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SUMMARY

This thesis describes the various investigations into aspects of

the propulsion vibration preblem, which have been carried out under

the direction of the author in the Department of Mechanical Engineering

at the University of Adelaide, over a period of almost seven years.

The various sections of the propulsion vibration project are

briefly summarised below:=

(1)

(2)
(3)

(%)

(5)

(6)

(7)

(8)

A survey of the literature, and correlation of the

then available data.

The development of the research water tumnel,

The development of a propeller dynamometer for the water
tunnel, to measure instantaneous torque and thrust,

The determination of the virtual inertia of a propeller under
various operating conditions, by model studies in the

water tunnel,

The development of a technique to measure propeller foree
fluetuations on full-scale ships.

The measurement of propeller unsteady forces on full-secale
ships under various conditions of operation,

The determination of the virtual inertia of a propeller
under full-scale conditions,

The investigation of possible configurations of propulsion

gystem which would have inherently low vibration characteristies.,
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INTRODUCTION

This thesis describes the various investigations into aspects of the
propulsion vibration problem, which have been carried out under the
direction of the author in the Department of Mechanical Engineering at
the University of Adelaide, over a periocd of almost seven years,

When this research project was first begun, it was difficult to decide
where to begin., The problem could be stated very briefly: "The vibration
leﬁel in ships caused by the propeller is becoming escessive as the speed
and power of ships is increasing, and needs to be reduced". The phenomena
associated with the vibrations, however, are extremely complex, as will
be seen later, At the commencement of the project, there was no way of
deciding which of the many possible research évenues would prove rewarding,
and which would turn out to be blind alleys. It was therefore decided to
attack the problem on a broad front i.e. to pursue, concurrently,
investigations into & range of selected aspects. As the picture became
clearer, it was intended to concentrate on the more rewgrding lines of
investigation.

The various sections of the project (which are described in detail,
later) are briefly summarised below:=

1. A survey of the literature, and correlation of the then available
data.

2. The development of the research water tunnel.

3. The development of a propeller dynamometer for the water tunnel,
to measure instantaneous torque and thrust.

4. The determination of the virtual inertia of a propeller under




various operating conditions, by model studies in the water tumnel.

5. The development of a technigue to measure propeller force
fluctuations on ful}—seale ships,

6, The measurement of propeller unsteady forces on full-scale ships
under various conditions of operation,

7 Tﬁeﬂdetermination of the virtual inertia of a propeller under
full-scale conditions,

8. The investigation of possible configurations of propulsion

system which would have inherently low vibration characteristics.

It was also intended that towed-model tests be carried out on a
model of the vessel which was tested under full-scale conditions, It
was also proposed to obtain from mirror-image model tests of the same
ship in a wind-tunnel, the wake profile in the plane of thé proéeller
-disc, This profile was then to be used in a calculation of the
unsteady torque and thrust for correlation with the full-scale measure-
ments., The towed model testing proceeded to the stage of developing
a small-model towing tank, using what is believed to be a unigque method
of measuring the model resistance ( Ref, 0.1). The ship model was
manufactured, and some work was carried out on the determination of
its resistance, A number of tests were carried out in the ﬁind tunnel
on the mirror-image model of the ship, and the results were used in an
endeavour to determine a resistance form-factor for the vessel, in
conjunction with the towed-model tests (Ref, 0.2,0,3,0.4). The other
aspects of the research project were early found to be more extensive

than originally envisaged,. however, and the towed-model and




%,

mirroréimage model tests were terminated at this preliminary stage,

' in order to concentrate on the reémainder of the project,

The propulsion vibration project has now been in progress for a
period of almost seven years. The various aspects of the research have
all proved to be more extensive and complex than originally envisaged,
Nevertheless, what has been accomplished is not greatly short of what was
originally envisaged in the first phase of the investigatiﬁn. That progress
has been satisfactory despite the unexpected difficulties encountered is
in considersble measure due to the support given to the project by those
colleagues, undergraduate students, postgraduate students, technicians,

and others who have taken part in the investigations over that period. At

|
\
|
no time has there been fewer than three personsractively eﬁgaged on the
project, and on several occasions the number has risen to as high as twelve,
Tests have been carried out in three locations, as under:;‘ |

(1) Model tests in the Fluid Mechanics Laboratoryﬁof the Department
of Mechanical Engineering, at the University of Adelaide,

(2) Full=scale investigations during the sea trials of two 19,000
ton capacity ore-carriers. The base for operations was at Whyalla, some

260 miles distant from Adelaide,

(3) Full=scale investigations during a 6,000 mile voyage of one of

from Sydney, more than 900 miles distant from Adelaide,
The away-from-home tests were carried out by a team from the
University of Adelaide varying in number from 3 to 4, led by the author,

the ore=carriers, around the coast of Australia. The departure point was
on expeditions varying in 1éngth from 1 1/2 to 3 1/2 weeks.



Under thegse circumstances, it would not only be untrue but also
disloyal to state that the entire project was carried out by the author,
It was rather, the work of a team which varied inm siﬁe and composition
over the period, The author freely and gratefully acknowledges the
assistance which has been given often under difficult circumstances and
at inconvenient times, A fuller acknowledgement is given elsewhere,

Tt is necessary to point out, however, that a not inconsiderable
portion of the work was carried out personally by the author., In addition,
the author was responsible for the initiation, divection and co=ordination
of all phases of the project., He was also responsible for the correlation
of the information obtained,

Tt may therefore be stated that the author is responsible for the
work described in this thesis, and that this thesis may be properly
submitted as evidence of work carried out towards the Degree of Doctor

of Philosophy.




PART 1

THE PROPULSTON VIBRATION PROBLEM
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CHAPTER T

THE PROPULSION VIBRATION PROBLEN

141 INTRODUCTION

The Pirst recorded reference to a fluctuating force being producea
by a screw propeller islin Joﬁn Bourne's treatise on screw propellers,
published in 1845, Since that time, there has been an increasing number
of references in the literature to the problems associated with such
flﬁctuating forces,
| Vibrations in ships can have two adverse effects; firstly on machinery,
causing excess wear or failure, and secondly on personnel, inducing fatigue
and loss of efficiency.

Until recently, the investigations associated with propeller vibrations
had, perforce, emphasised the adverse effects on the various cémponents
of the propulsion system and hull of the vessel. There are many instances
in the literature of failure to tail shafts due to excessive vibrational
loads in the longitudinal, torsional or lateral directionms, excited by the
propeller forces, Failure of other components and excessive wear have also
been recorded, Investigations showed that in almost every case the natural
freguency of vibration of the éomponent was of the same order as one of the
exciting frequencies of the propeller, and the well~known phenomenon of
mechanical resonance was occurring, with resulting excessive fluctuating
stresses. Fortunately, the fluctuating propeller forces occur at discreet
frequencies related to the shaft speed and number of propeller blades, and
the solution to the problem is therefore to design the components in which

trouble is likely to occur so that their natural frequencies are well away
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from the frequencies of the exciting forces generated at normal operating
speeds, In these days, calculations to ensure this are carried out as a . .
rdgtine.matter for each new ship and the number of failures associated
rwiéh propeller= excited vibrations has decreased to a very small percentage.

In recent years, however, the other aspect of vibration, that is,
the adverse effect on pérsonnel, has been steadily achieving increased
’prominence.r Many ships now éarry the equipment and instrumentation the
performance and life of which can be impaired by excessive vibration, The
level of vibration regarded as tolerable has thus been reduced in recent
years. Uhfortﬁﬁately, over the same period, ship power, speed and size
has been ihé;éasing, and this has resulted in increased levels of
propeller exciting force. The vibration problem has thus been becoming
increasingly acute and this trend can be expected to continue,

The prominence which tbe propulsion.vibrétion problem has reached
in recent times has been strikingly summarised by Voigt in Germany (Ref:ﬂ.ﬁ):u
"E#er since the Second World War engine power has kept én increasing at
an extraordinary rate in proportion to the size of ships, and as a resultd
vibrations i.e. osciilations of the ship, have manifested themselves to
an extent rarely 6bserved in former times. Thus,‘vibratioms,have been
called the latest fashionab1e disease of ships = =~ =, It is striking
that in recent years, papers on vibrations have been presented in ever=-
increasing:-numbers at the meetings of féreign professional;societies and
that these reports indicate that extensive and costlj inyeétigations.are
being undertaken for the purpose of clearing up vibration problems, You

may get an idea of the extent of these investigations by studying the
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bibliography on ship vibrations"., The bibliography (Ref, 1.2) referred
to lists some 300 publications?

Investigations into various aspects of the ship vibration problem
are proceeéing in many establishments, These researches may be divided
into the following groups:=-

(2) Experimental investigations aimed at obtaining a better under-

standing of the physical phenomena which occur,

(b)v The development of satisfactory theories so that the effect of
changes in configuration can be estimated for any future design, and
the levels of vibration which will occur can be calculated.

(c) Experimental investigations aimed towards obtaining, for design
use,numerical data on the various parameters invelved in the
phenomena,

(d) Theoretical and experimental investigations of alternative

propulsion systems which have inherently lower vibration levels.

1.2, BESEARCH ON PROPELLER VIBRATICN

It is convenient to regard the fluctuating forces and moments
associated with the propeller as being due to two separate mechanismg,
operating independently, although in reality both mechanisms occur con-
 currently., Using this distinction the fluctuating (periodic) forces
and moments can be divided into two groups; those in the first group having
their origin in the variation of the wake, and those in the second group
being caused by the movement of the pressure fields associated with the
propeller blades, Fordes in the first group are transmitted to the hull

through the propeller shaft and are called bearing forces ( ana moments),
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Those in the second group are transmitted directly to the hull surface

by pressure forces and are known as surfacé Porces ( and moments). Many
invest&gations are~proceédiﬁg on various aspects of these two mechanisms, .
and on the effect of variations in various parameters on the forces in
the two corresponding groups, Research in this field, up to the present
is ably summarised in Ref; 1,3,

The aim of this research is directéd towards ultimately beiﬁg able
to predict for a ship in the design stage, the frequencies and amplitudes
of vibrations within the ship, at operating conditions, The éorresponding
stresses in the various members of the ship would then be calculable, The
design could then be modified until the best compromise between all the
/ factors was obtained. This dgsirabie situation is still some distance
| off, but considerable progress has been made towards this end,

If the investigations concerned with forces ( and moments) originating
from wake variation are considered, the following general lines of
approach may be distinguished:

(1) The measurement of wake distribution at the propeller disc from
towedémodel tests, by calculation, an estimate of the fluctuating
forces and moments applied to the propeller is then obtained
for a propeller of given shape. A reliable theory on which to
base the calculation is clearly of importance,

(2) The development of more precise analyses by which the fluctuat~
ing forces and moments can be computed., These analyses are
generally based on lifting~surface theories, using either

line or surface=vortex methods.




(3)

()

(5)

10.

The verification of methods of calculating fluctuating
forces and moments, by model tests with propellersioﬁerating i
in simple wake profiles (geﬂerated for example, by gauze patches
= Ref: 1.4)., |

The determination of the mechanical and hydrodynamic parameters
involved in the phenomena,

Assuming that the hydrodynamic applied forces to the éropeller
can be calculated for any given design, it is necessary to know
all the hydrodynamic parameters (such as virtual”iﬁértia,virtual
mass, and damping) in order to calculate the djﬁamie behaviour

of the shaft system. Research is therefore being carried out

to relate these parameters with propeller configuration and
operating conditions., It is also necessary to know the mechanical
parameters which affect the vibration, such as the bearing and
thrust=block damping, and rigidities.

The measurement of fluctuating forces and moments bn‘fullaSCale
vessels, These tests can help provide interim design data, If
sufficient'bonfigurations of ship and propeller are tested the
resulting data when correlated should allow a reasénable pre=
diction to be made of the fluctuating forces and moments applied
to the propeller; Published reports of such tests often only

give the fluctuating stresses in the tail shaft. it ié vény
desirable for the fluctuating forces and moments applied to the
propeller i.e. the applied hydrodynamic forces to be calculated
and reported, In many cases, however, there are considerable

difficulties in making reliable calculations (See Ref- 1.5)-
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In the research on pressure-field fluctuations the following

lines of approach can be distinguished:

(1) The development of analytical methods of calculating the
pressure field fluctuations under various conditions, both in
the free~field case and in the presence of a body of known
configuration,

(2) The measurement of the pressure field near propellers both

at model =~ and full = scale,

Yet another approach to the problem of propeller vibration is the
development of new types of propulsion system which would haverinherently

low vibration characteristics (Ref: 146 )+

1.3, THE ORTGIN OF THE VIBRATIONS

The vibrations which occur in a ship are due to exciting forces
causing natural or forced vibrations of the hull and its cantenté. The
exciting forces may be divided into those which are periodic and those
which are transient, as shown in Fig. 1.4 |

The transient forces are assecliated with the seaway and the resul- >
tant unsteady motion of the ship. These forces can be of very high levels,
the forces resulting when the hull "slams" into a heavy sea or when the
propellers partly emerge from the water during rough conditions, being
two examples,

The periodic forces are associated with either the propeller
or the machinery of the ship. Such forces have a fundamental frequency
pféportional to the operating speed of the propeller or machine, with

higher harmonics equal to multiples of this freguency. Vibrations




Fig., 1.1 Classif'ication of ship wibration.
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originating in machines are often due to static or dynamic unbalance,

Vibrations associated with the propeller may be divided into two
groups., In the first group, the fundamental frequency is at shaft
frequency, i.e. once per revolution, Such forces originafe from either
mechanical unbalance ( static or dynamic) or hydrodynamic unbalance (dﬁe
to each blade of the propeller not being identical), In the second group,
the fundamental frequency is at blade frequency (number of blades times
rotational speed).

Forces and moments in the second group may be arbitrarily divided
on the basis of the mechanism of transmission to the hull, into "surface”,
"bearing”, and “shaft®, forces and moments, Surface forces and moments
are those due to pressure forces on the hull surface, Bearing forces and
moments{are those transmitted to the ship via the propeller stern-tube
bearing. Shaft forces and moments are those transmitted to the ship by
the shaft after passing through the stern-tube bearing, and thus consists of
an axial force and a torsional moment., An alternative classification of the
second group retains the class of surface forces and moments as defined
above, but groups the bearing and shaft forces ( and moments) together
under the heading "Shaft Forces and Moments®, (Ref. Fig. 1,1)

It is of'ten convenient to regard the fluctuating forces and moments
associated with the propeller as due to two separate causes, although,
in reality, both phenomena occur together and are inter-related. Omn
this baéis, the forces can be divided into two classes; those in the
first class having their arigin in the variation of the wake and those

in the second class being caused by the presence of the hull after-body




13,

( and appendages such as the rudder), These two classes will now be

discussed separately.

1631 Forces and Moments Originating from Wake Variation

These fluctuations are due to the propeller operating in a
non-uniform flow stream, the wake of the vessel, This wake may
be regarded as having two components, firstly, that due to the
potential flow field around the ship, known as the potential
wake, and secondly that due to the viscous forces acting in the
boundary layer of the ship, called the frictional wake., Thus,
because of the shape of the ship and the presence of viscosity,
the velocity field at the propeller varies axially, radially and
circumferentially, During rotation, therefore, an element of
the propeller blading experiences a relative velocity which varies
in magnitude and direction, The force on the element, in magnitude
and direction, thus varies cyclically during each revolution.
The sum of these blade-element forces, (when integrated over
the whole propeller), can be resolved into component forces in
three mutually perpendicular directions, and moments about
these axes. These component forces and moments vary cyclicallyf
with a periodicity of one revolution, The fundamental frequencj
is at blade frequency ( number of blades times shafi speed)
with higher harmonics of multiples of this frequency.

In general, the greater the assymetry of the wake, the larger

will be the fluctuations in the forces and moments. The degree of
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assymetry of the wake is dependent on the shape of the after-
body of the ship and the position of the propeller in relation
to the hull. If the vessel has more than one propeller, the
éﬁape and position of the stern brackets of A-frames, and the
relative positiona of the propellers, also influence the wake,
When the vessel is turning, the wake pattern in the vicinity
of the propeller disc changes considerably and the fluctuations
in the forces and moments may be greatly increased, depending
upon the amount of side slip, the position of other propellers,
and the angle of the rudder,

As an example of the effect of after-body shape, the wake
diS%fibution behind a typical "V' section after-body and a
typical "U" section after-body is shown in Fig, 1.2, It will
be seen that in both cases ( and this gehérally true for all
single-screw configurations ) there is a minimum wake velocity
in the vertical positions above and below the propeller, at 6°
and 180°, As a propeller blade passes through these positions,
the angle of incidence of the relative velocity will thus

increase, and the left force on blade elements will increase

correspondingly. There will thus be a maximum in the resultant
force on a blade at approximately 0° and 180°, If the propeller
has an even number of blades, the maxima of blade forces for
opposite blades will thus be in phase, Certain of the resulting
propeller vibratory forces ( e.ge thrust) will therefore be

proportionately greater in this case than for a propeller with



Fig, 1.2 (a,b,c) Velocity variation over the propeller disc,
for V- and U- shaped afterbodies. The numerical
values give the local velocities, relative to the
propeller disc, as a percentage of ship speed.

(Adapted from Ref, 1,7)
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an odd nuwber of blades. This phasing effect is slightly medified
depending on the skew and rake of the propeller blades,

The varying forces on each blade element can excite the blades
themselves into various complex modes of vibration, Thééé
vibrations help to induce localised cavitation on thé @iédes;
especially those which are heavily loaded and located near the
surface of the water., When cavitation of this type existé, it
generates very-high~-frequency vibrations which are usuaiij insigni-
ficant, in so far as stresses are concerned, although the noise may
be troublesome, Since in large prototype propellers,rthe natural
frequencies of the various modes of vibration of the blades them~
selves are very high, compared with the natural frequency of the
shaft system, this type of blade vibration deoes not have an appreci-
able effect on the dynamics of the complete system, In model
studies, however, this effect can be significant and alter the
characteristics of the system considerably.

Forces and Moments Originating from the Presence of the After-body

and Appendages,

Associated with each blade of the propeller is a pressure and
velocity field which rotates with the blade, and which varies as
the blade force changes, If there is a solid surface near the
rotating propeller, its presence will cause the pressure and
velocity field to vary slightly as the blade changes its distance
from the body during rotation, The effect will be greatest when
the blade is in eclose proximity to the body. This small change in

the pressure and velocity field due to the presence of the body

S
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means a correspouding change in propeller force.

As each blade and its pressure field rotates around the $haff
axis, the intensities of pressure at points on the nearby body
will change. The resultant force on the body, obtained by integra-
tion of the surface pressure forces, will therefore vary in position,
magnitude and direction as the propeller blades rotates, The total
‘surface force due to the whole propeller will clearly be cyclic.
T+ will have a Pundamental frequency equal to blade frequency, and

// higher harmonics equal to multiples of the blade frequency.

1.4, THE LEVELS OF SHIP VIBRATTONS AND THEIR EFFECTS ON PERSONNEL.

Presented in Table 1.1 are results collected from various sources
of the force and moment fluctuations for a variety of ship and propeller
configurations, The predominant influence of after-body shape on the
magnitude of the fluctuations will be clearly seen. It will also be noted
that, on the model scale at least, the use of a wake-adapted propeller$
reduces the magnitude of the fluctuations very considerably, Even for
the mosf favourable configurations, however, it will be seen that the

magnitude of fluctuations is still comparatively large.

# ( A wake-adapted propeller is one which has been designed on the basis
of a known wake distribution at the propeller, obtained from model tests.
The shape and incidence of each blade element are chosen so that the
best performance compromise is obtained as the blade element sweeps
around its circumferential path passing through the known variation of

relative velocity.)
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Further information on the mégnitude of the fluctuations is given in
Table 1.2, for surface and bearing forces., It will be noted that the
surface and bearing forces are of approximately equal magnitude.

Table 1.3 presents data on the frequency and amplitude of the vertical
and athwartships vibrations for a number of vessels, mainly those for
military application. It will be noted that in exceptional cases the
vibration amplitude at the stern is equivalent to 1-2 millimetres. Even
larger amplitudes have been recorded, one well-known passenger liner
having amplitudes at the stern of 2-3 millimetres,

The effect of number of propeller blades on the type and magnitude of
the vibrations is indicated in Table 1.4. In this table is shown a
comparison of the vibration forces at both fundamental and second harmonic
of blade frequency, for four and five-bladed propellers. It will be seen
that although ihe'four-bladed propeller has more severe torque and thrust
fluctuations than the five~bladed ﬁropeller, it has very much smaller
bending fluctuations,

Whether a certain vibration level is regarded as acceptable or not
will depend upon the criterion used, This criterion will depend upon the
use to which the ship is put, military applications usually allowing
higher vibration levels than civilian uses., One set of criteria based on
a single parameter, displacement amplitude is given in Table 1.5.

More refined criteria for vibration limits are available, bésed on
two ﬁarameters, either acceleration and frequency, or amplitude and
frequency. One set of such criteria in terms of allowable acceleration

against frequency is shown in Fig. 1.3.




Fig, 1.3 Vibratpn tolerance criteria. Peak accelerations
at which subjects perceive vibrations (I); find
it unpleasant (II); or refuse to tolerate it
further (III), The shaded areas are one standard
deviation on either side of the mean, These curves
are for subjects without any protection, exposure
time 5-10 minutes. The short term tolerance curve
is for subjects with standard U,S.Air Force lap
belt and shoulder harness, exposure time approximately
one minute. The Military Aircraft Tolerance Curve
is used as the criterion for long term exposure in
military aircraft.

(Adapted from Ref. 1.8)
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TABLE 1,1 VIBRATTON EXCITING FORCES AND MOMENTS
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TABLE 1.2 - BEARING AND SURFACTE FORCE

FLUCTUATTONS ON A SINGLE - SCREW PROTOTYPE SHIP AS DETERMINED

FROM A MODEL STUDY

(Adapted from Ref: 1.10)

SHAFT SPEED REV/MIN, 93 93 93
SHIP VELOCITY kt 16.9 20.0 23,07
MEAN SHAFT THRUST 1bf 221,000 |169,000 142,000
MEAN SHAFT TORQUE 1bf-fi 8,0,000 | 677,000 497,000
TRANSVERSE FORCE _

Surface 23,800 18,000 21,000

Bearing 16, 500 16,000 15,000
% Total 28,000 26,000 35, 500
TRANSVERSE FORCE

SLZb of totalz

Surface 85 69 59

Bearing 69 61 42
VERTICAL FORCE 1bf

Surface 9, 500 4,500 6,500

Bearing 5, 500 6,000 7,000
* Total 7,500 14,000 14,000
VERTICAL FORCE

(% of Total)

Surface 126 4 NN

Bearing 73 545 50
couPLE (ABOUT PROPELTER
SHAFT) 1bf-ft

Surface 320,000 | 430,000 650,000
Total 680,000 | 420,000 | 1,020,000

i)
3
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(Cantinued)
TABLE 1.2 —- BEARTHG AND SURFACE FORCE

FLUCTUATIONS ON A SINGLE~SCEEW PROTOTYPE SHIP AS DITERMINED
FROM A MODEL STUDY
(Adapted from Ref: 1,10)

SURFACE COUPLE
(% of Total) 47 102 Gy
FORCES AS % OF MEAN THRUST
Transverse
Surface 10.8 10.6 18.8
Bearing 7.5 9.45 13.4
Total 12.7 15.4 3.7
Vertical
Surface 4.3 2.66 5.8
Bearing 2.5 3.56 6,25
Total 3ok 6.5 12.5
Total COUPLE AS % OF THE
YEAN TCORQUE 38.1 62,1 205

% Total Force = Surface Force + Bearing Force + Force on Rudder
(Vectorial addition)

¢ Total Couple = Surface Couple + Couple on Rudder (Vectorial addition)

N.B, Values of vibratory forces and couples are for peak-to-peak
fluctuations,




TABLE 1,3 ~ HULL VIBRATION FREQUENCIES & AMPLITUDES ( MEASURED VALUES)
(Adapted from Reference 1.8)

VERTICAL VIBRATION ATHWARTSHIP VIBRATION
: 0., OF | BLADES SHAFT DISPLACEMENT SHAFT TSPLACEMENT
TYPE OF SHIP [PROPS. PER. LOCATION | SPEED FREQUENCY (AMPLITUDE, LOCATION | SPEED FREQUENCY AMPLITUDE
PROP, REV/MIN C/min in REV/MIN o/min N
(NOMINAL) (NOMIN-
AL)
Ammunition 1 L Stern 95 95ﬁ 0,014 Stern 40 LO* 0.025
ship,mari- L5 105-110% | 0,013
time hull
No ,MC1575
Refrigera- 1 4 Stern 100 400+ | 0,018 Stern 37 148+ 0.019
tion ship,
maritime
hull Mo,
MA 36
Icebreaker 2 3 Stern 95 285+ 0,040 - - - - ;
Destroyer 2 3 - - - - Stern 180 BLO+ 0,007
240 2L0* 0.028
DESTROYER 2 L Stern 220 7t 10,180 Stern 300 120% 0,13k ‘
310 310* 0.021 123 123* 0.033
240 960+ | 0.00L 310 1, 300+ 0,003 |
60 L1 | 0,002 T
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{continued)
TABLE 1,3 - HULL VIBRATION PRECUBHCTES & AMPLITUDES ( MEASURED VALURE )
(Adapted from Reference 1.8)
)
VERTICAL VIBRATTON ATHWARTSHTP VIERATY
HO, OF 1BLADEE | SHART DISPLACEMERT SBiaET LDTEPLAC
TYPE BF SHIP (PROPS,. PER LOCATION (3PRED PRECUBNCY | AMPLITUDE, LOCATION |[8PESD FREGURNCY (AMPLITUDE
PROP, HEV/UIN ¢/umin in REV/MIN | C/min in
(NOMINAL) (MoMIN-
AT)
Adreralt 4 ) Stern 160 160% 0,008 Stern 165 165% 0.010
sarrier 153 765+ 0,008 165 B2+ 0,003
Island 153 153 0,003 Island 118 575+ 0,002
150 750+ 0.002
" Heavy 2 L Stern 330 60+ 0,009 Stern 300 90% 0,017
eruiser 280 1,120% 0.002 200 1,200+ 0,002
NOTEs % phaft freguency
+ blade freguency
$ deuble blade frequency
+ hull natural frequency



TABLE 1.4

COMPARISON OF VIBRATION MAGNITUDES

POR L - BLADED AND 5 - BLADED PROPELLERS

(Adapted from Ref, 1.15)

26,

TYPE OF )y - BLADES 5 - BLADES
VIBRATION -
Single-screw | Multi-screw |Single-screw | Multi-screw
L M 3 L i 5 L M S 1L B S
Vertical :
LN LN 5N 5N
HULL 10K
Athwart- LK LR S5 5N
ships 10N
Torsional LN 8N A éﬁ 5N
SHAFT 1
Axial L | 8w L 5H 5N
100
Bending LN LN | i 10N 5N
L = Large M = Nedium S = Small

N.B. N is the shaft speed in rev/min,

The fundamental and

second harmonic frequencies for the four and five-bladed

propellers are LN and 8N,

5 and 10N respectively.
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TABLE 1,

VIBRATION DISPLACEMENT CRITERIA

RATING , HULL DISPLACEMENT AMPLITUDE (AT SHAFT OR
PROPELLER BLADE FREQUENCIES)

Excellent Tess than 0,010 in.

Satisfactory Less than 0.020 in,

Unsatisfactory Greater than 0.020 in,




In Fig: 1.4 is presented a set of curves based on vibration
tests on more than 100 ships, and on comments from the persons on
board, The limit of permissible vibrations shown on this curve, in terms
of amplitude versus freéuency,'corresponds to the vibration level above
which most people would feel 1rr1tated or annoyed. The author of the
paper from which Flg 1.4 is taken, Professor E.A,Kjaer, has defined a
vibration-factor which may be used in cornjunction with this curve, This
vibration-factor is défined,as the ratio of the actual amplitude to the
maximum permissible amplitude as determined from Fig: 1.4, at the same

frequency, Values of vibration-factor less than 1 are satisfactory,
greater than 1 are unsatisfactory., In the same paper, Kjaer showed that

in many cases, in ships, the vibration-factor considerably exceeds 1,




Fig. 1.4 Permissible vibration level on ships.

(Adapted from Ref, 1.9)
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PART 11

MODEL. RESEARCH -

THE RESEARCH WATER TUNNEL

PROPELLER DYNAMOMETER




CHAPTER 2

THE RESEARCH WATER TUNNEL FACILLTY

2.1 INTRODUCTION

In 1951-2; Dr, P.0,A.L.Davies, then Senibr Lecturer in the
Department of Mechanical Engineering, proposed that the DepartmentAshould
..build a research water tummel suitable both for submerged model studies
in a "full" working section, and for research on surface phenomena using
an open-channel working section., The original proposal was for an open—
circuit tunnel, i.e., of the non—circulating type, supplied from a
- gravity feed tank, The design of the tunnel ( Rer. 2.1) wag completed in
1953 by Dr, Davies and construction was begun in late 1953, The tunnel
was in operation in the open-circuit configuration, fitted with a working
section of circular cross-section by early 1955, Since that time a
number of ressarch investigations have been undertaken in the tunﬁel. Most
of these have used a "full®™ working section, although a pértlyufull
working section has been used on occasions when a flow with a free surface
has been required,

Although the velocity profile in the working section, and the flow
stability, were very satisfactory with the tunnel in the open circuit
configuration, the maximum working section velocity was limited to 8 ft/s.
Froposals were therefore put forward to convert the tunnel to a closed-
cifcuit configuration, with a higher working section velocity. In 1957
¥r, R.Culver, of the Department of Civil Engineering, procured and installed
in a below ground pit two 125~ h.p. centrifugal pumps and motors. In

early 1961, the author, with the collaboration of Mr,Culver, and ¥Mr. R, Wright
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of the Engineering and Water Supply Department of South Australia,

. completed the design forrarclosed—circuit configuration incorporating
these pumps. Médificatians ta-convert the tunnel to this configuration
were begun in late 196& aéﬁ éontinued until May,1963, the work being
éarried out in stages during period of minimum research activity. The

tunnel was in operation in the new form by June, 1963,

2.2, THE WATER TUNNEL FACTLITY ( OPEN~CIRCUIT GCHFIGERATIGﬁ)'

2.2.1 General Description:

The general arrangement of the tumnel in the open-circuit configu-
ration is shown in Fig: 2.1, Water was supplied by three pumps with
a total capacity of 15 cusecs tc an elevated constant-head supply
tank, From the tank, the flow was through a supply main, a stilling
section, a 16 : 1 contraction, and an 18 in. dia, working section,
finally discharging through a draft tube infb the laboratory sump.

(A description of the design of the circuit is given in Ref: 2.1)

The potential energy of the water in the supply tank was converted
to kinetic energy in the supply main, a portion of this kinetic being
reconverted to pressure energy in the diffuser before the fluid
entered the stilling-section, The stilling tank was designed to have
above the water-surface a space, filled with air, the pressure of
which could be controlled, The level of the free surface was fixed
by a number of weirs, which under normal conditions carried about

10 per cent of the input flow, Three wire-mesh screens were fitted
at the diffuser exit and four within the stilling tank, to reduce

turbulence in the working section to a low value, The screens at the




Fig. 2.1 General arrangement of open-circuit configuration

of research water tunnél,

(Adapted from Ref, 2.1)
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diffuser exit also allowed a wide-angle flare to be used in this
region without separation occurring, thus reducing the diffuser
length, Water was accelerated from the stilling tagk through the
contraction to the working section, an area contraction ratio of
16 : 1 being used to reduce further the turbulence level in the
working section,

The velocity in the working section depended only on the head
difference between the contraction entrance and the draft tube exit.
Since the water levelsat these stations were fixed, the head
difference was determined only by pressure in the air space, A
constant pressure was maintained in the air space by pumping from
it at a consﬁént rate with an ejector pump and allswihg air to
flow into it from the atmosphere through a variable constriction,
The area of the constriction therefore controlled the air pressure
in the air space, and under these conditions velocity control was

obtained with a single variable,

Method of Achieving a Uniform Veleocity Prcfile'énd Low Turbulence.
The use of screens and a large stilling tamk enabled a flow of
hlgh uniformity to be obtalned at the contraction entfance. The
contraction was designed so that this uniformity Wculd be preserved
as far as possible in the flow into the test section, In a large
contraction, there is a tendency for the boundary layer to separate
near the start of the contraction, with subsequent inerease in

stream turbulence and non-uniformity of velocity profile. This
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difficulty has received some attention in the literature, and in
the present case the design method of Batchelor and Shaw (Ref. 2.2)
was used, The pressure gradient along the contraction boundary
was determined on the basis of potential flow, This pressure
gradient is shown in Fig, 2.2, together with that for a conical
diffuser of 7° included angle, On the basis of these results, it
was considersd that separation at the start of the contraction
would be most unlikely, This was subsequently borne out by tests
on the contraction when the ‘tumnel was in operation.

To ensure a low level of turbulence in the working section, the
stilling-chémber was fitted with spaced wire-mesh smoothing
screens, followed by a comtraction of large area~ratio (16:1). It
was calculated by the method of Tayler and Batchelor ( Rer, 2.3)
that the magnitude aﬁﬁr&nsverﬁedisturbancés passing through this
screen system would be reduced by a factor of 1/9th, Screens
were alsc used near the diffuser exit.

2.2.3 Hethod of Achieving Constant Velocity with Time

Flow variations in the supply main were reduced very consider-
ably by the weir system, as is shown by the following argument,
Suppoée the supply main to slightly increase its flow, This would

cause a small rise in head across the weirs, which, although of

small absolute magnitude, would be large in relation to the pre-
existing head on the weirs, thus causing a considerable flow |

increase over the weirs, The small change in weir head, however,
would cause a negligible increase in head across the contraction,

and the increase in test section flow would be correspondingly




Fig., 2.2 Contraction boundary pressure gradient

(From Ref. 2.1)
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small. A decrease in supply-main flow can similarly be shown to

cause a considerable decresase in weir flow but a negligible decrease -
in the test section flow, Flow fluctuations in the supply main
thus cause substantial variations in the waste flow over the weirs,
while the working section velocity remains substantially constant,
The above argument is expanded in mathematical form in Ref: 2.1,
where it is shown that the attenuation of flow disturbances by a
weir system increases with the total length of the weirs. In the
Adelaide tunnel, the total length pf weirs was 204ft., made up of
34 weirs each 6 £t long across the stilling chamber., It should be
noted that the analysis in Ref: 2.1 was based on the assumption
that the flow over the weir was proportional to the 5/2 powerbof
the head above the weir., For the sheet metal weirs used in the
Adelaide tunnel, however, it was found experimentally (Ref: 2.4)

thyt the flow followed the law:

Q = 1.06(h - 0,0108) for ,0108 % h<0.06

where Q = flow in cu, Pt/s per foot length of weir

h = head above weir in feet

(Due to surface tension effects, there was no flow below h = 0.0108)
The conclusion reached in Ref: 2.1 regarding the attenuation of
flow disturbances are unchanged, however, if the analysis is
modified according to the above law, Similar conclusions are

reached in Ref: 2.4 by a somewhat different analysis,
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THE WATER TUNNEL FACILITY (CLOSED-CIRCUIT CONFLGURATION).

2.3%,1 General Descriptioﬁ“'

The water tunnel in its present form is a closed-circuit con~
figuration, as shown in Fig: 2.3, The original stilling tank,
contraction, and test section have been retained, the remainder
of the circuit being re-constructed in the conversion to the closedf
circuit configuration, Two 125-h.p, double-inlet centrifugal
pumps running at 405 rev,/min,circulate the water around the
tunnel circuit, In normal operation, the weirs are inoperative,
the level of water being just up to the weir crests. The static
pre#sure in the circuit can be controlled by varying the air \
pressure in the stilling chamber air-space in the same manner as
for the open-circuit configuration,

The test section is 8 ft.lomg and 18 in. in intermal diameter.
It is provided with four perspex inspection doors, curved oﬁ the
inside to be flusﬁ with the inside wall and flat on the outside
to prevent optical distortion,

An operating platform has been built under the test section,
so that operation and control can be carried out at a convenient
levels The remote~control panel, for varying the flow through
the tunnel and for controlling the charging and emptying cycles,

'is mounted on this platform, adjacent to the test section. The
tunnel is at present instrumented for propeller vibration research,
the propeller dynamometer being arranged in the working section,

as shown in Fig: 2.4, The control panel for the dynamometer is




Fig. 2.3

General arrangement of closed-circuit

configuration of research water tunnel.
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Fig. 2.4 General arrangement of propeller

dynamometer in tunnel.
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next to the tunnel-control panel. Meters on an adjacent panel indicate
the supply voltage both to strain-gauge bridges in the dynamometer

and also to the transistor pre-amplifiers fitted in the fly-wheel,
Meters indicating the mean torque and thrust of the model propeller,

as well as output terminals for instrumentation to measure the
fluctuating torque and thrust components, are also fitted to this penel.
Against the laboratory wall, adjacent to the test section, are

mounted pressure gauges and manometers, indicating the head before and
after each pump, the head after the main stop-valves, the air-bearing
pressure in the dynamometer, mains air pressufe, and the air pressure
in the charge-and-empty control circuit. Air-water and mercuryawater
manometers are mounted against the wall adjacent to the test section,

for use as required.

Contrdl;

Flow through the circuit is controlled by actuating the motorised
gate-valves fitted downstream of the pumps, from the remote-control
panel, Fow low velocities, only one pump 1s used, whereas for
higher velocities both pumps are in operation. When starting the

pumps, the gate-valves are in the closed positicn, so that the pumps

-are started, as is normal practice, in the zero flow condition, this

being the minimum power condition for the machines.

A single 5~in centrifugal pump is used for both charging and
emptying the circuit, the flow being directed as required by setting
the valvesvin a "eross-over® pipe network to the appropriate configu-
ration, The operation of these valves, which are of the flap type,

is by preumatic rams. Supply air for these rams is comtrolled by two
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single-toggle preumatic valves of the multiport type on the comntrol
pansl,

The two positions of the upper valve on the panel correspond to the
fcharge” and to the "empty" configurations of the flap valves. The
lower valve is inoperative in one position, but in the other position-
sets the flap valves into a "hold” configuration which prevents water
from being pumped into or being drained from the tumnel. Af'ter
charging the tunnel, the "hold" configuration is used to prevent
water draining back to the sump through the now stationary 5-in
puHipe

This control system is interlocked with the electrical circuit of
the float switch in the pump pit, so that the fléoding of the pit
causes the flap valves to be switched into an eﬁergency—pumping
configuration, Water is then pumped directly inte the laboratory
sump from the drainage-sump in the pump pit. Starting of the pump is
automatic if flooding of the pump pit occurs, This starting cycle
can also be initiated by pushing a button on the control panel,

Either event actuates an electrical timer which, in sequence, opens

a2 solenoid valve on the pump air vent and a sclenoid valve on the
mains water-supply to the pump, allows sufficient time for the
pump to prime completely, closes both valves, and then starts the
pump motor,
Performancs:

The head-flow curve for one of the 125-h.p. pumps &8 determined
by actual tests is shown in Fig: 2.5, as is also the head-flow

characteristic for the two pumps operating in parallel, The system




Fig. 2.5 Pump and system characteristics.
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characteristic as détérmined by test is also shown in Fig.v2.5.‘
It will be seen that with one and two pumps in opératibn; &he
paximum velocities in the test section are 20.5 and 31.0 £t./s.
respective;y.'

The velocity profiles across the working section are shown in
Fig, 2.6 for a flow velocity of 15 £t./s. It will be seen that,
except for a wall boundary-layer region of approximately 2 in.,
the velocity profile is uniform to within = 1 per cemt. These

measurements were made with one screen in the stilling section.




Fige 2.6 Velocity profiles in the working section ( at

No. 2 cover) at approximately half the

Haximum tunnel velocity,
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CHAPTER

THE NODEL PROPELLER DYNAMOMETER

3,4, INTRODUCTION

Of the research investigations which have been undertaken in the
research water tummel since 1955, the most important has been the
research on model propeller vibrations,

For the investigations on model propelliers, & dynamometer driven
by & variable speed motor has been developed. The first design of the
dynamometer was by Tostevin (Ref. 3.1). This was of the strain~gauge
type and incorporated a mechanical system using diaphragms 4+o separate the
tofque and thrust. ‘This was used successfully‘to measure mean values of
torque and thrust, but because of the low natural frequencies of the
dynamometer and also because of the high background +unnel noise, some
difficulty was experienced in resolving torque and thrust fluctuations
with sufficient accuracy. In 1958, an improved design of dynamometer
was constructed by Watkins Ref. %.2, which also incorporated a mechanical
System to separate torque and thrust, Thin metal shells on which resis—
t;nce strain-gauges were cemented were again used as measuring elements.

Further development of the dynsmometer has since taken place.

3,2, THE CONSTRUCTION OF THE PROPELLER DYNAMOMETER

3,2.1 General Descripbion

Fig, 2.4 shows the general layout of the present design of
propeller dynamometer. The model propeller is mounted on an

jpmer dynamometer unit which is housed within the drive-shaft.
Lateral support for the drive shaft is by means of a water-lubrica~

ted bearing at the propeller end, and by 2 double-conical oil-
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lubricated bearing at the drive end., The oil-bearing also

provides a longitudinal location of the drive shaft. Mounted

on the drive shaft adjacent to the oil bearing is a fly-wheel

thé inertia of which is sufficiently large to fix the torsional
and longitudinal nodes of the dynamometer at this point, Torgue
and thrust forces on the propeller are first separated mechanically
within the dynamometer, and then measured electricaiiy by the
strain cells. The output from the strain cells is amplified by
transistor pre-amplifiers in the fly-wheel and then transmitted
through slip-rings to the recording equipment.

The construction of the inmer dynamometer unit shown diagramatic-
ally in Fig. 3.1. The thrust force on the propeller is transmitted
through the tension rod down to the thrust ( tension) shells, two
flexible diaphragms allowing the longitudinal motion but preventing
lateral displacement, Since the tension rod has a very small torsional
stiffness, torque applied to the propeller is transmitted almost
entirely through the flexible diaphragm adjacent to the propeller
to the torsion shell., The component sizes have been chosen so that
negligible torsion is transmitted to the tension shells and
negligible thrust is applied to the torsion shell, The dynamcmeter,
however, is comparatively rigid in bending, It will be seen from
Fige 3.1 that the inner dynamometer unit which incorporates tﬁe
torsion and thrust measuring systems is attached to the drive shaft
by a flexible tube which locates the end of the inner dynamometer
unit both axially and laterally. The lateral location of the

other end of the inner dynamometer unit is provided by a very close




Fig. 3.1

Cut~away view showing construction of

inner dynamometer unit,
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clearance (0,0005“ diametral) pressurised aerostatic bearing.

The flexible tube is a separate component, and may be removed and
replaced by alternative tubes of different ‘vorsional and axial
stiffnesses., In this way the torsional and axial natural
frequencies of the dynamometer system can be altered, since this
tube provides the largest portion of the torsional and axial
flexibilities between propeller and fly-wheel. Although other
modes of vibration are possible, the only significant mode of
vibration of the propeller is the first mode in which the propeller
is at the anti-node and the fly-wheel is at the nodal position.

Phe Torsion and Thrust Cells

The torsion cell consists of a thin aluminium shell (o.004"
thick) on which is cementea eight strain gauges at angles of 450
and 135° to the dynamometer axis. The gauges are wired in the
bridge arrangement shown in Fig. 3.2 which ensures that signals
due to side force, end thrust, or bending moment on the cell will
be cancelled out within the fully-active bridge.

The thrust measuring unit consists of two thrust cells which
are pretensioned during the assembly ofAthe dynamometer unit. A
thrust force on the propeller is transmiéted‘io the centre of the
thrust unit, causing the tension stress in one cell to increase,
and in the other cell to decrease. Bach cell consists of a thin
aluminium shell ( 0.,002" wall thickness) on which is cemented four
strain gauges paraliel to the axis of the Qynampmeter. The eight
gauges are wired in a fully-active bridge as shown in PFig. 3.2
in such a way that signals due to side thrust, torque and

moment on the thrust unit are cancelled within the bridge.




Fig. 3.2 Strain gauge arrangement on torsion and thrust

shells

(a) Gauge layout on the shells

(b) Bridging arrangement of gauges




@
3

THRUST CELLS

4

TORSION BRIDGE

THRUST BRIDGE




L2.

%.2.%., The Electrical System

Because of simplicity, a direct-current strain-gauge system
is used, A constant-voltage supply is transmitted via'sliperings
and internal wiring to the strain-gauge bridges on the measuring
elements. The output from the bridges is taken to the fly-wheel
pre-amplifiers by electrically-shielded cables, Shielding was
found necessary to prevent stray induction effects. The fly-wheel
pre—amplifiers have a gain of approximately 1000, and use matched
transistor pairs in push-pull stages to reduce zero drift,

In a transistor amplifier, the major cause of zero drift is the
variation of transistor characteristics with changes in temperature.
Drift will be reduced, therefore, if the amplifier is kept at |
constant temperature, The amplifiers are enclosed in recesses in
the flyawheel,rsealed by a heavy cover plate to assist in reducing
temperature variations.

The output from the fly-wheel pre-amplifiers is transmitted
to the measuring and recording equipment through monel-metal slip-
rings, fitted with silver-carbon brushes. The values of mean
torque and thrust are displayed on millivolt-meters fitted in the
control panel, Meters on an adjacent panel indicate the supply
voltage to the dynamometer strain-gauge bridges, and also to the
transistor pre-amplifiers, Fluctuating torque and thrust
components are displayed on a cathode ray oscilloscope, and per-
manently recorded either by a camera attached to the oscilloscope

or by means of a mirror-galvanometer sensitized paper recorder,
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3,3, THE DYNAMOMETER CHARACTERISTICS:

For accurate measureﬁents it is essential that the characteristics
of the dynamometer be 1inear, and also that cross-coupling between the
torque and thrust measuring systems be negligible. Static calibration
has shown that there is a linear relatiocnship between applied thrust
and output voltage, and similarly between applied torque and output
voltage, No cross-coupling between torque and thrust could be detected
during static calibration tests, the torque output being entirely indepen-
dent of the applied thrust, and the thrust output being independent of
the applied torque., The sensitivity of the dynamometer to bending-
moments applied fo the propeller was foﬁmd to be negligible, When a
dynamic calibration was carried out, however, by measuring the natural
frequency with discs of various inertias replacing the propeller, it was
found that the torsional stiffness varied slightly withramplitudé of
oscillation, The mean value of torsional stiffness was 7,000115f-in/
radian, and the corresponding natural frequency in air when a vériable—
pitch model propeller was fitted, was 159 cycles per second, The
maximum torque and thrust which cen be measured cn the dynamometer are

50 1bf-in and 50 1bf,




CHAPTER 4,

THE CHARACTERISTICS OF THE DYNAMOMETER

4.1 INTRODUCTION

The dynamometer as originally designed was to possess only two degrees
of freedom of movement of the propeller, Theselwere:- ”

(a) Movement alongithe axis of the dynamometer

(b) Angular movement about the axis of the dynamometer.

In both cases, movement could be in either direction from the
equilibrium position, and was to be against an elastic system.

For the axial mode, the elastic system was to have a stiffmness which
was linear, and equal to the combination of the stiffnesses of fhe
components (primarily the central rod, the thrust cells, the interchange-
able stiffness element, and the drive shaft), |

For the angular mode, the elastic system was to have an angular
stiffness which was linear, and equal to the combination of the stiffnesses
of the components (primarily the torsion cell, the interchangeable
stiffness element, and the drive shaft).

Care was taken to reduce damping and hysteresis in the sjstems to a
minimum. The thrust system was supported within the torque system by
thin flexible diaphragms., The supports for the torque system were a thin
flexible cylinder ( at the end furtherest from the propeller) and a
pressurised air bearing ( aerostatic) at the propeller end,

The masses and inertias of the principal components of the systems
were made small compared with the propeller mass and inertia, The
dynamic behaviour of each system should therefore have closely approx-

imated to the dynamic behaviour of an equivalent single-degree-of~-freedom
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‘systemrconsisting of a mass on a linear spring with negligible damping
When constructed, the behaviour of the dynamometer appeared to
: appréximate to that of the ideal system, as shown by simple tests, and
was used for several projects on this basis. Before being used in the
experimental work described in this thesis, however, it was taken apart,
modified in several respects and reassembled, A simple check at this
time indicated that its behaviour still approximated to the ideal., It
was later found, during careful calibration, that its behaviour deviated
slightly, but significantly, from the ideal, As is shown later, some of
this deviation is due to contaect at the air bearing between the torque
system and the outer cover i.e, to a "bearing rub®, This was caused by
the alignment of the components not being perfect, after the final reassembly,
It is quite possible, that before this time the "rub® did not occurs
The characteristics of the dynamometer ( in its final form) are
described in the following sections from the viewpoint of knowing why these
depart from the ideal, The order in which they are discussed was not the
chronologiéal order in which the corresponding tests were carried out. It
might be mentioned that although the dynamically non-linear behaviour of
the dynamometer was ultimately found to have a cemparatively simple
physical explanatioa, it inifially appearsd that it would be impossible
to deduce from the complex dynamic behaviour of the dynamometer, the
reasons for the deviation from the ideal., It was only after various
hypotheses were suggested, and tested by specifically designed experiments,
that the physical phenomena occuring began to become apparent, In the

following sections, many of these hypotheses and experiments are not
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described, It should also be mentioned that the dynamic behaviour of

thrust systeﬁ was not inﬁestigate& in detail, as this system was used

only to obtain measurements of mean thrust, The dynamic behaviour of

fﬁé torgue system was, however, investigated in detail.

4,2, THE STATIC CHARACTERISTICS OF THE DYNAMOMETER:

Lhe2.1 The Thrust Characteristics

A calibration rig was constructed which would apply pure thrust
loads to the dynamometer without imposing at the same time torque
or bending loads, The design of the rig was as follows., A special
nut was manufactured which could be screwed to the propeller end
shaft. When this nut was in the correct position, a slot midway
along its length was in the vertical plane. At either end of the
slot was fitted a small ball-bearing, halfway up the vertical end-
faces of the slot, Each ball~bearing thus lay on the;axis of the
dynamometer, A thin flat bar fitted vertically through fhe slot,
and was pivoted at its upper end on thin flexible strips, A terylene
thread attached to the lower end of the bar passed over a nearby
pulley, and was then attached to a weight pan. The position of the
pulley was adjusted so that the section of thread between the
pulley and the end of the bar was parallel to the axis of the
dynamometer, Weights placed in the pén would then apply (via the
ball-bearing in the propeller nut) a pure thrust load to the
dynamometer,» |

Cnly one calibration was carried out for thrust, This was a
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calibration of electrical output from the thrust cell (?£5 
measured in volts at the slip-rings) against‘thrusﬁlload_applied
to the dynamometer, The results of this calibratioﬁ.are>$ﬁbwn
in Fig: 4.1, It will be seen that the characteristic is'é
straight line, showing that the elastic systém for thrust, in the
static case is linear, | |

The Torgion Characteristics:

A test rig was devised which would apply pure torsional loads
to the dynamometer without applying at the same time thrust or
bending loads., The construction of the rig was as follows. A
special nut was attached to the propeller'end shaft, To this was
rigidly attached a thin flat metal bar 10 inches in length, the
connection to the nut being at its mid point, Relative to the
axis of the dynamometer the bar was at right angles. In relation
to the earth's surfacé the bar was horizontal, To each end of the
bar a terylene thread was attached, the thread at one end leading
directly up over a nearby pulley and then vertically downward
to a "balance® bar, The thread at the other end led vertically
downwards to the other end of the "balance” bar., At the centre
of the balance bar was attached by a terylene thread a weight pan.
To reduce frictional errors the pulley was fitted with a precision
ballrace, Weights placed in the pan caused loads of half this

magnitude to be applied to opposite endsof the bar in opposite

directions, thus applying a pure torsional load to the dynamometer,

Two calibration tests were carried out using this rig. The

fifst test related electric output from the torsion cell (as




Fig. 4.1 Dynamometer calibration graph of voltage
output ( at slip-rings) versus applied

thrust.
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measured in volts at the slipring) to applied torque., The

results of this calibration are showm in Fig: 4.2, It will
be seen that the characteristic is a straight line showing

that the torsional elastic system is linear, in the static

case, It will be further noted that hysteresis effects are
small.

The second test was carried out with an additional
"indicator” bar(21 inches in length) attached to the propeller
end-shaft at its mid-point. Sensitive dial gauges were Fitted
near each end of the indicator bar, so that the linear movement
of each end of the bar could be measured to a high degree of
accuracy. From the readings obtained on the two dial gauges,
the change in slope of the indicator bar from its original
position could be calculated, making allowance for any
vertical movement of the centre of the bar which might have
occurred due to slight movement of the propeller end-shaft
laterally within the air bearing, From the change in slope,
the angular rotation of the propeller end-shaft from the
original poéition could be calculated., From the tests carried
out in this way, a graph was prepared of angular deflection
against applied torque, Fig: 4.3, It will be seen that the
characteristic is a straight line, indicating that the
elastic system for torsion is a linear ons. It will again be

noted that hysteresis effects are small,




Fig. 4.2 Dynamometer calibration graph of voltage

output ( at slip-rings) versus applied torque,
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Fig. 4.3 Dynamometer calibration graph of angular

deflection versus applied torgue.
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4,3, THE DYNAMIC CHARACTERTSTICS OF THE DYNAMOMBETER:
4.3.1,The Dynamic Thrust Characteristigg:-

- It was intended to carry out dynamic calibfations of the thrust
system, using attached masses on the propeller end-shaft, - Since,
however, the thrust system was only used to measure values of
mean thrust, this calibration was not required for the experimental
work described in this thesis, and due to shortage of time was not
carried out,

4.3,2 The Dynamic Torsion Characteristics:

The dynamic characteristics of the torsion system were carefully
determined by a series of experiments in which "imertia dises™
of various inertias but the same mass ( equal to the mass of the
prcpeller), were attached to the propeller end-~shaft in turn,
Bach disc was fitted with a small projecting pin. When the
dynamometer was rotated at a slow steady speed, this pin/ﬁit an
adjustable rubber striker, causing free vibrations in the torsional
mode to be set up.  The electrical output from the dynamometer
torsion cell was amplified by the fly wheel preamplifier, and the
D.C, component removed by a negative bias voltage. The resulting
wave form after further amplification was recorded on a ultré—violet
galvanometer recorder. A high‘frequency voltage which served as a
time reference was also recorded, using another channel of the
recorder, Measurements were taken from the recorder paper of
the amplitude and period of successiﬁe cycles of the oscillation,
Several runs were made with each inertia disc, the level of impact

being varied from run to run by varying the position of the striker,
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The results of this calibration are shown in Fig. L.k in
which the period of oscillation is plotted against the amplitude
of the corresponding cycle, for the various constant values of
inertia, It is immediately apparent from this figure, that the
system is not behaving in an exactly linear fashion, since in a
linear system the period of oscillation would»be‘independent of
amplitude, It will be noted that for each inertia there appears
to be a lower value of amplitude below which the period appears
to be independent of amplitude, an& an upper value of amplitude
above which. the period again appears to be independent of
amplitude, The periods are different, however, for the two regions,
In between these two regions is a transition region in which
there is & variation of perioed with amplitude.

On Fig. 4.5 values have been cross-plotted from Fig. 4.4, to
present the variation of period with inertia, for constant values
of amplitude, It will be seen that for a given value of amplitude
the relationship between period squared and inertia is a straight
line i.e the system behaves as a linear system with one degree of
freedom,

The static calibration for torsion showed that the elastic -
system is a linear one in se far as the spring force is concerned,
It might therefore be deduced that the nonlinearity in the
dynamic case is due to nonlimeakity in the damping., It is shown
in standard texts on vibration that if the damping force is
proportional to the velecity, ccnstaﬁt, or proportional to amplitude,

the period of oscillation will in each case be independent of




Fig. 4.4 Dynamometer calibration graph of amplitude versus

period of oscillation, for various inertias.
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Fig. 4.5 Dynamometer calibration graph of period2 versus
moment of inertia, for various amplitudes of

oscillation,
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amplitude. The damping which is occurring in the dynamometer
must therefore be of some other form than these.

After a careful analysis, it was decided that there were only
three pessible places in which damping could occur to any appreciable
extent within the dynamometer, These were:

(1) Within the material of the components.

This damping would be of the "solid" type, in which the damping
force is proportional to amplitude, and for which the period
of vibration is independent of amplitude. If this form of

damping is occurring it must therefore be of small magnitude.

(2) Demping due to a frictional rub within the air-bearing.

It was first thought that this damping would have to be of the
type for which the damping force is independent of amplitude
and velocity, i.e. is constant, This form of dam?ing does mnot
cause the period to vary with amplitude, however, and would
therefore not have accounted for the observed effect. It was
then realised that where relative motion ¢ccurs the co-
efficient of dry friction uswally has the variation with
velocity shown in Fig: 4.6, i.e. the coefficient is a non-
linear function of veloeity. 4&s indicated below, it can be
deduced that damping of this form would cause the frequency to
vary with amplitude of oscillation, Thus a dry rub in the
dynamometer could be a possible source of damping. Evidence
that a dry rub was occurring was given by a later series of

tests (described in the following section).




Fig. 4.6 Coefficient of friction versus relative velocity,

for dry friction.
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Damping within the wax laver over the strain-gauges in the

torsion shell

The torsion shell is very thin being,only of 0,004 inches wall
thickness, The thickness of the wax coating over the shell is at
least as thick as the shell wall, and possibly several times
thicker, 7The strains which occur in the metal of the shell are of
a large magnitude, and the wax layer would therefore be subject
to correspondingly large shear straims., It may be expscted that
the wax would behave as a super-cooled liquid i.e. to behave as s
very viscous fluid, The damping force due to the wax would
therefore be expected to be dependent on some function of velocity.
The damping due to the dry rub ( (2) above) is also dependent
on a function of veloeity, The total damping force would therefore
also be a function of velocity. This function could be closely
approximated by a polynomial in velocity.

As the form of thiis polynomial is not known, an analyfic solution
to the equations of motion is not possible in the present case.

If the polynomial were known in general fofm, however, then an
analysis could be carried out by the analytic metheods given in
standard texts on non-linear systems (such as Ref, 4,1) If the
polynomial coefficients were known explicitly as numerical
coefficients, a graphical solution by fhe method given in Ref.4.2
would have been the simplest way to solve the equations of
motion, The general effect which the non-linear damping would

have on the system, however, can be deduced in the present case.
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From the physical nature of the damping in the dynamometer, it
can be expected that the damping force would vary with velecity,
in accordance with a curve (1) in Fig: 4.7, rather than curve (2).
If a single cycle of the oscillation is considered, from one peak
of the oscillation to the nezxt (opposite) peak, the motion can be
considered to closely approximate to an equivalent harmoniec
oscillation, if the damping is small as in the present case, For
a harmonic system the velocity V at any given peint in the
oscillation is proportional to the maximum (half) amplitude a

according to the equation

V = a weos ot

where w is the angular freguency of the motion (4,1)

The horizontal axis in Fig: 4.7 may therefore have the velocity V
replaced by the maximum amplitude a . Consider now a cycle of
oscillation, - If the amplitude of the oscillation is large the
damping force near the extreme of amplitude will be comparatively
large on both the outward stroke and the return stroke, and the
velocities during these sections of the stroke will be reduced from
what they otherwise would have been if damping had been linear.
(i.e. damping force proportional to V)., The times taken during
these sections of the stroke will therefore be comparatively long.
If the amplitude of oscillation is small, however, the damping
force during the outward and return strokes, will also be small,

and the velocities during these sections of the oscillation will




Fig. 4.7 Variation of damping force F_ with velocity V,
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be higher than in the previous case ( at correspogding points
in the cycle). It will therefore be seen that with non-linear
damping of the type indicated by curve 1 in Fig. 4.7, the
velocities will tend more nearly +to those in the case of linear
damping, and the period will decrease as the amplitude of
oseillation decrsases, As amplitude decreases therefore, the
frequency of oscillation will increase. Reference to Fig. L.k,
indicates that this is the trend which has been observeé in the
present case,

Anely$ic confirmation that this trend of decrease of period
with decrease of amplitude occurs with 2 particular case of this
type of dampingrcurve is given in Ref, 4.3, It is shown there,
that where damping force is proporticsnal to ﬁelocity sguared, the

following result is obtained for a single-degree~of-freedom system:-

| (1.2)
+
) 3
where w = angular freguency of the oscillation
_ X
P =l7
k = spring torsional stiffness (torque /angular
deflection)

I = inertia
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a = half-amplitude of oscillation

A = damping coefficient as defined in the

following equation o (4.3)

Damping force Fy =AI o® (4.3)
where & is the angular displacement during the meotion,
By substituting for p in (4.2) and rearranging, is obtained:-
o m —E (1)
a oA
I(‘l + “gﬂ' )

Since the period | is given by T o= gg, (4.4) may be written as:=

2, 32@’;
o 4RIl + 3 )

T= 0 -~ (4.5)

.For a given system, in whicholand k are fixed, it will be seen from (4.5)
that a graph of’/\"l”2 versus I, for constant values of amplitude a, will
be a family of radiating straight lines., This is precisely the form
of the characteristics obtained for the dynamometer { See Fig. 4.5)

It will also be noted from (4.5) that the period decreases with decrsase
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in amplitude - again precisely the characteristic found in the
dynamometer  See Fig, 4.4). It is not suggested that this
proves the damping force in the dynamometer to be proportional
to (velocity)z. The result does indicate, however, that the
(velocity)2 type of damping is a possible form of damping which
would explain the observed behaviour of the dynamometer,

To sum up, therefore, it would appear that the slightly non-
linear behaviour of the dynamometer is due to non-linearity in the
small amount of damping present, Most of this damping appears to
have its origin in the¥wax layer over the gauges on the torsion
shell, A damping characteristic in which damping force is
proportional to (velocity)2 causes the period to vary with amplitude
and insrtia in the manner observed experimentally. A relatively
minor amount of damping due to a very slight frictional rub in
the air bearing also appears to be present ( see Section 4.3,3)

The effect of mean load

To check the effect of mean load on the dynamic behaviour, the
dynamometer was set up as for the static torsional calibration,
and free oscillations were set up by knocking the projecting pin
on the disc with a rubber striker, The rig used to apply the mean
load was isolated from the dynamometer system as far as poésible,
by using very soft springs in each section of the terylene cord.
This isolation was not as effective as it mightbhave been, and
the effect of the {est rig was detectable in the results, Tests

were made at various mean loads, with two of the inertia discs,
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The curves plotted in Fig. 4.8 show the type of result which was
obtained., It will be seen that there is a frequency modulation
present, which is superimposed upon the freguency-versus-amplitude
relationship previously observed (Fig. L4, If was dedﬁcea
that thefrequency modulation was due to cross-coupling between
the torsional mode of oscillation and the bending mede of
oscillation of the dynamome%er caused by the dry-rub in the air
bearing., The bending mode of oscillation was excited by the
sudden impact on the disc. During each cycle of the vibration
in the bending mode, the pressure between the two-surfaces in
contact at ﬁhe dry-rub varied.r The damping force at this point,
therefore varied cyclically at the a frequency equal to the
frequency of the bending vibration, The modﬁlaticn frequency
was therefore equal to the bending frequency, If the effect of
the superimposed frequency modulation is removed from Fig, 4.8,
by drawing in the mean line for each of the applied mean load
conditions, it will be seen that the mean lines would coincide.
The difference-graph plotted on the right hand side of Fig. 4.8

confirms this conclusion, It will be seen that the positive

and negative areas in this graph, when taken over the whole length

of the graph, are closely equal in area, thus indicating that the
mean lines are almost coincident. This result indicates that
mean load has no appreciable effect on the damping force, as would

in fact be expected from the physical nature of the damping,.




Fig. 4.8 Amplitude versus period of oscillation, for
two applied mean torques ( The curve on the
right hand side is the difference-graph between

curves (1) and (2))
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4,4, THE DYNAMOMETER AS A MEASURING INSTRUMENT

In the previcus sections it has been seen that the behaviocur of
‘the dynamometer can be expressed by a set of characteristic curves such
as those shown in Fig, 4.4 or 4.5, 8Since the behaviour of the dynamometer
is consistent and does not alter Wifh time, it is possible fo use the
dyngmometer as a measuring instrument to determine unknown inértias
from the freguency and amplitude of the cerresponding ffee vibrations.
Thus although the behaviocur of the dynamometer deviates from the ideal,

it can still be used as an accurate measuring instrument,
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CHAPTER 5

THE ANALYSIS OF DYNAMIC RECORDS FROM THE DYNAMOMETER

5.1, INTRODUCTION

. The procedure to be followed in analysing the dynamic records
of the free vibration tests, presented some difficulties, since during
each'record the amplitude of vibration was diminishing, It:was desired
to deduce from thbkse records the behaviour of the system for vibrations
of constant amplitudes. The following analysis was derived, which showed
that if the information on amplitude and frequency was taken off the record
traces in the appropriate fashion, the required information for free

vibrations at comstant amplitude cou'd be estimated to a reasonable

degree of accuracy,

5.2, THE ASSUMPTION OF THE EQUIVALENT CONSTANT-AMPLITUDE VIBRATION

A typical record of the fluctuating torque in the dynamometer during
a free vibration test in water as shown in Fig, 5.1. It will be seen
that the decay of the oscillation is comparatively slow, If it is assumed
that the damping is of the viscous type i.e, damping force proportional
to instantaneous velocity, and if the system is assumed to be linear with
one degree of freedom, then the damping factor ( as deduced from the
number of cycles for the amplitude to decay 50%) is found to be guite
small, For éxample, for the record given in Fig, 5.1, the number of cycles,

for 50% decay is approximately 2.0, From Ref, 5.1 the damping factor is




Fig, 5.1

Typical free vibration records from the

dynamometer,
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estimated as 0,056, For torsional vibrations, the system is known to
behave as a single»&egrééaof—freedom system, and it has been shown
experimentally that the system is elastically linear, The damping force

however;, has been deduced from experiments to be dependent on a function

- of instantaneous velocity, not simply proportional to it. This

difference in damping means that the behaviour of the system differs
slightly from that of the idealised system above., The cogclusisn regard-
ing the relative smalluness of the damping, obtained by considering the
idealised system, however, may be expected to apply also to the actual
system,

It thus may be concluded from the decay rate of the escillations,
that the damping force is relatively small gompared to the elastic and
inertia forces operating. Thus the influence of the damping on the
character of the oscillations may be expected te be small,

For the free vibration tests in air ( carried out during calibration
of the dynamometer) it will be seen from Fig, 5.1 that the damping factor
is even smaller and would thus influence the vibration to an even lesser
extent.

The demping being small and the decay of the oscillations being
relatively slow, means that an analysis based on the "equivalent constant-
amplitude oscillation" can be applied to the problem with little error
being introduced, For this analysis it is assumed that over a period
of the vibration, the factors which determine the hydrodynamic inertie

(such as the instantaneous velocity field around the propeller) are

on the average the same as they would be during a corresponding cyele in
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an otherwise identical but undamped vibration whose amplitude (canstant)

is equal to the mean amplitude of the cycle of the damped vibration,

This may be illustrated for a half-cycle by reference to'Fig. 5.2 The
value of hydrodynamig'inertia ( as determined from its effects over a

cyele is assumed to be the same for the half-cycle of the damped vibration
(Fig, 5.2a) as it is for the half-cycle of the undamped vibration (7ig.5.2b)
whose amplitude is egual to the mean amplitude of +the damped vibration
half-cycle.

For this assumption to be valid each half ecycle must be able to be
considered as a separate entity, and the behaviour of the system during
the half-cycle must be independent of the history of the system both
previcus to the half-cycle and also after it. 'It‘is shown in the next

seetion that this is so,

5.3, THE INDEPENDENCE OF EACH CYCLE OF VIBRATION

Consider a free oscillation such as is shown in Fig. 5.2 (a)
for the system shown in Fige 5.3. At point A, which is a maxima of the
curve, the rate of change of torque in the dynamometer is instantaneously

2210,

i.e, 48 = 0 (5.1)

(Point A is assumed to be both the maximum of the oscillation
curve, and the point of tangency with the envelope curve, the difference

which actually exists between these points being assumed negligible).




Fig. 5.2 (a) Varying amplitude oscillation
(b) Constant amplitude oscillation with the same

mean amplitude as the varying amplitude

oscillation shown in (a),
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Fig. 5.3 Diagrammatic representation of dynamometer

torque system,
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For a single-~degree~of-frecdom system in free vibration, each
component reaches the condition of zero motion { at the extremes of its
_vibration amplitude) simultaneously., At the condition shown by point 4,

therefore, each component is instantaneously at rest.

Thus = = 0 | (5.2)

, where w is the angular velocity of the component. (If this were not
80, then equation (5.1) could not apply. But egquation (5.,1) is known
to be applicable, hence equation (5.2) must also apply).

The previous history of the motion before point A will therefore
have’no effect on the motion after A, except in se far as it has determin-
ed the value of the amplitude at A, The behaviour of the system from A
onwards is dependent orly on the amplitude at 4, and does not otherwise
depend on the hiétary previous to A, The manner in which the‘systém was
set to the amplitude corresponding to A is irrelevant, For example, it
might have been statically set to that value by an externally-applied
force ( e.ge by hand), or it may have been carried to that positien by
inertia forces during a previous vibration cycle, A similar conclusion
may be reached for the history of the system after point B. The converse
will also be true and it may therefore be concluded that the behaviour
of the system during the half-cycle AB is independent of the subsequent
history after B,

Thus it may be concluded that the behaviour of the system during the

half-cycle AB depends only on the initial amplitude at A, and the inherent




characteristics of the system, and not on the history prior to or

subsequent to AB,

This conclusion will not be quite true if at 4 or B there is some
portion of the system which still has velocity.

_VThe "entrained mass® of fluid surrounding the propeller is coupled
to the propeller by fluid forces. These forces are of two‘kinds; pressure
and viscous i.e. normal and shear. In a fluid, a shear force is not
directly related to amplitude ( as in a solid) but instead is related to
velocity., This means that amplitude of fluid motion is not directly
related to the shear force applied. Thus if a body has been applying a
viscous force to the fluid ( by virtue of moving relatively to the fluid)
and the body suddenly stops, the fluid motion will mot stop at the same
instant but continue for a time,

Only for a perfect ( non-viscous and incompressible) fluid is a
change in boundary metion instantaneously reflected in a change of fluid
motion, u

In the present case, therefore, it is to be expected that the previous
history immediately prior to A4 will have some slight influence on the
vibration in the half-cycle AB in Fig, 5.2(a), due to the fluid effects,
However, since the previous history of the vibration immediately prior to
A, closely approximates to the previous history prior to point A for the
vibraticn shown in Fig, 5.2(b), it may be expected that the effect due to
4+he fluid motion will be closely the same as would occur in the case of
the vibration shown in Fig. 5.2(b).

This means that even allowing for the "fluid effect”, the behaviour

of the system during the half-cycle of the constant-amplitude vibration
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shown in Fig, 5.2 (b), may be regarded as being closely equivalent to
the behaviour of the system &uring the half-cycle of the varying-
amplitude vibration shown in Fig, 5.2(a).

The "fluid effect” described above is only associated with viscous
forces and may be expeeted +o be small, It may thus be also assumed
that the behaviour of the system during the half-cycle AB eof the vibration
shewn in Fig, 5.2(a), is independent to a high degree, of the history prior

+to and subsequent to AB.

5.4, THE DYNAMIC CALIBRATION OF THE DYNAMOMETER

The method of dynamically calibrating the dynamometer is also»discusse&
in section 4.3, -The calibration was carried out by attaching (in
succession) dises of various inertias to the dynamometer. Recordings were
made of free vibrations of the system (in air), Excitation was by means
of a transient impact. A typical record is very similar to the record
for the propeller in air shown in'Fig. 5.1 (a).

The conclusions derived in Section 5.3 above for propeller vibrations
are valid for the calibration vibrations also., These conclusions were:-~

(1) that each half-cycle of the oscillation may be regarded as
being dependent only on the initial amplitude at the beginning
of the half-cycle and on the inherent characteristics of the

system.
(2) that the behaviour of the system during a half-cycle such

"as AB in Fig, 5.2(a), may be closely approximated by the
half-cycle AB of the harmonic oscillation of consbant-amplitude
shown in Fig. 5.2(b).

A further conclusion, of some importarce, may also be drawn regarding
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the amplitude of the waveform. The behaviour of the system during a
half-cycle such as AB in Fig. 5.2(a) includes the amplitude-time
relationship during this period, Once the initial amplitude at A has
been fixed, the amplitudes throughout the rest of the half-cycle are
determined, In particular, the mean amplitude 2a is determined, Thus,
there is a direct relationship between the mean amplitude and the initial
amplitude for a given system, The mean amplitude can thus be taken as a
parameter instead of the initial amplitude, Since it is in practice
easier to determine the mean amplitude from the traces than it is to
determine the initial amplitude (which requires the determination of the
centre-line) the mean amplitude has been taken as the amplitude parameter
for each half-cycle, Therefore, where ever amplitude is referred to in
this’context, it is the mean amplitude Za whichvis meant. This mean
amplitude is identical with the meah aﬁplitude of the equivalent-harmonic-
oscillation of constant amplitude ( such as is shown in Fig, 5.2(b)).

It was fomnd in practice that period At of the half-cycle (from
which was determined the corresponding frequenqy) could be best determined
by measuring the interval At1 between successive peaks ( such as A and C
in Fig. 5.2a) and then halving this value, That any error introduced
would be small was checked by comparing the values of At obtained by
taking the interval between 2,3 and 5 peaks and dividing the values
obtained by 2,3 ands respectively, The values obtained from the three
determinafians were almost identical ( especially for 2 and.B peaks),

The method given above for obtaining the amplitude parameter 2a and

the period At for a half-cycle, in the case of the dynamic calibrations,
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was adopted also for the analysis of all the traces obtained during the
experimental runs of the propeller in waker,

The following method, based on the conclusions above and in Sections
5.2 and 5,3, was used to determine the value of hydrodynamic inertia
“during the propeller tests. The resulits of the dynamic calibration tests
were plotted in the form of mean-amplitude versus half-perioed, for the
various values of inertia ( See Fig. 4»4).':Ae%ﬁélly, for convenience,
the half-period values were doubled to give 2 At, and the graphs were
plotted using 2 At as a parameter instead of At, On the graphs the value
of 2At has been called the period, Cross plotting then gave curves
(actually straightrlings) of inertia versus ( half—period)z, for various
values of amplitude ( See Fig. 4.5), These calibratian graphs were then
used to determine the-vélue of the unknown inertia { propellsr and
hydrodynamic iﬁertia) in each of the hydrodynamic inertia test runs, for
each half-cycle of oscillation of the run, from the mean amplitude and
half-period of the cycle as determined from the record trace, The known
inertia of the propeller was then subtracted from the total calue of

inertia determined, to obtain the value of hydrodynamic inertia,

5.5, BRRORS TN THE ANALYSTS DUE TO FLUID DANPTHG

I+ has been shown in Sections 5.2 - 5,4 that the method of determin-
ing hydrodynamic inertia from the dynamic calibration graphs, should yield
results of é reasonable degree of accuracy. That this is actually so in
practice is indicated by the data shown in Fig, 4.4 and Fig, 4.5, This

data was taken from vibration tests on various inertia discs, excited by
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vvarious degrees of impact. It will be seen that in Pig. 4ob tﬁé ééﬁa
points fall closely on unique lines, That these curves when cross-
plotted on to Fige. 4.5 give straight lines for constant values of
amplitude ( except in the extreme upper range of period?) is'fﬁrther
confirmation of the validity and reliability of the method of* analysis,

There is, however, a source of error, as yet uﬁdiscussed which is
present during the propeller tests in water, This is the redﬁction of°
mean amplitude and period of a cycle of the oscillation due to the
additional fluid damping present, and the consequent error which is
introduced when determining the inertia from the dynamic calibration
data ( since these calibrations are strictly only valid for oscillations
in which the fluid damping is absent).

Fig. 5.4 shows how the error is introduced, This figure shows a
half-cycle of the free vibration for a total inertia I, for the two
conditions i.e, with and without the additional fluid damping, In both
cases, thé half-cycle has the same initial amplitude, The decay for the
fluid-damped oscillation A'B' is more rapid than for the non~fluid-damped
oscillation AB, From the record trace the mean-amplitude Za' and the
half-period &t' are determined, The mean-amplitude Za' and half-period
At' are then taken across to a dynamic calibration graph and set equal
to the mean-amplitude and half-peried of a non-fluid-damped oscillation,

which by reference to Fig, 5.4, is seen to be the oscillation A"B". The

inertia I. corresponding te the oscillation A"B" is then taken as the

2
inertia for the actual fluid-damped case,

The error introduced in the determination of the inerdtia will




Fig. 5.4

Diagram showing the relationship between the

oscillations obtained with an inertia 11
attached to the dynamometer ( with and without
fluid damping present), and the oscillations
obtained with an inertia 12 attached to the

dynamometer ( without fluid damping present)
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however be small due to the following reasons:-~
(1) over a half-cycle, the decay envelopes for the pscillations
A'B' and A"B" differ in practice by only a small amount,

(2) The effect of damping on the frequency of any free vibratien is,
in general, small ( see for example Ref. 5.2); Hengé +the half-
period of a slightly damped vibration such as A'B"fgr a system
with a given inertia does in fact closely appfeximate to thé
half-period of an undamped vibration such as AB for whiéh the
inertia is the same,

(3) 1In general, damping shows its influence mainly in amplitude

changes ( see for example, Ref, 5.3). The error introduced

in the above outlined method of determining inértia is‘mainly in
amplitude, although even here the error is slight.' As may be
seen from the dynamic calibration graph Fige 4.5, the

calibration is in any case only slightly amplitude dependent,

It may thus be concluded that the technigue of determinin hydrodynamic
inertia from the calibration data, in the manner outlined in the

foregoing, should yield results of good accuracy.
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CHAPTER 6

THE IMPORTANCE OF VIRTUAL INERTTA

A body in unsteady motion in a fluid has an apparent increase in mass,
This is because the bedy causes mévement of the fluid i.e. produces
accelerations of fluid particles. The acceleration of each fluid
particle requires the application of a feorce to the particle, To
provide these particle forces, a net additional force must be applied to
the body over and above that force required to accelerate its own mass.
Thié additional force acting on the body may be conceived as causing the
acceleration of an additional mass attached to the body, the magnitude
of this mass being defined by the additional force divided by the
acceleration, according to Newton's second law, This hypothetical
additional mass is known as the hydrodynamic mass. The total apparent
mass of the body ( which is known as its "virtual mass™) is thus equal
+0 the sum of its mechanical mass plus the hydrodynamic mass,

If the motion of the body is rotational, then the hydrodynamic
mass effect appears as an increase in inertia, which is known as the
*hydrodynamic increase in inertia” or the "hydrodynamic inertia"”. For
such motion therefore, the total apparent inertia, which is known as
the "virtual inertia®™, is equal to the sum of the mechanical inertia
plus the hydroiynamic.iﬂertia.

The phenomenen described above is sometime referred to as the
entrained mass effect, as well as the hydrodynamic mass effect. It

would appear that this phenomena was first recorded, by Bessel, in 1828,
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A knowledge of the value of the hydrodynamic mass is especiélly
important in oscillatory motion since the value of the virtual mass is
one of the parameters which determine the value of frequency and amplitude,

In the field of naval architecture, problems associated with virtual
mass arise in several connections, The two most important are in hull
vibration, and in propeller vibration., The research described in this
part of the thesis is concerned with virtual mass>in the latter field.

A marine propeller can vibrate in various modes, The most important
modes of vibration are ( see also Ref, 6.1)

(1) _Tersional

(2) Longitudinal

(3) Diametral rotation

(4) Vibration of the blades ( as distinet from the vibration of the

propeller as a whole)

In each case, since the mode of oscillation is different, there will
be a different value of hydrodynamic mass which applies, The research
project described in this Part of the Thesis is concerned only with the
mode of vibration (1), i.e is only concermed with torsional virtual
inertia, (Previous work by other investigators in this field is desecribed
in Refs, 6.2 - 6.9), The determination of torsional virtual inertia is
particularly important in the problem of detérmining the natural frequency

of propeller shaft systems, and the associated applitudes and stresses.
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CHAPTER

THE TDEAL HYDRODYNAMIC MASS AND INERTTA

»%hen a body is vibrating in a fluid, the oscillatory motion of the
body céuses a corresponding motion of the fluid. In the case of the ideal
fluid, this motion can be calculated by potential floW'mefhods. In the
case df simple shapes the calculation is comparatively siﬂﬁle, but‘in the
case of complex shapes such as propellers, the calculation is aifficult
and has only been attempted in a few such cases. The hydrodynamic mass
(or inertia if the motion is rotational) which obtains under the ideal
£luid condition is known as the ideal hydrodynamic mass ( or'inertié). In
this case, the fluid velocities are those predicted by potential flow and
the relationship of these particle veleocities 4o the hydrodynamic mass of
the body may be considered in the following two ways:

(1) Force Transfer

Because the motion is unsteady, the velocity of fluid particle
near the bedy at any ins?ant will be changing i.e the particle
will be undergoing an acceleration., This acceleration requires
an applied force. The nett sum of these applied forces must
ultimately be provided by the body acting thfough the medium of
pressure forces on its surface { By Newton's Third Law of
Motion; "Action and reaction are equal and 0pposite"). The nett
sum of the applied forces on the particles is thus an additional
force ( sometimes called the liquid accelerating force) which

must be provided by the body. This force if divided by the
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acceleration of the body, defines a hypothetical mass. This
mass is called the hydrodynamic mass, If this mass were attached
rigidly to the body, a force equal in magnitude to the liquid
accelerating ?érce Wéuid be required to accelerate the mass at
the same raté*gé the body itself, In therrotational motion
case there isra 1iquidvaceelerating tbrque which may be used to
define the hydrodynamic imertia I, in a similar way.

Enerpy Transfer

Bach fluid particle in the neighbourhood of the body has a finite
velocity, and hence an associated kinetic energy. The kinetic
e@ergy of each particle must ultimately have been supplied by the
5@dy, The total kinetic energy of the fluid is equal (by the
Law of Conservation of Energy) to the energy supplied externally
to the body minus that necessary to accelerate the body's own mass
up to the condition considered, The kinetic energy of the fluid
divided by the square of the body's velocity, defines a
hypothetical mass, which is called the hydrodynamic mass, In the
rotational motion case the hydrodynamic inertia is defined in a
similar way.

That the hydrodynamic masses as defined by the alternative methods

(1) and (2) above are identical is shown in the following paragraphs.
The total kinetic energy E of the fluid at an instant when the

body velocity is U, may be expressed in terms of the sum of the kinetic

energies of the particles, If a typical particle mass is m and its

velocity u, this relationship may be written

B =§-;— mu2 (7'1)
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T+ should be noted that the fluid velocities u are the particle
velocities relative to earth axes i.e are the absolute velocities. At
one or more points in the fluid touching the body surface, fhe particle
velocity will be U i.e equal to the body velocity. Such a poiﬁf will be
taken as a reference point, and the velocity U at this poinﬁ'will be taken
as a characteristic velocity‘for the fluid motioﬁ. |

For an ideal fluid, the ratio k of the particle velocity u ( at a
given point relative to the body) to the characteristic velocity U is
dependent only on the body shape and is thus independent of the value of
the body velocity. (This may be easily shown by Dimensional Analysis for
the general case).

That is

L = k or u = kU (7.2)

where k is a numerical constant dependent only on the position of

the point considered ( relative to the body), for a given body shape.

Thus (7.1) can be rewritten as

Eo= < (GmPd)
- 2P - (7.3)

Sincei(mkz) has the dimensions of a mass, it may be written as

Moo= < (ux?) (7.4)
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Thus

B = %MhUz

Mh is thus seen to be the hydrodynamic mass as defined in section (2)

above,

The liquid accelerating force F, moving at the body velocity U, is

doing work at a rate given by F.U. In-an interval of time dt, the work

done on the fluid will thus be F,U.dt, This must equal the increase dB

in kinetic energy of the fluid particles,

Thus

daB = P, U.d%
or

aB

dt Ll F.U

Substituting from (7.1) for E gives

a o
i.e é(mu%%) = F,0

and substituting from (7.2) for u

S(mavk $5) = FOL

(7.5)

(7.6)

(7.7)
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. as <, .2
or U. 33 o < (mk) = PF,U
Rearranging gives
2 ' du
e -7/% (7.8)

The right-hand-side of equation (7.8) is the hydrodynamic mass M, as

defined in section (1) above

Thus i (mkz) r = Mh ; (7.9)

This expression (7.9) is identical to (7.4), thus showing that
hydrodynamic masses as defined in sections (1) and (2) respectively,
are identical.

The constant k at a given point ( relative to the bcdy) is dependsnt |

only on the body shape. Thus the hydrodynamic inertia
x, - S

is dependent only on the body shape, and independent of the velocity
or acceleration of the body, For oscillatory motion, therefore, the
ideal hydrodynamic mass is independent of the frequency and amplitude
of the oscillation.

For the real fluid case, it can be easily seen by considering the
force transfers or the energy transfers, that any factor which causes

the velocities ( and hence accelerations) of the fluid particles around
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the body to depart from the ideal fluid values, will cause the value

of the hydrodynamic mass or inertia to depart from the ideal value. In
the case of oscillatory motion in a viscous fluid for example, the
amplitude and frequency of the oscillation will therefore be parameters
on which the hydrodynamic mass will depend, in addition to parameters
defining the body shape, This is because the shear velocity on which
the viscous effects will be dependent, are functions of amplitude and

frequency ( See also Section 8.2)
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CHAPTER 8

FACTORS INFLUENCING THE ACTUAL HYPRODYNAMIC INERTIA OF PROPELLERS

8,1 THE EFFECT OF SHAPE

The configuration Qf the propeller and neighbouring surfaces will
be the major factors which determine the value of the hydrodynamic inertia
in the resl fluvid case, since in the ideal fluid they are ( with the
fluid density) sufficient to uniquely determine the value of hydrodynamic
inertia, The ef'fects associated with the real fluid may be expected to
be secondary influences on the hydrodynamic inertia, compared with the
shape parameters, That this is so in reality may be seeh from previous
work in this field (Refs, 6.1-6.9). However, the variations in hydro-
dynamic inertia for a given shape due to real fluid effects, could be

significant under some conditions,

Unless other surfaces, such as the hull and the water-air interface
are very close, the effect on the velocity pattern and hence on the
hydrodynamic inertia will probably be small, If the free-surfare is
very close however, gravity waves will be caused on the surface and these
will affect the hydrodynamic inertia separately, and in addition to the
distortion of the velocity field caused by the presence of the free-
surface boundary. To éroduce the gravity waves, additional pressure
force transfers will have to be provided by the surface of the propeller,
andthese will require an additional nett force Fg to be exerted by
the body over and above that force Fh which would be required if the

gravity waves did not occur. Corresponding to this additional force an
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additional hydrodynamic inertia component can be defined if desired,
Actually there is no necessity to define a hypothetical inertia

corresponding to the additional force Fg' In an experimental determination

of hydrodynamic inertia, however, a correction for Fg would not usually

be made, and the value of hydrodynamic inertia deduced from the test

would therefore include a component due to the gravity wave effect., It

would seem logical and convenient to describe this component as the

"eravity hydrodynamic inertia" (component),

-

8,2 THE EFFECT OF VISCOSITY

In the real fluid case, where the body is surrounded by a fluid
possessing viscosity as well as mass, the effects of the viscous forces
on the hydrodymamic inertia must be considered,

In the case of an oscillatory bédy in a real fluid the definition of
the hydrodynamic mass itself presents some difficulties because of the
forces on the body surface associated with viscous effects. In the
ideal fluid, the only forces on the body surface are pressure forces.
These integrate to give a zero nett force in the case of steady motion,
For unsfeaiy motion, however, the nett force is finite - the "liguid
accelerating force®.

In the real fluid, the total force F' ( in the direction of motion)
applied by the body to the fluid ( at an instant when the body velocity
is U) does work at a rate equal to F:U. In time dt the work done is F'. Udt.
This energy provides both an increase dE in the kinetic energy of the

fluid and an increase dQ in the heat energy of the fluid,
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Thus F .U.d+ = dF + dQ (8.1)

The increase dE in the kinetic energy is associated with an
ineregse in fluid particle velocities. To produce the increases in
fluid particle velocities, forces must be applied to the particles.
These forces are of two kinds, pressure and viscous i.e normal and
tangential forces, The nett sum of these forces throughout the fluid
must be provided by a force applied to the fluid by the body, This
force will be applied to the fluid by pressure and viscous forces on
the surface of the body., Let the compenent of this foree in the
direction of movement be FE’ Thé work done in time 4t by FE will be

FE.U.dt, and this must be equal to the incresase in kinetic ensrgy dE,

i.e aE =F_, U, dt (8.2)

The increase dQ in heat energy results from viscous dissipation,
The shear forces which are associated with this dissipation must
ultimately be provided in nett sum by the body., This force which the
body provides is transmitted to the fluid by both pressure and viscous
forces on the body surface, as was the force FE. The component of this
force on the body in the direction of motion, is the damping force Fd .

The work done by the damping force can be equated to the dissipation,

Thus a9 = F. U, at (8.3)

From equation €8,1), (8.2) and (8.3) may be obtained the relation:—
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F ‘ = P + P (8014")

‘ 1] .
From the force FE* an hypothetical hydrodynamic mass Eh can be defined

2
by dividing F, by the acceleration X of the body:-
C at
) dnx
Thus, w = F_ 2 (8.5)

This definition is not particularly useful, since because of viscous
effects the value of ﬁ; will be dependent on the body shape and size, its
velocity ( and possibly acceleration), and the fluid density and viscosity.
It will not, as in the ideal fluid 'case, be only dependent on the body
shape. Thus throughout a cycle of the oscillation the value of M;) will
change, In any case, the determination of FE’ in practice, would be very
difficult. It might be thought that it could be found by subtracting

d
caleculated for very simple configurations ( such as the flat plate) for

7
F. from F ,but the difficulty is that the damping force F& can only be

which the dependence of Fd on the various factors ( such as velocity) is
known,

It is suggested, therefore, that the hydrodynamic mass be defined
in terms of its effect on a cycle of the oscillation., This is the
approach which has been applied by previous investigators for the case
of‘the damping force Fd. In this case the assumption which has been made
is that the actual damping force can be replaced by an equivalent linear

resistive force k %% which over a qyéle dissipates the same amount of
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energy as the true damping force (Ref. 6.2, 8.1).

The corresponding definition for hydrodynamic mass~ﬁ£‘would then
be as follows:~ "The hydrodynamic mass Mh Por an oscillating body in
a real fluid is that constant mass which assumed attachéa to the

oscillating body would give a period of ocacillation the same as is found

for the actual vibration, at the same amplitude"”, Since the instantaneous
hydrodynamic mass M£ probably does not vary greatly during the
oscillation, this assumption should yield a reasonable approximation

to the actual behaviour of the oscillating system.

These two assumptions above dealing respectively with the damping
and the mass) allow the actual vibration to be replaced by an equivalent
damped vibration, in which the mass is constant and in which the damping
is given by a simple linear relationship. The solution of the differen-
tial eguation in such a case is then possible. Imn an actual case, by
measurement of the frequency and the damping of the décillatian,'and by
substitution in the appropriate equations, the hydrodynamic mass %h and
the damping consitant can be calculated,

The assumption of an egquivalent ( constant) hydrodynamic méss Eh,
as defined above, has been often made, in investigations into virtual
mass ( see Tor example, Ref, 6‘2)but:the author has never seen this
assumption explicitly stated, It can be seen that the hydrodynamic mass
Mh as defined above corresponds to the eguivalent effect of the kinetic
energy of the fluid over a whole cycle, instead of instantanecusly as
in the ideal fluid case, .

For the real fluid, M ( like M;) will be dependent 'on the body

shape and size, its velocity and possibly acceleration, and on the fluid
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density and viscosity. Since the amplitude and frequency of the
k oscillaticn determine the velocity and the acceleration of the motion,
théy may be used as parameters on whiech Mh is dependent in place of
velecity and acceleration.

Whetherfﬁh will be larger or smaller in the real fluid case than in
the ideal fluid, is a question difficult to answer., It has been
suggested by Brahmig (Ref. 6.2) that in the real fluid case the fluid

kinetic energy is always less than in the ideal case, and thus

M < 1 (8.6)
lhactual h %hideal

This would appear reasonable on two counts, if only the velocities
( and kinetic energies) associated with pressure forces are considered,
In the first place, if one considers the ideal case and suppose that
viscosity suddenly becomes a property of the fluid, it is easily seen
that the velocities will decrease ( due to the intreduction of viscous
forces) resulting in a decrease of kinetic energy and thus of I ., Secondly,
if the body is bluff, separation will tend to occur in the real fluid,
As a separation region is a relatively low-energy zone, the total kinetic
energy and hence hydrodynamic mass of the fluid will tend to decrease,
In this connection, it is significant that Brahmig®s results, whiech show
a decrease in Mh for the real fluid, were obtained with a very bluff
body viz a circular disc.

If one also considers the kinetic energy asseclated with the
velocities caused by viscous forces, however, it is apparent that the

contribution of this kinetic energy to Eh ( which will be called the
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viscous component of Mh)will be larger in the real fluid case than in
the ideal fluid ( when its value will be zero), In general, this
component will be small, and may be expected to be swamped by the general
tendency for decrease of Mh deseribed above, In special cases, however,
such as a thin streamlined body oscillating along its chord, the viscous
contributien to Nh may be significant., For such cases Mh may remain
approximately constant, or even increase slightly. For bodies with
rotational motion, the conclusions in the above discussion regarding ﬁh
may be applied to the hydrodynamic inertia Iho

The trends which the various parameters such as frequency aﬁd
amplitude might be expected to have on the hydrodynamic mass, or in the
case of rotational motion on the hydrodynamic inertia, are discussed

in the following sections,

8,3 THE EFFECT OF ANMPLITUDE

In the ideal fluid case there is no change of hydrodynamic inertia
with amplitude.

In the real fluid case at amplitudes approaching zero, there will
be no separation around the body and the velocity pattern ( and value
of Mh) will tend to the ideal., As the amplitude of oscillation increases,
separation will tend to occur, with low-energy separation regions appear-
ing., This together with viscous reduction of the potential flow velocities,
would be expected to cause an inereasing deviation from the ideal value
of Mh. Thus as amplitude increases, Mh would be expected to decresase,

For a thin circular disc, Brahmig ( Ref. 6.2) has demonstrated
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such a decrease in Mh, with increase in amplitude,

The effect of the viscous component of %h on this trend is likely
to be negligible, except for streamlined bodies moving along their
major axes., In such cases, Hh may tend to remain constant or possibly

8lightly increase,

8,4 THE EFFECT OF FREQUENCY

For the ideal fluid, there is no change in the hydrodynamic mass
or inertia with frequency. For the real fluid, a trend with frequency
- can be postulated, by considering the phgsical nature of the shear
stresses which occur within the fluid, Shear stress is related to the
rate of transfer of the momentum,which has its direction parallel to
the shear plane, in the direction normal to the shear plane i.e, across
the shear plane, For laminar flow the transfer is by molecular motion,
and for turbulent flow the transfer is by both molecular movement and
eddy convection ( See Ref, 8.2)

Consider now the shear stresses and momentum transfers in the fluid
layers adjacent to the body. As motion of the body commences in one
direction, the surface laysr of fluid attached to the body will begin
to exert a shear stress on the adjacent layer and will begin to
accelerate it. In terms of momentum transfer, the nett additional
momentum parallel to the shear plane which has been transferred across
the plane in one direction over and above that transferred in the
opposite direction, has increased the total momentum of the adjacent
outer layer. Since the mass in this layer is constant, this corresponds

to an increase in its velocity. This layer then begins to accelerate
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~ the next layer and so om.

If the acceleration of the body during the oscillatory motion is
infinitely small then equilibrium will exist at all times throughout
the boundary layer, and the boundary layer will correspond to the steady-
state boundary layer. If the acceleration is high, the boundary layer
will be thinner at any given peint in the cycle than it would have bsen
if the acceleration were small, Thus, as the frequency, and hence
acceleration ( for a given amplitude) increases, the region arcund the
body in which viscous effects predominate ( i.e the boﬁndary layer)
decreases in size.

The tendency for separation to occur arcund a body increases as
boundary layer thickness increases., Thus increase in frequency will
decrease the tendency for separation, It has been previously seen that
separation is associated with a decrease in the hydrodynamic mass, Thﬁs,
as the frequency tends to very high values, the hydrodynamic mass will
tend to the ideal value, Conﬁersely, decrease in frequency will be
associated with decrease in.Mh or Ih’ This effect has been shown

experimentally for a thin circular disc by Brahmig ( Rer, 6.2).

8,5 THE EFFECT OF PROPELLER LOADING

If the propeller is rotating steadily under load in an ideal fluid
then the steady flow pattern associated with this motion will be super-
imposed upon the unsteady flow pattern due to the torsional oscillation,

For the ideal fluid, by the principle of superposition of potential
flows, the composite flow pattern will be given by the superposition of

the two separate potential-flow pattermns, It is also true that in this
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case, the two component flows and the forces they produce on the body,

can be considered separately., Thus the oscillating forces on the body are
associated with the oscillatory flow pattern and are quite independent

of the steady rotational flow pattern, For the ideal fluid therefore,

the hydrodynamic mass or inertia is independent of propeller rotation or
load,

For the real fluid, however, the flow pattern around a propeller
which is rotating and also oscillating, éannot be broken down into two
independent flow patterns. This means that the oscillatory flow pattern
will be to some extent dependent on the flow pattern of the steady
rotational motion, Thus, the hydrodynamic mass or inertia of a pfopeller
will depend upon the propeller loading, in the real fluid case.

In the oscillating but non-rotating case, if the oscillation
amplitude is small, the flow in the boundary layer will probably be laminar,
In the oscillating and rotating case, the steady relatiﬁe flow may cause
turbulent conditions and separation regions, It might therefore be
expected that under these conditions the effect of propeller loading
would be comsiderable, It may be postulated, however, that the effect of
propeller loading on hydrodynamic inertia will be small, if the oscillation
amplitude is relatively small, for the following reason, IFf the relative
magnitudes of the flow velocities due to the steady movement of the
propeller and due to the oscillatory movement of the propeller are
considered, it may be easily shown that unless the propeller speed is
extremely high, the steady flow velocities are small compared to the
oscillatory peak velocities,

Thus, the effect on the oscillatory flow pattern of an increase or
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decrease in the small steady velocities associated with the rotétion,
should be small, Change of propeller loading should thus have a small
effect on hydrodynamic mass and inertia.

If the propeller loading causes separation to occur when it ﬁauld
not otherwise have resulted from the oscillatory motisn,:hoﬁever,

significant changes in the hydrodynamic mass or inertia might oCCUY,

8.6 THE EFFECT 0F ROUGHNESS

The effeect of roughness on‘hydroiynamic mass may be postulated as

. being small for low frequencies and small amplitudes, if it is assumed
that the oscillatory boundary layer is turbulent, since under these
conditions the osecillatory boundary-layer profile would probably not be
steep enough to expose the roughness peaks above the laminar sub-layer.
However, under these conditions of low frequency and small amplitude, the
oscillatory boundary layer is most likely to be laminar. It is known
that roughness has a negligible effect on such flows ( cf. pipe and flat-
plate friction data), and the effect of roughness on the hydrodynamic
mass or inertia in these cases would almost certainly be small., If,
however, the amplitude of the oscillation is large, the frequency is high,
or the scale of the roughness is large, the effect of roughness may need
to be taken into account when considering the value of hydrodynamic

inertia,

8,7 THE EFFECT OF TURBULENCE

The shear stress across a plane in a fluid increases if turbulence
is introduced, as there is now momentum transfer by eddy convection as

well as by molecular diffusion. There will thus tend to be a decrease
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in the oscillatory velocities around an oscillating body as the intensity
of turbulence increases. Thus, the hydrodynamic mass or inerties will
tend to decrease as turbulence increases, This effect, will probably
be relatively small,

Increase of turbulence, however, increases the tendency for separa-
tioh in a boundary layer. It has been seen previousiy that separation
is associated with a decrease in hydrodynamic inertia. If the increase
in turbulence, therefore, is sufficient to cause separation a significant

decrease in hydrodynamid inertia could occur.
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CHAPTER

DIVENSTONAL AWALYSTS OF THE PROPELLER VIRTUAL INERTTA PROBLEYM

- A dimensional anal&%ia of the propeller virtual inertia proﬁlem has
been given previously by Brehmig ( Ref. 6.2)., The following dimensional
analysis, although generally similar, differs in certain important respects
from Brahmig®s analysis,

For a propeller in torsional oscillation in a fluid, the hydrodynamic
inertia Ih will depend upon the shape of the propeller and the neighbour-
ing boundaries, the blade surface roughness, the propeller forward speed,
the amplitude and frequency of the vibration, the fluid properties, and
the gravitational constant, |
Thus

T = f'(a,b, - P,D,S,,h,p,u,v,n,g,f,g) (901)

where
Hydrodynamic inertia

st

a,b- = Dimensions specifying the blade shape and its
relationship to neighbouring boundaries
P = DBlade pitch
D = QOutside diameter of the propeller
) = Ave:age roughness
h = Depth of immersion
P = Fluid mass density
= Fluid viscosity
v = Propeller forward speed
n = Propeller rotational speed

8 = Angular amplitude of vibration
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£ = Freqguency of vibration
g = Acceleration due o gravity
Thus
f1 (Ih" a,b, == P’D,h’B’Pa“,V)nsg’f’g) = 0 - (902)

By dimensional analysis, a set of dimensionless groups or
% terms involving the variables in equation (9.2), can be obtained which

will satisfy the eguation

S n ) = 0 (9.3)

= = -2 = N A form of Wewton's Number
1 135
P
pr
Ry, = E——!:l— = S The frequency parameter ( a form of
oscillatory Reynold's Number)
o = =B = F A form of Froude Number
3 2
In
o = - = J The Advance ratio
U nD
2

" = pnb_ = R The propsller Reynolds Number




1:6 = 8 The amplitude parameter
P .
7@7 = 3 The pitch parameter
= h . .
8 = 3 The immersion parameter
3]
759 =3 The roughness parameter
T = 2 x = 2 o = < etc Shape parameters
10 D1 p° M2 ) I °

Thus
Ph&abc)

F( N,8,F,J,R,8, PO DD 0 (9'4)

For propellers of geometrically similar shape %y0? R’I 42 T

are constant, If the propellers have fixed blades, then ﬁ7 =-§
is also constant, If the propeller is of the variable-pitch type,

however, ar.7 will still be a parameter, The effect of g =% and

R, & 5 should be small under most practical conditions and they can

2 D

therefore be neglected, If however, h is very small, or § is very large;

the effect of these parameters may be significant, Similarly, the
2
effect of %_ = %2-, in most cases should be small, If h is small,

5

gravity waves associated with the oscillation should be small, and

S _
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therefore the effect of g should be negligible. In this case 7{3 = F can
be dropped from the analysis.
Thus, for variable-pitch propellers with geometrically

similar blades, where h is large and § is small

£ ( N,S,J,R,Q,-%) = 0 - (9.5)
P
or ¥ = £(8,J,R,8,= (9.6)

If the conditions are such that the effects of 3,J,R,8

are small then for a fixed-bladed propeller :-

N = g constant k (9.7)

and L, = ka5 (9.8)

An alternative presentation of the results of the dimensional

analysis may be made as follows:~

From equation ( 7.4)

P h 6§ a b ¢

—_— = 5,J,R,8, P D —————) (9.9)

pD
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In equation (9.9) the left~hand-term is multiplied, in numerator
and denominator, by Iw’ where Iw is the inertia of the equivalent water
propeller, The equivalent water propeller is a hypothetiecal rigid
: propeller assumed to replace the metal propeller. It is identical in
every way with the metal propeller except that it is made from éaterial
whose specific gravity is that of water. Its inertia can easily be
shown to be equal to the inertia of the metal propeller, divided by the

ratio of the densities of the propeller material and water,

From equation (9.9) is then obtained the relation

I I
h W P h b 2abec
Iw L4 PD5 = f(S,J,R’O, D’ D’ D’ D, D’ D ) (9’10)

Rearranging ( 9.10) gives

I 5
h D Phdabe
T = IR 5555 D (9.11)
w w
i.e
I I
h W P h o a bk c
I, "M o 5380 5 3 3 5 D (9.12)

The water inertia Iw is dependent upon the shape parameters,
a,b,c=-= P,D of the propeller, and upon the density p of the fluid

(assumed to be Water).
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By dimensional analysis, it may be siwmply shown that

w a2 b P
— = f2 ( D* B’ D ) (9"13)
pD

By substitution of ( 9.13) in (9.12) is obtained the relationship

Ph & abdbce_ __ (9.14)

= f3 ( S,J,R,8, 'ﬁs "5’ 5} "5; "ﬁ’ D

B
I
w

If geometrically similar propellers, of the variable-pitch type are

considered, then eguation ( 9.1L4) reduces to

2 = £ (8,3,8,5, ) (9.15)

when h is large and & small

Por fixed-bladed propellers under the same conditions

‘i‘; = f5 ( 8,d,R,8 ) (9’16)

If the effects of §,J,R,0 are small then ( 9.16) reduces to
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Ih ;
T~ = constant k
W
: , .
and I, =k I (9.17)
Ih :
The ratiO‘T~ when expressed as a percentage is known as " the
" .

percentage increase in inertia due to the entrained mass¥,

When comparing propellers of different shapes, by means of equétions
(9.4) or { 9.14), it may not be necessary to retain all the shape
variables,4%, %, ~----=, For propellers of a given general type ( e.g.for
cargo vessels), the demands of othgr factors may be such that blades with
the same value of pitch diameter ratio P/D and the same value of blade-
area-ratio BAR ( or some similar specifiying parameter) are approximately
the same general shape, This is especially 1ikely in the case of a
standard series of propellérs. Thus a correlation may well be possible
| for propellers of different shape on the basis of pitch diameter ratio
and BAR ( or some similar parameter), This can only be determined to be
the case or otherwise by experiment, It is therefore possible that in
equation ( 9.4) the tGTMS‘%,’Q ~--~ can be replaced by a single parameter

B
such as BAR,

It has in Pact been shown ( Ref. 6.8, 6.8) that for a standard
series a correlation is possible using as shape parameters only pitch

diameter ratio and BAR, For a standard series therefore equation ( 9.4)

may be written as

P h §
£ ( N,S,F,d,R,8, DD BAR ) = 0 (9.18)
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It should be noted that a correlation obtained for a standard
series, using P/D and BAR, is not valid for any other series, If the
series considered do not differ greatly in their shapes, a correlation
obtained from one series may give reasonable results, for another series,
If they differ widely in shape, then there may be considerable error
introduced by using a corrglation derived from one series for angﬁher
series, How significant this error will be can only be fuund by experiment.
It is suggested that the deviations between the correlations presented

in Refs, 6.7, 6.8, and 6.9 may be due to the fact that they are based

on different series,
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CHAPTER 10

EXPERTMENTAL METHODS FOR DETERMINING THE VIRTUAL INERTIA

There are two main methods for obtaining experimentally the value
of hydrodynamic mass or inertia of an oscillating body. These methods

are described in detail in the following sections.

10,41 THE FREE VIBRATION METHOD

In this method, the body is attached to a very large mass (usually
thé earth) by means of flexible supports., The body is then given an
initial deflection by external movement or by impact, and is then allowed
vto execute a vibratory motion at the natural freguency of the system., By
comparing the frequency of vibration in the fluid amnd in air, the increase
in the virtual mass ( i.e the hydrodynamic mass) can be determined,

The equation of motion if the oscillation of the body is along a

straight line is

k
M o= === (t,-1) (10.1)
h hﬁz f a
where Mh = Hydrodynamic mass

k = Spring rate ( deflection force / distance moved)
t = Period of vibratiocn in fluid

t = Period of vibration in air

For angular motion of the bedy the corresponding equation is

I = -35-2- (to - t) (10.2)

h L a
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where Ih = Hydrodynamic inertia 7
K = Torsional stiffness ( deflecting torgue/angular }
movement)
tf = Period of vibration in fluid
ta = Period of vibration in air

The fluid damping can also be obtained, from the rate of decay of
the oscillation, A disadvantage of the method is that it may be difficult
in a given case to adjust the mechanical mass and spring rate sufficiently
to cover the desired range of frequencies and amplitudes of oscillation

of the body.

10,2 THE FCORCED VIBRATION METHOD

In this method, the body is attached to a very large mass ( usually
the earth) by means of flexible supperts, A forcing frequeney is then
applied to the body, causing it to execute forced vibratory motion, By
relative adjustment of the spring rafe, the mechanical mass and the
amplitude of the applied force, it is possible to carry out a series of
tests for a given body, in which the amplitude and frequency of the
oscillation of the body are the same, but in which the spring rate,
mechanical mass, and amplitude of applied force vary from test to test.
From the results of any two such tests the hydrodynamic mass or inertia
can be calculated ( See Ref, 6.2) for an excellent discussion of the
-theory of this method)

The advantage of this method is that any desired range of frequency

and amplitude of oscillation of the body may be usually obtained by
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adjusting the dynamic parameters, without extreme values of these
parameters being required, Another advantage is that during the test,
the frequency and amplitude of oscillation of the body remain canstént,
whereas in the free vibration method the amplitude varies during the test.

This method should allow more precise determination of hydrodynamic
wass than the free vibration method, since the effects‘ofrdamping and
entrained mass can be separated., In the free vibration methed, complete
separation of the effects of damping and entrained mass is almost.
impossible, It is possible, however, with the free vibrationymethod, to
achieve sufficient separation to allow results of reasonable accuracy to
be obtained, Where thé entrained mass investigation concerns a rotating
propeller, the forced vibration method involves conmsiderable practical
difficulties, and for this reason in the present investigation, the free
vibration technique was used,

It should be noted that in either method, if there is another
degree of freedom in the equipment, in whieh oscillation can take place,
in addition to the degree of freedom in which the measured oscillation
is taking place, then cross-coupling between the two modes of oscillation
can occur through the hydrodynamic interaction at the propeller, If the
ratio of the natural frequencies of the two modes is large, however, it
can be:deduced by simple physical reasoning that cross-coupling will be
small and may be neglected. In the dynamometer used in the present
investigation there are only two modes of oscillation possible in which
oscillations of significant energy can take place; torsional and axial,
It is shown in Ref, 6.7 that if the ratio of axial natural frequency to the

torsional natural frequency for a system of this type is 2:1 or greater,




cross~coupling will be negligible for such a system, Since the néﬁ
frequencies ( in weter) in the present investigation were of the order of
130 c.p.s for the torsional and 470 cep.8 Tor the axial frequency, cross

coupling should be negligible,
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CHAPTER 11

THE BXPERTMENTAL EQUIPMENT AND PROCEDURE

11.1 _THE WATER TUNNEL AND DYNAMOMETER

The research Water'tunne1, and!the propeller dynamometer developed
for these tests, have been described in Chapters 2,3,4 and 5 ( See also
Refs, 11.1, 11.2, 11.3). The following brief description is included,
however, for completion,

The water tunnel was originally of open~circuit configuration but
has been converted to closed~circuit operation, In this configuration
water is circulated around the circuit by two 125 H,P.pumps, The working-
section is 18" diameter, and the maximum velocity attainable in the
working-section is 31,0 ft per second,

For the simultaneous measurement of torque and thrust on a model
propeller in the research water tunnel, a strain-gauge dynamometer has
been developed,

Provigion was made in the design of the dynamometer for varying
the torsional stiffness, by having a removable torsionally-weak element,
which could be interchanged with an element of any desired stiffness. In
the present series of tests, however, the original element was used,
and the tests were therefore carried out over a very narrow range of
frequency.

The dynamometer incorporates a mechanical system using thin
diaphragms and a slender rod to separate the torque and thrust forces.
Strain-gauges cemented to thin strain shells are then used‘to measure the
forces. The electrical signals from the strain-gauges are carriéd
through shielded wires to transistor pre-amplifiers rotating with the

shaft, (The reason for the pre~amplifiers is that the strain-gauge
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éignalé are small, and would be seriously interfered with by brush noise
at the slip-rings, unless amplified te a sufficient level), The
applified signaié from the pre-amplifiers are then transmitted through
slip-rings to the measuring and recording eguipment.

During the tests described in this thesis the torque and thrust

- signals from the slip-rings were recorded in twe ways:=

(1) Bach signal was transmitted to a high~impedance volimeter
(heavily damped), and the mean value of torque { or thrust) read
from the heter scale,

(2) BEach signal was reverse-biaged with a D,C.voltage to reduce
the D,C, component of the signal to a small value, Further
amplification then enabled the voltage fluctuations correspond-
ing to the torgue or thrust fluctuations to be recorded on an
ultra~violet galvanometer recorder at a sufficiently large
scale to enable the waveform to be measured with adequate
accuracy during subsequent analysis of the traces,

A Dblock diagram of the layout of the instrumentation is given

in Fig, 11.1,

11.2 THE PROPELLER

The propeller used for the investigation did not conform to a
standard series, having been originally designed to check a propeller
design-method ( Ref. 11.4). The original propeller was first replicated
by a precision-~casting technique { with hand finishing), The blades

were then cut from the replica and fitted to a new hub to form a variable-




Fig, 11.1 Block diagram of instrumentation
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pitch propeller. The root attachments of this propeller were carefully
designed to obtain maximum rigidity. The pitch setting corresponding to
the original design has been taken arbitrarily as Oo, and pitch angles

are specified relative to this setting. The design of the briginal
fixed-blade propeller is shown in Fig. 11.2. It will be seen that there

is no rake or skewback, The blade sections have been made appropriate
combinations of the NACA a = 1 mean line and NACA 66 series basic thickness
form, Except for the root fixings, the variable-pitch propeller in the

0° setting is identical with this propeller, The main particulars of the
propeller in 0° setting are given in Table 11.1. The performance of

the propeller under steady conditions is given in Appendix I.

TABLE 11.1

Variable-Pitch Propeller Desigzn

. Hand B H.
Number of Blades 3
Outside Diameter g
Design Thrust T4 1b
Design RPH 960 rpm
Design forward
velocity 8 £t/s
Material Aluminum alloy

Pitch diameter ratio
for various blade settings:i-

-10° 1,58
-5 1.20

0° 0.96
+5° 0.7k

+10° 0.53




Fige 11.2 Design of fixed-blade propeller
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11.3 CALIBRATION OF THE EQUIPMENT
The calibrations described in the following sections were carried out

at appropriate intervals during the test series,

11.3.,1 System Gain Calibration

This calibration was carried out on both the torque and thrust
channels,

A high-gtability calibrating resistor was switched into one

leg of the strain-gauge bridge to give an output signal from
the system corresponding to a simulated value of applied stress.
Any variation in the system gain would be indicated by a change
in the output voltage under calibration conditions,

11.3%.2 Static Calibration of Dynamometer Torsion and Thrust Cells

A specially-developed rig allowed a thrust load to be applied
to the dynamometer without simultaneous torsion or bending
loads, A similar rig allowed a pure torsional load to be
applied without introducing axial or bending loads. Using these
rigs, calibrations were carried out to obtain graphs of static
thrust versus electrical output, and static torque versus
electrical output. These graphs showed a linear relationship
to exist between applied load and electrical output in both
cases, It may therefore be deduced that the torsion and
thrust cells ére linear elements within the dynamometer,

The +torque calibration rig incorporated two sensitive dial-
gauges to measure the movement of the ends of loading moment-
bar. From these measurements the angular deflection of the

dynamometer for a given applied torque could be calculated,
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A linear relationshipp was found to exist between torque and
deflection, over the range from zero torque to thé,maximﬁm safe
torque, This showed that the dynamometer to be elastically
linear in the torsional mode, as would be expected,

Although a similar calibration was not carried out for the
thrust mode, it may be assumed that the system wouid be elastical-
ly linear in this mode also,

Dynamic Calibration of the Dynamometer

A dynamic calibration to determine the dynamic behaviour of
the whole of the mechanical system of the dynamometer was only
carried out for torque, although a similar calibration could have
been carried out also for thrust if required, A series of
inertia discs were manufactured, each with the same weight, but
vazying in diameter and thickness, and hence in inertia. These
were in turn attached to the dynamometer, The dynamometer was
slowly rotated, and the natural torsional frequency of the
system excited by the impact of a projecting pin on the disc
against a stationary rubber striker. A record of the torsional
oscillation was recorded on the ultra violet galvonometer recorder
(Ref, Fig. 11.1). Analysis of the traces from the recorder gave
values of frequency and amplitude for the various inertias, From
the results, a plot of ( period of cscillatinn)2 versus disc
inertia was made ( Fig. 4.5). This shows that for a given
amplitude of oscillation, a straight line results, as would be
expected, For each amplitude, however, the straight line has a

slightly different slope, indicating a non-linearity of the system
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under dynamic conditions, Since the system was shown ( by static
calibraticn) to be elastically linsar, the slight non-linearity
in the dynamic characteristics must be associated with non-
linearity im the dynamometer damping. Tests indicated that the
small amount of damping in the dynamometer was due to two causes;
a slight rub in the air-bsaring, and damping-forces in the wax
protective layer covering the gauges on the strain cells, These
tests also indicated that both forms of daumping were non-linear.

The behaviour of the system was found to be consistent and
repeatable results could be obtained. Therdyﬁamic caliﬁration
graph was therefore used to deduce the added inértia of a body
( or body plus hydrodynamic inertia) attached to the dynamometer,
from measurements of both the freguency and the amplitude of the
oscillation,

11.3.4 Propeller Dynamic Inertia Calibration

The propeller was fitted to the dynamometer and using the
method described in (3) above, its inertia was determined for
various amplitudes of oscillation in air, The results when
plotted showed the value of mechanical inertia to vary slightly
with amplitude, This is possibly due to the effect of blade
flexibility.4s the variation is slight, the assumption was made
that this calibration graph was valid not only for the case of
the propeller oscillating in the air but also for the case of the
propeller oscillating in water, Even if this assumption is not
completely valid, the error resulting will be small as the
variation in mechanical inertia with amplitude is in any case

almost negligible,




108,

11.3.5 Propeller and Disc Static Inertia Determinaticn

The inertia of the propelier, and of the various inertia discs
was determined under "static" conditions, by means of a single-
wire torsional pendulum method, to a high degree of accuracy. In
the case of the discs, the inertias were also calculated (as a
check) from the dimension of the disc. The variation of propeller
inertia with blade angle was found to be negligible over the
range of angles used,

" 11.3.6 Amplifier and Becorder Calibration

A gain calibration of the amplifier-recorder section of the
system was obtained by injecting a known voltage into the input
of the external ( driver) amplifier ( See Fig. 11.1). A relation-
ship between spot-deflection on the recorder paper, and slipring
voltage could thus be obtained, for use when later analysing
the traces on the recorder paper,

11.3.7 Time Calibratiocn

A known sinuéoidal frequency from an oscillator, checked by an
electronic counter, was fed on to one of the recorder galvano-
meters so that a time marking was recorded simultaneously on

the paper with the torque or thrust records.

11,4 THE ANALYSIS OF RESULTS

Tests on the variable~pitch propeller at various pitch-settings
were carried out over a range of tunnel velocities and shaft rotational

speeds, for a range of oscillation amplitudes, The excitation of the
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free vibration in the torsional ﬁode was by the impact method described
in section 11.3.3., The various test series were planned so that each
group of tests was carried out under conditions of almost constant
propeller Reynolds Wumber Rn and almost constant advance ratio J, To
facilitate computation of Rn and J, the graphical construction given in
Appendix TT was derived ( by E.H,Watkins).

The values of Rn at which tests were carried out were 4.0, 5.0,
and 6,0 x 105, these values being chosen to be above the critical Rn for
the propeller, This critical Rn has been variously quoted at values

> to 4.0 x 105.

ranging from 2,0 x 10
Dr, H,W.Lerbs has presented evidence ( Ref, 11.5) indicating that
transition from turbulent to laminar turbulent flow occurs on model
propellers at a critical Reynolds number ( at 0.7 radius) of 4.0 x 105.
Murray, Korvin-Kroukovsky and Lewis ( Ref, 11.6), from an analysis of
self-propulsion tests with small models have concluded that the critical

5, the hypothesis being

Reynolds number can be- as low as 0.5 x 10

advanced " that the vibration associated with a rapidly rotating model

propeller is probably effective in stimulating turbulence". Leaper

(Ref, 11.7) suggests ( for a ducted propeller) that "unless the

Reynolds number based on blade chord is greater than 2,0 x 105 the results

are likely to be very unreliable". O'Brien ( Ref, 11.8) quotes a typical

Reynolds mumber for model propeller testing as 5.0 x 105.
In view of the above somewhat contradictory views, the value for the

criticai Rn which was chosen as the minimum value for any tests in the

5

present series was the conservative one of 4,0 x 107,
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A +typical record from a test fun is shown in Fig, 5.1. It will be
seen that the trace exhibits the typical characteristics of a damped
free vibration., Due to tunnel background noise, the pesaks of the
oSéillation were often "knocked off", and the estimated true position
of such peazks ( without noise) was obtained in such cases by sketching
in the envelope of the vibration record,

The mean amplitude df each cycle of the oscillation and also the
corresponding period for the cycle was measured manually frém the recorder
chart, Bach record thus yielded a series of correspon@ing amplitude and
frequency values for the oscillations. From the frequénqy values and the
appropriate dynamometer calibration graphs ( section a.3) the correspond-
ing hydrodynamic inertia values were obtained, The justification for this
method of analysis of a damped free vibration is given in Chapter 5.

The conversion of the amplitude values recorded on the paper to the
corresponding angular amplitudes of the propeller motion was carried out
in the following manner, The values of deflection taken from the recorder
papervin terms of millimeters were converted to the corresponding voltages
at the slip-ring, using the amplifier-recorder calibration described
ﬁnder heading (6) of Section 11.3.6. These voltages were then converted
to the corresponding angular deflections of the propeller using the
static calibration graph of slipring-voltage versus angular deflection
described in Section 11,.3.2.

For each test-run, values of mean torgue and thrust, shaft rotational
speed, and the tunnel velocity were calculated from the experimental
data, The values of tunnel velocity were corrected to the open-water

condition, by using the tunnel wall interference correction given in Ref.

11.9.
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The corresponding values of advance ratioc J, thrust coefficient kT’ and

torque coefficient kQ were then calculated,

A supplementary set of tests was later carried out to obtain‘the
values of hydrodynamic inertia for the "still water™ condition, 'Strictly,
these should have been carried out with the propeller stationary in still
water, It was difficult, however, to consistently excitevthe torsional
vibrations under these conditions, The tests were theref§re carried out
with the propeller rotating very slowly and with the tunnel velocity set
to a very small value,

The recorder traces from the "still water" tests were analysed in a
similar way to those of the main test series. Instead of measuring the
amplitude and period of each cycle of the oscillation, however, the
analysis was carried out on groups of three cycles. For each group the
mean amplitude and mean period was then calculated by dividing by three,
Since the first nine cycles were analysed on each trace, this meant

that three sets of values of amplitude and period were obtained from

each trace,
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CHAPTER 12

HYDRODYNAMTC TNERTTA RESULTS

12,1 RESULTS

The main test series were divided into five basic groups
corresponding to the piteh angles settings + 10°, + 50, OQ, —50, -100.
For each pitch there were three sub-groups corresponding to propsller

Reynolds number Rn values of 4,0 x 105, 5.0 x 105, 6.0 x 105. Each sub~

group

TABLE 12,1
NOMENCLATURE OF TEST SERIES

Pitch Setting,

T t
Reygolds No, ; - 100 050 Oo +5@ +100
!,n t
[}
4,0 x 105 A1 B1 1 P B
5.0 x 105 A2 B2 c2 D2 B2
6.0 x 105 A3 B3 C3 D3 B3

was identified by the nomenclature shown in Table 12,1 within each
sub-group ( such as A1,B2 etc) individual tests were carried out at a
range of values of advance ratio J. Each individual test yielded a
series of corresponding values of bydrodynamic inertia Ih and amplitude
of osecillation 6 .

The initial plotting of the results was as follows, Several sub-

groups were selected and for each of these, graphs were plotted of Ih/IW
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 _ versus’amplitude & for constant values of advance ratic J. Since there
were only a comparatiﬁely small number ( 6-10) of data points for each
'valﬁe of J the points corresponding to three adjacent values of J were
?grqupe& together, The mean iine drawn through these points was assumed
:‘fo correspond, to a value of J equal to the mean value of the three J's,

For each of these sub~groups, by crossplotting, graphs were prepared
ovah,/IW versus J, for various constant values of amplitude, Two of
these graphs ( for Rn = 4,0 x 105 and Rn = 6,0 x 105 at pitch setting Do)
~are shown in Figs, 12.1 and 12,2, The following features may be observed
from the graphs of which Figs, 12,1 and 12,2 are representative:-

(1) There is a greater scatter of results in the case of ﬂn = 6.0 2105
than for Rn = 4,0 x 105. The scatter for Rn = 5,0 x 105 was
found to be intermediate between that for these two Reynolds
numbers, This trend was traced back to the original data,
where it was found that the scatter in the data increased with
increase of Reynolds nuwber, An increase of Reynolds number
corresponds to an increase in both tunnel velocity and
rotational speed, It is known that for this tunnel both the
scale and intensity of turbulence increase with incfeased
velocity. It would appear reasonable to conclude that the

increase in scatter is associated with the increase in tunnel

turbulence,

(2) There is no clearly observable trend due to amplitude, If
there is a variation in Ih / IW due to amplitude, the effect is
small and below the discrimation level of the present tests.

It was therefore decided to adopt the following approach in the




Fig, 12.1 Graph of Ih/Iw versus J for constant values
of amplitude.

Pitch setting 0°. R = 4.0 x 10°
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Fig. 12,2 Graph of Ih/Iw versus J for constant values of
amplitude.

Pitch setting 0°. R = 6.0x 102
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plotting of the test data., The data points for all amplitudes within
each sub-group were plotted in the form of Ih/ Iw versus J. Two of these
graphs ( for Rn = 4,0 x 105 and Rh = 6.0 x 105 for a pitch setting of 00)
are shown in Figs, 12,3 and 12.4., The previously mentioned increase in
scatter with inerease in Rn will be noted.

On each of these graphs, a best-fit line was drawn, and these lines
were then collected togéther on a single graph, This graph is shown in
Fig, 12.5. It will be seen from this figure, that there is no clear trend
evident with variation in Reynolds number, and furthermore, that the effect
of Reynolds number would appear to be small, if* the occasional wild"
swings of the Rh = 6,0 x 165 lines are disresgarded ( since these are
probably associated with drawing a mean line through an insufficient number
of points scattered due to turbulence) .

Fig. 12.6 was prepared from Fig. 12.5 by replacing the various
cons tant-Reynolds-number lines at each pitch setting by a mean line
(weighted heavily in favour of the lower Reynolds number data). Fig.12.7
was then prepared from Fig. to show the primary trends, by smoothing
out what might be regarded as "secondary variations,"

The values of hydrodynamic inertia ih and amplitude & obtained in
the still water tests are given in Table 12.2, The mean value of
hydrodynamic inertia and the corresponding mean amplitude have been

calculated for each blade setting and are also given in Table 12.2,




Fig, 12.3 Graph of Ih/'IW versus J

(Rh = 4,0 x 105, Pitch setting 0° )
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Fig. 12.4 Graph of Ih/iw versus J

(R =6.0x 10°, Pitch setting 0° )
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Fig. 12.5 Graph of Ih/TW versus J, for comstant pitch

settings and for constant Reynolds numbers.
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Fig, 12.6

Graph of Ih/'IW versus J, for constant pitch

settings,




d
mn_x._w

90l *
5 ] g § i 1 . !
— - ; ; i 1 1 ]
q
o. . *h H\L o 2
3 g 2 T 1 .un.,
o
5=
o :
/
“
=/ :
: 2
.
“‘1\' -
W \
\ - \
5
T
/ >
o " ) w0
- * *
i
L s9NILl4i3S 2avase :
%




Fige. 12,7 Smoothed graph of Ih/iw versus J, for

constant pitch settings,
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TABLE 12,2

RESULTS OF STILL-WATER TESTS

P/D 1.58 1,20 0.96 0.7k 0.53

Pitch -10° - 5° 0° + 5° +10°

Setting

4 b Ly b L L
I/I © x 10 L/I | ©x106 I/I | ©x10 I,/I | ©x10 /I 18 x10
How (radians) Hw (radians) b (radians) bow (radians) B w1 (radiens)
1410 9.7 3.42 1.3 2.55 942 1.93 1.2 1.37 9.5
Lo2 5ok 3,42 7.9 2.57 6.0 1,87 8.8 1.2 7.2
bali2 ha6 3.62 49 2.65 3.5 1,93 | 7.3 1.25 | 5.k
"~ Mean ,
Values 4,25 6.6 3449 8.0 2.59 6.2 1.9 91 1.29 7ok

‘Gl
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12,2 DISCUSSION OF RESULTS

12,241 Effect‘of Amplitude

Tt has been shown in Section 12.1 that the effect of amplitude

on the hydrodynamic inertia is small within the range of amplitude
covered by the main test series. The maximum amplitude varied
slightly depending on the individual test. An averagé value fer
3

maximum amplitude would be 1.0 x 10 “padians, and for minimum
amplitude 2,0 x 10~A radians. ‘

In the results of the still-water tests ( Table 12,2) ,however,
there is evidence of the following trends with amplitude.' At high
values of P/D, the hydrodynamic inertia Ih decreases as the
amplitude & increases, This trend becomes less marked as the P/D
becomes smaller, and finally reverses at the lowest value of P/D.
In every case, however, the variation with amplitude is small,

Tn Ref. 6.5 ( as reported in Ref., 6.1) McGoldrick stated that
“the effect on polar moment of inertia increases with fraquency
and amplitude®. Fhis would appear to mean that Ih was found to
increase with amplitude. In the discussion in Ref, 6.9,
Calderwood mentions that when ¥ I was concerned with torsional
vibration at Swan Hunter's I tried from measured frequencies on
various { ship) trial trips to establish some figures on inertia
addition due to entrained water -----, My impression from very
limited information was ——--- that entrained inertia increased
with increasing amplitude and decreased wiﬁh increasing frequency”.

Brahmig { Ref. 6.2),however, has demonstrated experimentally that
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for a thin circular disc the hydrodynamic mass Mh decreases
as amplitudé increases,

The author has postulated ( Ref. Sections 8.3 and 8.4) that
%h and Ih decrease with increasing amplitude and increase with
increasing freqﬁency, tending to their ideal values at small
amplitudes and high frequencies,

It is the conclusion of Fottinger ( Ref. 12.1, 12.2) that for a
body in translational oscillatory motion, the flow around the body
approaches potential flow ( and thus Mh and Ih approaches the
ideal value) at oscillations of small amplitude and high frequency.
It is also the conclusion of Brahmig ( Ref, 6.2) that Mh and Ih
tend to the ideal value at small amplitudes and high freguencies,

The consensus of opinion would appear to be that Mh and Ih
tend to their ideal value at small amplitude and high frequency.
Whether Mh and Ih increase or decrease with an increase in amplitude
is still an unresolved questicn. Experimental evidence is contrad-
ictory omn this point. This may indicate that the trend with
amplitude depends on the shape of the body. In section 8,3, the
author has tentatively suggested that the "viscous component”
could cause an inerease of Mh and Ih above the ideal value, It is
significant that in those cases in which Ih was found to increase
with amplitude ( McGoldrick, Cal&erwood), the bodies (which were
propeller blades) approximated to flat plates having a significant
component of oscillation along their chords, For such blades the

"yiscous component" could be significant and could be responsible

for the observed effect.
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It has been shown in Section 12.1 that the effect of Reynolds

number is small over the range ( 4.0 - 6,0 x 105) coverad by the

main test series,

It is of interest to compare the values from

these tests with those of the still-water tests, which were -

carried out at very low Reynolds number. Mean values Of‘Ih/iW

over the positive thrust range have therefore been taken from Fig,

12.6 for the five values of P/D, and are given in Table 12,3,

together with the mean values of Ih/iw from the still-water tests.

TABLE 12.3

EFFECT OF Rn ON ;hgiw

Pitch setting P/D Ih/’Iw Ih/’IW
(R = 4.0-6.0 x 10°) "S4311-water”
~10° 1058 L,2 k.25
- 5° 1,20 3.3 3,49
6° 0.96 2.4 2.59
+ 5° 0.7k 1.8 1.
+10° 0.53 1.k 1.29

It will be seen that except at the lowest value of P/D, the

still-water values of hydrodynamic inertia are slightly higher than

the values obtained under load at high Reynolds numbers.
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The deviations are small however, and reinforce the previous
conclusion that the eff'ect of Rn on hydrodynamic inertia is not
significant,

Effect of Frequency

Since the tests were carried out over a narrow range of
frequencies, and since the freguency effect on Ih may be
reasonably assumed to be small, it may be assumed as a reasonable
appraximation that the values of Ih pbtained are those correspond~
ing to a constant value of frequency equal to the mean frequency
for the tests. The comparatively small range of fregquencies
over which the tests were carried out is indicated by the
following., If the highest and lowest values of Ih/iW are taken
from Fig. 12.6, and the corresponding frequencies are calculated,
the highest fregquency is only 1/3 greater than the least i.e the
variation of frequency over the whole of Fig., 12.6 is only 34% ,
or = 17%, For a single value of P/D ratio, the variation is even
smaller, Consider for example, the curve for P/D = 0,96 in Fig.
12,6, The variation of frequency from one end of the curve
to the other is only 9% i.e & k% % on the mean. Thus the effect
of freguency on the data for any F/D curve should be negligible.
The effect of frequency on the data for the whole of Fig.12.6
should also be negligible, especially in comparison with the
effect due to variation of P/D ratio. The mean values of
frequencies and frequency parameter for each value of P/D and

for the whole of tests, are tabulated in Table 12.4.
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TABLE 12,4

VALUES OF FREQUENCY AND FREQUE%@Y PARAMETERS FOR THE TESTS

Pitch Setting B/D Mean Frequency £ - Mean Frequency
C.D.8 Parameger
g =,ED f
H
) 6
-10 1.58 110 Lol x 10
-5 1,20 119 4.80
0° 0.96 128 5.6 "
+ 5° 0.74 136 5.48 %
+ 10° 0.53 142 5.7 "

were
Since the tests/at almost constant frequency, no conclusions

regarding the effect of frequency on Ih can be drawn,
Other investigators are generally in accord with the conclusions
that :-

(a) The effect of frequency on M, or I is small

(v) M, and I, tend to the ideal value at high frequencies.

There is disagreement, however, on whether ﬁh and Ih increaze or
decrease with increased frequency.

Burrill and Boggis ( Rer, 12.3) noted during initial model tests
on propeller virtual inertia that "when the frequency was doubled the
entrained moment of inertia was slightly decreased, the effect being to
increase the frequency in water by about 1.2 % * (Quotation taken from
reply to discussion in Ref, 6.9), Calderwood ( see Sectiocn 12,2) also

noted a decrease in Ih with increase of frequency, from ship trial data.
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McGoldrick ( see Section 12.2) however, apparently noted the opposite
trend during model tests. Brahmig ( Ref, 6.2) also found that for a
thin circular disc, there was a definite trend of increase in Mh with
increase in frequency. The author ( Section 8.4 was also in agreement
that %h and. Ih should increase with increase in frequency.

Fottinger ( Ref. 12.1, 12.2,) Brahmig ( Ref, 6.2) éﬁ& the author

(Section 8.4) agree that Mh and T

h tend to the ideal value at high

freguencies,

It may be that Mh and Ih increase or de;réase with increased
frequency, depending on the importance of the "viscous component" as
suggested in Sections 8,4 and 12.2.1. This may be the explanation for the
apparently contradictory experimental results.

To sum up therefore, it is suggested that conclusions (a) and (b)
above be accepted as valid, but that the question of whether Mh anﬂ.Ih
inerease or decrease with increase of freguency be regarded as unresolved.

12.2.4 Effect of P/D and J

From Figures 12.6 and 12,7, it will be seen that the primary
parameter affecting hydrodynamic inertia is the pitch setting.
This is only as would be expected sincevthe discussion in Section
8.1 indicated the primary parameter for hydrodynamic inertia in a
real fluid as well as an ideal fluid to be the shape of the
body.

The variation of Ih with J, shown in Figs, 12.6 and 12.7, may
not be in practice as significant as it first might appear from a
study of these figures, The range of J shown covers a variation

from almost as low as the static thrust condition of the propeller
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( J~>0) up through the zero thrust ( kT = 0) and zero torque

(kQ = 0) conditions into the negative thrust ( windmilling)

region of operation. Over the normal positive thrust range of

operation, the variation of Ih with J is comparatively small

and could be for most practical purposes neglected, It should

be noted, however, that under certain conditions torsional

resonance in the propulsion system can occur with the propeller

windmilling., An experimental record of such a resonance is given
in Ref, 12.4, In this case, the variation of Ih with J would
cause the resonance frequency in the windmilling condition to be
different from that for normal operation. The variation, however,
would not usually be significant, in practice, |

As regards the shape of the Ih versus J curves, there are
two features which may be distinguished :-

(1) There is a "saddle" evident in the curves, for all P/D ratios,
The position of the saddle varies with J, being at J = 0.5
for the lowest P/D and moving across to higher J's as the
P/D is increased up to P/D=-1,0, after which it drops back
to about J = O with further increase of P/D. It could be
argued that the "saddles™ as shown in Fig, 12.6 are
associated with the highsr Rn data in Fig, 12.5, and that
since this data shows considerable scatter less reliance
should be placed upon it. If the B_ = 4.0 x 107 curves in
Fig, 12.5 are studied, it will be seen that although there
are hollows in the curves, it is only in the case of the

highest P/D that there is a pronounced saddle, The Rn = 4.0
x 10

5
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test data showed comparatively little scatter ( See,Fig.12.3),
For the highest P/D curve, there is good reason therefore
to assume that there is a definite saddle present ( at about
J = 1.1) in the curve. The work of Price ( Ref. 12.5) on
the virtual inertia of a loaded propellier alsc showed é
saddle in the curves of Ih versus J, although in this case it
was a clearly pronounced minimum in the vicinity of the.
usual operating point, and was evident in curves for P/D
values from 0,78 to 1.4, The frequency at whiéh these tests
were carried out differed though from the present case, There

is evidence therefore, that depending on the shape of the

- propeller and the experimental conditions, the Ih versus J

(2)

curves may show "saddles" or hollows.,

If the smoothed curves in Fig. 12.7 (based mainly on the

R =L4,0x 10° data) ére studied it will be seen that for the
medium values of P/D there is a decrease of Ih with increase

of J, whersas with the lowest and highest values of P/D,

Ih remains practically constant, Over the normal operating
range of J ( below kT = 0) the values of Ih are almost constant
with J for all P/D ratios.

The values of Ih for various P/D's obtained from the still-water
tests are very close to the average values { over the

positive thrust range) obtained from the main test series

(See Table 12.3). With the exception of the value of the

lowest P/D, the still-water values are slightly higher,
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12.,2.5 Comparison with Data from Other Sources

Various relationships for Ih have been put forward in the
literature, and it is of interest to compare the values obtained
in the present tests with those calculated by these methods.,

The prinecipal relationships are given below:-

(1) I, = 25-30 % of the inertia of the propeller ( Ref. 6.6)
(2) I, = 25 % of the inertia of the propeller ( Ref. 12.6)
h

_ 0.0042 0Py’ (1WR)%n

(3) 1,

[14 +(-§)2}{0.3 +IMUR ¥ ]

=t
@
14

2
0.0042p (-g) p° (WR)%n
I, = (12.1)

2
[(1+ (F) 5{0.3 +wR} ]

These equations are obtained by rearrangement of those given

by Lewis and Auslander in Ref, 6.7

I, = hydrodynamic inertia ( 1b £t°)
p = mass demsity of fluid ( 1b ft"3)
% = pitch diameter ratio

D = diameter (£t)

MWR = mean width ratio

n = nunber of blades
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(A) In Ref. 6.9 it is assumed by Burrill and Robson that the

(5)

entrained body of fluid around each blade is given by a solid-of-

revolution lying along the axis of the blade, The diameter of

~this solid-of-revolution, at any blade radius is given by the

projection of the chord on to the plane containing the propeller
axis and the blade axis. The inertia of the fluid within this
body-of-revolution is referred to as the calculated value of
hydrodynamic inertia. The actual value of hydrodynamic inertia
is obtained by multiplying the caleulated value by a constant

K;. A graph of K. plotted as a function of ( B—;;—AR), determined
from a number of testa, is given in the reference, and allows the
actual value of hydrodynamie inertia to be calculated for any
propeller, Values calculated in this way will be referred to as
"Burrill integration values" of hydrodynamic inertia,

In Ref. 6.9 the following empirical formulae derived from model

tests are given :-~

(a) 3 - blade
I, = 0.00385pD5 [1.37 (BAR x% -0,30] for (BAR x%)} o.h (12.2)

%)1'80 for (BAR x%)( 0.4 (12.3)

L = o.ooh93pn5 (BAR x
(v) 4 - blades

Th

0.00385pD5 [1.09 (BAR x -%) -0,23] for (BAR x %)) 0.4( )
12.4

0.00412pD° (BAR x

-
#

%)1‘8 for (BAR x %)40.4 (12.5)
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(e) 5 = blades

I, = 0.00385pD° [0.98 (BAR x-%)— 0.21] for (BAR x'%)>»0.4 (12.6)
I, = 0.003589135 (BAR x%)"'8 for (BAR x %)( 0.k (12.7)

(d) 6 - blades
L= 0.00385pD5 [0.90 (BAR x -g)— 0.20] for (BAR x%)> 0.4 {12.8)
I= 0.003259135 (BAR x%)1'8 for (BAR x%)( 0.4 (12.9)
The symbol BAR represents Blade Area Ratio., The other
symbols and units are as in (3) above
(6) In Ref. 6.8, a method of calculating hydrodynamie inertia
similar to that described in (4) above, is deduced by Thomsen
~ from theoretical considerations., The value of hydrodynamic
inertia calculated from the fluid body-of-revolution is multiplied
by a correction factor K to obtain the actual value of
hydrodynamic inertia, This factor X is given by the equation

K = 1 (12.10)

2
1,05+ 9.6(§%§?

To compare the results obtained in the present tests with
those calculated from the above relationships, mean values of
Ih / IW over the positive thrust range were taken from Fig,12.6
for the five values of P/D ratio. The corresponding values of
Ih / Ib were then calculated., These values, together with those

cyleulated from the relationships given in sub-sections(1) to
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(8) above, are given in Table 12.5, The values from the still-
water tests are also included in Table 12.5. Ib is the mechanical

jnertia of the model propeller, assuming it to be made of
manganese bronze. A density for manganese bronze of 0.31 1b ~inf3
has been assumed. A mean value fer'IW of 0,840 1b ~in2 taken
from the experimental data has been used for all P/D ratios. The
corresponding value of Ib is 7.16 1b -inz. The value of E%g
for the propeller is 0.225.

Tt will be seen from Table 12.5 that the first two methods of
calculating Ih give reasonable agreement with the experimental values
only at P/D ratios close to unity. Over the whole range of P/D ratios,
methods (1) and (2) are clearly inadequate, giving too high a value at
the lower P/D ratios and too low a value at the higher P/D ratiocs. The
Lewis method gives values about 18 % on the low side over the whoie range.
The Burrill integration method, the Burrill formulae, and the Thomsen
method give values close to the experimental values at the lowest P/D
ratios, but all give values which are too high at the higher—?/ﬁ ratios,

0f these three, the Burrill integration method shows the least deviation

from the experimental values.

12.2.6 Effect of Depth in the Full-Scale Case

The influence of depth of immersion is probably slight in the
full-scale case for fully-laden vessels. “In Ref. 6.9, no change
in Ih was observed below a depth of immersion of 12 inches, for

16 inch: :propellers oscillating about a vertical axis. If in these

tests the propellers were oscillating about a horizontal axis,




TABLE 12,5

COMPARTISON OF MEASURED AND CALCULATED VALUES OF Ih / Ib

Pitch P Main Test Series Supplementary | I,/I. as calculated from the relationships given
s5tEing D (R, = 4.0- 6.0x10%) | Tests Wb in sub-ssctions:
(still-water) in sub-sectionsi-
Ih/IW : Ih/Ib Ih/IW Ih/Ib 1 2 3 4 5 6
Kane Garibaldi | Lewis | Burrill Burrill ! Thomsen
(Integra-| (Formu~
tion lae)
-10° 1.58 | 4.2 0.49 43 [0.50 0.25-0,30 | 0.25 0.39 | 0,59 0.73 0.65
- 5° 1,20 | 3.3 0.39 3.5 | 0.44 0.25-0.30 |  0.25 0.32 | 0.45 0.51 0.50
0° 0.96 | 2.4 0.28 2.6 0,30 0.25-0.30 | 0.25 0.26 | 0,33 0,37 0,37
+ 5° 074 ' 1.8 0.21 1.9 10,22 0.25-0,30 | 0.25 0.19 | 0.23 0.24 0,26
+10° 0,53 ¢ 1.4 | 0.16 1.3 10.15 0.25-0.30 | 0.25 0.12 | 0.1k 0.13 0.16
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little effect on Ih would therefore be expected below a depth of
immersion ( axis to surface) of say, 16ﬁ. At tiis condition
the blade tips would be no closer than D/2 to the surface. MNost
fully laden vessels have depths of immersion of this order. At
light load, however, the depth of immersion would be much less
and the influence of depth on Ih could be considerable,

The results from Ref, 6.9 quoted above also indicate that the
influence of neighbouring boundaries on the Ih of a fuli-scale
propeller is probably small, since aperture clearances around
the propeller are fairly gensrous these days,

To summarise therefore, it would appear that as a reasonéble
approximatian for propellers with boundaries not too close,

equation 9.9 may be rewritten as

o = f (shape) (12.11)

For a given propeller series, it is suggested that 12,11 can

be written with sufficient accuracy as
B ( % BAR ) (12.12)

It would appear to be a worthwhile project to determine the
form of the function in eqguation (12.12) for the commonly used

propeller series,
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CHAPTER 13

CONCLUSIONS AND RECOMMENDATIOHS

13,1 CONCLUSIONS

For the propeller configuration tested, it can be concluded that :—
'(1) The influence of amplitude of oscillation and of propeller
| Reynold's number on the hydrodynamic inertia Ih is small,

(2) The influence of propeller loading as expressed by the advance
ratio J, on Ih is small within the positive thrust region. In
thernegative thrust region, however, there is an appreciable
decrease in I, for medium values of B/D ( around 1.0). At high
and low values of P/D there is little variation of Ih in the
negative thrust region, |

(3) The value of Ih getermined in "still-water" is only very slightly
different to the average value of Ih for the loaded propeller
( in the positive thrust region). It wsulé thus appear that the
hydrodynamic inertia of a propeller can be determined to a
reasonable degree of accuracy by tests on a non-rotating
propeller in still water.

(4) The Burrill integration method of determining I, gives the

| closest approximation to the experimental values of any published
mefhod. The Burrill method, however, gives values which are
higher, in the higher range of P/D ratios, The Lewis method
gives the next clesest appreximation to the experimental values,
In this case, the calculated values are about 18 % lower than those

determined experimentally,
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13,2 RECOMMENDATIONS FOR FURTHER WORK

In the light of the information obtained from the present

investigation, it is recommended that the following lines of research

should be considered:=

(1) An investigation ipto the effect of frequency and amplitude

(2)

(3)

(&)
(5)

(6)

(7)

of oscillation, propeller Reynolds Number and loading, and
changes in shape on the hydrodynamic mass for axial oscillat-
ions Mh of a propeller, This could be carried out using the

existing equipment with very little modification,

An investigation into the effect of frequency and amplitude
on the hydrodynamic mass Mh and hydrodynamic inertia Ih of
bodies of both simple and complex shapes, Where possible the
values of Mh should be compared with the ideal values,
obtained by caleculation,

An investigation of the effect of pitch distribution on the
values of ;h and Mh of propellers, as this has not yet been
thoroughly investigated,

The determination of I, and Eh values for propellers of

h
standard series, using the present equipment.

The determination of the effect of depth of immersion on Ih
and ﬁh of propellers,

The improvement of methods of caleulating Ih and Mh for
complex shapes { particularly propeliers) following the leads,
perhaps, of Burrill ( Ref. 6.9 and Thomsen ( Ref. 6.8)

An attempt to develop a mathematical analysis for the

determination of Ih and Mh? for simple shapes, in a real fluid.
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This would show the trends due to viscous effects, for the

slmple shapes, at least, and also indicate their magnitude,
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CHAPTER 14

STRATN~GAUGE THSTRUMENTATION FOR SIMULTANEOUS

VEASURENVENT OF TORQUE AND THRUST

1401 INTRODUCTION

The measurement of torque or thrust by strain-gauge methods is a
problem of common engineering occurrence, The techniques used are, in
general, well known and comparatively simple, However, difficulties arise
in the simultaneous measurement of torque and thrust if any of the
following conditions are present:-

1. A low value of stress associated with either torgue or thrust.

2. A large ratio of thrust-caused stress to torque-caused stress,

or vice-versa.,

3. A large ambient temperature variation.

4. A high-accuracy requirement, for both mean and fluctuating

components of torgue and thrust,

All of these conditions occur in the measurement of torgue and
thrust in a ship tailshaft,

This chapter describes some of the measures found necessary to over-
come the resulting difficulties, in tests carried out on ship tailshafts
during this research project, In field tests such as this, the sitressed
measuring element must be the shaft itself, as it is not practical te
incorporate an element of especially-designed section into the shaft system,
In applications where a specially constructed dynamometer can be used,

some of the difficulties listed above { for example, low stress) are easily
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~overcome by appropriate design of the dynamometer., Some of the other
" problems ( for example, those due to variation of temperature), still remaing
however, Some of the features which were adopted in the design of such

a dynamometer are described in earlier chapters.

14,2 THE MEASUREMENT OF TORQUE AND THRUST

14.2.1 The Principle of Strain-Gauge Measurement

The basic principle im force or moment measurement by means of
strain gauges, is the use of these gauges to measure the appropriate
surface stresses in the load-carrying component, These gauges
will measure tensile or compressive strain, but not shear strain,
and therefore are usually placed along the axes of the principal
tensile or compressive strsses., In the case of & shaft therefore,
torgue is measured by gauges at 450 and 1550 to the shaft axis,
and thrust by gauges at 0° and.90° to the shaft axis, In beth
cases, the tension and compression gauges are connected in a
fully-active bridge in such a way that signals from both types

of gauges are additive. Since such a bridge has four resistance
legs, it is usual to use four ( or multiples of four) gauges in
the bridge. If more than four gauges are used they are arranged
in four groups, the gauges in each group being wired in series %o

comprise one leg of the bridge,

14.2.2 Types of Strain-Gauge System

The stress in the component to which the strain-gauge is attached
causes a proportional strain in the material, Since each gauge

is firmly cemented to the surface, the strain in the gauge is
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equal to that in the surface of the material. This strain, in the
resistance wires comprising the gauge, causes a proportional change
in the total resistance of the gauge. It is by the measurement of
this change in the gauge resistance that the surface stress is
deduced, There are many ways in which the gauge resistance change
may be measured, each method with its own particular advantages
depending on the application. These methods may be grouped according
to the current-flow in the measuring system, into the feilowing
types:~

1. The Zero Current or Null Method

In this method, the voltage differénce across the gauge-bridge
is matched against an equal but opposite voltage difference
from an external source, so that nc current flows from the
measuring system into the bridge, this being indicated by
somevform of measuring instrument, The voltage difference

in the externsl source is then measured, Since this voltage
is commonly generated by a potentiometric method, estimation
of the voltage is simply made in this case, The null

method can clearly only be used for the measurement of a

steady mean stress.

2. The Direct Current Methed

In this method, the gauges are supplied from a constant
voltage supply, and the resulting voltage-variation across
the bridge due to strain is measured or recorded, This

voltage~-variation is proportional to the stress. This system,
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4.2.3
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which has the advantage of simplicity, can be used for

the measurement of both mean stress énd fluctuating stress, If
only the fluctuating component of stress is to be measured

this system has many advantages, However, if the mean
component of stress is to be measured with any accuracy,

then the problems of drift in the gauges and measuring system
become considersble,

Alternating current methods

These methods use an alternating current waveform supplied

to the bridge at a frequency above that of any frequency to

be measured, Changes in the bridge resistance dus to stress,
modulate the waveform, After appropriate amplification, the
original carrier-frequency is removed from the output signal,
leaving a voltage~variation proportional to the stress-variation,
Although the equipment required is more complex than in the other
two methods, this method has many advantages where the measurement
of a steady mean-component is required, The most commonly-used
waveform is sinusoidal, but in certain applications other forms

such as the rectangular may be advantageous ( Ref. 1ha1),

Strain-Gauge Problems

Errors in measurement caused by the strain-gauges themselves may
be divided into two classes; errors due to gauge position, and
errors due to gauge variation, These two types of error are

discussed in further detail below:e
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Gauge Aligrment Errors

If only torque or thrust is being transmitted ( and measured)

in a shaft, errors caused by gauge misalignment will depend
upon the ratioc of the stress along the gauge-axis, to the

stress along the principal axis parallel to which the gauge is
supposedly placed, It may be simply shown that this ratio

does not vary rapidly in the neighbourhood of the principal
axis, and the error is thus not great for small angular misalign-
ment, If, however, both torque and thrust are being transmitted
( and measured) simultaneously, and if the ratio of the principal
stress due to torque, to the principal stress due to thrust

( or vice versa) is large, then it can be appreciated that
unless the gauges measuring the lowest stress are placed
precisely in the direction of their principal stress, they will
measure a component of the other { higher) principal stress.
(The principal tensile stresses caused by torque and thrust

in a shyft are at ASO to each other, and similarly for the
principal compressive stress). In such a case, the tolerance

on gauge position must be less than in the previocus case. For
ship tail-shaft tests, where during normal opsration, the

ratio of the principal compressive siress due to torque to the
compressive stress due te thrust is of the order of 12 +to

1, it was npecessary for the gauges to be aligned to an accuracy
of the order of 1/80, for the required accuracy to be obtaihed,
Since the gauge-grid was not aligned with the lines drawn on

the strain-gauge surface by the manufacturer, to this degree
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of accuracy, it was necessary to trim the side-edges of each
gauge in a guillotine-jig mounted on a microscope, parallel
to the mean axis of the gauge-grid as located visually in the
eyepiece. The ends of the gauges were then trimmed at right-
angles to tha sides. Location of the gauges on the shaft
dnring cementing was by means of a polytetrafluoroethylene
jig, held on the shaft by a clamping ring,

Gauge Variation Errors

The gauge éharacteristics in which there may be variations
are; gauge resistance, gauge-factor, and temperature coefficient.

Errors due to variation of gauge-factor and temperature
coefficient, in gaﬁges in the same bridge, may be reduced by
selecting the gauges from the same manufacturing batch. Errors
due to gauge resistance variations are of two types; those due
to variations at the same temperature, and thoseiﬂue to
variation§4caused by different temperatures. Errors of the
first type may be reduced by resistance-matching the gauges
under constant~temperature conditions, It is now standsrd
practice in the Department of Mechanical Engineering at the
University of Adelaide %o m&tch gauges to the fifth figure of
resistance. Errors of the second type, caused by gauges being
at different local temperatures, may be reduced in the
following ways:

(a) ‘Ey the use of gauges with a low temperature coefficient

{b) By the adoption of means to reduce the temperature

difference between gauges ( e.g. by wrapping the shaft

in the neighbourhood of the gauge-location, with a
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thermally-insulating layer of foam plastic).

14.2.4 Amp ifier Problems in D,C,Systems

The main difficulty in amplifiers for a d.c. strain-gauge system is
that of reducing drift to an acceptable level, i.e. the problem of
achieving a sufficiently high stability, This becomes of increasing
importance as the stresses to be measured ( and the bridge output
voltage) become smaller, As the bridge output voltages decrease
in magnitude, the problem of achieving an acceptable signal-to-noise
ratio in +the amplifier also assumes increasing importance, The
methods which have been developed in the Department of Mechanical
Engineering at the University of Adeléide during the course of this
research project to overcome these difficulties are described below.

For reasons of size and stability, amplifiers and preamplifiers
of the transistor type are used., Drift invthese ampiifiers may
result fromw a change in either the temperature or the supply
voltage, It is a simple matter to hold supply voltage constant,
but it is not practical, in most cases, to keep the ambient tempera~
ture constant. The main reason for temperature drift is that
transistors have their performance greatly affected by temperature
changes, Careful selection, however, makes it possible to obtain
pairs which behave almost identically over a limited range of
operating conditions, includirg temperature. If these matched
pairs are used for push-pull stages, any drift that occurs in one
will also occur in the other, provided that they are held at the
same temperature by a suitable heat sink, In an ideal push-pull pair,

drift voltages would have equal magnitude and the same phase, and
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hence would not cause any change iﬁ output voltage., In practice,
there is always some residual drifi,

Other methods to reduce zero drift are also adopted. In
the amplifier first stage, resistors in the emitter circuits
cause a large reduction in both zero drift and gain., A low-
valued resistor between the two emitters restores the gain to
the desired level, but leaves the drift stabilization substantial-
1y unaffected. Over the whole amplifier, negative feed-back is
used to control the gain further, and to improve the stability
of the second and thrid stages and the linearity of all stages,
As far as drift is concerned, however, the first stage does not
benefit from the negative feed-back, High-stability resistors
are used throughout the circuit and the first-stage resistors
are carefully balanced to avoid drift due to resistance changes.
In rotating amplifiers ( i.e, pre-amplifiers attached to shafts)
a wiring layout which is symmetrical is an advantage, because the
voltages generated by the cutting of stray magnetic fields will
cancel within the cireuit, and such an arrangement is used where

possible,

14,3 FIELD MEASUREMENT OF TORQUE AND THRUST

On several occasions during the research project described in this
thesis, measurements of torgue and thrust have been made in the field on
ship tail-shafts. The instrumentation briefly described below (which was
that used in the mﬁst recent investigation)illustrates the principles describ-

ed in the preceding sections,(4 detailed description of this equipment is
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given in Chapter 15),

Heasurements of the instantaneous torque and thrust in the tail-shaft
were made by using electrical resistance strain-gauges cemented to the
shaft surface, with suitable equipment to amplify, transmit, and record
the electrical output from the gauges, The odtput from the“gauges was
amplified by transistorized pre~amplifiiers attached o the rotating
shaft., The pre-amplifier output was then transmitted through slip—fings
to the recording equipment,

To measure the thrust in the tail-shaft, eight strain-gauges were
used, in four pairs, two pairs being placed parallel to the shaft axis
and two pairs at right angles to it, The four pairs of gauges were
arranged at 90o from each other around the shaft, this arrangement ensuring
that signals due to bending stresses would be cancelled out within the
bridge,

For the measurement of torque, four strain-gauges were placed at
angles of 450 and 1350 to the shaft axis, i.e along the lines of the
principal tensile and compressive stresses, The gauges were arranged
symuetrically around the shaft, and connected in a fully-active bridge
in such a way that signals due to bending stresses would be cancelled
out within the bridge.

The stresses due to torque under normal operating conditions,
although small, were within the range for which strain-gauges are common-
1y used without undue difficulty being experienced with temperature errors.
The stresses assoqiated with the thrust, however, were much smaller, and

special precautions against drift caused by temperature had to be adopted,




143,

The more important of these measures were:-
(a) Gauges were selected from the same manufacturing baﬁch to reduce
variations in gauge-factor and temperature—coefficient, and
were resistance-matched under coﬁstant~temperature conditions,
to the fifth figure,

(b) To reduce local temperaturs variations, the shaft in the
neighbourhood of the gauge locations was covered with a thermal-
ly-insulating layer of foam plastic.

(¢) The transistorised amplifiefs on the shaft W@ré designed to

| have very low drift.

The slip-rings were constructed of brass imbedded in én epoxy-fibre-
glass annulus retained on the shaft by a clamping ring, To enable the
slip=ring assemﬁly to be attached to the shaft, it was constructed in two
sections, split on a diametral plane. Two sets of silver-carbon brushes
were used, in perspex brush-boxes at approximately 120° apart, to eliminate
effects due to the slip-ring end gaps,

The tofque and thrust outputs from the slip-riugs were recorded
in two forms, The mean values were measured by a high impedance meter,
heavily damped. The fluctuating components were separated from the mean

values, further amplified, and recorded,
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CHAPTER 15

THE DEVELOPMENT OF A .D.C,STRAIN-GAUGE SYSTEM

FOR SHIP TAIL - SHAFT MEASUREMENTS

15,1 INTRODUCTION

During the research project described in this thesis, a number of
full-scalé‘investigations on propeller-shaft vibrations in ships have been
carried out. All of these tests have been based on the electricél
resistance strain-gauge measurement of surface stresses in the tail-shaft,
The techniques and instrumentation used in these tests have progressively
become more complex, due to the demand to obtain a wider range of data
with a higher degree of accuracy. The corresponding development in the
equipment has resulted in an increase in both accuracy and reliability.
The description given in this chapter is of the equipment used in the
last of the recent series of tests on a 19,000 ton turbine-powersd ore-:
carrier,

In the ore-carrier investigation, measurements of the instantaneous
torque and thrust in the tail-shaft were made by using electrical
resistance strain-gauges cemented to the tail-shaft surface, The output
from these gauges was amplified by transistorised pre-amplifiers attached
to the rotating shaft., The amplified output was then transmitted through

slip~rings to the recording equipment,

15,2 THE STEATN-GAUGES

The strain-gauges which were used were 600 ohm wrap-around type wire

gauges, attached to the metal surface by epoxy cement, For the measurement
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of torque stresses, strain-gauges were cemented to the tail shaft surface
at angles of AEO and 1350 to the shaft axis, so that the principal
tension and compression stresses, respectively, would be measured, A
fully-active bridge circuit, with a symmetric arrangement of four gauges,
was used, to ensure that signals due to axial and beﬁding stresses would
be cancelled within the bridge. Eight strain-gauges were used for the
thrust measurement, in pairs, at angles of 0° Qﬁ& 90° to the shaft axis.

A fully-active bridge circuit, with a symmetric arrangement of gauges,

was also used, so that signals due to bending stresses would be internally
cancelled,

The methods of measﬁring torque and thrust in a shaft, by strain-
gauges, are well known ( See Chapter 14). In the present application,
however, there were a number of difficulties which required éonsiderable
development before they were overcome, Some of the most serious of these
difficulties were associated with the strain-gauges, ZErrors in
measurement due to this cause, may be grouped into two classes; errors
due to gauge position, and errors due to gauge variation.

Gauge misalignment errors were minimised by trimming the edges of
each gauge in a guillotine-jig mounted on a microscope, with reference to
the mean axis of the gauge-grid, as located by a scribed reference line
Von the perspex stage. Back-lighting was used through the transparsnt
stage to make visible both the reference line and the wires of the gauge-
grid, During cementing, the géuges were located on the shaft by means of
a polytetrafluorethylene jig.

Errors due to gauge variation in resistance, gauge factor, and

temperature coefficient were minimised by careful matching, Thermal
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insulation to reduce the temperature differential between gauges

was also adopted. (Some of these measures are also discussed in Chapter 14).
It was then found that the most important residual error was

agssoclated with temperature differences between gauges, This errvor

could have been further reduced if either temperature-compensating gauges

or gauges with a lower temperature coefficient had been used., Due to

difficulties of supply it was not possible to make use of these, at the

time, TIn tests of this kind where the stresses to be measured are very

small and where high accuracy is required, it is strongly recommended

by the author that such special gauges should be used, if possible,

15.3 THE ROTATING PRE-AMPTIFIRRS

In a D.C. strain-gauge system such as was used in the present
application, errors due to temperature drift in the pre-amplifiiers can
be considerable., To obtain reasonable stability from a traﬁsistor
pre-amplifier is in most cases not difficult, as there are now a variety
of circuits available which will ensure low drift ( Ref. 15.1), It is,
however, rather more difficult to obtain low drift with a simple reliable
circuit suitable for a miniature pre-amplifier mounted on a rotating shaftt,
The pre-amplifier described below was developed in order to obtain a
satisfactory compromise between stability and complexity.

The circuit used was based on the conventional differential type of
transistor pre-amplifier, and is shown in Fig, 15.1. The transistors
used were carefully matched for both gain and leakage at room temperature.

It was initially proposed to further match within these groups, for




Fig, 15.1 Circuit diagram of transistor pre-amplifier
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temperature-variation, but this would have required larger transistor
stocks, and was in any event not Pound to be necessary, It appears

that temperature-variation effects within the groups as selected, were

of second order. Initially, low-leakage germanium transistors ( Type
0CL44) were used, It was found, hoﬁeverb that an improvement in drift
over the specified temperature range of the order of 2 times was obtained
by replacing these in the first stage with avdio~frequency silicon
transistors ( Type BCZ 10), and these were used in the final design.,

To reduce temperature variations between transistors, they were
mounted symmetrically within a circular aluminium block, whose function
was to act as a heat sink of uniform temperature,

Initially, cracked-carbon high-stability resistors were used, It
was later found that an improvement in drift of the order of 5 times could
be obtained by replacing these in the first stage, with metallic-oxide-
film high-stability resistors. Although the temperature cosfficient of
the metallic~oxide resistors is not greatly different from that of the
carbon resistors, their consistency in this regard is better, and appears
to account for the improvement obtained,

The drift characteristic of the pre-amplifier is shown in Fig, 15.2
which shows that the drift voltage after rising to a maximum at 88°
decreases with further increase in temperature, The magnitude of the
drift voltage over the working range 60° - 100°F is, however small,

The gain of the amplifier was 2150, The input and output impedances
were 9000 ohm and 800 ohm respectively,

Because the pre-amplifiers had to be mounted on a rotating shaft,




Fig., 15.2 Drift characteristics of transistor

pre-amplifier.
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it was important for size and weight to be kept small, The components

. were assembled on a section of matrix-board, and enclosed in an

aluminium case of over-all dimensions 7" x 4" x 1%".

45,4 THE SLIP-RING ASSEMBLY

In the earlier investigations, both cylindrical- and diéo-type
slip rings were used., In the first type of sliporihg, each indi#idual
ring is a short length of cylinder mounted co-axially around the éhaft,
with the brushes mounted radially. In the second type, each "ring"
cpnsists of an annular disc mounted normal to the axis of the shaft
with the outer and inner peripheries of the disc concentric with the shaft,
The brushes are mounted parallel to the axis of the shaft and bear on the
faces of‘the disec. The principal advantage of the disc-type slip-ring is
that it is very easy to construct, the sheet-metal discs and insulating
segments being fixed together with bolts, and attached to the shaft with a
split clamping-ring, The disadvantages of the disc-type are, in the
first place, the length of shaft required for a large number of rings
( since sufficient space must be provided between the dises for the
axially located brushes),‘énd in the second place, the relatively high
susceptibility to damage of the thin dises during transportation and
assembly. Because of these disadvantages the cylindrical type of slip-
ring was used in all the later investigations,

With both types of slip-ring assembly, care must be taken to ensure
correct alighment on the shaft, Misalignment is not desirable, as it

causes a varying pressure between the brush and slip-ring, resulting
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in varistion of brush nolse, In extreme cases of misalignment brush bounce
may occur with the brush lesing contart with the slip-ring sﬁrfaae
intermittently. |

In the most recent investigation, an assembly of 16 slip-rings
{ of the cylindrical type) were used, the rings be hg smbedded in an
epoxy-fibreglass annulus fitted to a duralumin slamping ring. The
slip-rings were of sguare-ssction brass, and were curved to the appropriate
radius by rolling. The rolled rings were cut in half and the resulting
half' slip-rings were cemented with epoxy cement inte grooves turned
in the epoxy-fibreglass annulus, The rubbing surfaces of the slip~rings
were then turned to size and polished, To enable the slip-ring assembly
40 be attached to the shaft it was consiructed in two half sections
(split on a diametral plene) and bolted tegsther in position. ?h@ slip=-
rings wers wired internally to a comnecting strip mounted on the side of
the duralumin clamping ring. Silver-carbon brushes were used to reduce
brush noise. Twe sets of brushes were used at pesitions ap@roxima%ely
320° apart around the shaft. Bach half-slip-ring was wired @lﬁmtricélky
to the complementary half-ring to alse help reduce end-gap effects. An
exception was the slip-ring used o measure angular position. In this
case, the half-slip-ring was insulated from its complementary half-ring.
This half-ring was supplied with an electrical voltage Trom an adjacent
slip-ring. & single brush was then used to contact this half-slip-ring,
so that a rectansular wave-form was ebitained which indicated the
position of the slip-ring end-gap. Since the relatiyve angular positions

of the end-gap and the propellsr blades were known, the angular position
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of any blade at a given instant during rotation, could be determined.
Although brass was used for the slip-rings, because of its
relatively low cost, previous experience had indicated that rather better
results could be obtained by ydsing monelumetal.b One of the disadvantages
of brass is that a thin oxide-film tends to form relatively rapidly and
causes excessive brush noise, unless the slip-rings are regularly cleaned
at intervals with 600-grit emery, followed by cleaning with a carbcn
tetrachloride impregnated cloth., Work carried out elsewhere indicates
however, that the oxide trouble would have been prevented, had the brass

slip~rings been plated with a precious metal.

15.5 THE DRIVER AMPLIFIERS AND THE RECORDER

The driver amplifiers were of the push-pull transistor type, using
matched germanium transistors., These amplifiers were developed
commercially ( to the author's specification) for this work, and were
designed to operate from a standard 12 volt lead-acid accumulator. The
specification called for input voltages up to b4 50 millivolts with
corresponding maximum output voltages off 6 volts. (These values
correspond to full-scale deflection of the recorder pens). The meximum
amplifier gain was 120, Coarse and fine attenuation was available in
2 db, steps up to 40 db, The input impedance of the amplifiers was
10,000 ohms,

The output from the amplifiers was used to drive 30 ohm centre-
tapped recorder pens., The recordsr was of the ink-on-paper type, and

was supplied commercially to the author's specification, Eight recording
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pens were used, each with a meximum travel of I é centimetres, Wine
marker pens were also incorporated in the instrument, A range of paper
speeds from 0.0125 centimetres per second to 50 centimetres per second
was available., The frequency response of the pens was flat, up to 50

cyeles per second,

15.6 THE TNPEDANCE CONVERTHER

Bothe the torque and thrust output from the slip-rings after
amplification were recorded in two forms. The total output for either
torque or thrust can be regarded as the sum of two components; a mean D.C.
value ( corresponding to the mean torque or thrust), and an A,C. component
(correspondiﬂg to the fluctuating torque or thrust) superimposed upon the
mean, The output from the slip-rings was, Ffor both torque and thrust,
recorded in three separate fofms, the three recording systems operating
in parallel ;

(a) The total output was amplified by a driver-amplifier and recorded
as an ink-on-paper trace,

(b) The mean value was recorded by a high-impedance voltmeter, which
was heavily damped,

(¢) The A.C. component was separated from the mean value by means of a
specially designed impedance converter, then further amplified,
and recorded as an ink-on-paper trace.

The design of the impedance converter posed the following problem,
The A.,C, component of the total output was comparatively small ( of the

order of 1 to 2 %) of the mean D.C. ecumponent, undsr many operating




162,

conditions. To enable the A.C. component to be amplified and recarde&,
the large D,C, signal had to be completely blocked. The A,C, component,
however, had to be tramsmitted through the impedance converter with
negligible phase change, and at a gain, preferably near 1, which was
constant with both frequency and time, The use of a blocking condenser
in each leg of the system was the obvious method of accomplishing the

above requirement. However, the phase shift @ for such a circuit is

given by

1
tan 0 = S (15.1)

where f = frequency, R = circuit résistance, c =‘% the capacitance of

each condenser. The resistance R for the case being considered is the
input impedance of the driver amplifiers to which the circuit is conmnected,
The input impedance of these amplifiers was low, of the order of 10,000 ohms.
The frequencies of the A.C, component were comparatively 1owf For

example, the fundamental frequency in the torque or thrust wave-form at
half of the maximum shaft speed was about L4 cycles per second, Bguation
(15.1) shows that for © to be kept small under these conditions would
require extremely large values of C, In the present case, the values of

C required were impractically large, Hence, between the capacitor and

the driver input, a cathode follower circuit was inserted, as shown in
Fig. 15.3, The resistance R in equation ( 15.1) now became the input
impedance of the cathode follower, This was a very high value, of the
order of several megohms, Thus the value of C required was very much

smaller than previously, It was found that © could be kept below 1° at




Fige 15.3 Circuit diagram of impedance converter
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4 cycles per second with the use of quite small values of C, To cover
& range of operation, it was arranged that R could be varied, as shown
in Fig. 15.3 by switcbing in an additional resistance into the circuit,
A disadvantage of the above circuit was that the time constants
were comparatively large, Hence, during sudden changes of engine speed
the variation of output voltage from the cathode follower circuit while
the condensers were discharging, was found to be too great to be
accommodated by the driver amplifier, A manually-operated bias voltage
was therefore applied to the output of the cathode follower to enable
the signals during such sudden changes to be kept within recording limits,
The input impedance of the impedance converter, when connescted to
the driver amplifier was 34.8 megohms maximum., The gain of the impedance

ronverter was 0,85, constant over the range of frequencies encountered.

15.7 CALIBRATTONS

Despite the measures taken in the design of the pre-amplifier and
driver-amplifiers, it was to be expected that there would still be
residual drift in these amplifiers due to temperature. By periodically
switching off the power to the strain-gauges and measuring the amplifier
outputs, it was possible to obtain a continuous record of amplifier
drifts. These drift values were then used to correct the recorded data
where necessary.

Although it was not expected that the over-all gain of the whole
measuring system would vary appreciably with time, it was considered

desirable to have a continuous record of the gain during the tests. To
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galibrate the overall gain of the system, a high-stability calibrating
resistor could be switched into either strain-gauge bridge. The
switching was carried out on the shaft by a relay operated by an external
voltage transmitted through a pair of slip-rings.

In order to estimate drift due to local temperature variations of
the strain-gauges, a log was kept of output voltages at the zero-stress
condition, i.e, when the shaft was under no load, usually with the

ship at the dock,

15,8 ASSOCIATED EQUIPMENT

The power for the strain-gauges and the rotating pre-amplifiers
was supplied from dry cells., In the case of the strain-gauge power,
the voltage across the strain-gauge bridge was kept constant by rheostat
control and manual monitoring., The powsr for the rotating pre-amplifiers
was also transmitted through the slip~-rings, It was found that
temperature variations of the strain-gauges caused by the strain-gauges
being supplied with power at intermittent intervals ( i.e. only when
measurements were required), was an appreciable source of error., To
conserve the dry cells during a long voyage, alternating current of the
equivalent voltage was passed through the strain-gauges during periods
between readings, to maintain the same level of power dissipation, to
prevent the undesirable heating and cooling effects, This alternating
current was obtained by breaking down the ship's 32 volt A.C. with

resistances,
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It was essential that a time standard be recorded on the recorder
paper, in case there was any variation of the paper speed. A clockwork-
operated contactor was used for this purpose, to provide a rectangular
wave-form of known period ( a half-second per period). A check on
the contactor could be made by means of electronic counter.

Event marks were made on the recording paper by operating marker
pens in various sequences, using a previously worked-out code,

During the investigation, much of the equipment was located in one
of the noisiest sections of the ship's engine room, Other sections of
the equipment were located at a considerable distance away. Communication
between the three persons operating the equipment, was found ‘o be
impossible, without artificial aid., An intercommunication system was
therefore built up, based on throat-microphones and sar-muffed headphones,
incorporating a transistorised amplifier, This equipment was portable

and worked well under conditions of very high ambient noise level,
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CHAPTER 16

AN AUTOMATIC DIGITAL CURVE READER

16,1 INTRODUCTION

From the most recent ( and comprehensive ) of the full-scale
ship tests, & considerable quantity of information in the form of
analogue recordings from an eight-charnel recorder was obtained, During
the analysis of this date, harmonic analyses of many sections of the
records were required, This necessitated these sections being converted
into corresponding tables of digital values of curve ordinates, As
there were some 35,000 ordinates to be measured, much thought was given to
the method by which these ordinate values would be obtained. It appeared
that there were five possible methods which might be used, The analogue
to digital conversion could be obtained by :-

(1) Measuring the ordinatgs manually with dividers and accurately-
graduated rule, |

(2) Using a travelling microscope with gradusted eye-piece,

(3) Using a manually-operated curve-reader of the projection type,
in which the operator sets the position of two cross-wires to
the desired point on the curve. Operation of a foot-switch then
causes the digital value of the ordinate to be printed out on

paper tape.
(4) Using a curve-reader of the conducting-ink type, in which a

servo-controlled conducting stylus tracks along the curve
(previously traced over with conducting ink),

Digital read-out is commercially available with this equipment,
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(5) Designing and developing some form of automatic curve-reader
based on an optical reading system,

A careful investigation of the merits of these methods showed
the advantage to lie overwhelmingly with the automatic curve-reader,
As at the time, there were no commercial curve-readers of this type
available, a curve reader was designed and developed for the purpose,
The general concept, and the mechanical design of the curve~reader, was
by thevauthor. The electronic design, development and manufacture was
carried out by the firm of Electronics,Instrument and Lighting Co.Pty.,
Ltd. The mechanical section of the machine was built, and developed,
within the Department of Mechanical Engineering. This chapter
describes the design, and operational features, of the ouf&e—feader.
Thi; instrument has been in satisfactory operation since mid-1963. An
improved version of this equipment is now agvailable commercially from

the above firm,

16,2 GENERAL DESCRIPTION

The automatic digital curve-reader has been designed to convert
analogue records in the form of visible traces into corresponding digital
ordinates, the trace being sampled at fixed sequential intervals along
the abscissa.

During operation of the curve-reader a photo-electric reading head
scans the recording paper, and as the "eye" passes over the ink trace
the change in photocell output is used to trigger a circuit which
interrogates a digitiser coupled to the saanning-meohanism. The output

from the digitiser, which is a measure of the value of the drdinate at
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the instant of interrogation, is recorded in an electronic WEMOYY
The memory is subseguently interrogated and the memory signals after
conversion from digital to decimal form used to operate a printer,

The curve-reader can be preset to read a given number of ordinates
up to 999, with a given spacing between each ordinate. A sequential
serial nuﬁber corresponding to each ordinate is also generated,

The output from the machine is, therefore, a strip of paper tape
on which is printed the serial numbers of the éﬁccessive ordinates and
their corresponding numerical ordinaté values,

The operation of the machine is shown schematically in Fig, 16.1.

16,3 THE MECHANICAL MOVEMENT

For the machine to read successive ordinates of a curve, the optical
reading~head must have two modes of motion relative to the analogue
records:=

(1) The "eye" of the head must move across the paper with the

” same motion which the tip of the recorder-pen had, For example,

if the pen~tip moved in an arc around the ;en—pivot, then the
"aye" must move in an are in éxactly the same way.

(2) After each scan of the "eye" across the paper, the paper

must move along its longitudinal  axis by an amount equal to
the required interval between ordinates,

In the curve-reader, the two modes of relative motion are obtained
by two separate mechanisms,

The correct scanning motion is obtained by movement of the optical




Pig, 16.1 Simplified block diagram of automatic

digital curve reader,
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reading~head across a stationary table., In the machine as originally
constructed, the reading-head swings backwards and forth along a circular
arc, whose radius can be varied as required. The head oscillates through
an arc of 25 degrees, at a speed adjustable frbm 0 to 10 cycles per
minute, The swinging arm on which the head is mounted, is driven by an
adjustable link from an eccentric pin, the eccentricity of which can be
varied, The pin shaft is driven bj e geared electric motor, Attached

to the swinging-arm shaft is a drum of 11,25 inches diameter, Phosphor-
bronze strips 0.005 inch thick, transmit the angular motion of the drum,
to a smaller drum of diameter 1,50 inches., Attached to the shaft of the
small drum is the digitiser. The angular motion of the swinging arm is
thus amplified by the ratio 11.25/1.50 i.e 7.5 to 1 in transmission to
the digitiser, The angle of rotation of the digitiser is thus 188 degrees
for a full scan of the reading head,

It should be noted that the setting of the rsading-head arc at 25
degrees corresponds to the nominal setting, By altering the egcentricity
of the eccentric-pin, it is possible to increase or decrease fhis arc,
The angle of rotation of the digitiser will then correspondingly increase
or decrease,

For records which were generated by a pen~-tip or light beam moving
rectilinearly to-and-fro across the paper, an alternmative drive motion
for the optical head is being constructed. The head is to be mounted
on a carriage which will move to-and-fro across the paper on guide
runners, Phosphor~-bronze strips will connect the carriage t5 a small

drive pulley mounted below the present large drum, The rectilineal
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motion of the carriage will therefore be linked in a linear manner with
the digitiser angular motion, & mechanical advantage will still be
obtained,

Between scans, the relative movement of the reading-head in the
longitudinal direction along the paper is obtained by movement of the
table in this direction, The focal distance between the reading head
and the paper is quite critical and hence it is necessary that the table
movement takes place ina#hg horizontal plane only, The table must
therefore be mounted on slides which are parallel to the longitudinal
axis of the paper, and which are also parallel to the plane of the paper.
- In the prototype, a lsthe bed was used for the frame of the ma§hine, the
table being mounted on the saddle of the lathe, Movement of the table
in the required ordinate steps was obtained by meking use of the lead-screw
mechanism of the lathe, A spur gear with an appropriate number of
teeth was fitted to the lead-screw, and a steppingzmechanism to operate
on the gear was mounted adjacent, This mechanism when actuated by an
electrical solenoid, rotates the gear through a distancé of one tooth,
This movement through the lead-screw, moves the carriage and table a
distance of 0,005 inches,

Tyere are two distinct devices within the ordinate stepping

mechanism, which performs successively the following functions:e

(1) The drive stroke of the solencid first removes a lock from the
gear, and then moves a ratchet-pawl to rotate the gear a
distance of approximately one tooth.

(2) At the end of the drive stroke, the solenoid returns the lock

into the gear to prevent any further major motion. On the




161,

return stroke the solenoid rams a shaped-plunger into the

space between two gear teeth, causing the gear to be moved
precisely to the correct indexed position. On the control
console, the number of solenoid operations to be carried out at
the end of a given scan can be set at any number from 0 +o 11.
Since each solenocid operation corresponds to one ratchet step,
and hence to a 0,005 inch movement of the table, it is possible
to preset the interval between ordinates to be read from the
curve, at any value from O.to 0.055 inches, ( in steps of

0,005 inches), This range could be further extended if required.

16,4 THE OPTICAL READING HEAD

The optical reading head is a standard scanning-head assembly from
a MUIRHEAD type D901 picture transmitter, The unit as bought was
completely assembled and adjusted, and had characteristics enabling
its use without any modifications,

The head carries a light source which is projected as a small spot
on to the chart paper, An image of a small circular area on the chart
paper is, after reflecticn, focussed onto a diaphragm, behind which is a
nine-stage photo-multiplier tube, The intensity of light falling on the
photo-tube varies as the head moves across regions of different
reflectivity on the paper, and causes fluctuations in the electrical
output from the photo-cell, For example, as the image of a dark line
on the paper passes over the diaphragm aperture, the output voltage

shows a reduction in the otherwise steady output.
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The electrical output from the photocell is connected to a
Schmidt trigger circuit which determines the photocell illumination
required to initiate the reading impulse, This reading pulse is fed
through the digitiser to the memory, The trigger level can thersfore
be adjusted so that the reading impulse is generated at any given point
as the "eye" crosses the ink line,

The resolution of the optical head is of the order of 200 lines
per inch i.e. an effective resolution of 0,005 inches,

Because of the maskipg effect of the printed graph~background on
the chart recording, a suitable coloured filter has been interposed in the
optical path. The filter, of similar colour to the graph background, has
resulted in an improvement in signal-to-background-ndise ratio‘in the

photo cell output., This ratio is now approximately 7 : 1.

16,5 THE DIGITISER

A mechanical digitiser ( Type FD8) manufactured by Hilger and
Watts Ltd., has been used, In this digitiser, the code disk has segment-
ed areas of electrically conductive material ( set into a matrix of
insulating material), contact with which is established by metallic
brushes,

The pattern of closed or open circult established Ffor the several
contact paths through the digitiser, indicates the angular positisn of
the code disk. Since the impulse applied to the memory via the
digitiser is of short duration ( 20 m S), the state of the memory will

effectively describe the position of the digitiser disk at the time of
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the reading impulse.

The code used is the Watts reflected decimal code ( Ref. 16.1) which
produces minimum of complication in decoding to a decimal form; and
furthermore has the advantage that only one element in the code changes
for each digit change in the output numeral,

The digitiser has an output of 1000 equi~-spaced coded numbers for
3600 of disc rotation., For the nominal setting of the reading-head
swinging-arm the relationship between digitiser numerals and scanning-
hegd travel is 280 numerals for 30 mm movement of the ﬁeye" over the
recording paper ( when the optical head is moving in on a 5 inch radius
arc).

As the "eye" passes over the chart line a code pattern is establish-
ed in the memory corresponding to the digitiser code pattern at the
instant of interrogation. This pattern is then converted by a simple
relay decoder to a decimal number code suitable for the printer.

Other forms of digitiser, for example, optical types using lamp
sources and photo cells, were not considered for this application because

of their higher cost.

16,6 THE MEMORY

The digitiser has twelve contact tracks arranged in three groups

of four tracks. These groups of tracks correspond to the hundreds, the

tens, and units of the number representing the digitiser pesition (Fig.16.2).
The electrical signals from the three groups of tracks at the

instant of interrogation are fed directly to the‘memony. This consists

of twelve ( one for each track) solid-state bistable binary circuits,

which, prior to the application of the read pulse are all set to the




Fig, 16.2 Contact scheme - Watts Reflected Decimal

Code,
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same state, e.g. left-hand side conducting,

The circuit diagram for each birary stage in the memory is shown
in Fig, 16.3. Direct current at =-12v is applied to a common bus "A"
and also fed vié a current-sensitive stage to a common bus "B", Thus,
after reset, the current flowing into bus B will indicate whether any
of the twelve memories have failed to take up their reset state; in
this case the machine will be stopped automatically because faulty
reset may result in the wrong value of an drdinate being obtained,

After the digitiser position has been read into the memory in a
parallel fashion, the state of each binary is sampled by the decoder,
The output from the decoder is then fed to the printer serially, and
after the appropriate digit magnets have been set up in the printer,
the programmer causes all the memory binary stages to be reset to their

original state,

16,7 THE DECODER.

It might appear that three decoders would be required to translate
the signals from the three groups of digitiser tracks ( Bach group of
four tracks represents a decade), It has been possible, however, to
use a single decoder in this equipment, since the decades can be
interrogated sequentially. Thus, af'ter the decoder has interrogated the
memory for the "hundreds" information and translated this to a decimal
number and fed it to the printer, the decoder is reconnected to the
remaining two groups of four stages in the memory successively, carrying

out the same decoding function for the "tens" digit and again for the




Fig. 16,3 Circuit diagram of one element of the

mMemMoxry.,
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"units" digit. Carry-circuits are also provided, since to correctly
decode the "tens" digit, information must be present to indicate whether
the "hundreds" digit was an odd or an even number, and similarly for

the "units" digit, This requirement derives from the character of the
digitiser code, For example, reference to Fig. 16.2 shows that the
Y"units" track arrangement for the numeral "6" is indistinguishable

from "13" unless it is known whether the "tens" are even ( when the
number is 6) or odd ( when it is 13),

The connection of the decoder to the appropriate memory binaries
(and also the reading of serial-number generator), is performed by the
programme control which uses a wultibank post-office pattern stepping-
switch ("uniselector").

The decoder arrangement is based on a "relay tree", the ~ircuit for
which is given in Fig., 16.4. In this figure, the small numbers against
the decoding relay contaats represent the possible numbers which may
form the output when the relay is in the position being considered,

The "odd-function" output operates the inter-decade carry-relays G/1 and
H/1 which determine whether a given number or its "reflexion™ is +to be
recorded,

It can be shown that if the information contained in the "D" track
is inverted, then instead of the number x being obtained, the number
( 9-x) is obtained instead, This inversion may be obtained by causing
% to operate when the-% relay does not, and vice versa., 4 switch is
incorporated in the circuit so that the desired operating condition can

be selected, This enables the instrument to be set to read numbers




Fige 16.4 Memory decoding arrangement,




»

/soe

UNITS —

A TRACK { 10's
/ ssD7

i

UNITS —— [
B TRACK ] 10 o
100's
FROM c
MEMORY‘ / ssDé T

C TRACK

0§ ——>

100's

[+]

ssps 2

UNITS —— ||
o's ——o [
I00's

\\

D TRACK

o | 5]
|
=L
{

-2y —24V

ENERGISED AT
BEGINNING OF SCAN /

READING DIRECTION SWITCH
FORWARD

wjm

w
[}

obD FUNCTION

OUTPUT

Hi
ﬂ 8
I
CARRY
RELAYS

ODD/EVEN INVERTING RELAY

<

AVARVAN VALV V4 \‘-
>

DECODER
OouTPUT

L 70
PRINTER




166,
increasing from O to 999 from a given chart datum, or alternatively,
numbers decreasing from 999 to O from the same chart datum, i.e the
apparent direction of rotation of the digitiser may be reversed at will,

electrically. ( see also Section 16.10),

16,8 THE SERIAL NUMBER GENERATOR

The sequential three-digit serial numbers for the ordinates
are generated by three interconnected stepping switches, the first
of these being actuated by a microswitch ( Fig. 16,1) which is closed
by a cam at the end of each scan of the reading head, The first stepping-
switch moves one step with each scan. At the end of the tenth scan it
thus moves into the tenth position, which transfers the supply voltage
via the contacts of a slow-to-operate relay to the drive magnet of the
second stepping switch, causing the latter to advance one step. (Fig.16.5).

The stepping switches advance in the manner described, with each
successive scan until each stepping switch has reached the contact
marked by the corresponding "preset" console switech, At this point,
the configuration of the circuit is such that motion of the switches
ceases, The "preset" switches thus determine the number of scans which
will be made before the machine is automatically switched off, Further
banks of stepping switches are connected to the printer digit-solenoids
by the programme control switech to enable the serial number to be fed
into the printer.

The microswitch ( Fig. 16.1) is also used in the present installa-
tion to initiate the beginning of the memory-read, the memory resst,

and the printing functions,




Fig. 16,5 Simplified circuit of serial number

generator and preset stop.
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16,9 THE PRINTER

The printer is a standard model 41E-5-502 Addo-X machine which is
used as a solenoid=-driven listing machine. It can élso be used as a
manually-operated listing or addiung-machine,

Provision is made on the printer for the attachment of a perforated
paper-tape punch., It is intended to add this facility in the near future
soithat output from the machine in the form of perforated tape can be fed
directly to the input of a digital computer without the present manual
transcription from printer tape to punched cards.

The printer is used in a feedback circuit in conjunction with the
programme stepping switch SSD ( Fig. 16,6). This provides a convenient
arrangement for sequencibg the programme switch, and ensures that each
digit is properly read into the machine, for, until the appropriate digit
solenoid has reached the end of its travel, the feedback contact does
not close initiating the transfer to the next digit.

At the end of scan, when the microswitch contact closes, relay-%
is energised, and latches via X1 and J2, J1 closes, applying 24 volts
D.C., to the drive magnet §%2 via the drive-magnet interrupter dmi, and
the programme switch steps on one position, % is now de~energised
and M1 closes applying 24 volts D.C. via 33D2 and the decoder~ to one of
the printer digit-solenoids, When the solenoid has reached the end of
its travel the digit-feedback-contact in the printer closes, applying
24 volts D.C. to §%2 and to % via X2, The drive-magnet attracts the

armature of the stepping switch which, however, does not yet advance.

M1 then opens removing 24 volts from the printer digit-solenoid resulting




Fig. 16.6

Simplified circuit of programme control.
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in the opening of the digit-feedback-contact, and hence de-energisation
of the stepping switch drive-magnet. The stepping switch now advances
one position, and the sequence repeats, until the print function is
called for. After the print function is completed the stepping switch

moves to the home position ready for the next operation,

16,10 THE CHARACTERISTICS OF THE CURVE READER

The curve-reader will read ordinate-values at a nominal rate of
10 per minute, the interval between ordinates being adjustable from
0.005 to 0.055 inches, in steps of 0,005 inch. The nunber of ordinates
to be read can be preset at any number from O to 999. Because the
digitiser code is of the reflected type, the inversion of one of the
relays in the decoder tree by means of an inverting switch on the
console causes the decoder to transmit the "reflexion" of the decimal
number which would otherwise have been transmitted to the printer. This
has the effect of reflecting fhe datum from which the curve ordinates
are read, from one side of the curve to the other. The reader incorpora-
tes a multiple curve reading facility, so that where several lines are
traced on the recorder paper the reader can be set to successively
"pread” these lines and print the ordinate value of each as the optical
head scans across the paper,

The original specification of the curve-reader required the reading
accuracy and reading speed to be at least equal to that which could be

obtained manually using dividers and a ruler,
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In its present configuration, the curve reader will read an
ink trace with an accuracy of b 0,007 inch ( oh a #50 1ine) at the
rate of 10 ordinates per minute, With further development, the
reading rate could be doubled or even trebled, Its performance is thus

well within the original specification,
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CHAPTER 1

THE DIGITAL COMPUTER PROGRAMMES FOR THE ANALYSIS OF RESULTS~

( FORCED VIBRATIOW )

47.1 INTRODUCTION

The data obtained from the full-scale tests on the ore~carriers
during both sea trials and the voyage was obtained primarily in
analogue form as ink-on-paper traces from an eight-channel recorder,

In addition, a considerable amount of supplementary data was recorded
manually, in numerical form. The relevant calibraticns which had been
ecarried out both in the laboratory and in the field were recorded in
the form of tabulated data as well as in the form of graphs. Since it
was desired to have harmonic analyses made of the torQue and thrust
fluctuations recorded on chart paper by the eight-channel recorder, it
was necessary that these records ( or sections of them) to be converted
into digital form, It was desirable that as much of the available
data as possible be processed, since it was expected that considerable
scatter would be obtained in the results due to unsteady ship motion
and other factors which were outside the control of the experiment,
(There was, however, a large amount of data available - almost 3 miles
of eight-channel paper records ! ), If sufficient data was analysed,
it could be expected ( on a statistical basis) that reasonably reliable
information could be obtained from the results of the harmonic analysis.
It was obvious that to process this large amount of information, a

digital computer programme (or series of programmes) would be required,
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It also became apparent that iy order to obtain the digital ordinates
from the analogue records some automatic form of curve reader would
need to be developed,

The automatic digital curve reader ( described in Chapter 16)
was developed and manufactured. This machine was used to obtain some
35,000 digital ordinates from sections of the analogue records, These
digital values were then proceased by the various computer programmes
as indicated in Fige 17.1. This figure éhaws the flow sheet for the
analyses, Further details on the various analyses are given in the
‘ following sections.

As a matter of interest, the following figures are given, which
show that the analysis of the data involved considerable effort, even
with the aid of digital computers:=

Computers used = IBM 1620 and IBM 7090

Total operating time on IBM 1620 :~ L0 hours

Total operating time on IBM 7090 :~ 15 minutes

IBM punched cards used := 20,000
(The total number of calculations involved can be gauged from the
Pollowing, When using fleating-point numbers the 1620 can perform approx-
imately 40 multiplications or 50 additions per second, whereas the 7090
can carry out approximately 30,000 multiplications or 60,000 additions
per second,

During the preliminary analysis of the trials data befdre'the
curve reader had been developed to a satisfactory‘stage, an@ubefore the
digital computer programmes were ready, values of peak~to-peak fluctua-
tions of torque and thrust were taken froﬁ the analogue recérds manually.

These values were tabulated and then plotted graphically in various forms,




Fig. 17.1 Flow sheet for analysis of data

(forced vibrations)




TRIALS RECORDS
(ANALOGUE FORM)

TM&QM‘ ‘T&Q

T = THRUST
Q = TORQUE
TM = MAGNETIC COMPONENT OF THRUST
QM = MAGNETIC COMPONENT OF TORQUE

CURVE READER

CONVERSION)

(ANALOGUE TO DIGITAL

LOW FREQUENCY
FILTERING

T8Q
™ &QM

Y MANUAL
ANALYSIS
T&Q

PEAK TO PEAK
FLUCTUATIONS

APPLIED HYDRODYNAMIC

T8Q HARMONIC
TM& QM ANALYSIS
™
1
8 TRQ
aMm

MAGNETIC COMPONENT

TORQUE CALCULATION

HARMONIC COMPONENTS OF
APPLIED HYDRODYNAMIC
TORQUE

o CORRECTION

T&Q

HARMONIC COMPONENTS
OF T & Q IN
TAILSHAFT




172.
17.2 THE ANALOGUE TO DIGITAL CONVERSION

The automatic digital curve reader (See Chapter 16) was
manufactured and developed to rapidly convert an analogue record to
a corresponding series of digital ordinates ( at given spacing between
the ordinates). Under normal conditions the rate of conversion was
found to be 10 digital ordinates per minute. Setting up time, however,
reduced this output somewhat. The output from the curve reader consist-
ed of a paper tape on which the digital values of the successive
ordinates was successively printed, together with the ordinate numbers.
The number of digital ordinate values obtained from each section of
record analysed varied between 200 and 700, These values were punched
directly onto IBM computer cards from the curve reader output tapes.
A header card, punched for each set of data, gave information such as
run number, ship velocity, water depth, rpm, data intervals per shaft
revolution, mean thrust, mean torque, The scaling factors relating
digital-values to corresponding torque or thrust values ( in ton-ft or

tons) were also given on these header cards,

17,3 THE LOW-FREQUENCY FILTERTNG AND DATA PRECONDITIONING

Before any Fourier harmonic analysis ( of the infinite harmonic
series type) can be made, the Dirichlet conditions must be first
satisfied, These conditions are as follows:—r

(1) The function £(x) to be analysed must be periodic. This

means that the function must satisfy the following equation:-

f(x) = flx+p) (17.1)
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where p is the period. This condition implies that not only is
the function established as periodic, but further that the period
is known for the particular set of data being considered,

(2) There must be a finite number of maxima and minima.

(3) There must exist only ordinary bounded discontinuities and
the number of these must be finite. Further, the function must
be sectionally continuous,.

The second and third Dirichlet conditions are usually satisfied
in engineering problems, The first Dirichlet condition, that the
function must be periodic, is often not perfectly satisfied, because
of some random effect outside the control of the experiment. In the
present case, the data (torque and thrust records from the ship tests)
was not perfectly periodic., Therefore, before a harmonic analysis
could be carried out the data had to be adjusted so as to be pericdic
over a given section of the record.

The data as obtained from the tests showed the following very
important features:

(1) A high periodic correlation was evident, It was also evident
that the periodicity was marred by the ship's motion not being
perfectly steady and by the sea not being perfectly smooth, It
may be deduced that under the theoretical condition of steady
ship motion and perfectly smooth water, records of torque and
thrust variation would be perfectly periodic., Any variation
from these ideal conditions would be reflected by some degree of
nqp-periodicity in the torque and thrust records. Since the

smooth-sea, steady-motion conditions were taken as reference




(2)

(3
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conditions, it was regarded as legitimate to remove those
components in the records which were associated with unsteady ship
motion and random see conditions,

The records show evidence of very-low-frequency components
relative to the significant components ( See Fig. 17.2). These
low~frequency components have the effect of swinging the
"smooth~water steady-motion" record from side to side along the
graph without significantly modulating the amplitudes of
the significant components, It will be noted that these very=-
low=frequency components have frequencies which are several
orders lower than any significant compbnent associated with the
reference condition. It was noted during the ship tests that
the veryhloWerequency'components were due to the unsteady
motion of the ship, in conjunction with wave motion. The peaks
in the "swings" of the record were observed to coincide with
the extreme positions of the vertical motion of the stern of
the ship. If the very-low-frequency components are %o be(
removed from the records, it is clear that a technique Which
is equivalent to a low frequency filtering must be used. (The
technigue which was developed to carry out this function is
described in detail in the following sections)

The records show evidence of verybhighafrequeﬁcy components
associated with intermittent transient conditions. These also
have the effect of making the wave-form slightly non~-periodic,
These components are again associated with unsteady ship motion

and varying seaway conditions., To remove these components,




Fige 17.2(a) Typical section of 8 - channel recorder
chart from ship tests ( The marker pens A,B,C,
between the channels were used for coded

event marks).
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- Fig. 17.2(b) Sections of torque and thrust waveforms
from the 8 -~ channel recorder charts,
showing the effect of shaft speed on the
shape of the waveforms for Test Series

B1. ( The rpm shown are nominal values).
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some form of high frequency filtering would appear to be
required, It was not in fact necessary, however, to carry

out such a filtering, since the frequencies of these components
were mainly above the frequency of the highest harmonic for
which the harmonic analysis was carried out. In effect, the
harmonic analysis acted as its own high~frequency filter,

(%) The records show four cycles of the most significant component
within each basic period, The basic period, under ideal
conditions would be equal to the time taken for the shaft to
rotate once, That the most significant component‘of the
wave-form has a frequency equal to four times shaft rotation
frequency is only to be expected, since the propeller is four-
bladed, It is well known that the most significant component
of such a wave-form has a frequency equal to blade frequency
(defined as number of blades times frequency of shaft retation).
The basic frequency for the wave-form in the present case,
however, must be taken as equal to the frequency of the shaft
rotation, as components of this order may be present due to the
fact that each blade may not be hydrodynamically identical,
or to some other cause.

In the electronic field, the very-low-frequency compoﬁents evident
in the present records would be described as "low-frequency drift®
or as "experimental drift", For convenience, this terminelogy is used
in the following sections, The process by which the very-low-frequency
components are removed is described therefore as "low=~frequency

filtering®, This process formed part of the "data pre-conditioning™




176,

stage of the analysis.

17.4 THE DATA PRECONDITIONING PROGRAMIE

In the data preconditioning programme ( See Fig. 17.1) two

distinet processes are carried out:

(1) A new set of ordinates are established by interpolati-n such
that the period'p" is divided into an even number of data
intervals, This is to allow subsegquent integration by
Simpson's rule,

(2) The very low=frequency drift is established as a "drift
function" represented by a polynomial over the section of the
data being considered, and is subtracted from the data to
obtain a closer approximation to the "steady-ship smooth-sea"
conditions, The establishing of the drift function and its
subtraction is carried out in such a way that the corrected
wave-form satisfies the Dirichlet conditions,

The mathematical analysis used in the programme is based on the

following two assumptions:

(1) The "drift" can be represeﬁted sectionally by a secend-order

polynomial function of the form
2
f(x) =a+ bx + ox (17.2)

(2) It is much more important that the final function derived
by subtracting the drift function from the source function

should satisfy the Dirichlet conditions, than it is that the
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drift function should satisfy a least-square~fit to the
source function. This means that the drift function is
established as a mean line by integration under the source
curve rather than by a least-square method ( See Fig.17.3)

The criteria which were chosen to establish the drift function were
therefore:

(1) That the drift function should be of the form

f(x) = a4+ bx+ ox (17.3)

(2) That the ordinates of the source function F(x) relative
to the ordinates of the drift function f£(x) should be such

that

(F(x) - £(x)]; = [F(x) - £(x)], (17.8)

This condition was chosen so that the first Dirichlet
condition would be satisfied.
(3) That the following two integral conditions which define

the drift function as a mean line, should be satisfied

D D
f F(x).dx = Jﬁ f£(x).ax (17.5)

v A

C C
U/p F(x).dx J[ £(x).dx (17.6)
B B




Fig. 17.3 The relationship of the drift fumction to the

source waveform.
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It will be noted that the integration defined by equation 17.5
is over a length equal to twice the peried, (Also refer to Fig.17.3).
In the subseguent harmonic analysis only the data within the imner
period BC is used., The reason for using in the data preconditioning
an additional half-period at each end of the inner period, is that the
establishment of a mean line by an integration condition can under
certain conditions be in error at the extreme ends of the length over
which the integration has been taken, Over the middle region of the
integrational length, however, the mean line is always correctly
established, By considering a double peried over which the mean line is
established and then by only using the middle period within this length,
any erroneous sections at the extreme ends of the double period length
become discarded and not used in the subsequent analysis,

The reason why the integration conditions in equations 17.5 and 17,6
are taken over a double period and a single period, respectively, instead
of over fractional sections of a peried is as follows. In a complex
periodicvwaveferm, the period is the only length over which eaéh component
of the waveform ( including the fundamental compcnent) has at the end
points of the length the same ordinate values, For each component,
therefore, the areas above and below the mid-amplitude line are equal,
over the length of the periocd., (The mid-amplitude line is the line
mid-way between the peaks of the curve). Thus for the complex waveform
formed by the summation of components in such a way that their mid-
amplitude lines are coincident, the areas above and below the mid-
amplitude line must be equal, over the length of a period, The mean line

as determined by integration will therefore be identical withk this
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mid-amplitude line, The same property also holds ,if lengths
equal to integer multiples of the period are considerea. If a feaction-
al length of a period, however, is considered, the mean line obtained
by integfation.will lie on one side of the mid-amplitude line, its
exact position depending on the length chosen,

The criteria above are sufficient to establish the drift line
exactly if :

(1) The drift is actually of the form of a second-order

polynomial function

(2) If the corrected waveform ( egual to the source function

F(x) minus the drift function £(x))is exactly periodic.

If the drift function is not exactly a second-order polynomial
and/or if the corrected waveform is not exactly periodiec, then some
error will be introduced., In the present case, it was considered
that a second-order polynomial would be a close approximation to the
drift function over the length considered,in the later stages of the
analysis ( a single period), The corrected waveform would only vary
from being exactly periodic because of the transient very-high-frequency
components which occur intermittently. Over the single period being
considered, however, the corrected waveform could nevertheless be
assumed to be sectionally periodic., Thus, in the present case the error
introduced in the determination of the drift line would be of a small
order, Outweighing the disadvantage of this small introduced error
is the advantage that the corrected waveform will now satisfy the

Dirichlet conditions, and can thus be validly harmonically analysed.
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The computer programme is divided into the following stages:

(1)  From the original equi-spaced curve ordinates, a new set
of equi-spaced ordinates is established by interpolation
(second order Bessel), such that the period p is divided
into an even number of data intervals, A data interval is
the distance between two successive ordinates, In the
new set of ordinates, the first ordinate will therefore
occur at the beginning of the period and the last ordinate
will occur at the end of the period, The remainder of the
ordinates will be equi-spaced along the period, Since there
are an even number of data intervals,there will be an odd
number ( equal to the number of data intervals plus one)
of ordinates within the period, The reason for establishing
the peried p as an even number of data intervals, is to
obtain a data condition in which Simpson®s integration rule
may be validly and simply applied.

(2) The drift function coefficients a,b,c, are established by
satisfiying the three criteria discussed above, The integra-
tions necessary to satisfy equations 17.5 and 17.6 are

carried out by using Simpsont®s rule.

(5) The ordinates for the drift line are calculated and are
subtracted from the ordinates for the source data. The
resultant set of data points form the data set for the

)
function f (x) defined by the relation

fn(x) = PF(x) - £(x) (17.7)
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This stage of the calculation, it will be seen, is equivalent
to a filtering out of the very-low-frequency components from

the data,

17.5 THE HARMONIC ANALYSIS PROGRAMME

1
The data set obtained for the corrected waveform f (x) is used
as input for the programme which carries out the harmonic analysis. This
analysis is of the Fourier infinite harmonic series type. The Fourier

series is assumed to be of the form

] .
f(x) = ~%ao + a,cos §§§ + 8, cos 5%5 4 -
+ 1 .. 2RX as,. URX e
b, + b,Sin = b, Sin = (17.8)

It is shown in standard texts on waveform analysis ( See for example
Ref.17.1) that the coefficients for such a series are given by the

following equations:-

3o

P :
J/ f (x).cos s gE (17.9)
Jo P ,

fro

Qn;[x.dx (17.10)

P t
b = > o £ (x).8in

It should be noted that the coefficient b0 is always O.
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From the dats set for the Funotion f*:{x} the peeffisients for
the above Fourier series ars determined in the programme, the
integrations being performed using en exbended form of Simpson's rule,
f;i‘%zis isy in effect, a repeated application of the basic form of

Bimpson®s rule which is

h
é—§€§

] Ee} i

£y vy ) (17.11)
where 4 is the summation arves and h is the distance between any
two adjacent srdinates,

Simpson®s rule was chosen for the integrations, for the following
reasons: |
(1) The a-curacy obtainable in the present case with its use
was more than sufficient
(2) 1t may be deduced from Ref, 17.2 using the table showing
the relative accuraey of varicus processes, that Simpson’s
rule gives the highest accuracy yield per unit of pomputing
effort of any integraticn process.
From the cosfficienis a, and bn are caleulated st the last stage
of the programme the coefficients of the alternative form of the
Fourier series

! 1 , 27x ,
?{z) = =c +c;1eea( > @3}4.@2

L2 SO PO
cos ( > o)+ (47.12)

where e, =a " +% {17.13)
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a
-1 n
cos ¢ = (17.14)
R LI
y 'n “n
-4 bn ( )
Sin g = —B— 17.15
i //a 2 +5b 2
/ n n

The putput from this programme was in card form, in a format suitable

for use as input to the next programme.

17.6 THE MAGNETIC COMPONENT CORRECTION PROGRAMME

At a certain stage of the voyage the ship passed through a
magnetic field sufficiently intense to create a semi-permanent
magnetic field within the engine room., This field caused induced
voltages to be generated in the lead wires from the strain-gauges on
the tail-shaft. The magnitude of these was large enough to cause
appreciable error unless corrected for, Records of the induced voltage
due to the magnetic effect were made at intervals during the voyage
by switching off the power to the strain-gauges. Under these conditions
the only alternating current cutput from the equipment on the tail
shaft was that due to the magnetic effect. Following most of the
test runs in this section of the voyage the strain-gauge power was
switched off and the magnetic effect recorded. These analogue record-
ings of the magnetic effect were later -onverted by the curve reader
to corresponding digital values,

For each of the records taken from these test runs there was

therefore a corresponding section of magnetic-effect record. Care
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had been taken to ensure that the two sections of record were in

the cerrect phase relationship to sncther., This was done by taking

the first ordinate in each section at the top-dead-centre position of

the reference propeller blade,

A digital computer programme was written which subtracted the
Fourier coefficients of the magnetic-effest record from the F&uri%r
coefficients of each corresponding test run { See Fig. 17.1). The
sutput from this stage of the analysis was punched on ecards in a format
suitable for use as input to the next stage;

Those test runs in which there was no nagnetic effect to be
corrected for were not processed through this stage but bypassed it.
This was earried out by writing the programme in such & way, that when
the computer came to such a test set of date, it did not carry out a
magretie correction but simply punched a corresponding autguﬁ set of

dats.

;
; ,

17.7 THE APPLIED HY'RODYUANIC FORCE PROCRANVE

The corrected amplitudes and phase angles of the various freguency
components of the complex waveform f’(x} formed the output from the
previous computing stage. Since the initial source date ( see sections
17.1 and 17.2) was obtained from either torque or thrust waveform rezeords,
the subsegquent processed data also refers to torque or tirust (in
the tail shaft). It is shown later that although informatisn on the
torque and thrust waveform components in the tail shaft is of yalue,
this data is only applicable to a particular ship tested. It is much
more useful for test results to be presented in terms of the hydrodynamic

foreces applied to the propeller. If sufficient dats is obtained in
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this form for sufficient numbﬁr of ships, a correlatiosn between the
applied hydrodynamic forces and the major shape parameters of the
ship and propeller should become possible,

In the present case, therefore, the caleculation of the appiied
hyirodynamic forces was attempted. In the case of torgue, it was
possible to compute with sowe confidence the applied hydrodynamic
torque corresponding to the torgue waveform in the tail-shaft, since
the dynamic parsmeters of the system, including the damping, were either
known or could be estimated to a reasonable degree of sccuracy. In the
thrust case, however, it was initially felt that some of the dynamnic
parameters were not known sufficiently accurately for a reasonable
estimation of the applied hydrodynamic thrust to be made, Heasurements
were nevertheless made during the tests in an effort to determine some
of these parameiers particularly the thrust block flexibility. The
stiffness of the thrust block was found from these tests to be about
4.1 x 107 1bf/ft. The total mass involved in axisl vibration (inelud-~
ing an allowance on the propeller mass of S0% for entrained water) was
estimated as 43 ton., The frequency for the first mode of axial vibration
{of the propulsion system on the thrust block) was calculated from
these figures as just over 2,000 cycle/min, The frequency of axial
vibration of the propeller against the stiffness of that section of
shaft between the propeller and the gauge-location is estimated to be
many times greater than 2000 cpm., Under these conditions, therefore,
the instantaneous thrust force as measured in the shaft at the gauge-
location will be equal to the instantaneous applieﬁ,hy&rgdynémic thrust

on the propeller, to a high degree of aaéuraqy. Thus the measured
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tailshalft thrust may be taken as egual to the applisd hydredynamie
thrust, ne Turther calculation being in fact necessary,

The propulsion system of the ore-carrier is shown diagrammatically
in Fige 17.4e It consists of a multiple-branch system baving four
branches with two inertiss in each branch. Damping is assumed %o be
negligible except at the propelier., A discussion of the variosus types
of damping which occur in a ship shaft-system of this type is given in
Refs 17.3. It may be seen from the discussior in this reference that
in 8 typical turbine propulsion system, the propeller damping term is
the only significant damping term in the system,

An anslysis of this systenm was carried out for a foreing function
£ (x) representing the applied hydrodynsmic borgue function applied
to the propeller. The analysis was derived using the mobility method
for the solution of forced vibrations ( Ref. 17.4). {The schematie
diagram of the propulsion system for this analysis is shown in Fig.17.5)
The corresponding computation in the programme was carried out for
each harmoniec component of the forcing function in turn, The form of
sach Forcing component was assumed to be Tn sin wt, 7The ferm of the
corresponding torgue variation in the tailshaft, caused by this fercing
component, was assumed to be T sin(et + @).'?ﬁ and T are thus the
amplitudes of the harmonic torgue components, for the applied hydrodynamic
torgue and the torgue in the tsil-shaft respectively. The angle ¢ is
the phase apgle between the fovrcing torgue and th@“torqaa in %hé tail
shaf't. The programme Tirst caleulates the ratio*% and the correspond-
ing angle ¢, at the appropriate freguency w, for each of the c@mpﬁﬂﬁﬁﬁs‘

of the torgue waveform in the tail-shafi




Fig, 17.4 Diagrammatic arrangement of ore-carrier

propulsion system,




Propeller Bull-gear




Fig. 17.5 Schematic diagram of propulsion system

for mobility analysis.
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The values of T" for each component are then computed, The output
from the programme is therefore the amplitude and phase angle of each
of the harmonic components of the forcing torgue, The amplitudes are
also computed as percentages of the mean torque in the tail~shaft, and
these values form part of the output from the programme,

The estimation of propeller damping was made in the following way.
Provision had been made in the mobility analysis programme for the
damping to be fed in aé a variable, since there were one set of damping
values relating4to the sea trials tests and another set relating to the
sea voyage. From the sea trials data of ship B a graph was prepared
of shaft horsepower versus rpm under steady conditions. This data
was replotted as torque versus shaft speed on a logarithmic basis when

it was found that the equation
¢ = 134 w212 (17.18)

where Q is in 1bf-ft and N is in radians/second

represented the data to a high degree of approximation, The relation-
ship between the torque Q and shaft speed N was thus a power relation~

ship of the form

where K and n are constants. For the sea voyage of ship B a similar set of
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graphs were prepared, and an equati.n of the same ferm, but with
different constants, was cbtained. In the sea voyage casse the eguatien

wasa

g = 10@6@2‘25 : (17.20)
for the test series B2-B
It is shown in Ref, 17.5 that the propeller damping constant BP is

given by

B = 24 (17.21)

i.e by twice the slope of the propeller torque versus angular
velocity curve,

Since the torgue versus angular velocity relationship is a power law
of the form given in equation { 17.19), the propeller demping constant

ean be derived as

B = 2%—% = 2Kn 71 (17.22)

The computer programme was arranged so that the constants K and n were
input data. Depending on whether the data being analysed was from the
sea trials or the sea voyage, the appropriate values of these constants

were used,




CHAPTEN 18

THE DIGITAL COMPUTER PROGUANES POR THE ANATYSIS OF BESULTS -

FREE AND RESONANCE VIBRATIONS

18,1 INTRODUCTION

Turing beth the sea trials and the ses voyage, there occour a
nugber of records of free vibration of the propeller. These were
generally obtained when the ship was stationary or only moving slowly.
They usually oeccurred at a condition where the propeller which had
been rotating slowly in one dirsction wmss rotated slowly in the other
direction, the reversal of direction giving a slight transient load %o
the system causing it to vibrate in the free mode, From these sections
of record, the values of the frequency of the oscillation and the
amplitude of the oscillation ( as a torgue in the tail-shaft) wers
determined., This data was used %o obiain valuss of hydroedynamie
iﬁ@rtia for the varisus amplitude conditions, s described in the
Pollowing sections.

The wvarious stages of computation are shown in Fig, 18.1. These
stages and their correspondicg digzital eémpat@m programmes ars discussed

in detsil iv the Pollowing sections,.

18,2 THE HOLZER ANATLYSIS

A generalized Holszer-analysis programme was developed, which was
capable of dealing with a multi-branched system having up 0 six
branches { from a single point), each branch containing up 4o six

inertias,.




Fig. 18.1 TFlow sheet for analysis of data

(free and resonance vibrations)
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The method by which the Holzer calculation was carried out
is as follows ( Refer to Fig. 18.2). The branches were assumed to be
initially uncoupled at O, Each branch was assumed to be barmonically
oscillating in the torsional mode, at the same frequency. The
amplitude of escillation was assumed to be one radian at each of the
ends A,B,C,--- of the branches. For each of these branches ( by methods
given in standard texts on vibrati§n) the corresponding amplitudes
at point O were calculated, One of the branches (A) was taken as the
reference branch and its amplitude at O was taken as the standard
amplitude, The vibrations in the other branches were adjusted so that
the amplitudes at O were equal te the standard amplitude, by multiplying

the amplitudes in each branch by the appropriate one of the following

ratios:-

o3, b, (16.1
Plp Plo

The torques in the branches were adjusted by the same ratios, In
particular, the torgues at O were adjusted by the same ratios. Although
the amplitudes at O of the branches A,B,C,~-- were now equal, the
values of the torques at O were not necessarily the same., Since all
branches had the same amplitude at O and since the oscillatioﬁs were
assumed to be in phase the branches could now be imaginea as being

coupled together at O. The torques due to the variocus branches at O were




Fig, 18.2 Diagrammatic arrangement of generalised

propulsion system for Holzer analysis,







then added algebraically, If the algebraic sum of the torgues was
zero, then no external torque would need to be applied at O to maintain
the vibrations in the various branches, Therefore, the branches
could be assumed to be vibrating together in one of the natural frequency
modes of the system, If however, the torgques did not add to zero at O but
gave a residual torque, then in order to maintain the vibration an
external torgue of this magnitude would have to be provided, The
system would therefore be vibrating under forced vibrating conditions
and would not be at one of the natural frequency modes of the system,
In the programme the above calculations were repeated for a series of
frequencies, known as the scan frequencies, each successive scan
frequency being larger than the previous scan frequency by an amount AP,
The scan interval Af was a variable in the programme and could be
inserted in the input as any desired value., The programme was arranged
to begin at zero frequency and to repeat the calculation for the
successive values of scan frequency until the residual torque changed
sign, At that point, by back-interpolation the frequency at which the
residual torgue was equal to zero was calculated and printed out as the
natural frequency of the first mode of the system. The calculation
process was then repeated until the next natural frequency was obtained,
and so on until all the modes of the system had been obiained.

The propeller inertia used in the programme was equal to the sum
of the propeller mechanical inertia plus the hydrodynamic inertia Ih'
A series of values of Ih ranging from 5 % to 4O % of the propeller

mechanical inertia, in steps of 5 % were chosen. For each of these
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values of hydredymamic inertia, the Holzer programme was run to
determine the natural freguencies of all modes of the propulaion
system, From these results the graphs given in Figs, 18.3a and 14,3b
showing the variastion of the natural frequencies with hydredynamic
inertis were prepared.

T+ will be noted that the frequencies for the 1st and Znd modes
of vibrations are very close together. From the values of natural
frequency obtained from the test records for the free vibration cases,
the values of the hydrodynasiec inertia Ih were caleulated using
Figs. 18.3a and 18.3b. It was evident that the mode of vibration in
every case was either the 1st or Qn& mode { or more probably a beating
vibration betweenthe two modes since they are very clese together).
The values of the Ih were caleulated first as if the vibration was
occurring in the first mode and secondly as if the vibratiocn was
cceurring in the second mede, These values, which did not aiffer

greatly, were then averagsd.

18,3 THE ¥oDIFIED HOLZER ANALYSIS

A modified Holzer programme was doveloped, wﬁigh was very similar
to the Holzer analysis described above, except that the caleulation
gr@caéure at any given freguency was as follows. (R@far to Fig.18.2).
As in the case of the Holzer calculation the adjusted tergues and
amplitudes were caleulated at O for each of the branches A,B,0,~-=,
but not, however, for branch F. Branches A, B,C~-F were then assumed

to be coupled together at O and the torques added to obtain a residual




Fig, 18.3a Natural frequencies for the ore-carrier
propulsion system versus percentage

hydrodynamic inertia - MNodes 1 and 2,




//

MODE 2

MODE 1

24

o Q ©
(9 4 =

(,_0bx’'Wd'J) AON3IND3d4 300W

16

50

40

30

20

10

P/C ENTRAINED INERTIA




Fig. 18.3(b) Natural frequencies for the ore-carrier
propulsion system versus percentage

hydrodynamic inertia - Modes 3 - 7.
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torque at O. This torgue was assumed to be applied to branch P

atkﬁ, causing OF tc be set into vibration. Caleulation then proceeded
along branch P, from O to P, to obtain the amplitude of escillati n
at P, The torque in the tail-shaft section of branch P was also
computed, Since the programme was only used for calculatiors at a
frequency equal to ore of the natursl frequencies { previcusly
determined from the Helzew aﬁalysis} there was ne residusl borgus at
P. The ratic of the torque in the tail-shaft section of branch OP

to the (angular) amplitude of oscillation of the pr@p&ll%ria% P was
then ealculsated and printed out.

For each of the experimentally determined values of natural
frequency obtained during the ship tests, the corresponding value of
hydredynanic inertia Ih was computed as deseribed in Section 18.2 frem
the results of the Holzer calculation. Corresponding values of
natural frequency and hydrodynamic inertia were tabulated (Assuming
Pirstly a first-mode vibration and secondly a second-mode vibration) .
Eech test conditich was referred 4o as é‘“rua“. For earh “run®
e inertia I, and a corresponding value of

h

natural frequency was fed into the modified Holzer computer programme.

the value of hyirodynami

The output from the programme gave the ratio of torgue in the tail-
shaft to the amplitude of the propeller es-illation, for each rum.

The measursd value of torgue im the tail-shaft was then divided by
this ratic to obtain the angular amplitude of oscillatico of the
propeller for the particular run., There were of course, twe values of
amplitude determined in each case, corresponding to an assumed 1st meode

vibration and an assumed Z2nd mode vibratisn,
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CHAPTER 19

THE SCOPE OF THE FULL-SCALE SHIP TESTS

19,1 INTRODUCTION

This part qf?the thesis describes the most recent full-scale ship
tests, which Were §arried out on two 19,000 ton ore carriers. The
objects of these tests were : ’

(1) To further develop instrumentation for the measursment of

fluctuating forces in ship tail-shafts.

(2) To obtain data on the tail-shaft fluctuating stresses
under various conditions of operation.

(3) From the fluctuating stresses to calculate the applied
hydrodynamic forces on the propeller, for various conditions
of operation.

(4) From measurements taken of natural resonances of the
shaft system when excited under various conditiomns, to
obtain full-scale data on the virtual inertia of propellers.

(5) To obtain information on the thrust-block rigidity, and

damping.

19,2 DESCRIPTION OF THE SHTPS

The vessels tested in these investigations were two sister ships.
These were 19,000 ton turbine-powered ore-carriers, deéigned and built
in Australia for coastal use, The major dimensions of these vessels are
given in Table 19.1. The lines and after-body arrangement are shown

in Fig. 19.1.




Fig. 419.1 Lines plan and afterbody arrangement of

ore-carrier.
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TABLE 19,1

Major Dimensions of the Ore~Carriers

Length between perpendiculars 550 £+
Moulded breadth 70 £t
Moulded draft 30 £+
Displacement ( TLoaded) 26,100 ton
Block coefficient 0.78

Details of the propeller which was designed from the Troost

"B geries ( See Ref. 19.1) are given in Table 19.2

TABLE 19.2

Particulars of Propeller

Diameter 17.5 £t
Number of blades | 4 |
Rake 10°

40
Skewback 102
Designed pitch - at tip 13.65 £t
Designed pitch - at root 10,92 £t
Pitch ratio ( at 13.65 £t pitch) 0.78
Developed area ( outside boss) 119.6 £t
Projected area ( outside bosz) 111.2 £4°
Area ratio ( developed) 0.496
Area ratio ( projected) 0,462
Blade thickness ratio 0.056

Boss diameter to screw diameter (on rake line) 0.20
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19.3 DESCRIPTION OF THE INSTRUMENTATION

For the ore carrier investigations described in this part of the
thesis, measurements of the instantaneous torque and thrust stresses
in the tail shaft were made using strain-gauges cemented to the tail-
shaft surface. The output from the gauges was amplified by transistoris-
ed preamplifiers attached to the rotating shaft. The ampiified output
was then transmitted via sliprings to the recording equipment, A
detailed description of the instrumentation is given in Chapters 14 and
15.

Simultaneous measurements were also made of thrust-block deflection,
shaft rotational speed, shaft angular position, water depth under the
keel, and shaft horsepower, Records were also made of wind strength
and direction, seaway conditions, rudder position, and air and sea

temperature,

19,4 OPERATING CONDITIONS DURTNG THE TESTS

Three series of tests were carried out on the 19,000 ton ore
carriers as follows:

(1) Series A
These were carried out on ship A during the maker's sea
trials,

(2) Series B4
These were carried out on ship B during the maker's sea
trials,

(3) Series B2

These were carried out on ship B during the course of a




6,000 mile voyage around the coast of Australia. The

outward voyage was made under ballast at an average draft
of 22 f% and the return voyage fully loaded at an average
draft of 30 ft. The tests carried out in this series can be

subdivided inte two groups:

B2-A
These were carried out at the nominally steady cruise speed
of 115 rpm, The main variation in operating conditions was
that the depth under the keel varied from 13 £t to L5650 ft.
There were also variations in the sea state; and wind strength
and direction.

B2-B

These were speed trials carried out in deep water over a range
N

of rpm. ]

The operating conditions during the various tests are summarised

in Table 19.3

TABLE 19.3

OPERATTING CONDITIONS DURING TESTS

Test Series A B1 B2-~4A B2.B
Draft (ft) 23,0 22.5 22,30 30
Shaft speeds-nominal (rpm)| 60-110 | 80-115i 115 - 65-112
Depth under keel (ft) 40-50 | 40-50 | 13- 460 - 460
Sea state Smooth | Slight|{ Smooth- Medium
Medium seas; seas
Wind (Beaufort scale) 3-5 IR 0-7 6-7




CHAPTER 20

THE BESULTS OF THE FULL-SCALE TESTS

20.1 THE ANATYSIS OF RESULTS

The anslysis of the results may be conveniently discussed under
the following headings:

(1) The tail-shaft torque and thrust fluctuations

(2) The applied hydrodynamic fluctuations

(3) The virtual inertia of the propeller

The analysis of the results is briefly discussed in this order
in the following sections., For a detailed discussion of the analysis see
Chapters 17 and 18,

20.1.1 The Tail=Shaft Thrust and Torgque Fluctuations

‘The thrust and torque stresses were recorded during the tests

in the following forms:e=

(1) The torque and thrust were both recorded as ink-on-paper
traces, using a 8 - charnel pen-recorder. The fluctuations
on the records were small in comparisen with the mean values,
and thus no attempt was made to use these records to obtain
fluctuating values, These records however, were used to
obtain mean values by drawing a mean line through the
fluctuations on the traces

(2) The mean values of torque and thrust were blocked in the
tnstrumentation by means of a specially developed impedance
converter, wiich however, transmitted the fluctuations with

negligible phase change. These fluctuations after further
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amplification were recorded on the 8~channel recorder.
(3) The mean values of torque and thrust voltages were measured
directly using a highly-damped moving-coil meter.

Movement of the thrust-block,propeller angular-position pulses,
and a half-second timing pulse, were also recorded on the 8-channel
paper. Marker pens in the recorder were used to identify records by
means of a coded pattern of signals. & Eypical sections of chart
record gre shown in Fig.17.2.

From the chart records, values of mean torque and thrust were
calculated and were checked against the values obtained from the moving-
coil meter, Peak-to~peak amplitudes of fluctuations were also taken
from the chart over selected portions corresponding to various operation-
al conditions.

Harmonic analysis of the torque and thrust waveforms Weré carried
out for selected sections of the records, This required that the
wave-forms be first converted to tables of corresponding ordinate values.
As some 35,000 ordinates were required, the task would have been a
formidable one if carried out manually. An automatic digital curve
reader ( Chapter 16) was therefore designed, developed, and manufactured.
In this instrument a photo-electric reading head coupled to a digitiser
scans the ink traces on the recorder paper, Changes in photo-cell
output as the "eye" of the head passes over the tréce are used to trigger
a pulse through the digitiser, The ditigiser output signal at that
jnstant to be recorded in an electronic memory. The memory is then
interrogated, and the memory output used to operate a digital printer,

The machine can be preset to read a given number of ordinates, with
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given spacing between the ordinates. A serial mumber for each ordinate

is also sequentially generated within the machine, and printed on the

output tape. The machine output is therefore a strip of paper tape
on which is printed the serial numbers of successive ordinates and their
corresponding digital ordinate values.

Using the automatic digital curve reader, the ordinates for
selected sections of torque and thrust waveform were cbtained in tabular
form, These values were then used as input data for a digital computer
programme ( See Chapter 17) which carried out the harmonic analysis
after first removing the superimposed low-fregquency "swinging® of the
traces which was associated with the ship motion in the seaway (See Fig.
17.2)

During the voyage, the ship passed through a highly magnetic region
and became strongly magnetised, The intensity was sufficient to cause
appreciable magnetic fields inside the ship. ILines of force passing

’ hY
appfoximately vertically thraugh the engine-room caused the strain-
gauge connecting leads to generate a once=-per-revoluticn voltage
sufficiently large to require correctionfor,By switching off the strain-
gauge power supply the magnetically induced signal could be recorded
on the 8-channel recorder, These records were later read by the
automatic digital curve reader, Tha;appropriate ordinate values were
then fed into the digital camputerlérogramme and used to correct the

results from the harmonic analysis of the torgque and thrust waveforms

(See Section 17.6).
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Other data such as echo-sounder records, shaft torsion-
meter readings, and pitotmeter readings were correlated as
necessary with the information taken from the 8~channel
recorder, Corrections for instrumentation calibrations were
also carried out where necessary.

The Applied Hydrodynamic Fluctuations

From the data obtained in the manner described in Section
20.1.1, and from a knowledge of the dynamic parameters of the
shaf't system, the applied hydrodymamic torgue on the propeller
was calculated, The moﬁility method was used, a digital comput-
er being employed for the detailed calculations ( See Section 17.7)
The virtual inertia used for the propeller was the value
obtained during the tests { See Chapter 18). Values for
propeller damping were calculated from the torque characteristic
of the propeller according to the method given in Ref.17.5.

It is shewn in Chapter 17 that it is not necessary to
calculate the applied hydfcdy;amic thrust on £he propeller,
since the dynamib'parameters éf the shaft system for axial
vibration are such that the applied hydrodynamic thrust is

equal te the tail-shaf+t thrust to a high degree of accuracy.

The Virtual Inertia of the Propeller

Records of tcrsional natural vibration of the propeller
in the firsf mode were made on several occasions during the tests.
Using a generalised Holzer method ( Chapter 18) the natural
torsional frequencies for the shaft system were calculated by

digital computer, for values of virtual inertia between O and
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40 %, These values when plotited, allewed the determinmation
of the virtual inertia from the various recorded values of
natural torsional frequesncy. The corresponding angular
amplitudes of propeller oseillation were caleculated from the
torque variations rscorded in the tailshalt, using a modified

Holzer analysis { See Chapter 18).

20,2 BESULTS
The results sre presented in graphical and tabular form, and are
conaidered in detail under various headings in the fellowing sube-secticns.

20.2.1 Peak-to-Peak Fluctustions

The torgue and thrust fluctustions Ag snd At are plotted
against rotational speed N for conditine during the sea trials
of shipe A and B in Figs., 20.1 and 20.2, and for conditions
during the voyage of ship B in Figs, 20.3 and 20.4. The sea
trials data has been replotted in a dimensionless form in
Figs. 20.5 and 20.6. The justification for this method of
dimensionless pletting is given in Appendix III., For shipo the
mean torgue during the tests may be eobitained From the relationships
given in Section 17.7, snd the mean thrust from the curves given
in Appendix IV,
The following features may be observed from Figs. 20.1=20.6:-
{1) There is considerable scatter evident in the resulis from
a given test series. This is a feature which has been noted
in other full-scale tests { Ref, 20.1)}. This would appear

to be due to slight variations in shaft spesd ( See Ref.20.1)




Fig,

20,1

Shaft torque fluctuations AQ (peak-to-peak)
versus shaf't speed N for ship A during Test

Series A, and for ship B during Test Series B1
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Fig. 20.2 Shaft thrust fluctuations AT (peak-to-peak)
versus shaft speed N for ship A during Test

Series A, and for ship B during Test Series B1,
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Fig. 20.3 BShaft torque fluctuations AQ (peak-to-peak)
versus shaft speed N for ship B during Test

Series B2-B,
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Fig. 20.4 Shaft thrust fluctuations AT ( peak-to-peak)

versus shaft speed N for ship B during Test

Series B2-B,
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Fig. 20.5 Percentage shaft torque fluctuations %9
versus thrust coefficient Kt for ship A
during Test Series A, and for ship B

during Test Series B1,
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Fige 20.6 Percentage shaft thrust fluctuations %2

versus thrust coefficient Kt for ship

B during Test Series B1.
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and variations in depth,wind,seaway, and motion of the

ship.
There is appreciable deviation between the results not only

of the two sister ships, but also between the results of the

same ship on two different occasions, This is probably

only partly due to the factors given in (1) above, The main
cause is probably the difference in hull fouling., This would
cause not only differences in the velocity pattern of the
fluid stream entering the propeller disec, but would also
caﬁse variations in hull resistance,

Despite the deviations discussed in (1) and (2) above, the
general trends in the corresponding curves are the same

(see below)

(4) Bxcept in the neighbourhood of a torsional resonance, the

(5)

(6)

torque fluctuations AQ remain approximately Qonstant with
speed rising slightly, however, with increase in spesed. The
fluctuations expressed as a percentage of mean torque, decrease
with increase of thrust coefficient Kt.

The thrust fluctuations AT increase with inereased speed.,

The fluctuations expressed as a percentage of mean thrust,
remain approximately constant with thrust coefficient Kt’
possibly decreasing slightly at the highest and lowest

valqes of Kt'
Whether a wind of as low a velocity as 15 knot is ahead or

astern makes an appreciable difference to the values of

AT and %2, but 1little difference to AQ and 89 ]
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(7) The plotting of AT and AQ data in the dimensionless form
used in Figs. 2065»and>20.6 would appear to give some
improvement in correlation, especially for the torque data.
The data in Figs. 20.T~—‘20.6 hag been taken from tests at

approximately constant depths ( see Table 19.3). Howe%er,»ncne

of this data refers to very shallow water tests. To determine
the effect of shallow depth on AQ and AT, data from ship B during

Test Series Be~A covering a wide range of depths at a constant

nominal spéed has been plotted in Figs, 20,7 - 20.10.

The torque and thrust fluctuations AQ and AT have been
plotted against depth below the surface H, in Figs., 20.7 and
20.8. This data has been replotted in dimensionless form in
Figs. 20.9 and 20.10,

The following features will be noted from Figs, 20.7 - 20,10:=
(1) There is 1ittle change in the torque fluctustions even at

very shallow depths, AQ appears to increase very slightly at

very shallow depths, whereas & appears to &ecrease very

Q
slightly. (The decrease of 48 may be due to an insufficient

Q

number of data points, as it is later shown that the

harmonic components of AQ when plotted as percentages of

mean torgue, show a definite increase at wery shallow

depths). The effect of bottom depth first becomes perceptible

when the depth under the keel is about 2 propeller diameters.
(2) The effect of depth on thrust fluctuations is quite marked,

The trend for both AT‘anﬁ-%z is for an increase, as depth

decreases, There is no noticeable effect, however, until the




Fig. 20.7 Shaft torque fluctuations AQ ( peak-to-peak)
versus sea depth H, for ship B during Test

Series B2 -A. (Draft 30 ft)
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Fig. 20.8 Shaft fluctuations AT ( peak-to-peak) versus

sea depth H, for ship B during Test Series

B2-A ( Draft 30 ft).
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Fig., 20.9 Percentage shaft torque fluctuations £

' Q
Depth below keel H £ hi
Propeller diameter D or Saip

versus

B during Test Series B2 - A (Draft 30 ft)
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Fig.

20.10

Percentage shaft thrust fluctuations'%2

?
Depth below keel H
Propeller diameter D

versus for ship B

during Test Series B2-4 ( Draft 30 ft)
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depth under the keel is below about 2 praéeller diameters,
It is worth recording that the surface force fluctuations
on thévhuil, as noted subjectively from the increased level
of plate vibration Iincreased very considerably at very shallow
depths, |

The Harmoniec Components of the Tailshaft Torgue and Thrust

The harmonic analysis of the tailshaft torque and thrust
waveforms was carried out up to the 24th harmonic of shaft
rotation, After the 12th harmonic, however, the amplitudes
of the components were generally insignificant, and have not
been included in the data presented in the following sections.
Plots were made of the phase angle relat;onships under various
conditions, but it was found impossible to obtain any valid
correlations., TFor auny given steady test condition it was found
that the phase angles obtained from analyses of sections of
record only a few hundred revolutions apart differed widely,
although the amplitudes of the harmonic components for the
same records showed reasonably good correlation., Even for
successivé revolutions the phase angles showed poor correlation,

in contrast to the amplitudes of the components. The scatter

in the amplitudes of the harmonic components at any given

steady condition, varied from slight to considerable. For one

particular run where conditions were apparently unusually

~ steady, the variation in the amplitudes of the harmonic compon-

erts for six analyses taken at intervals during a peried of

over 200 revolutions, was negligible, On other occasions, there
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was appreciable scatter between the results taken over a
similar period. For analyses taken from successive revolutiouns,
however, the amplitudes of the harmonic components were almost
identicaliin each‘case. This is in contrast to the results
obtained by 3ilverleaf ( Ref. 20.1), where data from successive
revolutions did not show such a good correlation, The results
obtained by the present author lead him to disagree with the
conclusion expressed by Silverleaf, that "even when freedom
from one set of ( critical) vibration modes is achieved,
interaction effects between different modes occur within the
normal ship operational range of propeller speeds and this
confuses the interpretation of measured shaft strain fluctuations”.
Interaction between the critical vibration modes of a multi-
degree-of-freedom system does not usually occur. The dynamic
coupling between modes is not significant unless the modal
frequencies are close together, in which case a periodic inter-
change of energy is possible., In ship propulsion systems,
the results of a harmonic analysis of torque or thrust will be
suspect, very close to a critical mode, in any case. If two
modes are close together, this will simply mean that the region
in between as well as the adjacent regions on either side, are
regions in which the results of a harmomic analysis will not be
very trustworthy, It is the opinion of the author that the
scatter observed in the experimental results is associated with
slight variations in shaft speed ( See also Ref, 20.1) together

with variations in wind, seaway, and motion of the ship, rather
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than with energy interchanges between modes of vibration., The

possibility of coupling between the torsional and longitudinal

modes of vibration via hydrodynamic effects at the propeller
should not, however, be overlooked, This possibility has
been investigated by Lewis who has shown ( Ref.20,2) that
provided the longitudinal frequency of vibration is at least
twice the frequency of the lowest torsional mode, the coupling
of the longitudinal and torsional meotions by water inertia

and damping will be weak. Except for very unusual designs,

then, the 1ikeiihoad of this coupling being significant is

negligible,

The variation of the harmonic components of torque and thrust
with shaft speed are summarised in Figs. 20,11 and 20.12, for
conditions during the sea trials and voyage of ship B. The
following features may be observed from these figures:-

(1) The fourth harmonic component(which is the first harmonic
of blade frequency) is as would be expected, the dominant
component, The eighthharmonic, which might also be
expected to be prominent, is significant in the thrust

case but not in the torgue case.

(2) In the torque results, the prominence of the third
harmonic in the voyage data ( Series B2-B), and of the
first,second and third harmonics in the sea trials data
(Series B1), is unexpected, Since the major difference

between the voyage and sea trials data is in the draft




Fig.

20,11

The semi-amplitudes AQ of the harmonie
components of shaft torque ( expressed as

a percentage of mean torque Q), for

various shaft speeds.,

(The draft at which these results were taken
was 22.5 Pt for Test Series B1 and 30 £t for

Test Series B2-B )
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Fig.

20,12

The semi-amplitudes AT of the harmonic components
of shaft thrust (expressed as a percentage of

mean thrust T), for various shaft speeds.

This figure also applies to the applied hydre-
dynamic thrust, since this is equal to shaft thrust.
(The draft at whiech these results were taken was
22.5 't for Test Series B1 and 30 £t for Test

Series B2-B)
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(22.5 £t for sea trials, 30 £t for voyage) it might be
postulated that this accounts for the difference in the
two sets of results. It is possible, however, that the
different states of fouling on the hull may have had some
influence on the results. It is unlikely that variations
in depth between the two test conditiocns was significant
since the voyage results were taken in deep water, and
the sea trials results were taken in water which although
comparatively shallow was deep enough not to influence
the results appreciably ( See following sections for
effect of depth)

The torque results generally show an increase in the
semi~amplitudes of the components as the shaft speed
decreases down towards the first and second critical
speeds which occur at approximately 50 rpm. At the
higher speeds, the amplitudes either remain derrease or
remain constant,

In the thrust results, the prominence of the first,
second and third harmonics is unexpected., As in the case
of torque ( see (3) above) the differences in character
between the sea trials and voyage data may be tentatively
ascribed to the effect of draft, possibly influenced to
some extent also by fouling and sea depth effects.

The thrust results generally show an increase in the semi-
amplitudes of the components as the shaft speed increases,

At the lowest shaft speeds, however, there is also an
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increase in some components, at certain conditions.
The effect of sea depth on the torque and thrust components is
shown in Figs., 20.713 and 20.14. It will be seen that in
almost every case, there is a marked increase in amplitude at
the shallow depth, The curves from which Figs. 20.13 and 20.14
were abstracted showed a sharp bend upwards when the water depth
under the keel had decreased to abuut two propeller diameters.
There was little increase in the amplitudes until the water
depth under the keel had decreased to about three propeller
diameters, however, The curves were generally similar in shape
to those shown in Fig, 20.17,.

The Harmonic Components of the Applied Hydrodymamic Torgue and

Thrust

The harmonic components of the applied hydrodynamic tergue
and thrust were calculated, up to the 24th harmonic., As in the
case of the components of shaft torque and thrust ( Section 20.2.2)
the components above the 12th were insignificant, and were
neglected., The remarks given in Section 20.2.2 about the
consistency ( or otherwise) of phase angle and amplitude data
under various conditions, also generally apply to the harmeonic
companents of the applied hydrodynamic terque and thrust.

The variation of the harmonic cemponents of torque and thrust
with shaft{ speed are summarised in Figs, 20,15 and 20.12, for
conditions during the sea trials and voyage of ship B. The
following features may be observed from these curves:-

(1) The fourth harmonic component ( which is the first




Fig., 20.13 The semi~amplitudes AQ of the harmonic components
of shaft torque ( expressed as a percentage of
mean torque Q) for shallow and deep water,

(From Test Series B2-A, draft 30 ft, shaft speed

115 rpm nominal)
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Fig.

20.14

The semi-amplitudes AT of the harmonie
components of shaft thrust ( expressed as
a percentage of mean thrust T) for shallow
and deep water.

This figure also applies to the applied
hydrodynamic thrust, since this is egual
to shaft thrust.

(From Test Series B2-A, draft 30 f£t, shaft

speed 115 rpm nominal)
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Fige

20,15

The semi-~amplitudes AQ of the harmonic components
of applied hydrodynamic torque ( expressed as

a percentage of mean torque Q), for various

shaft speeds.

(The draft at which these results were taken was
22,5 £t for Test Series B1 and 30 £t for Test

Series B2-B)
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harmonic of blade frequency) is as would be expected,
the dominant component., The eighth harmonie, which might
also be expected to be prominent, is significant in both
torque and thrust cases ( cf. the shaft torque data in
Fig. 20.11, in which the eighth harmonic is suppressed),

(2) In the torque results, the First,second and third harmonics

are not as prominent as they were in the case of shaft
torque ( Fig. 20.11). On the other hand, harmonics 5 to
12 appear much more prominent than would be expected.
For these highsr harmonica'h@wever, the damping assumed
in the mobility analysis is‘prnbably in some error, and
this may partly account for the unusual results. It is
likely, however, that the higher harmonics are quite
significant. The reason for the difference between the
sea trials énd the voyage data is probably the same as is

. given in Section 20,2,2, sub section (2),

(3) The torque results generally show a definite increase
in the semi-amplitudes of the ccmponents as the shaft
speed increases, At the lowest speeds shown, there also
appears to be an increase in amplitude,
(4) The applied hydrodynamic thrust results are the same as
the shaft thrust results, and the remarks in Section 20.2.2
subsections (4) and (5) alse apply.
The effect of sea depth on the torque and thrust components is
shown in Figs. 20,16 and 20,14, The curves from which these

Figures were abstracted are illustrated by Fig,20,17, which shows




Fig.

20.16

The semi-amplitudes A{ of the harmonic components
of applied hydrodynamic torgue { expressed as a
percentage of mean torgue §) for shallew and
deep water,

(From Test Series Be-A, draft 30 £t, shaft speed

115 rpm nominal),
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Fig.

20.17

The variation of semi-amplitudes AQ and AT
of the fourth harmonic component: of
applied hydrodynamic torque and thrust
(expressed as a percentage of mean torgue
and thrust respectively), with depth.
(From Test Series B2-A, draft 30 ft, shaft

speed 115 rpm nominal), 5
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the effect of depth on the fourth harmonic, It will be seen

that depth: has little effect until the depth under the keel
is about three propeller diameters, When the depth under
the keel is about two propeller diameters, the curves are
beginning to turn sharply upwards, At the very shallow depths
there is a marked increase in amplitude,
20.2.4 The Propeller Hydrodynamic Tnertia

The hydrodynamic inertia of the propeller, caleculated
in the manner described in Chapter 18 and Section 20.1.3,
are given in Table 20,1, These values are presented as per-
centages of the mechanical inertia of the propeller, It will
be seen from this table that the hydrodynamic inertia varies
only over the range 21 to 26 %. This is for a wide variation .
in operating conditions, The draft #aries from 22.5 £t to
30 £t, the ship velocity varies from slow ahead to astern
(probably slow), the sea depth varies from 34-96 ft, and the
shaf't speed varies'from slow ahead to slow astern. The
propeller amplitude varies from0.16x 107> to 2,43x 10"

radians,

These results reinforce the conclusion given in Chapter 13
( based on model tests), that is, that the hydrodynamic inertia
of a propellér is primarily a function of its shape, The
effect of amplitude of oscillation, propeller Reynolds number
or propeller loading on the hydrodynamie inertia is small,

It is of interest to compare the average value obtained
from the full-scale tests with those calculated from the Lewis

and Burrill formulae, This comparison is given in Table 20.2.




TABLE 20.1

HYDRODYNANTC INERTTIA OF THE PROPELIFR
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B 22,5 |very slow |34-50]| 1.96 0.55 28.0 23,5 25.8 Shaft stopped then just moving forward
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TABLE 20,1
HYDRODYNAMIC INERTIA OF THE PROPELLER Contd.
— e Bl
® M © ; R
249 o5 Hydrodynamic inertia of the ‘
-l AR prepeller as a percentage of the
B PER] | Bew mechanical inertia.
0 o G d — @™
o 2 O o.M 2,0 0
ol o S i g &
g 'ED' [ 'g :S é}i < g ('D Remarks
© P s 2 223 =Ry Vibration | Vibration| Average of
4 9 5 p pafl i ol = in Mode 1 | in Mode 2| Modes 1 & 2
® & = o £ 0@ Wwo o
. 5 | & 1 FEg dES
£t | knot f+ | Ton-ft | (radian x1 0> % % %
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B2-A 30 |very slowhO-60 1.95 0.55 28.0 23,5 25.8 Shaft just starting to rotate forward
B2-A 30 |very slowhO-60 Golt 1.81 28,0 23.5 25.8 Shaft just stopping
B2-A 30 tery slow LO-60 Lo L5 1.26 28.7 24,0 264 Shaft rolling slowly astern after stopping
B2-4A 30 fery slow LO-6O 542 1.53 27.3 23,0 25,2 Shaft stoppirg from slow astern, then rolling forward
B2-A 30 Yery slow {0-60 2.36 0.67 26,0 21.7 23,9 Shaft rolling forward after being stopped
B2-A 30 yery slow | LO-60] 1.81 0.5 24,5 20,5 22,5 Shaft rotating forward slowly
B2-4 30 VYery slow | L0-60] L.,17 1.18 28,0 23,5 25.8 Shaft rolling astern, then stopping
B2-A 30 fyery slow |40~60] 3,47 0,98 26.0 21.7 23,9 Shaft rotating astern
Wverage = 24.5




(The Lewis formula is given as equation ( 12.1) and the

Burrill formula as equation ( 12.5) in Chapter 12), The

value used for the propeller mechanical inertia was L4.45 x 105

1b -~ ft s calculated from the propeller drawing,

TABLE 20,2

EXPERTMENTAL AND CALCULATED VALUES OF HYDRODYNAMIC INERTIA

Experimental Average

%

Lewis formula
(4]

Burrill formula

%

* 24,5

16,4

17.8

It will be noted that the calculated values are rather

lower than the experimental values,




CHAPTER 21

CONCLUSIONS AND RECOMMENDATIONS

21.1 CONCLUSIONS

From the results obtained in the full-scale ship tests, the

following conclusions may be drawn:~

(1)

(2)

(3)

There is a greater variation in the harmonic components

of torgque and thrust frem instant to instant, during
apparently steady conditions, than is generally realized,

This applies to both shaft and applied hydredynamic torgue

and thrust. This scatter would appear to be associated with
variations in speed, wind, seaway and ship motien, rather than
with interchange of energy between modes of vibration of the
shaft system,

There are more significant components in the torgue and thrust
waveforms than are generally realized., The most significant
component is generally that at blade freguency., The component
at twice blade frequency is often prominent, but the component
at three times blade frequency is only significant under
certain conditions. The components at one,two and three
times shaft frequency are ( surprisingly) prominent under
many conditions,

The amplitudes of the harmonic components and their distribut-

ion with frequency, depends markedly on ship speed, water depth -

draft, and the degree of fouling of the hull ( and also on wind),




(%)

(5)

(6)

(7)

(8)

(9)

Bs
il
£

B

There is a pronounced increase in amplitude of the
harmonic components as the water depth under the keel
decreases below two propeller diameters,

Harmonics above the 12 order of shaft rotational speed
are generally insignifieant,

Phase angle relationships generally show very poor
correlation,

The amplitudes of the components of applied hydrodynamic
torque and thrust generally increase with increase of
shaft speed. The components of tailshaft torque, for
this particular ship, remained practically constant as the
speed increased to higher values, due to the dynamic
characteristics of the shaft system, The components of
tailshaf't thrust showed the same trends as in the case of
applied hydrodynamic thrust,

Because of the effects discussed in paragraphs (1) (2) (3)
(4) (6) above, the difficulties in the way of obtaining
precise measurements of harmoniec components of torque

and thrust for use as a basis of comparison with model
tests or calculated results, are greater than previously
realized,

The effect of variations in amplitude of oscillation,
propeller Reynolds number, and propeller loading on the
hydrodynamic inertia of a propeller would appear to be
small, over quite wide ranges of these parameters, Estimat-

ed values of hydrodynamic inertia for the propeller of the
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ore-carrier from the Lewis and Burrill formulae

are appreciably lower than the experimental values.

21,2 BECOMUENDATIONS

(1)

(2)

(3)

Since it is absolubely necessary to have reliablé,precise
values for the amplitudes of the harmonic components of
applied hydrodynamic torque and thrust, to form a basis for
comparison with the results of model tests and theoretical
caleulations, it is recommended that further ship testing be
carried out,

In further ship tests, a statistical approach will be necessary
because of the scatter in the data, This means the collection
of even large quantities of data than in the previous tests,
It‘may be advisable to use a spectral analysis approach in

the processing of this data, It is fherefore recommended
that future data be recorded on magnetic tape in the field,
either in digital or in analague form, The simplest method
would be to record the waveforms by amplitude-modulation of a
high-frequency carrier wave, The tapes could subsequently be
cut into sections, and these sections formed into loops, The
loops could then be run through an ( electronic ) harmonic
analyser, to obtain the harmonic components, An increased tape
speed could be used if necessary.

It is recommended that future ship tests be co-ordinated with

model tests or theoretical calculations.




(%)

(5)
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It is also recommended that an attempt be made +to

correlate the existing ship data with model tests or theoretical
calculations,

It is suggested that in future ship tests, measurements be

made of the fluctuating surface pressures on the afterbody of
the hull, o gather some full-scale information on surface

forces and moments.
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PART VI

RESEARCH ON

LOW -~ VIBRATION PROPULSION
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CHAPTER 22
RESEARCH ON LOW-VIBRATION PROPULSION

22,1 INTRODUCTION

It is apparent, that a stage has been reached in the evolution
ofAthe displacement vessel, at which the propeller-excited vibrations
are on the point of exceeding ( and have exceeded in some cases) the
level which can be considered as acceptable, Sinee the problem is
likely to become more serious { see Section 1) it was considered that
research directed towards low-vibration propulsior would be worth~
while., Accordingly, at the beginning of 1962, an investigation was
begun on possible configurations of propulsion systems for large displace-
ment vessels, which would have inherently lower vibration characteristics
than the éonventional propeller,

If the propulsion system is to be theeretically vibrationless,
there must be no fluctuating forces generated., If the emergy transfer
in the propulsive unit is to be by rotodynamic means ( i.e. by a rotor),
then physical reasoning indicates that the following two requirements
must be satisfied if there are to be no unsteady forces generated, The
first requirement is that the velocity field relative to each blade
should not change in magnitude or direction ( i.e. the velocity field
should be symmetric about the axis). This will mean that the blade
forcea will then be steady with time, The second requirement, which is
in some degree inter-related with the first, is that the net forces
due to the blade pressure fields on the boundaries be invariant with
time, This can only be achieved with a finite number of rotor blades

if the solid boundaries in the proximity of the rotor are symmetrical
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around the axis.

These two requirements can be summarised as : symmetry of flow

and boundaries, about the axis. Although this ideal may be impossible

to achieve in practice, it can be shown that the closer it is approached,
the smaller will be the unsteady forces., This applies to both ‘
requirements. ZEnclosing the rotor in a rigid duct for example, since
it satisfies the boundary symmetry condition will reduce the unsteady
surface forces even though the rotor may remain oper;ting in a non-
symmetric flow and be generating considerable unsteady rotor forces.

A number of configuratiéns which wholly or partly satisfy the
aboverrgguiréments have been considered, These fallbasically into two
groups:

(a) "0pen" configurations in which the rotor is relatively
distant from solid beundaries, and in which the rotor operates
in either a uniform or axially symmetric fluid stream,

(b) "BEnclosed" systems in which the roter is enclosed by axially
symmetric boundaries, and operates in an axially symmetric
fluid stream, A variant of this type is the rigid duct
system mentioned above in which the requirement on axial flow
symmetry is relaxed{

The following configurations; which would have inherently low

vibration characteristics, were considered:
1. Conventional screw propeller behind a hull with modified
after-body,
2, Various configurations with the propeller mounted at or
forward of the bow,

3, Various multi-hull configurations in which the propeller
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or propellers would operate in more uniform wakes than with the
conventional screw system,

(4) A submersible hull consisting of a cigar-shaped main body
completely submerged with a narrow streamlined superstructure
protruding above the waterline, o

(5) A hull with propulsive units in pods on outriggers.

(6) Various forms of internal duct system ( hydraulic jet propulsion
or hydro-jet)

During 1962 a comparison was made between the characteristics

of the various configurations. Some of the criteria which were

considered were estimated overall efficiency, vibration level, steering

power, off-design performance, fouling deterioration, and damage
susceptibility, This preliminary study indicated that although some
of the configurations would be suitable for various special~purpose

vessels, only the "rigid duct" system showed possibilities as a

replacement for conventional propellers on large surface~displacement

vessels, Work has been concentrated, therefore, on this configuration,
which has been named "hydro-jet" propulsion,
A general analysis of the hydro-jet system has been carried

out, which has indicated the significant parameters and their relation-

ship, Subsequently, a project study has been carried out for a 19,000

ton ore-carrier propelled by a dual hydro-jet system, to determine

whether s satisfactory compromise could be reached between the hydro=-
dynamic requirements and the structural, machinery, and other

requirements of the vessel, The results were sufficiently encouraging
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to justify further work, and this project is being continued, by
¥.R.Hale, who has been engaged on the low-vibration propulsion
investigation since its commencement { as a post~graduate student
under the supervision of the author). A model ducted-jet system is

at present being constructed by Hale for testing in the 18" research
water tumnel later in 1964, to determine vibration and performance
characteristies, If the results of the model studies show sufficient
promise, the construction of a 20 foot self-propelled model of a dual

hydro=jet system is contemplated.

22,2 THE VIBRATTON CHARACTERISTICS OF A HYDRO JBT SYSTEM

One of the propulsive units for a dual "hydro-jet" system ( one
on each side of the ship) is shown in Fig, 22.1. Flow enters through
the intake at station 1, passing aleng the duct, through the very high
specifiied-speed impeller, through the stator vanes which remove the
rotation imparted to the flow by the impeller, and out through the
nozzle at station 4, The hub of the stator vanes contains the end-.
bearing for the tail-shaft, The thrust bearing is mounted inside the
hull adjacent to the point at which the tail-shaft passes through the
plating. The flow in the upstream section of the duct near the hull,
splits to pass around the streamlined tail-shaft fairing before emtering
the impeller, A torsional isolater is mounted on the tail-shaft
adjacent to the thrust bearing. If it is assumed that the duct is
completely rigid and that the thrust bearing is fixed rigidly to the

duct, then the nett mean force which this clesea duct system will impart




Fig. 22.1 Diagrammatic layout of hydrojet system

( water - line section)
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to the hull will be equal to the momentum difference between the
flow at stations 41 and 4. The flow at section 1 can be assumed to
be steady although not necessarily uniform, The steadiness of the
flow at station 4 will depend upon the distance between the impeller
and the station. If this distance is sufficiently large, the trailing
vortex sheets from the impeller and stator will have mized to produce
a fairly uniform turbulent flow, Although the momentum flux through
station 4 will fluctuate about a mean value, the fluctuations will be
small in coméarison with the mean momentum flux, The thrust force
which the duct applies to a ship will therefore be a steady mean force
on which is superimposed small fluctuations, There will also be small
surface fluctuating forces in the radial directions, The level of
these vibrations will be very small, as compared with a conventional
screw system, The fluctuating forces applied to the impeller may
still be at an appreciable level, however, The use of a suitable
torsional isolater in the tail-shaft might be used to reduce the torgue
- fluctuations to a small level,

The above analysis assumes a rigid duct. In this case, the
large surface fluctuating forces are to a large extent cancelled within
the system. In practice, although the duct may be made very stiff
with reinforcing rings ete., the duct deflections will reduce the
effectiveness of the internal cancelling,

Information on the vibration characteristics of a ducted system
will be obtained later in 1964 by Hale from a pressure survey along

the duct surface during the model studies. The torque and thrust
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fluctuations in the impeller shaft will be measured by the propeller
dynamometer ( described earlier in this thesis)., As the duct is
mounted on strain-gauged supports, the nett force on the duct will

also be measured,

22.3% PERFORMANCE OF A HYDRO-JET SYSTEM

Consider the diagrammatic hydro-jet unit shown in Fig, 22.2. The
hydrodynamic losses may be divided inte twe groups:
a2, Impeller and stator losses,

b. The losses due to intake, duct, nozzle,

The losses associated with the impeller and stator are accounted
for in the impeller efficienqym7E. The intake plus duct plus nozzle
losses, which will be termed the ductwork losses, may be expressed as
a fraction of the intake kinetic energy, on the basis of a dimensional

analysis, i.e.

2
Ductwork losses per unit mass flow = é CZE)

Where% is termed the less factor (22.1)
It may then be shown that the performance of the system can be
represented by curves such as shown in Fig. 22.3. This figure has
been plotted using an impelier-stator efficiency of 0.90, as it has
been estimated ( see Ref, 22,1) from high specific-speed axial-pump
data that this efficiency should be obtainable for the large size
impellers here considered. The adverse effect of increase in loss

factor % on the overall propulsive efficiency is clearly seem, On the




Fig. 22.2 Schematic diagram of hydrojet system
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Fig. 22.3 Estimated performance of hydrejet unit
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diagram, for comparison, there has been plotted the characteristics of
the standard B4-55 Screw Series for pitch diameter ratios of 1.0 to 1.4,
The 0.80 x Ideal (Froude) efficiency line for screw propellers has

also been plotted on the diagram, as this is often taken in practice as
representing the upper limit of efficiency for normal screw operation,
It will be seen that the ducted system offers a potential inecrease in
efficiency ( particularly at the lower thrust load eoefficienfs) as
compared with the serew propeller, provided that the less factox'% is
kept below about 0.10,

Actually, the performance of the hydro-jet system is more favourable
than would appear at a first glance from the diagram. In order to
compute the overall propulsive efficiency"vp from the diagram, it is
necessary to know the value of the thrust deduction factor t' and the
wake fraction W'. The values of thrust deduction and.wéké'fraction will
depend upon the ship propulsion~system configuration, | The values for
screw propulsion are given in the literature, No information of this
nature is available for the hydro-jet system. However, it can be
deduced that the thrust deduction for the hydro-jet system will be
smaller than for the screw configuration, and the wake fraction of the
same order as the screw configuration, This means that the hydro-jet
efficiency will be more favourable than the shaded area would indicate
on Fig, 22.3.

The reason why the thrust deduction is less for the hydro-jet unit

is that the low-pressure region on the after-beody of the ship caused
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by the flow being accelerated into the propeller disc does mot exist in
the hydro-jet system, outside the duct, to any appreciable extant,
Also, any region of slightly reduced pressufe forward of the intske

is on a surface substantially parallel to the hull axis and hence has
only a small component in the direction of motion. (The propulsive
thrust is always larger than the resistance of the hull without the
propulsion unit, this difference being expressed mathematically by the
"thrust deduction factor". The additional resistance associated

with the low pressure region is a major compenent of this difference,
for screw propeller ships).

The reason why the wake fraction for the hydro-jet would be of
the same order as the screw system is because the intake shape would
be made such as to swallow as much low-velocity fluid in the boundary
layer as pessible,

The results of a more detailed analysis are shown in Fig, 22.4, In
this analysis, the ductwork losses have been equated to the frictional
loss in the equivalent straight duct, The equivalent straight duct
has been defined as a circular duct of cross-sectional area equal to
the hydrojet intake area and whose length is such that the duct has a
frictional loss equal to the ductwork loss of the hydro-jet unit being
considered, at the same intake velocity, Only conditisns of operatisn
along the maximum efficiency line in Fig, 22.3 have been considered,
The effect of variation of impeller efficiency, however, has been

included in this diagram. It will be seemn from Fig. 22.4 for example

1-%!
1=

that in order to obtain a value'v ( ) equal to 0,75, with an

Pmax




Fig. 22.4 Optimum characteristics of hydrojet system
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impeller efficiency of 0,90, the length to diameter ratio of the
equivalent duct must be about 5.0 for a duct of 15 ft{.diameter and an
intake velocity of 26 ft/s.

If the configuration of the hydro-jet system approximates to a
straight parallel duct, and if the intake and nozzle losses are small,
this means that the actual hydrojet duct length will have to be
about 5 impeller diameters if the 0.75 value is to be obtained for the
diameter and intake velocity quoted. Achieving a value of 0.75 would
mean ( see Fig. 22.3) that the hydro-jet efficiency would be comparable
with that of a screw propeller, for the lower values of thrust load
coefficient. The advantage of a plot such as Fig. 22.4 is therefore
that it can be used to indicate very rapidly the approximate dimensions
of a hydro-jet system for any specified performance. A study of Figs,
22,3 and 22.4 indicates that in order to obtain satisfactory efficiency
from a hydro-jet system, the duct length must be comparatively short,

less than approximately 5-6 x the impeller diameter,

22,4 A PROJECT STUDY OF A HYDRO-JET SHIP

A project study has been carried out for a 19,000 ton ore-carrier
propelled by a hydro-jet system. The primary aim of this study was to
determine whether a duct system could be incorporated in such a vessel
without causing excessive diffficulties in terms of shape, space,structural
requirements, machinery lay-out, steering etec, A number-of configurations
were considered, but that shown in Fig, 22.5 was the only one which

appeared to satisfy all the basic requirements. Although it is difficult




Fig,

22.5

Lines plan of 19,000 ton dual-hydrojet

ore - carrier
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to make an accurate estimation of the thrust deduction and wake
fraction which would be applied to such a configuration, conservative
values of these factors were estimated and a value for the overall
propulsive efficiency calculated, This indicated that an overall
propulsive efficiency for the vessel of the order of 75 % might well
be obtainable,

Consideration was also given to the problem of steering. Some form
of swinging nozzle would appear to have advantages over the rudder
immersed in the jet stream, both from the point of view of steering
power and efficiency. The effect of fouling on the performance of the
vessel was also considered, Although the fouling problem is by no means
solved, the success of some of the treatments developed by the U,S.Navy
indicate that fouling in the duct may not present insuperable difficul-‘

ties,

22,5 DEFINITIONS AND SYMBOLS FOR A HYDROJET UNIT

Since the hydrojet unit differs in configuration from a conventional
screw propulsion system, it is necessary to redefine certain parameters
or coefficients so that they validly apply. A list of the symbols
and definitions relevant to this chapter, and the figures therein is

given below:-

v = Intake velocity
v = Wake velocity at intake

v = Ship velocity
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Area of intake
Nozzle area
Impeller efficiency

Overall propulsive efficiency:

E,H.P. ~ RV
shaft power - shaft power

Ship resistance ( without propulsive unit)
Thrust of propulsive unit
Thrust deduction factor defined by R = T(1~t*)
Wake fraction at intake defined by V_ = Vs(l-w')
Axial velocity through impeller annulus area AO.
Impeller annulus area
Thrust load ceefficient

T

2
1/2pA V,

Mass density
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APPENDIX T

THE STEADY TORQUE AND THRUST CHARACTERISTICS OF THE VARTABLE -

PITCH PROPELLER

During the test programme described in Chapter 11, measurements
were made of the meén torque and thrust of the variable-pitch
propeller, under various conditions of operation., These included
both positive and negative thrust regions, The results obtained
are shown plotted in dimensionless form in Fig. I.la and I.1Db,
for various nominal pitch settings. The dimensionless coefficients

used are defined below:e

< s T
Thrust ceoefficient Kt = ﬂz A (1.1)
pN D
Torque coefficient KQ = 9 5 (I.Z)
pNZD
VA
Advance ratio J = (1.3)
where T =  thrust
Q = torque
N = rotational speed (Revolution./ﬁnit
time)
D = propeller diameter
VA = corrected tunnel velocity

(See Appendix IT)

p = fluid mass density




Fige I.1  Dimensionless characteristies of the variable~
pitch propeller
(a) Thrust coefficient K, versus advance ratio J
{(v) Torgue ¢eslficient K% versug advance ratio J
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APPENDTX TT

GRAPHICAT, CONSTRUCTION FOR PROPELLER REYNOLDS NUMBER

During the experimental work on the dynamometer it was necessary

to estimate values of test parameters which would give test runs at

approximately equally spaced intervals of advance ratio J, for given

values of propeller Reynolds number Rn. At the same time, care had

to be taken that the torque Q and thrust T were kept below the maximum

allowable values,

In addition, the tests had to be within certain

ranges of tunnel velocity V and propeller rotational speed N, It

was found that these calculations were lengthy and invelved considerable

trial~and-error, when calculated numerically, but could be speedily

performed by using a graphical presentation derived by E.H.Watkins,

The formula for propeller Reynolds Number ( at 0.7 radius) is

where

=2 o 5#

{.'

i

1 /¥ (o) (11.1)

A

blade width at 0.7 radius

corrected tunmel velocity

propellef diameter

rotational speed ( revolution/unit tine)

fluid kinematic viscesity

The corrected tunnel velocity V, is the "open-water" velocity

A

for the propeller, calculated from the tunnel velocity V, by the

method given in Ref., 11.9.

For a given prepeller and given fluid this equation may be
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rearranged as

2 2 2 ;
kR = kN o+, (11.2)
where k1 and k2 are constants

This is of the form

® = %48 (11.3)

This equation can be solved by means of the right-angle-triangle~
inscribed=in-a-semi~circle construction shown in Fig, IT.1. For
a given value of the base C ( i,e a given Rn), the value of B ( and
hence the wvalue of VA) can be found for any given value of»A ( i.e
for a given value of N), and vice versa, Additional semi-circles
of various diameters but with the same centre, drawn on the diagram
extend the construction to a range of Reynolds numbers ( See Fig,IT.2)
The common base-line of the semi-circles can {( for a given propeller)
be marked with a scale indicating the values of Reynolds number, IFf
more convenient, the scale ( suitably adjusted) can be marked on
half the base line, using the centre as origin, as done in Fig.II.Z2,
Lines of constant N, and of constant VA, can also be pleotted on the
diagram as also shown in Fig, IT.2, Similarly lines of constant

T or Q@ or other propeller parameter can also be drawn,

The value of advance ratio J is given by

A (1T.4)




FIG, II.,1 Right - angled triangle construection







Fig, II.2 Diagram relating Reynolds number R to tunnel

velocity V and rotational speed N
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This may be written in terms A and B as

B 7

From Fig. IL.1 this may be written as
J = ktan© (11.6)
or d = k tan 2 (11.7)

2

The angle which a point on the diagram makes at the centre
with the base line is thus related to the corresponding value of J.
I+ should be noted from equation (II1.7) that points along a given
radius have the same value of J since they have the same value of ¢.
A scale of J values may thus be inscribed around the outer semi-

circle, if desired, as is shown in Fig, II.2,
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APPENDIX TTT

DIMENSIONLESS COEFFICIENTS OF TORQUE AND THRUST FLUCTUATTIONS

The thrust T of a ship's propeller may be assumed to depend
upon the shape parameters a,b,-- of the ship and propeller, the
propeller diameter D, the hull roughness k, the shaft speed N, the

fluid density p, the fluid viscosity p, and the acceleration due to
gravity g,

Thus
T = #£(a,b,-—,D,k,N,p,u,8) (I11.1)

By dimensional analysis, these variables may be arranged in
dimensionless graphs, in the following functional relationship

I ab ___ k oND ND
PNZDL" - f1( D, D ’ D’ “ 2 g ) (111'2)

Similary, the thrust fluctuations AT, whether peak-~toe-peak values

of the thrust waveform, or amplitudes of the harmonic components of
the wavef'orm, may be assumed to depend upon the same variables as

T does, By dimensional analysis, this relationship may be expressed

in the following form:-

2 2
AT 2b ___ kD ND
2Dl_'_ = f2 ( D’ D ¥ s Di e..l 3 g ) (III‘B)
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By dividing equation III.3 by III.2 is obtained the relatiocnship:-

2 ﬁz
AT k pRD ND
= = f (D’ 3 = o .E___ - ) (TIT.4)

Equation III,.2 may be rearranged as

D a b k oND T .
=2 oo R 2, 5 =, ) (111.5)
g L 'D’ D D u pNZD#
Substituting this into IITL.4, gives
AT k pﬂB T
~m = f ( s R T [ ? ) (111’6)
T D D D u pﬁzDA

If geometrically similar ships or the same ship under different
conditions, are only considered, the ratiQS’§,~% - gre constants,

If the roughness ( i.e. the degree of fouling, if the ship has been in
the water for sometime) is the same for the conditiohs congidered,

the rati0’§ is a constant.

For many fluid phenomena it is known that at high Reynolds numbers,
variation of Reynolds number has little effect om dimensionless
coefficients which dimensional analysis has shown are strictly functions
of Reynolds number, One example of this behaviour, is the relative

constaney of the coefficient of friction for pipes and flat plates, at

high Reynolds numbers. It may be tentatively postulated, by analogy,
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that the Reynolds number term E%f— in equation (III.6) has little
effect on the equation for most operating conditions of ships. This
postulate will be proved or disproved by experimental evidence,

For the conditions assumed in the paragraph above, eguation 111.6

reduces to

AT T |

AL . g ( ) (111.7)
T pNZD}*

or AT
= = f ( K, ) | (111.8)

T

pﬂzDA

where Kt is the thrust coefficient

In a similar fashion the following expression for the torque

fluctuations AQ may be derived:=
,g_g = £(K.) (111.9)

It was found { See Section 20.2.1) that when the results for the
peak-to-peak fluctuations AT of the thrust waveform from the sea
trials results of ship B, were plotted, there was some improvement
in correlation as compared with plotting AT versus N (See Fig.20.6),

When the results for the peak-to-peak fluctuations AQ of the torque
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waveform, from the sea trials results of ships A and B were plotted,
there was a remarkable improvement in correlation as compared with
plotting AQ versus N ( See Fig, 20.5). In the thrust case, the

results fell into two groups depending on whether the wind was ahead

or astern, In the torque case, curiously the wind made little
difference, The results for the two ships in the torque c. se, fell into
two different lines, as would be expected from the different fouling
conditions of these vessels ( as shown by the differences in

resistance constant)

The improvement in correlation when plotting according to
equations ( ITI.8) and (III.9) indicates that the postulate about
independence from Reynolds number is not too much in error,

It is tentatively recommended,therefore, that the results of
future ship tests be plotted in the dimensionless form indicated by

equations (ITI.8) and (III.9).
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The steady-state torque characteristics of ship B have already

been given in Section 17.7. It was there shown that the torgue wes

given by the following equationsi~

Test Series B1

13}_‘_4_1\.{2.19

Lal
i

Test Series B2-B

9 = 1006 N%*22

where Q is in 1bf-ft and N is in radian/second

(zv.1)

(1v.2)

The equation for Test Series B2-B may also be used for Series B2-A

for conditions when the draft was 30 £t and the sea depth was

greater than 70-80 ft,

The thrust for the two sets of conditions is given in Fig. IV.1,.

The values given in the figure for Test Series B2-B may also be used

for Series B2-A for conditions when the draft was 30 £t and the sea

depth was greater than 70-80 ft,




Fig, IV.1 Thrust characteristies of Ship B,
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