern shaft alignment,

For the safe and reliable operation of
the line shafting it is also important to
keep the vibration level low, Generally this

means that resonances have to be avoided.

For the lateral shaft vibrations this can be
done by a rational shaft alignment, accou-
nting also these aspects. For the torsional
and longitudinal vibrations the alignment
has no effect and other means have to be
used.

From the very beginning of engine prope-
1led ships torsional vibrations have plagued
the designer. By trial and error first but
later on by increased understanding and by
better calculating and measuring techniques,
the marine engineers have succeeded to
arrive at accurate and safe design procedures,
It may be stated that torsional vibrations in
the line shafting does no longer need fund-
amental research,

This does not hold for
longitudinal vibrations, In

the lateral and
the fiftieths a
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first practical design method was develeped
on the lateral vibrations, then indicated as
the critical whirling speeds [2], although
the theory of whirling was already known
decennary earlier.[3] But not only the
gyroscopic effects of the propeller, also the
hydrodynamic effects of the entrained water
in the propeller disc play an important role
[4] as well as the oilfilm in the stern bea-
ring and the support stiffness in the stern-
bearing. [2, 4]

Only because of the availability of the
high speed digital computers such problems
can be analysed and investigated. The finite
element method, to represent
the finite difference method, to estimate the
oil film behaviour, and the lifting surface
theories, to calculate the propeller hydrod-
ynamic, make it possible to study complex
systems and to investigate the sensitiveness
to certain parameters.

The analysis of the longitudinal vibrations
is basically not more difficult to perform
than for the lateral vibrations, However,
the studies of these vibrations are hampered
by the fact that the effective thrust block
participation in these longitudinal vibrations
is expensive, tedious, time consuming and,
therefore, in general rather difficult to be
determined. [5,6] Future research may be
needed in which much full scale information
has to be considered. No further attention
to this kind of vibrations will be given,

Nowadays the digital electronic computer
is available in many forms, running from
the pocket calculator via the mini’s to the
mainframes. Its usefulness in design work is
now generally acknowledged. However, only
30 years ago it was stated [2]: “It is obvi-
ous that, useful as the digital computer
may be, it is not suitable for direct every-
day application by the designer”,

Obviously research and development in
the intermediate time have changed the
possibilities and thus the philosophies tho-
roughly. Also in marine engineering this
applies and it takes a lot of effort to be
kept upgraded,

the structure,
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Fig 1. Effect of the alignment on the bearing reactions,

2. General considerations on the
alignment.

2-1 Familiar procedures.

Nowadays it seems at the yards to be
general practice that the propeller-shafting
system is aligned along a curved line with
the purpose to have all bearings loaded in
a similar way. For conventional, single
screw ships with the engine room aft this
means that the sterntube, the intermediate
bearings and the engine bearings are posit-
ioned with respect to a reference line., This

reference line can be drawn in various ways,

Mostly it is drawn horizontally with respect
of the boring of the aft stern bearing. Also
the forward stern bearing is generally cen-
tered along this reference line, so that only
the intermediate bearings and the main
engine are oriented with respect to the
reference line, Figure 1 gives an example
of such an alignment with respect of the
curvature as well as the relative change of
the bearing reactions with respect to the
straight line alignment.

Considering Figure 1 the following obse-
rvations can be made,

In the straight line condition the bearing
reaction of the forward stern bearing was
very small, Lowering the intermediate bea-
ring brought the forward stern bearing in-
volved in carrying the shaft, Of course
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also the displacement of the engine will
have an effect, but because of its close
location the effect of the [intermediate bea-
ring will be stronger.

For the crankshaft the bearing reactions
were negative in the straight line condition,
By changing the location of the main engine
and the intermediate bearing this resulted
into positive reactions at the crankshaft
bearings.

2.2 Non-familiar aspects.

Clearly it follows from the results of Fi-
gure 1 that by introducing some {reedom
in the wvertical position of the bearing a
much more rational distribution of the bea-
rings 1is possible, But also it follows that
having the position of the forward stern
bearing variable will increase the possibili-
ties in alignment enormously. This is shown
in Figure 2. From this Figure also follows
that for long sleeves, as the aft bearing,
there may be large advantages in using also
the slope of a long bearing as a parameter
to influence the distribution of the bearing
reactions,

This slope boring of the after stern bea-
ring, even multi-slope boring, has been done
in different cases. However, it is still not
very popular and therefore may need more
attention and research. In this report no
further attention is spend to this, because
it seems an easy improvement of the exis-
ting calculation techniques.

More important and more fundamental are
the two following aspects, The first one is
the hydrodynamic load on the propeller due
to its operation. The second is the oil film
that is built up between the journals and the
bushing. These two hydrodynamic cffects
may have an important influence on the
future realization of the alignment and they
are discussed in detail in the following two
sections,
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3. The propeller induced hydro-
dynamic effects on the alig-
nment.

3-1 General remarks on the
propeller hydrodynamics.

The task of the propeller is to transform
the torque delivered by the engine into the
thrust that brings the ship in motion.

In first consideration one expects that
thrust and torque are symmetric with resp-
ect to the shafting. However, the water
flow over the propeller disc is not homog-
eneous and therefore the load distribution is
also unevenly over the propeller disc, leading
to an unsymmetric application of thrust and
torque, This unsymmetry in thrust and
torque influences the alignment of the sha-
fting and therefore the natural frequencies
of the lateral shaft vibrations. Some detailed
attention is devoted to this phenomenon in
the following.

In Figure 3 a two dimensional represen-
tation is given of a profile operating in a
steady inflow. This profile may be regarded
as a section of a propeller blade at a certain
radius.

The inflow velocity U is composed of the
local circumferential velocity «# and the
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axial inflow of the water in the propeller
disc V4. To this inflow velocity U belongs
a lift and a drag which form together the
section force, This section force is decom-
posed into a component that is parallel to
the thrust and a component that contributes
to the torque.[7,8]

The propeller operates in a non-uniform
inflow of water, Therefore its circumferen-
tial load distribution is not uniform. For
single screw ship the water velocity V4 in
the top region of the propeller disc is app-
reciably lower than elsewhere over the disc.
That means that the propeller blades in the
top position are heaviest loaded, because
here the angle of attack 1is the largest,
Then the averaged load on the propeller,
that means the thrust, does not apply nicely
at the center of the propeller, but at a
point above the center. Thus a moment is
exerted to the propeller, tending to Iift the
propelier and consequently also the shaft.

The contribution to the torque is also
largest for the top position and therefore, in
addition to the mean torque applying at the
center of the propeller, also a transverse
force applies to the propeller, For a right-
handed rotating propeller (looking in forw-
ard direction) this transverse force is dire-
cted to port side and horizontally oriented.

In the above only the axial inflow into
the propeller disc was considered. However
in general the flow into the propeller disc
has an oblique direction. Therefore the flow
velocity is decomposed into 3 components:

3

—the axial component
—the tangential component
—the radial component

The radial component is perpendicular
the plane in which the sectional
moving, in fact parallel to the wing or
the propeller blade. It therefore does not
directly contribute to the generation of
forces as sketched in Figure 3 and generally
is not considered in propeller theories,

The tangential component acts parallel to
the circumferential speed and therefore has
effects, For a single screw ship this effect
can be described as follows,

For a single screw ship there is a vertical

to
profile is

(18)
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upward stream of the waterflow. That
means that for the blade, that is moving in
the upward direction, the relative velocity
with respect to the waterflow, which is
originally wr, is reduced. Thus the angle
of attack in Figure 3 is reduced and there-
fore the lift and the drag, thus also the
contributions to the mean thrust and torque,
are less than elsewhere.

However, the blade that has passed the
top moves against the waterflow so that its
relative velocity with respect to the flow is
increased and the angle of attack is increased
as well in Figure 3. For a right handed
propeller this results in a movement of the
thrust to starboard side and there is appl-
ying a vertical upward lateral force due to
the increase in the contribution to the torque.

For a single screw ship, provided with a
right handed propeller, the following general
description can be given. The thrust applies
at the propeller in the 1 to 2 o’clock
position, having an eccentricity between
10% to 25% of the propeller radius. See
also Figure 4. Keeping the torque centrally
applying at the propeller, a lateral force
has to be considerded also centrally apply-
ing at the propeller, a lateral force has to
be considered also centrally applying at the
propeller. The magnitude of this lateral
force is given as a part of the ratio of
the torque and the propeller radius: Q/R,
this ratio lies between 20% and 40%. So the
lateral force runs from 20% to 40% of Q/R
and it is directed into the 10 to 11 o’clock
direction, almost perpendicular to the thrust
eccentricity.

It must thus be expected that due to the
operation in a nonuniform wake flow the
propeller may experience large steady loads
that affects its alignment. In how far these
effects are important will be shown in the
next sections.

3-2 Example of the magnitudes of
the mean poropeller loads.

Figure 5 shows the contours of the axial
velocities in the plane of a propeller of a
single screw ship. These contour lines are
connecting the points with the same axial
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the thrust and of the application of the
lateral force, both resulting from the ste-
ady propeller operation in a non-uniform
wakefield,
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90°

180°

Fig 5. Iso-axial velocities in the propeller plane.
velocity. Starting from the top position this
is done over 180° only. For a single screw
ships the vertical plane is considered as a
plane of symmetry.

From this Figure follows clearly the low
axial inflow speed of the water in the top
region of the propeller disc.

Figure 6 gives an other way of presenta-
tion. Here, per radius, the circumferential
distribution of the water wvelocity is given.
In this Figure 6 also the distribution of the
tangential component of the velocity is
given, the positive direction is given by the
angular rotation, which is righthanded.

In this velocity field of the water works
the propeller, which general characteristics
are shown in Figure 7. This a righthanded
propeller, looking from aft. It is designed
to propel a 30,000 DWT bulk carrier and
has to deliver maximum 12,500 KW at about
95 revolutions per minute,

In Figure 8 the coordinate system used

in this paper is shown, together with the
description of the forces and moments that
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0.30r/R

Fig. 6. Circumferential variation of velocity component.

PITCH DISTRIBUTION

P/D

MAXIMUM THICKNESS LINE

LEADING EDGE

PROPELLER CHARACTERISTICS

Diamcter 7.3 m
Number of blades 4
Pitch ratio (mean) 0.82

Fig. 7. Propeller outlines and main characteristics.

en




190 EHBIARIBBSRE I, £10% K38 1986

Table 1. Mean forces and moments caused by the steady operation of a propeller (Fig.7)
in a non-uniform wakefield (Fig. 5 and 6.).

Only axial flow Effect of tangential flow
Fy (thrust) kN 1,340 +1.2%
-My (torque) kNm 1,355 +1.2%
Fy, (Hor. force) kN 96. 8 +0.8%
F. (Vert. force) kN 3.15 +874%
My (Hor. mom) kNm 761 ~0.2%
M, (Vert. mom) kNm 47.5 +6022%
F (Transv. force, % Q/R) 27 27
g (eccentricity % R) 15 16
4
8Y
Fx
F2\0z
g, -
Only axial Fy
corponant £y fPE=15%R
Y.
= My 92°
x ¢
G % )
F=26%0/R F
L ‘L‘_-__ z
by gy
Fig. 8. Choice of the coordinate system and the
definition of forces and moments that
apply at the propeller.
act on the propeller. These hydrodynamic
forces and moments have been calculated ‘ £z .
T ) . Axial and i €-168R
for the propeller indicated in Figure 7 and tangential
the axial wake flow shown in Figure 5. For conpanent o
)
these calculations use has been made of a F=275Q/R Fy
computer program based on a lifting surface )
theory like the one as described in reference. - -
[9] The result is shown in Table 1. In b
addition also the effect of the tangential
wake is shown in this Table.
Operating in the axial flow only we see

from Table 1 that there is mainly a horiz-
ontal force and horizontal moment. The
horizontal force pushes the propeller to
portside, the horizontal bending moment
lifts the propeller upwards. Also there are

22

Fig. 9. Vectorial
eccentricity &

representation of the thrust

and the lateral force F

due to the non-uniformity of the wake-

field.
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a small vertical force and a vertical bend-
ing moment. These small effects are caused
by several complicating matters that are
not easily described, but have to be taken
into account in a sophisticated computer
program,

However, a much larger effect
from the inclusion of the tangential
onent of the wakefield. A strong
in the vertical force and vertical bending
moment is shown, although the resultant
vector is hardly effected. The directions of
the vectorial presentation of the transverse
force and of the eccenticity are more affe-
cted as shown in Figure 9.

is found
comp-
increase

3-3 The effect of the mean propeller
forces on the alignment.

It is still a subject of research how det-
ailed knowledge of the hydrodynamic forces
and moments is neeeded to perform the ali-
gnment with sufficient accuracy. As an ex-
ample the effects of the above calculated
hydrodynamic loads are shown in Table 2.

In this table the original alignment is
shown, The offsets were chosen to fulfill
the requirements of the bearing mean pr-
essures, These calculations only refered to
the vertical aspects. Also the alignment
was planned to be done only for the vertical
plane, Therefore the attention is restricted
to this plane,

£ F Qv KEHE
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g ERE sl #Ast e FET
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o 2%

LA BEES Ztx fRREE BT
S A Gt RS WD #EY 9t
Wl Eel ek Mdke] LELA oA E FER
BE dotgleh grba] HEA Sl A G
HR B fES EET Table 2¢] Fnsh
g

o] ol A Uz
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RES v Fa glv,

FAEE WolD THENS ERE WRE
= EEs stk ol F HES wA LT

Table 2. The effect of the hydrodynamic propeller loads on the alignment in the vertical

plane.
Bearing
After Forward Interm. I Thrust Aft crank
sterntube sterntube shaft ‘ shaft shaft
Original alignment Offsets 0.0 0.0 -1.2 -2.0 -2.0
Reactions 379 89 66 105 86
Hydrodynamic propeller | Vert. force -37 | +13 —2 <2 —1
loads Hor. mom —234 | 1264 4 51 ~ 25
Combined origi . 108 366 24 139 59
ombined original alignment (—72%)| (+412%)] (—642%) (4—31%)} (~32%)
] - -
Realignment Offsets | 0.0 | 0.0 +0.6 0.5 +0.5
Reactions 1 186 | 209 129 140 35

Bearing reactions are given in kN.

Offsets are given in mm, Positive in upward direction.

Values were derived from shafting in Figure 1,

operating in the wakefield of Figure 6.

@3

provided with the

propeller shown in Figure 7 and
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Considering the hydrodynamic loads, that
apply to the propeller, the corresponding
bearing reactions were calculated. In these
calculations the effects of the gravity were
omitted, For the vertical force and the
horizontal bending moment the general ef-
fects on the bearing reactions are underst-
andable, Important is the large effect of
the bending moment, The changes in the
bearing reactions due to this hydrodynamic
load are of the order of magnitude of the
original bearing reactions.

These strong effects are more explicitly
demonstrated in calculating the combined
effect of the gravity and of the hydrodyn-
amic loads, keeping the original offsets in
the alignment. From this result (5th line
in Table 2) follows that the hearing reac-
tions are essentially changed when conside-
ring the hydrodynamic loads, A new align-
ment is needed as shown in the last 2 lines
of Table 2, The optimal offsets show to be
completely different from the original off-
sets in which the hydrodynamic propeller
loads were not accounted for,

Research on alignment is done already for
many years to face these problems[10] and
it is still continuing.[11] The above desc-
ribed considerations should become standard
in shaft alignment procedures., Then the
margins become known within which the
shaft has to operate, Only in that case one
can make a “rational alignment.”[1] How-
ever, we are still far from that situation
as shown in reference[12] which lacks these
considerations,

4. The effect of the oilfilm on
the alighment

4.1 The building-up of an oilfilm

Due to the shaft rotation an oilfilm is
built up between bush and journal and thus

offsetting the shaft from its original position.

This offsetting occurs in a horizontal and a
vertical way as shown in Figure 10. It is a
function of the rate of revolutions, the
bearing load, the radial clearances and so
on,
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& Clearance 1.62 mm
aT=Horizontal I

[ eccentricity (mm)
E Q =angle between /
5 vertical and
- attitude lines.
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Fig. 10. Measured position of the shaft journal in the bush as function of the rpm and the external

loads [10].

By means of the finite difference method
or the finite element method[13] it has now
become possible to calculate the formation
of an oilfilm between journal and bush, see
Figure 11. These calculated values confirm
our expectation of a high pressure at the
aft side of the after sterntube bearing, Plo-
tting the maximum pressures over the length
of this bearing (see Figure 12) is a further
confirmation of this expectation, However,
scrutinizing the results of Figure 11 learns
us that the real situation is more complex
than suggested by Figure 12,

(25)
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10 bar A 1MP,

Looking forward

6 degrees

Fig. 11. Calculated pressure distribution in the
after sterntube bearing of a 60, 000
DWT tanker,

From Figure 11 it also follows that over
the bearing length the maximum pressure
occurs at different angles, Thereforc in
Figure 13 a vectorial presentation of the
maximum pressures is shown as well as the
vectorial presentation of the distribution of
the eccentricity over the length of the
bearing.

In this respect it has to be remarked that
only by a trial and error method the correct
orientation of the journal in the bearing can
be obtained. This is because of the fact that
only for a given eccentricity distribution
the equations for the oilfilm pressure can
be derived and solved. Based on the resulting
pressure distribution or on the bearing
reaction, derived from integrating the pre-
ssures, the considered eccentricity is eva-
luated and a new one is estimated. This
trial and error or itterative method is caused
by the non-linearities in the Reynold’s
equation. [13]

For the selected distribution of the ecce-
ntricity in Figure 13 it follows that the
maximum Oilfilm pressures vary widely
over the bearing length. Therefore, in the
alignment procedure account has to be tak-
en of the oilfilm built up in the bearings,
especially for the rather long after stern-

(26)

1MPa

10 bar

Fig. 12. Distribution of the maximum values of
the oilfilm pressure over the bearing
length (derived from Figure 11).

Z

radial
cccentricities

Fig. 13. Vectorial presentation of eccentricities
of the journal and maximum pressure
of the oilfilm in the after sterntube

bush of a 60,000 DWT tanker (Figure

11,
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tube bearing.
Normally in this bearing only one support

point is considered, situated in the aft part.

The choice of its location will depend on
the experience of the people involved, This
choice is a good start for the first calcul-
ation runs. However, in the final runs the
stationary-running condition has to be con-
sidered, in which the oilfilm together with
the mean propeller loads, have to be taken
into account,

The distribution of eccentricity in Figure
13 may seem unrealistic, but that has not
to be the case, Considering the bending
moment and the transverse force due to
the operaticn of the propeller in the non-
uniform flow, one can imagine that also
horizontal forces have to be counteracted
by the bearing and not only vertical fo-
rces as caused mainly by the gravity, In
the next chapter some informations will be
given on the effects of these hydrodynamic
forces and moments on the alignment,

Considerations of the offsets
and the hull deformations

4.2

The bearing clearances over the shaft line
differ considerably. At the sterntube bearing
the radial clearance is of the order of 0.5
mm or larger, For the intermediate bearings
the radial clearance is of the order 0.5mm
or a little less and in the main engine the
bearings have a clearance of the order of
0. 15mm.

Nevertheless, in the alignment calculations
these differences in the radial clearances
are not always accounted for.[12] That
means that the bearing reactions and the
values for gap and sag can not be the same
during installation or during operation as
the calculated values.

The same applies to the
the hull girder and the double bottom.
During construction and launching the hull
will set, During operations the hull will set
further due to local plastic deformations in
highly stressed regions., Further elastic
deformations of the hull girder and the
double bottom occur due to the variations

deformation of

@n
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in the draft,

Whereas most ships operate reasonably
free from severe troubles, due to a wrong
alignment, it may be concluded that there
is a reasonable margin available in the
alignment before the occurrence of damages
sets in. Especially for fast ships and navy
ships these margins may be not so wide as
for a bulker, so that a more accurate alig-
nment is needed in those ship types, With
the present techniques on calculation and
measurement it must be possible to quantify
these margins per ship type or per propul-
sion type and research should also be dev-
oted to such aspects,

5. The lateral shafting
vibrations.

5-1 General comments.

The lateral vibrations of the line shafting
concentrate generally at the propeller and
propeller shaft vibrations. This is caused
by the fact that the propeller is mounted
on the free end of the shaft and therefore
the fundamental mode and natural frequency
are dominated by the propeller vibrations.
Therefore these vibrations were also called
whirling vibrations. However, not only the
whirl motion of the propeller, but also its
hydrodynamic effects and the oilfilm in
the aftermost bearing have a coupling effect
on the two normal components of the lateral
vibrations. Therefore it is better to speak
of lateral vibration, which horizontal and
vertical components are coupled by several
phenomena.

In this chapter the attention will be res-
tricted to the most important items, which
are:

—the alignment
—the hydrodynamic effects of the
propeller.

5.2 The effect of the alignment.

The alignment determines the bearing
reactions. In a first approximation the
oilfilm stiffness in a bearing is proportional

28

A

e

i

71=}-° FEo| MEEA oo} ZHES] Sl
BIH=L e, sk Kbl M ek
oo Rl B e NS e Sl A
o EEe MEREo R oSy We e
e A vl —EES 7 DR WMEE)
WZkel LR Qlste] BgEhAl =k

o }n

O

PN *’13"91 firfel %= WOoRMESE Fekd
AT BEE U ¥ s @fE e
AL @%01 delvirlel ofA URRIEC A
HI BEE dodn Ao fme Was 9l
= Zelvh. 53 wgiftsl WEERY s
Ae ol q B Biialg 2% Esln

2 oolz gk FHE welAE oS Emd BE
7h BEste, BIES) FHEEES e
flabd M, mv HEERRCC ol B
= Rk Aol Wegsle ok e ol@l gt
Hgel Wk BiRE mEt o] Foj Aokt dhel.

5. @Re| WIRE
5.1 &

RS HURES —HBeR Zealeje) =
=2 gl #Hd=lm gl
227k e Bl RE=Z webd &
ARG BAHRDHEE =24 EHd 2
she X vle W BRI o=z
oleigt WIIES 3 EUHFEBl et H2r% g
o oy T2 HEYERYa ol
2l Lo BB BEsl BB ol g A
o] iMEie] KUR@IS) Fotx EES Roel B

olFE =

=

BARE Zherh 2ele® fREolet H2
= Aol o Fow o] MREIS KEHS
PP R7bA Blgel] o sle]  BEESHA
= v},
o] el Ae b HEIG FHESE Bast
o AN BT et ol EL
— R i

—z R o] KO8 BE

5:2 BiRECES HE
HWARES AR KOS kegde. fBe



AR BB W BFE HR

197

Roller Sleeve
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Coupli
Bearings Elastic ot 9
couplings vibration
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Propelier ‘ Shatting system dynamics I——-

[

Alignment

Hull deformaton

Fig. 14. Integrated propulsion shafting system. [14]

with the mean bearing reactions. Therefore
it is important that the load distribution
over the bearings is done judiciously. At
least each bearing has to be loaded by a
clearly defined force. This aspect is depicted
in Figure 14.

In case a bearing is not really loaded by
the shaft it follows that in the vibration
analysis this bearing can not be considered as
a support point, hence a drastic reduction
in the natural frequency may follow. Ther-
efore it is cobvious that the alignment has a
paramount influence on the lateral vibrat-
ions. As a consequence the alignment can
be wused to avoid resonances in certain
speed ranges.

This task of the alignment is as important
as the other task which is to avoid exces-
sive wear or destruction of the bushing
materials. However, also lateral vibrations
can be the origin of extreme wear of the
bushing, so that the alignment should always
to have been performed in considering the
vibrational consequences. It can be stated
that the alignment is directly responsible
for a low vibration level of the line shafting
as suggested in Figure 14.

5.3 The role of the propeller.

In alignment and in vibration the propeller
plays an important role. This is because of
its large mass, its location at the free end
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of the shaft and its
surrounding water.

In the alignment its weight and overhang
have to be accounted for as well as the
buoyance effects. For the running propeller
the mean hydrodynamic loads can seriously
affect the static alignment, as was already
described in chapter 3, and therefore can
have a large effect on the natural frequen-
cies.

In the vibration analyses care has also to
be taken of the interaction with the entr-
ained water, like added mass, coupling
terms and damping terms, [15, 16] as already
recognized in the fiftieths by Jasper[2] and
his contemporaries. However, these quant-
ities are a function of the propeller geom-
etry and not of the mass or inertia moments
of the propeller as previously assumed.
Figure 15 clearly shows how the blade area
ratio affects these inertia terms. Also the
pitch has an effect. [15, 16]

The hydrodynamic coupling terms arc less
known than the added mass term, but they
are sometimes of comparable importance. In
the lateral vibrations the coupling terms
force the shaft in an elliptical vibratory
motion, just like the gyroscope does. Their
effect is at least as important as gyroscope.
[17] Also the hydrodynamic damping plays
a role in the response analysis, as well as
with regard to the response as with regard
to the coupling of the 2 normal components
of the lateral vibration.

interactions with the

AXIAL VIBRAZIONS
°’°
100 |-
80 t ADDED MASS
60
ADDED LINEAR
40K MOM. OF INERTIA
20 |-
' ! '

O.a 0.7 1.0

AE/AO

Fig. 15. Effect of blade area ratio on the inertia effects

vibrating propeller. [15]
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An other hydrodynamic effect is the fact
that the propeller operates in a non-uniform
wakeflow, so that there are also unsteady
forces and moments on the propeller. The
frequency of this unsteadiness is the shaft
rate of revolutions times the number of
blades. This is called the blade frequency.
Of course also excitations with multiples of
the blade frequency occur, but their effect
is only small and therefore most times only
the blade frequency phenomena have to be
considered.

The origin of the blade frequency is easily
understood in looking to the propeller. Then
one realizes that after the propeller has ro-
tated over one blade angle the system is as
at the beginning, thus everything repeats
after one blade angle has been traversed,

These unsteady or fluctuating forces and
moments consist of 6 components as shown
in Figure 8. To have some idea about their
value they are often related to the mean
thrust and torque as is done in Table 3,
which gives some information on their mag-
nitudes. This does not mean that there is a
strict relation between the fluctuating com-
ponents and the mean thrust and torque.
This is because of the fact that the thrust
and torque are generated by the mean values
of the wake velocities and the fluctuating
forces are generated by very specific har-
monic components of the wakefield.

However, it is of practical importance to
express the thrust fluctuations as a percen-
tage of the mean thrust, and vice versa the
torque fluctuations as a percentage of the
mean torque. One reason is that a similar
method is used to express the mean values
for the bending moment and the transverse
force in values related to the mean thrust
and torque (see chapter 3). In Table 3 the
general range of the percentages for these
unsteady loads is given., No direct relation
between the height of this percentage and
the ship type has yet been found,

In this Table also the range for the lateral
forces and moments is given. Whereas the
lateral forces are basically due to the blade
resistance and thus due to torque like phe-
nomena, they are compared with respect to

3D
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Table 3. Range of magnitudes of the blade frequency components of the propeller-shaft

excitations.

Thrust fluctuations

Torque fluctuations

Lateral force fluctuations
Bending moment fluctuations

1-10% mean thrust (T)
1-10% mean torque (@)

4-40%
2~20% mecan thrust times Prop,

mean torque/Prop. radius (Q/R)

radius (T*R)

Note:

the mean torque divided by the propeller
radius. For the same reason the bending
moments are related to the mean thrust
times the propeller radius. This is a similar
procedure as the one that is donc for the
mean lateral force and bending moment.

In chapter 3 it has been shown that the
steady lateral force and bending moment can
lead to appreciable changes in the bearing
reactions. From Table 3 it follows that the
unsteady lateral force and bending moment
can have the same magnitude as the steady
loads. In vibration there is additionally the
dynamic magnification so that the effect of
the unsteady loads can be more important
than from a simple, static consideration
follows. Therefore the need to avoid reso-
nance is beyond any discussion.

But what about the off-resonance opera-
tion? What can be tolerated then? In this
field no quantified information is available
yet. Although general experience has not
yet explicitly necessitated extcnsive research
in this field, it is felt evident that further
research is needed. This need is argued as
follows.

In Figure 16 is shown [1] how strongly
the lateral vibrations were reduced by appl-
ying a larger skew back for the propeller
blades. In this way the unsteady loads on
the propeller were reduced, from which the
lower level of vibration follows. Whereas
the cost for this modification must have been
enormous, the need to reduce the vibrations
is clear.

Therefore it is stated that in the align-
ment procedures also the forced vibration
level has to be analysed, together with con-
siderations on the steady lateral force and
bending moment, the running condition and
other aspects. Only such a complete align-

ment procedure can really be called “ra-

These values apply to single screw ships.
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Fig.16. Influence of the skew of the propeller blade on the flexural vibrations of the tail-shaft. [13

tional”, all procedures that lack this com-
plete treatment do not deserve this quali-
fication,

With present computer facilities and with
present knowledge of the various physical
phenomena it is no longer difficult, neither
expensive nor time consuming to perform a
complete alignment procedure. It only requi-
res the effort to formalize and to standar-
dize these procedures. Therefore some fur-
ther study has to be performed so that these
procedures can be defined.

6. Closing Remarks

Considering the remarks in the previous
chapters one wonders why generally [12]
only the static alignment, that is the align-
ment for the non-running shaft, is conside-
red. This surprise is further increased by
the fact that obvious possibilities are not
yet standard. Although one is talking of the
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Appendix A.

In 1982 the Technical Committee No. 6: “Shafting

Syste Dynamics” from the International Cooperation

on
pr
sy

Marine Engineering system(ICMES) made a

oposal on standardization of nomenclature and

mbols that are used in the alignment of the shaft

line. The present paper uses this proposal, which

is

repeated for completeness:

Nomenclature and symbols in ship
propulsion-shaft alignment
Rational aligment of shafting

to the

Position of individual bearings relative

reference line in vertical and transverse planes®),

in

order to realize a judicious distribution of bea-

ring reactions.

th

Primary elastic alignment
Alignment conditions which take into account
e elasticity of the line shafting only.
Secondary elastic alignment

Alignment conditions which take also into acco-

unt the elasticity of bearing material and bearing

support.

Static alignment

Alignment conditions when the shaft is non-

runing, which take into account, besides the elas-

ticities, only the mass of shafts,

propeller, gear

wheel, crankshaft, etc..

Stationary-running alignment

Alignment conditions

which take into account,

besides the elasticities of the line shafting, bearixng

material and supporting structures, also the effects

of

ex

oil film, the mean values of forces and couples

ternally applied to the system and the masses.

Dynamic alignment

Alignment conditions which take also into account

the vibratory response of the line shafting

to the

dynamic excitations.

Definition of terms needed in alignment

Alignment reference line

Reference line drawn either between the centre

of the first and last bearings of the line shafting

or between the centre of the last and the last-but

-one bearings of the line shafting.
offsets and slopes of bearings are referred to
this line in defining the shaft alignment.
Bearing offsets

Distance between bearing centre line and ref-

erence line in a plane normal to the axis, to be

stated as vertical and transverse components.

*) transverse(plane) is used for the horizontal transverse (plane).

(35)
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Bearing slopes

Inclination of bearing center line with respect
to the reference line in both transverse and
vertical plane.

Reaction influence number (RIN)

Change in the bearing loads for unit displace-
ment of one bearing in both vertical and trans-
verse planes (stiffness matrix of line shafting).
Used to calculate the effects of bearing offsets
in order to derive the judicious distribution of
bearing loads.

Jack-up factor

Ratio of the actual load on the bearing to the

load measured by jackup test.

Misalignment

Misalignment is the mnon-parallelism between
shaft and its bush (or bearing shell). (It

inevitable phenomenon, even in rational alignment

is an

and it depends on the alignment technique used or
the operational condition considered).
Definition of terms to express
misalignment

Angular misalignment : g=tana

Angle between the centre lines of shaft and
bearing respectively.

Inplane misalignment

Misalignment in vertical or transverse plane

only.
Skewed misalignment

Misalignment in vertical and transverse plane.

i

(the shaft is lying tilted and across the bearing),

Static misalignment
Misalignment for non-running conditions, taking
of shafts.

into account only the mass propeller,

wheel, crankshaft, etc..

Stationary-running misalignment

Misalignment for given running conditions also
taking into account effect of oil film and the mean
values of forces and couples externally applied to
the system.

Dynamic misalignment

Misalignment which also takes into account the

(36)

vibratory response of the line shafting to the dyn-

amic excitations.

Bearing and supports

Distinction bearing and support

Under Support(s) is understood bush(es) of stern
tube incoorporated into the steelwork of the aft part
of the ship. For alignment purposes there can also
be temporary supports.

Slope boring of the stern tube
Non-parallel position of boring axis of housing
of bush (es) in respect to the reference line (in

view to realize a rational alignment).

Slope boring of the bush

Non-parallel position of boring axis of working
surface of the bush(es) in respect to the reference
line in view to realize the most homogeneous contact
conditions alongside the bush(es) between the jou-
rnal(s) of the tail shaft and the working surface
of the bush.

multi-sloped.

It can be single, double or even

Alignment procedures and
checkings

Light line method
Checking of offsets of bearing centre by means
of optical devices.

Sag and gap method

Method of

the

setting or checking the alignment

using relative position between two consec-
utive coupling flanges (eccentricity and opening),
Jack-up tests
Checking the

measurement of the static reaction or R.I.N..

static bearing reactions by actual
Bending moment method
Calculation of reaction values(static and dyn-
amic) in way of equivalent support/bearings from
results of measurements of bending moments, in
way of several sections of line shafting rationally

chosen.
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Symbols in ship propulsion-
shafting alignment

(For clarification, the dimensions of each

symbol are given between square brackets,

using length (L), mass (M), and time (T)

as the basic quantities, The M.K.S. units
are readily derived, —stands for non—dimen-
sional, like the Reynold’s and Sommerfeld’s

/ REACTION OR

N,

BEARING

ECCENTRICITY LOAD LINE
BEARING

MINIMUM OIL FILM_- 5/ REACTION

THICKNESS fpmin

DEVELOPED
PRESSURE

ATTITUDE LINE
(:LINE THROUGH BEARI
CENTER AND h

LOAD ATTITUDE ANGLE

min),

MAX. PRESSURE ANGLE
ATTITUDE ANGLE

Figure Al. Illustration of some symbols in ship
propulsion-shafting alignment,

/j =

el —

R

Figure A2. Choice of the co-ordinate system,
(XYZ axes are right-handed :
X pointing ahead
Y pointing port side
Z pointing upwards)

numbers, etc.. See Figure Al for further
definition of the symbols and Figure A2 for
the co-ordinate system),.

symbol Definition

c radial clearance of bearing (=R—r)
(L]

d shaft diameter [L]

D bore of bearing [L]

E modulus of elasticity (Young’s
modulus) [LIMT2}

e eccentricity between shaft and
bearing centerlines [L]

F external transverse force [LMT™?]

fiys fie offset from reference line of
bearing i in transverse (Y) and
vertical (Z) direction [L]

g gravity acceleration {LT"2]

h oilfilm thickness, a function of
location (and time) [L]

Rmin minimum oilfilm thickness [L]

I area moment of inertia [L4]

k jack-up factor [—]

Kiyys Km} stiffness terms of bearing i in
K transverse (Y) and vertical (Z)
directions [MT~%]

bearing length (L]

bearing span [L]

iyzy izy

M external bending moment or couple
[L2MT™%]

N number of shaft revolutions per
minute [T"1}

72 number of shaft revolutions per
second [T™1)

2 load per unit length (=&[’V—~)[MT‘2]

Dmean mean pressure on projected area
_W_» -1\ T-2
(=q3=" M1

Dmax maximum pressure in oilfilm
[L*MT"2]

q tangent of angular misalignment
a [—] q

r shaft radius (=—2—) Ly

R bearing reaction [LMT"2)

RIN reaction influence number [MT~2]
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R bearing radius (=%) [L]
R, Reynold’s number (=~U7—7£=U59)[——
S, Sommerfeld’s number
Pmean C 2

(="m=(5)) =
T propeller thrust (LMT"2]
U shaft peripheral velocity [LT™1]}
w bearing load [LMT™2]

]

X, Y, Z the longitudinal, transverse *! and

vertical co-ordinates see figure 2

o angle between the axes of shaft
and bearing [—]

o angle between load and attitude
line, positive in the direction of
shaft rotation [(—]

. .. e
& relative eccentricity (=?) (-]

*) transverse is used for horizontal transverse.

(38)

7 dynamic viscosity [L™'MT™!]
v kinematic viscosity
= (L 21
_(p) (LAT-1)
P density [L™3M]
ol angle of maximum pressure with

respect to vertical upward axis,
positive in the direction of shaft
rotation [—]

Q attitude angle, angle between ver-
tical upward axis and attitude line,
positive in the direction of shaft
rotation [—]

w angular speed of shaft [T™1]

Comment: bearing load W and bearing rea-
ction R are opposite each other.



