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Abstract

High propulsive efficiencies can be realised from oscillating foil propulsors.

Information on these propulsors can be obtained by ematically studying the
geometry's and motions of manufactured foils and the fins and flukes of cetacean
mammals and fast swimming fish, which propel themselves through oscillations of a high
aspect ratio lunate fin or fluke.

The development of a dynzmometer for studying the flow patterns and propulsive
characteristics of oscillating foil propulsors is described. The dynamometer was designed
to measure the effect of variations in foil parameters such as planform, sweep back, foil

section, pitching axis location, and foil flexibility for a series of oscillating motions. It

was designed primarily for use in a cavitation tunnel, to study the flow over the foils and

their cavitati istics and, ily, for use in a towing/wave tank, to study
the propulsion efficiency of the foils, Two foils were mounted in a central mounting pod
which in turn was connected to the drive system. Mounting the foils in this manner did
not disturb the flow over the tips of the foils which are thought to play a prime role in the

propulsive performance of the foils. The drive system consisted of two numeri

ally
controlled direct current servo motors connected to a 80286 computer through a Unidex
14 series multi-axis motion controller. The system was programmed to produce a small
sine wave oscillating motion and to allow the oscillating motion to be modified easily.

The dynamometer was capable of producing a series of motions which were

obtained by modifying the motion subroutine in the Unidex control program. The first



motion p for use with the was a small pitch angle sine wave
motion with a constant phase angle of 90” between pitch and heave.
This thesis project was the first in a series of thesis projects aimed at developing a

fully i illating foil to 1) Oscillate test foils with a substantial

variety of oscillating motions; 2) Study the development of the flow over the test foils; 3)
study the formation of cavitation on the test foils; and 4) To determine the propulsion
efficiency of the test foils. The aim of this thesis was 1) design and fabricate the prototype
dynamometer, 2) program its control system to produce the initial oscillating motion, 3)
conduct a series of tests to determine the systems abilities and limitations, and 4) make

on how to its limitati The i ion of the

recommendations is left as part of the next thesis project in this series.

The performance and evaluation of the dynamometer in a series of preliminary
tests is described. These tests were aimed at evaluating the performance of the
dynamometer and its computer control system and not as a complete study of the foils.
The foils which were used in the initial tests had a rectangular planform with an aspect
ratio of six and a NACA 0019 section (this section is similar to the section through the
flukes of a fin whale).

‘The initial test consisted of running the dynamometer with a sine wave motion for

a series of pitch and heave amplitudes, pitching axis locations, oscillating frequencies, and

water flow velocities. These tests the i ilities of the
dynamometer, the accuracy of the obtained motion compared with the requested motion

and the quality of the data retrieved from the data acquisition system.
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Chapter 1
Introduction

1.1 Oscillating Propulsors

The peak efficiency for the flukes of an immature fin whale has been es

ated
using a strip theory to be 87% (Bose and Lien 1989). The screw propeller, which is the
most efficient and widely used type of propulsor in use today, may be capable of
achieving a propulsion efficiency of 70% for an cxceptional propeller, however most
propellers have efficiencies in the range of 45% to 65% (Van Manen 1973). Clearly there
is room for improvement.

A new type of propulsor which shows promise of achieving higher cfficicncics
and lower risk of cavitation is the oscillating propuisor. A large number of creatures that
travel in a fluid medium are propelled by oscillating foils. Birds, cctacean mammals and
fish are propelled by oscillating foils in the form of wings, flukes, and fins.

In today's economic environment it is important to keep costs to a minimum and
one of the largest costs in operating marine vehicles is the cost of fuel. Cetaceans, which
are comparable in size to survey submersibles, are known to travel thousands of miles
during migrations with minimal feeding. For example blue whales travel from their
feeding grounds in polar and sub-polar regions to subtropical and tropical waters where
they calve and then complete their eight month trip back to their feeding grounds with
only minimal feeding (Kshatriya and Blake 1988). Human developed submersibles do not

even begin to emulate this level of endurance.



It may be that we can learn valuable lessons from these swimming animals by

looking into the design of bi i such as oscillating foils, designed
based on the flukes of cetacean mammals. We may also be able to develop “"smart"
materials, for example materials similar to those in the tips of a whale's flukes which
deflect under loading to reduce the strength of tip vortices and thus increase efficiency.

To determine the most efficient foil geometry's, materials, and oscillating motions
these parameters should be varied systematically in a series of experiments to determine
their effects on the propulsion efficiency, the flow characteristics around the foil and the
cavitation characteristics of the foil. This thesis covers the design and commissioning of
an oscillating foil dynamometer for this purpose.

There are many other uses for the dynamometer described in this thesis besides
testing oscillating propulsors. Many ships use foils as roll stabilisers. These stabilisers can
be divided into two categories, either passive or active. One type of passive stabilisers are
attached to a boom by a cable and allowed to oscillate freely as they are towed alongside
the ship, while active stabilisers are attached to the ship's hull and the oscillation motion
controlled. This dynamometer could be used to determine the best foil geometry’s to
produce a large lift force while keeping drag to a minimum for both types of stabilisers.
The dynamometer could also be used to determine the best point to attach the cable to the
passive foils and to determine the most efficient motions for the active stabilisers.
Another use for the dynamometer might be in the study of control surfaces for marine

vehicles such as rudders, submersible control fins, and depressors for sonar buoys.



1.2 Scope of the Present Work

The work covered in this thesis is divided into three major areas: design and

of the setting up and ing the 's motion

control system, and finally the commissioning of the dynamometer. The first stage of the

work involved ining the design i for the and

a conceptual design which best satisfied these i Once this was. the

detailed design of the dynamometer's components was carried out, including specifying
all fabrication processes required. This stage of the work also involved the supervision of
the dynamometer's fabrication and its assembly.

The second stage of the work consisted of setting up and programming the
dynamometer's control system to produce a sinusoidal oscillating motion. The control
program which was written in Microsoft QuickBasic interacted with a Unidex 14 Motion
Controller to produce the desired motion. It should be noted that the program was written
in modular form to allow the easy addition of other motion subroutines.

The final stage of the work consisted of commissioning the dynamometer. First
the control structure of the computer program was tested to determine if it was operating
correctly and producing the desired motion commands. Once the functioning of the
program was proven to be correct the dynamometer was connected to the controller and
operated for a series of motions in air without the foils installed to compare the obtained
motions with the requested motions. The foils were not installed, so that there would be

no physical connection between the two drive shafts. If the shafts were connected by the



pod holding the foils and the motion had malfunctioned the dynamometer may have been
damaged. The final stage of the commissioning involved performing a series of

experiments in a cavitation tnnel to ine the capabilities and limitations of the

dynamometer and to assess the performance of the data acquisition system in use and to
put forward recommendations on how to enhance the dynamometer’s performance and

eliminate any of its deficiencies.

13 Description of Oscillating Propulsion

Oscillating foils work on the principle of oscillating a foil in such a way as to
cause a flow of water over the foils. The foil section produces a lift force when the water
flows over it in the same manner as a screw propeller or an airfoil produces lift. These
propulsors may have single or multiple foils which are oscillated vertically, horizontally,
or orbitally. The dynamometer described in this thesis oscillates two foils vertically.

Figure 1.1 shows a plot over time of a single foil being oscillated vertically in the
same manner as the dynamometer oscillated the foils. When the foil was oscillated with a
given heave amplitude h and a pitch angle amplitude  in a water flow, parallel to the x
axis, it produced a lift force.

As the foil is oscillated it pitches around a pitching axis b which is perpendicular
to the chord line of the foil. The pitch angle continuously varies from 0° of pitch to the

maximum pitch angle, which is equal to the pitch angle amplitude, as it is heaved up and



down. The time between the points where the foil is at its maximum heave displacement
and maximum pitching angle is the phase difference between pitch and heave ¢

As stated above, the dynamometer was designed to study the effects of different
foil geometry's, materials and motions. Some of the motion variables that it is necessary
to vary are the heave amplitude, pitching amplitude, pitching axis location, phase angle
between pitch and heave, oscillating frequency and oscillating motion. These variables are
thought to play a major role in the developruent of the flow over an oscillating foil

propulsor and its efficiency.

naxina heave
= Path of B tening oxis &
é/ moxirun piten angle =
o~ {% == "
D, L |

Figure 1.1 Oscillating mation of foil



In this work the foils were oscillated in a water flow. As the water flowed over
the foils it either generates thrust and hence absorbed power, or extracted power from
the fluid stream to drive the motion of the foils. In this study only the former was of
interest. The product of the mean thrust developed over time multiplied by the free
stream velocity of the water gave the power absorbed by the foils. The water flow was
generated by the cavitation tunnel’s impeller and the oscillatirig action of the foils and
was measured using a set of water manometers installed in the cavitation tunnel. The
mean thrust was measured with a strain gauged section installed in the aft drive shaft of

the dynamometer.



Chapter 2
Literature Survey
2.1 Oscillating Propulsors

Many creatures that live or travel in a fluid, be it air or water. propel themselves
by oscillating foils. The process of evolution ensures that the most beneficial traits of a
species are passed on 10 its offspring while limiting the traits which are not beneficial
(Krebs and Davis 1978). Therefore, it can be assumed that the oscillating foil is a highly
efficient type of propulsor, since such a large variety of creatures use them as propulsors.

Lighthill (1969) suggests that the optimisation of the hydromechanical efficiency
may have been one of the most important factors guiding the evolutionary process of fast
swimming aquatic animals and flying birds. Lighthill defined hydromechanical efficiency
as the mean forward velocity of the animal multiplied by the mean thrust required (0
overcome the total drag on the animal divided by the mean rate at which the animal does
work on the surrounding fluid.

The efficiency of an oscillating foil is highly dependent upon the mode of its
oscillation (Chopra 1974). Aquatic animals employ a wide range of oscillating modes 1o
propel themselves (See Table 2.1 (Hoar and Randall 1978)). Lighthill (1969), divided the
oscillating motion of many aquatic animals into two main categories. The first category

being the anguilliform mode of oscillation and the second the carangiform mode of

The i mode of oscillation as defined by Lighthill (1969) includes

the i i and i modes of




Table 2.1 Oscillating modes employed by aquatic animals

anguilliform ostraciiform balistiform
rajiform

carangiform labriform gymnotiform

thunniform diodontimodes amiiform

In the anguilliform mode of oscillation the entire body of the animal is involved in
the oscillation. The oscillation begins at the foremost part of the animal and travels, in a
wave of increasing amplitude, along the entire length of the animal's body (Chopra 1976).
This mode of oscillation is used mainly by animals having low hydromechanical
efficiency, such as eels, which maintain their body depth over their entire length while the
breadth of their bodies tapers off towards the tail to form a long continuous foil all the
way to a vertical trailing edge.

The i mode of oscillation is i by small or even zero

amplitude motions in the forward half or two-thirds of the animals body and large
amplitude motion of the trailing portion of the body (Chopra 1976). Most of the fast
swimming aquatic animals such as the scombroid fishes, including the tunny fishes, fast
sharks, and cetacean mammals use this mode of oscillation (Lighthill 1970). All of these
animals have evolved the high-aspect-ratio lunate shaped tail in the pursuit of high
hydrodynamic propulsion efficiency (Lighthill 1970). This mode of oscillation develops
thrust by producing sudden acceleration of the water surrounding the foils. This produces

a reactive thrust by changing the momentum of the surrounding water (Chopra 1976).



The main problem with i powering oscillati results from

the fact that almost all marine power plants supply power through rotating shafts which
do not lend themselves to efficient production of oscillatory motions. If the problem of
powering full size oscillating propulsors is set aside in the experimental study of these
propulsion devices, it may be that highly efficient oscillating motions and foil geometry's
can be developed.

The first human developed oscillating foil was the sculling oar (Barnaby 1887).

An oar can produce a propulsive thrust when it is oscillated transversely to (he vessel's
direction of travel, while being coupled with a pitching motion. The pitching motion is
such that it produces a forward thrust over the entire oscillating cycle.

The sculling oar was widely used as the propulsors for classical Chinese junks and
is still employed to propel some large junks. The main limitation of the sculling oar is not
its efficiency, but the limited amount of power which a human can provide. The first
patent for a mechanically powered sculling propeller was issued to Torger Thompson in
1904 (Saunders 1957). Further study of powered sculling propellers was carried out at the
David Taylor Model Basin by J.E. Allen in the 1940's (Saunders 1957). Although no
numbers were given, good efficiencies were claimed.

In the early 1800's a number of people developed oscillating propulsors which
operated by pushing water astern on the aft stoke and feathering to reduce drag on the
forward stoke. One of the first propulsors of this type was developed in 1826 by Narim
(Taggart 1969). Narim's propulsor consisted of two foils hinged together in such away
that they opened up on the aft stroke to push water astern and folded up parallel to the

9



direction of motion on the forward stroke. A 30 foot yacht was built in 1881 with a 36
inch oscillating blade suspended over the stern, which work on the same principle as
Narim's propulsor (Taggart 1969). This propulsor had an oscillating frequency of 120
cycles per minute. High speeds were predicted for this yacht based on calculations,
however, there are no records of how well the yacht actually performed.

Other similar devices were developed by Anderson in 1853 and de Berque in 1854
(Taggart 1969). J.E. Allen developed a similar device in the late 1940's at the David
Taylor Model Basin (Taggart 1969). He utilised a more efficient type of hydrofoil than
his predecessors and proved that good propulsive efficiency could be obtained from such
a device. The main problem with this type of propulsor was that it only developed a
propulsive thrust over half the oscillating cycle and it is primarily a drag rather than a
lifting device.

If we look back to nature, we see that the creatures that use oscillating foils as
propulsion devices oscillate the foils in such away as to produce thrust over most if not
the entire oscillating motion. This is done by oscillating the foils in a direction
perpendicular to their direction of travel and by pitching the foil so that it has an angle of
attack relative to the water flowing over it. This produces a thrust in the same manner as
an aerofoil.

One of the first human developed propulsors to work on this principal was
patented by Robert Fowles in 1848 (Taggart 1969). This device, which can be seen in
Figure 2.1, consisted of one or more foils fixed to two vertical rods, one of which was
fixed in position and the other free to oscillate vertically. Fowles also suggested that if the

10



foils were turned and oscillated horizontally behind the vessel then they could be used as

a steering mechanism as well as a propulsion device.

Water line

— recprocating rad

Fixed rod

blade mode of steel rios
covered with vulcanized rubber

Figure 2.1 Fowles fish tail propeller

Carl Henning was issued a patent in (874 for a propulsor which used foils to
convert energy from waves into propulsive energy (Taggart 1969). His devices consisted
of inclined foils placed at both the bow and stern of a boat. These foils produce thrust in
the same manner as Fowles's propulsors, however, the oscillating motion was provided
by the movement of the water particles in the waves and the pitching and hcaving motion
of the boat,

A more successful propulsor utilising this principal was patented by Herman
Linden in 1898 (Taggart 1969). His propulsor consisted of two foils mounted
horizontally, one at the bow and the other at the stern of a boat. The pitching motion of

B



the boat in a sea provided the oscillating motion of the foils. He mounted a set of 20 inch
long by 10 inch wide foils on a thirteen foot long boat named Autonaut. This boat
obtained speeds of three knots while running into the wind and sea. Linden built other
boats with similar propulsors; the largest being 24 feet in length. This boat achieved a
speed of four knots.

William Johnson patented a device which simulated the anterior portion of a fish
in 1862 (Taggart 1969). This propulsor consisted of two flexible foils mounted on rigid
arms that oscillated transversely behind a vessel as shown in Figure 2.2. He claimed that
flexible foils were capable of higher efficiencies, however, no results are available to

support this claim.

restraning fork

flexible foil
Flexible Foil

restraining fork

restraining fork
flexible foil
Flexible Foll

restraining fork

Figure 2.2 Johnson's flexible fin propeller



In 1929, Curry recommended the construction of a boat with a flexible fin
propulsor, which would simulate the anterior portion of a fish (Taggart 1969). This type
of boat which can be seen in Figure 2.3, utilised human power to drive the foil and has

proven for certain icati such as do boats in Burma during the

Second World War (Taggart 1969).

90t pasale used to locaton of Flexbie fod at 1,

oower ol 3
.

_=®

¥ Zmnm of Flowtle Fai ot )

Figure 2.3 Curry's flexible fin propulsor

Currently a research group at the Institute of T have

developed a tail-driven robotic tuna (Popular Mechanics 1995). The research team is
conducting experiments aimed at finding the most efficient swimming motions for this
robotic tuna. The overall goal of this project is the development of highly efficient fully
autonomous underwater vehicles.

To date none of these forms of oscillating propulsors have enjoyed any amount of
extended success. This may be due to the lack of systematic stidy of the foil's geometry
and oscillating motions, the difficulty of powering the oscillating motion and the variable

nature of the developed thrust.



The only type of oscillating propulsor which has proven to be successful so far is

the retating vertical axis These take of the rotating

motion provided by marine engines and since they utilise many foils, which produce
thrust over the entire rotation, the obtained net thrust is constant.

Robert Hooke proposed the design of a vertical watermill, which was similar to
today's vertical axis propellers, in 1681 (Taggart 1969). However his device was
designed to extract energy from the water and not as a propulsor. An early successful
vertical axis propeller was patented by Hunter in 1842 (Taggart 1969). This propulsor,
which was fitted to the 184.5 foot U.S. naval ship Union, consisted of a number of blades
attached to a rotating drum mounted under the vessel. The blades were attached to the
drum by hinges so that they folded up against the drum when they were moving forward
and dropped down against stops when moving aft. In 1874 a feathering paddle wheel,
which rotated about a vertical axis and operated in such u way that the blades produced
thrust over the entire rotation cycle, was installed on the USS Alarm (Taggart 1969).

The modern version of the vertical axis propeller consists of a number of foil
sections mounted on a rotating drum mounted under the vessel with the foils extending
downward. As the drum is rotated about its vertical axis, the individual foils also rotate
about a separate vertical axis in such a way that all the foils produce a constant net thrust
in the same direction. By moving the position of the axis which the foils rotate about, the
direction of the thrust can be changed.

There are two main types of vertical axis propellers in use today. These are the
Kirsten-Boeing propeller developed by Frederich Kirsten and William Boeing in 1921 and

14



the Voith-Schneider propeller developed by Ernst Schneider and J. Voith in 1926 (van
Manen and van Oossanen 1988). These propellers are described in van Manen and van
Qossanen (1988), Harvald (1983), and Rawson and Tupper (1984).

Although oscillating propellers in one form or another have been considered as
propulsion devices for marine vehicles for hundreds of years, they have not been studied

systematically. This may be one of the major reasons for their lack of use.

2.2 Previous Experiments and Studies

In the latter part of this century a large amount of reseurch has been carried out on
oscillating propulsion. One of the main areas of research has focused on the study of
aquatic animals, in the hope of determining how these animais produce such high speeds
and efficiencies. An overview of some of these studies is presented here in order to
determine the important parameters related to this type of propulsion and to determine the

direction which further work on this topic should take.

Wu (1961 and 1971a) carried out ical studies on oscillati by

the swimming of a fish as a i it flexible waving plate of negligible
thickness. In the 1961 study Wu showed that it is advantageous to have the oscillating
motion propagate with increasing amplitude from the leading edge of the plate to the
trailing edge. Wu (1971a) expanded on this conclusion by showing that the wave

travelling along the plate should have a phase velocity greater than the desired swimming



velocity. However, he did not determine an exact motion shape uniquely. He also
concluded from this study that a flexible plate had a higher thrust than a rigid one.

Wu (1971b) analysed data from tests conducted by Lang and Daybell in 1963 on a
porpoise swimming in a wave tank. His analysis showed the pitching axis of the
porpoise's fluke to be at the 0.793 chord point from the leading edge. Wu approximated
the performance of the porpoise using a two-dimensional linearized invisid flow theory
and found the porpoise to have an efficiency of 99% assuming the pitch axis to be located
at the 0.8 chord position from the leading edge and a 90° phase angle between the pitch
and heave motion. This over estimated efficiency since viscous effects were not taken into

account friction). Wu that high iencies can be achieved with

large heave amplitudes combined with small pitching amplitudes, provided the phase
angle between pitch and heave are correct.

Wu (1971c) and Lighthill (1960 and 1969) conducted numerical studies which
showed that the mean values of thrust, work done, and energy lost to the wake was
wholly dependent on the geometry and motion of the after portion of an aquatic animal.
Both Wu and Lighthill assumed that the trailing edge of the tail shed a trail of vortices as
shown in Figure 2.4. This resulted in a jet like stream which is assumed to be responsible
for the developed thrust. Wu also suggested that a reduced motion of the forward body

would help in reducing the body recoil of the animal.
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Figure 2.4 The vortex wake behind an oscillating foil

Lighthill (1970) carried out an analysis of the oscillating motion of aquatic animals
with high aspect ratio lunate tails. He showed that the best location for the pitching axis of’
the tail from a thrust and efficiency point of view was at a position between the mid chord
and trailing edge position of the tail. This was in agreement with the findings of Wu's
(1971b) calculations of the pitching axis location for the flukes of a porpoise.

Chopra (1974) extended the two dimensional analysis of lunate-tail propulsion
conducted by Lighthilt (1970) to a three dimensional analysis. His analysis showed that a
reduction in the aspect ratio of the tail results in a reduction in the predicted thrust and
propulsive efficiency and that the best location for the pitching axis was between the mid
chord and the trailing edge of the tail. He suggested, however, for pitching axis positions
in this area the thrust is highly dependent on the leading edge suction which may not be
obtained in actual foil motions due to separation at the leading edge at high angles of

attack. These conclusions are in agreement with Lighthill (1970).



Chopra (1976) extended the theory of lunate-tail propulsion to motions of arbitrary
amplitude (large amplitude motions). His analysis showed that lunate-tailed animals
should oscillate their tails with a large heave or sideslip at high frequencies in order to
achieve good efficiencies and that the thrust increases as the angle of attack increases.
However, this was partly due to high values of leading edge suction; and if the angles of
attack were too high separation would occur at the leading edge causing a decrease in
thrust. A swept leading edge may lead to these leading edge suction forces being realised
in practice.

Chopra and Kambe (1977) studied the propulsion of a finite aspect ratio flat wing
planform oscillating with a small amplitude motion. The parameters which they
considered to be important were: the aspect ratio (span‘l planform area), the reduced
frequency (oscillating frequency * a typical length/ speed of advance), the feathering
parameter (the ratio of the tail slope and the slope of the path of the pitching axis) which
was introduced by Lighthill (1969), the pitching axis location, and the shape of the
leading and trailing edges. Their analysis, which was based on potential flow theory,
suggested that a curved leading edge such as the edge of a lunate tail reduces the
component of the thrust dependent upon leading edge suction and that a sweep back angle
larger than 30° reduces efficiency.

Katz and Weihs (1978 and 1979) developed a two-dimensional theory for the
study of large amplitude unsteady motion of a flexible oscillating propulsor. This study
showed that flexibility of the foil increased the propulsive efficiency by up to 20% while
slightly decreasing the overall thrust compared to a rigid foil. The flexibility of the foil
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allows the hydrodynamic pressure to distort the foil. decreasing the instantancous lift.
However, the orientation of the lift force is redirected so as to be closer to the direction of
travel. The analysis also showed that a phase difference of 90° between pitch and heave is

probably optimal for this type of propulsor; the thrust grows as the ratio of heave

amplitude to chord length of the foil increases and as the pitch angle increases as long as
separation does not occur; and the best location for the pitching axis is in the aft quarter
of the foil.

Katz (1981) developed a vortex method to study the separated non-steady flow
over a cambered foil. He was successful in calculating the foil's lift and drag forces for a
wide range of angles of attack, the periodic varying forces on the foil, and the vortex-
wake roll-up. However, the chordwise separation point had to be assumed to be known
from experiments or flow-visualisation.

Grue et al. (1988) presented the results of a mathematical study of foils oscillating
under the influence of waves at a free surface. In this study they found that up 0 75% of
the encountered wave energy could be extracted and used for propulsion by a large aspect
ratio foil. They also estimated the propulsion performance of a 40m ship by such a foil. It
was found that for the ship operating in head seas a speed of advance of 8m/s was
predicted while a speed of advance of 4m/s was predicted for following seas.

The fin whale is the fastest of the large whales, it is capable of obtaining speeds of
19.5 knots (Gambell 1985) and speeds of 5 knots over many days have been reported by

(Ray et al. 1978). The performance of these whales, which use an oscillating foil in the



form of flukes for p i the potential of oscillating foils for marine
applications.

Bose and Lien (1989) developed a strip theory to study the hydrodynamic
performance of an immature fin whale’s flukes. The flukes of a whale have both spanwise
and chordwise flexibility, however, to simplify the analysis the foils were assumed to be
rigid. They found that the maximum peak efficiency for the flukes to be 87% at a pitch
angle of 30° and an advance ratio of 4.5. Where the advance ratio was defined as n
multiplied by the forward speed of advance divided by the product of the oscillating
frequency and the heave amplitude. The calculations also showed that the maximum speed
range for the flukes of the whale studied was 20 - 25 knots, if cavitation, which could
cause damage to the surface of the flukes, was to be avoided.

A rigid foil, with an aspect ratio of 4, mounted on a flexible armed drive
mechanism was studied in a set of experiments and the results compared to a lincarized
mathematical model by Lai et al. (1989). A maximum efficiency of 70% was obtained in
the =xperiments and the mathematical model indicated that this could be increased by
increasing the aspect ratio of the foil to 10. Calculations were also carried out to show
that a flexible foil with a span of 5.3m, chord of 1.3m oscillating at 2.2 radians/second
could be used to replace a 2.65m diameter propeller on a 66m long ship with a breadth of
10.5m and a depth of 5.2m.

Bose (1992) developed a two-dimensional constant potential panel method to

calculate the forces developwi by a flexible oscillating foil. The result of an analysis on

20



two dimensional oscillating rigid and flexible foils indicated that a thin foil is more
efficient and develops more thrust than a similar thick foil and that a flexible foil produces
less thrust than a rigid one. However, a flexible foil has a higher etficiency.

Lai et al. (1993) carried out experiments aimed at studying the extraction of wave
energy from ocean waves by an oscillating foil. They mounted a flexible plate over the
stern of a 0.33m sailing yacht model and tested it in a miniature wave tank for different
head sea conditions. When the plate was attached to the model it advanced into the wave
and drifte’ astern when the plate was removed. Once the idea was shown to be feasible,
they mounted a flexible foil on a 0.5m long flexible arm which was attached to the stern
of a 1/5 scale model of a racing yacht and tested it in head seas for two different depths of
submergence and a range of wave frequencies. The tests showed that the pitch and heave
response of the model was reduced at frequencies near the resonance frequency and
slightly increased for low frequencies. It was also shown that this motion reduction effect
and the thrust developed by the foil decreased as the depth of submergence increased. The
highest thrust coefficient measured during the tests was 0.5 corresponding to a 53%
reduction in the model's resistance.

Lui and Bose (1993) developed a quasi-vortex lattice method to predict the

propulsive performance of three naturally occurring oscillating foils; namely the fluke of

a fin whale (; Pphysalus), white-sided dolphin (L acutus), and a

white whale (Delphi) leucas). The i i iencies were found o

be 96%, 96%, and 90% for the fin whale, white sided dolphin, and white whale
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respectively. However these values do not take into account the frictional drag on the
flukes.
Bose (1993) developed a two-dimensional constant potential panel method which

he used to study illati with ise flexibility. The following

parameters were studied to determine their effect on the propulsion efficiency and the
thrust coefficient: reduced frequency; pitch amplitude and feathering parameter; heave
amplitude/chord ratio; pitching axis location; phase angle between pitch and heave; and
deflection shape. It was found that the efficiency varied most strongly with the heave
amplitude ratio and pitch amplitude. The best efficiencies were 82% for a heave
amplitude ratio of 0.78; 83% for a pitch amplitude of 27.5° 78% for the pitch axis
located at the three-quarter chord point; and 81% for a flexibility ratio of 0.09.

Yamaguchi and Bose (1994) numerically analysed the performance of both a rigid
and flexible oscillating foil propuisor for a 200,000 ton tanker. Both foils gave an
increase in the propulsion efficiency over the optimum screw propeller for the ship. The
rigid foil had an increase in efficiency of 17% while the flexible foil gave an increase of
25% for a total efficiency of 72%. It was suggested that the increases in efficiency from
the foils was primarily due to the increase in the working area of the oscillating foils over
the screw propeller. This increase in area decreased the pressure load per unit area on the
propulsor required to produce a given level of thrust.

Most of these studies are based on numerical theories. This indicates that some of
the future work in this area should be aimed at obtaining experimental data to confirm and
help modify these theories. Experiments should be conducted to study the flow
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characteristics over oscillating foils. In particular these experiments should be aimed at

providing a better ing of the flow ion and the P of cavitation
and vortices around an oscillating foil. The effects of varying the geometry and flexibility
of the foils and the following motion parameters: heave and pitch amplitude, phase
difference between pitch and heave, pitch axis location. oscillating frequency, angle of

attack, and type of oscillating motion should also be studied to determine the most

efficient combinations.

23 Oscillating Foil Testing Apparatuses

Other testing apparatuses, which have been used in the study of oscillating foils,
are presented in this section to help develop ideas about the design of the dynamometer
covered in this thesis. Lai et al. (1989) conducted experiments on an oscillating foil at the
University of Glasgow. The diagrammatic drawing of the experimental set-up can be seen
in Figure 2.5. The foil to be tested was attached to a flexible arm which was in turn
connected to two vertical arms, one of which was fixed while the other was oscillated
vertically by an electric motor through a wire and pulley system. The motor drove
through a reduction gear to a Scotch yoke mechanism to produce a pure sinusoidal
motion. The wire was then oscillated up and down sinusoidally rotating arm A angularly
in a sinusoidal manner which drove the oscillating arm up and down in a sinusoidal
manner. This rotated the arm which is connected to the flexible arm in a sinusoidal

angular oscillation. The fixed arm supported the lower pinned joint, but was also pinned
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at its top end independently of the arm A. The fixed arm had a vertical and a horizontal
leg rigidly attached to each other, so that the load cell picked up the fore and aft loads on

the pinned joint at the lower end of the vertical leg of the fixed arm.
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Figure 2.5 Lai's et al. oscillating foil apparatus
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This set-up allowed the study of the efficiencies of different foils. However, due
to the use of the flexible arm the exact motion of the foil could not be determined. Lai had
problems with inertia modes but he was able to calibrate the apparatus so that these could
be subtracted from the fore and aft drag/thrust loads.

Lai et al. (1993) conducted a series of experiments on a flexible foil propeller as a

wave propulsion device. In these experiments a foil was attached to the stern of a one-
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fifth scale model of a three-quarter ton racing yacht by a 0.5m long flexible bar. The
model was tested in a wave tank in head seas over a range of different [requencies and
forward speeds. The foils oscillated passively as the model heaved and pitched. The
resistance of the modci was measured by towing the model with a pendulum-type force
dynamometer.

This experimental set-up allowed the usefulness of an oscillating foil as a wave
propulsion device to be proven. However, it did not allow for the determination of the
foil's motion or its efficiency.

Hoppe (1989) performed experiments on a dynamo-elastic oscillating propeller.
His test apparatus consisted of a rigid rectangular foil connected to a vertically oscillating

arm with an elastic spring ar This arm was si i oscillated vertically by

an electric motor while the springs allowed the foil to pitch under the influence of the
hydrodynamic forces. The developed thrust was measured by a double beam strain-gauge
instrument. This set-up allowed the measurement of the input power angd the thrust
developed by the foil and thus the efficiency of the foil. However, it did not allow the
study of the foil's motion.

Triantafyllou et al. (1993) tested an oscillating foil with both a heaving and pitch
motion in the MIT testing tank. A diagrammatic drawing of their apparatus can be seen in
Figure 2.6. This apparatus consisted of a foil supported at its ends by vertical struts which
were oscillated by a personal computer (PC) controlled motor. A second similar motor
was used to provide the pitching motion of the foil through a chain pulley system. The
forces acting on the foil were measured using a piezoelectric force transducer inserted at

25



the lower end of the vertical strut while the torque was measured by a dynamometer at the
nitching drive motor. The motion was monitored by a linear variable differential

transducer (LVDT) and a potentiometer.

motor used to produce
heave

moving table
/notor‘ used to produce

pitch
drive shaft

potentiometer
supporting strut

drive chain

supporting strut
force tronsducer

Flow

Figure2.6  Triantafyllou's testing apparatus

This apparatus allowed both the propulsive performance of the foil and its motion
to be studied. However, it did not allow the study of the flow over the tips of the foil,
which is thought to play a prime role in the performance of an oscillating foil.

Yamamoto et al. (1993) developed an oscillating foil test apparatus which
oscillated a foil with a sway and yaw motion (see Figure 2.7). This system allowed the

input power and the developed thrust to be determined and thus the efficiency of the
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tested foils could be found. The motions were developed by computer controlled servo
motors. However, no measuring instrumentation devices were installed to monitor the

accuracy of the obtained motions.

control
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oscillating Foil

sway drive motor
yow drive notor

Figure 2.7 Yamamoto's testing apparatus
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Chapter 3
Design of Dynamometer
3.1 Design Requirements

A dynamometer is an instrument which is used to measure forces and or power.
This dynamometer’s main function, however, will be to produce the different oscillating
motions and secondarily to measure the forces on the foils. These motions will have
variable pitch and heave amplitudes, pitch axis locations, phase angles between pitch and
heave, and oscillating frequencies.

The design of any apparatus is governed by the proposed uses and function of the
apparatus, the facilities that the apparatus will be used in conjunction with and the use of
any existing equipment which has to be incorporated into the design ( Ullman 1992) .

The dynamometer was to be used to study the effects of variations in foil
geometry’s, foil flexibility, and oscillating motions on propulsion efficiency and flow
characteristics around oscillating foils. The cavitation and stall characteristics of different
foils and foil motions was also to be studied using the dynamometer.

The following were the design requirements:

1) A means of measuring the input power to the foils and the thrust developed by

the foils had to be provided so that the propulsion efficiency of the foils could be

calculated. The propulsion efficiency of the foils was defined as the mean thrust
developed by the foils multiplied by the free stream velocity divided by the mean

power absorbed by the foils.
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2) The data acquisition system had to be shielded from all electro magnetic fields
in the testing area, so as to minimise electronic noise and offsets.

3) A quick and easy way of changing the test foils had to be incorporated into the
design.

4) Since the foils were to be tested in a water flow, all the dynamometer's
components, which were to be operated in the flow had to be corrosion resistant.
5) The components of the dynamometer, which operated in the flow, had to be
designed in such away as to minimise the drag forces on them and to minimise
their effects on the flow characteristics around the foils.

6) To produce the desired oscillating motions a means of moving the pitch axis of
the foils along their chord lines and oscillating the foils with a phase difference
between pitch and heave had to be incorporated into the design.

7) To allow for accurate measurements and to minimise the dynamometer's effects
on the flow characteristics around the foils all vibration had to be kept to a
minimum.

8) The desired operating frequency range for the dynamometer was 0.00 to 1.00
Hz (0.00 to 6.28 radians/second).

9) The supporting assembly should have a natural frequency that will minimise the
transfer of vibrational forces to it from the oscillating components (foils and drive
shaft system). Since the operating frequency range for the dynamometer will be

0.00 to 1.00 Hz, the supporting assembly should not have a natural frequency

29



between 0.71 to 5 Hz (4.44 to 31.42 radians/second) in order to avoid operating

in the resonance zone of the supporting assembly.

10) The oscillating components should have a natural frequency sufficiently above

that of the desired oscillating frequency of the dynamometer to ensure that they

are not operated near their resonance frequency. If possible the oscillating
components should have a natural frequency greater than 5.00 Hz.

As mentioned above, the facilities which the dynamometer was to be used in
conjunction with imposed some limitations on the design of the dynamometer. The
dynamometer was designed primarily for use at the National Research Council of
Canada's Institute For Marine Dynamic's cavitation tunnel and for secondary use in
Memorial University's towing/wave tank. The Cavitation tunnel was to be used to study
the flow characteristics around the foils while the towing tank was to be used to study the

of the foils

It was decided to use the cavitation tunnel to study the flow characteristics around

the foils, since it is more ient to view these istics in the tunnel, rather than
in the towing tank. Also, when studying the cavitation characteristics of the foils it is
necessary to lower the water pressure to help initiate cavitation; this can be done in the
cavitation wnnel but not in the towing tank.

It is necessary to use the towing tank for the propulsion efficiency test since,
these tests require the foils to be tested at a low speed of advance and from experience,
gained by operating both the cavitation tunnel and the towing tank, it is known that it is
much easier to control the speed of advance in the towing tank than it is in the cavitation
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tunnel. Also, since the motors were not water proof all possible designs required the
motors to be outside the tunnel and the drive shaft/shafts to penetrate the tunnel’s walls.
This shaft/shafts would have to be sealed. Since, all sealing systems have some level of

friction it was believed that it would be difficult to measure the input power to the foil

the cavitation tunnel. However, the seals are not necessary when conducting propulsion
test in the towing tank.

The cavitation tunnel greatly influenced the design of the dynamometer.
Therefore, a brief description of the tunnel and how it influenced the design will be given
here. The tunnel has a 1.2m long test section, with a square cross section of 500mm
which allows the testing of model propellers with a maximum diameter of 250mm or of
foils with a maximum span of 250mm. The tunnel influenced the design in the following
way:

1) The dynamometer was designed so that it could be mounted on the circular

brass port in the top window of the cavitation tunnel. This required the fabrication

of a duplicate port to be used with the dynamometer, thus having no permanent
effect on the cavitation tunnel.

2) The tunnel had to remain water and air tight, when the dynamometer was

installed.

3) The frictional force from the drive shaft seals had to be relatively constant and

low in comparison with the input force to the foils. This was necessary to ensure

that the performance of the drive motors were not limited and if the frictional
forces were low enough (relative to the input forces and the expected lift forces on
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the foils) and constant, then some of the propulsion efficiency test could be

conducted at the cavitation tunnel. Note the efficiency tests conducted to evaluate

the effects of the speed of advance of the test foils should still be carried out at the

towing tank.

4) The width of the foils could not exceed 250mmi and the maximum heave

amplitude of the foils had to be less than 125mm to avoid operating the foils in the

boundary layer of the cavitation tunnel's walls.

The use of existing equipment also imposed design requirements on the design of
the dynamometer. The dynamometer had to incorporate a set of direct current (D-C)
Servo motors and a Unidex 14 multi-axis motion controller. This imposed the following
requirements:

1) the design had to incorporate and conform to the operational characteristics of

the D-C Servo Motors;

2) the weight of the dynamometer's moving parts had to be kept to a minimum so

as not to unduly limit the acceleration of the drive motors;

3) the rotational movement of the motor shafts had to be converted into

translational motions;

4) the motion control program for the motors was limited to the use of the built in

subroutines supplied with the Unidex 14 motion controller; and

5) the number of motion commands that could be sent from the motion control

program was limited to the number of commands that the Unidex motion
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controller could store in its storage buffers and the speed at which the controller

could execute these commands.

32 Conceptual Design

Once the design requirements are defined, the next step in the design process is
the development of a conceptual design to fulfil those requirements. This involved
generating as many solutions as possible and choosing the solution which best satisficd the
design requirements for the lowest cost (Shigley and Mischke 1989, Siegel et al. 1965,
Spotts 1978 and Earle 1983).

The design solution which was selected is presented in Figures 3.1, 3.2 and 3.3.
Note, that the parts numbered in Figures 3.1 and 3.2 are listed in Table 3.1. Figures 3.4,

3.5, 3.6, and 3.7 present of the

The remaining portion of this section will be devoted to explining how the
dynamometer functions. The detwiled design of the major components of the
dynamometer will be covered in section 3.3.

As mentioned above, the dynamometer had to fulfil two major functions. The first
to provide the oscillating motions to the foils and the second to measure the forces
experienced by the foils.

The oscillating motion was i by ing the foils to two drive

shafts which could be oscillated vertically by two D-C servo motors. The test foils were



mounted one on either side of a central mounting pod (See Figure 3.2) which was in tum

connected to the two drive shafts by pin connections. The forward drive shaft had a link

28

It »

@@"Lb

—&——- 32
<)
19— 19
a2 ae
23 L 24 N 23 & 24
29 - 23
a a1
21 # 21
20
30 a0
19— [ ———M 1
18 18
9 — 9
8 A 8
—
7 7
15
LE 1 ps)
34 ® [&) o) 34
| o= T — A
Farmg, Ut awa.

N et F e uive Yendets
s H 25
.
3

Figure 3.1 Profile view of dynamometer. Forward end of the dynamometer is
towards the left hand side of the page.
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Figure 3.2  Cross sectional view of the dynamometer. View taken through the
aft drive shaft
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Table 3.1 Parts list corresponding to Figures 3.1 and 3.2

Pan # Part Pan # Part

1 foils 18 DC servo drive motors

2 ‘mounting pod 19 pulleys

3 lower forward drive shaft 20 drive belts

4 pivot joint 21 ‘drive belt /drive shaft connectors
5 Tower aft shaft strain gauged section | 22 upper pulley shafts

6 drive shaft connection inserts 23 upper pulley shaft housings

7 intermediate drive shafts 24 rotary bearings

8 toad cells 25 fairing

9 load cell to drive shaft inserts 26 LVDT

10 ‘upper drive shafts 27 LVDT brackets

11 ‘window port 28 LVDT to drive shaft connections
2 Window port o-ring 29 Timit switch

13 bushings 30 limit switch bracket

14 drive shaft seals 31 limit switch flags

15 bushing/drive shaft seals housing 32 mounting bracket

16 linear bearings 33 cavitation tunnel

17 linear bearing brackets 34 port window clamp

incorporated in it to allow the drive shafts to oscillate out of phase with each other in

order to allow the development of a pitching motion (See Figure 3.1 and 3.3).




H
i

piteing ais
corte oa of pod ond fola

‘brofile view of gpgaratus

Figure 3.3 Kinematics of the dynamometer

By adjusting the phase difference between the two drive shafts a pure heave, pure
pitching, or a combination pitching and heaving motion could be obtained. The location
of the pitching axis along the chord line of the test 10ils and the phase angle between pitch
and heave could also be varied by adjusting the phase difference between the oscillating
motion of the two drive shafis.
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Figure 3.4  Photograph of the dynamometer. Looking at the left hand side of the
dynamometer from a position aft of the dynamometer.

The drive shafts were aligned vertically by two linear bearings and two Teflon
bushings for each shaft and were oscillated by two D-C Servo motors (See Figures 3.1
and 3.18). The power was transmitted from the motors to the drive shafts through two

timing belt pulley systems. The belt pulley system for the aft drive shaft can be seen in



Figures 3.2 and 3.3. The lower pulleys were mounted directly on the motor's drive shafts
while the upper pulleys were mounted on freely rotating shafts, which could be adjusted

vertically to tension the drive belts.

Figure 3.5  Photograph of the top section of the dynamometer. Looking horizontally at
the left face of the dynamometer with the forward drive shaft to the left
hand side of the page
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Figure 3.6  Photograph of the dynamometer inside the tunnel. Looking horizontally
from the right hand side of the dynamometer with the aft drive shaft
closest to the left hand side of the page.

When the two drive shafts were operated out of phase with each other the link in
the forward drive shaft rotated from the vertical position causing the pod and foils to pitch

(See Figure 3.3). This link was required, since the upper portion of the drive shafts

remained parallel to each other and at a constant distance from each other.

40



Figure 3.7  Photograph of the lower section inside tunnel with a pitch angle. Looking
horizontally at the right hand side of the dynamometer with the aft drive
shaft towards the left hand side of the page.

The motors were controlled by a Unidex 14 motion controller which received
motion commands from a Unidex encoder installed in a 80286 personal computer (PC).
This computer used a QuickBasic Program to allow the operator of the dynamometer to
interact with the motion controller to produce the desired motion. Each motor was
connected to two limit switches, as shown in Figures 3.1 and 3.2 above, to ensure that the
motors could not produce a heave amplitude greater than 110mm. A displacement greater

than 110mm, would have resulted in damage to the dynamometer.
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The dynamometer was equipped with two LVDTs to monitor the motion
developed by the dynamometer during testing. The output from these LVDTs was fed to a
Keithley data acquisition system which converted the signal from an analogue signal to a
digital signal. The digital signals were then fed to a second computer for initial analysis
and storage.

The second function of the dynamometer, the measurement of the forces exerted
on the foils, was accomplished by installing a strain gauged section in the lower end of
the aft drive shaft and by a load cell in both drive shafts as can be seen in Figures 3.1 and
3.2. The forward drive shaft had a pivot joint inserted in it, therefore, the majority of the
forces experienced by the foils, in the direction of the free steam water flow were resisted
by the aft drive shaft. Thus, the resultant drag and thrust forces on the foils could be
measured by the strain gauged section in the aft drive shaft, while the input forces to the
foils and the vertical components of lift could be measured by the load cells. It should be
noted that a small portion of the forces in the free stream direction will be resisted by the
forward drive shaft. However this portion of the forces should be small since the
maximum angle of the forward drive shaft from the vertical will be 2.36 degrees for a
pitch angle of 30 degrees.

The exact portion of the forces in the free stream direction which will be carried
by the forward drive shaft can not be determined by a static analysis, since these forces
will be influenced by the dynamic forces resulting from the motion of the different

components making up the oscillating assembly of the dynamometer. Since, these motions
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are oscillatory in nature it will only be possible to estimate the order of magnitude of

these forces and to calibrate the dynamometer by running a series of tests in air.

Figure 3.8 shows the loads acting on the link in the forward drive shaft (labelled

link A) and the pod (labelled link B). During a test these links are accelerating vertically,

horizontally, and rotationally. The following assumptions can be made about the

associal

Where:

ted forces.

1) The vertical accelerations and associated inertia forces are picked up by the
load cells but do not influence the strain gauged section in the aft drive shaft.

2) The horizontal accelerations do influence the thrust/drag measurements from
the strain gauged section.

3) The rotational accelerations also influence the thrust/drag measurements from
the strain gauged section.

4) Link A will transmit forces to the upper portion of the forward drive shaft at its
upper end and to the pod (link B in Figure 3.8) at its lower end. However, it can
be assumed that the forces in the free stream direction, which are transmitted to
link B from link A due to rotational accelerations of link A about its upper end

will be small, since the i angular i are i three

degrees. The horizontal component of the axial force in link A is defined by
Equation 3.1. It should be noted, that the axial load in link A includes the inline
inertia forces of link A itself.

Fen = Faa * Sin 3.1
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Fra = the horizontal component of the axial forces in link A carried by the
forward drive shaft

Faa = the axial force carried by link A

6 = the angle between the forward drive shaft and a vertical line at a given time

during the motion
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Figure 3.8 Loads acting on the aft drive shaft resulting form the motion of the
forward drive shaft , link in forward drive shaft and the pod.
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From Figure 3.8 we can see that the motion of link A and link B will transmit the
following loads to the aft drive shaft.

1) A vertical load which will be picked up by the load cells but should not affect

the strain gauge output, since the gauges are arranged in a wheatstone bridge

configuration which is designed to pick up a difference in the strain in the four

separate legs of the bridge. This configuration will not pick up axial loads since

axial loads will produce equal amounts of strain in all four legs of the bridge.

2) An oscillating moment which should be small due to the pin connection

between link B and the aft drive shaft.

3) A horizontal force due to the axial load in link B and the horizontal component

of the force resulting from the rotational acceleration of link B.

The maximum force Fur on the aft shaft due to the rotation of Link B was

estimated to be 0.03N (See Appendix ‘D’ Page 203). This Force is relatively low, since

the oscillati ies for all the s motions are low. The maximum
horizontal component of the axial force in link A was estimated to be 2.4N(See Appendix
‘D’ page 203). It should be noted that these forces are oscillatory in nature and that they
are relatively low compared with the maximum expected thrust loads of 67N (3.6%)
developed by the foils.

The signals from the strain gauged section and the load cells were amplified and

sent to the same Keithley data acquisition system as the signals from the LVDTs. Sending
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the signals in this manner allowed the motion of the foils at a given time to be directly

synchronised with the signals from the strain gauged section and the load cells.

33 Detailed Design

The detailed design of the major components of the dynamometer will be covered
in this section and a complete set of design drawings are included in Append "A". These
components are listed below in Table 3.2.

Table 3.2 Dynamometer components

1 Mounting bracket 6 | Drive system

2 Foils and mounting pod | 7 | Fairing

3 Drive shafts 8 | Limit switches

4 Seals 9 | Data acquisition system
5 Shaft alignment system

33.1 Mounting Bracket

The mounting bracket which was the main structural component of the
dynamometer can be seen in Figure 3.9. Both steel and aluminium were considered for
the mounting bracket. Steel was chosen because of its lower cost and higher material
strength. The lower end of the mounting bracket was a duplicate of the port in the top
window of the cavitation tunnel and was fabricated out of brass. To this was bolted two

800mm long steel channel sections, which were held together at the back by an 800mm
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long steel plate and two smaller sections of plate located at the front top and bottom of the
mounting bracket. A connection plate was welded to the bottom of each channel section.
These plates were then bolted and dowcied to the duplicate window port. The dowels
were used to ensure the alignment of the bushings, mounted in the duplicate window port,
and the linear bearings mounted on the plate at the back of the mounting bracket.

It can be seen from Figures 3.1, 3.2, 3.4, and 3.5 that the mounting bracket forms
the core of the dynamometer and to this were connected the following components: the
motors, the linear bearing housing, limit switches, upper pulley assembly, window port,
and the LVDTs.

To avoid the of vibrational forces from the oscillati to

the mounting bracket the transmission ratio, which is defined as the fraction of the
maximum force that is transmitted through to the foundation (See Equation 3.2) must be
kept to a minimum (Steidel 1989). From Figure 3.10 it can be seen that a frequency ratio
between 0.2 and V2 is undesirable. It is preferable to have a natural frequency for the
mounting bracket substantially above that of the desired oscillating frequency of the
dynamometer. However, this in not possible, since the mounting bracket must have high
stiffness. Therefore, the mounting bracket should have a natural frequency substantially
below the desired oscillating frequency. The natural oscillating frequency for the
mounting bracket is 7217Hz (45343radians/second) about the centre line of the tunnel and
1895168Hz (1190769 1radians/second) perpendicular to the centre line of the tunnel, this

gives transmission ratios of one, therefore, the transference of vibrational forces from the
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Figure 3.9  Mounting Bracket. Part number 32.
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oscillating components to the mounting bracket should not be a problem (See Appendix

‘D’ for the ion of natural ies and ission ratios page 200 to 202).
T.R. = transmission ratio = | 1/[1-w¥en']| (3.2)
where: ® = the oscillating frequency of the forcing function

on = the natural oscillating frequency of the supporting assembly
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332 Foils and Mounting Pod

Three sets of foils were designed and fabricated for use with this dynamometer.
‘The foils were fabricated out of brass since it has good machinability, good corrosion
properties and was relatively inexpensive to machine compared with the other lighter
materials which could have been used such as clear polycarbonate plastic and titanium.

The first st of foils had a rectangular planform with an aspect ratio of six and a
NACA 0019 section (this section was similar to the section through the flukes of a fin
whale). The second set of foils had the same aspect ratio and section, but with a sweep
back of thirty degrees (this sweep back was similar to that of a fin whale's flukes) and a
taper ratio of 0.18. The third set of foils were tapered with the same aspect ratio and
section, but with a planform based on the geometry of the flukes of an immature male fin
whale (Bose and Lien 1989).

The three sets of foils can be seen in Figures 3.11, 3.12, and 3.13 below. All foils
were made in two identical sections having a span of 100mm and standardised roots, so
that they would fit one in either side of a central mounting pod. A span of 100mm was
selected to ensure that the flow over the foils would not be affected by the boundary layer
of the cavitation tunnel's walls.

The mounting pod was designed to allow a series of different foils to be easily
mounted and oscillated while keeping the flow disturbances around the foils to a
minimum. A photograph of the mounting pod with a set of foils inserted can be seen in

Figure 3.13. The entire assembly had a total width of 222mm.



Figure 3.11  Foil one. Looking down on the foils with the leading edges towards the
top of the pages. Part number 1.

Figure 3.12  Foil two. Looking down on the foils with the leading edges towards the
top of the pages. Part Number 1.
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Figure 3.13  Foil three installed in mounting pod. Looking down on the foils with the
leading edges towards the top of the pages. Part number 1.

The design drawing of the mounting pod is presented in Figure 3.14. The
mounting pod had an overall length of 146mm, a breadth of 22mm, and a depth of 14mm.
The forward end of the mounting pod had a sectional shape defined by an ellipse rotated
about the mounting pod's central axis. This shape was chosen to reduce the chance of
flow separating from the forward shoulders of the pod and thus to decrease the drag on

the mounting pod and flow disturbances around the foils. A longer smoother forward
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section would have been ideal but such a section would have increased the mass of the
pod which had to be kept to a minimum. The ellipse was centred on the centre line of the
pod to reduce any lift forces which may be developed by the pod. The after end of the
mounting pod had a sectional shape defined by a circular arc, which provided a long
tapered after section that decreased the chance of flow separating from the aft end of the
pod. This decreased the wake behind the pod and thus the drag forces on it.

The pod was fabricated from stainless steel to give high strength and good
corrosion resistance. Three grooves were cut in it one on either side to allow for the
mounting of the foils and one in the top to allow the connection of the drive shafts. It was
decided to cut one long groove for the connection of the drive shafts instead of two
shorter grooves in order to decrease mass and make fabrication casier. Two diagonal flats
were also cut along the bottom surface of the pod 1o decrease its mass.

It should be noted that stainless steel was chosen as the fabrication material for the
mounting pod, even though the mass of all moving parts had to be kept to a minimum,
because a high strength material was required to ensure that the mounting pod did not
collapse while the grooves were being fabricated or while in use. Also the screws for
holding the foils in place were threaded into the pod and if a softer material had been used
these screw threads may have stripped when the screws were tightened. The screws must
be tightened enough to cause the sides of the grooves to clamp the roots of the foils. A
high strength material was also required for the bearing surfaces of the pins connecting

the mounting pod to the drive shafts.
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333

shafts. Each of the drive shafts consisted of a number of different sections which can be

seen in Figures 3.1, 3.2, and 3.15. Both the forward and aft drive shafts are identical

Drive Shafts

Tne power to drive the foils was transmitted from the motors through two drive
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except that the forward drive shaft has a pivot joint inserted in it 131.5mm above the
mounting pod (between the pod and the tunnel window). The pivot joint is connected to
the pod by a faired link. The aft drive shaft has a strain gauged section 103.5mm above
the mounting pod (between the pod and the tunnel window). The link in the forward drive
shaft allows the drive shafts to move out of phase with each other, without them binding
up at the point where they penetrate the cavitation tunnel's walls, while the strain gauged
section allows the measurement of the bending forces, developed by the foils, on the aft
drive shaft. Four strain gauges were mounted in a wheatstone bridge configuration on the
Imm thick section of the aft drive shaft in such away as to measure only bending strain
due to forces along the longitudinal axis of the mounting pod.

The upper sections of both drive shafts were made out of stainless steel ground
hardened shafts 3/4in. in diameter (See Appendix ‘D' page 187 to 192 for sizing of the
shafts). Ground hardened shafts were used to ensure that the linear bearings used to aiign
the drive shafts would not wear grooves in the shafts and to provide a smooth
dimensionally accurate surface to ensure that a good seal could be made at the point
where the shafts penetrated the walls of the cavitation tunnel. To obtain a good seal a
shaft with a dimensionally accurate surface is required (Martini 1984). It would have been
preferred, to use hollow shafting or stainless steel tubing to minimise mass but it was
difficult to obtain and much more expensive than the solid shafting used.

The upper sections of both drive shafts had a load cell inserted at their base to
allow the measurement of the forces in the drive shafts generated by the drive motors and
the dynamic (the dynamometer will be calibrated to eliminate the dynamic loads) and
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hydrodynamic forces from the foils (see Figures 3.2 and 3.15). The load cells were
screwed into Teflon inserts which were in turn screwed into the steel shafts. The threads
in the Teflon were oversized (25% of the load cells threads were held by the teflon) so
that the load cells would pull out of the Teflon insert if the shafts experienced a load
greater than 12lbs. This was done to ensure that the load cells never reached their
maximum overload of 15lbs. The thread size for the inserts was determined by running a

number of tensile tests at Memorial University’s Materials laboratory.

\}-I‘L_J—

Figure 3.16 Photograph of the lower faired section of the drive shafts. The forward
drive shaft (part No. 3 and 4) is shown to the left hand side of the
page while the aft drive shaft (part No. 5) is shown to the right hand side
of the page.
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To the lower ends of each load cell was attached an intermediate section of shaft
identical to the upper shaft section. Attached to the lower ends of these intermediate
sections were the pivot joint, faired link, and strain gauged sections mentioned above.

Attached to the lower ends of the pivot joint and strain gauged section were faired
sections of stainless steel (See Figure 3.16) which extended down into the mounting pod
and were connected to the mounting pod by pin connections. The lower ends of the shafts
were faired to reduce the drag on them and to reduce the flow disturbances around the
foils.

The natural vibrational frequency for the drive shafts, mounting pod, and foil
system was estimated by modelling the system as a mass supported by two cantilever
beams. The drive shafts were assumed to be rigidly clamped at the point were they
penetrated the cavitation tunnel for these calculations and the mass of the beams (drive
shafts) was included in the calculations. The calculation of the natural frequency was done
for two positions corresponding to the upper and lower limits of the dynamometer's

motion which correspond to the maximum and minimum natural frequencies for the

The natural ies, in the fore and aft direction, were:
9.58Hz (60.2radians/sccond) for the upper limit and 2.37Hz (14.9radians/second) for the
lower limit (The calculations are included in Appendix ‘D’ page 192 to 194). This
resulted in frequency ratios in the range of 0 for the lower frequency motions to 0.42 for
the highest frequency motions (See Figure 3.10). Therefore, there may be a small
problem of attenuation of the signals from the measurement system when the
dynamometer is operating at its maximum oscillating frequency and heave amplitude.
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To avoid this the natural frequencies of the drive shaft system should give a
frequency ratio outside the range of 0.2 and V2. It would have been preferable o have the
frequency ratio above 3 (See Figure 3.10). This was not possible, since it would have
required the shafts system to have a low stiffness and a high mass (See Equation 3.3

(Steidel 1989)). Therefore, the system should have a maximum frequency ratio of 0.2,

This problem may be solved if the solid shafts are replaced by hollow shafts in the future,
The hollow shaft would have approximately the same stiffness but a much lower mass
than the solid shafts. Since the natural frequencies is a function of the stiffness of the
shafts divided by the mass of the shafts. the hollow shafts should have a higher natural
frequency than the solid shafts.
on = V(k/m) 3.3

Where:

@n = the natural frequency of the system

k = the stiffness of the system

m = the mass of the system

334 Seals

The edge of the window port, the two penetrations for the drive shafts and the
penetration for the strain gauge cable had to be made both water and air tight to prevent
water from leaking out of the tunnel during atmospheric testing and prevent air from

entering the tunnel during testing at pressures below atmospheric pressure (The pressure
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in the cavitation tunnel will range from one to minus one atmosphere). The seals for the
drive shafts also had to be designed to have low and constant frictional resistance's to
allow smooth running of the drive shafts and if possible the measurement of the input
forces to the foils.

One of the best methods of sealing a port is by use of a O-ring while the best
method of sealing an oscillating shaft is by using U-cup rings opposing each other
(Martini 1984). Therefore, the window port was sealed by a 7Tmm diameter rubber O-ring
and the strain gauge cable was sealed by a screw down seal provided in the window of the
tunnel. Each drive shaft penetration was sealed by two urethane U-cup rings, positioned
in grooves cut into the window port (See Figure 3.17). Two single acting seals opposing
cach other were used, for each drive shaft, to seal a vacuum in one direction and water
pressure in the other. Note, that the size and spacing of the seals were based on
recommended seals given in the Dowty Silcofab catalogue for a working pressure of plus

or minus one atmosphere anl a reciprocating shaft.

3.35 Shaft Alignment System

The alignment of the drive shafis was accomplished by running each drive shaft
through two linear bearings and two Teflon bushings. At the point where the drive shafts
entered the cavitation tunnel there were two 25mm long Teflon bushings placed 21mm
apart. These were placed here to align the shafts where they penetrated the cavitation

tunnel's window port. These bushings provided the reactions required to balance the
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horizontal thrust on the foils and the drag on the lower drive shafts. This allowed the
shafts to run smoothly through the window, thus reducing the frictional forces and
preventing the wearing of the brass window port and the U-cup rings used to seal the
drive shaft penetrations in the window port. The bushings were also required at this
location to eliminate any bending loads from being transmitted to the load cells which

would have been damaged by such loads.

insert bushing

insert U-cup gland

window port
window port insert U-cup gland
insert bushing

gland housing to ke
silver soldered to
the window port
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2 Insert two teflon hushings

3, Insert two 3/4'x1°xl/8" urethane U-cups

4, The bottom 20mm of the glands are

to ke machined in the winclow port.

Figure3.17  Shaft seals. Part number 11and 5.
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Each drive shaft runs through two linear bearings above the top of the cavitation
tnnel's window port (See Figure 3.1, 3.2, and 3.18). These bearings were placed at
345mm and 677mm above the port (measured to the centre of the bearings) to minimise

the deflection of the drive shafts and to allow a heave amplitude of at least 110mm.

33.6 Drive System

The drive system for the consisted of two D-C servo

motors each of which drove a pulley drive belt system connected to the dynamometer's
drive shafts. A timing pulley was mounted on the shaft of each motor (See Figures 3.2
and 3.3). These pulleys were connected by fibreglass reinforced timing belts to identical
pulleys mounted on freely rotating shafts. The upper pulley shafts were each mounted in a
vertically adjustable housing which allowed the tensioning of the drive belts. The belts
were connected to the drive shafts with a clamp connection which can be seen in
Appendix 'A" (drawing number A-15 page 152). Timing belts were used since they do
not allow any slippage in the motion (Shigley and Mischke 1989).

In order to provide a range of motions two Aerotech programmable D-C Servo
motors model 1050 with 10/1 ratio gear boxes with low backlash were selected to
oscillate the drive shafts. The motors operational parameters are listed in Table 3.3.

These motors were controlled by a Unidex 14 motion controller and could be
programmed to produce an infinite series of motions. The motion controller was capable

of simultaneously moving both motors indeper.iziMly of each other. By oscillating the
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shafts out of phase with each other, a heaving and pitching motion could be developed
with the pitching axis located anywhere along the chord line of the foils. The versatility
of this system allowed the position of the pitching axis of the foils to be programmed into

the computer.

noter all shaft section lengths ore decreased For clarity

Figure3.18 Drive shaft alignment
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Table 3.3 Motor o

stall torque, continuous .35N-m

eak torque .52N-m

maximum speed 000rpm

maximum power output, continuous 46watts

44000radian/second”
1.59%g

3.3.7 Fairing

To reduce the flow disturbances around the foils and to reduce drag on the drive
shafts the upper portions of the drive shafts operating inside the tunnel were encased in a
fairing. This fairing, which can be seen in Figure 3.19 was made of two stainless steel
sheets rolled into circular arcs and welded together at both ends. The fairing was
connected to the bottom of the tunnel's window port and the drive shafts oscillated freely

through it.

338 Limit Switches

Each motor was equipped with a connection for limit switches which could be
used as a home position for the motors and to limit the motor's motions. Four limit
switches were installed to ensure that the dynamometer was not damaged by motor over
runs. A flag was attached to each of the clamps connecting the drive shafts to the drive
belts. Two limit switches were placed 110mm below these flags and two switches were
placed 110mm above these flags to allow a total maximum heave motion of 220mm (See

Figure 3.1 and 3.2). All four limit switches were wired together so that if any switch was
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tripped both motors would stop. This was necessary, since both drive shafts were
connected together by the mounting pod and if one motor stopped while the other
continued to move it would damage the dynamometer.
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Figure 3.19  Fairing. Part number 25.
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339 Data Acquisition System

The instrumentation system was made up of: a full Whetstone bridge strain
gauged scction inserted in the aft shaft of the dynamometer, two miniature load cells with
a range of 10lbs tension/compression capacity (one inserted in each shaft) and a LVDT
connected to each shaft. An amplifier with a built in DC power supply excited and
amplified the output signals from the strain gauges and load cells. A separate power
supply was used for the LVDTs because the signals from them did not have to be
amplified. The signals from the instruments were processed by a Keithley 570 data
acquisition system and fed to a 80286 computer used to store the data and perform initial
data processing.

The dynamometer’s data acquisition system was designed to fulfil the following
two functions: 1) To record the exact motion of the test foils so that the effects of
different motions could be studied; and 2) To measure the resultant axial forces in the
drive shafts produced by the drive motors and the vertical component of the lift/drag
forces from the test foils and the horizontal component of the lift/drag forces in the
direction parallel to the water flow (See Figure 3.20). This information will allow the
propulsion efficiencies of the test foils for different propulsion parameters and motions to
be calculated using Equation 3.4,

= (VA*TYP (3.4)
Where:

e = propulsion efficiency
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T' = mean thrust developed by the tests foil during a complete motion cycle
Va" = mean speed of advance of the test foil during a complete motion cycle
P = mean power supplied to the test foils during a complete motion cycle.
= the mean of the force supplied to drive the test foils * the speed of advance

of the test foils

produced hy the

ed by the

dve force drive
e motors

Forward drive
shaft

aFt drive
shaft

oo conoiisist
thrust/dr

vertical component
o UFt and Grag

drection of travel

Figure3.20  Forces to be measured by the data acquisition system
The maximum movement of the drive shafts was 220mm (an heave amplitude of

110mm), while the maximum expected axial loads in the drive shafts were 46N and the
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‘maximum thrust loads on the aft drive shaft were 67N. See Appendix ‘D’ pages 176 to
187 for the calculation of the forces.

The LVDTs were used to determine the exact displacement of the foils over time,
while the load cells measured the end loads on the drive shafis. These loads could be used
in combination with the foil's velocities, obtained from the LVDTs displacement data, to
determine the power absorbed by the foils. The purpose of the strain gauged section was
to measure the drag and thrust forces exerted on the aft drive shaft. These forces were

used to determine the thrust developed by the foils.
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Figure 3.21  Layout of strain gauges
The strain gauged section can be seen in Figures 3.16 and 3.21. The centre
portion of the section was milled out to form two Imm thick bending beams at the outer
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sides of the section (See Appendix ‘D" page 194 to 196). These were designed to develop
a maximum strain of 1700 micro-strain (See Appendix ‘D' page 197 to 200 for
calculations). Four strain gauges were mounted at the upper end of the aft bending beam
in a Wheatstone bridge configuration and sealed in a water proof clothing (See Figure

3.21). The natural oscillating frequencies of the reduced strain gauged section were much

higher than the i ies of the Theretore, the strain gauged

signals should not be influenced by vibrational noise due to the oscillating motion of the

lower assembly. Note, that both the natural frequencies about an axis parallel and an axis
perpendicular to the water flow were checked (See Appencix ‘D', page 196 for the
calculations).

Figure 3.22 shows the forces which will act on the dynamometer while Figure
3.23 shows the forces that will act on the foils. From these figures it can be scen that the
load cells will experience the following forces:

1) forces exerted by the drive motors,

2) frictional forces from the bearings, bushing, and seals,

3) frictional forces due to friction in the pivot joint and pins,

4) dynamic forces due to the vertical acceleration of the shafts, pod, and test foils,

5) vertical components of the centripetal forces due to the rotational movement of

the lower forward drive shaft, pod, and test foils,

6) lift forces from the foils, and

7) lift forces from the pod.

69



Figure 3.22  Forces experienced by the dynamometer
The strain gauged section will experience the following forces:
1) thrust/drag forces from the tests foils,
2) thrust forces from the pod,
3) drag forces on the lower drive shafts, pod, and test foils,
4) axial forces transferred from the forward drive shaft duc to the rotation of the

faired link, and
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5) horizontal components of the centripetal forces due to the rotational movement

of the lower forward drive shaft, pod, and test foils.
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Figure 3.23  Forces acting on the test foils

It can be seen from Figures 3.22 and 3.23 that the load cells will experience forces
which will interfere with the measurement of the forces which the dynamometer was
intended to measure. If ihe frictional forces from the bearings, bushing, and seals are o
great to allow the desired measurements the seals and bushing can be replaced by an
additional set of linear bearings and the propulsion efficiency tes's conducted in the wave
tank. The frictional forces in the pivot joint and pins should be relatively low once the

dynamometer is broken in. The maximum dynamic forces due to vertical accelerations of

the oscillating will be i 46% of the total axial loads carried by
the drive shafts (See Appendix ‘D’ page 186 to 187 for the calculations). The vertical
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components of the centripetal forces due to the rotation of the lower assembly will be
small due to the small angles and low oscillating frequencies. All these forces can be
calibrated for by running the desired test conditions in air before and after the actual test
in water. The lift/drag forces from the pod should be relatively small compared to those
from the test foils and can be calibrated for by running the desired test parameters in
water without the test foils installed. If after a series of test conditions the lift/drag on the
pod is determined to be constant or negligible it can be ignored.

The drag forces on the lower drive shafts should also be small compared to those
produced by the test foils and can be easily calibrated for in the same manner as the
lift/drag forces on the pod. The component of the thrust forces which will be carried by
the forward drive shaft and the horizontal component of the dynamic forces from the
centripetal motion of the pod, test foils, and lower forward drive shaft were shown to be
relatively low compared to the expected loads in Section 3.2 (approximately 3.6%) and
can be calibrated for by running a series of test in air (See Appendix ‘D’ Page 203). It
should also be noted that the maximum inertia loads will occur at different phases than the
maximum hydrodynamic loads. If a series of tests conducted in both air and water can be
conducted to show that the phase and or frequency of these loads are far enough apart,
then the inertia loads can be filtered out of the desired measurement signals.

The data acquisition system was completely shielded from electronic and magnetic
noise. To achieve this, all cables used in the system were twisted pairs with double
shielding. Each individual wire was shielded and then the entire cable was wrapped in an
addiional metallic foil shield. These shields were grounded to the Keithley data
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acquisition system. Since the strain gauges. LVDTs. and load cells were also shielded,
the signals from the measuring instruments were shielded from all sources of electronic
and magnetic noise all the way from the measurement devices to the Keithley data
acquisition system. The Keithley data acquisition system converted the electronic signals

into digital signals which are not affected by electronic and magnetic noise.
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Chapter 4
Motion Control
4.1 The Control System

A ic diagram of the control system is presented in Figure

4.1. The control system is made up of a 80286 PC Computer with a Unidex 14 Control
Board installed in it, a Unidex 14 Drive chassis, and two D-C programmable servo
motors.

Figure 4.1 shows how the operator of the dynamometer can interact with the
control system to develop the desired motion. The operator interacts with a QuickBasic
program running on the PC to define the desired motion. Once the desired motion has
been defined the QuickBasic program then calculated a series of displacements, velocities,
and accelerations to approximate the desired motion. It then creates a series of ASCII
strings, which call the built in Unidex subroutines needed to produce the desired motion.
These ASCII strings are sent to the Unidex 14 control board which uses the built in
subroutines to develop a set of parameters defining the electrical pulse train which have to
be sent to each motor to produce the desired motion. These parameters are then sent from
the control board inside the PC to the Unidex 14 drive chassis which generates the pulse
trains for each motor independently and then sends them to the motors, which produce the

desired motion.



4.2 Motion Development

This section will cover the development of the computer program written to
control the motions of the dynamometer. The program was written in modular form so
that all the motion specific computer code, was contained in one subroutine. This allows
new subroutines, to produce different motions, to be written and added to the main
control program in the future. For this project a subroutine to produce a small amplitude

sinusoidal wave motion with a constant 90° phase angle between pitch and heave was

written.
Motion Variables
)
80286 PC Computer
T
Motion Control Program| ASSCIT Unidex 14 control board calculates the
motion commands String desired electrical pulse train parameters for
each motor
electrical pulse train parameters for cach motor
Unidex 14 drive chassis generates the electrical
pulse train
pulse train l pulse train
I

2 T
aft drive motor
produces desired
motion

forward drive
motor produces
desired motion

Figure 4.1 Motion control system




A 90 degree fixed phase angle was chosen to help simplify the initial
programming of the motion controller and was justified by the high efficiency found in
Wu's (1991b) study on porpoises. In his study, he assumed a 90 degree phase angle
between pitch and heave. Again it should be noted that in this project the main objective
was to test the dynamometer and not the foils. Further work on this project will involve
developing new motions with a greater degree of flexibility. This will involve both fixed
and variable phase angles and will be accomplished by writing the equations of motion in
their general form with the phase angle supplied as an operator definable constant or
cyclic function. This added complexity will not affect the operation of the dynamometer

since the calculations are performed off line.

4.2.1 Development of The Equations of Motion
For a sinusoidal small amplitude motion with a constant 90° phase angle between
pitch and heave, the displacement of any point x on the foil is defined by equation 4.1

(after Lighthill 1970). See Figure 4.2.

Z = Re[h-ia(x-b)]e" @1

Where:

™ = cos(or)+isin(wr)

Z = vertical displacement of a point x on the centre or nose tail line of ~ the foil
(m)

Re = the real part

h = amplitude of heave motion (m)

a = amplitude of pitch (radians)

@ = radian frequency of oscillation (radians/second)
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x = position along the chord line of the foil from the centre chord
location (;m)
b = the pitching axis location relative to the mid chord of the foils (m)

z

M mid chord
4

£

H

] Relhe@h) pitching axis
g = hcostwt) p

a

&

ki

o

3

g z

z

Reliacx-p)1d?E

Datun line

Figure 4.2  Components of a sinusoidal small amplitude motion

This equation is only valid for small pitching amplitude motions, due to a
simplifying approximation in the equation. It is assumed, in the equation, that the tangent
of the angle between an horizontal line through the foil's pitching axis and its centre
chord line is equal to the angle in radians. Thus, the errors in this equation increase as the

pitching amplitude of the motion increases. For a five degree pitch the error will be
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0.25% and for a 23 degree pitch angle (the i i by the ) it
would be 6%.

As mentioned above, Equation 4.1 describes the displacement of any point x on
the centre line or nose tail line of the foil. If we define the point of intersection of the
foil's centre line and the forward shaft as ‘a’ and the aft shaft as ‘c’ (See Figure 4.3) then

the equations of displacement for the drive shafts and the pitching axis are:

Za = hcos(@l) + a(a- b)sin(e) 4.2)
Ze = hcos(at) +a(c- b)sin(wt) 3)
Zn» = hcos(at) @.4)

Using equations 4.2 and 4.3 to define the motions of the drive shafts introduces a
second error. The equations do not take into account the pivot point in the forward drive
shaft (the forward drive shaft is assumed to remain vertically straight). This results in an
error since the forward drive shaft does not remain vertically straight. This error also
increases as the pitching amplitude of the motion increases. For a requested pitch angle
amplitude of 30” a pitch angle amplitude of 30.18° is obtained (0.62% error).

This error can be corrected by using equation 4.5 to calculate a new pitch angle
amplitude o (slightly lower than the desired angle au) to be inserted into the motion
program to obtain the desired pitch angle amplitude (See Appendix ‘D’ page 176 for the
development of Equation 4.5). When the motion program is updated the movement of the
link can be incorporated into the motion. It was left out during this stage of the project to

simplify the initial programming of the motion.



o = arcsin[AB*SINaw - BD + BD*COS6/AB] «.5)

where: AB = the distance between the drive shafts
BD = the length of the link in the forward drive shaft
6 = arcsin[AB - AB*COSow/AB]

Differentiating equations 4.2, 4.3, and 4.4 with respect to time gives the velocity

equations.

Vi = -whsin(ot) + aw(a-b)cos(wt) +.6)
Ve = -ohsin(wt) + aw(c-b)cos(wt) [CX))
Vb = -whsin(ot) 4.8

Differentiating the equations of velocity with respect to time gives the foliowing

equations for acceleration:

As = -o’hcos(wt) - aw*(a-b)sin(wt) .9)
Ac = -w*hcos(wt) - aw*(c-b)sin(wt) 4.10)
As = -o’h(ot) “.11)
The equations for displacement (Equation 4.2, Equation 4.3, and Equation 4.4) can be
rewritten as:
2o = [+ (afa-b))* ] *cos(ar -4,) “.12)
Ze = [+ (afc-b)) ] cos(at -¢,) @13
Zs = hcos(or) (4.14)
Where:
8, = un' 240, @15
4 = tan '[%"”] @.16)

Since the equations of motion could not be fed directly into the control system a
means of approximating the desired motion had to be developed utilising the subroutines
which were built into the Unidex motion controller. This was accomplished by dividing
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the desired motion (see Figure 4.4) into a number of equal time intervals and calculating

the displacement for each time interval using Equations 4.12 and 4.13 (See Figure 4.5).

Y
Forward ¢ drive
drive shof shaft
Bivat

i

pin oin
a N 3
‘_—i—smcmnq axis
b——chord/:

Figure4.3  Location of drive shafts and pitching axis
note: the X and Y axes are centred at the mid chord of the foil with the
positive X axis pointing toward the trailing edge and the positive Y axis
pointing upward.

For each time interval the velocity and accelerations required to reach the desired
displacement in the time interval was calculated based on the displacement, velocity, and
acceleration profiles presented in Figure 4.6. The equations for the peak velocity and
acceleration are given in Equations 4.17 and 4.18.

These profiles allowed time for the motors to ramp up to their peak velocities and
then ramp back cown to a stop at the end of each segment. This allowed the required

accelerations to be reduced, thus reducing the vibrations. It would have been preferable

not to stop the motors at the end of each segment or time interval, but this has not been



possible to date given the limitations of the available subroutines built into the motion

controller.

— torward snant i
« aitching point

- atsnan
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ime s0conds)

= arwara nan
- atening aamt
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Vetouty
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~ anehing saint

~ sl
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Figure4.4  Desired motion

desired motion
approxima tan

Displecement
(mm)

Time (seconds)

Figure4.5  Approximation of desired motion
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Figure 4.6  Di velocity, and ion profiles
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Where:
Vp = the peak velocity (m/s)
A; = the peak acceleration (m/s*)
S = displacement during time interval (m)

T = interval time (s)



The motion controller was designed in such a way that the desired motion had to
be built up using a combination of the base commands supplied with the motion control
system. These commands were encoded in the hardware of the system and were not
accessible by the operator. Therefore, it was not possible to modify these command

subroutines to allow a continuous motion.

4.2.2 The Control Program

The control program was written in QuickBasic. Due to the excessive size of the
program, the actual code is not included in this thesis. However, some flow charts needed
to help explain the operation of the program are presented in this chapter while the
remaining flow charts are presented in Appendix ‘C’. Some of the subroutines used in this
program were taken directly from the software provided with the controller. The flow
charts for these subroutines are not included.

The flow chart for the main program is presented in Figure 4.7a and b. It can be
seen from this figure that the first set of operations, which the main program performed,
initialised the system to a known state. This involved setting all Unidex encoder and user
units to one, resetting all the Unidex error flags and interrupts to indicate that there were
no errors, setting the Unidex's sendmode to one which allowed the Unidex controller to
send information back to the control program, disabling the Unidex echo so that the

commands being executed by the controller would not be printed on the computer screen,
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clearing the storage buffers, and resetting the default velocities and accelerations for the
motors.

Once the system was reset the program then created four dialogue boxes on the
computer screen (See Figure 4.8) to display an history of the operator's requests, what
was being asked of the operator, the responses, and the available options. The program
then gave the operator the option to position the foils at the centre line of the cavitation
twnnel. If the option to centre the foils was chosen then the main program switched
control to a subroutine called CENTRE, which allowed the operator to move the foils up
or down using a series of either displacement or levelling moves and then returned control
to the main program after the foils were in position. The displacement move consisted of
both drive shafts moving the same distance. A levelling move allowed the operator to
move either the forward or aft shaft alone, in order to level the foils.

Next the main program entered a control loop. This allowed the operator to run a
test and then refurn back to the beginning of the control loop after the test was completed
to start another test with the same or a new set of motion variables. The first operation
which the control program performed in the control loop was to ask the operator if the
motion variables had to be changed. If so the control program switched control to a
subroutine called INFO. then asked for values for the motion heave and pitch amplitude,
and the oscillating frequency, before switching control back to the main program. This
subroutine also contains a check to ensure that the heave amplitude is less than 100mm

(the maximum allowed to ensure that there is no damage to the dynamometer).
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Figure4.7a  Main Program
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Figure 4.7b  Main Program continued

The second operation in the control loop involves the selection of the desired type
of motion. Currently there is only one motion available, a small amplitude sine wave, but

the program was designed so that other motions could be added at a later date: ¢.g., large

amplitude sine, cycloidal, etc. The "If" statement in the flow chart in Figure 4.7a shows
how two additional mo(ion subroutines, namely a large amplitude sine wave and a
cycloidal wave motion, could be incorporated.

After the type of motion was selected, the main control program switched control

to the selected motion subroutine. In this case the subroutine called SMALLSIN was uscd

(See Figure 4.9). This i a series of di velocities, and

accelerations to approximate a small pitch amplitude sinusoidal motion based on
Equations 4.12, 4.13, 4.17, and 4.18. Before these calculations could be performed, the

subroutine calculated the phase angle required between the displacements of the two drive
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shafts, to produce the requested motion. This was done since the phase difference was
produced by adding the phase, in seconds, to the time value fed into Equation 4.12. Thus,
the phase had to be a multiple of the time required per segment. Once this was done the
subroutine calculated the minimum number of segments that the motion had to be divided
into if an accurate value of phase difference was to be achieved. It then asked the operator

t a number of segments to divide the motion into. This had to be a multiple of two

Requested motion:

Motion Variables Linear velocity profile
forward shaft position ~ -20mm oscillating frequency 1.5rad/s
aft shaft position 20mm pitching amplitude  0.349rad
pitching axis position Omm number of segments 20
heave amplitude 50mm
Question/Feedback:
Please press G when you are ready to begin the test
S when you want to stop the motion
Answer:

| Please type your answer |

Options:

| G to start the test S to stop the test |

Figure 4.8  Computer screen showing dialogue boxes
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multiplied by the minimum number of segments. To ensure that the maximum
displacement in the cycle was achieved. See the approximated mution plots for 3
segments in Figure 4.10a and for 6 segments in Figure 4. 10b.

Once the number of segments had been selected, the displacements, velocities, and
accelerations for each segment were calculated. This information was then stored in :lvdum
file for use with other subroutines and control was switched back to the main program:
see Table 4.1 which presents a typical motion command data file. The first line in the file
gives the number of commands in the file, the second line gives the type of velocity

profile to be used by the controller, and the remaining lines are velocity, acc:

ation, and
displacement commands. MA, VC, and AC are the absolute displacement, peak velocity,
and peak acceleration commands respectively. Note, the first number following the
command defines the command for the forward drive shaft and the second number defines

the aft drive shaft. The units for di velocity, and ion were given in

motor steps, motor and motor spectively. There were

20,000 steps in one revolution of the motor shafts.

The next subroutine called by the main program was call CHECK. The purposc of
this subroutine was to check the data file containing the motion commands o ensure that
none of the moves required a displacement greater than 110mm, a pitch angle of the foils
greater than 50 degrees, or extreme velocities and accelerations. This was checked (o
ensure that the requested motion did not require moves that could damage the

dynamometer. If there was a problem with any of the move commands the subroutine
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printed a message to the screen indicating how the requested motion exceeded the allowed

motions. The subroutine then returned control to the main program. The main program

Start Subroutine

Convert the user input distances
into notor steps

Colculote the tine required for
each cycle

Tnput ‘How many segments would
you like to divide each cycle
into?’, nstep

Open two data fies one to stor
the motion conmands and one to
store the history of the test

Start For Next Loop

Calculate the displacement, velocity,
and acceleration for the current
segment of the cycle for each

Formulate the Unidex displacement,
velocity, and acceleration commands
and store then in the motion
command_data File

Write the velocity, acceleration and
displacement for each shaft to the
history data file

End For Next Loop
Close data files

Figure 4.9  Subroutine SMALLSIN
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then checked to see if the subroutine CHECK had found any problem with the requested
motion. If there was a problem the main program looped back to the subroutine INFO so
that a new set of motion variables could be fed into the program. If the subroutine
CHECK did not find a problem with the requested motion the main program  switched
control to a subroutine called STARTPO.

The subroutine STARTPO located the foils at the correct starting position. 1t did
this by opening the data file created by the motion subroutine and getting the first
displacement command in the data file. It then sent this command to the Unidex controller
for execution. Once the foils had been sent to their starting position, the data file was
closed and control was switched back to the main program. The main program then
switched control to a sut -outine called MOTORSTOP. This subroutine was uscd to check
if the motors were stopped. It did this by executing a control loop which sent a

Table 4.1 Typical motion data file

}_Line number | Command Line number | Command
26 14 "MAQO,0:GO"

"linear" 15 "VL7154,7154;"
"VL7154,7154;" 6 "AC13664,13664."
"AC13664,13664;" 7 "MA-1873,1873:GO"
"MA-10915,10915:GO" "VL17269,17269;"
"VL17269,17269;" “AC32981,32981;"
"AC32981,32981;" "MA-6394,6394,GO"

8 "MA-6394,6394.GO" "VL17269,17269;"

9 "VL17269,17269;" "AC32981,32981;"

0 "AC32981,32981;" "MA-10915,10915;GO"
"MA-1873,1873,GO" 4 "VL7154,7154;"
"VL7154,7154;" S "AC13664,13664;"
"AC13664,13664;" 6 "MA-12788,12788,GO"
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command to the controller to return the position of the motors. The subroutine kept
checking the position of the motors until the positions for both motors remained

constant. It then returned control to the main program.

—— desired motion
« — ~approxima tion

Displacement
(m>

// Time (secondsd

igure 4.10a_ Approximation of motion using 3 segments

——desired motion /77
~—~approximation /»
2

Displacement
(mmd>

Time (seconds)

Figure 4.10b Approximation of motion with 6 segments
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The main program then switched control to a subroutine called STARTEST
which was used to stop the program execution until the operator was ready to start the
test. When the operator was ready he/she presses the letter G on the keyboard and the
subroutine switched control back to the main program, which immediately switched
control to the subroutine SENDDAT (See Figure 4.11).

This subroutine read the motion commands in the data file into an array and then
sent these commands to the controller. The subroutine checked (o see if there was room
for a command in the Unidex's storage buffers before sending each command. Once all
the commands were sent, the subroutine checked to sec if the operator had requested
the motion to stop. If the request to stop the motion had not been made then the

subroutine looped back to the first motion command and sent the commands

gain. It
continued to do this until the request to stop the motion had been made. Then it
switched execution control back to the main program which switched control to a
subroutine CENTRELINE.

The subroutine CENTRELINE returned the foils to the initial position that they
were in prior to the execution of the subroutine STARTPO and then switched exccution
control back to the main program. The operator was then given the option to run
another test. If the operator wished to run another test the main program looped back to
the beginning of the control loop. Otherwise the program switched execution control to
a subroutine called ENDPO which sent the commands to reduce the motor's velocity

and acceleration and then moved the drive shafts down to their lower limit switches.
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Then control was switched back to the main program and the program executions were

completed.

Read the nation
connands from the
ata file mto an

te the notion
comnands to the
istory data file

Tall Gueve 1o see 1F]
the Unidex's storage|
Buéfers have roon

Tose data Files

Figure 4.11  Subroutine SENDDAT



Table 4.2 presents a list of all the subroutines and functions that were used in
the motion control program. This table also gives a brief description of the purpose of
each subroutine and function along with its origin. These functions and subroutines
have one of two origins, they were either taken from the Unidex software supplied with
the motion control system or they were written by the author for this project. It can be
seen from Table 4.2 that most of the subroutines and functions along with the main
program were written specifically for this project. Only the subroutines and functions
used to send or receive characters from the Unidex motion controller were taken from
the supplied software.

Table 4.2 Program subroutines and functions

Subroutine or Purpose Origin
Function name
MOTION This was the main program used to control the author

motion of the dynamometer.

CENTRE This subroutine allowed the dynamomeler's author
operator to interact with the Unidex controller
to position and level the foils at the centre line
of the cavitation tunnel or some other position.

CENTRELINE ‘This subroutine returned the foils to the centre author
line of the cavitation tunnel after each test run.

CHECK This subroutine was used to check the author

by the motion i
to ensure that none of the commands would
produce a motion that would exceed the
limitations of the dynamometer.

CHECKSTATUS | This subroutine was used to check if the Unidex | Unidex
controller was flagging an error. software
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Table 4.2

Continued

CLEAN1
CLEAN2
CLEAN3
CLEAN4

These four subroutines were used to clear
information from the different dialogue boxes.

author

ENDPO

This subroutine was used to reduce the velocity
and acceleration of the motors and move the foils
down to their lower limits at the end of a testing
session

author

EXCEED

This subroutine was used to print an error
message indicating how the requested motion
exceeded the limits of the dynamometer if the
motion exceeded the limits.

author

FILENDING

This subroutine created the file names for the files
used to store the motion commands and the
motion history.

author

HISTORY

This subroutine was used to create a data file that
contained a history of the test run. It wrote the
requested parameters and motion command to a
data file stored on the computers hard drive.

author

INFO

This subroutine asked the operator of the
dynamometer to feed in the following information
defining the desired motion: heave and pitch
amplitude, position of the two drive shafts and the
pitching axis, the oscillating frequency, and
number of segments to divide the motion cycle
into.

author

INITSYS

This subroutine was used to reset the Unidex
motion controller to a known state at the
beginning of program.

Unidex
software and
modified by
author

MISTAKE

This subroutine printed an error message to the
feedback dialogue box if an invalid response was
given by the operator.

author




Table 4.2 Continued

MOTORSTOP This subroutine was used to check if the motors author
were stopped. If they were not stopped the
subroutine continued to monitor them until they
came to a stop.

QUEUE This subroutine was used to check if there was author
room in the storage buffers, of the two motors,
for another command before a command was sent
If there was no room the subroutine would keep
monitoring the buffers until there was room.

SCR This subroutine was used to create the dialogue author
boxes used to display information on the computer
screen.

SENDDAT This subroutine was use to send the commands in author
the motion data file to the Unidex controller for
execution,

SMALLSIN This subroutine was used to approximate a small author
amplitude sinusoidal motion.

STARTEST This subroutine was used to stop the program, author
immediately before the beginning of the test run,

Until the operator was ready to begin.

STARTPO This subroutine was used to position the foils at author
the correct position for the beginning of a test run.

WRITECHR This subroutine was used to send one character at Unidex
a time to the Unidex motion controller. software

WRITESTRING | This subroutine was used to take a command Unidex
string and send it one character at a time to the software
subroutine WRITECHR.

LIMITS This function was used to ensure that a command Unidex
string was limited to the correct number of software
characters.

READCHRS This function was used to retrieve information Unidex
sent back by the Unidex controller one character | software

atatime,




Table4.2  Continued

controller was a valid character or a space, return,
or line fed. If it was not a valid character it was
discarded.

READDATAS | This function was used to check if the Unidex Unidex
controller was sending information back. If so it | software
got one character at a time.

READLF$ This function read data sent back from the Unidex | Unidex
controller until it found a CR LF then it read software
characters until it reached the end of the string.

REMOTES$ This function switched control from the PC to the Unidex
remote clock or visa versa depending on the software
information in the subroutine INITSYS

RESPONSES | This function took the first character in the author
response of the operator and capitalized it to
reduce the amount of code needed in the decision
statements.

VALIDS This function was used to determine if the Unidex
information being sent back from the Unidex software
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Chapter 5

C issioning of Dy
5.1 Tests in Air without the ing Pod and Foils Installed
When the design, ication and i ion of the dy and the

motion control program was completed and checked, the commissioning of the
dynamometer was performed. The first part of this process consisted of running the
dynamometer in air for a wide range of motion parameters to test the functioning ol the
motion control system.

During these test runs the motion of the dynamometer was monitored by # pair
of LVDTs, one connected to each drive shaft. The first set of tests was aimed at
determining if the dynamometer could produce a pure heaving motion and a combined
pitching and heaving motion. The strain gauges were mounted on the section in the
United Kingdom and did not arrive until the final stages of the commissioning of the
dynamometer. Therefore, the strain gauged section was not tested in air. It was also
decided not to mount the load cells during this phase of the testing to reduce wear on
them.

It was found that the was capable of p ing a pure heaving

motion with a maximum heave amplitude of 110mm and a pitching and heaving motion
with 2 maximum pitch angle amplitude of 23°, where the total displacement of cither
drive shaft did not exceed 110mm. It was not possible to obtain a pure pitching motion
since heave equals zero for a pure pitching motion (See Equations 4.15 and 4.16) and
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this resulted in a division by zero error in the calculation of the phase angle between the

two drive shafts. However, it was possible to approximate a pure pitching motion by

setting the value of heave amplitude very close to zero.

LVOT output
| |
60- - lorward shaft - altshaft <+
s0- Poa
g 2- T .
H ; y .
S ! /
a0- _— \ .-
2 ; kg §

| ) Y} k¥ Ny
! 1
0 5 10 25 kY £
timo (seconds)
Figure 5.1  LVDT output for a pure heave motion. Note: motion defined by the

foliowing parameters: pitching axis located 20mm forward of the aft

shaft (x=0), heave amplitude 50mm, pitch angle amplitude O degrees,

and oscillating frequency

Figure 5.1 shows the LVDT output for a pure heaving motion while Figure 5.2

shows the LVDT output for a combination of a pitching and heaving motion with a

phase difference of 0.3491 radians (0.233 seconds) between the motion of the two drive

shafts. Figure 5.3 shows the LVDT output for a motion which approximated a pure

pitching motion with an heave amplitude of 1mm and a pitch angle amplitude of 20°.



The Imm heave is at the pitching axis which is positioned 10mm forward of the
forward drive shaft. [t may be possible to obtain a pure pitching motion by modifying
the motion subroutine SMALLSIN so that if a heave amplitude of zero is requested a
set of modified equations, which neglects heave, can be used to calculate the required

displacements.
: LVOT output

50- - ‘orwara snalt atsnate

dispiacumuni{mnn)

o s 0 % 30 35

15 0

timo (saconds)

Figure5.2 LVDT output for a combined heaving and pitching motion. Note:
Motion defined by the following parameters: pitching axis located 10mm
aft of the aft shaft (x=30), heave amplitude S0mm, pitch angle amplitude
20°, and oscillating frequency 1 i

The requested frequencies for the motions shown in Figures 5.1, 5.2, and 5.3
were 0.159Hz (1.Oradians/second), 0.239Hz (l.5radians/second) and 0.239Hz
(1.5radians/second) respectively while the obtained frequencies were 0.114Hz

(0.72radi ), 0.10Hz (0 i ), and 0.077Hz (0.48 radians/second)
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respectively. The reasons for these errors are related to the limitations of the motion

controller and will be explained later in this section.
LYOT outout

25t - torward snatt --aft snatt

Wshl (saconds)

Figure5.3  LVDT output for a motion approximating a pure pitching motion. Note:
Motion defined by the following parameters: pitching axis located 10mm
forward of the forward shaft (x=-30), heave amplitude tmm, pitch angle

li 20°, and oscillating frequency 1 i i

The next set of tests performed was aimed at ensuring that the oscillating
frequency and phase angle between the two drive shafts remained constant for every
cycle of the motion over the entire test. Tests were run for a wide range of motion
parameters and some tests were repeated. They all showed that the oscillating frequency
and phase angle between the two drive shafts stayed constant for a given test and that

the test results were repeatable.
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The third set of tests was aimed at determining the accuracy of the approximated
motions. Figure 5.4 presents the LVDT output for the forward shaft for a set of test run
with the same motion parameters except that the number of segments which cach
motion cycle was divided into was changed. It was found that as the number of
segments in the cycle increased, the motion became smoother and closer to that of a
sinusoidal wave motion. However, as the number of segments increased the obtained
oscillating frequencies decreased below that requesied for the motion. This was due to a
finite time lag occurring between commands for each segment. The larger the number
of segments, the larger the number of these delays in a cycle. The effects of these
delays can also be seen from the obtained frequencies for the motions plotted in Figures
5.1,5.2,and 5.3,

Since the errors in the obtained frequencies are a direct function of the number
of segments which the motion is divided into it is possible to calibrate the system so
that a frequency higher than the desired frequency can be requested in order to obtain
the desired frequency. Also a control feedback loop could be programmed to analysis
the motion after the first few cycles and inform the operator if the obtained frequency is
close enough to the desired frequency. The control loop could allow the operator to
define an exceptable frequency tolerance.

The effect of the number of segments which a cycle is divided into can be seen
from the desired motion plotted alongside the obtained motions in Figure 5.4. The

percent error in the obtained frequencies for the motions plotted in Figure 5.4 were:
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3.6%, 4.9%, 36.9%, and 52.5% for 6, 20, 30, and 40 segments per cycle respectively.

These errors were calculated by fitting a sinusoidal function, of the form given in

Equation 4.1, to the output from the LVDT to determine the obtined frequencies. The

percent error was taken as the difference between the requested and obtained

frequencies taken as a percentage of the requested frequencies.
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Obtained motions compared to the requested motions. Note: All motions
were defined by a pitching axis located 20mm forward of the aft shaft
(x=0), heave amplitude 95mm (except the motion divided into 40
segments which had a heave amplitude of 30mm), pitch angle amplitude
0°, and oscillating frequency 0.24Hz (1.5radians/second).
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The accuracy of both the magnitude of heave and the frequency of the motion
had to be evaluated. Therefore, these obtained motions are re-plotted in Figure 5.5
along with plots of the desired motions corrected for the obtained frequencies. From

this figure it can be seen that if the obtained ies are used in the ion of

the desired motion, the errors in the approximations of heave amplitude due to
approximating a curve with a series of linear functions are very small for motions
divided into more than 20 segments per cycle. The root mean squared error for the
motions plotted are: 9 (9.5%), 3.5 (3.6%), 2.8 (2.9%), and 0.7 (2.3%) for 6, 20, 30,
and 40 segments per cycle respectively. The terms in the brackets are the percent errors
based on dividing the root mean errors by the maximum displacement. These
calculations were based on data collected at a sampling rate of 45 samples/second. The
calculated errors will vary slightly for different data sampling rates for a given
requested motion.

The fourth set of tests was done to further determine the effect of the number of
segments in each motion cycle on the obtained oscillating frequency. It can be seen
from Figure 5.6, that as the requested oscillating frequency increased the effect of
increasing the number of segments in each cycle resulted in the obtained frequency
dropping off at a faster rate. This is believed to be caused by the increased accelerations

required to obtain higher frequencies and the time delays between each segment. It is
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believed that the accelerations developed by the motors may be slightly lower than

those requested. This effect would be larger for the higher frequencies.
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Figure5.5 Obtained motions compared to the desired motions calculated for the
obtained frequency. Note: All motions were defined by a pitching axis
located 20mm forward of the aft shaft (x=0), heave amplitude 95mm
(except the motion divided into 40 segments which had a heave
amplitude of 30mm), pitch angle amplitude 0°, and oscillating frequency
0.24Hz (1.5radians/second).

The final set of tests in this series was aimed at determining the upper limits of
the oscillating frequencies which could be requested without the motion becoming too
uneven or rough, due to excessive accelerations. Figure 5.7 presents plots which define
the upper limits for the number of segments that the motion cycle can be divided into,
for a particular requested heave amplitude and oscillating frequency, if the motion is

not to be uneven or rough. The second plot in Figure 5.7 defines the limits where the
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motion is beginning to become rough while the first plot defines when the motion
becomes so rough that it vibrates the dynamometer. Heave amplitude also affected the

roughness of the motion, since larger heave amplitudes resulted in higher accelerations

for a given oscillation frequency.
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Figure 5.6  Plot of the obtained frequency against the number of segments in the
cycle for different oscillating frequencies,

The plots in Figure 5.7 can be used as a guide in selecting the maximum number
of segments to divide a motion cycle into. For example, if a heave amplitude of 50mm
and an oscillating frequency of 0.32Hz (2 radians/second) is requested then, according
to the second plot in Figure 5.7, the number of segments that the motion should be

divided into should be less than 45, to ensure that the motion is even and smooth.
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According to the first plot if the motion is not to be excessively uneven or rough then

the number of segments requested should be less than 61.
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Figure 5.7 Plot of heave amplitude against the number of segments in a cycle
defining the roughness limits.

To develop the plots presented in Figure 5.7 tests were run for ten different
heave aruplitudes ranging from 10mm to 100mm for increasing oscillating frequencies
until the motion was judged to be too uneven or rough. This judgement was based on
the plots of the output from the LVDTs. After these tests were completed the data files

containing the motion commands for the motions, which were deemed to be becoming
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uneven or rough and those that were excessively uneven or rough, were analysed to

the i i required for those motions. The average

for the two itions were to be 38.5 cycles per

second squared for the motion becoming uneven and 60 cycles per second squared for
the motion becoming excessively uneven.

These accelerations were then used along with the motion equaticns to calculate

the maximum number of segments which a given motion cycle could be divided into

without the motion starting to become uneven and the motion being excessively uneven,

for different heave i and oscillati ies. These results were

used to produce the plots in Figure 5.7.

5.2 Calibration of Dy ’s Instr ion System

As mentioned in Chapter 3 the dynamometer's data acquisition system was made
up of a full Wheatstone bridge strain gauged section, two miniature load cells, and two
LVDTs. The strain gauged section was designed as part of this project while the load
cells and LVDTs were off the shelf. The calibration of the instruments was done using
a Keithley S570 data acquisition system and software.

The LVDTs were excited by twelve volts direct current during calibration and
testing. Seventeen sample points with 480 samples per point and a sampling rate of 45

samples per second were used. The points ranged from a positive displacement of
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120mm to a negative displacement of -120mm. Typical slopes, offsets, and Rsquared

value for the cal:bration of the two LVDTs are given below.

Table 5.1 Forward drive shait LVDT calibration

slope [0.1049023
[offset | -228.486527

Rsquared value 10.9999750

Table 5.2 Aft drive shaft LVDT calibration

0.0733322
-166.3131066
0.9999820

Rsquared value

The Rsquared values, are a measure of the accuracy of the fit of a linear
equation to the data points obtained during the calibrations. An Rsquared value of one
indicates a perfect fit. As can be seen the calibrations for the LVDTs are good and
show that the LVDTs are linear.

The load cells were powered by five volts direct current and amplified with a
gain of 400. The calibration was done using twenty five sample points with 1000
samples per point and a sampling rate of 45 samples per second. The points ranged
from a tensile force of 34.9 N to a compressive force of 34.9 N. Typical slopes,
offsets, and Rsquared value for the calibration of the two load cells are given below.

Table 5.3  Forward drive shaft load cell calibration

slope 0.042407
offset -86.7822649
Rsquared value 0.9996583
Table 5.4 Aft drive shaft load cell calibration
[slope 0.0418954
offset -85.8653840
Rsquared value 0.9990014
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The strain gauged section was excited by five volts direct current and amplitied
witl a gain of 500. The calibration was done using thirty sample points with 1000
samples per point and a sampling rate of 45 samples per second. The points ranged
from a positive force of 50.0 N (positive thrust forward) to a negative force of 50.0 N.
Typical slopes, offsets, and Rsquared values for the calibration of the strain gauged
section is given below.

Table5.5  Aftdrive shaft strain gauge calibration

Rsquared value 109990152

The Rsquared values for the load cells and stain gauged section were a little low
(a minimum value of 0.9999 is preferred). This may have been a result of slight
inaccuracies in the calibration weights which were used for the calibrations. However,
it was decided that these calibrations were ok for the initial testing of the dynamometer.

These instruments must be re-calibrated before any foil performance tests are

When the i are i the load cells and strain gauged

section should be calibrated for a range of forces up to SON and 70N respectively.

53 Test in a Fully Operational State

After the initial tests on the motion control system of the dynamometer were
completed, the dynamometer was installed at the cavitation tunnel, the LVDTSs were re-

calibrated and the load cells and strain gauged section were calibrated in place. Once

110



this was completed the last stage in the commissioning of the dynamometer was carried
out. This involved running a set of tests with the dynamometer in the completely
operational state (note the strain gauged section did not arrive from England until the
last stage of the commissioning tests). These tests were aimed at determining the quality
of the data obtained from the data acquisition system and not as a complete study of the
foils used.

The only problem resulting from the installation of the dynamometer was a
small air leak in through the insulation on the cable of the strain gauged section, when a
vacuum was drawn on the tunnel. This was not considered serious since it could be
easily sealed with silicon rubber or similar sealant.

The first set of tests involved running a series of tests to ensure that the
dynamometer could produce the same range of motion which it had produced when
tested in air. [t was found that the dynamometer was still capable of the same range of
motions and that the water in the tunnel had a small damping effect on the roughness of
the motion when operated at the upper limits of the oscillating frequency. During these
tests the drive pulleys mounted on the aft drive shaft motor kept working loose after
about 30 minutes of testing.

The next set of tests involved running a series of tests with different tunnel
water speeds for a motion with a heave amplitude of 50mm, pitching axis location
19.5mm forward of the aft drive shaft, a pitch amplitude of 20°, and a requested

oscillating frequency of 1.5 radians per second. These tests were aimed at determining
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the quality of the data obtained from the load cells and the strain gauged section. Figure
5.8 shows typical output from the load cells inserted in the forward and aft drive shafts.
It can be seen from these plots that every time the drive shafts change direction, at the
upper and lower limits of the motion, there is a large jump in the measured forces
compared to the forces measured while the shafts are moving between these points.
These jumps were a result of the high static frictional forces in the seals around the two
drive shafts and inertia forces resulting from the maximum accelerations at the reversal
points of the motion. The dynamometer will have to be calibrated so that the effects of
the inertia forces can be subtracted from the output from the load cells and the shaft
seals and bushings will have to be replaced by a set of linear bearing and the propulsion
test conducted in the wave tank. Also, the A/D range for the loud cells were exceeded
during part of the data acquisition time. This resulted in the loss of some of the data
peaks. This could have been corrected by changing the gain on the amplifier, however
it was not deemed to be necessary since the high frictional forces in the seals and
bushing around the drive shaft and the inertia forces caused this problem and made it
impossible to obtain reliable data from the load cells. For accurate tests for propulsive
efficiency, this indicates that it is likely that better results would be obtained by
removing the shaft seals and testing in the towing tank.

Figure 5.9 presents a typical plot of the output from the strain gauged section.
The plot of thrust in Figure 5.9 has a high noise to signal ratio despite the shiclding of

the entire data acquisition system from electronic and magnetic noise. This is believed
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to be due to mechanical noise. As can be seen from the LVDT output plotted in Figure
5.10, the mechanical noise present in the motion is due to the motors starting and
stopping at the ends of each segment of the motion cycle.

From the plot of the power spectrum density in Figure 5.10 it can be seen that
the vibrations caused by the starting and stopping of the motors occurred at a frequency

of around 4Hz to 5Hz. The plot of the power spectrum for the thrust signal shows

to that at the oscillati quency of 0.1Hz) energy in the signal
between 3.5Hz to SHz. The energy in the thrust signal between 3.5Hz and 5Hz was
thought to have resulted from the vibration in the oscillating motion. Therefore, both
the signals from the strain gauged section and the LVDT were filtered using a Sth order
Butterworth low pass filter to eliminate all frequencies above 1Hz (which is ten times
the oscillating frequency of the motion). The filtered signals from the strain gauged
section and the LVDT are presented in Figures 5.9 and 5. 10 respectively.

It can be seen that the vibrational noise has been removed from the signals.
However, it is not possible to make any conclusion on the operation of the strain
gauged section. Figure 5.11 presents a plot of the transfer function for the oscillating
motion to the thrust signal. It can be seen from this plot that there is very little energy

transferred from the input oscillating motion to the output thrust at 0.1Hz but there is

energy from the vibrations at frequencies above 2.8Hz. This

indicates that the vibrations caused a force on the aft shaft which is not related to thrust



generated by the foils. Therefore, before the operation of the strain gauged section can
be evaluated the vibrational problem with the motion must be solved.

Figure 5.12 shows a plot of developed thrust against water speed which was
produced using the output from the strain gauged section. This plot shows the thrust
dropping off as the water speed increases. A similar trend for the thrust developed by
an oscillating foil was observed by Hoppe (1989). This indicates that the strain gauged

section may be functioning properly.
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Figure 5.10 Typical output from the aft LVDT
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Chapter 6
Conclusions

The main objective of this project was the development of a dynamometer to be
used in the study of the propulsion and flow characteristics of oscillating foils. This
involved the complete mechanical design of an oscillation foil dynamometer and
overseeing its manufacture; the design of the data acquisition system and its installation;
the programming of two D-C servo motors to produce the foils oscillating motion; the
commissioning of the entire system; and the presentation of recommendations on how
to improve the performance of the system.

The installation of a load cell in each of the two drive shafts provided a means
of determining the power absorbed by the foils being tested (when used in conjunction
with the velocity record), while the insertion of a strain gauged section in the aft drive

shaft, allowed the of the ped by the foils. The entire

data acquisition system was completely shielded from all sources of electronic and
magnetic fields to minimise the electronic noise in the obtained signals. Also, the drive
shafts and strain gauged section were designed so that their natural frequencies were

outside the i illati ies of the . The

frequencies of the dynamometer were between 0 and 1.0Hz (0 and 6.28radians/second)

while the natural frequencies of the drive shafts were between 2.37 and 9.58Hz (14.9

and 60. i and 78.1Hz (491radi for the strain gauged section

about an axis perpendicular to the direction of the water flow.
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This data acquisition system will allow the propulsion efficiency of the foils
being tested to be determined once the dynamic, inertia, and frictional forces are

calibrated or eliminated. The inclusion of a pair of LVDTs into the data acquisition

system, to monitor the motion of the foils, allowed the study of the propulsion
performance of different oscillating motions for a given foil geometry.

Mounting the foils in a streamlined central pod, fairing the lower drive shafts
and encasing the upper portion of the drive shafts, which operated inside the tunnel, in
a fairing ens.'red that the flow disturbances around the foils were kept to a minimum,
Also the total width of the foils and pod was 222mm while the maximum heave
amplitude was 110mm to ensure that the foils were not operated in the boundary layer
along the tunnel walls. Thus, this system can be used to study the flow characteristics
around oscillating foils for varied foil geometry’s, oscillating motions, and speeds of
advance.

The insertion of the pivot and link in the forward drive shaft and pins
connecting the drive shafts to the mounting pod allowed the drive shafts to be oscillated
out of phase with each other. This allowed the foil's pitching axis to be moved along
the nose tail chord line of the foils and made it possible to oscillate the foils with a
heaving, pitching, or a combination pitching and heaving motion. It was found that the
dynamometer could produce a pure heaving motion with a maximum heave amplitude
of 110mm and a combined heaving and pitching motion with a maximum pitch angle

amplitude of 23°, where the maximum displacement of either drive shaft did not exceed
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110mm. The system was not capable of a pure pitching motion. However, by
requesting a very small heave amplitude (less than 1mm) a good approximation of a
pure pitching motion could be achieved. It may be possible to rectify this problem by
modifying the motion subroutine SMALLSIN so that if a heave amplitude of zero is
requested a set of modified equations can be used to calculate the required
displacements.

The control system was capable of producing a good approximation of the
desired motion utilising the available Unidex motion controller commands. If the
number of segments which the motion cycle was divided into was chosen correctly the
root mean squares error in the obtained motion ( for the summation of the variations of
the obtained amplitudes from the desired amplitudes over an entire cycle) could be as
low as 2.3% of the requested amplitude while the percent error in the obtained
oscillating frequency could be as low as 3.6%.

Care had to be taken, when selecting the number of segments per cycle to divide
the motion into in order to get a smooth approximation of the desired motion. Too few
segments resulted in a poor approximation while too many segments resulted in
oscillating frequencies below those requested and in some cases an irregular motion due
to excessive accelerations. Accelerations in excess of 38.5 cycles/second/second caused

the motion to become irregular while it above 60

resulted in a fully irregular motion.
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The motion control program was capable of allowing the pitching axis of the
foils to be moved along the nose tail chord line of the foils. However, the pitching axis
could not be moved continuously, since some locations resulted in phase angles
between pitch and heave which were very small. Since the phase angles were produced
by adding the phase, in seconds, to the time value fed into Equation 4.12 and 4.13 the
time per segment had to be less than the phase difference between the two drive shaft.
For some pitching axis locations this required the motion to be divided into too many
segments.

If more subroutines can be acquired from the manufacturer of the motion
controller it may be possible to modify the motion control program so that it produces a
motion in which the pitching axis can be moved continuously. Additional subroutines
may also allow the production of motions which do not require the motors to stop at the
end of each segment. This would allow the obtained frequencies and amplitudes to be
closer to the desired motion and may eliminate the noise from the output signals.

Overall the dynamometer was capable of fulfilling the goals of the project. The
system was capable of producing an infinite range of oscillating motions for the foils,
allowed the measurement of the developed thrust from the foils and the power supplicd
to oscillate them, and provided a means of studying the flow characteristics around
oscillating foils. However, some modifications to the system are required to improve its

performance.
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The frictional resistance of the seals around the drive shafts was too great to
allow accurate data to be obtained from the load cells. Therefore, these seals should be
removed during the propulsion performance tests and the tests carried out at the towing
tank.

The data from the strain gauged section had a high noise to signal ratio as can be
seen from Figure 5.9. This was caused by mechanical noise resulting from the motors
starting and stopping at the ends of each segment of the motion. In order to achieve
accurate data this source of noise will have to be eliminated or reduced. This problem

will be again in the ions chapter (Chapter 7).
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Chapter 7

Recommendations

The dynamometer is capable of fulfilling its intended purposes. However, there

are some modifications which can be carried out on the design of the dynamometer and

the motion control program which could improve the dynamometer's performance.

These are listed below in the order of their importance.

n

2)

The drive shaft seals should be removed and the propulsion efficiency tests
should be carried out in the towing tank. The cavitation tunnel should be used to

study the flow around the foils and the cavitation and stall characte

different foils and foil motions. Removing these seals will reduce frictional
forces being picked up by the load cells and a more accurate measurement of the
oscillating force transmitted to the foils will be possible. To run the test in the
towing tank one of two things may be done. 1) The seals could be removed from
their housings. This will destroy them but they are relatively inexpensive. 2)
The window port can be removed from the bottom of the mounting bracket and
a new base attached with a new set of teflon bushings/lincar bearing to align the
drive shafts.

The mechanical noise in the oscillating motions must be eliminated or reduced.
Check with AeroTech the manufacturers of the motors and controller to see if
the motion equation can be directly programmed into the motion controller in a

similar manner as the cosine velocity profile command which is incorporated
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into their list of commands. It has not been possible so far to build up a
completely smooth oscillating motion from the available commands. A set of

based on new ines from the of the controller

should allow the motions to be built up without the motors stopping during the
motion (except at the reversal points). This would eliminate most of the
vibrational problems and allow a more accurate approximation to the desired
motion and eliminate the noise from the data signals.

The source of the noise in the strain gauge signal must be determined and
climinated. A set of test runs should be conducted for a range of operating
conditions and a power spectrum density analysis carried out to verify that the
starting and stopping of the motors is the cause of the noise. As a further check,
sample signals from the strain gauged section should be collected for a condition
where the system is in the fully operational state with the motors powered down
and the lower assembly struck to induce vibration. These signals should then be
analysed to determine the natural vibrational frequency of the lower assembly of
the dynamometer. If the natural vibrational frequency of the lower assembly is
the same as the frequencies of the noise in the strain gauge signals, then the

natural vibrational frequency of the lower assembly must be increased or

d All the 15 (such as the timing belts and
pulleys) should be analysed separately to determine if they give rise to the

frequencies of the noise as found from the power spectrum density analysis.
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4)

5)

6)

7

The system should be run with the seals and bushings removed and the results
compared to test run with the bushing and seals in place to separate the influence
of the friction forces from the dynamic forces. Also, the test foils and pod
should be replaced with a dummy equivalent mass having a shape which,
minimises the hydrodynamic forces and a series of test mns in water made to
determine the magnitude of the dynamic and friction loads.

The system should have been run dry to eliminate the hydrodynamic forces,
This will help in identifying the source of the noise in the strain gauge signals.

A set of tests should be conducted periodically to calibrate the frictional forces
in the bushings and seals, and the dynamic loads. This can be done by running
the dynamometer in a fully operational state, but with the water drain from the
cavitation tunnel (or by replacing the foils and pod with a mass which minimises
the hydrodynamic forces and then running the tests in water) to separate the

hydrodynamic loads from the dynamic loads. A set of tests should also be

with the in a fully i state, but without any
test foils to calibrate the thrust/drag forces on the lower assembly of the
dynamometer.
Although the limit switches mounted on the dynamometer ensured that the drive
shafts could not have a displacement greater than 110mm it was found that if the
motion controller's storage buffers became over loaded the relative

displacements between the two drive shafts could be large enough to cause
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8)

9

10)

1)

damage to the dynamometer. Therefore, a feed back mechanism should be
developed to restrict the relative displacement between the two drive shaft to
eliminate this potential danger.

Any new test motion or test conditions should be first run with the pod removed
to ensure that if the motion malfunctions the two shafts can move independently
of each other and not damage the dynamometer.

When a new operator is getting used to using the dynamometer he/she should
disconnect the pod and run a number of test conditions to familiarise him/herself
with the function of the apparatus without the risk of damaging the
dynamometer.

If after the mechanical noise in the motion is eliminated, the obtained
frequencies are below the requested frequencies, then a calibration of the
obtained frequencies should be carried out. This would allow a requested
frequency sufficiently above the desired value to be fed into the motion control
program to produce the desired frequency.

The subroutine SMALLSIN should be modified to allow a pure pitching motion.
This may be possible by adding an "if" statement which will detect if a heave
amplitude of zero has been requested and then use a different set of equations to
calculate the displacements. This set of equations should define the

displacements in terms of the pitch amplitude, phase angle between the drive
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12)

shafts, location of the drive shafts relative to the mid chord of the foils, and
oscillating frequency.

New motion subroutines should be programmed to produce a large amplitude
sinusoidal motion with variable phase angle between pitch and heave, a
cycloidal motion, an elliptical motion, etc.

Over time the drive pulleys begin to slip on the motor's drive shafts. To prevent
this from happening a keyway should be cut in the pulleys as shown in Figure

71
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Figure 7.1  Pulley Key

14)

Currently the edge of the faired section of the lower forward drive shaft binds
up against the edge of the groove in the mounting pod when a pitch angle

greater than 23° is requested. To increase the maximum achievable pitch angle
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16)

17)

the corners can be machined off the drive shaft or the groove in the mounting
pod can be extended.

To decrease inertia loading on the motors the drive shafts should be replaced
with hollow ground hardened shafts. The pod was made of stainless steel , since
it had to be corrosion resistant and tough due to the frequent changing of test
foils. Although the original foils were made from brass future foils will be made
from lighter materials and some will be flexible. The original foils were made of
brass so that they could be used to make molds for the flexible foils and to
reduce initial costs.

To allow the dynamometer to be aligned along the centre line of the tunnel, it is
necessary to grind down the heads of the two bolts at the lower end of the
mounting bracket. This will allow the dynamometer to be rotated. Currently the

is slightly misalij by i 1°

If the drive shafts are replaced with hollow shafts, the lead wires from the strain
gauges should be brought up through the inside of the aft drive shaft. This will
1) reduce the amount of drag on the aft drive shaft, 2) reduce the flow
disturbances due to the flexing loop of wire coming off the strain gauged section
(see Figure 3.6), and 3) reduce the wear on the connection of the lead wires to
the strain gauge terminal block since the wires will not be flexing as the drive

shaft moves.
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18)

19)

The load cells used to measure the power transmitted by the shafts to the foils
experience a varying force due to the flexing of the cables connecting the load
cells to the amplifiers. To reduce the magnitude of this force and to make it a
constant offset instead of a vary-'\ng offset, the cables should be looped back to
and clamped to the drive shafts.

If the above recommendations do not improve the dynamometer's ability to
measure the thrust/drag forces on the test foils then the dynamometer can be
loaded onto the tow tank's carriage and the thrust/drag forces measured by
independent force transducers. Two possible set-ups for doing this are presented
in Figures 7.2 and 7.3. The first method would required the entire dynamometer
to be supported by two very thin wide flexible sheets of material in such away
that the dynamometer can move easily in the fore and aft direction but be rigid
in the lateral direction (see Figure 7.2). The second method would involve
mounting the dynamometer on two frictionless tables to allow motions in the
fore and aft direction but not in a lateral direction (see Figure 7.3). The
thrust/drag forces for both set-ups could be measured by independent force
transducers attached to the fore and aft ends of the dynamometer. Note, that
conducting propulsion efficiency tests is only one of the functions of the
dynamometer. Therefore, any changes to the dynamometer must not limit its

abilities to perform the other functions as listed earlier in this thesis.
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Appendix B
List of Parts and Suppliers for Maintenance Purpose
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Part
number

Part

Supplier

1

foils

designed by author and manufactured by
Dominis Engineering

mounting pod

designed by author and manufactured by
Memorial University of Newtoundland's
(MUN'S) Technical Services

lower drive shaft

designed by author and manufactured by
MUN'S Technical Servict

pivot joint

designed by author and manufactured by
MUN'S Technical Services

strain gauged section

designed by author and strain gauge section
manufactured by MUN'S Technical Services.
Gauges (model CEA-06-062UW-350)
supplied  and installed by Measurements
Group UK. LTD

drive shaft connection inserts

designed by author and manufactured by
MUN'S Technical Services.

intermediate drive shafts

designed by author and manufactured by
MUN'S  Technical Services. 3/4" ground
shaft supplied by Fred C. Morrison Ltd.

load cells

supplied by Hoskin Scientifique LTEE
Sensotec model 31 0-10lbs

load cell to drive shaft inserts

designed by author and manufactured by
MUN'S Technical Services

upper drive shafts

designed by author and manufactured by
MUN'S Technical Services. 3/4" ground
shaft supplied by Fred C. Morrison Lid.

window port

designed by author and manufactured by
MUN'S Technical Services

window port o-ring

designed by author and manufactured by
MUN'S Technical Services

bushings

designed by author and manufactured by
MUN'S Technical Services

drive shaft seals

supplied by Dowty Silcofab
3/4" x 1" x 1/8" U-Cup
part number 15-024100-125

bushing and drive shaft seals
housing

designed by author and manufactured by

MUN'S  Technical Services
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Part Part Supplier
number
16 linear bearings supplied by Fred C. Morrison Ltd.
Thompson Linear Ball Bearings
part number A-122026 CLBB-750
17 linear bearing brackets designed by author and manufactured by
MUN'S Technical Services
18 DC servo drive motors Supplied by Areotech
D-C servo motor &
motion controller Unidex 14 desktop U14S
19 pulleys supplied by Fred C. Morrison Ltd.
2" timing belt pulley part number 54692
20 drive belts supplied by Fred C. Morrison Ltd.
9mm wide timing belt part number 54797
21 drive belt to drive shaft designed by author and manufactured by
connectors MUN'S  Technical Services
2 upper pulley shafts designed by author and manufactured by
MUN'S Technical Services
23 | upper pulley shaft housings designed by author and manufactured by
MUN'S Technical Services
24 rotary bearings supplied by Fred C. Morrison L.
Thompson radial Bearings
part number 50605 catalogue number C4ADS
25 fairing designed by author and manufactured by
MUN'S Technical Services
26 LVDT supplied by RDP Electrosense Inc.
+-6" LVDT number DCT6000
27 LVDT brackets designed by author and manufactured by
MUN'S Technical Services
28 LVDT to drive shaft designed by author and manufactured by
connections MUN'S Technical Services
29 limit switches supplied by MUN'S Electrical Engineering
Department. Electro Sonic mechanical micro
switch.
30 limit switch bracket designed by author and manufactured by
MUN'S  Technical Services
31 limit switch flags designed by author and manufactured by

MUN'S  Technical Services
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Part Part Supplier
number

32 mounting bracket designed by author and manufactured by
MUN'S  Technical Services

List Suppliers

Areotech

Optikon Corporation Ltd.

410 Conestogo Road, Waterloo, Ontario,
Canada, N2L 4E2

telephone number (519) 885-2551

fax number (5129) 885-4712

Dominis Engineering Ltd.

5515 Canotek Rd., Unit 15, Gloucester, Ontario
Canada, K1J 9LI

telephone number (613) 747-0193

fax number (613) 746-3321

Dowty Silcofab

335 Woodlawn Road West, Guelph, Ontario,
Canada, NIH 7K9

telephone number (519) 822 8913

fax number (519) 822-6675

Fred C. Morrison Ltd.

1256 Topsail Rd., Mount Pearl, Newfoundland,
Canada, AIL 1C9

telephone number (709) 364-7959

fax number (709) 364-9422

Hoskin Scientifique LTEE

5683 Pare, Montreal, Quebec,
Canada, H4p 1S1

telephone number (514) 735-5267
fax number 05-826781

Measurements Group U.K. LTD
Stroudley Rd., Basingstoke, Hants,
United Kingdom, RG24 OFW
telephone number (0256) 462131
fax number (0256) 471441

164



RDP - Electrsenes INC

R.D.S. Route 100 Pottstown, Pennsylvania,
U.S.A. 19464

telephone number (915) 469-0450

fax (915) 469-0852
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Appendix C
Flow Charts for Motion Control Program
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This figure shows the order in which the subroutines and functions are called
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Open notion data File

Colculate the upper &
lower. dispacement linits
for the drive shafts
taking Into occaunt the
moves made while
centering the fols

¥
th angle
SR
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(Start Suoroutne

Send velocity comnand
%o Undex controller

Tocate tre ~eavesiea]
“oton salogue cox on |
the computer screes

to reduce the nmotor’s

Send acceloration T e
connand to tne Unidex :
controller to reduce
the motor's

accetera tion

CLEANI1

Send a move conmand
to the Unidex motion
controller to move

both drive shafts Locate the question
to the centre of dialogue box on the
the cavitation tunnel computer screen

as defined in the
Subroutine Centre

(End_Subroutine )

CENTRELINE

Locate the response
dialogue box on the
computer screen

CLEAN3
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Reod errar code sent
fron subroutine Check

PFRT Gxceuds
asplacanant Umt
[oFthe_aft shoks)

Print excedds the
displacenent linit
of the farvard
shaft.

PRIt exceeds the)
velocity linit oF

rint excesds th
|velacity (it of
the forward shaft

Print exceeds the
acceleration Uit of
the Forward shaft
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Start Subroutine

Get current time and
date

Gssign each month a
letter code. Use the
First 12 letter of

the alphabet

Let endng = nunber
code assigned akbove

add the day of the
nonth to the ending

5dd the year of the
19905 to the ending

assign each hour of
the day o letter code.
Use the first 24
letters of the
alphabet

add the hour code to
ending

add the minutes portion
of the time to ending

FILENDING

Print_the current tne and date
o the history data fle

Print the none of the

out on
data acquisition systen
1o the history data

Print the nare o
data fle containing the
motion commands to the
history data Fle

Print the type
of notion used to the
the history data file

Print the responses o
the in
the Info subroutie to
the history data File

HISTORY




he posrtion of
F4*_drive shaft

the af

Toput the dacired
oscilatrg frequency

INFO

Start Subrout;n{)

Clear storage bulf

disable remo te_i

reset home c

reduce default velocily
acceleration

(_End Subroutine

INITSYS

D

Start Subroutine

Clear the question
dialogue box on the
computer screen

Clear the respanse
dialogue kox on the
computer screen

Print error message
in the display
dialogue kox

MISTAKE
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MOTORSTOP

Start Subroutine

Create o diologue
oox at the top of
the computer screen
to display the
operator’s request

Create o dialogue
box to display the
questions to be
asked of the
operatar

Create o dialogue
box to display the
operator’s responses

Create o dialogue
iox to display

the options which
the operator has to

choose from

SCREEN
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STARTEST

Start Do Untd Loop

Send Conmand to the
Unidex Controller

.

STARTPO
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Appendix D
Design Calculations



Development of Equation 4.5

Equation 4.5 is used to account for the erors in the obtained pitch angle

amplitude due to the link in the forward drive shaft. Figure D.1 shows the layout of the

lower assembly of the

AB =40mm
= distance between drive shafts

BD = 131.5mm
= length of the link in the forward
drive shaft.
g = desired pitch angle amplitude

@, = the obtained pitch angle amplitude

Consider the movement of the link BD

Yt = the vertical component of the
motion of point B on the link

= ABsinag+BD -BDcos®  (D.1)

Xav = the horizontal component of the
motion of point B on the link

=BDsin@ (D2)

Consider the movement of the link AB

Yep = the vertical component of the motion of point B on the pod

= ABsino,

r/—;m-’ o o
3
L ung
3
KP"N o8
7
e— 8
| oD
i/
11
| as
i
3
5]
Figure D.1
(D.3)

Xgp = the horizontal component of the motion of point B on the pod

176




= AB- ADcosa, (D4)

“The point B on the pod and on the lirk are coincident. Therefore,

Yo = Yur  and Xt = Xur
liquating Equations (D.1) and (D.3) gives

ABsinay + BD -BDcos® = ABsinc, (D.5)
Liquating Equations (D.2) and (D.4) gives

BDsing = AB - ADcosa, (D.6)
Solving Equation (D.6) for 8 and Equation (D.5) for ay gives

0 =aresin [(AB - ADcosa)/BD] (D7)

g = arcsin [(ABsino, - BD +BDcos8)/AB] (D.8)

Now that 0 and o, are defined in terms of known variables the desired pitch angle
amplitude can be fed into Equation (D.8) as «, and angle otg can be calculated and fed

into the motion program to develop a motion with a pitch angle amplitude of c.

Estimation of the expected loads on the strain gauged section and load cells
The following two approaches were used to determine the loads:
1) work back from the motors to determine the maximum forces which the motors
can exert on the drive shaft.
2) look at the foils to determine the maximum expected thrust loads from the
foils.
Approach |
Motor parameters:

peak torque 2.52Nm
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continuous torque 0.35Nm
continuous power output 146 watts

Note:

- the motors have a 10:1 gear box with an efficiency of 90%

- the power from the motors will be transmitted to the drive shafts through 2in

(50.8mm) diameter pulleys. For these calculations it will be assumed that there
is no other efficiency looses in the system besides the gear box. This will resubt
in over estimating the loads which the motors can transmit to the foils.

The peak force transferred to the drive shaft from the motors is given by Equation 1.9,

Fom = (Ty*Rgng/R (Siegel 1965) (0.9)
Where:

T, = motor peak torque

Ry = gear box ratio

ng = efficiency of gear box

R = Radius of pulley

Fpm = (2.52)(10)(0.9)/(0.0254)

=893N

=91Kg
=201lbs

The continuous force transferred to the drive shaft from the motors is given by

Fem = (T*Reng/R
= (0.35)(10)(0.9)/(0.0254)
124N

13Kg
=28lbs
The maximum force transmitted to the cach drive shalts will be 893N. However,

the i i force itted will be 124N.
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Approach 2

The thrust developed by an oscillating foil is given by Equation D.10 (van Manen et

al.1988)
Thrust = 122CipU’S

Where:
C. = the thrust coefficient of the foils
p = the density of the water in the unnel
U, = the water flow velocity in the tunnel
S = the surface area of the test foils

The power absorbed by the foils is given by Equation (D.11)
Power =F U/n (Beer and Johnston 1977b)
Where:
F = force

U, = velocity of the water flowing pass the foils
n = foil propulsive efliciency

Consider the forces produced by a small test foil and a large test foil.

Foil | Parameters:
Aspect Ratio
span
heave amplitude

plan from area
chord

Foil 2 Parameters:

Aspect Ratio =4

span =0.2m
heave amplitude =0.Im
plan from area =0.01m*
chord =0.05m
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Consider two different test conditions (See Bose and Lien 1989). Note, that the
coelficients given in Bose and Lien 1989 are based on mean values found from averaging
the unsteady sinusoidal loads on an oscillating foil similar to the ones that will be tested
with this dynamometer. They already include the effects of lift and added virtual mass. It
would have been preferable to use maximum values. However. this was not possible
since data for the maximum values were not available.

Condition 1) Maximum efficiency (1) of 80% for:

advance ratio (J) =7
induced angle of attack (6,) =20°
pitch amplitude =125°
thrust coefficient (C,) =05

velocity of tunnel water (U) =5 m/s
Condition 2) Maximum efficiency (1) of 80% for:
advance ratio (J) =25
induced angle of attack (8,) =20°
pitch amplitude =50°
thrust coefficient (Cy) =10
velocity of tunnel water (U) =5m/s
Note, the maximum expected tunnel velocity is 3m/s. A velocity of Sm/s was used in

these calculations as an extreme case.

Look at

The advance ratio of an oscillating foil is given by Equation D.12 (See Bose and
Lien 1989).
J = advance ratio = nU/(wh) (D.12)

Where:
U, = velocity of water passing the test foil
® = oscillating frequency of the foil
h = heave amplitude of the test foil
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o =n(5)/(7*0.1)
Aradians/second
.6rps

For an oscillating motion defined by Equation D.13 the maximum heave velocity

and acceleration is given by equations D.14 and D.15 respectively.

heave = asin(wt) .13
velocity = awcos(@t) = 0.1(22.4)(1) = 2.2m/s .14
acceleration = -a0" sin(wt) = -0.1{22.4)%(1) = 50.2nvs* D.15)

Thrust=12CpUSA
.5(0.5)(1000)U(0.005)
250N

Look at foil | condition 2

®=n(5)/(2.5%0.1)
2.8radians/second
=10rps

velocity = awcos(wt) = 0.1(62.8)(1) = 6.3m/s
acceleration = -’ sin(ot) = -0.1(62.8)(1)= 394.4m/s*

Thrust = 1/2CpUA
=0.5(1)(1000)U*(0.005)
=25U°N

Look at foil 2 condition

@ =n(5)/(7*0.1)
2 4radians/second
=3.6rps

velocity = awcos(et) =0.1(22.4)(1) = 2.2m/s

acceleration = -aw’ sin(wt) = -0,1(22.4)1(1) =50.2m/s?
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Look at foil 2 condition 2

=1/2CpUlA
= 0.5(02.5 )(1000)U2(0.005)

=2.5U*N

= 10rps

n(5)(2.5%0.1)
2.8radians/second

velocity = aacos(et) = 0.1(62.8)(1) = 6.3m/s

acceleration = -aw? sin(ot) = -0.1(62.8)%(1) = 394.4m/s

Thrust = 2CpUPA

0.5(1)(1000)Ui(0.01)
=5U°N

Based on the above calculations the power required to drive the foils under the

different conditions as defined by Equation D.11 can be rewritten as follows.

Power (W) = U/T/

=Ku0.8

where: K=1.25,2.5, and 5

and the forces developed in the drive shafts can be defined as

Force (F) = W/V,

(D.16)

(D.17)

The power required to drive the foils and the axial forces developed in the drive

shafts for the different test conditions are listed in Table D.1.

Table D.1
Power (W) _ | Force (Kg)
U, | foil 1 foil | foil 2 foil 2 foil 1 foil 1 foil 2 foil 2
m/s |cond’ 1 |cond’2 |cond’ | |cond’2 |cond’ ] |cond’2 |cond’l |cond’ 2
1.56 Al 3.1 6.25 1.56 3.1 3.1 6.25
125 5.0 25.0 50.0 6.25 12.5 12.5 25.0
422 4.4 844 168.8 14.1 28.1 28.1 563
100.0 00.0 200.0 4000 |25.0 50.0 50.0 100.0
5 195.3 90.6 390.6 781.2 39.1 78.1 78.1 156.2
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Note. that due to the limitation of the motors only the bolded forces

are
obtainable. From Table D.1 we see that the maximum value of U, for which all the test

conditions are possible is 2m/s.

D of spread sheet to estimate loads

Considering both the forces produced by a typical test foil and the limitations of
the motors a spread sheet can be developed to determine the expected loads on the drive

shafts and strain gauged section.

Look at a typical test foil

aspect ration =6.0

span =0.Im
chord (root) 0.333m
maximum heave amplitude = 0.1m
surface area =0.0333m’

Typical test conditions:
velocity of water in tunnel varies from 0 to 3m/s
maximum heave amplitude is 0.1m
maximum heave acceleration = Fuax/m
=2*126/5 = 5.0m/s
where:
m = mass of oscillating components and is assumed to be
5Kg. Note, there arc two motors carrying the 5KG load
and that it is assumed that each motor will carry half

the load.
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The Dynamic load (Fy)

The mean dynamic loads produced by the foils can be calculated using the

Fiquations D.10, 18, and 19.

Mean Power = W =Tu/n  (Beer and Johnston 1977b) (D.18)

Mean Force = W/V, (Vertically along drive shaft) (Beer and Johnston 1977b) (D.19)
‘The mean thrust developed by the foils can be estimated using the Equation D.10
and data from (C, and n values) Bose and Lien 1989. Note that the coefficients taken
from (Bosc and Licn 1989) are based on mean values found from averaging the unsteady
sinusoidal loads on an oscillating foil similar to the ones that will be tested with this
dynamometer. They already include the effects of lift and added virtual mass.

Equations 10. 18, and 19 give the mean values of thrust, power, and axial force in
the drive shafis. It would have been preferable to have estimates for the peak values, since
they will impact the design of the load cells, strain gauges, and drives shaft. However,
this was not possible, since data related to peak loads were not available. It should be
noted. however, that the actual test condition which will be used with the dynamometer
will produce loads which are lower than the test conditions used in this analysis.

Inertia Load (Fj)

The inertia load acting vertically on the drive shafts produced by the oscillating
assembly are given by Equation D.20 .

Force = ma

= mya (D.20)



Where:
m, = the mass of the oscillating assembly
a, = the acceleration of the drive shaft
The added virtual mass associate whit any body accelerating through a fluid also

adds to the inertia loads. However, in this analysis these loads are included in the

calculation of the thrust loads which is used in the caleulation of the dynamic loads. The

added virtual mass is defined in Equation D.21 and the inertia force associate with it can

be calculated by multiplying the mass by the acceleration of the drive s

added virtual mass = nC*Sp (Harvald 1983) .21

Where:

C

= the chord length of the foil
he span of the foil
p = the density of the fluid

Total axial force in the drive shafts

The total axial force in the drive shafts is given by Equation D.22. Note that the
calculated forces will be carried by two drive shalts. However, the force will not always
be split evenly between the two shafts.

Fr=Fy+F (D.22)

The thrust and axial forces for three different water tunnel velocities (1, 2, and
3m/s) were calculated using a spread sheet based on the above equations. The results for a
tunnel water velocity of 1m/s is presented in Table D.2. To save space only the Im/s
spread sheet is included, since it contains the maximum possible axial and thrust loads

which can be expected.

185



Tuble D.2

Expected loads

Column 1 = advance ratio

Column 1

= thrust ()

Column 2 = pilch angle ampiiude ()

Column 11 = dynamic force (N)

Column 3 = thrust coefficient

Column 12 = inertia force (N)

Column 4 = efficiency

“Column 13 = total axial force (N)

Column 5 = heave ampitude (m)

Column 14 = required power (W)

Colurin 6 = velocity of water in the tannel (m/s)

Column 15 = possible heave accelecations (/s

Column 7 = oscilating frequency (rads/s)

Column 16 = axial forces (N)

Colurmn 8= haave veloaty (m/s)

‘Columin 17 = possible required power (W)

Column § = heave acceleration (m/s)

Column 18 = possible condiions for the motors
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Table D.2 Continued

7] 1 i

olof=[=lwls
&

0.7]
1+ 08] K X E X
1] 704l 2] 2 2z

The maximum expect thrust and axial loads are 66.6N and 91.4N respectively.
Note, that the axial load is going to be carried by two drive shafts.

Sizing the drive shafts

The dynamometer was designed to have hollow drive shafts but, hollow shafting
could not be obtained in time or at an acceptable cost. Note, that the calculations below
were done for a 3/4in. diameter shaft, However, calculations were also done for shaft

diameters of 3/8 and 1/2i

It was found that only the 3/4in. diameter shaft could meet
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the deflection criteria. Note that the 3/4in. shaft can be replaced by tubing in the future,

when funds are available. The layout of the drive shaft can be seen in Figure D.2.

WINOOW. STRAIN GAUGED
/ SECTION

s T S—g

2
! 4500 |

« ESTIMATED LOCATIONS

Figure D.2
The following assumptions were made in sizing the shaft:

- the bushings in the window eliminates all the bending loads from being
transmitted from the portion of the drive shafts below the window to the
portion of the drive shafts above the window

- the maximum load on the drive shafts occur at the maximum possible
displacement of the foils. (200mm below there equilibrium position)
This is not true but it ensure that the shafts will be able to carry
the expected loads.

- the drive shafts have a constant cross section.
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Check to ensure that the stress developed by the expected loads do not exceed the
allowable stress in the lower section of the drive shatts.

Note

P/A+MC/ <om (Beer & Johnston 1981) (D23}
Calculate the slenderness ratio to determine if this is a short or intermediate column.

Slenderness ratio = Lot (Beer & Johnston 1981) hH.2h

r=V(JJ/A) (Beer & Johnston 1981) (D.25)
= radii of gyration

Jo=12 ' o
=1/2r(9.525)
=12.929x 10°m*

g

A=ar
= (0.009525)*
=285.02x 10 m’

EULER'S CURVE

iy

r=V(12.929x 107/285.02 x 10%)
=6.735x10°m PARAGOUA —~

g

L. = effective length \ 3
= 900mm assuming one fixed and one
free end.

Slenderness ratio = 900 x 10”7 6.735 x 107

Figure D.3
To determine if the column strength will depend on the modulus of clasticity E or the
yield strength oy the value of C. must be calculated. See Figure D.3.
Ce= ‘/(ZnZE/O‘y) (Beer and Johnston 1981) (D.26)

=125
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oy =275MPa .
E =209GPa ey
91N/2
; . g
Since Le/r < Cc < 200 this can be
considered a  short  column.
[herefore.
— DRVE SHAFT TO ORWE
G = allowable stress BELTiCOMRECTON
= guil.S. / MOMENT = 455 + 034
where: L
F.S. = the safety factor =2
91N/2

G = Gy/F.S.[1-12((L/)/Ce)]
(Bear & Johnston 1977a) Figure D.4
= 56.4MPa
Since this value is less than the allowable stress for compression, it may be used to
determine the maximum permissible load using the allowable stress method of analyzing
a column (Equation D.23).
P/A+MCN <o

A=28502x 10 m?
(worst case)

I= 6.465x 10°m'
P/285 x 10 + [(67)(0.73)(9.525 x 10%)]/6.465 x 10” < 83.6MPa
Therefore,

P <3414N
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Theretore, a 3/4in. shaft can carcy the expected loads in the lower portions of the drive
shafts.
Check to ensure that the stresses developed by the expected loads do not exceed the

allowable stress in the portions of the drive shafis above the window (See Figure D.+4).

336mm assuming one fixedend . one pined end

L/ =336 x 10%/6.735 x 107
=50

Since Le/r < C: <200 this can be considered a short column. Therefore,

oy = allowable stress
= 0u/F.S.

where:
F.S. = the safety factor =2

o= 0y/F.S.[1-1/2((L/)/C.)] (Bear & Johnston 1977a)
=126MPa

Since this value is less than the allowable stress for compression. it may be used (o
determine the maximum permissible load using the allowable stress method of analyzing

a column (Equation D.23).

PIA +MC/ < o
A=28502x 10°m*
M =P x0.340 (worst case)
C=9.525x10°m
1= 6465x 10°m"
P/285 x 10° + [P(34 x 107)(9.525 x 107)}/6.465 x 10” < 126MPa

Therefore,
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P2235IN
“Therefore, a 3/4in. shaft can carry the expected loads.

Check the angular deflection at the window port when the shaft is at its maximum

deflection (See Figure D.5).

WINDOW

|
350mm |

N
Figure D.5
The equation of the elastic curve is given by:
y=(P/6EI( - 3Lx*) (Beer & Johnston 1981) (D.27)
The slope at a point X is given by
0 =dy/dx = (PL¥/2EI) (Beer & Johnston 1981a)  (D.28)

=0.003°
The deflection at the free end is given by
y=0.71mm

These deflections are not excessive and should not be a problem.

Determine the natural oscillating frequency of the drive shafts

Model the shaft as a mass at the end of a uniform conti-levered beam (Including the mass
of the beam).
Natural oscillating frequency = w, = VGEL/(m +(33/100)m,l%) (Steibel 1971) (D.29)

E =207MPa
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1=6.465 x 10°m*
M; = mass of shaft
=nrlp 1= 150.250 and 350
=0.38kg for upper limit of motion
36kg for equilibrium position

= 0 79kg for lower limit of foils

=60.2 radians/second for upper limit of motion

@y= 26.3 radians/second for equilibrium position

@,=14.9 radians/second for the lower limit of motion
Note: The natural frequencies of the drive shafts. Should be the same about an axis
parallel to and perpendicular to the water flow. However, this will not actually be the
case. Since the lower sections of the drive shafts are not symmetrical about both these
axis and also the shafts are connected by the pod. a test should be carried out on the
dynamometer to measure the natural frequencies of both shafls about both axis.
The transfer ratios for the above frequencies are:

TR.= |11 - 0¥, (D.30)
Where

© = the forcing oscillating frequency
@n = natural frequency of the drive shaft

For upper limit of motion and maximum forcing frequency.
T.R. = | 1/(1-6.28%60.2% = 1.01
For lower limit of motion and max. forcing frequency

T.R.= | 1/(1-6.28%/14.9} =1.2
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This will be the highest transfer ratio for the drive shafis. Therefore, the desired
oscillating frequencies should not cause excessive vibration. It should be noted, that the

water will have a damping effect on the motion.

The following ions were done to:

- ensure the strain gauged section would not 18.08
LOCATION OF

fail under the expected loads. < STRAN GAUGES

=

- ensure that sufficient strain would be

1295

produced in the strain gauged section to allow
measurement of the expected loads, and
- ensure that the natural vibrational frequency

of the strain gauged section is outside the /2

operational frequency of the dynamometer.  Figure D.6
Check to ensure that the reduced section will nt fail
The moment (M) developed at the 1/4 length of the reduced section is given by:

M=Fd (Beer & Johnston 1977a) (D.31)
Where:

F = applied force

d = distance between the point of application and the location at which the

moment is being calculated.

Note: If the strain gauged section is considered to have two fixed ends (See Figure D.6),
then the maximum bending moment will occur at the 1/4 length of the section (Beer &
Johnston 1981).

M=67*0.1295
=8.7Nm
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This bending moment will produce tension (Fr) on the left hand member and
compression (Fc) in the strain gauged section as shown in Figure D.7 and calculated
below.

Fr=Fc=Md
Where:

d = the distance between the centres of the two Imm reduced sections

Fr=Fc=8.7/0.018
=483N

There will also be tension and compression loads (F,) due to axial loading as shown in
Figure D.2.

Fa=9IN
The total maximum axial load on the reduced Imm section is (F)

F=483+12(91)
=528.5N

To account for the dynamic loading, a 1.5 T
load factor is applied to the local load to
give. Fl
F'=F * load factor t
=5285*15
=793 N 1
5 T Fe
The strain gauged section is made out of

stainless steel with the following properties

(Thornton and Coangelo 1985).

Yield stress =275MPA Figure D.7
‘Young’s modulus =207GPa
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“The required area to prevent yielding of the strain gauged section taking into account the
axial load resulting from the bending moment produced by the thrust force is
A =Floy (Beer & Johnston 1981) (D.32)
=193275
=2.88mm*

The arca of the reduced section as designed is (Ag)

Aa=(12(1)

=12mm

“Therefore, the section should not fail under the axial loads.

Check to ensure that the reduced section will not ckli
If cach of the | mm thick reduced sections are considered as a column then by the
allowable stress method of analyzing a column (Equation D.23) the critical load is:

P = (0, -MC/A (Beer & Johnston 1981)  (D.33)
=6.6MN

M, =67(0.1295)/2 = 4.32Nm
“This is much higher than the expected axial load which will be developed in the reduced
section. Therefore the reduced section will not fail.

Check to see if vibration will be a problem.

Consider the reduced section as a uniform conti-levered beam with a mass (lower drive

shafts, foils and pod) at its end.

Look atonly Imm x im beam to estimate ®yy.x and wyy.y for free vibration (See
Figure D.8).
Natural frequency = w, =V K/M (Steidel 1989) (D.34)



Where:

K =F/L = stiffness

= load/unit displacement
1805mm

M = Mass at the lower drive i
shafts, mounting pod and two '
foils !
Ko=F/L j
2EVL® (Munday & Farrar 1979) ‘

|

X

2 (207x10°%) (1x10") / (30x10°)’
=92x10'N/m
M=0.762 Kg ORECTION OF
WATER FLOW
Onex = V(9.2¢10%(0.76212))
Only half the mass is carried by
the aft shaft
=491 radians/second

Figure D.8 Plan View of cut through

Kyy=FL strain gauged section

=12(207x10%)(1.44x10"%/(30x10)

= 13248000
Ony.y=V (13248000/ (0.762/2)) = 5897 radians/second
Note: that if the stiffness of both 1 mm sections had been considered these natural
frequencies would be higher. Therefore, the strain gauged section should not develop
noise in the signals from the strain gauges.
Check to ensure that sufficient strain will be developed in the strain gauged section
The following analysis takes into account the lateral displacement of the strain gauged

section when calculating the bending moment at the 1/4 span point of the section. The

differential equation for the elastic curve is

dyldx® = MJEI (Munday and Farrar 1979) (D.35)
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From Figures D.9 and D.10 it can be seen that

M¢=M-Fx

Therefore,

Eld’y/dx® = M - Fx

(Munday and Farrar 1979) (D.36)

(D37)

Integrating twice with respect to x gives the elastic curve for the 1 mm thick section.

Ely = 12M2 - /6 Fx* +Cix + Cy (D.38)

|
L Lo

Figure D.9

Note:

At x=L
x=08L

_J

Figure D.10

dy/dx= slope = 0 C;=0

Thus equation (D.38) reduces to

Ely = 12 M, - 1/6 Fx® +Cix (D.39)
Atx=12 dyldl=0
Therefore,
M=Fl2
Atx=L dy/dx =0
=0

Thus equation (D.39) reduces to
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Ely = 1/4 FLX® - 16Fx*

(D.40)

AX=L v=l
Thus equation (D.40) can be re-written as

F=12ENL° (DA
Substituting equation (D.41) into equation (D.36) gives

M= (12EIIL*)(L72 - x) (DA42)
Atx= L4 the bending moment is

M= 3EIL (D:43)

Figure D.11

The bending moment (My) at the 1/4 span position of the strain gauged section is

M= 3(207x10%)(1x107'3)(0.36x 10°)/(30x 107)
= 0.75Nm
1=FL/12E1 (Munday & Farrar 1979)
33.5)(0.03)%[12(207 x 10%) (1 x 107'%)]
=0.36mm

The stress in the 1 mm thick section is given by Equation D.44.

o=My/l (Beer & Johnston 1981) (D44)
=(0.75) (0.5 x 10%/1x10™
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=3.6x10*N/m?
=360MPa

(Beer & Johnston 1981) (D43)

i
360x10°/207x10”
=1.7x10?

= 1700mstrain

For the full wheatstone bridge (Sec Figure D.11)

Determine the output_voltage from the strain gauges

AE/V = 1/4[AR{R - ARyRy + ARy/R; -ARYRy]  (Dally & Riley 1965) (D.46)
Where:

AE  =the output voltage

R = gauge resistance

AR;  =change in gauge resistance due to strain

Note, fora wheatstone bridge AR/R; are all equal and additive. Therefore,

AE/V =AR/R =2¢, (Dally & Riley 1965) (D.47)
=2(1.7 x 10
=24mV/V
I the bridge is excited by 5V rms and amplified with a gain of 1000

Then

AE = the output voltage
=(5x24) (1000) = 12 volt

This is sufficient to allow the measurement of the expected loads.

Natural oscillating frequency of the mounting bracket

Determine the natural oscillating frequency of the mounting bracket about an axis ‘x’
paralle] to the water flow and an axis ‘y’ perpendicular to the water flow (See Figure

D.12).
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FigureD.12

Calculate Ixx

TableD3
Ttem Area Y AY 1 Yya AYw'
e § = g T T
| mm mm’ | mm | mm
44x32 356.4 -39.45] 21,188 948.6| -83.4: 2.481.935|
127x48 609. 0] 819.353.0] -24 351,130
44x8.1 4] -59.45] 21188 948.6] -83.4 2481935
44x8.1 4] 59.45] 21188 948.6] 35.4 447,889
127x438 9.6 0] 819.353. 24| 2481935
34x86 4] 5945 21.188 948.6] 3545 347.889
152.4x95 | 1447.8[ 68.25] 08.812] 10888.7( 44.25] 2834883
4092.6 98.812[ 1.657.389.1 11,527.59%.0,
Yna =98812/4092.6 le= (1/12)bh’
=24mm
Tt = 1,657,389 + 11,527,596 1= weigh/unit length
=13,184,985mm’ =321 Kg/m
Onee =3515V(Elg/pl®) (Steidel 1971) (D.48)
E=209GPa

=3.515V(209%10%)(3184985x10%)(9.81)/(32.1)(0.8)*
=45343 radians/second

TR = | 1/(1-6.282%/45343) |
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Calculate Iyy

Table D.4
Tiem Arca | Y | AY i Yyin AYya
mm® mm | mm’ mm®_ mm_| mm’
44x8.1 356.4| -66.2| -23.594 57.499] 6. 561.902
127x4.8 609.6| -46.6] 28,407 1L170] 4 323.783
44x8.1 356.4] -66.2| -23.594 57499]_66. .561.902
44x8.1 356.4] 66.2] 23.594 57.499] 66 561,902
127x4.8 609.6] 46.6| 28.407 L170]_46.6 323.78
44x8.1 356.4] 66.2] 23.594 57.499] 66.2 61,90
1524x9.5 | 1,447.80 0 0] 2,780,181 0
4,092.6] 3.012,517.0 8.895.174.
Yaa=0 Iy =(1/12)b’h
Tiowat = 3012517+8895174 1 = weight/unit length
=11907691mm’ =32.1Kg/m

Onyy =3.515V(Elg/ul’)
E=209GPa

=3.515¥(209x10°)(11907691x10°°)(9.81)/(32.1)(0.8)*
= 43091 radians/second

Ty

| 1/(1-6.282%/43091%) |
I
Vibration should not be a problem since the transmission ratios are 1.

Estimation of Fy on the aft drive shaft
The rolational displacement, velocity, and acceleration for link A" about point ‘C’ (See

Figure 3.8) is given by Equations D.49, D50, and D.51 (Beer and Johnston 1977b).

Rotational displacement of link *B’ about ‘C’ = Amp sin(ct) (D.49)
Rotational velocity of link ‘B about ‘C* = Amp wcos(wt) (D.50)
Rotational acceleration of link ‘B’ about *C’ = -Amp w’sin(et) (D.s51)
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Where: Amp = the amplitude of the motion. The maximum expected amplitude of the
dynamometer’s motion is 30" (0.52radians/second)

Assuming constant rotation the centripetal acceleration (A.) is given by

(Beer and Johnston 1977b) (D.52)
and the centripetal force (F.) is defined as
F.= mQr (Beer and Johnston 1977b) (D.53)

Where:
Q = the angular velocity of link ‘B”
=(Ampo)
= rotational frequency (maximum assumed to be 3. 1 dradians/sccond)
r =distance from joint ‘C" to the centre of gravity of the link.
=0.05m
m =mass of link ‘B’ (0.25Kg)

0.25)(0.52 x 3.14%(0.05)
0.03N

This is relatively low (0.06% of the expected axial force and 0.04% of the thrust lorce)
due to the low frequencies of oscillation.

Estimation of the maximum load in the direction of the water flow carried by the forward
drive shaft,

The maximum angle betwe1 the link in the forward drive shaft and the vertical is
approximately 3°. Assumming an axial load of 45.5N in the forward drive shaft, then the
maximum load in the direction of the water flow carried by the forward drive shaft will
be

Fisp=45.5 sin(3)
=2.4N
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Since the maximum expected thrust force is 67N, the forward drive shaft will carry a

maximum of 3.6% of the thrust force.

204















	001_Cover
	002_Inside Cover
	003_Blank Page
	004_Blank Page
	005_Title Page
	006_Copyright Information
	007_Title
	008_Abstract
	009_Abstract iii
	010_Acknowledgements
	011_Acknowledgements v
	012_Table of Contents
	013_Table of Contents vii
	014_Table of Contents viii
	015_List of Figures
	016_List of Figures x
	017_List of Figures xi
	018_List of Figures xii
	019_List of Tables
	020_Chapter 1 - Page 1
	021_Page 2
	022_Page 3
	023_Page 4
	024_Page 5
	025_Page 6
	026_Chapter 2 - Page 7
	027_Page 8
	028_Page 9
	029_Page 10
	030_Page 11
	031_Page 12
	032_Page 13
	033_Page 14
	034_Page 15
	035_Page 16
	036_Page 17
	037_Page 18
	038_Page 19
	039_Page 20
	040_Page 21
	041_Page 22
	042_Page 23
	043_Page 24
	044_Page 25
	045_Page 26
	046_Page 27
	047_Chapter 3 - Page 28
	048_Page 29
	049_Page 30
	050_Page 31
	051_Page 32
	052_Page 33
	053_Page 34
	054_Page 35
	055_Page 36
	056_Page 37
	057_Page 38
	058_Page 39
	059_Page 40
	060_Page 41
	061_Page 42
	062_Page 43
	063_Page 44
	064_Page 45
	065_Page 46
	066_Page 47
	067_Page 48
	068_Page 49
	069_Page 50
	070_Page 51
	071_Page 52
	072_Page 53
	073_Page 54
	074_Page 55
	075_Page 56
	076_Page 57
	077_Page 58
	078_Page 59
	079_Page 60
	080_Page 61
	081_Page 62
	082_Page 63
	083_Page 64
	084_Page 65
	085_Page 66
	086_Page 67
	087_Page 68
	088_Page 69
	089_Page 70
	090_Page 71
	091_Page 72
	092_Page 73
	093_Chapter 4 - Page 74
	094_Page 75
	095_Page 76
	096_Page 77
	097_Page 78
	098_Page 79
	099_Page 80
	100_Page 81
	101_Page 82
	102_Page 83
	103_Page 84
	104_Page 85
	105_Page 86
	106_Page 87
	107_Page 88
	108_Page 89
	109_Page 90
	110_Page 91
	111_Page 92
	112_Page 93
	113_Page 94
	114_Page 95
	115_Page 96
	116_Page 97
	117_Chapter 5 - Page 98
	118_Page 99
	119_Page 100
	120_Page 101
	121_Page 102
	122_Page 103
	123_Page 104
	124_Page 105
	125_Page 106
	126_Page 107
	127_Page 108
	128_Page 109
	129_Page 110
	130_Page 111
	131_Page 112
	132_Page 113
	133_Page 114
	134_Page 115
	135_Page 116
	136_Chapter 6 - Page 117
	137_Page 118
	138_Page 119
	139_Page 120
	140_Page 121
	141_Chapter 7 - Page 122
	142_Page 123
	143_Page 124
	144_Page 125
	145_Page 126
	146_Page 127
	147_Page 128
	148_Page 129
	149_Page 130
	150_References
	151_Page 132
	152_Page 133
	153_Page 134
	154_Page 135
	155_Page 136
	156_Appendix A
	157_Page 138
	158_Page 139
	159_Page 140
	160_Page 141
	161_Page 142
	162_Page 143
	163_Page 144
	164_Page 145
	165_Page 146
	166_Page 147
	167_Page 148
	168_Page 149
	169_Page 150
	170_Page 151
	171_Page 152
	172_Page 153
	173_Page 154
	174_Page 155
	175_Page 156
	176_Page 157
	177_Page 158
	178_Page 159
	179_Page 160
	180_Appendix B
	181_Page 162
	182_Page 163
	183_Page 164
	184_Page 165
	185_Appendix C
	186_Page 167
	187_Page 168
	188_Page 169
	189_Page 170
	190_Page 171
	191_Page 172
	192_Page 173
	193_Page 174
	194_Appendix D
	195_Page 176
	196_Page 177
	197_Page 178
	198_Page 179
	199_Page 180
	200_Page 181
	201_Page 182
	202_Page 183
	203_Page 184
	204_Page 185
	205_Page 186
	206_Page 187
	207_Page 188
	208_Page 189
	209_Page 190
	210_Page 191
	211_Page 192
	212_Page 193
	213_Page 194
	214_Page 195
	215_Page 196
	216_Page 197
	217_Page 198
	218_Page 199
	219_Page 200
	220_Page 201
	221_Page 202
	222_Page 203
	223_Page 204
	224_Blank Page
	225_Blank Page
	226_Inside Back Cover
	227_Back Cover

