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SUMMARY

The lifting paddlewheel, (LPW), is a non-buoyant, bladed
wheel similar to the paddlewheels used on riverboats, but is
arranged to produce both propulsive and 1ift forces. Four suitable
IPW's used on a high powered, amphibious vehicle would enable it
to drive on land as well as water, where it could 1lift itself up
to drive over the water surface at speed, supported only on its

blade tips.

Experimental testing tank work with over 40 LPW forms was
undertaken, covering force measurements, power measurements and flow
visualisation. A wake regime was identified, comprising displacement,
transition and planing type wakes, as exhibited by other water craft.
A stall-like phenomenon, denoted cavity intrusion, was found to occur
when each descending blade begins to encounter the cavity left by

the previous blade.

A theory was developed to describe the 1lift and propulsive
forces in the relatively simple case of a flat-bladed LPW in the
planing condition. These forces were shown to be predominantly impul-

sive in nature and to occur at blade entry.

A semi-empirical scheme, based on the above theory, was

developed for designing LPW craft.

A 4 kg four-wheel-drive, radio controlled model LPW vehicle
successfully demonstrated the LPW concept, and speeds of 32 kph
were attained. Practical experience with this type of craft was
gained while using this model as a testbed for over 25 different

LPW types.

Outline design for a full-sized prototype craft indicated
that a performance, in terms of power requirements and speed capability,

equalling that of high powered hydrojet boats could be expected.

It was concluded that with the development of combination
road and water LPW's from the present successful designs, the LPW
craft could be a unique amphibian with its high water speed and all-

terrain capabilities.
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effectiveness, blade effectiveness, (g€): fraction of
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'K' coefficients: coefficients derived from dimensional

analysis
lift: the force in the vertical direction

lift augmentation: any 1lift force additional to that
generated by the LPW blades

lift-off: the action of the LPW craft in raising its

hull clear of the water surface
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force-rps plot
LPW: lifting paddlewheel

mid-section plates: plates between front and rear

wheels on the LPW craft
MWD: Ministry of Works and Development
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perpendicular velocity, (Vp): component of the velocity

" of the blade tip, perpendicular to the blade
planing operation, condition: wheel operation when
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porpoising: see bouncing

power coefficient, (Cp): impulse theory power coefficient

Section

9.4.1

12.6.2

Fig.l.6

Fig.1l.2

Fig.13.3

Fig.l.6

4.15.2

12.6.2



(xxxxiii)

power budget: summation of all power losses
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rating rank: MWD testing tank at Kainga
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SCI: surface cavity intrusion
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part of the data logging system

span, blade span, (s): dimension of blade parallel to.

wheel axis
speed of advance, (V,): velocity of LPW over the water
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entering blade encounters the edge of the cavity
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1.,1.1

CHAPTER 1

INTRODUCTION

1.1 THE LIFTING PADDLEWHEEL CONCEPT

"Tf a horse could stamp his feet hard enough and
fast enough, he could walk across the surface of

the water."
Lord Kelvin (1)

The Lifting Paddlewheel (LPW) is a wheel which attempts to
mechanically stamp on the water surface, to produce sufficient lift
and thrust to both support and propel a vehicle over the water sur-
face (Fig.l.l). 1In its present form the LPW is not unlike the
paddlewheels used for the propulsion of ships during the last century.
The differences are that the blades need not be flat, and instead of
being radial they may be fixed at a chosen angle to the radius or

tangent, as shown in Fig.1l.2.

The LPW is rotated relatively fast in the same direction as the
paddlewheel was for propulsion, so that greater forces are generated.
As a result, the LPW, as well as exerting a propulsive force caused by
the blades passing through the water, also exerts a useful vertical

lifting force, sufficient to help support a vehicle.

The LPW as examined in this project, is seen as a new direction
in paddlewheel evolution, and because of its unique properties, may
find application in a variety of areas, for example it may be used on
high speed planing craft, for hovercraft propulsion, on swamp skimmers,

on military wvehicles or other specialist applications.

1.1.1 The Lifting Paddlewheel Vehicle

The main application imagined for ILPW's in this project is for
their use as the wheels of a high speed amphibious craft. It is
envisaged that such a vehicle could have four LPW's in place of its

wheels, arranged in the configuration of those of a road vehicle.

1. Taggart P.197
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In the water it would be able to float or churn along slowly,
or else pick up speed and 1lift its body clear of the water surface
like a hydrofoil craft, and run over the surface at speed. See Fig.l.3.
On arriving near the shore it could slow down, perhaps settling back
in the water before driving up the beach on its unique wheels, to con-

tinue on down the nearest road.

Such a vehicle, while holding a certain appeal, might well

fulfil special needs if it could be made to perform as imagined.

1.2 ADVANTAGES OF THE LPW CONCEPT

Apart from the amphibious capability mentioned above, the LPW

has a number of special advantages as a propulsive device:

1. The LPW depends only on pressure increases for the develop-
ment of its forces. Because it operates through the water surface,
air entry effectively prevents large pressure reductions from occurring.

Cavitation, therefore, is not a limiting factor in ILPW operation.

2. LPW's being in the form of wheels will tend to roll over
obstacles in the water. They would seem to lend themselves well to

operation in obstacle or weed-ridden waters or shoal conditions.

3. An advantage over hovercraft is the positive traction

afforded by the LPW's both on land and water.

*
4. The LPW craft has low drag. Once flying its main drag

sources are much the same as those of a hovercraft, namely air drag

and spray drag. Any drag the ILPW blades experience as they move

through the water only serves to increase the propulsive force.

5. The same steering mechanism may be used for both land

and water.

6. Propulsive efficiency does not have a theoretical maximum
limit so that it depends on physical and design limitations as to

what efficiency may be achieved.

7. As the speed of the LPW craft increases it 1lifts higher
in the water. This not only gives more hull clearance but also im-

proves propulsive efficiency.

* Terms with special meanings are underlined at their first appearance
and explained in the Glogsary of Terms at the front of the thesis.
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1.2.1 Some Disadvantages of the LPW Vehicle

Noted here are the most apparent disadvantages to the operation
of the IPW concept. It is clear also that some of these might be dealt

with effectively by appropriate design in a practical craft.

1. Like aircraft, hovercraft and hydrofoils, the LPW requires
power to make it fly. This power is constant once lift-off has
occurred and while it is a major proportion of the power reguirements

at low speeds, it becomes a less significant proportion at higher speeds.

2. Being a water surface craft, like a planing boat the LPW
vehicle is sensgitive to waves. It would be expected to employ its

overwater and amphibious advantages in relatively sheltered waters.

3. LPW blades are required to enter and leave the water
rapidly during operation. This action inevitably involves vibration

and losses.

4. Spray is produced by the action of the blades. This not
only causes energy losses but may be a nuisance in a real craft (see
for example Fig.l.3). Fortunately it is not difficult to devise guards
which can redirect the spray to advantage, increasing both 1ift and
stability of the craft (see section 12.6.3 discussing this). Model
prototype tests indicate also that spray is less of a problem at high

speeds.

5. ILPW's designed to grip the water also grip the air,
especially as the blades move forward at speed over the top of the
wheels. Guards would be required to reduce the air drag of the wheels

so as to avoid these unnecessary losses.

1.3 RATIONALE FOR THIS LIFTING PADDLEWHEEL STUDY

It used to be thought that the hovercraft would replace the car
on the road and so provide its driver with an "Everyman's amphibious
vehicle". However, hovercraft do not have the positive traction
required of road vehicles so this has never occurred, though the hover-
craft has proved itself to be a useful, high speed, all-terrain vehicle

where there is plenty of space.

There is still no high speed amphibious road vehicle commercially
available which does not have severe disadvantages of one form or
another, such as very low water speed, limited road speed; or consider-

able preparation time for the land to water transition.
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TABLE 1.4
DIMENSIONLESS
VARIABLE FORMS DESCRIPTION
D Wheel diameter
B Number of blades
Blade shape
S Blade span
Blade chord
A Blade area A = sxcC
s/c Blade aspect ratio
ad Immersion depth
4/D Immersion fatio
¢ Blade angle to the tangent
o Speed of advance
Vt Bléde tip speed rel. to wheel
axis
Vo/Vt Velocity ratio
S slip S =(1-Vo/vt) x 100%
Fr Froude Number based on diameter
FX Froude number based on water
line length.
L Lift force
KL Lift coefficient corrected
for span
T Thrust or propulsive force
KT Thrust coefficient corrected
for span
Total force F = /T° + L
To Wheel torque
P

Wheel power

n
£

Propulsive efficiency

Blade effectiveness
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As noted above the LPW vehicle in its final form was imagined
as being capable of high speeds on both land and water as well as
having an all-terrain capability (being a four-wheel drive vehicle)
and being capable of moving slowly and providing a useful towing

capability in the water.

As long as it appeared possible for the LPW vehicle to perform
in these ways, it seemed worth investigating both the vehicle concept,

and the LPW itself.

1.4 BASIC LIFTING PADDLEWHEEL OPERATION

Since the IPW concept is new this section is intended to cover
its operation in outline and to introduce some of the basic ideas
involved before covering them in depth in later chapteré. some of the
effects are unavoidably oversimplified, but since the number of
variables is large, it is helpful to see how they interrelate before

they are tackled individually later. (See Table 1.4).

Forces generated by the rotating LPW are controlled in magnitude

by five main factors. These are

(1) The mass supply to the wheel in the form of fluid flow
into the path of the blades.

(2) 'The speed at which the blade encounters this fluid mass.
(3) The area of the blade acting on the fluid.
(4) The effectiveness with which the blade acts on the fluid.

(5) The angle at which the blade is set and the angle at

which the flow approaches it.
The following effects are all related to these five factors.
It is convenient to describe the operation of the LPW first by
examining how the forces vary with respect to the velocity conditions,

with the other variables remaining constant.

1.4.1 The Velocity Conditions of Operation

There are two velocities to be considered, the speed of advance

VO, and the blade tip speed relative to the LPW axisg, V, (Fig.l.5).

t
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When the speed of advance is zero, and the wheel is standing in

one spot spinning, we have what has been called the static condition.

In this case fluid is supplied to the wheel through the bottom and

sides of the wheel cavity scraped oﬁt by the blades. In addition to

this basic fluid supply, a flow is created through the wheel cavity by
its rotation. The forces generated depend on this mass supply of fluid,
and the amount it is accelerated. As the blade tip speed, Vt’ increases,
generally both 1lift and thrust increase. When the wheel revolutionsg

are high (nD//EB = 1.6), the wheel cavity starts to oscillate in and out.

This has been termed cavity pounding.

Beyond this static condition, the LPW has two main modes of

forward-moving operation, with a transition between them. These are

(1) A displacement-type of operation, referred to as the

displacement mode, and

(2) a high speed type of operation called the planing mode.

These are so named because the wakes formed by the wheel in these
conditions are closely analogous to the wakes formed by displacement,
and planing hulls at similar speeds (based on waterline length Froude

numbers) .

In the displacement mode water supply is through the sides and
bottom of the wheel cavity, but comes increasingly from the front, as
the speed of advance, Vo, is increased. The wheel builds up a wave
train as 1f its immersed part was a tubby hull. As long as the speed
of advance remains low, this wake is almost unaffected by increase in
wheel revolutions, while the forces behave, with increased revolutions,
as they did in the static condition, so that cavity pounding occurs at
high revolutions as before. A wake like this has an inherent wave drag

which reduces the thrust available from the wheel.

As the wheel's speed of advance is increased further, it arrives
at a condition where it is sitting in the trough between the bow and
stern waves it has created. This is the first part of the two part

transition zone and is termed the trough condition. The height of the

stern wave 1s exaggerated by the water being lifted up by the wheel.
As can be seen in Fig.l.5, the wheel in this position has almost no
flow through its circumference to the bladesgs, and this causes the wheel

to be ineffectual in supplying 1lift or thrust forces. At this speed
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of advance, then, as revolutions are increased from zero, the forces
at first rise as before, until the trough is created, then they remain.
virtually independent of revolutions from then on. It can be imagined
that this trough condition could well put a limit on the speed that a

craft, with wheel propulsion, could achieve.

When the speed of advance is increased beyond the trough speed,
it enters the second part of the transition zone. The wheel then be-
gins to cut into and c¢limb its own bow wave, leaving the stern wave

and trough behind. This is analogous to the hump condition of a boat

hull, and this terminology has been adopted. At this stage the rela-

tionship between the forces begins to alter.

Once the speed of advance has increased beyond that of the two
part transition zone, the wake forms like that of a planing craft with
small oblique waves predominating. The Froude Number of the wheel,
based on its waterline length is close to that of a planing craft under
a similar planing condition. For these reasons this is called the

planing mode and is the condition where the LPW would normally operate.

In this condition virtually all of the water supplied to the wheel is
entrained through the front of the wheel cavity. This causes the

forces to occur in a somewhat different way from that of the displacement
or static conditions. Forces are found now to be generated only at the
moment of blade entry and are largely impulsive in nature. At this

speed of advance, as the revolutions of the wheel increase, the 1lift

and thrust forces, at first negative, increase parabolically from zero

as shown in the force-rps plot for lift in Fig.l.6. This has been

called the parabolic section of the force-rps plot. As wheel revolutions

are increased further the descending blade, which had until now been
meeting an undisturbed water surface begins to encounter the splash,
and the scraped out cavity left by the last blade. This is called

cavity intrusion of which two types are distinguished and shown in

Fig.l.7, A, B and C. Under almost the same condition as those when

surface cavity intrusion occurs (see Fig.l.7) the wheel begins to throw

spray and froth forward in the direction of its motion. At high wheel
revolutions this can build up into a large wave. This has been termed

bowsplash and is shown to the top right of Fig.l.5.

At the point where surface cavity intrusion and bowsplash begin
to take place a stall-like effect occurs in the magnitude of the forces

generated: the force on the force-rps plot (Fig.l.6) ceases to rise
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parabolically and begins to flatten out. This has been termed the

intersection region of the plot. With a further increase in wheel

revolutions the forces generally continue to increase but not as
rapidly, and now in a linear fashion. This has been termed the linear
section of the force-rps plot as shown in Fig.l.6. This linear section
of the force-rps plot, then, represents the forces generated while

surface cavity intrusion and bowsplash are both taking place.

Once in the planing mode, further increase in the speed of
advance, Vo’ of the wheel simply increases the magnitude of the forces
in proportion to the square of the speed as would be expected, as long

as the velocity ratio (see below) remains constant. The force-rps

plots at different speeds of advance, in the planing mode, have the
same general shape as they had for lower planing speeds, each with a
parabolic section, an intersection region, and a linear section; only
the magnitudes of the forces vary. The velocity ratio at which surface
cavity intrusion and bowsplash occur (where the intersection region
occurs on the force-rps plot) remains unchanged with changesg in speed

of advance.

The way the wheel forces vary with the wake, and the effects
of cavity intrusion and bowsplash do not seem to have been fully

appreciated in the literature.

The two velocities, Vo the speed of advance, and Vt the blade

tip speed relative to the wheel axis, are generally combined into the

. . . . \Y . .
dimensionless velocity ratio, O/Vt. This ratio needs to be kept

constant for geometric similarity of flow on scaling. For normal
operation it is less than unity and when it is one, the blade tips
just dip into and out of water so that little or no force is generated.
The propulsive efficiency, 7N, theoretically cannot be greater than this
velocity ratio, as indicated in Figs. 1.8 and 1.9, since kinetic energy

must be left in the wake if useful forces are to be generated.

Having examined the effects of velocity on LPW operation, the

effects of the other variables will be discussed.

1.4.2 Blade Effectiveness, €

As can also be seen in Fig.l.9 the curve of efficiency rises

close to the theoretical maximum value, then begins to fall away at
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velocity ratio of about 0.5. Blade effectiveness is defined at a given

velocity ratio (say 0.5). Hence at this velocity ratio in Fig.1l.9 the
blade effectiveness, € is about 0.9 and the propulsive efficiency is

0.45 while the maximum efficiency that could have been achieved is 0.5.

1.4.3 Effects of Blade Angle, ¢

For flat blades, a good estimate of the forces generated may
be made by considering the vector diagrams of the flow velocities
created by the blades as they pass through the water. Since the forces
can only be normal to the surfaces of the blades, changes in blade
angle will alter the directions of the resultant forces, and hence
the proportions of their 1lift and thrust components. Changes in blade

angle, then, change the thrust to lift ratio.

1.4.4 The Effect of Immersion Depth, d

(Fig.1l.2 shows immersion depth, d, span, s,
and chord, c)

An increase in the immersion depth at low speeds, during dis-
placement operation, increases the fluid flow into the wheel cavity.
This causes an increase in the forces. During planing operation, on
the other hand, when the forces are generated at the point of blade
entry, an increase in immersion depth changes the position in the
wheel's rotation where the blade encounters the water. It has been
found that this has a similar effect as that of changing the blade
angle, namely in effecting a change in the relative proportions of the

1lift and thrust forces generated.

A simple relationship has been found to describe these effects

in the thrust to 1lift ratio expression.

In general efficiency decreases with increase in immersion depth.

1.4.5 The Effect of Blade Span, s

As the blade span i1s increased the cavity width increases and
hence the fluid supplied to each blade increases. The forces generally
increase in direct proportion to an increase in blade span both in

displacement operation and in planing operation.
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1.4.6 The Effect of Blade Chord, c

The blade chord affects the forces for two reasons:

(i) The outer edge of the blade is moving at tip velocity
Vt relative to the wheel axis, and the inner edge,
being on a smaller radius is moving more slowly. Con-
sequently the outer edge of the blade normally generates
a greatef proportion of the force for a fully immersed

blade.

(ii) At high wheel revolutions the outer edge only, of the
blade encounters the water, since cavity intrusion is

occurring (see Fig.l.7c).

The result of these two effects is that for a wheel of fixed
diameter the increase of chord increases blade area and therefore
increases blade forces, but this increase in blade force becomes
smaller as the increased area is placed nearer the wheel axis, and
has little or no effect after cavity intrusion is occurring. An
example is shown in Fig.l1.10, for the case before cavity intrusion.
A relatively minor additional effect is that the increased wetted
area of the wheel means more water is carried around, with a conse-

quent, slight efficiency reduction.

1.4.7 The Effects of the Number of Blades, B

For four reasons an increase in the number of blades is similar

to an increase in blade chord when other factors are kept constant

(1) Forces are increased approximately in proportion to

the increase in total blade area.

(ii) In the planing mode the intersection region on the
force-rps plot occurs at a lower value of wheel
revolutions because, with the blade cavities closer

together, cavity intrusion starts earlier (see Fig.l.7).

(iii) The larger wetted area tends to cause a decrease in

efficiency as before.

Two further factors also come into play

(i) When the number of blades gets below four, the impacts
of individual blades cause excessive vibration. A

larger number of blades produces a steadier force.
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(1ii) It 1s easier to manufacture fewer blades.

A balance between all these factors decides the number of blades

to be used. Six blades seems to be a good compromise.

1.4.8 The Effect of Blade Shape

Although this area is not well understood it seems clear that
the blade shape can be made to control the flow in the required way,
so as to increase momentum exchange, reduce splashing and determine
the proportions of 1lift and thrust in the resultant force. It

therefore has an influence on the blade effectiveness.

A specialised blade profile can readily be designed for one
set of flow conditions, but changes in depth, velocity ratio and wake
type can negate the value of such design. In spite of this, slightly
concave blades (concave on the pressure side, curved chordwise but
straight spanwise) have been found to be a reasonable compromise and,
set at an appropriate angle, can reduce the effects of the trough
condition, as well as providing adequate lift and thrust forces through-

out their range of operation.

Blade shape design, then, is a compromise and future work is

needed to find the optimum shapes.

1.5 CONCLUSION

The TLPW concept has, seemingly, not been explored before. It
is a new area and therefore does not derive much assistance from the
literature. Consequently the project has been initially an experiment-
al one in which information about the LPW has been gathered. Most
paddlewheel researchers, with the exception of Beardsley, have gone
this far with their research and stopped. This project, however, has
continued on from the data collection stage and developed a coherent
theory to explain why certain behaviour is exhibited in the data.
Much of the basic understanding of LPW operation (and therefore, also
paddlewheel operation) outlined in section 1.4 above has therefore

been brought to light only during the course of this project.
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CHAPTER 2

LITERATURE SURVEY AND BACKGROUND

2.1 INTRODUCTION

The idea of using the wheel as the element of support and
propulsion on water has attracted attention for many decades.
Recoxrds of both successful and unsuccessful attempts to use wheels
on water contain a considerable number of extravagant claims, most
of which were never tried in practice. Although patent literature
contains a large number of such claims, untenable and untried ideas

are still regularly put forward.

This chapter reviews the more useful and relevant literature
dealing with wheels on water. It also reports briefly on some of the
unproven claims since they may yet have value, and they help to put

some perspective on more promising ideas.

The chapter is in four main sections:

(i) Wheels for propulsion only, such as the paddlewheels of last

century;
(ii) Wheels providing support from their buoyancy;
(iii) Wheels providing support from dynamic forces;

(iv) Amphibious vehicles at present in use.

2.2 PADDLEWHEELS : WHEELS FOR PROPULSION ONLY

The paddlewheel literature provides the most useful basis for
the Lifting Paddlewheel, (LPW) concept and is directly relevant to

the propulsion aspect of LPW operation.

2.2.1 Paddlewheel History (1)

In ancient times the Egyptians and the Romans were aware of the
potential of the paddlewheel as a propulsion device for water craft.
It wasn't until 1776, however, that steam power was applied to paddle-
wheels. From about 1790 on, the paddlewheel gained in favour,
especially in the rivers of America, and it remained in common use for

a century, though the screw propeller gradually replaced it from the

1. Volpich & Briddes Pt I, 1955 present a good historical review,
P.327 ff
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1850's onwards. Even so, the paddlewheel was still used for special

applications in the 1950's though its use nowadays is rare.

The major innovation in paddlewheel design during its regular
use, was the development of feathering blades which were arranged to

remain perpendicular to the water surface as they moved through it.

Volpich and Bridge (1) point out, "When the screw propellerxr
started to come into the forefront of marine propulsion the paddle-
wheel soon disappeared from sea-going vessels, not so much on account
of any inefficiency of propulsion, but more due to its unsuitability

for large changes in draught, and its liability to damage.”

Barnaby (2) adds that its greater cost was also a factor against
the paddlewheel, and Beardsley notes (3) "By the time facilities and
technigques were developed for performing systematic model tests and
research in the field of propulsion the paddlewheel had been largely
replaced by screw propulsion. As a result of the paddlewheel's fall
from fashion, few model tests were conducted, and prior to the work
of Volpich and Bridge in 1956 there was a dearth of published data

produced by systematic model experiments."

2.2.2 Gebers 1952 (4)-

The first extensive tests were conducted by Professor Gebers,
superintendent of the Vienna Experiment Tank, in the years preceding
the second World War, but the majority of the data was lost during the
War. However Gebers showed that slip, or velocity ratio was not a
complete definition of dynamic similarity for paddlewheels because of
wavemaking, so that Froude's law of similarity had also to be taken

into account.

Geber's work is contained in two reports dated 1951 and is

referred to by Volpich and Bridge.

Volpich & Bridges, Pt I, 1955, P.329
Barnaby Art 173
‘Beardsley, H & H, June 1973, P.13

= ow N

Volpich & Bridges, Pt I, 1955, P.330
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2.2.3 Volpich and Bridge, 1955 to 1957

These authors, in their three papers summarized previous work,
set the paddlewheel in its historical perspective and gave their

purposes in part as : (1)

(1) To establish some basic method of plotting results

in a non-dimensional form.

(ii) To test two geometrically similar wheels of different
sizes to establish the validity of the laws of

similarity with these non-dimensional figures.

Their small wheel was 0.518 m (1.7 ft) in diameter, and their
large wheel, twice this size at 1.04 m (3.4 ft) diameter. One of
the major variables covered in their tests was the "star centre
position" shown in Fig.2.1l which defined the angles of the feathered
blades. Their tests covered the Froude Number range up to Fr = 1.49

and are summarised in Table 2.2.

Their findings were mainly involved with the measured results,
and gave only a little analysis to provide ingight into why certain
changes occurred when certain variables were altered. This is un-
fortunate because without such insight it is difficult to predict what
will happen when conditions are different from those in the test

situation. However their data do provide a basis for comparison.

Results
Their results from Parts I, II and III (2) are summarised here:

1. Efficiencies up to 80% were achieved with non-feathering
blades, and .up to 88% with feathering blades, though
these efficiencies were at high velocity ratios (0.8)

and hence for low thrust forces. (2)

2. There were no significant differences between the
performances of the two wheel sizes when compared

non-dimensionally. (3)

3. There was an unexplained dip in the thrust curves at
certain velocity ratios, and this was most pronounced

with radial (non-feathering) blades. (4)

1.Volpich & Bridges, Pt I, 1955, P.332 3. Volpich & Bridges, Pt IT, P.467
2.Volpich & Bridges, Pt II, P.482 4. Volpich & Bridges, Pt I, P.348
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4. While there was a complex variation in performance
relating to the star-centre position, in general
the feathering blades could be arranged to give a

10% improvement in efficiency over the radial blades.

5. Efficiency decreased with increase in immersion: this
was a large effect. As an example, under typical

conditions, an increase in immersion ratio (immersion

depth/wheel diameter) from 0.15 to 0.3 decreased the

efficiency from 85% to 62%. (1)

6. Higher efficiencies were possible with fewer blades -
6 blades was the lowest number tested, and this gave
peak efficiencies about 15% greater than the 9-bladed
wheel, and 12% greater than the ll-bladed wheel. (2)

7. Curved blades gave a 10% increase in efficiency over
flat blades in the comparison made, though unfortunately
it is not clear which way the blades were curved. (3)
(Apparently standard practice was to have blades concave

on the pressure face.) (4)

8. Thrust force was found to increase almost directly in

proportion to blade span. (3)

9. Small entry and exit angles for the blades entering and
leaving the water were shown to be beneficial. (This

was achieved with feathering blades). (5)

10. The results could be plotted on dimensionless plots

which contained all the necessary information.

11. The results in many respects merely confirmed the
empirical knowledge which had been used before these

systematic tests. (5)

. Volpich & Bridges Pt II, P.474
. Volpich & Bridges Pt II, P.481
. Volpich & Bridges Pt II, P.486

. Taggart P.87 shows concave blades on the wheel of the 'Greater

Detroit' 1924.

- Volpich & Bridges, Pt II,P.489
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TABLE 2.2: THE TESTS CONDUCTED BY VOLPICH & BRIDGE
The Test Velocities Gave Froude Numbers up to 1.49
(Ref: Volpich & Bridge, Pt.III, P.507)
Reference Immersion Number Shape Size Star-centre
letter Coeff. of of of position

Blades Blades Blades | Forward Up
A 0.15 9 Curved 30 x 8 0.0551 0.0306
B 0.20 9 Curved 30 x 8] 0.0551 0.0306
C 0.25 9 Curved 30 x 8} 0.0551 0.0306
D 0.30 9 Curved 30 x 8| 0.0551 0.0306
B 0.15 9 Flat 30 x 8] 0.0551 0.0306
F 0.30 9 Flat 30 x 8} 0.0551 0.0306

G 0.20 9 Curved 30 x 8 0 0

H 0.20 9 Curved 30 x 8| 0.0306 0

I 0.20 9 Curved 30 x 8] 0.0551 0

J 0.20 9 Curved 30 x 8} 0.0766 0
K 0.20 9 Curved 30 x 8 0 0.0306
L 0.20 9 Curved 30 x 8| 0.0306 0.0306
M 0.20 9 Curved 30 x 8| 0.0766 0.0306
N 0.20 6 Curved 30 x 8| 0.0551 0.0306
P - 0.20 11 Curved 30 x 8] 0.0551 0.0306
Q 0.25 6 Curved 30 x 8| 0.0551 0.0306
R 0.25 11 Curved 30 x 8| 0.0551 0.0306
S 0.20 9 Curved P2% x 8] 0.0551 0.0306
T 0.25 9 Curved [R2% x 8] 0.0551 0.0306

{
U 0.20 8 Curved 30 x 81 0.0551 0.0306
\% 0.25 8 Curved 30 x 8| 0.0551 0.0306
W 0.20 9 Curved Wood 30 x 8| 0.0551 0.0306
X 0.20 9 Curved [7% x 8| 0.0551 0.0306
Y 0.20 9 Curved wood] 30 x 8| 0.0551 0.0306
crescent
sect.
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12. The complexity of paddlewheel behaviour precluded a
unifying analytical approach. (1)

Part II of their study included a brief geometric study of the

blades as they passed through the water. (2) 1In particular it examined

the velocity during the blade passage but did not seem to consider the

acceleration of the blade relative to the water, which would have had

a significant effect on the forces generated.

Of some note is the fact that efficiencies as high as 88% were

achieved. This at first seems remarkable, but the authors noted (3)

that since the high efficiency values were at high velocity ratios

they could not be attained when the paddlewheels were providing useful

thrust. (Calculations carried out during the LPW project indicated

that these high efficiencies occurred in the transition zone of Volpich

and Bridges' wheels so their results would not be relevant for either

the slower displacement mode or the higher planing mode.)

Part III of their work concentrated on gaining ship-model corre-

lations with data collected from operational paddlewheel craft. 1In

this, the high efficiencies found in the testing tank were further

examined and the authors concluded : (4)

"It is clear...that under normal working conditions [i.e.

providing useful thrust] open wheel efficiencies for the model [wheel

in the testing tank] are not likely to exceed 70%. [In the presence

of a ship hull thel ...overall propulsive efficiencies are in the

order of 40% to 45%. It is therefore apparent that the very high wheel

efficiencies obtained in the experiments do not normally lead to

correspondingly high propulsive efficiencies in practice."

Part III also included a section of worked examples illustrating

the use of the data in paddlewheel design. (This was later summarised

by Barnaby (5).)

Comments on Volpich and Bridge's Work

w N

While their project comprised, in the words of Barnaby, (5)

...gallant attempts..to provide adequate design data from experiments...'

Pt I P.358 4. Volpich § Bridges Pt III, P.520
. Volpich & Bridges, Pt II, P.498 5, Barnaby, Art 174

. Volpich & Bridges, Pt II, P.504
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Blade spdn 400,
no end plates.

D 240

30¢|c <90

\

Max dia 305

R 110 typ.

FIGURE 2-3: BLADE ARRANGEMENT FOR HELM'S
FEATHERING PADDLEWHEEL. THE FEATHERING
MECHANISM WAS CAM OPERATED. A VARIETY
OF BLADE TYPES WAS TESTED.
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only a little observational and theoretical information was provided
to explain certain trends. As an example in the following extract
Volpich and Bridge came very close to identifying what this project has

called trough speed. They noted in Part II (1)

"...the thrust and torque collapse... which was very marked in
the preliminary experiments, persists to a greater or lesser degree
throughout the entire field covered...The practical result of thisg
feature is...in that at certain speeds the rpm required for a given
thrust or power are abnormally high and in the worst instances become

quite impractical."

It seems a pity that they did not observe the wave formation
causing this, as this wavemaking is the key to many inconsistencies
they observed in their results, such as this dip in the thrust curves,

((3) above).

Their extensive work has unfortunately not been particularly
useful for the purposes of the present project as the data presented
were only marginally applicable and the theories and observations

which could have helped were largely undeveloped.

2.2.4 Helm 1967

Helm, of Germany, tested deeply immersed, six-bladed feathering
paddlewheels with the objective of developing a propulsion system for
high speed flat bottomed craft for shallow water use. His wheels'
feathering mechanism was cam-operated and is shown in Fig.2.3. The
immersion ratios were unusually large and ranged from‘% = 0.5 to
D= 0.72 so that all tests were conducted with the wheel axis immersed.
The wheels were about 0.3 m in diameter, this value varying with the
blade chord. The tests covered the Froude Number range up to F = 1.53.

Flat and curved blades were tested, the curved blades being concave on

the pressure face. His tests are summarised in Table 2.4.

Results

Helm's results were recorded on dimensionless plots which were
less cramped than those of Volpich and Bridge, and used different

dimensionless quantities. His main findings were: (2)

l. Volpich & Bridges, Pt II, P.471

2. Most findings are from his plotted data, or his Summary P702 since
a full translation was not available.
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Wheel diameter:

TABLE

SUMMARY OF HELM'S TESTS

Span ,

Chord,

Number of blades, B:

Blade angle:

400 mm (no end plates)

30,
6

Feathering blades

60,

90 mm

2.2.4

300 mm (approx...240 mm + blade chord)

Water 900 mm deep:
d
C D B' FLAT BLADES CURVED BLADES
(mm)f () Wheel Revolutions (rps) Wheel Revolutions (rps)
47 59 69 81 47 59 69 81
301 270 | 0.5 X X X X
0.57 X X X X
0.65 X X X X
0.72 X X X bid
60 | 300 | 0.45 X X X X X X X
0.52 X X X X X X X
0.58 X X X X X X
0.65 X X X X X bid
90| 330 | 0.41 x X b4 X X X
0.47 X X X X X X
0.53 X X X X X X
0.59 X X X X X X
Shallow water 350 mm deep:
60} 300 0.45 X X X X
0.65 X X X
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1. Although deeply immersed, the wheels produced useful
thrusts.

2. Maximum efficiencies were around 40 to 45%.

3. These peak efficiencies occurred at velocity ratios

of about 0.46, (suggesting high blade effectiveness).

4. The peak efficiencies occurred at about P = 0.85

(which would seem to be about trough speed).

5. After the peak efficiencies at about Fr = 0.85 the

efficiency fell away to zero at about Fr = 1.5.

6. The thrust produced at the peak efficiency was about
one half to one third of maximum thrust (which is

similar to the findings of Volpich and Bridge).

7. Curved blades gave better results for large blade
chords, and flat blades were better with small

chords. (Blades were concave on the pressure face.)

8. The wheel, with feathering blades, gave efficiencies
that were consistently 10% greater than those of a

"normal" wheel as tested by F. Suberkrib in 1949.

9. Tests in shallow water indicated reductions in both
torque and thrust with increase in Froude Number

(up to Fy. = 0.78).

Comments on Helm's Work

Helm referred to papers by F. Suberkrub and O. Krappinger
as well as Gebers, which are all published in German. Because of the
difficulty in obtaining translations and the fact that these papers
are unlikely to shed any more light on the LPW concept, they have not

been surveyed for this project.

In relation to 4 above, the data for this project for non-
feathering blades also tended to have higher efficiencies at around
trough speed, before falling to lower values once the LPW was planing.
Beardsley also recorded similar peaks in efficiency at Fy = 0.3 to 1,
before it settled to apparently steady values for further increase in

Froude Number (1). These consistent findings suggest that the presence

1. Beardsley Fig.21l, P.22
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WRAY AND STARRETT'S CONCEPT DRAWING OF

A HIGH SPEED AMPHIBIOUS VEHICLE

FIGURE 2-5:

FIGURE 2-6: THE PADDLEWHEEL TESTED BY WRAY AND STARRETT.

NOTE VENTILATION HOLES IN THE END PLATES AND THICK

(DIMENSIONS IN INCHES)

BLADES
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of the efficiency peaks is closely related to the wavemaking of the

wheel.

Helm apparently did not seem to appreciate that these peak
efficiency values were associated only with a wheel in open water,
and that the characteristics would be changed by the presence of a hull
creating its own wave train. (One of Helm's figures showing peak

efficiency in the transition zone is shown in Fig.4.30, section 4.14.1.)
No further records of Helm's work have been found in the
literature to date, so it is not known if his wheels were used in

practice.

2.2.5 Wray and Starrett L1970

These authors had in mind an idea not unlike that of Helm.
They imagined a high speed, flat bottomed hull with the added facility
of making the craft amphibious. The craft they envisaged is shown in

Fig.2.5. Their stated purposes were:

1. To determine, by means of systematic model experiments,
the hydrodynamic characteristics of a series of paddlewheel propulsive

devices with fixed radial blades.

2. To determine the feasibility of applying the high-speed
paddlewheel to a high-speed planing hull of shallow draft.

3. To develop and extend paddlewheel design parameters for

high speed use.

A significant aspect of their concept, in relation to wavemaking,
was that they deliberately mounted their test wheel behind the transom
of a model flat-bottomed hull where the inflow conditions to the paddle-
wheel were fixed in the same way that they would be in the full-sized

craft.

Because of the limitations of their testing equipment, their
wheel was small: 0.127 m (5 inches) in diameter. It is shoWn in
Fig.2.6. ©Note that the blades were mounted on a central hub, and that
there were endplates on the wheel. These features were intended to
make the wheel robust, and free from fouling in weed-infested waters.
The blade edges were over 3 mm thick which unfortunately would have

adversely affected the thrust under some operating conditions.
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Their tests were conducted in flowing water in the Davidson
Laboratory variable pressure free surface water channel. This was
a different arrangement from the other tests cited where the wheels

were moved over a still water surface.

TABLE 2.7

WRAY AND STARRETT'S. TEST PROGRAMME

Wheel Diameter: 127 mm (5 inches)

Velocities: 1.1, 1.4, 1.65, 2.35 m/s
(A1l planing speeds for the wheel)

Critical velocity for the channel

is 1.32 m/s.
Immersion ratios: 0.06, 0.1, 0.l6.
Wheel Revolutions: 0 - 27 rps.
Number of Blades: 12 , 6.

The full set of combinations of these variables was tested.

Table 2.7 summarises their test series. Note that they tested
a six and a twelve-bladed wheel, and their Froude Number range was

from Fr = 0.99 to 2.11.

Their report included performance calculations for a jeep-sized
amphibious vehicle as a prototype for their concept. (1) The measured
data only allowed for a maximum speed of 26 kph over water using a
70 kW motor, but the authors considered that 50 kph could be attained

with only a little extra power.

l. Wray and Starrett,P.25
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Wray

2,2.5

and Starrett presented their results in a useful variety

of ways. By plotting thrust and efficiency against wheel revolutions,

they have produced a data form which is easy to comprehend, and the

properties of the physical situation are therefore clarified rather

than obscured. Their data were also replotted in a dimensionless form

which is more useful for design purposes.

Their main findings are summarised:

1.

Wray
. Wray
Wray
. Wray

g o w N

. Wray

Preliminary tests indicated the need for vent holes
in the sideplates, shown in Fig.2.6, to allow the

water to enter the space between the blades. (1)

Efficiencies in the useful range were low, around

26%, (2) but peak efficiencies were about 40%.

Thrust and, contrary to expectation, peak efficiency
both increased with immersion. (3) (However a closer
look at the data indicates that the sharp efficiency
peaks, only, vary in this way and the bulk of the
efficiency results decrease consistently with

immersion as indicated by earlier reports.)

There was a "thrust 'breakdown' occurring at 40%

slip [velocity ratio of 0.6] which appeared to occur
over a span of 10% slip [velocity ratio of 0.1] after
which the thrust again continued to increase with
increasing slip".(4) An example from their data is
given in Fig.2.8. They noted that similar breakdown
were reported by Volpich and Bridge. (This breakdown
is cavity intrusion described in section 1.4 and

Fig.1l.7.)

The six-bladed wheel fairly consistently gave more
thrust and better efficiencies than the twelve-bladed
wheel. (5) |

and Starrett P.21
and Starrett P.26
and Starrett P.22
and Starrett P.21
and Starrett P.21 and 22
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6. They noted the presence of "form" drag of their wheel
which prevented the thrust from being zero at a velocity

ratio of 1. (1)
7. They proposed that:

"There appeared to be some type of flow phenomenon which
more seriously affects a wheel of small diameter than a
wheel of large diameter". (2) This was especially
noticeable when comparing the efficiency curves with

those of other experimenters using larger wheels.

Comments on Wray and Starrett's Work

While it was both wise and innovative of these authors to
introduce the craft hull into the test setup there were two factors
relating to their test conditions worth comment. Firstly, their
channel was relatively confined: the flowing water cross-section was
330 mm wide by 178 mm deep, and into this the wheel, 127 mm wide was
immersed up to 20 mm. (3) While blockage effects were likely to have
been small they may well have been significant, and the effects of
the walls close by may have affected the wavemaking in an unpredictable

way. No mention of these factors was made in the report.

Secondly, as noted in section 4.16, flowing water passes through

a critical velocity, dependent on its depth, and its wave propagation
properties change after it has reached this velocity. For Wray and
Starrett's setup this critical velocity can be calculated as 1:32 m/s.
From Table 2.7 it is clear that one of their sets of measurements was
taken a little below critical velocity and the other three were taken
above it. While the presence of the hull in their tests probably
limited the influence of the varying flow regime, it would have been

cleaner to have excluded this variable.

In 7 above, the authors considered the size of their wheel as
being the factor involved in producing low efficiencies in their tests.
{Certainly an evaluation of their data indicates low blade effectiveness.)
However their conditions were different from those of 6thers in several
ways so the following factors should also have been taken into account

when comparing results:

1. Wray and Starrett, P.22
2. Wray and Starrett, P.29
3. Wray and Starrett, P.l4
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1. The presence of endplates.

2. The presence of a hull form altering the inflow conditions
(Helm, Volpich and Bridge, Beardsley and this project all
give indications that maximum peak efficiency is related

to wave formation).
3. The possible influence of the flowing water.

4. The, relatively, very thick blade edges. (Volpich and
Bridge had blade edges of the same thickness in their
1.04 m diameter wheel. (1))

With these variables also involved it would be unwise to conclude that

the wheel size alone caused the observed performance degradation.

In the light of the LPW concept it is particularly interesting to

note the following paragraph in Wray and Starrett's report: (2)

"The entire wheel, drive motor, and tachometer assembly was
mounted on a three-component balance gystem. The balance system was
set up to measure the torque, thrust and lift produced by the paddle-
wheel. Preliminary data showed the 1lift component to be negligible
and the lift element was- therefore removed to reduce vibration and

noise in the overall recording system."

Apparently the preliminary data were at the lowest speed, and
therefore in the displacement mode, as data for radial blades in this
LPW project indicated as much lift as thrust was present in the planing

mode once cavity intrusion is occurring.

No reply was received from correspondence with the authors of

this concise report.

2.2.6 Beardsley, 1973

In his paper on Surface Impulse Propulsion (SIP) Beardsley

presented the most useful reference for this ILPW project.

He defined Surface Impulse Propulsion as propulsion by actuation

of the surface layer of the water, and he outlined the advantages which

l. V& B Pt I P.341 and 342
2. Wray and Starxrrett, P.13
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this propulsion method may have over other means. Although this SIP
concept also relates to surface-piercing propellers, which are
exceptionally efficient, in Beardsley's project it was translated into
a paddlewheel format, where the wheel was not deeply immersed and had
fixed, specially shaped blades. He suggested that the inflow and out-
flow conditions could be controlled, (like Wray and Starrett's) with

surfaces or plates. His wheel concept is shown in Fig.2.9.

As Beardsley felt that his data supported the concept of such
high speed amphibious craft as suggested by Wray and Starrett, he made
one of his aims to extend the Froude Number of his tests beyond that
to which previous tests had been conducted. (1) He achieved a Froude
Number of Fr = 2.6 with an 0.153 m (6 inch) diameter wheel. (2)
Although he did not present a summary of the tests conducted, Table

2.10 covers the range of data he used in his paper.

As well as trying to discover the effect of gpeed (with high
Froude Numbers) Beardsley's tests were intended to determine the major
effects of size, span, number of blades, blade shape and immersion

depth.

Results

1. From Beardsley's own tests with three wheel sizes,
and, notably, from Wréy and Starrett's comments he
concluded that model rotors should be at least 0.3 m
(1 £t) in diameter to assure that test data could
be reliably scaled to larger operational sizes. (2)
However he admitted that the effect of wheel sige

did not yet appear to be fully established.

2. The number of blades should be in the range from 6 to
20 but there was a lack of good reason to explain why

performance was best in this range. (3)

3. Thrust increased directly with blade span, with no
change in efficiency, but with low aspect ratios

some degradation possibly occurred.

1. Beardsley P.20 3. Beardsley, P.1l6

2. Beardsley P.15
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FIGURE 2-9: BEARDSLEY'S SURFACE [MPULSE PROPULSION
WHEEL (TOP) AND TwWO BLADE SHAPES HE TESTED.
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There appeared to be little difference between the
performance of paddlewheels having blades mounted on
a large hub, or with open spaces between the blade

roots.

Blade shape was seen as important - all previous data
and Beardsley's own, pointed to this fact, but since
there was little information available on blade flow
conditions, this was where he felt future work should

be concentrated. (1)

The effect of immersion in Beardsley's tests essentially
confirmed the results of previous workers: increased
immersion produced increased thrust and torque and lower

propulsive efficiencies.

There was a dip in the thrust curves which was related to
speed of advance and depth of immersion. This was termed
"transition dip" and was related to the "gravity-induced
mass supply to the wheel". (This was the same dip noted
by Volpich and Bridge; section 3.2.3, point 3 and this

is the transition zone of this project. See Fig.l1.5.)

As speed was increased beyond the "transition dip", it
was believed that Froude or gravity effects should become

minor as compared with dynamic effects. . It was thought

‘that the thrust coefficient and efficiency would then

reach stable values with increasing speed as long as blade

effectiveness remained constant.

An interesting note was made of the fact that the water
flow changed direction relative to the blade as it passed
through the water, but the effect of this was not under-
stood. (2)

Comments on Beardsley's Work

Once again the presence of the waves making the trough and hump

conditions were overlooked, though Beardsley almost identified the

physical situation by graphical handling of the data. He established

the "transition dip" which he described "...this dip is considered. to

occur in the region where the supply of mass flow changes from chiefly

Beardsley, P.19

Beardsley, P.23
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TABLE 2.10: BEARDSLEY'S TESTS
NOTE THAT ALL HIS ROTORS HAD END PLATES OUT TO THE
BLADE TIPS. BLADE SHAPES ARE IN FIG.2.9
nD V,
D B | Blade d Vo F Job o c S
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gravity fed to chiefly horizontally entrained." And further "...at
the dip, the speed of advance has become so great that the rotor is
running away from the cavity before gravity-induced flow can supply
it." (1) This seems like a good description of the wheel making the

transition from hump speed to planing speeds.

Beardsley, also, failed to measure lift forces and gave the
terse comment: "Unfortunately, vertical forces were not measured" (2)

as the only recognition that they probably existed.

His conclusion, while relevant to paddlewheels is equally rele-

vant for the LPW concept; (3)

"The process of SIP depends essentially on the efficiency of
a process consisting of three coordinated steps: blade entry, application
of change of water momentum, and blade withdrawal. Accomplishment of
this process with the required degree of efficiency will require an
understanding of flow over the blades for various types of motion rela-
tive to the water, and also the development of the mechanical means of

accomplishing the type of motion found desirable.

"In view of the significant benefits which may be derived it
appears that Surface Impulse Propulsion merits active study and develop-
ment. It is recommended that efforts be directed to analytical and
experimental study of flow and to high speed model tests of impeller
rotors having blades designed with the knowledge acquired in the flow

studies."

These recommendations were partially carried out by the work

described later in this project.

Correspondence with Beardsley proved both instructive and

encouraging. (4).

1. Beardsley, P.20
2. Beardsley, P.15
3. Beardsley, P.24
4. Alexander, 1977, Appendix 3
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FIGURE 2.11l:

THE BAZIN ROLLER BOAT.
PROVIDED BUOYANCY, AND
REDUCE SKIN FRICTION.

THE ROLLERS
ROTATED TO

2.3.2.
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2.3 WHEELS PROVIDING BUOCYANT SUPPORT

This section considers reports of buoyant wheels which provide

most or all of the craft support, if not the thrust as well.

An idea which has surfaced from time to time is that the skin
friction of a craft could be reduced to a negligible amount if the
craft employed rollers which rotated like wheels as it moved along,
making the relative speed between the water and the roller zero some-
where on the roller surface. The significance of wave drag with such
tubby buoyant forms as wheels, however, was usually overlooked. In
view of some tests done in the testing programme of this project, some

of these reports are included briefly here.

2.3.1 The Bazin Roller Ship, 1896

Taggart (1) records the Bazin roller ship shown in Fig.2.11l
which was actually constructed, and crossed the English Channel to
tour Eastern England in 1869. It displaced 285 tonnes, was 37 m long
and was propelled by a 410 kW engine driving a propeller, while the
six rollers were turned by three 37 kW engines. The rollers were 12 m
in diameter and were immersed about 3 m into the water. Seven knots
was claimed as its speed across the English»Channel. Twice this speed
would normally be expected of a conventional craft of this power, but
Bazin felt that the low trial speed of the ship was due to the inabili-

ty of the motors to drive the rollers at a high enough speed.

This was a case where the rollers were used primarily for
buoyancy. There have been a few similar craft constructed and tried,
where the rollers were intended to provide propulsion as well as
buoyant support. A recent, more serious attempt to come to terms with

the idea follows.

2.3.2 | The Rollercraft, Kearsey, 1971

In May 1971 Kearsey, from the University of Southampton,
published the results of his Ph.D. thesis in which he examined the
feasibility of usinglarge, flexible-skinned, inflated rollers as the
means of support and propulsion for the Rollercraft. He also saw the

possibility of making this craft amphibious.

1. Taggart, P.189
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The rollers he employed were constructed with rigid circular
end plates connected by a number of axial rods spaced around the
circumference. Each roller was covered with a flexible loose skin,
and the assembly inflated with low pressure air (see Pig.2.12(A)).
The blades of the roller were formed when it was partially immersed,
by the balance between the internal air pressure and the hydrodynamic

and hydrostatic water pressure.

Beardsley described the action: "...during water actuation the
plaint surface of the inflated rotor provides a blade shape that con-
tinuously adapts to local flow conditions. In addition, the energy
absorbed by the inflated rotor during the local surface depression is
efficiently converted into propulsive power by the horizontal rear-
ward repulsion of the entrapped water." (1) Kearsey noted that:
"...the blades reformed into a smooth cylinder once the hydrostatic
and hydrodynamic forces fell below the internal pressure of the rotor

and thus were incapable of carrying water up and over the rotor". (2)

Kearsey also tested a rigid roller of dimensions similar to
those of the flexible roller, and experimented with a "hydrofoil"
placed in the wake of the rollers, shown in Fig.l2(B). It was claimed
that the flexible rotors in conjunction with the "hydrofoil" were
able to "...extend the range of advance ratios and immersion depths
for which thrusts [could] be obtained, and to reduce the power require-

ments by some 50% of the rigid bladed rotor." (3)

It is tempting to think that these rollers would not be required
to produce any nett thrust because there is no craft drag to overcome
and they can be imagined as simply rolling on the water like a pinion
gear on a rack. However the rollers create waves, introducing wave-
drag and creating trough and hump conditions which could put an upper
limit on the craft's speed unless the rollers are capable of making

the transition to a planing-type wake.

Kearsey was aware of the presence of wavedrag (4) through his
wheels apparently did not strike the difficulties encountered by the
LPW in negotiating the transition zone to planing speeds.

1. Beardsley, P.19 3. Kearsey's Thesis,P.151

2. Kearsey, Hovercraft and Hydrofaoil, P.22 No.8

4. Kearsey's Thesis, P.24
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He was well aware of the presence of lift forces both from
buoyancy and dynamic conditions, and he measured them as a matter of

course.

Unfortunately one factor throws doubt on the validity of
Kearsey's measured results. The tests from which his data originate
were conducted in a flowing stream of water in a restricted channel.
His 0.3 m diameter by 0.2 m span test rollers (1) were immersed up to
0.15 m (2) in this channel of dimension 0.46 m wide (3) and 0.29 m
deep . (4) Although Kearsey recognised that these were cramped condit-

ions he was unable to assess their effect

"By taking a datum test at zero rotation an allowance could be
made for this; [blockage effects] further tests on the manned model

will help clarify the extent of this interference.”" (5)

Kearsey made no mention of the fact that the velocity of flow
for which most of his results were taken (6) was within 10% of the
critical velocity of open channel flow (as outlined in section 4.16).
Under these conditions the measured results would be affected in such
a way as to make it difficult to relate them, with any confidence to

conditions of a wheel on open water.

Rollercraft Prototype (7)

Kearsey constructed and tested a man-carrying prototype with
three 1.83 m diameter rollers (Fig.2.13). This was claimed to perform
as expected and was reported as having attained speeds of 4.6 m/s, (8)
with an all up weight of about 720 kg (8) and an installed power of
24 kW (9) . While the test programme for the prototype was not complete

at the time of his writing it can be noted that:

1. This reported top speed would have been just above the

transition zone of 2.62 - 3.35 m/s for this sized wheel.

2. Apparently the expected speed was about 35 kts (17.6 m/s)
for the expenditure of about 7.5 kW (9);

1. Kearsey's Thesis, Fig.45 6. Kearsey's Thesis Fig.51 ff
2. ZKearsey's Thesis, P.93 7. XKearsey's Thesis, P.95
3. Kearsey's Thesis, P.43 8. XKearsey's Thesis, P.133
4. Kearsey's Thesis, Fig.35 & P.55 9. Kearsey's Thesis, P.113

5. Kearsey's Thesis, P.37
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3. The speed achieved was a little lesgss than half the speed
expected of a jet boat of a similar power to weight ratio.

(See Fig.l2.25).

4, If the expected 35 knots could have been achieved, even
with the full installed power of 24 kW, the Rollercraft
would have been performing nearly twice as well as any
water craft with similar power to weight ratios. This

would have conclusively proved its worth as a water craft.

Conclusion

Kearsey's thesis was a useful model for this LPW project which
in many ways was following the same course. Kearsey's use of "hydro-
foils" and his concept of self-forming blades were of interest in this
project, and for this reason a small Rollercraft wheel was built and
tested to provide a comparison with LPW data. The unusual results are

described in section 1l.4.

Apparently Kearsey's work has not been continued as no reports

of it have been found over the last 9 years.

2.3.3 Balloon Tyre Amphibians

There are a number of small all terrain vehicles (ATV's) on the
market which use balloon tyres for propulsion only, or for both
buoyancy and propulsion. A recent one is shown in Fig.2.14 by Honda.
These vehicles are primarily land vehicles and their water speeds are
usually very limited, most often not achieving trough conditions for
the deeply immersed wheels used. Nevertheless they clearly fulfill a
function, providing a useful form of transport in rough country, and
are really the only present practical application of wheels on water.
(For these reasons a small treaded tyre was tested in this project's

programme with results in section 11.6.)

2.3.4 The Knapp Roller 1898 (1)

This craft while in fact operating as a buoyant roller was an
early attempt at gaining dynamic lift from a wheel on water. As such

it provides an introduction to the next section, section 3.4.

The Knapp roller shown in Fig.2.15 was launched on the St.
Lawrence about 1898. The complete craft was a 38 m long cylinder, 6 m

in diameter, driven by two 37 kW engines. It was intended that it

1. Taggart, P.190
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should travel perpendicularly to its axis on the water surface. Its
theory of operation was a rather dubious Archimedes Principle turned

through 90°.

"If you cannot digplace more water with a body than its weight,
how can my boat possibly displace any water when it meets resistance
greater than its weight, taken broadside to dget the greatest possible

resigtance? It is this resistance which brings it to the surface."

Needless to say this early attempt to achieve dynamic 1ift with
a rolling cylinder was unsuccessful but nevertheless the belief that a
rolling cylinder will 1ift and skim the water surface is regularly

revived.

2.4 WHEELS GAINING SUPPORT FROM DYNAMIC FORCES

This idea has suffered some wild claims but also has achieved

some unexpected successes.

2.4.1 The Hydroler 1948

In the Hydroler concept, Fig.2.16, cylindrical rotating rollers
were to be used only at high speed to both reduce drag and provide 1lift.
The report was presented by Lombardini & Fidderman in the 7th Interna-
tional Congress of Applied Mechanics (1948) and is a surprisingly con-

fused paper for a respected body.

The operation was described.

"The floats or hull provide buoyancy at zero speed and the
necessary 1lift at forward speeds up to approximately 50 mph. Above
this speed rotation of the rollers reduces water drag through centrifu-
gal force and zero relative velocity between the water and the roller
face. At the same time since lift varies in relation to the square of
the forward velocity, the rollers' mean draught is so reduced as to
allow the floats or hull planing bottom to be raised clear of contact

with the water." (1)

The report records the results of two tests conducted at NPL (2)

and these seem to contradict some of the claims of the authors, who go to

1. Lombardini & Fidderman, P.534

2. Lombardini & Fidderman, P.536 and Fig.ll
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FIGURE 2.15: THE KNAPP ROLLER BOAT. SCALE CAN BE DETERMINED
FROM THE MEN AT THE LEFT CENTRE. (REF. TAGGART
FI1G.6.7.)

FIGURE 2.l16: THE HYDROLER AT HIGH SPEED, LIFTED ON TO ITS
ROLLERS.
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some lengths to point out that the range of the tests was outside the

range where the hydroler concept would work.

Tests conducted in this project (section 11.3) on a rotating
cylinder clearly indicate that the idea would not work at low speeds,
though a small possibility remains that the claimed lift forces may

exist at high speeds.

Once again, no further reports of the concept have surfaced

since 1948.

2.4.2 Bouncing Bombs (1)

The performance of the cylindrical British bouncing bombs of the
Second World War certainly seems to support the notion that 1lift can be
gained from a cylindrical surface coming into contact with the watexr
at high horizontal gpeeds. Although these bombs rotated in the opposite
sense to the Hydroler cylinders, (2) a number of other recochetting
bombs were developed and tried, which had rotation in the forward direct-
ion. A non-spinning spherical version called "Baseball" simply richo-

chetted along the water surface but it was never used operationally. (3)

A German development of the bouncing bomb was called the
"...'prism bomb' in which naturally-occurring forward rotation would
bring a succession of smooth curved facets down to meet the water
surface. Scale models of these bombs were compared with [the British
bombs] and the 'prism bomb' was shown to be superior in range and number

of ricochets, but the idea was never used in a full-sized weapon." (4)

Such evidence strongly suggests that rotating cylinders might
be made to provide 1lift at high speeds if impacts on the water are
involved, and the 'prism bomb' concept indicates the likelihood that
unpowered IPW's could provide lift as the free-wheeling rotors of a

two-wheel drive, four-wheeled vehicle.

2.4.3 The Soviet Cylinder Vehicle 1967

Hovercraft and Hydrofoil in July 1967 reported a cylinder wvehicle
which was supposed to operate in a manner somewhat similar to that of
the Hydroler. (Fig.2.17.) The developer, Victor Podorvanov, was report-—

ed as having conducted tests on partly submerged revolving cylinders to

1. Hutchings, New Scientist Maxrch 2, 1978 3. Hutchings, P.564
2. Hutchings, P.565 4. Hutchings, P.565
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determine optimal conditions of lift. The article states "...the
cylindrical wheels not only do not create a bow wave..[but] by
sucking water beneath the hull, they create both additional thrust
and vertical 1lift. He found, moreover, that this vertical lift
eventually becomes sufficient to lift the hull completely clear of

the water..."

The article indicated that speed trials were being conducted
and speeds upwards of 135 kph were expected. Descriptions of the
craft's high speed motion are striking in their resemblance to the
model LPW craft motion at speed (see Chapter 12), and it is wondered
whether the réport is a garbled description of Russian priority with

the LPW craft.

It is difficult to know how seriously to take such an article
which is based on a Soviet News agency report. Since, however, no
further reports of the vehicle have been found since 1967 its success

is doubtful.

2.4.4 The Spinning Wheel 1957 (1)

One of the closest approaches to LPW operation actually tried,
was what was called the Spinning Wheel, Fig.2.18. It was reported in
a book by Taggart in 1969. Private communication with Taggart indicates
that the information came from a little known Reed Research Report 1288,
of 15th July, 1957, which he wrote. The idea originated during World
War II when one solution proposed to the problem of getting a line from
a landing-craft to the shore was to use the Spinning Wheel. It would
house a reel of wire and it would be projected, spinning, from the craft
to run across the surface of the water and up the beach, unreeling the
wire as it travelled. The wheel and line were then to become entangled
in the undergrowth so the vessel could be winched ashore. The idea was
taken seriously and tests were begun at the David Taylor Model Basin.
However these were soon curtailed by wartime priorities and it wasn't
until 1957 that the Hydraulic Lab. of the Newport News Shipbuilding and
Drydock Co. began experiments again, with the intention of developing

the Spinning Wheel as a high speed propulsion device.

Their experiments evolved the toothed wheel shown in Fig.2.18

which was about 130 mm diameter, 25 mm wide and weighed about 1.6 kg.

1. Taggart, P.196
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SCALE: 1:1

FIGURE 218: THE SOLID STEEL SPINNING WHEEL.

(Ref: Taggart, private communication)
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Its blade angle (as defined in this project) was about 45° and it had
24 blades. It was spun up to 140 rps and ejected along the water
surface at 8 m/s. It retained this speed for the 17 m length of the
towing tank, with its periphery barely penetrating the surface of the
water, and struck the far end with a force which indicated that it
could continue for at least twice that distance. Correspondence with
the Newport News Shipbuilding and Drydock Company suggests that no

further work was done on this idea.

Taggart discussed the possible application of the Spinning Wheel
to water vehicles, and describes what is essentially LPW operation

over water:
"These vehicles could be provided with high speed machinery
driving the wheels..... starting from a dead start and eventually

1ifting the vehicle clear of the water."

Neither Taggart nor the author know of anyone who has taken up

this suggestion.

2.5 DYNAMIC WATER SURFACE LIFT IN NATURE

In the light of Lord Kelvin's assertion relating to a horse
walking across the surface of the water (section 1.1) one is inclined
to believe, with Rosen, that: "...there is no horse on earth who could
could expend energy at a fast enough rate to maintain himself on the

surface of the water by stamping his feet." (1)

There are, however, creatures that do manage this for short
bursts. Small ducklings, if panicked come very close to, if not succeed
in actually running on the water surface with their large webbed feet
(Fig.2.19). Many water birds, notably shags which are relatively heavy,
assist their flight take-off by, at first, a series of jumps, then by

running with their webbed feet in a similar way to ducklings.

The author has observed at least one variety of long slim fish
which, to escape danger, leaps out of the water and with its body
sloped upwards at about 45°, zips along the water surface virtually

standing on its tall which is rapidly oscillated from side to side.

1. Private communication with Rosen of Newport News Shipbuilding

Company: extract from his reason as to why the LPW concept would

not work.



FIGURE 2.19: DUCKLINGS, AND IN WALT DISNEY'S VIEW, DUCKS ALSO
CAN RUN ON THE WATER SURFACE.

FIGURE 2.20: THE 0.8 m LIZARD, BASILISCUS BASILISCUS, USES THIS
ABILITY TO ESCAPE PREDATORS OR CAPTURE PREY.
(National Geographic Photographs.)

976/14A

MOTION
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FIGURE 2.21: SWAN GREBE COURTSHIP BEHAVIOUR INVOLVES RUNNING
ON THE WATER SURFACE.
(Photograph from television screen during 'ANIMAL

OLYMPIANS'.)
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There is a species of lizard in Central America officially
named the Jesus Christ Lizard. (1) This reptile shown in Fig.2.20
can dart from land with its body erect, and use its hind feet for
1lift and propulsion for a dash of up to 10 meters along the water
surface. It does not have webbed feet and from the picturesg it is
apparent that it gets some dynamic support from its long tail trail-
ing in the water. It is also capable of struggling out on to the
water surface from a swimming attitude to make a short run before

sinking back and swimming again. (2)

Finally the Swan Grebe of Western America culminates its court-
ship display with both birds running erect for 10 or 15 m on the water
surface as shown in Fig.2.21. Their wings are outstretched behind the
birds and are not flapping so they are not used for 1lift or propulsion,
and it is unlikely that much dynamic support is afforded by their
short tails. (2)

From these examples it is clear that the LPW principle can be
operated with the power to weight ratios available in the small animal

range.

It should be mentioned that there are a large number of insects
which gain support on the water surface from the surface tension.
However this principle only works on a scale where surface tension
forces become significant, and since it does not employ dynamic forces,

does not come under the LPW concept.

2.6 AMPHIBIOUS VEHICLES

If the LPW was to be used on small amphibious vehicles they
would have to take their place among the amphibious vehicles already
in use. For this reason information on two of the more recent and
well known are included here with some comments about amphibious

performance.
The military are likely to have the more advanced and reliable

of these vehicles and a brief survey of them was conducted.

1. Hughes, National Geographic Magazine, Jan. 1983, P.50

2. "Animal Olympians "Television programme, BCNZ, November,b 1980
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CREW:

WEIGHT:

PAYLOAD:

SIZE:

SPEED:

RANGE:

ENGINE:

FIGURE 2.22: THE LVTP-7 AMPHIBIOUS VEHICLE.

TABLE 2.23: SPECIFICATIONS FOR THE U.S.

NAVY AMPHIBIOUS VEHICLE
LVTP-7.

3 plus 25 infantrymen

22.9 tonne (loaded

4.5 tonne

HEIGHT 3.12 m, LENGTH 7.94 m, WIDTH 3.2 m

LAND 46 kph, WATER 13.5 kph

LAND, 480 km, WATER 90 km

406 bhp, 6.9 litres.

2.6,2
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There are two main types

(i) - Light tracked vehicles.

(1i) = Wheeled vehicles.

Propulsion takes three forms:

(i) Hydrojet propulsion, of either vehicle type. Water
speed is about 10 kph (2.8 m/s) for one hydrojet unit.

(ii) Tracked vehicles, using tracks for propulsgion.

gpeeds range from about 4.8 to 5.5 kph (1.3 to 1.5 m/s).

(iii) Wheeled vehicles, using wheels as propulsion. The
speed range in water is 3.9 to 5 kph (1 to 1.4 m/s),

with wheels of 1 m to 1.3 m in diameter.

It is worth noting that these speeds for the wheeled type of propulsion

are about one third of trough speed for wheels of this size.

2.6.1 LVTP7 (1)

This is a U.S. military tracked amphibious personnel carrier
(Fig.2.22). Its specifications are given in Table 2.23. A contract
for 942 of these vehicles was awarded in 1970 after five years of
extensive testing of 15 prototypes. Delivery of the first 35 vehicles
was made in 1972, and they are still in operation at present, though

modifications have been regularly taking place in their design.

Note that the maximum water speed is 13.5 kph with the use of
two hydrojets, when the vehicle is operating as an ungainly displacement
craft. It is, therefore, a little better in its water capability than

the fairly large range of amphibious vehicles of this type.

2.6.2 LVHX-1 (2)

This i1s an experimental, turbine-powered, hydrofoil, amphibious,
wheeled vehicle. It is shown in Fig.2.24 and its specifications are
given in Table 2.25. It uses two propellers for propulsion, one for
normal displacement operation, and another for foilborne operation.

The foils retract for boating and land operations, but give the vehicle
a high speed rough water capability of about 64 kph in waves of about
1.5m. Control during foilborne operations ig accomplished by a special

autopilot system.

17 Janes Weapon Systems 1979-1980, P.358
2. Hovercraft and Hydrofoil, November 1964, and February 1965
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FIGURE 2.24: THE U.S. NAVY EXPERIMENTAL
AMPHIBIOUS HYDROFOIIL CRAFT
LvHX-1.
TABLE 2.25: SPECIFICATIONS FOR THE LVHX-1
WEIGHT: 34 tonne approx. (loaded)
PAYIOAD: 4.5 tonne, approx.
SPEED: LAND: 65 kph
BOATING: 12 kts
FLYING: 35 kts 1IN WAVES UP TO 1.5 m HIGH
HULL CLEARANCE WHEN FLYING: 0.75 m
RANGE: 25 nautical miles flying
WHEELS : Individually inflatable, retractable
ENGINE: 1000 shp Lycoming TF1l4 marine turbine
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This vehicle is clearly a very capable water craft but it contains
high technology and a high installed power. There are a few similar
vehicles in existence, but their functions seem to be limited to research
and development and there is no indication that large numbers have ever

been ordered.

2.7 UFFA FOX'S PATENT 1919

It seems that Uffa Fox quite independently came up with the
following idea recorded in his book "Seamanlike Sense in Powercraft",
written in 1969. (1) The vehicle is the closest approach the author
has found to the LPW craft concept. Fig.2.26 shows the general
arrangement with, details of the wheels, and the following extract

conjures up his craft:

"...in 1919 I thought of propelling a boat like a motor-car,
by wheels with paddles on the sides of the tyres for low-speed work,
and by deep treads on the bottom which acted as small paddles as the
boat lifted and ran over the top of the water. At a speed of 100

miles and more an hour, water becomes hard enough to make this possible...

"A glance at the plan will show that here is the form of a motor-
car and a planing boat which will be able to run on sea as well as

land.

"The tyres are specially designed and moulded with rubber
paddles on their sides in the shape of half the blade of an oar.
These make the ....production of wheels that much more difficult
and expensive. They are needed, however, to drive the vessel as
paddle wheels at low speed, since it is not until she lifts out
and the blades decrease their depth in the water that the deep
crescent-shaped treads in the bottom of the tyres start to propel
the vessel by themselves and once the boat is clear out of the
water the only resistance is that of air and the wheels themselves.
There is no reason why, under such conditions, the boat could not

reach a speed of 100 miles an hour.

"Here is a means of future travel over land or sea."

l. Fox P.195
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Uffa Fox patented both the craft and the wheels in separate
patents in 1964 (1) but there is no indication from him or elsewhere

that his idea was ever tried.

2.8 CONCLUSION

In spite of the wide range of concepts and claims reviewed
in this chapter it is clear that there is only a meagre amount of
factual data which relates directly to the LPW concept. However, the
little that does relate directly, such as that of the Spinning Wheel,
supports the idea that the LPW should work as imagined.

1. British Patent Numbers 1041401 and 1041402.
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CHAPTER 3

PREVIOUS RESEARCH AND AIMS FOR THIS PROJECT

3.1 CLOSE APPROACHES TO THE LPW CONCEPT

In 1957 Taggart, in writing the report describing the "Spinning
Wheel" (covered in section 2.4.4) suggested that a similar wheel could
be used to help both support and propel a vehicle on the water surface
(1); and in 1959 Uffa Fox patented his boat-car combination wvehicle
(described in section 2.7) which he imagined would lift up and run on
the water surface at "... a speed of 100 miles and more an hour..."
(2). Of all the ideas in the literature and outlined in Chapter 2
these two are the closest to the LPW concept, but there is no evidence
that either vehicle was actually tried in practice. Nevertheless, the
fact that the Spinning Wheel worked at all was encouraging and indicated

the probable success of the LPW.

3.2 THE ORIGIN OF THE LPW CONCEPT

The idea of the Lifting Paddlewheel occurred quite independently
of these reports, to the author in 1974 while trying to design a new
type of all-terrain-vehicle. This ATV was imagined to have large,
spoked wheels without rims, and instead of these rims, it was to have
a broad flat foot at the end of each spoke. Such a vehicle could
possibly be driven so that it would step over obstacles such as fences.
The vehicle was mentally put through its paces until it was envisaged
approaching water, or a swamp at speed. At this point it became very
difficult to foresee intuitively, whether it would plough in, or skip
across the surface. This, then, became the fundamental guestion

motivating the first experiments. Can a vehicle be made, as envisaged

which would run across the surface of the water on its wheels? From

this point interest in this new LPW concept overrode the original ATV

idea.

The puzzle was intriguing enough for a model spoked wheel with
broad feet, to be made up in early 1976 (Fig.3.1) and it was tried out
in the wash-house tubs. It was difficult to simulate the wheel

approaching the water at speed, so the different, but related condition

1. Taggart P.198
2. Fox P.195
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FIGURE 3.1: THE ORIGINAL LPW

FIGURE 3.2: THE PRELIMINARY EXPERIMENTS 1976
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was examined: that of spinning the semi-immersed wheel without allowing
any forward movement - the static condition, to see if 1lift forces were
present. The wheel was mounted on a hinged balanced mount and driven
by a hand drill through a speedometer cable. Fortunately the blade
angles chosen were appropriate and the splashing wheel readily tilted

the mount indicating appreciable 1lift forces.

This provided enough incentive for a minor series of experiments
to be conducted, using materials that were to hand, Fig.3.2. 1In
essence the apparatus worked as demonstrated by Fig.3.3. Lift forces
were measured using a spring letter balance, and thrust forces were
measured by tilting the whole balance arm on its side. Although the
equipment was primitive the results were sufficiently self consistent
to instill a little confidence and gave a coherent picture of both
forces increasing with depth of immersion and revolutions, for the two

blade angles tried.

3.3 THE TEMPLIN SCROLL PAPER 1976

Periodically the Templin Scroll Competition is held at the
Engineering School for the best student paper offered before a panel
of judges. This provided a goal for the experimental findings to be
written up as a paper entitled "Preliminary Investigations of the
Lifting Paddlewheel" (1). This paper outlined the experiments, included
the results shown in Fig.3.4, and speculated, somewhat freely on the

possible capabilities of the LPW craft. It concluded in part

(1) Lift forces have been shown to be present for

the static case.

(id) Further tests are necessary to determine what
happens to these forces when the LPW is moving

over water.

(iii) Tests also need to examine the power requirements

of a moving wheel (2).

As yvet there was still no answer to the fundamental question.

1. Alexander 1976
2. Alexander 1976, P.27
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3.4 THIRD YEAR PROJECT 1977

In the final year of their undergraduate degree of Mechanical
Engineering students undertake an individual project. Because of the
case made in the earlier paper for further tests, the author was
allowed to continue the IPW study for this project requirement. While
the primary aim was to answer the fundamental question, just as it had
been for the earlier study, the secondary aims followed on from the

earlier study recommendations. These secondary alms were (1):

Ainms:

(1) To re-examine the 1976 static condition tests under

more rigorous conditions.

(2) To examine the 1lift and thrust forces when the LPW

was moving over the water.

(3) To begin to examine power requirements (if the forces

still existed at speed).

(4) Possibly, to examine some of the effects of the many

variables involved in LPW operation.

Project Tasks:

The project involved the following tasks:

(1) The design of a force balance which could both power

the LPW and measure its forces.
(2) The collection and processing of data using this balance.
(3) ° An examination of the literature available.

(4) A formal report (2) and oral presentation.

A geparate but parallel effort was directed towards constructing

a small model LPW vehicle powered by a model aircraft engine.

The Force Balance:

The force balance is shown in Fig.3.5 and a schematic of it is
in Fig.3.6. It was robust, and the simultaneocus measurement of 1ift

and thrust forces was given priority over power measurements (3).

1. Alexander 1977, P.10
2. Alexander 1977
3. Alexander 1977 P.24
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FIGURE 3.7: THE 1977 FORCE BALANCE IN THE FLUIDS
LABORATORY FLOWING WATER TANK. THE FLOW SHOWN IS
SHALLOW (0.1 m) AND SUPERCRITICAL AT APPROXIMATELY
2.5 m/s. THE LPW IS NOT IMMERSED; A PITOT TUBE IS
BEING USED TO MEASURE FLOW VELOCITY.
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Dashpots were necessary to damp out oscillations of the system. Power
was measured indirectly by first calibrating the motor power output
against voltage input, and then recording voltage input for each set
of data (1). This gave large uncertainties, but indicated the power

requirements satisfactorily.

The Testing Tank: (2)

The facility available in the Engineering School Fluids
Laboratory provided flowing water above which the force balance could
be fixed (Fig.3.7). For reasons given in section 4.16 this was not
an altogether satisfactory arrangement, but this was not fully

appreciated at the time.

Data Processing: (3)

Force measurements were made with strain gauges and the output
was recorded on a multichannel Ultra Violet Recorder. While force
balance vibration gave a very noisy trace, this could readily be
averaged by eye. With the large number of variables involved, and
the fairly extensive programme of testing required to cover a sample
range of these variables, the processing of this form of data became
a task of considerable magnitude. This data was eventually presented
in the form of the force-rps plots as shown in Fig.l.6, section 1.4.1.
This was found to be a format which could readily be related to the

physical situation.

Findings:

The main findings of the project (which concerned only a flat-

bladed LPW) were as follows

(L) The results of the earlier 1976 tests for the static

condition were confirmed.

(2) Lift and thrust forces certainly still existed for the
moving water case, but they were not as large as for
the static case, and seemed to vary in a rather confusing

way with speed of advance.

1. Alexander 1977 P.27
2. Alexander 1977 P.19
3. Alexander 1977 P.32
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(3)

(5)

(6)

(9)

3.5

The somewhat crude measurements of power indicated that
a fairly large power would be required for the LPW craft,
and propulsive efficiency was generally disappointingly

low. (About 30% in operating c¢onditions). (1)

The large number of variables involved meant that manual
data handling methods were not really adequate to cope

with these sorts of tests.

Some understanding of the effects of the variables was
gained, though the relationships between them was not

altogether clear.

Theory developed simply followed from dimensional analysis
and was tied in to paddlewheel theory by the use of the
same propulsive coefficient as used by Beardsley, and a
1lift coefficient of just the same form as his propulsive
coefficient. Attempts at analytic models of the data

proved forbiddingly complex. (2)

An interesting result was that the blade angle seemed
to be a strong controlling factor in the balance between

the lift and thrust forces. (3)

Some observations were made of the different wake patterns,
and the concepts of the displacement mode and the planing

mode were conceived. (4)

The literature survey produced information on the Spinning

Wheel, which helped support the results.

As a result of these findings and the gpinning Wheel report, it

seemed clear that the answer to the fundamental question was: Yes, a

lifting paddlewheel vehicle could be made to run across the surface

of the water.

Errata:

(5)

The design of the 1977 force balance was, unfortunately, at

fault, so that for the following two reasons the thrust force readings

were erroneous (see Fig.3.6).

U s w DD

Alexander 1977
Alexander 1977
Alexaﬁder 1977
Alexander 1977

Alexander 1977, P.61

.13
.56
.48
.64

W ©®w W W™
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FIGURE 3.8: THE MODEL LPW CRAFT IN MID-1977 FITTED WITH
SIX-BLADED, ¢ = 45° LPW's. NOTE THE 2 AND
3-BLADED LPW's ALSO TRIED AT THAT TIME
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(1) Tt was assumed that the 1lift force would act vertically
through the LPW shaft. 1In fact this is rarely the case and conse-
quently some of the lift component of force was normally added to the

thrust measurement.

(1i) The fact that the shaft torque would be transmitted into
the thrust measurement was not appreciated. Both these errors were
caused by the use of a single pivot beam for thrust measurement. As
well as this basic design fault the fact that propulsive efficiency,

N cannot be greater than the velocity ratio, was not noted so that when
plots of efficiency against velocity ratio were produced from the

erroneously inflated thrust results, the errors were not noticed.

In spite of these rather basic mistakes, the lift force
measurements were unaffected, and the conclusions drawn in the report
that ..."the wheel will run on the water surface and carry a load at

speed." (1) remained a valid answer to the fundamental question.

3.5 THE FIRST PROTOTYPE MODEL LPW VEHICLE

One way of answering the fundamental question rather dramatically
would have been to have constructed a prototype, or model prototype,
LPW vehicle and have it work. This was tried during 1977 and repeated
attempts gradually developed the craft through a series of disappoint-
ing failures. By the end of the 1977 project time no success had been

achieved (2). The form of the model at that stage is shown in Fig.3.8.

However, it was realised that the gear ratio was too high for
the model motor used, so this was reduced considerably, and the model
was tried again with barely enough success to convince a believer that

it would work.

The centre of gravity was then shifted well forward to balance
the torque reaction and stop the craft from rearing and diving, and
LPW's with blade angles of 60° were finally fitted. These tended to
provide positive rather than the negative thrust given by the earlier

45° ILPW's, at the launch speeds being used.

1. Alexander 1977 Section 12.2, P.67
2. Alexander 1977 Appendix 1
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Eventually satisfactory runs of 20 m or so were achieved before
the overtaxed motor stalled. In order to prove that the LPW's were
providing the support, the buoyancy was removed and the short, unstable
runs of about 10 m before the craft sank, were sufficiently convincing
to confirm the testing tank results and allow the tattered craft to be
retired. Its final form with the motor placed well forward, the large

gear reduction, the muffler, and the improved ILPW's is shown in Fig.3.9.

(This model is further discussed in section 12.2 and its final

specifications are given in Table 12.1:)

3.6 AIMS FOR THIS PROJECT

With this limited success in 1977 showing that the LPW concept
worked, the author felt encouraged to continue with a new project to
try to establish some fundamental ideas of how the LPW worked and to
determine whether its performance could be improved sufficiently to

make an economical craft.

The aims of this new project were divided into primary, secondary
and tertiary levels. The primary aim set out to answer one fundamental
question basic to the LPW concept. The other levels were to provide

the framework within which this could be answered.

At the beginning of the author's work on the LPW, the primary

aim was to answer the fundamental question:

Can a craft be made, as envisaged, which would run across the

surface of the water on its wheels?

Since then, the earlier investigations, outlined above in
sections 3.3 to 3.5, have answered this fundamental question with a
simple: Yes. This then lead to the primary aim for this project which

posed a new fundamental question as follows

Primary Aim:

To answer the new fundamental question: How well can a Lifting

Paddlewheel craft be made to run across the surface of the water on

its wheels? (See Fig.3.10.)
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FIGURE 3.9: THE FINAL LAYOUT OF THE FIRST MODEL LPW CRAFT IN
1978. (WHEELS No.2 IN TABLE 12.22)
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This was ilmmediately a much more difficult question to tackle
and a full answer will not be available until such a craft has been
built and operated on a competitive basis. Nonethelegs, this new
fundamental question set the direction of the project. Information
produced to answer such a guestion inevitably helped answer many other
questions as well, such as: How does the LPW work? How well would it
propel a hovercraft? How efficient is it as a propulsive device?

And so on.
The secondary aims were in three parts and were intended to
provide a framework of information from which the primary aim question

could in part, be answered.

Secondary Alms:

(1) To establish theoretical models that indicated the

possible capabilities of and limits to the LPW performance. Such

models helped answer the question: "How does the LPW work?"

(2) To establish an adequately broad and clear data base of
LPW, and LPW craft performance that would make it clear how well the

theory was applicable to the real situation.

(3) To use this data base to consolidate the theoretical

models.

It can be seen from Fig.3.10 that these secondary aims formed
the sort of iterative loop expected in research of a developmental

nature.

The tertiary level aims were concerned with the mechanics of
fulfilling the secondary level aims, and constituted the groundwork
of day to day research. In order to establish the data base for (2)
above and the means for (3) above these aims were divided into parts

A and B. Part C involved supporting work with the model LPW craft.

Tertiary Aims:

(A) In order to establish a data base, this part of the Tertiary

aims was:
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(1) To obtain and/or construct the necessary eguipment,

instrumentation and data logging facilities.
(2) To acquire the data with these facilities.

(3) To establish the methods and software to process and

present data in useful forms.

(B) In order to establish how the LPW works, this second part of

the Tertiary aims was:

To develop appropriate hypothesis and computer-based models for

comparison with the data, to elucidate the mechanism of LPW operation.

(C) To make and test a model LPW craft to assist in answering the

fundamental question.

3.6.1 The Research Programme in Relation to These Aims

The search for an analytical description of how the LPW works
in the 1977 work (1) was unsuccessful in its attempt to provide a good
theoretical description of LPW behaviour. However, neither was it
able to establish any compelling reasons why the LPW could not be
applicable to a useful amphibious vehicle. For a start then, the first
aspect of the secondary aims for this project concerning the theoretical
models (part (1)) was held in abeyance until further information was

to hand.

The néxt part of the secondary aims (part (2)) related to the
establishment of the data base, and the tertiary aims, part (A)
itemised the steps to be taken to acquire this data. There were three
main sources of data, and over the course of the project, the work was

carried out in fulfilment of the tertiary aims as follows

(i) The first year concentrated on the development and testing

of a new force balance to measure the LPW forces in Water, instrumenta—
tion of it and development of data-logging facilities, as well as
finding a suitable testing tank. Three different tanks were tried.

The force balance had to be remodelled during the second year because
of the design faults mentioned in section 3.4 above, but finally

a large part of the second and third years was spent collecting and

processing data from it.

1. Alexander 1977 Section 6.2, P.16
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(ii) Stroboscopic, photographic techniques were developed during
the second year for observing LPW flow in detail, and throughout
the project photographic and video-taped records became a useful

part of the data.

(iii) Over the second year the MKII model, prototype, radio-controlled
LPW craft was developed, and tests with this till the end of the

project continued to provide useful data.

The other part of the secondary aims (part (3)) was concerned
with answering the question "How does the LPW work?", and the tertiary
aims part (B) spelled out the work as developing hypotheses and com-
puter based models which could assist in answering thisg question. 1In
the project most of this sort of work took place during the third and
fourth years. By then a reasonable data base had been assembled, and
so some computer models were developed which attempted to reproduce
the plotgs that had been made of the measured data. These models,
using theoretical considerations alone readily tested a number of
hypotheses and eventually identified some realistic analytical des-

criptions of LPW operation.

These analytical descriptions then helped fulfil the theoretical
area of the secondary aims which was originally left in abeyance.
Finally, using these theoretical models, design predictions could be
made and tested with the model LPW craft. This allowed a full-sized
craft predicted performance capability to be made as a tentative

answer to the fundamental question.

3.6.2 Conclusion

From this outline it can be seen that the project traversed the
secondary aims loop in Fig.3.10 and thereby came one step closer to
answering the fundamental question: How well can the Lifting Paddle-
wheel Craft be made to run across the surface of the watei on its

wheels?
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CHAPTER 4

THEORIES OF LIFTING PADDLEWHEEL OPERATION

4.1 INTRODUCTION

This chapter describes work in two areas. First in Part A it
examines analytical descriptions of how the LPW forces are developed.
Second, in Part B it is concerned with identifying the most appro-
priate hypotheses to describe the physical environment around the

LPW - wake regimes, testing the IPW in flowing water, and so on.

Part A, in dealing with the hypotheses and theories developed
to describe the high speed operating performance of the LPW, has
discarded a number of theoretical models during the course of the
project. Some of these have been based on the work of other authors.
The most appropriate analyses have been incorporated into the new
theoretical model developed here, the Impulse Theory. This theory
at present most closely describes the real high speed situation as
outlined in the results in Chapter 9. Some time is spent examining
implications of this theory in terms of LPW propulsive efficiency
and power consumption. (This part of the chapter fulfils part 1
of the Secondary Aims Loop of Fig.3.10.)

Part B of the chapter contains items not directly related to
the generation of LPW forces though defining the limits to the
physical situation within which the Impulse Theory applies. It also
examines the testing of IPW's in flowing water.

PART A

4.2 DIMENSIONAL ANALYSIS

A dimensional analysis carried out for the usual primaries
(excluding surface tension) gives the following four recognised

dimensionless groups:

Reynolds Number Re = E%E
F de Numb vz
roude Number Fr = 3D

. F
Force Coefficient c =
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Power Coefficient

where: p =

UMM o a = g o<
i

4.2.1

density of water

general velocity
characteristic dimension
viscosity

gravitational acceleration
force

power.

In order to retain geometric similarity in flow and LPW blade

configurations the following dimensionless groups also need to be

satisfied:

Immersion Ratio

Span Ratio

Chord Ratio

Velocity Ratio

< gja gln O
ﬁ'|d< I I el

A further dimensionless group (which is not necessary for geometric

similarity if the velocity ratio is constant) is the Rotational

Speed Ratio. This is a Froude Number form for the wheel revolutions

and is sometimes useful:

nD nvD
Rotational Speed Ratio = vygD = /E

where: d =

immersion depth
blade span
blade chord

speed of advance
blade tip speed relative to wheel axis

wheel rps.

For paddlewheel experiments Volpich and Bridges (1) suggest

that it is unlikely that Reynolds Number has any significance, and since

its effects are in favour of increase in scale it will be neglected

from further consideration here.

1. Volpich & Bridges Pt I, P.333
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The other three recognised groups need to be adapted to the
LPW situation, and this involves choosing from the three possible
velocities which one may be used. These three are Vo’ VvV, and the

t
velocity difference, (Vt - VO).

For similarity of wave formation the Froude Number necessarily
involves the velocity VO, which is the speed of the LPW relative to
the water, so that the Froude Number then becomes

Fr = VgD where D = wheel diameter.

If the speed of advance Vo and the propulsive thrust force T

are used in the power coefficient, it becomes useful as the propulsive

efficiency:
TVb
n = E3 where N = propulsive efficiency
+ T = thrust force
P, = power input to LPW.

4.2.1 Force Coefficients Relating to gShip Propeller Theory

The force coefficients for the LPW as derived from dimensional
analysis present a dilemma with regard to the best choice of velocity.
It would seem that the velocity difference (Vt - VO) should be used
as being most closely related to the momentum change and hence the
force generation. However, Beardsley has chosen to use Vt since this
relates the coefficient to ship propeller coefficients (where Vt
represents the blade tip velocity perpendicular to the direction of
advance). For this reason, and since it is easier to apply, V, is

t
chosen for use in this force coefficient relation.

Now Vt may be expressed as Vt = nTD which can be truncated to
nD for the purposes of coefficient development. Beardsley expresses
the standard thrust coefficient for ship propellers in the form:

T
K

e (4.1)

and notes that since both paddlewheel theory and experiment show that
thrust increases directly with span, this form may be normalised to

include the blade span ratio, so that:

T pn2D4 % s
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This results in the form of the thrust coefficient used by
Beardsley:

T

Kp = onzpis (4.2)

Should such a coefficient form be shown to be useful it would be con-

venient to define the lift force coefficient in the same way:

L

K, = on2pds (4.3)

where I. = 1ift force.

If LPW operation were analogous to ship propeller operation then
these would be the relevant coefficient equations to use. Beardsley (1)
has noted however that these equations are based on Bernoulli's equation
and therefore require steady flow conditions. The paddlewheel is not
strictly a steady flow device so for this reason Beardsley derived a
different set of relations, more relevant to paddlewheels, based on

the change of momentum of discrete increments of water

4.3 A FIRST ORDER MOMENTUM THEORY OF LPW OPERATION

This section outlines a momentum approach to the problem of how
the LPW generates its lift and thrust forces. It is restricted to the
high speed planing condition of the LPW only, as this would be the
normal operating condition. It relies heavily upon Beardsley's analysis

for the SIP concept (1) but here is adapted to the LPW situation.

In developing the theoretical model for the thrust forces on
his paddlewheel blades operating at speed Beardsley notes: '"the
negative pressure on their rear (upstream) face cannot be fully developed
because of ventilation at the water-air interface. Thus the water

stream flow is interrupted and does not maintain the continuity required

for the classical equation...for a propeller in an open stream." (1)
This is:
V. + VO
T =p A V., -V (4.4)
N (v )
where p = fluid density
Ap= swept area of propeller disc

1. Beardsley, P.12
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Vj = discharge velocity downstream at
free stream pressure
VO = free stream fluid velocity.

For the equation in this form the mass flow of the actuated stream

tube is represented by the terms

p A

P 2

V., + V ]
_J ©°

This form therefore cannot be used for high speed paddlewheel
analysis and a more representative analysis results when the thrust is
considered to be produced by the increase in momentum imparted to a
differently derived entrained water mass, by a series of impulses
generated by the actuation of discrete increments of water encountered
by the blades. Since these increments are small, and are actuated at
high frequency it is assumed that they merge into a discharge flow of

reasonably uniform velocity. (1)

Such reasoning is equally relevant to the LPW situation and an
actuator model shown in Fig.4.1 is therefore used for the development
of the analysis. In this figure the immersed part of the LPW is
represented by an actuator rectangle through which the entrained water
passes and where it is given discrete impulses downwards and rearwards

as shown. Several assumptions are made:

(i) No water is present below the entering layer that would

interfere with its downward exit.
(ii) Gravity effects are ignored: no waves are formed.

(iii)Viscosity is neglected.

4.3.1 Thrust Force Equations

In Fig.4.1 the (horizontal) thrust force may be represented by

the equation:

T = rhAvh (4.5)

where m = mass per second acted upon by the rectangle

'Avh = horizontal velocity change given to the fluid.

1. Beardsley, P.12
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FIGURE 4-1: ACTUATOR RECTANGLE MODEL FOR
MOMENTUM ANALYSIS.
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In the real case the horizontal discharge velocity is unlikely
to be as great as the velocity of the blade tip but if it is assumed

to be this great, then:

Av, =v. -V (4.6)

Similarly, not all the incoming (or entrained) mass will be

acted upon by a real LPW but if it is, then:

M=pdsvo (4.7)
where M = entrained mass flow rate
p = fluid density
d = immersion depth

blade or rectangle span

2]
1

<
Il

speed of advance

(Note that this expression for the mass is less than that in the classi-

cal equation (4.4) for a propeller.)
Now the thrust equation (4.5) may be rewritten as:

T=pds vo(v - VO) (4.8)

t
and Beardsley (1) further rearranges it to emphasise the role of

velocity ratios:

) -~
T=pds v (=—=)(1-=) (4.9)
t Vt t

and to derive a new expression for the thrust coefficient with span

equal to diameter:

2
k=19 (9 -9 (4.10)

v
Note that in equation (4.9) the thrust is zero for vg-= 1 and

v,
for 69 = 0, and while this is reasonable for §9~= 1l since there has
t t

been no change in stream velocity (Vt - VO = O), it is unreasonable as
a slow speed model of the real case when V_ -+ 0, since there has been

o
found to be considerable thrust when VO = 0. This serves to emphasise

1. Beardsley, P.13
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rofafion
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FIGURE 4-2 VERTICAL COMPONENTS OF V¢ AT BLADE ENTRY & EXIT.
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Beardsley's point that the equations (4.8), (4.9) and (4.10) only
apply to the high speed case, (planing conditions) and further
equations should be developed to account for the mass supply by

gravity~induced flow at low speeds and displacement conditions.

4.3.2 Lift Force Equations

Applying this same approach for the development of the 1lift
force equations is not as straightforward, but using again Fig.4.1

the (vertical) lift force may be represented by the equation

L=mnAV (4.11)
v
where L = 1lift force
m = mass per second acted upon by the rectangle
AVV = the vertical velocity change given to the water.

In the thrust force section above the blade tip speed, Vi, was taken

as the final horizontal exit velocity of the water. For the 1lift force
situation, the maximum vertical component of the blade tip speed occurs
both at entry and exit of the blade. These velocity components are
equal and opposite in sign and of magnitude * Vi sin 0 as shown in
Fig.4.2. At this point the assumption needs to be made that only the
blade entering the water need be considered so that the vertical

velocity change may be expressed as:

AVh = Vt sin 6 (4.12)
Substituting the expression (4.7) for the total entrained mass flow
rate into (4.11), with the vertical velocity expression (4.12) gives

a lift force relation analogous to the thrust force expression (4.8).

L=pds Vo Vt sin O
v )

L=pds (==) Vv, sin 8 (4.13)
vl

A new form for the 1lift coefficient with span equal to diameter

would then be

K = —— — gin 0 (4.14)
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In summary then, these two expressions (4.10) and (4.14) for
thrust and 1ift for the LPW differ from the expressions (4.2) and
(4.3) derived from the classical propeller equations since they take
into account the fact that steady flow is not involved. They assume,
however, that all the entrained water mass leaves the LPW at the
maximum horizontal and vertical velocities reached by the blade tips.
Later sections examine these assumptions more closely in order to

refine the theory.

4.4 FLAT PLATE DRAG AND THE FORCES ON LPW BLADES

It would be expected that any consideration of the theory of
paddlewheels should model the blade forces in terms of the drag on

fully immersed two dimensional flat plates.

Volpich and Bridges with the assistance of McNab (1) carried out
such a geometric study of the passage of the feathering paddlewheel
blade through the water. From the resulting vector flow velocities
they calculated blade forces using lift and drag data for flat plates.
Although they did not expect reliable results they found close agree-
ment between calculated values and experimental data for some regions
of their curves. This was especially true for forces and efficiencies
calculated in the displacement mode, clear of the transition zone and
for high velocity ratios (VO/Vt > 0.75). Their results are shown in
Figs. 4.3 and 4.4. Their calculations for radial blade forces in
Fig.4.4 did not give particularly good agreement though they claimed
the discrepancies were probably because of improper extrapolation

from their experimental data. (2)

It appears that Volpich and Bridges' success was at least partly
because their blade velocities were appreciably lower than the expected
wave velocities and gravity-induced flow velocities in the test situa-
tion. Under such conditions the paddlewheel blades would be operating
near the fully immersed state for which the flat plate data were

applicable.

Similar calculations for the LPW blades may also give results

which are in fair agreement with experiment at high velocity ratios

1. Volpich and Bridges, Part II P.491. Also this project section 2.2.3.

2. Volpich and Bridges, Part II P.502.
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but only in the displacement mode. Such theory, however, has severe
limitations when it is applied at the expected high speed operating
conditions of the LPW. After the data collection stage of this
project considerable effort was spent on a computer programme which
attempted to model the high speed data in terms of the flat plate
lift and drag forces. (See section 9.3.) The calculations followed
procedures sgsimilar to those used by Volpich and Bridges, but the
results seemed satisfactory only for some conditions of blade angle
and never for both 1lift and thrust forces at once. They could only
be made uniformly satisfactory by assuming that all the drag force
occurred during the blade entry. Ultimately the constraints required
to make the flat plate drag data applicable directed attention to

the more promising impulse theory developed later.

These constraints may be itemised:

(1) Since the blades operate with the rear face denuded of
water, flat plate data for fully immersed flat plates should not be
used. Instead Rayleigh's formula for the front face pressure (1)

seems more relevant.

(2) Accelerations are large so that the flow is far from
steady. Acceleration forces are of the same order of magnitude as

drag forces.
(3) The blades are rotating.

(4) Operation is close to, or through the water surface.

Such constraints effectively limited the application of this
theory to the low speed displacement mode of operation, and since
high speed LPW operation is of primary interest at this stage, further
analysis concentrates on the more relevant theories, leaving this

approach to any future analysis of the displacement mode.

(Section 9.3 examines the experimental results in terms of

the flat plate drag hypothesis for LPW blade forces.)

4.5 INDUCED MASS AND SYMMETRICAL IMPACT ON A WATER SURFACE

If a body fully immersed in a fluid is accelerated, its kinetic

energy is increased. In addition the fluid which it displaces by its

1. Barnaby, Paragraph 109 or Lamb Art.77
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movement is given an increase in kinetic energy. The work done in
accelerating the Body is therefore greater than if the body alone
had to be accelerated, and this increase in work has been shown to
occur as if the mass of the body were greater by a fixed amount.
This apparent increase in mass 1s termed the added or induced mass
of the body. This artificial mass may be imagined as f£illing the
whole of the surrounding fluid but being concentrated at the body
surface and decreasing in density with distance from it. It may be
used, however, in momentum or energy exchange calculations as if it

were part of the mass of the body itself.

For a fully immersed, two dimensional flat plate moving
perpendicularly to the plane of its surface the induced mass is known
to be equivalent to the mass of a cylinder of fluid with a diameter

equal to the plate width. (1)

This induced mass, howeveér, is not constant under all conditions
of motion and its magnitude depends upon the direction of flow relative
to the plate, the type of flow, and the presence of boundaries such

as a cavity, wall or the water surface.

Normally the total force on an accelerating massless plate would
be found by taking the magnitude of the force generated by the change
in momentum given to the induced mass, and adding to it the instantan-

eous flat plate drag of the plate.

For a fully immersed paddlewheel blade any accelerations will
generate forces which may be treated by adding the acceleration forces
to the flat plate drag forces. For example, had they wanted to,
Volpich and Bridges could have used these concepts to estimate their
paddlewheel forces more rigorously in Figs. 4.3 and 4.4. For the LPW
at high speed, however, the situation is different again from that of

a fully immersed plate.

The case of a plate entering through a water surface requires
a different treatment than the case of the fully immersed plate. For
symmetric impact of a two dimensional flat plate on a smooth water
surface the induced mass has been shown to be half the value for the

fully immersed plate. (2) It is this value of induced mass which is

1. Streeter, P.13-32

2. Wagner or Batchelor 6.10
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more realistic in providing an estimate of the mass used in the high
speed LPW impulse theory. The mass of water to be accelerated, then,
based on Wagner's result, may be written directly from the dimensions

of the LPW blade.

o= TSy?
m 5 (2)‘ s P (4.15)
where m' = induced mass per blade
¢ = blade chord
s = blade span
P = water density.

Now each blade entering the water has this induced mass associa-
ted with it so that in the force equations, 4.5 and 4.11, the mass flow
rate, m, becomes dependent upon the number of blades entering the water
per second. It is convenient, therefore, to put the induced mass per

blade in the form of a mass flow rate so that equation (4.15) becomes:
m
m = §~cz s pPnB (4.16)

where n = rps

the number of blades on the LPW.

w
Il

In the LPW situation the conditions are somewhat divergent from
those for which the symmetric impact theory of Wagner is readily
applicable. The discrepahcies are noted in the following points which

must therefore be taken as working assumptions:

(1) PFor LPW blades water entry is rarely symmetric but the

induced mass will be assumed to be unaffected by this.

(2) PFlow conditions will vary considerably from case to case,
and involve rotation and deceleration during entry. Induced mass will
be assumed to be unaffected by this, remaining constant in all cases

of water entry.

(3) Although induced mass is known to vary depending upon
the alignment of the plate to the flow, this factor will be ignored
at this stage, induced mass being assumed constant regardless of the

angle of attack of the flow on to the blade.
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(4 The water surface is rarely flat, usually containing
splash and waves left by the passage of the previous blade (see
section 4.9.1). This is assumed to have no effect on the magnitude

of the induced mass.

(5) It is very difficult to estimate any flat plate drag
contribution to the forces since the action is impulsive and the
time duration indeterminate. These forces will therefore be
ignored at this stage. (See, however, section 9.3.2 where these

drag forces are shown to exist.)

(6) The IPW blades are considered as two-dimensional blades,

having no end effects to alter the calculated induced mass.

(7) For the purposes of the theory all the induced mass is
assumed to be located at the blade tip. That is, no account is
taken of the fact that most of the blade surface is on a smallerxr

radius than the blade tip.

The momentum model described in the earlier section (section 4.3)
could now be reassessed using this new limited mass. Firstly, however,
the other assumption in that theory regarding the final water veloci-
ties will be examined more closely. This involves gome preliminary

work to investigate the geometry of the flow around the LPW blade.

4.6 LPW BLADE FLOW GEOMETRY AND MAXIMUM BLADE-WATER VELOCITIES

The passage of the LPW blades through the water is a complex
motion involving continual changes in flow velocity and direction so
that the resulting flow relative to the blades is neither easy to
visualise nor to analyse theoretically. Nevertheless the geometry
of the blade passage through the water and especially the conditions
of blade entry into the water have been found to be the key to the

theoretical description of the LPW performance.

The most useful of these geometric concepts are outlined here
before they are applied in the later derivation of the maximum velocity

expressions.

At this stage the LPW blades are seen simply as flat plates,

which provide a basis for the subsequent theory.
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4.6.1 Blade Motion Relative to the Water

The blade tip may be considered at any instant to be at angle «
from the vertical, with tip velocity Vt relative to the wheel axis as
shown in Fig.4.5. The wheel axis may then be given a speed of advance
Vo so that the parametric equations of the position of the blade tip
relative to the x-y axis stationary in the water, are those of a pro-

late cycloid:

X Vo.t + R sin o

vy -R cos o

where t = time

R = LPW radius to blade tip.

When these equations are plotted they give the locus of a single
blade tip for the chosen velocity ratio of the wheel as shown in

Fig.4.6.

A similar curve, displaced to one side shows the locus of the
inside edge (or heel) of a flat LPW blade and both curves are shown

together in Fig.4.7.

At a given water depth these curves intercept the water as shown
also in Fig.4.7; and when a multibladed wheel is used the loci of the
blade tips alone look like Fig.4.8. At the immersion ratio shown
(% = 0.125), for a six~-bladed wheel the locus of each blade tip inter-
cepts the locus of the previous blade tip below the water surface.
This is a geometric equivalent of cavity intrusion; if the LPW was
carving through butter the track left behind would follow these blade
loci. 1In water, cavity intrusion occurs differently since the water

spreads away from the blade tip locus, (see section 4.9.2).

4.6.2 Blade Tip Velocity Relative to the Water

Assuming there are no gravity-induced flow velocities in the
water, we can differentiate the parametric equations to arrive at an
expression for the magnitude of the blade tip velocity relative to

the water.

X = V - RW cos O
e}
y = -Rw sin o
V = Vx° +y
(4.17)
S Vv = W %~ 2VV cos o+ V7
o o t t
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where W = angular speed of LPW
v = velocity of blade tip relative to the water
Vt = velocity of blade tip relative to wheel axis
VO = speed of advance of wheel axis.

This expression (4.17), is plotted in Fig.4.9 as a ratio with
the blade tip speed Vt' for a series of velocity ratios less than 1.
Note that the immersion ratios are marked on the horizontal (o) axis,
indicating at what angle, &, the blades enter and leave the water for

various immersion ratios.

Note also that the blade tip velocity, V, relative to the water
decreases from entry to the bottom of the passage and then increases

again, so that it is a maximum at blade entry and exit.

4.6.3 Angle of Attack Through a Blade Passage

The direction of motion of the LPW blade tip relative to the
water is required in order to estimate the magnitude of the instantaneous
force applied by the blade to the water. This depends upon the blade
angle, ¢, for a flat blade. Fig.4.10 shows the four cases of velocity
possible at the blade tip, and the derivation of the angle § for each
case. The appropriate case can be chosen for the sense of x and y from
the figure, and the equation for the angle of attack, Y, can be written

directly:
Y =96 - (¢-0) (4.18)

For normal operation both %X and y are negative so that diagram

(2) of Fig.4.10 is most often relevant.

It should be noted that for extremes of blade angle, ¢, the
above equation may produce angles of attack, Y, greater than 2T or
less than 0. If this occurs Y is normally readjusted to be within the

range 0 < vy < 27.

A subroutine used for calculating Y is given with programme

'"BLADEDRAG' as subroutine 'XYVG' in Appendix 8.

If the angle of attack Y, is plotted against o the angular
distance through the blade passage, for a series of velocity ratios,
the result is as shown in Fig.4.11. This is the case for the blade

angle ¢ = 90°. A simple shift of the vertical axis as shown enables
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FIGURE 4-12  VARIATION OF ANGLES AND VELOCITIES

ALONG THE BLADBE CHORD.

4.6.3
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the diagram to apply to other blade angles. Once again depth ratios
marked on the horizontal axis indicate the blade entry conditions at

these immersions.
The main features of note are:

(1) As the velocity ratio decreases (rps increases for a

given Vo) the angle of attack Y approaches a constant value.

(2) For a given velocity ratio the angle of attack at entry

does not vary greatly over the range of expected immersion depths.
This second point is examined further in the next section (4.6.4).

So far conditions at the blade tip only, have been considered.
Any other part of the blade will have a different velocity vector
diagram, and a different velocity ratio associated with it, with the
consequence that the angle of attack will vary chordwise along the
blade. . Further, the angle o will be different for different points
on the blade surface (unless it is a radial blade with ¢ = 90°).
These effects are sketched in Fig.4.12 and at this stage they are

simply noted as complications to the basic concepts.

4.6.4 Blade Angle of Attack at Entry

Since later sections show that most of the water momentum change
would normally take place at the instant of blade entry, it is of some
value to replot Fig.4.1l1l as angle of attack at entry against velocity
ratio, as shown in Fig.4.13. BAn expected operating range of velocity
ratios is indicated and once again, although the diagram is drawn for
a blade angle ¢ = 90°, a simple shift of the vertical axis enables it

to be used for any other blade angle as shown.
Several features are of note:

(1) TFor the expected velocity ratio operating range indicated,
the angle of attack curves for different immersions are all clustered
together. This is specially so for the midrange of immersion ratios

d
(—D— = 0.08 to 0.2).

(2) Angle of attack, 7y, for all immersions increases as the

tip speed is increased (that is, as velocity ratio is decreased).

(3) This increase in angle of attack amounts to about 30°

over the expected operating range of velocity ratios.
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One further point is that for some blades (¢ > 90°) it is found
that the entry conditions may not be the most significant. Instead,
some point after blade entry is where most of the momentum change takes
place. (See section 4.6.6 on maximum velocitiés.) If this is the case,
the same diagram may still be used if the family of immersion ratio
curves is read instead as a family of curves of o (the angular position
in the blade passage where most momentum exchange takes place) as shown
in parentheses in Fig.4.13. As noted earlier this diagram still only
applies to conditions at the blade tip, and the angle of attack at
entry would in fact vary along the blade chord resulting in a more

complex picture of blade flow conditions than this analysis presents.

The implications of this diagram are that for a given velocity
ratio the flow direction relative to the LPW blade tip at entry is al-
most independent of fairly large changes in immersion, so that in
designing a blade, the angle of attack at entry may be chosen on the
basis of velocity ratio, and blade angle alone, with small regard for

changes in immersion.

4.6.5 Maximum Blade to Water Velocities

It is apparent from the preceding sections, especially 4.6.2,
that the velocity of the LPW blade relative to the water varies con-
siderably during the blade passage. It would therefore be expected
that somewhere in the passage the blade would impart a maximum velocity
to the water and this would be in some direction determined by the
vector geometry of the flow at that point. Once this had occurred,
and assuming such a velocity was much greater than any gravity-induced
ﬁelocity, the blade would slow down relative to the accelerated water.
The water would then leave the blade to move away at this maximum
velocity, possibly allowing air to move in to take its place. (Since
the LPW is operating through the water surface air entry readily
occurs.) Once this has happened no more momentum exchange could be

caused by the blade unlesg it caught up again or encountered more water.

From this point it remains to construct vector diagrams to
determine the magnitude and direction of these maximum velocities

relative to a fixed frame of reference in the water.

While vector diagrams will be used here, it is realised that

they do not always accurately predict flow velocities and drag forces (1)

1. Lamb, Art. 77, P.103
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especially at small angles of attack. Also the assumption is made

that velocity changes cannot be transmitted to the water in a direction
parallel to a flat plate surface. Thus changes in flow direction are
considered to take place vectorially and only in a direction perpendicu-

lar to the blade surface.

4.6.6 Maximum Perpendicular Velocity

An expression for the vector velocity change perpendicular to

the blade, AVP, may be written directly from Fig.4.14
Avp =V sin Y (4.19)

where: V may be found from equation (4.17) and is the

velocity of the blade tip relative to the water.

Y may be found from equation (4.18).

It is helpful to examine a plot of this expression to see how
the maximum perpendicular velocities may occur. Fig.4.15 is such a
plot. The axes may be shifted horizontally and vertically to define
the plot for other blade angles as shown. Immersion ratios are marked
on the axes for ¢ = 60° and a series of curves for different velocity

ratios are plotted. Points of note are

(i) For blade angles less than 90° AVP is maximum at blade

entry. This is most significant.

(ii1) Por blade angles greater than 90° AVP is maximum at blade

exit.

(iii) For blade angles greatexr than 90°, depending on immersion
depth, AVP may decrease from its value at entry (which
would allow the water to move away from the blade) before

increasing again to its maximum at blade exit.

(iv) It is possible to arrange the blade angle, velocity ratio
and immersion depth so that AVp = 0 at entry (as marked
in the figure). AVP then increases steadily through the
blade passage. (This situation might be expected to
provide the smooth application of force normally reguired
with hydrodynamic machinery. This idea, however, is taken
no further here since the LPW with the required blade

angle generally has very little or no lift force component.)
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(v) Apart from the case where AVP = 0 at entry, all other
entry conditions require a theoretically infinite
acceleration to the entry velocity at blade entry. 1In
practice this would be expected to produce shock
loadings on the LPW, causing splash and shock losses

in the water, and high impulsive forces on the machinery.

From these points the main feature is that maximum perpendicular
velocity changes occur at water entry for all blades with angles less

than 90°.

4.6.7 Vertical and Horizontal Components of Perpendicular
Velocity

This perpendicular velocity change may be resolved into horizontal
and vertical components which are required for the estimation of the
thrust and lift forces. Relative to the frame of reference fixed in the
water these components will also be the horizontal and vertical com-
ponents of the final water velocity so that A is now left out of the

relations.

The components of Vp may be derived in two ways. If they come
from Fig.4.14 and equation (4.19), they include Y, which is difficult
to deal with as shown in Fig.4.10. An alternative derivation which is
longer avoids this c&mplication and it is outlined in Appendix 3. The

resulting equations are

Vh = sin ((;b—OL)(Vt sin ¢ - VO sin (¢-a)) (4.20)
Vv = cos (¢—u)(Vt sin ¢ - VO sin (¢-a)) (4.21)
where Vh = horizontal component of VP, the

perpendicular velocity.

VV = wvertical component of VP.

Note that o is used for the blade angular position through the
cavity. This is because these equations hold for any position in the
cavity. For blade entry, however, o may be replaced by 8, the depth

angle.

These equations when plotted give results as indicated for VV

in Fig.4.16 (for ¢ = 90°). However the plot shown cannot be readily
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adapted to plots for other blade angles by simple shifts in the axes

and in themselves such plots do not indicate much of value.
We are now in a position to reassess the thrust and lift equations
(4.5) and (4.11) of section 4.3 in terms of the induced mass of section

4.5 and maximum water velocities between the blade and the water.

4.7 THE IMPULSE THEORY OF LPW FORCES

In this section the induced mass concept of section 4.5 is com-
bined with the maximum velocity expressions (4.20) and (4.21) of section
4.6.7 to modify the momentum model of section 4.3 into a more refined
analysis of LPW forces. The conditions of flow are assumed as in
previous sections with the LPW in the high speed planing mode. The
mass of water now used is considered to be the induced mass rather than
the whole of the entrained mass. The velocity to which the wheel accel-
erates the‘water is now considered to be the maximum water velocity
reached perpendicular to the blade, and this generally occurs at blade
entry. The magnitude and direction of this velocity is resolved into
horizontal and vertical components in the maximum velocity expressions,

and thus the thrust and lift forces may be determined.

From these considerations the simple thrust equation (4.5)

T = mV, may be rewritten using equation (4.16) and equation (4.20) as:

h
T = m sin (¢—6)(Vt sin ¢—VO sin ($-0)) (4.22)
or T = g czspnB'sin (d)—e)(vt sin ¢—VO sin. (¢-86)) (4.23)

Similarly the lift equation (4.11) L = VV may be rewritten:

L =1 cos (¢-6) (V_ sin ¢-V_ sin ($-0)) (4.24)
or L = g c’spnBrcos (¢-6) (V, sin ¢-v_ sin ($-6)) (4.25)
where, as usual: L = 1ift force
T = thrust force
¢ = blade chord
s = Dblade span
n = rps

B = number of blades on the wheel
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® = blade angle

8 = depth angle

Vt = blade tip speed relative to LPW axis
VO = wheel speed of advance.

Note that although the depth angle 6 is used the relations still
hold for any position through the cavity where the maximum perpendicular
velocity would be reached. If the angle, O, representing such a
position replaces 6 then the relations may be used for such unusual

circumstances.

Note also that if Vt is replaced by TnD the relations become
quadratics in the wheel revolutions, n. Thus force-rps plots would
have a parabolic form. The relations correspond to the parabolic
section of the force-rps plots (Fig.l.6) since at this point no con-

sideration has been given to the effects of cavity intrusion.

4.7.1 The Impulse Theory After Surface Cavity Intrusion

As was noted in section 4.5 the induced mass flow rate may be
increased by an increase in wheel revolutions, n, or in the number of
blades, B. It will be apparent that such increases will not increase
the induced mass flow rate indefinitely. As wheel revolutions are
further increased, cavity intrusion occurs and the cavity left by the
previous blade approaches the area of entry of the incoming blade.

The induced mass magnitude will be affected by the presence of this
new surface as described in section 4.5. Eventually the cavity will
be encroaching upon the water surface that would have been encountered

by the incoming blade. (See Fig.l.7.) This is surface cavity intrusion.

Under such circumstances it is difficult to estimate theoretic-
ally just what the added mass per blade might be, and a number of
unsuccessful attempts have been made during the course of this project.

The difficulty has been sidestepped by treating the situation as follows:

Once cavity intrusion has advanced so that the width of water
surface each blade encounters is less than the chord width of the blade,
the mass acted upon is much more like the full entrained mass of
section 4.3 as shown in Fig.4.1l. So for this situation the mass used
in the force expressions 4.22 and 4.24 is allowed to remain as the
full entrained mass, M (equation 4.7, section 4.3). Thus the express-

ions for the force after surface cavity intrusion use this mass flow
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rate instead of the induced mass per blade, and become:

H
i

sdeO' sin ((b—@)(vt sin ¢ - VO sin (¢-6)) (4.26)

£
I

sdeO° cos (¢—8)(Vt sin ¢ - v sin (¢$-9)) (4.27)

It will be noted that these expressions, in contrast to (4.23)

and (4.25) are linear in V., (or n) corresponding appropriately to the

t
linear section of the force-rps plots (Fig.l.6).

4.7.2 Dimensional Analysis and the Impulse Theory

It would be expected from Dimensional Analysis that the forces
should increase as the square of the velocity or as the square of the
characteristic dimension. A check of expressions 4.23, 4.25, 4.26 and
4.27 for the forces both before and after cavity intrusion verifies
that this is the case as long as the velocity ratio is kept constant
is

for similarity of flow, and it is noted that the tip velocity, Vt,

related to the wheel revolutions, n, by

where: D = wheel diameter.

4.8 OTHER THEORETICAL APPROACHES AND THE DEVELOPMENT OF MASS FLOW

COEFFICIENTS

It has been one of the tasks of the project to develop a compre-
hensive theory of LPW operation which could both explain how LPW forces
are generated and be used to predict forces in untested situations.

The development of the present theory is only one of a number of theories
tried. Each theory used, and found inadequate has been helpful in that
it has suggested that the concepts involved are not instrumental in the

generation of LPW forces.

It was found, for example, that the forces before cavity intru-
sion are in fact considerably larger than those predicted by the impulse
theory already described. Some time was spent in trying to discover
whether this discrepancy could be accounted for by the concept of cavity
induced mass. (1) There were difficulties in that this concept is
normally used for deeply immersed cavities and the required case of
entry through the surface did not readily comply. Ultimately this

line was fruitless, neither proving nor disproving the value of the

1. Logninovich, P.115
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concept in this context and therefore not adding to the understanding

of LPW forces.

Another approach, which was imagined relevant, was Wagner's

wedge entry theory. (1) This theory takes account of boundary migration
on sloping surfaces entering the water and while it applies to symmetri-
cal wedges it was felt that it could be adapted to LPW blades. A number
of calculations and refinements failed to improve the present impulse
theory to a level which would make the combined theories a convincingly
better model of the real case, and it is therefore tentatively concluded
that the enhancement of entry impact forces as described by Wagner's

wedge entry theory do not contribute significantly to LPW forces.

One further discrepancy deserves mention: the impulse theory
as it stands predicts, under certain circumstances, that the LPW forces
remain positive to velocity ratios well beyond unity. (For example
with blade angle ¢ = 60° and depth angle 0 = 60° in equation 4.25.)
Experimental results do not wholly support this, and it became clear
that this is because the impulse theory is only concerned with condit-
ions at water entry and it ignores everything thereafter. Attempts
were made to incorporate expressions to take into account the fact
that the water catches up with the blades at the bottom of their
passage at velocity ratios near or greater than unity, thereby intro-
ducing negative components of force. These attempts, however, did not
satisfactorily model the real situation and introduced considerable
complication to the theory. Once again the attempt was abandoned, but
it suggested that the reasons the experimental forces fall to zero
just before or after the velocity ratio reaches one, are rather more
complex than a simple subtraction of flat plate drag forces at the

bottom of the blade passage.

For this project then these extra theoretical models have been
tried and abandoned. While the present impulse theory does, in large
measure, clarify what is happening between the LPW and the water
there are the expected discrepancies between theory and practice which

at present may be most usefully dealt with by employing coefficients.
Chapter 9, analysing the experimental results for flat blades,
contains a section (section 9.9) where coefficients are developed to

adjust the magnitude of the mass flow in the equations to model the

1. Logvinovich, P.57
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real situation both before and after surface cavity intrusion, and

for 1lift and thrust forces. These coefficientg are used in the normal
way, to multiply the mass flow in the appropriate force expressions
(4.23, 25, 26, 27). While they have been imagined as coefficients of
the mass flow rate only, since this has been seen to incorporate the
most gross assumptions (discussed in section 4.5), they clearly also
allow for any smaller discrepancies between the maximum velocity

expressions, (4.20) and (4.21) and the real situation.

One further step remains to complete the present impulse theory,
and that is to predict when surface cavity intrusion occurs, since
this defines which of the two sets of relations must be used to calcu-

late LPW forces.

4.9 REAL FLOW AROUND LPW BLADES

In the foregoing sections the effects of blade entry splash have
been ignored, and the flow over the LPW blades during water entry and
after immersion has been examined simply in terms of the net vector
velocity changes occurring. The real flow situation is rather more
complex than this and an examination of the actual water flow around
the blades helps to explain the causes of bowsplash, and gives reasons
for the discrepancies in the maximum velocity expressions, as well as
providing a means of calculating the point where surface cavity in-

trusion begins to occur.

4.9.1 Bowsplash

Splash at blade entry may be examined in two ways. First, the
entry of an inclined plane through the water surface ig little differ-
ent in terms of the flow it causes from the case of a planing surface.
It is well known (1) that such a surface throws a thin sheet of spray
ahead of itself as shown in Fig.4.17. Such a spray formation would
also occur when LPW blades enter the water inclined to the surface.
This splash formation while present at LPW blade entry is relatively

insignificant compared to the other splash type.

The second splash type is more dramatic. It may be seen in
terms of "Waves due to Local Impulse" as treated by Lamb. (2) Such
theory shows how an impulse on the water surface (such as the sudden

entry of the LPW blade) produces short wavelength, large amplitude

1. Wagner, 1932
2. Lamb, Art. 239, P.388
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waves. Experiments on flat-bottom slamming (1) show how this occurs
in practice so that just after a high speed blade entry the water
surface would appear as shown in Fig.4.18. These waves are of some
significance to LPW operation and theory for two reasons. Firstly,
as the oncoming blade meets this rising surface the velocity between
the blade and the water is increased. It may be imagined that under
the right conditions this would cause an appreciable increase in the
blade force and possibly a change in the depth angle 0 at which the
maximum perpendicular velocity is reached. At this stage this effect

is simply noted as a possible discrepancy in the impulse theory.

Secondly these waves are apparently instrumental in causing
bowsplash. While no rigorous confirmation of this has been done
experiments show that if, under the right conditions in the planing
mode, the oncoming blade encounters such a wave there is a regenerative
buildup of water ahead of the wheel. It seems that this occurs since
each descending blade encounters the splash, traps air in it and this
causes the bowsplash to grow so that the next descending blade en-
counters the same conditions but higher above the water surface.
Ultimately the blades are pushing a mound of water ahead of the wheel.
This is shown in Figs. 4.19 (A)-(E) and may be compared with the cylin-
der in Fig.4.34, ahead. It is pointed out in Chapter 12 that this is
apparently a hindrance to lift-off for LPW craft.

No analysis has yet been attempted of the phenomenon, since in
practice it ceases to be a problem if the velocity ratio is kept high

enough to be clear of surface cavity intrusion.

4.9.2 Free Streamline Theory and LPW Blades

Once the fast moving LPW blade has become immersed it may be
compared with the case of a flat plate fully immersed in a flow, with
a cavity of ambiént pressure. (2) For such a plate the flow divides
at the stagnation point, moves in both directions across the plate
surface with a velocity relative to the blade surface equal to its
incoming velocity, then separates from the edges to form the cavity

behind the plate as illustrated in Fig.4.20.

Several points may be noted
(1) The stagnation point may be found analytically. (3)
(2) The centre of pressure may be similarly determined.

1. Chuang, s.L., P.15 3. Birkhoff & Zarantorello II.2,
2. Batcheloxr, 6.13, P.498 P.28.
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FIGURE 4-20 FLAT PLATE WITH AMBIENT CAVITY AT 45°
TO FLOW; FULLY IMMERSED.
(Ref: Birkhoff & Zarantonello plate 2, p340)

2
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(3) The velocity over the surface is known so the skin

friction may be estimated analytically.

(4) The shape of the edge of the cavity - the free

streamlines - can be calculated. (1)
(5) The pressure distribution can be calculated.

(6) All these quantities may be determined for any

angle of attack of the plate.

For the LPW in the displacement mode where the blades may be
fully immersed and moving steadily with a ventilation cavity these
points may be of value. It should be noted especially that point
(3) above in relation to Fig.4.9 in section 4.6.2 supports Beardsley's
claim (2) that the paddlewheel is likely to have lower frictional
losses than the propeller since the relative velocity between the

blades and the water is less than for a propeller.

Once again, however, the high speed case is more difficult to

deal with.

4.9.3 Estimating sSurface Cavity Intrusion Conditions

It would be expected that for the high speed case of LPW opera-
tion only the moments of blade entry would be of importance since it
has been shown (section 4.6.6) that all the blade-water momentum ex-
change takes place at this point. Since this occurs essentially in
the water surface it isdifficult to decide whether any analysis should
treat the flow as a symmetric impact on the water surface (3), or
the beginning of the formation of a flat plate cavity at ambient
pressure. (4) Both treatments require a number of assumptions. It
is found,’however, that for the purposes of the estimation of the
surface cavity intrusion conditions, the cavity formation method is
adequate, and it is assumed that there is unlikely to be a large
discrepancy between the results of the two methods since the surface
splash in the real situation looks not unlike the extension of the

cavity of the immersing blades.

In the case of the paddlewheel blade the direction of motion
is changing, as it moves in a curved path, and the blade is decelera-

ting as it enters the water. Fortunately the theory of cavity formation

1. Birkhoff & Zarantonello, II.2, P.28 3. Batchelor, 6.10, P.474
2. Beardsley, P.12 4. Batchelor, 6.13, P.498
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can accommodate such irregular motion, as the principle of "independent
expansion" (1) states that the cross section of the cavity expands
relative to the path of the blade centre almost independently of the
subsequent or preceding motion. This applies equally well for straight

or curved paths.

It is now possible to construct a diagram which contains the
essential features for the determination of the position of the cavity
edge at a given time after the blade has entered the water. §Such a

diagram is shown in Fig.4.21.

The derivation of the equations for calculating the wheel revolu-
tions at which surface cavity intrusion occursg is carried out in full
in Appendix 5 which uses the Fig.4.21. A number of the equations used
have been derived elsewhere in this report and they are simply restated

here.

As they stand they require an iterative solution for n, the
wheel revolutions. Such an iterative subroutine in Fortran is contained

in Appendix 5.

Vt = nTD
i 7 .
= ~ .1
v VVO 2VOVt cos 6 + Vt (Equation 4.17)
Y1 = sin_l(—g sin 6) (A5.3)

\Y
Y can be found from section 4.6.3 and equation 4.18

1
t = El’; (A5.4)

Y
_ 4 sin“y V t ¢
Yio= / T sin Y + 4 (A5.1)

- Yi

A\
o
% F(cecos (d-0) + v2) (4.28)

Notation for these equations is the usual notation and is itemised

fully in Appendix 5.

1. Logvinovich, 5.8, P.116
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It is unnecessary to use the iterative approach if it is
required to know whether a given wheel revolutions, n, exists either
before or after surface cavity intrusion in oxrder, for example, to
decide which coefficients to use. In the following expression ai
is the distance between the cavity edge and a point near the heel
of the incoming blade where the presence of the cavity edge causes
cavity intrusion to occur. Thus, if a; is negative surface cavity

intrusion is occurring.

\Y
o)
= -2 _ . -0y - 4.29
ap = = cecos (¢-60) - vy, ( )
where a; positive: before surface cavity intrusion
a1 negative: after surface cavity intrusion
n = value of rps with unknown cavity intrusion
conditions.

By way of conclusion several general comments will be made

about this method.

(1) It should be stated that this method is not rigorous. It
contains some minor geometric assumptions as well as the assumptions
involved in the theory used and an experimental adjustment. Nevertheless
for most cases of LPW flat blade data its results are as close to the
experimental results as is possible to estimate with the present set

of data. (Exceptioﬁs are for very large or very small blade chords:

see section 9.4.6)

(2) Once surface cavity intrusion has occurred the LPW blade is no
longer acting as an immersed flat plate with a cavity since a free
streamline leaves only one side of the blade. Under such circumstances
it is 1likely that any thorough analytical treatment of the blade cavity
would be better done by considering the blade as a planing plate.

(3) When the LPW is not immersed deeply the blades themselves may
not become fully immersed at any stage during the blade passage. Undex
such conditions, the blades are acting more like planing plates and

it becomes difficult to see just when cavity intrusion occurs. (See
Fig.4.22.) BEven so, the experimental results still indicate its
presence, and a workable approach, has been to use the above equations,

taking the blade chord value as no greater than the immersion depth.

(4) It is inevitable that with the use of this estimate of wheel

revolutions at surface cavity intrusion, as well as the coefficient-
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adjusted theoretical results, there will be discontinuities between
the force calculations at cavity intrusion, as sketched in Fig.4.23.
This is simply accepted as one of the limitations of the present
model, and it is pointed out that in the real case there is a gradual

change from one curve to the other across the cavity intrusion point.

(5) Free streamline theory has been developed to such a stage

where it can be used to predict the streamlines past a polygonal plate.
Such theory could be used to design polygonal or curved LPW blades to
control both cavity intrusion and bowsplash (see Chapter 10). Forces

on such blades could also be determined using this theory. (1)

(6) In Appendix 6 calculations of LPW forces are undertaken using
the impulse theory and the coefficients developed for use with it.

When these coefficients are used it is not necessary to calculate

where surface cavity intruéion occurs, since the parabolic and linear
sections of the force-rps plots can be drawn as shown in Fig.4.23

and their intersection taken as the point where cavity intrusion occurs.
Under some circumstances this is an easier method of calculation than

that described above.

4.10 THREE RESULTS FROM THE IMPULSE THEORY

Three results of significance derive directly from the impulse
theory as it stands, and these are examined before power consumption

is considered.

4.10.1 Immersion Depth as Defined by the Lift to Thrust Ratio

If the vertical and horizontal velocity expregsions (4.21) and
(4.20) can be assumed, and if all the force is considered to occur
impulsively at blade entry then a simple expression may be derived
which defines the immersion depth angle 8, given only the blade angle
¢, and the 1lift to thrust ratio. From (4.21) and (4.20) the 1lift to

thrust ratio is :-

cos (9-6) (V¢ sin ¢ - V_ sin (¢-6))m
sin(¢-0) (V¢ sin ¢ —~ V5 sin (¢-0))m

S|

which reduces to:

= cot(9-9) (4.30)

oxr

Hia Jae

= tan(¢-9) (4.31)

1. T. Yad-Tsu Wu, P.20
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It is significant that these two expressions are independent of
so many of the variables of the LPW, most notably wvelocity, velocity
ratio, mass flow rate, and cavity intrusion, though such variables

willl be changed by changes in the 1lift to thrust ratio.

Such a useful expression points to a strong relationship between
lift, thrust and immersion depth, and indicates, for example, that as
craft drag (or thrust) increases for a given weight of craft the
vehicle will rise higher in the water. This is an unexpected relation-
ship which is most significant in clarifying the high speed performance
of the LPW craft, the difficulties it experiences at lift-off when
there might be a sudden change in drag force, and the bouncing motion

of the model ILPW craft.

4.10.2 Thrust and the Angle B

The angle (¢-0) occurs throughout the force expressions (4.23"
for example) and in the thrust to lift ratio expression (4.31) above.

It has been redefined as:

B = (¢-96)

in Pig.4.14 earlier where it will be seen that it is the angle between
the entering blade and the undisturbed water surface. If B = 0 the
blade enters the water parallel to the surface, in which case there

can be no horizontal component of the maximum perpendicular velocity

of the flow relative to the blade, so that the thrust force becomes
zero. (See section 4.6.7 on the maximum perpendicular velocity.) The
fact that if B = 0, thrust is zero is also evident from the expressions
for thrust, 4.23 and 4.26, where the term sin(¢-0) must also be zero
setting the whole expression to zero. The angle B has no such influence
on the 1lift force in expressions 4.25 and 4.27 where the term cos(¢$-0)
replaces the term sin($-0) in the thrust expressions. The angle f8
therefore has a strong influence on the magnitude of the thrust force
and little influence on the 1lift force, especially as B is often small

in normal LPW operation.

If immersion is such that B is negative the thrust force will
also be negative. This is a useful result and one which allows a
quick appreciation of the thrust force that may be expected from a
given set of conditions. Examination of Fig.4.24 in the next section

shows the extent of this result in graphical form.
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4.10.3 Blade Angle and the Force Relations

It is of value to examine the relationship between the 1lift
and thrust forces with variation in blade angle, ¢, using the impulse
theory force expressions, (4.22) and (4.24). For this purpose
VO, Vt and m are fixed and families of curves for different immersion
depth ratios (or depth angles, 6) are plotted. The results are shown

in Fig.4.24 and the following points may be noted from the figure:

(1) Maximum 1ift force occurs for blade angles, ¢, between
40° and 60°,.
(2) The magnitude of the forces depends upon the immersion,

(which is a function of 0); and in general the trend with immersion

for lift is opposite that for thrust.

(3) Thrust force maximum values occur between 90° and 105°
which are beyond the angles for which maximum perpendicular velocity
occurs at blade entry. (See section 4.6.6 and Fig.4.15.) The most
dependable maximum thrust values therefore occur at ¢ = 90° since

blade angles of greater than 90° are unlikely to be used.

(4) For different values of LPW revolutions these curves would
alter in magnitude and shift slightly, but for midrange conditions

(velocity ratios near 0.6) the curves are representative of the trends.

4,11 POWER ALLOCATION IN THE IMPULSE THEORY

This section looks at how the LPW power is shared between the
thrust, 1lift and losses, on the basis of the impulse theory of force
generation. Its findings generally uphold the idea that the LPW

craft could be a fast economic water craft.

4.11.1 Thrust Power and Thrust Losses in the Impulse Theory

The power absorbed by the LPW for propulsion or thrust may be
divided into two parts. First there is that used to overcome the
drag forces of the flying LPW craft. This is the useful thrust power
denoted PT. For the LPW craft in the flying condition this power is
analogous to the power a road vehicle requires to overcome air drag.
Second there is the power which is put into the water in the horizon-
tal momentum exchange. It is lost as kinetic energy of the water

after the LPW has passed. This power is denoted P

lost
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From expression (4.5)

PT = T VO = m Vh Vo (4.32)
and P = La oy (4.33)
lost 2
where T = propulsive or thrust force
Vo = sgspeed of advance
m = mass of water acted upon per second
Vh = final rearward component of horizontal

velocity given to the water.

Both these expenditures of power are required to be kept to a minimum.

It is useful to examine these as ratios. The useful thrust power

per unit thrust derives from (4.32) above and may be given in two

forms
P mv, v T V
= - h o__ o (4.34)
m Vh m Vh
and
P
T
T = Vo » (4.35)
Similarly the power lost may be written as a ratio with two
results:
. 2
Prost _ ™n)" ¥
= = — (4.36)
T 2mV 2
h
and
P
1
ost _ T. (4.37)
T 2 m
It is further wvaluable to note that the ratio of the useful
thrust power PT to the power lost, PlOSt should be maximised. Thus
P 2V
5 r - - 2 (4.38)
lost h

should be maximised.

These expressions provide a number of insights in LPW powexr:
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(1) From (4.35) it is apparent that the useful power per unit
thrust is proportional to craft velocity and is independent of velocity
ratio, blade tip speed Vt and mass acted upon. This is as would be

expected from (4.32) above and is the same as for a road vehicle.

(2) Expression (4.36) shows that the power lost per unit
thrust is dependent upon the final horizontal velocity of the water.

To minimise the power lost Vh must be kept as small as possible.

(3) From (4.38) it is again evident that to maximise the use-

ful power to power lost, V, must be kept to a minimum with respect to

h
v .
o

(4) It can be seen from T =m V. (expression 4.5), that for

h

a given thrust force, T, V. may only be reduced if m is correspondingly

h
increased. And it is further apparent from (4.37) that an increase

in m will reduce the ratio of power lost to thrust force.
While these are expected resultsg they provide the choices for
optimisation of the thrust power which are examined in the next

sections where methods are outlined for increasing m.

4.11.2 Water Mass Flow Rate and Power Per Unit Thrust

The choices for optimisation of the thrust power by the increase
in mass flow rate are divided into two groups. First the use of the
mass flowing into the IPW can be optimised, and second the magnitude

of the mass flowing into the LPW can be increased.

4.11.3. Optimisation of Incoming Mass Flow

If the LPW is operating before surface cavity intrusion (in
the parabolic region of the thrust-rps plot) it is not acting on all
the water approaching it, as shown in Fig.4.25. Several options are
available to increase the proportion of this incoming flow acted upon,
each of course decreasing the power required per unit thrust in

equation (4.34).

First it is clear from Fig.4.25 that the maximum possible use
of the incoming mass is made at such a velocity ratio that surface
cavity intrusion is about to occur and therefore as much as possible
of the incoming flow is converted to induced mass as it is acted upon
by the blades. This is illustrated in Fig.4.26, and would represent

operation in the intersection region of the force-rps plot.
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For the second point, for high propulsive efficiency it is
important that the velocity ratio be kept as high as is practicable
(see Fig.1l.9). Thus it is required that this optimisation of _mass
acted upon should occur at as high a velocity ratio as possible.

This may be achieved by two methods:

(a) By adding more blades to give the effect shown in Fig.4.26

at lower wheel revolutions (higher velocity ratio).

(b) By increasing the chord as shown in Fig.4.27. This would
apparently increase the induced mass more effectively than by adding
more blades as indicated by the c¢? term in expression (4.16) for the
induced mass flow rate. This however must be considered with caution
as an increase in chord also places the centre of the induced mass
nearer the wheel axis and therefore reduces the mean velocity to which
it is accelerated. This complication will be avoided at this stage
simply by noting that the impulse theory indicates than an increase

in blade chord will increase the induced mass to some degree.

4.11.4 Ways of Increasing Incoming Mass Flow

This section outlines a second method of increasing the mass
acted upon by the ILPW as a way of reducing the power per unit thrust.
Again the LPW is considered as operating before surface cavity intru-
sion has occurred, and several options are available in this case to
actually increase the incoming flow. All these relate to equation
(4.16), m = g>czp s n B.

First, the density of the incoming flow may be increased.
While this may seem trivial, observations of the LPW in action show
that either an LPW in front of the one in question (as on a craft)
or the presence of bowsplash can aerate the water considerably thus

reducing the mass supply to the rotor.

Second, the entrained mass may be increased by an increase in
blade span. The thrust power to thrust ratio increases linearly with

an increase in span for a given velocity ratio.

It is interesting to note that for a given thrust force as the
blade span is increased the pressure on the blade must decrease. Thus
for a fixed set of conditions blade pressure is an indicator of the

power per unit thrust.
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4.11.5 1Increasing Mass Flow After Cavity Intrusion

After cavity intrusion the impulse theory has not attempted to
estimate induced mass. There is therefore no advantage to be gained
by speculation beyond the fact that it is clear that an increase in
blade span will proportionally increase the induced mass for a fixed

velocity ratio.

4.12 LIFT POWER IN THE IMPULSE THEORY

A body supported against gravity by forces generated by dynamic
means uses power in the production of these forces. This is also the
case for the LPW craft, and since lift is a special property of the
craft it is important to examine just how this 1lift power is used.
Since the expressions for propulsive efficiency treat the power used
to generate the lift force as a loss, they give little indication of
how effectively the 1lift force is generated, so a separate expression
needs to be employed. The 1ift power to 1lift ratio, —Ey is used and

L

the related analysis is to some extent comparable with that of
P .
section 4.11.1, where the thrust power to thrust ratio Ez-was examined.

The power used to generate the lift force may be expressed in
terms of the kinetic energy lost to the water in the vertical direct-
ion per second.

2

1.
PLo=3 m(VV) (4.39)

*
The 1ift power to lift force ratio then becomes:

p ) 2

L m(Vy) _ L Vy
L 21V, 2V,
which yields the two results:
P \Y%
L v

T = 3 (4.40)
PL L

and = = = (4.41)
L 2m

. P
* Tt should be pointed out that EE is not the commonly used power

to weight ratio, since the power considered in this section is
only the power required for 1lift and not the ovexall input power,

denoted Pi in this report.
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where PL = power used for 1lift
m = induced mass flow rate
VV = final velocity of the water in the

vertical direction

T = 1lift force.

These expressions indicate the following general ways to minimise

the 1ift power to 1lift ratio:
P
(1) From (4.40) E% depends upon Vv' which should be minimised to

minimise the lift power per unit 1ift.

(2) From (4.41) it is apparent, as it was for the thrust power, that
the mass acted upon should be made as large as possible, and reference
may be made to the above sections regarding induced mass flow rate
(4.11.2, 3 and 4) which are equally applicable to the lift and thrust

cases.

Of course any decrease in VV must be accompanied by a proportion-
al increase in m and vice versa if the lift force is to remain constant
by equation (4.11), (L = mvv), as it would for a flying LPW craft,
though such a fixed relation between these two quantities is not nec-

. L .
essary for changes in the j:~ratlo.

(In practice the 1ift force cannot be so simply calculated, as
the expression 4.11 then contains a coefficient which itself wvaries,
sometimes considérably, with the conditions. 1In this case a realistic
estimate of how the lift power will change can more properly be de-
termined using expression 4.11 with the coefficient equation for 1ift
as described in section 9.9.P The most notable departure from the

theory in that case is that Eé-in fact tends to increase with wheel

revolutions in the normal operating state before cavity intrusion.)

4.,12.1 Lift Power and Depth Angle, 8

An idea which has often been put forward is that if the point
of application of the 1lift force is moved as close as possible to a
position directly below the LPW axis, power required for 1lift will

be reduced. See Fig.4.28.

While the present theory supports this notion it shows that
the result is the same as the methods just described for power optimi-

sation.
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LPW axle

torque 1

FIGURE 4-28 POINT OF APPLICATION OF LIFT FORCE
SHOULD BE AT A SMALL ANGLE, a2, TO REDUCE
SHAFT TORQUE.
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From equation (4.21) for Vv, and its depiction for ¢ = 60° in
Fig.4.16 it can be seen that for the normal range of immersion depths
and blade angles Vv can be reduced by a reduction iﬁ immersion ratio,
(6 or o). As has been noted above in relation to equation (4.40) for
—E, the lift power per unit lift is also reduced by a reduction in Vv'

L
Thus the idea is supported by the impulse theory equations.

In order to reduce VV, however, and still maintain constant
lift force required for a flying LPW craft, m must be proportionally
increased by equation (4.11), (L = mvv). This is the same conclusion

reached by the above sections 4.12, 4.11.2 and 4.11.3.
The depth angle, 6, and the 1lift power per unit 1lift will
therefore decrease together as proposed, but only as a consequence

of an increase in the mass flow m as already described.

4.13 OTHER POWER LOSSES

Three more areas of power loss are evident in LPW operation.
Analytical estimates for two of these have been attempted. These

three are:

(1) Power lost to spray.
(2) Power lost to rotational air drag on the LPW's.
(3) Power lost as kinetic energy of rotation

given to the water by the rotation of the immersed LPW blades.

4.13.1 Spray Throwing

It 1s clear that some of .the water mass acted upon by the LPW
will move upwards as spray. Some of this will be lifted out by the
blades while some will constitute impact splash as described in
section 4.9.1. All of it however will be kinetic energy lost to the
water. Any water actively lifted by the blades would reduce the
nett downwards velocity in expressions (4.1l1) and (4.40), reducing
the 1ift force, and also increasing the Eé-ratio. Any spray directed
against the body of the craft would increase the drag force and hence

the thrust power.

In practice, however, a large proportion of the inherent
vertical momentum in the spray may be regained by the craft. It

has already been pointed out in section 4.9.1 that the impulse
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splashes may add to the lift force if encountered by the incoming
blades. Also suitable spray deflectors on the body of the craft
(as used on the model in Chapter 12) may be used productively to
channel the flow back downwards to assist the 1ift of the wheels.
Such defiectors, however, introduce skin friction losses and it
would be better if the LPW could be made to operate without throw-
ing a significant amount of spray. As yvet no ready method has been

attempted for estimating the power lost to a craft in spray.

4.13.2 Power To Overcome Rotational Air Drag of LPW's

LPW's are, unfortunately, decidedly similar in form to large
centrifugal fan impellers. With improperly chosen shrouding they
may well be made to pump large volumes of air during their operation.
While this may be a way of coping with a spray problem, it is also
going to absorb considerable power when the wheel speeds are high.
Suitably chosen shroudings may be designed to prevent much of this

power loss.

A power coefficient suitable for the experimental measurements
of LPW windage (based on the relation (4.2)) has been found to be:

P
W

w o pan3s cy B D3

KP (4.42)

where KPw = LPW windage power coefficient for rotation
Pw = windage power loss for rotation
pa = air density
n = wheel revolutions per second
s = Dblade span
c1 = projected blade chord c; = ¢ sin ¢
B = number of blades
D = wheel diameter to blade tips.

This expression contains no term for speed of advance, Vo’
which seemed during tests, to have little effect even for unshrouded
wheels. (See section 9.6, describing windage tests.) An average
value for KPW is 16 * 1.5 for the test wheels with no shrouding.

(16.7 * 4 for all wheels tested.)
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4.13.3 Power Lost as Rotational KE Left In The Water

It has been imagined that a proportion of the torque applied
to the LPW would be expected to simply rotate the water adjacent to
the blades and that the power absorbed in this way would be left be-

hind as rotational kinetic energy lost to the water.

As an indication of the real magnitude of this energy loss,

estimates were made as follows

The added mass per blade, as calculated from the impulse theory,
was assumed to be of the form of a semicylinder on the LPW blade.
Tts moment of inertia was then calculated assuming it to rotate about
the centreline of the blade. Its final angular velocity was that of
the LPW. Each blade's added mass was thus imagined to be left rotat-
ing in the LPW exit flow. A summation of the rotational kinetic

energy thus left in the water, gave the power lost in this way.

This method indicated that this is a negligible power loss
during normal craft operation, usually being leés than 1% of the total
power consumption. (Results calculated by this method are, however,

included in the results of Table 13.6 for full-sized LPW craft power.)

4.14 TOTAL POWER, PROPULSIVE EFFICIENCY AND EFFECTIVENESS

The total power input to the LPW, Pi, could be assessed by
summing the known power requirements and losses described in the

foregoing sections. Such a method would give:

= + P + .
Pi PT + Plost PL * Pw + spray Prot (4.43)
where Pi = input power expected -
PT = power for thrust or propulsion (4.32)
Plost = power lost in horizontal KE of the water
PL = power used for 1lift
Pw = windage loss in the LPW's
P = lost i r t t sed
spray power lost in spray (not yet assessed)
P = power lost as rotational XKE in the water.

rot
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rotation

FIGURE 4-29 INSTANTANEOUS THRUST FORCE IS THE
HORIZONTAL COMPONENT OF INSTANTANEQOUS TANGENTIAL
FORCE Fy
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This approach assumes all losses are known. It is used in power
calculations in the design procedure of section 13.5.2 and in

section 9.8 assessing experimental power measurements.

More conventionally the power input to the LPW may be expressed:

P, = 4.44
1 Ftvt ( )
where Pi = power to the wheel
Ft = average tangential force assumed to be acting
at the blade tip, calculated from wheel torque =
Ft X R
Vt = blade tip velocity relative to wheel axis.

(While it would be more realistic to assume a larger force acting
at the smaller radius to the centre of pressure of the blades, the power

equations following are unaffected by the above form.)

The useful propulsive, or thrust power used by the LPW may be
written (from 4.32):

PT = T VO
where PT = useful thrust power
T = thrust force

Vo = gpeed of advance.

And from (4.44) and (4.32) the propulsive efficiency, n, can be

expressed:

P o
= — = 4.45
n 5 (¢ )

From this relation it appears possible for n to be greater
than the wvelocity ratio, %9-, as long as T is greater than Ft but
since T is the average horEzontal component of Ft it would not exceed
Ft' (See Figure 4.29.)

If we assume, however, that all the force at the blade tips
acts uniformly through the actuator rectangle in the (useful) hori-

zontal direction, as assumed in section 4.3, so that T = F then

tl
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from Fig.1.8:.

<

(4.46)

o

This may be taken as an ideal efficiency. This is the most signifi-
cant limit to LPW operation: the propulsive efficiency cannot be
greater than the velocity ratio. Thus the greater this ratio, or the
less slip or skidding that exists between the blades and the water,
the greater the propulsive efficiency. Wheels should therefore be
operated in such a way as to minimise slip, for maximum efficiency.
This conclusion is in agreement with the above section 4.11, dis-

cussing ILPW power allocation.

4.14.1 A Note on the Presentation of Efficiency Curves

Many authors (Helm, Beardsley, Volpich and Bridges), when
plotting paddlewheel propulsive efficiency results, have plotted
them against a horizontal axis of Froude Number or velocity ratio
in a similar manner as has been done in this project. However they
have consistently produced their results by keeping the tip speed,

\Y fixed while varying the speed of advance VO. Such a course of

£
action produces confusing results since the efficiency plot then
runs from the displacement mode at low values of velocity ratio (or
high values of slip) through the transition zone and sometimes into
the planing mode, often producing peak efficiencies at very low
values of thrust in the region of the transition zone. (see for

example one of Helm's figures in Fig.4.30 related to the probable

wake formations occurring.)

Such results are unhelpful and especially confusing when a
different tip speed Vt is chosen to define the velocity ratio as it
then begins to produce peaks and troughs in the efficiency cuxves
which are caused by the transition zone wave formations, but which
cannot be equated directly with plots of different tip speeds or

different size wheels, at different velocity ratios.

This project has always presented efficiency results on a
velocity ratio axis composed by keeping the speed of advance VO

constant while varying the blade tip speed, Vt.

4.14.2 LPW Propulsive Effectiveness

The first order momentum analysis (section 4.3) and the form

for the ideal efficiency (equation 4.46) assumed that the thrust force
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T was equal to the blade tip force F,. Clearly as shown in Fig.4.29

Ft will not always act horizontally zo that through most of a blade
passage and especially at entry Ft > T. However a wheel which has
the greater proportion of force on the blade throughout the blade
passage as useful thrust will be a more effective propulsor.

Beardsley therefore defines the blade effectiveness factor:

e = 2 (1) (4.47)
F
t
which he claimed was "useful....to compare test performance under
various operating conditions with the ideal." From (4.45) and (4.47)

a further useful form may be derived:

<

t
£ = - .
ny (4.48)
o
After the velocity ratio, wheel effectiveness is the most import-
ant factor as the limit to IPW performance. It is valuable, then, to

examine a major property of wheel effectiveness.

4.14.3 Effectiveness Decline At High Velocity Ratios

Having stated that the velocity ratio should be as high as
possible for a high propulsive efficiency it is worth examining the

practical upper limits to which 69 can be taken.
t

As velocity ratio is increased and approaches unity' the blade
path begins to look like Fig.4.31l. At entry the blades are moving
forward relative to the water, at the bottom of their passage they
move rearward, and at exit they are once again moving forward. At
some stage the blades will begin to trip on their own cavity edge

v
as they leave the water, thus creating drag. So, as Gg‘is increased
there will come a point where the drag of the blades lgaving the

water outweighs the thrust force created by them.

The result of this is that for low wvelocity ratios the effective-
ness will remain high so that the efficiency curve as shown in Fig.l1l.9
will be a large proportion of the velocity ratio. As the velocity
ratio increases, however, the nett thrust in expression (4.47) is

reduced by this blade drag as compared with the tangential force, so

1. Beardsley, P.13
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that the effectiveness falls, causing the efficiency curve to fall

away from the ideal, as shown in the figure, Fig.l1l.9.

In order, then, to operate the LPW at high efficiencies, ways
need to be found to keep the wheel effectiveness high at high

velocity ratios.

PART B

4.15 LPW WAKES

LPW operation has been divided into four areas which are related
to its forward speed: static, displacement mode, transition zone, and
planing mode. The latter three of these are distinguishable by the
type of wake formed by the wheel.

As with ship wakes, LPW wakes may be usefully described in

terms of the dispersive theory of surface waves in deep water. Here

the principal relation is:

v =/ 32 (4.49)

where v velocity of the wave

>
I

wavelength of the wave

gravitational acceleration.

Q
Il

A moving ship creates waves of all wavelengths and so, by this
relation, all wavespeeds. Waves moving more slowly than the ship
reinforce obliguely to the line of motion in the wake. Waves moving
faster move away ahead and are of such a small amplitude as to be
largely unnoticed. Waves moving at the speed of the ship appear as
stationary waves along its hull, such as its bow wave train. This is

also true for the lone LPW moving through the water.

Like a ship, the LPW reinforces waves that are of a wavelength
in some way related to its action or dimensions. For a ship these
are waves of length close to the waterline length of the ship. For
the LPW, these favoured waves are related to the immersed waterline
length, the shape of the immersed part of the wheel, and appear to
be enhanced by bowsplash and the kick up of spray by the blades

leaving the water.
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As the LPW increases speed from rest in the displacement mode
the length and amplitude of the waves travelling with it also increase
until a state is reached where the wheel is moving at the wave speed
of the waves it generates preferentially. Then the wave amplitudes
become large and the LPW sits in the forward part of the trough of the
wave it has created. This is shown in Figs. 4.32, (A) - (D), and
Fig.1.5. This is the trough condition of the transition zone and
because of the small mass supply to the rotor in this condition, forces
generated by the blades are small. In passing, it may be pointed out
that it should be possible to arrange the wheelbase length of the LPW
craft to make the wave train from the front wheels cancel the wave
train of the rear wheels under trough conditions in order to retain

traction through the transition =zone.

At higher speeds than the transition zone the dimensions, shape
and action of the TLPW no longer enhance the amplitude of the waves
travelling with it, and may even oppose their formation. Now the
long wavelength waves, being of relatively small amplitude are barely
noticeable, and the wheel wake comprises only shorter wavelength waves
travelling obliquely to the path of the wheel. This is shown in
Fig.4.33. This, then, is the planing mode of operation, and as noted

below is closely analogous to the wake of a planing boat.

4.15.1 Blade Passage and Wake Formation

The wake of the ILPW is, of course, formed by the action of the
LPW blades and not by the wheel as such. The wake could possibly be
analysed as if it were the wave train caused by the rapid action of
an endless series of disembodied blades. It has however been found
quite satisfactory to consider the wheel itself as a solid body, as
long as it is rotating fast .enough. This has been confirmed by tests
using a solid cylinder of the same dimensions as the LPW (as described
in Chapter 10) where it was shown that the wakes formed by the two
types of wheel were essentially no different in terms of displacement

transition and planing wave trains (see Figs. 4.32 (D) and 4.34).

4.15.2 The Transition Zone

There is a recognised transition parameter used in the design
of water craft which is chosen as the point where the planing type
of wake begins to predominate over the displacement type, and where

dynamic forces become significant as compared with hydrostatic forces.
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FIGURE 4.32(A): DISPLACEMENT WAKE, BEFORE TRANSITION ZONE.

STD.WHEEL, 4/D = 0.17, Vo = 0.4 m/s, Fr = 0.26,
n = 2 rps

MOTION

1300B/12A

FIGURE 4.32(B): TRANSITION ZONE WAKE; TROUGH CONDITION.

STD.WHEEL, d4/D = 0.25, V5 = 0.76 m/s, Fr = 0.49,
n = 2 rps
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FIGURE 4.32(C): STROBOSCOPIC PHOTOGRAPH: TROUGH CONDITION OF

TRANSITION ZONE. Vg = 0.79 m/s, Fy = 0.51,
Fx = 0.59, 4/D 0.17, STD. BLADE DIMENSIONS,

¢ = 45°, n = 6.4 rps SUBCRITICAL FLOW

1300E/13Aa

MOTION

FIGURE 4.32(D): LPW SIZED CYLINDER CREATING TRANSITION WAKE.
Vo = 0.76 m/s, Fy = 0.49, Fx = 0.57, /D = 0.17,

n = 2 rps







1300B/2A
FIGURE 4.33: SHOWING THE OBLIQUE WAKE OF THE PLANING MODE BEFORE
BOWSPLASH. STANDARD WHEEL, Vo, = 1.72 m/s, n = 2 rps,
d/D = 0.25

MOTION

1300E/18A

FIGURE 4.34: THE SOLID CYLINDER IN THE PLANING MODE, PRODUCING
THE OBLIQUE WAVE TRAIN. NOTE THE "BOWSPLASH" AND
THE EXTRA WAVEFRONT IT PRODUCES. Vo = 1.72 m/s,
n = 3.5 rps, 4d/D = 0.17






165. 4.15.2

This is where the Froude Number for boat waterline length may be

given by:

@1 = 0.75 (4.50)

where VO speed of boat

g = gravitational acceleration

/Q/l

boat waterline length.

Il

Boats which are designed. to operate with Froude Numbers greater
than this are normally planing craft which make use of the dynamic

forces present to reduce hull resistance.

Beardsley identified the transition gzone for his paddlewheels
apparently without relating it to the formation of waves, or to the
transition from displacement to planing found in fast water craft.

He described it as the speed of advance where "...the supply of mass
flow changes from chiefly gravity-fed to chiefly horizontally entrain-
ed." (1) He also pointed out that beyond the transition zone

"...the speed of advance has become so great that the rotor is running
away from the cavity before gravity-induced flow can supply if." (1)
He decided upon what he called the Depth Froude Number to specify the

transition zone and found its value by experiment:

v
o
= . . .51
Fd=/g_—d 1.5 to 2.0 (4 )
where Fd = depth Froude Number
VO = gpeed of advance
g = gravitational acceleration
d = depth of immersion

A difficulty with this relation is that it suggests that wheels
of different diameters immersed to the same depth would reach transi-

tion at the same velocity.

Since waterline length and not draught is the dimension used

to define the transition for boats, a transition Froude Number, Fx

1. Beardsley, P.20
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was chosen for this project based on the waterline length of the
wheel. It is found that this form seems more consistent in the
real situation at larger wheel immersions, though for geometric
similarity between wheels of different diameters it is necessary

. . . d
that they be compared only at a common immersion ratio, D"

This transition Froude Number is given by:

v
o

F =v 2gi

X

From the geometry of the wheel (Fig.4.5):

2 = R sin ©
and 2 = v da(p-4)

so that further forms of FX are:

Y

o
_ ;
FX Y g D sin O
Vo 1
Fx =/ gD - vsin O

F
Po= r
b'e Ysin ©
\Y
o}
and FX = 2g vd(D-4)
where: VO = sgpeed of advance
d = immersion depth
D = wheel diameter
Fr = Froude Number based on wheel diameter, D
2 = half the waterline length of the immersed

part of the wheel (Fig.4.5)

0 = immersion angle.

(4.52)

(4.53)

(4.54)

(4.55)
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The range of values for Fx corresponding to Beardsley's
experimental depth Froude Number values: Fd = 1.5 to 2, is
FX = 0.64 to 0.85. It is interesting to note that Beardsley's results
once converted to this new Froude Number form, based on wheel water-
line length, neatly span the transition parameter chosen for water
craft mentioned above (expression (4.50), where Fr = 0.75). It is
felt that this helps to confirm the validity of the usage of the

terms planing, displacement and transition in this project, terms

which would normally be reserved for boat hulls.

4.16 TESTING PADDLEWHEELS IN CHANNELS OF FLOWING WATER

It was mentioned in the literature survey (section 2.3.2) and
in the discussion of previous work on the LPW (section 3.4) that
some paddlewheel and LPW tests have been carried out in channelsg of
flowing water rather than under the more ideal conditions of the
wheel being moved through still water. Such less-than~ideal test
conditions have been employed usually because better facilities were
not available. It is of some value to re—exémine the validity of
these flowing water tests in the light of the importance of the wheel
wave trains and the transition from displacement to planing as out-

lined by this project.

4.16.1 Waves and Flow in Channels

The important elements relating waves and channel flow are as

follows:

(1) Wave velocity of deep water surface waves (i.e. waves in water
with depths greater than their wavelength) is related to the

wavelength by relation (4.49).

(i1) In shallow water there is an upper limit to wave velocity,
and hence also wavelength, which ig related to the depth

by the relation:

VC = v g h (4.56)
where VC = critigal velocity
g = gravitational acceleration
h = still water depth.
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(iii) In shallow water, waves of all wavelengths below this upper
limit may exist (above a capillary wave lower limit of
0.23 m/s). Figure 4.35 shows the transition between the

linear theories describing shallow and deep water waves.

(iv) Water flowing in a channel has two regimes of flow:

(a) subcritical flow, where the water is moving relatively
slowly and is deep enough so that the waves of interest

may travel up or downstream from any disturbance;

(b) supercritical flow, where the flow is shallow so that
its velocity is greater than the wave speed of any
wave on its surface. This flow is turbulent in the

interior.

(v) Between these two regimes there is flow of critical wvelocity
where waves of the largest wavelength that can be formed

travel at the same speed as the flow, becoming standing waves.

(vi) Near this critical flow velocity, the amplitude of the standing
waves 1s very sensitive to small disturbances, and even small
changes in water depth can cause the flow to become super-

critical.

4.16.2 Modelling Wakes in Flowing Water

It can be concluded from Fig.4.35 that if water is deep enough
not to affect the velocity of the largest wavelength waves expected,
there is little difference between the wheel moving in infinitely deep
water, or water as shallow as half the wavelength of the waves. (1)
FPor the ILPW the longest waves of interest are generated at transition
and their wavelengths may be found from expressions (4.52) and (4.49)
and the fact that Fx = 0.64 to 0.85 at transition. These depend on
the wheel immersion depth, but by way of example for a wheel immersed
to its axle expression (4.56) and Fig.4.35 indicate that the water
depth should be at least 2.3 D; at<% = 0.1 water depth may be 1.3 D.

Similarly if water of these depths is flowing in a channel with
a velocity well below critical velocity there will be little difference
between the wave train of a stationary tested wheel in the flow, and

a wheel moving over still water at the same speed.

1. Lighthill, P.217
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FIGURE 4-35 THE WAVE SPEED c GIVEN BY LINEAR THEORY
FOR WAVES OF VARYING LENGTH A ON WATER OF UNIFORM
DEPTH h. NOTE THE TRANSITION BETWEEN THE DEEP

WATER VALUE (gh/ZT)? AND THE LONG-WAVE VALUE (gh}?
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If, however, the depth of the water is small with respect to
the largest waves in the wave train the flowing water no longer
models the situation of the wheel in still water. Certainly displace-
ment, trough and planing wakes may occur but the speed of the flow
can‘no longer be scaled by Froude scaling alone to represent the
wheel in open water. Further, different components of the wake will
have different velocitiesg with respect to each other because waves

of different wavelengths are differently affected by the water depth.

If the flow velocity approaches critical velocity wave ampli-
tudes will be excessive (by (vi) above) and once again this will not
model the open water case. The presence of a test wheel in such

flow can also induce it to become supercritical.

On the other hand if the depth and velocity of the flow are
such that it is supercritical to begin with, it may be used to model
the LPW in its planing condition. Several items need to be kept in

mind if this is done:

(1) If the water is shallow it may be moving at a speed lower
than the planing speed of the wheel in open water. Tests in such
flow would show the wheel to be in the planing mode at a velocity
where over still water it would be in the displacement mode or

transition zone.

(2) The depth of such flow should be such that the velocity of

the oblique waves expected in the wake is not limited.

(3) Blockage effects occur in supercritical flow as shown by the
rise of the water surface in Fig.4.36.0of supercritical flow in a

glass—sided flume.

(4) Since supercritical flow is turbulent, small-scale effects
such as flow around blades may not be reproduced as well as they

would in still water.

It is clear that as long as the LPW wakes are closely represent-
ed in the flowing water tests measurements of its forces will also be

representative of those in the open water case.
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Tests in flowing water, then, have certain disadvantages when
compared with tests in still water. They do however have the
advantage of continuous testing and with care, and a proper awareness

of wake formations, can give useful test results.

This project began by conducting tests in flowing water, and
some of the photographic studies were carried out in narrow channels
of flowing water. Fortunately, though, most of the testing and wake

studies could be carried out with still water facilities.

4.17 CONCLUSION

This chapter, though long, has introduced new matexrial in both
the LPW impulse theory and the maximum velocity expressions, to
better describe analytically the generation of forces by high speed
paddlewheels or LPW'S. These theories are compared with experiment
in Chapter 9. It has also related LPW wakes to boat wakes and identi-

fied the displacement, transition and planing wakes for LPW's.

It is felt that in these areas it has made a useful contribution

to the understanding of both high speed paddlewheels and IPW's.
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CHAPTER 5

EXPERIMENTAL APPROACH: THE FORCE BALANCE, TEST LPW's

AND THE TESTING TANKS

5.1 INTRODUCTION

Since the 1977 and 1978 data were found to be in error in
respect of the thrust measurements (1), it was necessary to do the
tank tests again. The force balance was therefore redesigned to
again fulfil the data acquisition aim as expressed by the gecondary

and tertiary aims (see section 3.6).

The force balance and tanks were the mechanical parts of the
total measuring system and are described in this chapter. The
other parts of the measuring system, the instrumentation, data logging,
data processing and data plotting are described in Chapters 6 and 7.
A line diagram of the path of the data through the measuring system,
from the LPW to the plotted presentation of the results, is given in

Fig.5.1 and this summarises the information in these three chapters.

The work of this chapter then fulfils the tertiary aims of
Fig.3.10, parts Al and A2.

5.2 THE MEASURING SYSTEM REQUIREMENTS

In tests like these with a large number of variables (as shown
in Table 1.4, Chapter 1) it is necessary to fix as many as possible
within known narrow limits and measure the variation of the others.
Different experimenters select different variables to measure, but
in this case it seemed easiest to measure the forces alone, fixing
the external conditions of speed of advance, VO, speed of rotation,

\Y and immersion depth, 4d; as well as the conditions of the test

tI
wheel itself, such as its diameter D, blade angle ¢, span and chord

s and ¢, and its number of blades, B.

The ideal measuring system as seen for this project then, was
one where the force balance would support the LPW with these selected
wheel conditions, at a chosen immersion depth and a fixed rotational
speed, and run it over a still water surface at a known speed of

advance. At a selected time when conditions were suitably steady,

1. Section 3.4, section 5.9.2 and Alexander 1977
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TABLE 5.3: FORCE BALANCE SPECIFICATIONS

DIMENSIONS: HEIGHT: 900 mm LENGTH: 900 mm WIDTH: 260 mm
WEIGHT: ~ 35 kg

MOUNTING: HOLES VERTICALLY IN LINE ON 3 INCH CENTRES
POWER AT SHAFT: 110 W max.

RATED POWER: 340 W )

SHAFT SPEED: 1500 rpm max.

SHAFT DIAMETER: 15 mm, LENGTH: 78 mm OUTSIDE BALANCE.

FORCE SENSORS:

LIFT: (VERTICAL) RANGE 20 N, PROTECTED BY STOPS AT
+25 N.
RESONANT FREQUENCY: ~ 5 Hz, DAMPED TO ONE
ZERO CROSSING.
FULLY BALANCED SECTION.
RANGE OF MOVEMENT: 0.7 mm VERTICALLY BETWEEN STOPS.

THRUST : (HORIZONTAL) RANGE +20 N, PROTECTED BY STOPS
AT £25 N. '
RESONANT FREQUENCY:~10 Hz, DAMPED TO ONE
ZERO CROSSING.
UNBALANCED SECTION, SENSITIVE TO HORIZONTAL
ACCELERATIONS.
RANGE OF MOVEMENT: 0.5 mm HORIZONTALLY BETWEEN
STOPS.

TORQUE : RANGE: *1.4 Nm PROTECTED BY STOPS AT 1.7 Nm.
RESONANT FREQUENCY: ~ 8 Hz, DAMPED TO ONE
ZERO CROSSING.
UNBALANCED SECTION, SENSITIVE TO VERTICAL AND
HORIZONTAL ACCELERATIONS.
RANGE OF MOVEMENT: 0.5° ROTATION BETWEEN STOPS.

All foxce sections sense force with strain gauges mounted on both

sides of Aluminium cantilever elements.
MAX. STRAINS ALLOWED ™~ 750 s units.

All force sections can be locked for transport.

MAX. RANGE OF SHAFT MOVEMENT ALLOWED BY FORCE SENSORS: 0.9 mm.

FORCE CALIBRATION: BY WEIGHT ON THREAD FROM CALIBRATION
ATTACHMENT POINTS, AND OVER CALIBRATION
PULLEY.

IMMERSION SETTING: RANGE 120 mm

ADJUSTED WITH HEIGHT ADJUSTMENT SCREW
LOCKED WITH LOCKING SCREW.

TACHOMETER: MAKE AND BREAK CONTACTOR ON LPW SHAFT,.
19 MAKE-BREAK CYCLES PER SHAFT REVOLUTION.

IMMERSION DISPLACEMENT TRANSDUCER: TEN-TURN POTENTIOMETER OF

20 k.~.RESISTANCE GIVING ~ 50.~/mm DISPLACEMENT
BETWEEN MOUNTING BEAM AND IMMERSION BEAM.
LINEARITY: WITHIN 0.5 mm.

DEPTH GAUGE: MOUNTED ON ARM ON LIFT BEAM.

CAPACITANCE TYPE (See section 6.2.2).

5.2



FIGURE 5.2: THE FORCE BALANCE
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simultaneous measurements would be made of the lift and thrust forces
and the torque of the wheel. From such measurements the ideal data
record would be a short list of quantities which would be comprised
of both the wvalues of the preset conditions and the values of the
measured forces. The total performance picture for steady conditions
could be built up by plotting the data from repeated runs over the

water each with one of the preset conditions altered.

5.3 THE FORCE BALANCE

The force balance used in this project evolved from the one
used in the 1977 and 1978 work and inevitably carried some redundant
fittings from its past. In its final form, shown in Fig.5.2 it waé
the major component of the measuring system which compared well in
practice with the ideal outlined above. The major deviation from
this ideal was that the wheel rotational speed could not be preset,
so this also had to be measured as a variable, along with the torque

and forces.

Operating specifications for the force balance are given in

Table 5.3.

5.4 FORCE BALANCE OPERATION

Since the force balance developed into a complex-looking piece
of equipment its functions are described separately. A simplified

schematic of its overall operation is shown with Fig.5.4.

5.4.1 The Lift Force Section

The 1ift sensing section of the apparatus is outlined in Fig.5.5.
The 1ift beam was attached to the immersion beam by a four-bar link
system. This allowed the 1ift beam, and all that was attached to it,
to move vertically, parallel to the immersion beam. The weight of the

1ift beam and its attachments was balanced by the counterbalance weight.

The vertical movement of the lift beam caused deflection of the
small cantilever element,which was fitted with strain gauges to indi-
cate its strain, and hence the vertical lift force. This element is

shown in detail in Fig.5.6, and described later in section 5.4.5.
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No end loads could be transmitted to this cantilever element
as it had a ball bearing fitted to its free end which could move
freely in the yoke on the lift beam. The total range of vertical
movement of the 1ift beam was 0.7 mm and limited by stops. This
range of movement represented forces from -25 N to +25 N with the

particular 1lift sensing element used.

5.4.2 The Thrust Force Section

The thrust or propulsion force sensing section of the apparatus
is shown in Fig.5.7. It was a four-bar link arrangement similar to
the 1lift sensing section but at right angles to it to measure the
horizontal component of the wheel force. No counterbalance weight
was used as the weight of the thrust beam and its attachments was
hanging on the links. However this meant that the thrust sensing

section was sensitive to horizontal accelerations.

The cantilever force sensing element, fitted with strain gauges
and a ball bearing on its free end, was of the same design as the one
used for the 1lift sensing section. It was attached to the 1lift beam
and the yoke engaging the ball bearing on its free end was attached to
the thrust beam. Total horizontal movement of the thrust beam and its
attachments was limited to 0.5 mm, and again this represented a force

range from -25 N to +25 N.

5.4.3 The LPW Motive Power

The test wheel was mounted on a horizontal shaft which was
driven through an enclosed right-angle drive of 2:1 reduction by a
340 W Black and Decker electric drill. The drill was incorporated
into the torque beam as noted in Fig.5.4, and the standard drill
power cable was replaced by more flexible, light wiring which was
fixed to the balance in such a way as to have a minimal influence
on the force sensing sections. Once this wiring left the force
balance it was kept remote from the instrumentation wiring, to reduce

interference.

The electric drill was powered from a Variac which can be seen
on the Rating Car floor in Figs.5.28 and 5.29, and this allowed the

operator to vary the LPW speed at will.
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5.4.4 The Torque Sensing Section

The torque sensing section of the apparatus is shown in Fig.5.8.
The torque beam was pivoted about the LPW shaft centre on a large ball
bearing in the thrust beam fork, as shown in Fig.5.9. It was congider-
ed important that the bearings for the torque beam should not be
mounted on the shaft itself since this would add the LPW shaft bearing
friction to the measured torque. The torque beam was held almost up-
right by the torque sensing element (Fig.5.8). No practical counter
balance weight was possible, so this section wag sensitive to horizontal
and vertical accelerations. The sensing element was originally intended
to be a direct tension or compression element but the cantilever
arrangement shown in Figs.5.8 and 5.10 was finally adopted as being
more reliable and sensitive in practice. It was fixed to the thrust
beam, and its free end moved between a pair of ball bearings on the
torque beam so that no end loads could be transmitted to it. The total
range of movement of the torque beam was 0.5° and this represented a

torque range from -1.7 Nm to +1.7 Nm.

5.4.5 Cantilever Force Sensing Elements

The cantilever elements, as shown in Fig.5.11 and photographed
in Fig.5.6,were designed to give the optimum balance between the

following three requirements:

(i) minimum possible apparatus deflection on the

application of the measured force,

(ii) maximum possible strain in the cantilever element

without permanent distortion,

(iii) highest possible natural frequency for the apparatus.

Minimum deflection meant that small changes in the apparatus
geometry, which resulted from the application of a force at the wheel,
would not significantly effect the wheel's position nor introduce

noticeable non-linearities or mutual interference between the sensors.

Maximum strains meant that the sensors would have a good
sensitivity, producing large signals in the strain gauges for the
application of small forces. Also for this reason the strain gauges

were attached to both sides of the cantilever elements, and wired
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into the strain gauge bridges to make signals additive.

A high natural frequency for the apparatus meant that resonances
in the apparatus could be filtered electrically from the signals pro-
duced, while the filters still allowed the system a reasonably fast
response time. For example, the lift sensing section was calculated
to have a mechanical resonant frequency of about 5 Hz with the final
cantilever element design. With sharp cut-off filters (see section
6.3.1) resonances at this frequency in the signals could be reduced to
negligible proportions (-26 dB) while the system response time remained

at about 0.5 sec.

Aluminium was used for the cantilever element material as it
gave larger strains for the limited space and forces being measured.

Dimensions are given in Fig.5.11.

5.4.6 Damping

Small needle roller bearings were used on the link pivots and
these were found to be very satisfactory low friction bearings,
especilally with the vibration caused by the wheel and the motor.
However, this vibration and mechanical noise meant that the apparatus
required mechanical damping to stop long term oscillations occurring.
For this reason dashpots were incorporated into the balance, as shown
schematically in Fig.5.12. The thrust and torque dashpots were of
the side-to-side type. All three dashpots had oil as the working
fluid, and the viscosgity of o0il in each one was adjusted so that the
response of each section was a little less than critical damping.

(Damping is further elaborated in section 6.3.1).

5.4.7 Immersion Setting

Vertical height adjustment of 120 mm was provided by means of
the height-adjustment screw on the mounting beam (see Fig.5.12). This
raised or lowered the immersion beam and the rest of the apparatus
attached to it. Once the wheel immersion was set, the immersion beam
was locked to the mounting beam by a locking screw also shown in

Fig.5.12.

Greater height adjustment than this could be accomplished by
remounting the whole apparatus on the next holes provided in the

mounting beam.
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5.5 FORCE SENSOR CALIBRATION

The electrical sections of the measurement system (discussed
fully in section 6.2.1), namely the strain gauges, the strain gauge
bridges, amplifiers and filters were subject to small scale tempera-
ture and time drift as well as being susceptible to unpredictable
breakdowns in the wet environment around the IPW. In addition to
this the cantilever sensing elements themselves could be overstrained
under some extreme circumstances. For these reasons it was necessary
to recalibrate the force sensors at regular intervals during the

testing programme.
Two levels of calibration were used:

1. The original alignment calibrations.

2. The in-practice calibration.

5.5.1 The Original Alignment Calibrations

These involved balancing the strain gauge bridges, and applying
a known force to each sensor in turn, first in one direction then the
other. This process was carried out to determine the calibration
factor to be used to multiply the value of the output voltage from the
strain gauge amplifiers to arrive at the known applied force. This
was a relatively long-winded task and originally involved checking the
linearity of each sensor over the whole operating range as well.

(See Appendix 2.)

Thrust: For the original alignment thrust calibration the thrust
beam incorporated a calibration attachment point noted in Fig.5.13
horizontally in line with the top of the calibration pulley. Positive
thrust calibration involved hanging a known weight on a thread over

an external pulley in line with this attachment point; and negative
thrust calibration used the calibration pulley on the balance in a
similar way (Fig.5.14). Note that the calibration pulley was attached
to the immersion beam so that for calibration purposes it could be

considered as external to the balance.

Torque and Lift: The torque beam incorporated a calibration bar with

an attachment point vertically below the edge of the calibration pulley

groove, as also shown in Fig.5.13. By passing a thread from this
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attachment point and over the pulley to a known weight, both a known
negative torque and a known positive lift force could be produced.
(See Fig.5.15). Measurement of the moment arm of the calibration bar

was required before the torque sensor could be calibrated.

To calibrate for positive torque and negative lift the weight

was simply hung on the calibration bar attachment point.

These alignment calibrations were undertaken with considerable
care both before and after the major series of tank tests. This
briefing and debriefing procedure not only produced a set of appropriate-
ly accurate calibration factors, but also brought to light any signifi-

cant peculiarities of the force balance system. (See Appendix 2.)

5.5.2 The In-Practice Calibration

The in-practice calibration was simpler and quicker to perform.
It involved zeroing each sensor's output, then hanging the calibration
weight over the calibration pulley on a thread attached to the other
calibration attachment point on the torque beam as shown in Fig.5.13.
This method applied midrange loads to all three sensors simultaneously.
The actual forces applied were calculated after measuring the angle of
the thread to the vertical, and the moment arm length to the shaft

centre.

The advantage of this method was that it provided a quick check
on the functioning of all the sensors, gave their calibration factors,
and one data record could contain the calibration data for all three
sensors at once. The disadvantage was that it was a little less
accurate than the original alignment calibrations, though tests showed
the two methods to give calibration factors within % 0.5% of each other.

This was adequate for the purposes of these tests.

During tank tests the in-practice calibration was performed at
the beginning and end of each day's testing, and any discrepancies
between the two calibrations were dealt with during the subsequent

data processing, (Part C, Fig.5.1 and section 7.4.2.)

5.6 FORCE SENSOR ZEROING

The force sensors, being strain gauges, needed to be rebalanced

regularly to allow for the small scale amplifier drift and temperature
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effects. As well as this, the amount of water clinging to and splashed
on to the force balance affected zero readings, as did changes made to
the test wheel, or extreme loads applied to the apparatus. For these
reasons, as well as those affecting the force calibrations, it was nec-

essary to keep a regular check on zero force readings.

'During the tank tests the force zeros were registered at the
beginning of each group of runs by balancing the strain gauge bridges
then recording the close-to-zero values produced. At the end of the
runs, or at any time it was felt necessary, a recording of what should
still have been zero values was made, and the bridges rebalanced. Any
significant discrepancies between a pair of zero force recordings was
dealt with by linear interpolation in the subsequent processing of the

data recordings (Part C on Fig.5.1 and section 7.4.1).

In practice it was found necessary to regularly check on the
zero values and when this was done zero shift could readily be kept to
insignificant proportions - about 0.5% of the rated force range, or

within + 0.1 N.

5.7 FORCE BALANCE PROBLEMS

Any complex system will have its running problems, so the most
important ones encountered with the force balance are outlined here,
while a thorough examination of sources of error is contained in

Appendix 2 and a summary of sensor errors is contained in Table 7.9.

5.7.1 Thrust Calibration Error

This error meant that for most of the duration of the project
recorded values of thrust force were 6.1% too great. The error was
caused by the gain adjustment on the strain gauge amplifier. This
introduced a discrepancy between the original alignment calibration
and the original calculation of the in-practice calibration factor
during the early bench testing of the apparatus. The error was per-
petuated until the final, thorough debriefing calibration procedures
brought it to light. Some concern was felt that this sensitive gain
adjustment may have introduced intermittent errors during the tank
tests but a careful examination of the in-practice calibration factors
gave no indication that this had occurred. This error is discussed
more fully in the introduction to Appendix 4, and at the end of

Appendix 2.
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5.7.2 Minor Design Faults

Six design difficulties caused minor problems during the life

of the force balance:

1) fhe thrust and torque sensing sections, unlike the 1ift sensing
section of the apparatus, were not balanced units, with the result that
accelerations or bumps given to the force balance during operation
caused erroneous readings to be recorded. In practice this ceased to
be a problem when the Kainga tank was used, as long as velocity condi-

tions were kept steady.

2) Aluminium was used for the cantilever sensing elements. Since
this material does not have a linear stress-strain relationship the
aluminium remained slightly strained after the application of large
forces. This meant that the sensor would not quite return to indicating
a zero force after such an application. Errors however were small, and
became negligible with proper management, as discussed under Experimental

Procedures, section 6.4.

3) The gearbox and shaft bearings were necessarily close to the
LPW. This meant that during tests, especially at deep immersions,
spray was thrown against this portion of the apparatus from the LPW
as shown in Fig.5.16. While measurements suggested the effect on the
measured forces to be negligible, a better design might have avoided

the situation.

4) The dashpots were designed with small internal clearances and
sideplay in the force balance bearings occasionally allowed the parts
to touch. This was normally immediately apparent as force readings

would not return to zero, and then the apparatus could be readjusted

for free play.

5) The electric drill used to power the LPW was found to be
inadequate for tests with the large, 383 mm diameter wheel and over-

heating limited the data that could be collected in such tests.

6) The sliding faces between the immersion beam and the mounting
beam were not machined flat during construction. This meant that the
apparatus tilted slightly (about 0.05°) for different immersion
settings, and because of the unbalanced nature of the torque and thrust

sengors, caused small zero force errors in these sensors. These force
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errors amounted to about 0.15 N and 0.01Nm and were normally negligible.

5.7.3 Running Faults

During the course of the tests some breakdowns occurred. The

most significant of these were:

1) The perspex spray cover used over the LPW, occasionally jammed
the thrust force sensor, if it was not properly in place. It is shown

in Fig.5.29.
2) A thrust sensor strain gauge came loose from the cantilever
element, and a tachometer wire broke inside the tachometer housing.

These were readily fixed, but each caused the loss of a day's testing.

3) The torque beam bearings (Fig.5.9) showed a tendency to stiffen

with time, causing some concern but very little actual error.

5.7.4 Conclusion For The Force Balance

The force balance was a complex piece of apparatus and there-
fore susceptible to some minor faults. While a simple system might
have been devised the system used adequately fulfilled its intended

function.

5.8 THE TESTED LIFTING PADDLEWHEELS

5.8.1 The Wheel Size

The wheel used for most of the tests in this project was close
to 0.242 m in diameter (see Figs. 5.17 and 5.18). This wheel size was
chosen mainly because the force balance and wheel were available from
the 1977 tests and had been designed to fit the university flowing
water tank (see section 5.9.1) which was to be used for this proiject's

tests as well.

Beardsley recommended, however, that test paddlewheels should
be a minimum of 0.3 m in diameter. (1) This is about 20% larger than
this project's test wheel. Beardsley's recommendation was based in
part on his own tests with a small diameter wheel and in part on the
results of Wray and Starrett's tests with a 0.127 m wheel. (2)

Beardsley, however, regarded his own results with small wheels as

1. Beardsley, P.15
2. Wray and Starrett, P.29
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inaccurate because of the small forces involved and while in Wray and
Starrett's results degradation of performance was recorded, there are
a number of reasons other than its small size as to why their wheel
demonstrated a poorer performance than others (these were noted in

section 2.2.5).

With this uncertainty surrounding the effects of wheel diameter
the alternatives were to build a wheel sufficiently large to avoid
scale effects or to retain the available equipment, and investigate
the effects of size in a test serieg. The only indication of how
large wheels had to be to avoid scale effects came from the work of
Volpich and Bridge (1) who found no discernable difference in the per-
formance of wheels 0.518 m and 1.04 m in diameter, so that a wheel of
0.5 m in diameter would be required. This was too large for the
testing tank it was intended to use, and it also would have made tests
at high Froude Numbers difficult. It was decided therefore to develop
the equipment from the 1977 tests, retain the wheel size of 0.242 nm
and examine the effects of wheel diameter. The test series examining

these effects is discussed in section 9.4.4.

5.8.2 The sStandard Test Wheel

The lifting paddlewheel used for the tests was generally 242 mm
in diameter with a blade span of 76 mm and chord of 25 mm. It is
shown in Figs. 5.17 and 5.18. This was the same wheel as used in the
1977 project (2) and was geometrically similar to the 153 mm diameter

wheel tested in the 1976 preliminary investigations (3) (Fig.3.1l).

The wheel disc was designed so that it could be used with 2, 3,
4, 6, 8 or 12 evenly spaced blades. Each blade was attached to its
leg by a single screw which could be loosened to allow adjustment of
the blade angle, and tightened sufficiently to hold the setting while

the wheel was operating.

The jig used in 1977 for setting the blade angles (Fig.5.19)
was retained and continued to give a blade-setting accuracy of better

than + 1° whenever it was checked.

The geometry of the wheel was arranged to minimise diameter

changes with changes in blade angle, but for a practical design some

1. Volpich and Bridge, Part II, P.467 3.. Alexander, 1976 P.4 -

2. Alexander, 1977, P.22
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diameter variation was inevitable. The wheel diameter for each blade
angle is tabulated in Fig.5.18 and whereas the range of wvariation is
only 0.75% of the total diameter this error is increased to 3% in

coefficient calculations, so must be kept in mind.

This standard wheel was used for all the tests, with flat blades
of all chords and spans, and with blade angles from 0° to 90°. The
wheel was reversed to test for flat blades with blade angles between

90° and 120°.
A summary of the wheels tested with flat blades is contained in
Table 5.20 and the results for wheels with flat blades are discussed

in Chapter 9.

5.8.3 Other Wheels Tested

While the majority of tests undertaken were with flat bladed
wheels, and the theory in Chapter 4 concerns only flat bladed wheels,
a number of tests were conducted examining the effects of shaped blades,
as well as some examining a variety of wheel variants. For most of
these tests part of the standard Wheel structure was used. The curved
blades simply replaced the flat blades on the standard wheel spokes;
the wheel disc was used with the cylinder, tractor tyre, Rollercraft
wheels and the large diameter, 363 mm LPW. Perspex sideplates were
readily mounted on the shaft itself, on small hubs for tests using

sideplates, and the small, 153 mm diameter wheel had its own hub.
A summary of these other wheels tested is given in Table 5.21
and the results for wheels with other than flat blades are contained

in Chapters 10 and 11.

5.9 TESTING TANKS

The LPW force balance was used to take measurements in three
different tank systems during the course of the project. Although
the final reliable results were obtained, eventually only from the
Ministry of Works and Development (MWD) instrument calibration tank,
the others are described as the difficulties encountered were

instructive.

5.9.1 The Flowing-Water Tank

The 1977 and 1978 work used the large concrete flume in the

Civil Engineering Department's Fluids Laboratory (earlier Figures
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TABLE 5.20: SUMMARY OF FLAT-BLADED WHEEL TESTS
(Standard wheel dimensions: D=242, s=76, c¢=25; Fig. 5.18)
WHEEL | NO. FULL OR
: P
CODE |BLADES DESCRIPTION ANGLES SHORT TEST
(A) THE REFERENCE SERIES OF TESTS:

6 6 STANDARD WHEEL 242 mm 60° FULL + EXTRA

6 6 " " 45°,75°,90° FULL

6 6 n " 0°,15°,30°,120° SHORT
(B) THE WHEEL SIZE SERIES:

6.25 6 SMALL 153 mm 60° SHORT
10 6 LARGE 383 mm 60° SHORT
(C) THE NUMBER OF BLADES SERIES:

3 3 60° FULL

4 4 60° SHORT

8 8 60° SHORT

12 12 60° FULL
(D) THE CHORD AND SPAN SERIES:

9 6 SPAN = 3 CHORD = 3% 60° SHORT
2.75 6 " 1 60° SHORT
7.25 6 " 2 60° SHORT
8.5 6 SPAN = 1 CHORD = % 60° FULL
2.25 6 " 1 60° FULL
5.25 6 " 2 60° FULL
9.25 6 SPAN = 2 CHORD = % 60° SHORT
9.5 6 " 1 60° FULL
5.75 6 " 2 60° SHORT
(E) THE 3-BLADED CHORD & SPAN SERIES:

3.75 3 SPAN = 1 CHORD = % 60° SHORT
3.25 3 SPAN = 1 CHORD = 2 60° SHORT
(F) THE MISCELLANEOUS SERIES:

6.5 6 SIDEPLATES ON STD. WHEEL 60° FULL

1 6 3 BLADES @ 45°, o

3 BLADES @ 90° 45/90 SHORT
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TABLE 5.21: TESTS OF OTHER TYPES OF WHEELS
(Full dimensions given in Figs.10.3,11.10,11.19,11.23)
WHEEL| NO. FULL OR
D
CODE |BLADES ESCRIPTION ANGLES SHORT TEST
(A) THE CHORDWISE-SHAPED BLADE SERIES
1.25 6 <3§§ » 75°,105° SHORT
7.75 6 jm’ Same as 1.25 but 90° SHORT
with holes.
1.25 6 §h 90° FULL
1.75 6 \ 90°,105° SHORT
6.75 | © k 450 SHORT
7.5 | 6 1 90° SHORT
11 6 D) semicircle 135° FULL
(B) THE TRACTOR TYRE SERIES :{
7 15 TRACTOR TYRE FORWARDS iﬁgé( 90° FULL
4.75 | 15 TRACTOR TYRE BACKWARDS 90° FULL
(C) THE ROLLERCRAFT SERIES
1
5 12 KEARSEY'S ROLLERCRAFT WHEEL B SHORT
¢ = 215 mm
5.5 12 METAT, IMMITATION OF O 90° SHORT
ROLLERCRAFT ~
e
(D) THE SOLID CYLINDER SERIES
0 - SOLID CYLINDER, STANDARD ~ FULL

DIMENSIONS
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3.7 and 5.16). This measured 9 m long by 0.86 m deep and 1.1 m wide.
It could be made to pass the full flow of the Fluids Laboratory pumps
which amounted to almost 0.425 cumecs (15 cusec). The speed of flow
was limited to about 5.7 m/s by the 2 m height of the header tower

at the tank inlet. Below this speed, the water depth, velocity and
type of flow could be controlled by gates at either end of the tank,

as well as by the inlet valve, and constrictions placed in the flow.
The 1977 project used subcritical deep flow up to 1.7 m/s and
supercritical, shallow (0.1 m) flow at 2,36 m/s. This flow can be seen

in the tank during the 1977 tests in Fig.3.7.

5.9.2 The Abortive 1978 Tests

Two of the main recommendations forwarded by the 1977 project

were that: (1)

(1) Reliable power measurements were necessary, and

(2) it would be advantageous to find out if efficiency
improved with speed as seemed to be the case from

the 1977 tests.

For these reasons the 1977 force balance was considerably altered
during 1978 so that it could now measure the LPW torque as well as
lift and thrust forces (Fig.5.23). Also attention was given to ob-

taining the highest practicable water speeds for a test series.

The MWD stated that its facility was limited to speeds of
3.7 m/s. The Fluids Laboratory flowing water tank gave 5 m/s at a
depth of about 70 mm. In order to get an adequate depth of flow a
300 mm wide channel was designed by the author (Fig.5.24) to fit into
this tank, and after the eventual addition of curved entry plates
speeds of 5 m/s of supercritical flow with depths of 230 mm were

achieved.

However there were a number of disadvantages with this arrange-
ment, the main ones being that the oblique standing waves on the water
surface, while only about 20 mm in height, were significant for the
IPW tests, and as well as this, any high speed tests necessitated a
complete take-over of the Fluids Laboratory in terms of pump power,
water supply, noise and mess.

1. Alexander, 1977 P.66 & P.67
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FIGURE 5.24: THE HIGH SPEED, FLOWING WATER CHANNEL FOR THE
CONCRETE FLUME BEFORE INSTALLATION.
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The initial runs at this full capacity produced a set of con-
sistent results, but analysis produced efficiencies of up to 130% which
necessitated a careful examination of the fundamental design of the
force balance. It was at this stage that the basic design fault
mentioned in section 3.4 was brought to light. This meant that the
thrust results for these high speed tests as well as for all the 1977

tests were erroneous.

In theory these earlier results could have been retrieved from
the recorded data, but after some considerable effort it was found that
in practice the accumulated errors of the measured forces rendered the
calculated thrust values irretrievable. The force balance was again
redesigned, and the subsequent test programme necessarily repeated the

1977 tests.

5.9.3 The Fluids Laboratory Static Tank 1979

Since it was now necessary to repeat all the LPW tests it was
decided to try to avoid the uncertainties of flowing water and aim to
use still water tanks for all tests. As the redesigned force balance
system was intended for use with an expensive Solartron data logger
it was seen as important to keep the equipment within the university
if possible. For these two reasons an attempt was made to use another

tank system available in the Fluids Laboratory.

The tank considered was the long flume normally used with flow-
ing water for sediment transport studies. This tank had a useable
length of 20 m, was 0.8 m deep and 0.6 m wide, and was spanned by a
crude trolley which ran on rails along the length of the tank. The
tank was levelled, filled with water, and the trolley was motorised
with a variable speed electric motor. The equipment and force balance
were mounted on it and a power supply cord was arrandged. (See Fig.5.25.)
A week was spent ironing out the usual problems and attempting to ob-
tain sensible results. Only a few consistent results could be acquired.
The trolley rails had never been intended for this purpose; they were
not flat or smooth and the consequent jolting of the force balance

rendered the torque results meaningless.

These tests also had to be abandoned.

5.9.4 The MWD Rating Tank at Kainga

The presence of this excellent facility 20 kilometres from the

university was one very fortunate aspect of the project. Such a tank
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FIGURE 5.27: THE RATING CAR AT THE KAINGA TANK WITH THE
FORCE BALANCE MOUNTED ON THE BACK
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could hardly have been more ideal.

The indoor tank itself is close to 50 m in length, 1.83 m wide
and 1.83 m deep (Fig.5.26). It is used by the Ministry of Works and
Development for calibrating river flow meters. For this purpose an
electrically driven "Rating Car" (Fig.5.27) spans the tank and runs on
rails along its sides. The Rating Car was originally designed to
travel at speeds up to about 7.3 m/s but this speed cannot be reached
safely since the tank is only half its original design length of 100 m.
Nevertheless speeds of 5 m/s can usefully be achieved within the
present tank length, (which is contrary to the original information

that the maximum speed was 3.7 m/s).

The speed of the car can generally be controlled to within very
narrow limits, and an accurate measuring device gives a papertape out-
put which can be used to calculate the car speed to an accuracy of
within 3 mm/sec. Unfortunately, because of a fault in the Rating Car
control system at the time of the tests, the speed of the Rating Car
could not be predetermined to better than * 5% of a selected speed,
although once get, the speed remained constant within narrow limits.
This meant that some variation from the five selected speeds chosen

for the tests had to be tolerated.

The Rating Tank building also houses a well equipped workshop

where the staff repair and maintain the instruments.
Formal permission for use of the facility was arranged in June
1979 and tests were conducted intermittently for over a year as and

when the tank became available from its routine work.

5.10 THE FORCE BALANCE AT THE KAINGA TANK

The equipment for the LPW tests had to be mounted on the Rating
Car in such a way that it could readily be removed at the end of each
day's testing, so the tank could be used for its normal purposes. The
electrical equipment was stored on the Rating Car itself and presented

no problem, Fig.5.28,

The force balance required a specially built frame to allow itA
to be mounted on the standard fittings at the rear of the Rating Caxr
(Fig.5.27). 1Its attachment and removal were brief tasks, and storage
space was provided for the balance, still attached to the frame, beside

the tank.
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It was stipulated that spray should be kept off the tank rails
to prevent their rusting, so a perspex guard was constructed to cover
the LPW, as shown in Fig.5.29. Some concern was felt that spray might
rebound from this guard and interfere with the LPW action, but obser-
vations of it at high wheel revolutions indicated that the spray spread
over the inside of the guard and left it at the sides and rear.
Clearly, though, the guard prevented air drag effects which were

examined separately with the wheel out of the water.

Tests in this tank at speeds of 5 m/s and 3.71 m/s were diffi-
cult to perform since the steady speed could only be maintained for a
few seconds in which time one or possibly two data recordings could be
made. (Bach recording took 2.75 sec.) This necessitated a large
number of runs for very little data. However, because of minor problems
with the car control unit, the Officer-in-Charge limited test speeds
to 2.5 m/s after the first few days of testing. Fortunately a repre-
sentative set of high speed data had been obtained at this stage, and
the lower speed limit was sufficiently high for the test wheels to be

well into their planing mode of operation.

One of the conditions of use of the facility was that
operation of the car could only be performed by MWD staff, and it was
much to the advantage of the project that the technicians concerned

were entirely helpful, interested and encouraging.



FIGURE 5.29: ANOTHER VIEW OF THE FORCE BALANCE MOUNTED
ON THE RATING CAR. THE PERSPEX SPRAY COVER
ENCLOSES THE LPW
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CHAPTER 6

INSTRUMENTATION, DATA ACQUISITION AND -

EXPERIMENTAL PROCEDURES

6.1 INTRODUCTION

This chapter covers three areas. The first describes the

instrumentation, the electromechanical devices other than the force

balance itself, which were developed and used as parts of the

measuring system. The second describes the data acquisition equipment

forming the train from the instruments to the punched papertape record,
and the third describes the procedures used at the testing tank in

taking measurements and getting them on to this record.

This chapter completes the description of the equipment and
procedures used at the testing tank. The next chapter, Chapter 7,
outlines the data handling process from the papertape record produced
at the testing tank to the data plotted in graphical form.

This process fulfils the tertiary aims of Fig.3.10, part A2.

6.2 INSTRUMENTATION

Since the Solartron data logging unit was used and this was
set up to read analogue rather than digital signals, all instrumenta-
tion was designed to produce analogue signals of either -10V to +10V

or OV to 1l0V.

6.2.1 The Strain Gauge Units

As noted in section 5.4.5 and Fig.5.11, the force sensing
cantilever elements were each fitted with a temperature compensated
strain gauge of 2 mm gauge length on each side. The pair of strain
gauges was wired into the terminal box in the quarter-bridge configura-
tion so that the two signals were additive, making a more sensitive
instrument. The wiring from each cantilever element was arranged on
the force balance so as to have as little influence as possible on
the movement of the sensing sections, and it was securely fastened
to the immersion beam at its exit point so that no movement of the

wiring leading from the apparatus could influence the force readings.
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As shown in Fig.6.1 the terminal boxes lead to the Kyowa
six-channel strain gauge amplifier where the bridges could be balanced
(thereby zeroing the force balance sensors), and the calibration
factors set, using the gain controls. In practice, there was no need
to adjust the gain of each amplifier as the calibration factors varied
little from test to test, and the in-practice calibration procedure

determined the exact calibration factors for each day's testing.
The Kyowa amplifiers offered a constant voltage or constant
current output and the constant current varying voltage option was

chosen and these signals fed into the Buffer and Control Unit.

6.2.2 Immersion Depth Gauges

Two depth indicators were used during the tests. One is shown
in Fig.6.2 and the other can be seen in Fig.6.3. The
first was developed by the author as a water depth measuring instru-
ment for use with the LPW in water with a relatively unstable surface,
such as the high speed flowing water channel, described in section
5.9.2, where it would be necessary to get an immersion depth reading

at the moment of force measurement.

It worked as a capacitance meter, with the water acting as one
capacitor plate, and gave a linear voltage output for a linear change
in immersion. The circuitry for this unit is contained in Appendix 1,
Fig.Al.l. Since the changes in immersion of the sensor plate gave
changes in capacitance of only picofarad magnitudes it was not possible
to run long leads from the sensor'capacitor plate to the circuitry
without introducing spurious capacitance effects in them on the way.
Por this reason the circuitry was mounted as close as possible to the
plate itself and it can be seen in Fig.6.2 mounted on the plate in a

sealed perspex box.

The capacitance probe itself was made of standard p.c. board
with copper on one side only. The copper was used as one plate of
the capacitor and water as the other. The copper was insulated from
the water by a thin sheet of mylar. The plate was protected from
splashes from the wheel as the copper surface was on the side of the

p.c. board away from the ILPW, as shown in Fig.6.2.
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The unit pivoted on its mounting pin so it could trail in
the water, and its immersion could be adjusted to suit each test
wheel zero immersion level, using the thrumbscrew between its upper

and lower mounting points.

Its mounting arm was attached to the lift beam. This meant
that its drag would not be recorded by the thrust sensor, but changes
in immersion of the gauge would cause its buoyancy force to be added
to the lift force. This was tolerable as it amounted to 0.06 N

maximum.

While this gauge worked well under static conditions its
response time to a step reduction in immersion was long (2 sec.) for
large changes in immersion (60 mm) instead of the 0.5 sec. required,
since a water film tended to cling to its surface. In flowing water
it set up its own small wave train which caused a slight variation
in the immersion reading depending on the velocity of the flow. As
well as this, it was noted in the flowing water tests (see section
5.9.1) that the surface level at the gauge, which was placed 20 cm
to one side of the LPW itself, could be different than the level at

the wheel, by up to 10 mm.

For these reasons it could only be used with caution and
although it was kept as a back-up throughout the Kaianga tank tests
and was used to estimate wave heights in the tank, it was not

normally used during the actual testing.

The other indicator shown in Fig.6.3 did not measure water
immersion. It was simply a displacement transducer in the form of
a ten-turn potentiometer, attached to the immersion beam, with its
shaft rotated by a fine wire which was looped around it and connected
to the mounting beam. In practice, the force balance zero immersion
position was set by the height-adjustment’ screw (Fig.5.12) so that
the wheel was just touching the water surface, and then the potentio-
meter was turned by hand, its shaft slipping in the wire loop, until
the voltage reading it gave at the Buffer and Control Unit represented
zero immersion. Any subsequent changes in immersion of the wheel, as
set by the height-adjustment screw, rotated this potentiometer giving
an immersion depth reading representative of the change. Checks of

linearity and repeatability with this gauge indicated that in use
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depth settings were normally made to within + 0.7 mm of the required

setting. This was considered satisfactory.

Clearly, readings from this gauge were not always representa-
tive of the actual immersion of the wheel, such as when waves or
seiches were present in the tank. These proved to be a potential, if
not actual source of large errors during the tests, since a difference
in water level of 10 mm between the ends of the 50 m tank could cause
force measurements to vary up to 25%. Normally, however, such errors
were avoided by allowing the tank water to settle between runs, and

then this gauge was an adequate indicator of the wheel immersion depth.

6.2.3 The Tachometer

As noted in section 5.3 it was necessary to measure the wheel
revolutions since circuitry to control the wheel revolutions at fixed
settings was not made in time for the project. A sketch of the mech-
anical components of the tachometer is given in Fig.6.4. It was
essentially a rotating on-off switch which changed its state 19 times
per wheel revolution. The rotating part was machined by the author
from a Meccano gear which had had its teeth filled with Araldite, and
it was attached centrally to a perspex mount on the end of the LPW
shaft. One pair of phosphor-bronze wipers contacted the teeth and
another pair contacted the gear hub. The whole assembly was sealed
behind a perspex window as shown in Fig.6.5 where its condition could

be readily observed.

The circuitry which converted this switching into an analogue
voltage was contained in the Buffer and Control Unit and was built
round a frequency-to-voltage converter integrated circuit, with its
associated components. The actual circuit is shown in Appendix 1,

Fig.Al.2.

The instrument was checked for linearity and found to be
within * 0.4%; it was adjusted to give an output of 10 V for the
maximum expected wheel speed of 26 rps. It performed well, though
one lead broke, and it once needed.dleaning when water penetrated

the seal during the period of testing.

6.2.4 Speed Of Advance Indicator

A speed measuring device was necessary for use in the Fluids
Laboratory tanks, especially for the large static tank described in

section 5.9.3, where the trolley speed would not otherwise have been
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known. For this purpose the instrument shown in Fig.6.6 was developed.

This device was composed of the shaft and bearing section of
one of the Department's propeller anemometers, combined with a suitable
propeller from a small "Ott" river £flow meter, borrowed from the work-
shop at the Kaianga Rating Tank. A black and white grid pattern was
accurately transferred on to a rotating portion of the propeller shaft
and this was scanned by a sealed optoelectronic, infrared, source and
sensor module which gave a high-low signal output corresponding to the
passing of the dark and light bands. This signal was processed by
frequency-to-voltage circuitry similar to that of the tachometer,
giving an output of 0 - 10 V for the range of expected water speeds.

The actual Tircuitry is shown in Appendix 1, Fig.Al.2.

The instrument was calibrated on the Rating Car at the Kainga
tank in the same manner that the river flow meters are normally

calibrated.

It was mounted horizontally on a 19 mm diameter vertical tube
which allowed it to be attached somewhere near the LPW operating point.
At the Kainga tank it was connected to the force balance mounting
frame which positioned it about 0.5 m to one side of the LPW and
0.4 m below the water surface. Its mounting rod can just be seen to

the left in Pig.5.27.

Although it worked consistently in the Fluids Laboratory tests,

and for a time at the Kaianga tank its calibration eventually began

to vary, possibly with water getting into the scanning unit. Little
attempt was made to get this working properly again as it served to
indicate the approximate test speeds on the papertape records, and

since these speeds were set, and accurately measured by the Rating Car's
normal measuring device as a matter of course, and recorded in the

test notebook, the instrument was simply retained as an often-necessary
check on the written notebook records. The more accurate Rating Car
speed measurements were written into the data records at the later

data checking stage.

6.3 THE DATA ACQUISITION SYSTEM

The ideal data acquisition system was seen as one fulfilling
the function described in The Measuring System Requirements (section

5.2) which noted that at a selected time simultaneous readings would
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be obtained from all the sensors and a record created in the system
which would contain all the information relevant to the conditions of
the LPW at that time. In practice such a record would contain the
following ten items (numbered according to the channel assignments in

the system) :

0) the date of the test;

1) a code number for the wheel type under test;

2) the blade angle;

3) immersion depth;

4) wheel rotational speed;

5) thrust force;

6) 1ift force:;

7) torque ;

8) speed of advance;

9) a code number indicating whether the record -was of zero

values, calibration values, or was an ordinary data record.

All this information needed to be stored in some form so it could be

processed later.

In order to build up such a data acquisition system a survey
was made of the existing data logging facilities available in the
University. The Civil Engineering Department's Solartron Compact-33
Data Logger was found to be operational and available during the anti-
cipated period of testing, and almost compatible with the requirements

outlined above.

This logger could drive a papertape punch and record the
required ten channels of information on to papertape in 2.5 seconds.
Such a period was seen as a suitably long time between recordings
since, for example, if a change in wheel revolutions had been made,
since the last recording, it allowed the force balance system to

settle to the new conditions before the next recording was taken.

However this meant that the measurements were not simultaneous
and so the Solartron required the addition of a buffer in order that
data could be stored at a much faster rate, and then be recorded at
the speed of the papertape punch. Enquiries indicated that a Solartron
buffer would be very expensive and would involve a long wait for

delivery. The author therefore designed and built the Buffer and
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Control Unit which, on the "Hold" signal, stored the ten channels of
data and initiated the Solartron scan and papertape recording. This
unit .completed the practical data logging system from the sensors to

the papertape record. A schematic of the system is given in Fig.6.7.

This system was used for the flowing water experiments of 1978
but this Solartron was unavailable from then on. There was however
an older malfunctioning Solartron, Compact Series 2 Logger available.
It was without a suitable case, needed aligning and drove an unaccept-
ably slow papertape punch (12 seconds for 10 channels of data). Since
by this stage the data acquisition system was designed around the
Solartron functions, and the force-balance was ready to be used, the
author built a suitable case, checked calibration and alignment of the
instrument and designed and built a suitable interface which allowed it

to drive the original, fast Facit papertape punch.
The final data acquisition system was similar to that shown in
Fig.6.7 but used the Solartron Compact Series 2 Logger and employed an

interface unit between the Solartron and the papertape punch.

6.3.1 The Buffer and Control Unit

This unit, designed and built by the author was a multifunctional
unit. TIts basic functions are outlined in Fig.6.7 and its actual cir-
cuitry is given in Appendix 1, Fig.Al.2 to Al.9. 1Its most important
features are described below and the unit is pictured in Figs. 6.8 to

6.11.

Buffer Storage The buffer modules employed were sample—and-hold integra-

ted circuits (National LF398H). These devices operate in one of two
modes. In the sample mode their output signal is the same as the input
signal while in the hold mode the output signal remains fixed at the
voltage value the input had, at the instant the hold signal was given.
They normally operate at megahertz speeds but in this case were required

to sample and hold signals for periods in the order of seconds.

The associated circuitry was arranged to give them a (slow)
response time of l/20 sec. which filtered out any spurious high
frequency noise, and on the sample signal they were allowed l/lO sec.
to acquire the analogue data voltage level from the instruments before

being given the hold signal. The Solartron scanner could then read
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the voltage level in each module in turn. This took about 2.7 sec.,
in which time the signal levels in the modules were observed to have

drifted about 2 mV; an acceptable amount in a range of 0 to 10 V.

Six of these modules were used, three for the force and torque
signals, and one each for the tachometer, depth gauge, and velocity
meter. They can be seen on the circuit board in Figs. 6.10 and 6.11

and their wiring is given in Appendix 1, Fig.Al.9.

The other data channels had non varying signals (constant data)

and did not, therefore need sample and hold modules.

Constant Data Potentiometers There were twelve potentiometers in all.

Four pairs were used for the coarse and fine adjustments that set the
voltage levels on the four channels which contained the constant data
for the test run. These were: (0) the date, (1) the code number for

the wheel type, (2) the blade angle, and (9) the record status (data,
calibration or zero). For example, wheel number six was the standard
flat-bladed test wheel, so the constant data value chosen for this

wheel was 6 Volts on the "wheel" channel, channel (1).

The potentiometers can be seen in Fig.6.10 mounted on the

aluminium mount at the rear of the figure.

The remaining four potentiometers were used to control the
automatic timer function, depth calibration, and tachometer and water
speed sensor calibrations. All these potentionmeters could be
accessed with a small screwdriver through holes in the top of the box,

which can be seen in Fig.6.8.
After some use it was found convenient to convert the coarse
adjustment for the constant data potentiometers to multistop switches

which made adjustment quicker.

The Control Functions The front panel of the unit displaying:its

control functions is shown in Fig.6.8.

There were two modes of operation ofithe unit manual and auto-

matic and one of these wasg selected by the "Manual-Auto" switch.
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In the "Manual" mode the sample-and-hold modules were manually

made to sample or hold their signal by the "Sample-Hold" switch. In
either mode the "Channel Selector" switch could select a channel for
display on the front panel meter (or it :could be fed to a digital volt
meter from the "O/p" socket). In the hold mode the signal levels in
each of the sample-and-hold units could be recorded by pencil and paper

by reading each channel in turn, using the "Channel Selector™ switch.

This method was often used to check operation of the channels,
and to display the force sensor strain gauge output signals when

zeroing the strain gauge bridges.

In the "Auto" mode the "Sample-Hold" switch became de-activated,
and the "Continuous Sampling”" switch and "One Shot Sampling" button
could be used. Pressing of this button began an extended train of
events shown in Fig.6.12. The timed period of the second timer was
about 2.75 sec. which was sufficient for the papertape to completey

the punching of the ten-channel record.

In practice, then, when the operator felt conditions were right
to make a data record, he simply pressed the button and in 2.75
seconds the data was recorded on the papertape. At this stage any one
of the values recorded could be observed on the front panel meter by
selecting the appropriate channel with the "Channel Selector Switch",
since the sample-and-hold modules remained in the hold mode until the

button was pressed again.

The logic diagram, and circuitry controlling these functions,

is given in Appendix 1, Figs.Al.6, 7, 8 and 9.

Electric Filters Filters were needed in the force sensor and instrument

circuits to both eliminate electrical noise from the signals, and to
ensure that all transducers had approximately the same response times.
Similar response times were necesgsary to make certain that any tran-
sients recorded would be treated equally by all transducers, to give

a valid record.

The force sensor signals required sharp cut-off, low pass,
active filters, (as noted in section 5.4.6) and the chosen design was

a fourth order, multiple feedback, 0.1 dB, Chebyshev, active filter
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with a gain of 10. This was constructed from an active filter design
handbook. (1) Since the required response time at the signal output

was 0.5 sec., each filter had to be matched to one of the force sensing
sections of the force balance since each section had a different
mechanical response time and resonant frequency and already contained

a mechanical dashpot damper (section 5.4.6). This matching was
accomplished by a process of trial and error in adjusting the filter
resistor values until each sensor output gave a smooth, 0.5 sec.
response to a step change in force at the ILPW shaft. The sharp cut-off
property allowed this 0.5 sec. response, while at the same time reduc-
ing any noise above 5 Hz by at least 26 dB. .This meant that the
majority of the resonances, mechanical noise and vibration from the

force balance was effectively eliminated from the force sensor signals.
The filter circuitry is given in Appendix 1, Fig.Al.3.

The tachometer and speed of advance instruments did not exper-—
ience the vibration and noise as severely as did the force sensors so
the filtering did not need to be so sharp. However to give the required
response times and to reduce any electrical noise, 3rd order multiple
feedback Chebyshev active filters were used. These are shown in

Appendix 1, Fig.Al.4.

The capacitance depth gauge required only a passive filter
circult to give it the required response to a step increase in immersion.
Although the filter was bypassed for a step decrease in immersion the
response time could not be reduced below 2 sec. as the water left a f£ilm
on the sensor surface, which only slowly shrank away. (This was noted

above in section 6.2.2.)

Unit/Layout Fig.6.10 shows the inside of the Buffer and Control Unit.
The front panel is to the right. The main circuit board with the six
sample~and-hold modules is central and the board containing the three
active filters for the force sensor inputs stands vertically to the
left. The power supply section is at the front and the code and cali-
bration potentiometers are mounted on the frame at the rear of the

figure.

1. Johnson and Hilburn, P.16, Table 2.9, P.31l
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TABLE 6.14: PROCEDURE IN SETTING UP AND DISMANTLINGl
EQUIPMENT FOR EACH DAY'S TESTING
1. 8:00 am TURN ELECTRICAL EQUIPMENT ON TO WARM UP.
2. MOUNT'FORCE BALANCE ON RATING CAR AND CONNECT UP
ELECTRICAL LINES.
3. PREPARE TEST LPW AND MOUNT ON FORCE BALANCE.
4. 8:30 am SET CONSTANT DATA POTENTIOMETERS.
5. ZERO EQUIPMENT AND RECORD 6 ZEROES.
6. SET DATA STATUS POTENTIOMETER TO INDICATE CALIBRATION.
7. CALIBRATE FORCE SENSORS AND MAKE 6.RECORDS.
8. REMOVE CALIBRATION WEIGHT AND MAKE 6 ZERO RECORDINGS.
9. SET DATA STATUS POTENTIOMETER TO INDICATE DATA
10. PERFORM TESTS (SEE FIG.6.15)
11. 3:45 pm REPEAT CALIBRATION SEQUENCE, 5-8 ABOVE
12. TURN OFF EQUIPMENT AND DISCONNECT.
13. REMOVE FORCE BALANCE FROM RATING CAR AND STORE IT.
14. TAKE PAPERTAPE FROM PUNCH.

6.3.3
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The main circuit board and the filter board could readily be

removed for servicing, and these are shown in Fig.6.11.

The rear panel, in ¥Fig.6.9 shows the input sockets at the
right and output socket to the Solartron at the left. The "Manual
Bypass" button, at the upper left, allowed a papertape record to be
initiated to record data already stored in the sample-and-hold modules
by the manual "Sample-Hold" switch. This bypass was necessary under
such circumstances since normal pressing of the "One Shot Sampling"
button would cause the unit to take a new sample. However, this option

was rarely used. (Circuitry for this, Appendix 1 Fig.Al.6.)

6.3.2 The Solartron Data Logger

A block diagram of the Solartron data logger function and the
units used is shown in Fig.6.13. Because this instrument is so versa-
tile it can be difficult to understand, but once mastered it proved
adequate for its task, the main malfunctions being operator errors.
For high accuracy in voltage recording it needs to be calibrated, but
for this project the accuracy was more than sufficient and the in-

practice.calibrations of the force balance were all that was necessary.

All recordings fed to the papertape from it were base ten
four-digit numbers representing the voltages scanned by the scanner,
and these were in integer form, the decimal points being left out to

save punching time.

6.3.3 The Interface for the Papertape Punch

The Solartron (Compact Series 2 Logger) papertape punch driver
unit (LU1967) was not compatible with the fast Facit papertape punch
and drove instead a slow punch, recording the 10 channels of data in
12 seconds. This length of time was seen as unacceptably long since
it would mean that a large number of runs down the tank would be
required to record sufficient data; this sort of tedious repetition
was to be avoided when the tests required the services of MWD personnel

to drive the Rating Car.

An interface unit was designed and built by the author under

pressure of time. Its functions were mainly to:
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FIGURE 6.15: BLOCK DIAGRAM OF TESTING PROCEDURES,



245. 6.4.2

1. Convert the data from a BCD form to ASCII.

2. Alter voltage levels of data and control signals.
3. Invert the polarities of data and control signals.
4. Create some necessary control signals between the

two units.

Once this interface was operational it gave trouble-free
service throughout the series of tests, allowing the recording of 10

channels of data in 2.85 seconds.

The Facit papertape punch also operated without problems

throughout the test series.

6.4 THE EXPERIMENTAL PROCEDURE

All the equipment and instrumentation used in the measuring
and data logging system between the ILPW and the papertape recording
have been described. This section describes the procedure evolved

for obtaining reliable data recordings.

6.4.1 gSetting Up

Normally, testing at the Kainga tank involved the use of the
facilities for a whole day. Table 6.14 shows the setting-up and
dismantling procedure. Of note is the fact that the warm-up time for
the electrical equipment needed to be about 30 minutes to ensure
stability of the instrumentation between the time of calibration and
data recording. Also note that recordings of zeros were made before
and after the calibration procedures to indicate the presence of any

hysteresis or Jjamming present in the sensing sections.

6.4.2 The Testing Procedures

The procedure used in undertaking test runs is given in Fig.6.15.
Note that it incorporated the use of a written record in the test note-
book for each run down the tank. This record noted the speed of the
Rating Car for the run once it had been calculated from the car's
measuring device. This actual speed was slotted into the appropriate

data records at the later data checking stage (section 7.4.3).

This written record also included any observations made during

the run, as well as notes on equipment conditions.
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For each wheel tested a standard set of tests was carried out.
This involved testing at five fixed immersion depths, and five fixed
speeds of advance covering the range from the static condition, through
the transition zone to planing speeds. Each run, at a fixed immersion
depth and fixed speed of advance, also tested at a number of different

wheel rotational speeds usually more than five.

If a particular wheel was considered less important the test
set covered only two immersion depths, instead of five, at the three

intermediate speeds of advance.

In a normal day's testing three wheels could be tested if a
reasonable amount of time was allowed for the water to settlée between
runs. Sixteen to twenty runs were regquired for the full set of tests
for each wheel, but this could be reduced to about ten for a shortened

set.

Over 1979 and 1980 twenty-five full days of testing were carried
out at the Kainga tank, and over 40 different wheel configurations were

tested.
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DELIVER PAPERTAPE AND CARDS FOR "TRANSLATE" & "VIZCHECX"
TO COMPUTER CENTRE FOR OVERNIGHT PROCESSING (Q2)

1

|COLLECT PRINTOUT FOR VISUAL CHECKING |

~——{CORRECT IT Ho @

[PUNCH EDITING CARDS TO PROCESS DATA IN "VIZCHECK"]
Y
{RUN EDITED "VIZCHECK" PROGRAMME |

Y

SPLICE EDITED "VIZCHECK" PROGRAMME INTO PROGRAMME

"TRANSFERE" FOR COPYING OF DATA AND MAGNETIC TAPE (Q6)

 {

! | CHECK PRINTOUT OF COPIED DATA |

- {RUN PLOTTING ROUTINE "ALTOGETHER" OVERNIGHT (Q6)]

1

{ [COLLECT PLOTS & PRINTOUT FROM COMPUTER CENTRE |

CORRECT IT

CUT UP ROLLED PLOTS AND MOUNT ON CARDS

OF 19-PLOT ASSEMBLAGES FOR EACH LPW

FIGURE 7.1: THE DATA PATH FROM THE PAPERTAPE, PRODUCED AT THE TESTING
TANK, TO THE COMPUTER-GENERATED PILOTS.
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CHAPTER 7

DATA PROCESSING, PLOTTING AND PRESENTATION

7.1 INTRODUCTION

Since the ILPW tests involved many variables it was found
necessary to use a large number of plots of the test data to adequately
describe each wheel's performance. The data from the 1977 tests had
been processed and plotted by hand and the experience made it clear
that computer processing and plotting would be almost essential for

an extended series of tests.

This chapter describes the computer-assisted data processing.
It outlines the path of the data through a number of computer pro-
grammes, from the papertape record produced at the testing tank to the
final form where the data for each LPW is plotted on an assemblage of
graphs which give a visual picture of the LPW performance. Fig.7.1
shows this data path in block diagram form. (This is really an ampli-
fication of parts B, C and D of Fig.5.1 which showed the overall data

path.) 1In this process the following 5 computer programmes were used:

(1) 'TRANSLATE': which converted the data on papertape from

ASCII to EBCDC and stored it for later processing.

(2) '"VIZCHECK': which printed out, or processed and printed out
the stored data from 'TRANSLATE'.

(3) '"TRANSFERE': which transferred the processed data into the

permanent magnetic tape storage.

(4) 'LPWPLOT': which sorted through the stored data, selected and

plotted the requested graph.

(5) 'ALTOGETHER': which plotted the full assemblage of 19 graphs

- to describe a selected LPW's performance.

All programmes were in FORTRAN except the first.
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12 +2139 +5974 +5985
13 +2140 +5975 +5986
14 +2139 +5976 +5985
15 +2139 +5976 +5986
16 +2137 +5975 +5984
17 +2138 +5976 +5985
18 +2143 +5972 +5984
19 +2145 +5972 +5984
20 +2145 +5972 +5985
21 +2144 +5970 +5984
22 +2145 +5971 +5985
23 +2142 +5968 +5982
24 +2143 +5971 +5985
25 +2144 +5972 +5985
26 +2142 +5972 +5983
27 +2142 +5971 45984
28 +2137 +5975 +5982
29 +2139 +5976 +5982
30 +2139 +5975 +5982
31 +2139 +5975 +5982
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33 +2139 +5975 +5982
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+0011
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+0010
+0011
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10 CHANNELS OF INTEGER VOLTAGES AS READ BY
'TRANSLATE' FROM THE PAPERTAPE.
(IN BOTH FIGURES) SHOWS THAT ROWS 1-5 AND 7-17 ARE

ZERO RECORDINGS, 6-12 ARE CALIBRATIONS, AND THE REST
ARE DATA RECORDINGS
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FULLY PROCESSED DATA FROM
'VIZCHECK'

THE EDITED

PROGRAMME.

T ROSTE
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-0.,092
~0.088
-0.,088
-0.092

1.282

1.972

3.509

6.781

9.846
14.080
19.139
23.786
25.903
25,7175

1,050

1.656

3.491

5.542

8.555
13.175
16.346
21.959
24.757

Lree

~0.036
~0.036
-0.020
~0.024
-0.016
8.022
8,062
8.034
8.050
8.054
8.066
8.062
0.008
-0.012
-0.020
-0.008
-0.028
0.948
1.463
2.564
4.359
6.369
8.609
11.514
15,180
16,748
16.327
0.802
1.313
2.406
3.727
5.242
8,111
10.051
12.673
14,172

THE RIGHT

+0008
+0009
+0009
+0010
+0009
+9986
+9987
+9986
+9986
+9986
+9986
+35986
+0010
+0009
+0003
+0003
+0010
+1001
+1000
+1000
+0998
+0999
+0999
+1000
+1000
+0998
+0999
+0992
+0993
+0993
+0992
+0994¢
+0993
+0992
+0991
+0993
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PROGRAMME
HAND COLUMN

TOQX 10

0.064
0.061
0.077
0.081
0.081
7.476
7.510
7.513
7.516
7.506
7.510
7.506
0,074
0,047
~0.017
~0.003
0.057
2,077
3,099
5.307
9.585
14,142
18,893
22,272
22,997
22,855
22,854
1,566
2,382
4.673
7.551
10,933
16.794
20.279
22,172
21,940

vo

0.014
0.014
0.014
0.014
0.014
0.013
0.014
0.013
0.013
0.013
0.013
0.013
0.015
0.014
0.006
0.006
0.014
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0,000
0,000
0,000
0.000

- 0,000

0.000

Fig.7.2 AS PRINTED OUT BY
(DEPTH VALUES ARE
GREATER THAN THE FIVE STANDARD VALUES AS LARGE
IMMERSION WAS UNDER EXAMINATION IN THIS TEST)

SPARE

0.000
0.000
0.000
0.000
0.000
10.000
10.000
10.000
10,000
10.000
16.000
10.000
0.000
0,000
0.000
0.000
0,000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1,000
1.000
1.000
1.000
1.000
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7.2 PAPERTAPE PROCESSING

Programme 'TRANSLATE' was written in ALGOL by R. Harrington of
the Computer Centre, and it simply converted the papertape voltage
recordings from ASCII to EBCDC, stored them on disc, and printed them
out, numbered, in the form they appeared on the papertape (see Fig.7.2);
ten channels per line and four digits per channel, in integer form,

with a sign, and a space between each channel's data.

7.3 VISUAL CHECKING OF DATA

Programme 'VIZCHECK' read the integer voltage values stored by
programme 'TRANSLATE', and multiplied them by preset conversion factors
derived from the original alignment calibrations to give a data print-
out in the appropriate units as shown in Fig.7.3. The printouts from
'TRANSLATE' and 'VIZCHECK' were then checked for obvious errors such
as an incorrect setting of the immersion depth or indications of equip-
ment malfunctions, and were then used as the basis for the required

data processing.

7.4 PROCESSING THE DATA

Earlier sections have pointed out the need for various forms
of data processing before the final data storage or plotting. The

data processing was required in the following areas:

1. Elimination of significant zero errors in the force data.

2. Adjustment of the force calibration factors according to

the in-practice calibrations.
3. Insertion of the accurate gpeed values from the Rating Car.

4. Standardisation of constant data values, such as blade

angles.

5. Elimination of data acquisition system generated errors.

All the data processing was done by editing and altering the 'VIZCHECK'

programme .

7.4.1 YZero Errors

Section 5.6 discussed the reasons why the force sensor zero
values tended to drift, and noted that frequent checks and recordings

were made of these values. Any recorded zero force errors dgreater
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than 0.1 N and any torque zero errors greater than 0.0l Nm were elimina-

ted in this processing stage. Two types of zero errors existed

(i) Errors constant with time;

(ii) Errors which varied with time.
It was assumed that varying errors varied linearly between the two
relevant zero recordings, and both types of zero errors were simply

substracted from the recorded force values.

7.4.2 Force Calibration Factors

- The calibration factors used to convert the force sensor voltage
recordings to actual force values were derived from the test in-practice
calibration procedure, as noted in section 5.5.2. Some care was taken
in obtaining these calibration factors. The calibration procedure con-
ducted at the beginning and end of each day's testing (Fig.6.1l5) gave
a data printout like the one shown near the beginning in Fig.7.2, from
programme 'TRANSLATE'. About twelve recordings of the zero values and
about six of the calibration values were made, and the force balance
was shaken and vibrated between recordings so that hysteresis effects
in the force sensors would show up in this output and could be averaged
out. From these calibration and zero error recordings an average
calibration factor for each force sensor was derived from the known
magnitude of the applied in-practice calibration force. These calibra-
tion factors were then edited into the 'VIZCHECK' programme, correcting

the original alignment calibration factors.

If the calibration procedure at the tank produced different
calibration factors for the beginning and end of the day's tests,
the difference was accommodated by a linear interpolation of the calibra-
tion factors. ©Normally the calibration factors were within 0.5% of

each other, and no interpolation was necessary.

7.4.3 Speed of Advance

The Rating Car speed for each run down the tank was recorded
in the test notebook. With the assistance of the results recorded by
the speed of advance indicator these accurate speed values were enter-
ed into the appropriate data records, replacing the less accurate

values given by the speed of advance indicator.
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7.4.4 Constant Data Standardisation

The data that remained fixed for each data record, such as the
date code, the wheel number, the blade angle, and the data status code,
was read by the data acquisition system as voltage levels set by the
potentiometers in the Buffer and Control Unit (section 6.3.1). Since
the voltage levels varied a little in the millivolt ranges, these
"constant"” data values were not constant throughout a test. The plot-
ting program 'LPWPLOT', required single-valued data for these constant
data in its sorting procedure, so it was necessary to standardise the

values in the data record to the proper single-valued numbers.

A similar procedure was required for the immersion depth trans-
ducer, though, as mentioned before (section 6.2.2) the actual immersion
depth of the LPW méy have varied quite markedly from the standardised
recorded value. Consequently the immersion depth values recorded in
the final data records were of the five preselected immersion depth
values, rather than of the actual immersion depth values taken at the

moment of data measurement.

While five selected speeds of advance were set during the tests
these were not always exactly achieved, as noted in section 5.9.4.
However the actual speeds were measured reliably, so, rather than
record the standard, preselected values as was done for the immersion

depth data, the actual, accurately measured speeds were recorded.

7.4.5 Data Acquisition System Errors

Occasional transients in the mains voltage tended to trigger
the Solartron to print a line of unrequired data. Data records such
as these, and those recorded by mistake or including obvious errors

were simply eliminated at this processing stage.

7.4.6 Conclusion For Data Processing

The processing procedure involved developing an edited form
of the 'VIZCHECK' programme which included the required alterations
so that its printed output was of fully processed error-free data
such as that of Fig.7.3. Once this edited programme was running

correctly the data was ready for permanent storage.
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BY PROGRAM “LPWPLOT"




255, 7.6

7.5 DATA STORAGE

Data was stored at the Computer Centre on two magnetic tapes
which were alternately updated with each day's test data, so that one
always provided a backup if the contents of the other were lost in the
copying process. The papertapes with theilr associated 'VIZCHECK' pro-
gramme cards provided the final backup should both magnetic tapes be

lost. 1In practice no backups were required.

Data was copied to the magnetic tapes by programme 'TRANSFERE'
which was essentially the edited 'VIZCHECK' programme with the required

Job Control cards for the copying procedure.

The stored data did not include the data status code, the
calibration or the zero recordings. Only records of actual test data
were retained. Data was stored in the form that it was read in: nine
channels or items of data in the usual order (as shown in Fig.6.7 or

in section 6.3).

During the copying process of new data to the magnetic tape
records, corrections could be made to previously stored data which
contained errors that had gone unnoticed during earlier processing
procedures. Such errors were usually the incorrect assignment of
speeds of advance to some records, and these errors became obvious
in the plotting procedures. A catalogue of such corrections was kept
to ensure that the data store contents was always known, or could be

readily reconstructed if the backup storage was needed.

Once stored, the data could be accessed as required by suitable
sorting programmes. Two forms of data analysis were undertaken. One
simply listed the data with calculated values of the coefficients
associated with it. This form was not often used, and programmes to
do this type of work were written as necessary. (For example section
9.9.3 describes how practical force coefficients were developed from

the data records.)

The other form of data analysis produced the plots for visual

interpretation.

7.6 PLOTTING PROCEDURES

To be comprehended the data needed to be presented in a graphi-

cal form sufficiently representative of the physical situation as to
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TABLE 7.5: PROGRAMME SEQUENCE FOR "LPWPLOT"

READ CARDS SPECIFYING THE REQUIRED PLOT.

READ THE DATA STORED ON MAGNETIC TAPE, SELECTING THE
REQUIRED DATA WITHIN THE SPECIFIED TOLERANCES.

SORT SELECTED DATA INTO FAMILY MEMBER SETS AND ORDER IT.

AVERAGE ANY CLOSELY-GROUPED DATA VALUES IN ONE FAMILY
MEMBER SET.

APPLY INTERPOLATING SMOOTHING ROUTINE TO CREATE A 50-POINT
CURVE CONNECTING THE DATA POINTS.

REPEAT 4 AND 5 FOR OTHER FAMILY MEMBERS.

WRITE OUT ORDERED DATA ON PRINTOUT.

DRAW UP PLOT AXES, LABELS AND DOCUMENTATION.

PLOT DATA POINTS AS SYMBOLS.

PLOT SMOOTHED CURVES BETWEEN DATA POINTS.

7.6
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allow the effects of the variables to be readily compared. Since the
University Computer Centre had on-line plotting facilities a data

plotting programme with the following requirements was planned. It

needed:

(1) To be able to select the required data from the data storage
tapes and put it in the required order for plotting.

(2) To provide a large selection of axes against which the data
could be plotted.

(3) To have the facility to plot data in a "family" of curves.
For example: a plot might contain five curves each
representing the effects at a different immersion depth.

(4) The members of the family group needed to be readily
distinguishable.

(5) To be able to select data within a given tolerance band,
from the data store.

(6) To be able to link the plotted data points with appropriately
smoothed curves.

(7) Each plot had to be self explanatory so that a large number
of plots could be readily sorted out.

(8) Plots were required to fit on an A4 page.

The programme developed to fill these requirements was called
'LPWPLOT' and was fairly lengthy (700 lines). An example of a plot
produced by it is shown in Fig.7.4 along with its associated data

printout. A list of the programme's functions is shown in Table 7.5.

Of gome note is the smoothing procedure used. This was a cubic
spline interpolation subroutine largely based on one developed by
Greville in "Mathematical Methods for Digital Computers". (1) From
the set of data points this subroutine was made to produce a fifty-
point curve passing through all the data points. Each actual data
point was indicated by the symbol used for the curve (see Fig.7.4).

The subroutine also employed an additional routine which calculated
an average value for a group of closely-spaced points, to prevent the

spline routine from going wild under such conditions.

1.Raston and Herbert (Eds), "Mathematical Methods for Digital

Computers" Vol.III, Chapter 8
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While the curves produced would probably have been more repre-
sentative of the real case had a least squares polynomial smoothing
routine been used such a routine would not have produced a line to
pass through all the data points. Both methods therefore have their
disadvantages, and since the cubic spline routine was chosen the
waviness of some of the curves in some plots has to be tolerated as
a characteristic of this smoothing method, rather than of the data

itself.

7.6.1 Multiple ‘Plotting

Experience with the LPW tests made it clear that in order to
gain a good intuitive understanding of LPW behaviour a number of plots
would be required. These needed to contain all the variables and
needed to relate them in a way that clarified their effects. While
some authors, such as Helm and Volpich and Bridges, have attempted to
condense all the information from one paddlewheel on to a few, or a
single complex dimensionless plot (see for example Fig.4.30) it was
felt that the effects of some of the variables were obscured by such
simplifications so, with the aid of the computer plotting facilities
the relatively long-winded but probably clearer approach was chosen,
and larger numbers of plots were used to describe each wheel's perform-

ance.

It was a relatively simple task to adapt the programme 'LPWPLOT'
to produce such an assemblage of plots automatically. The plotting
routine which did this was called 'ALTOGETHER' and a block diagram of

its function is shown in Fig.7.6.

While this programme was used to plot all the test data the
Computer Centre plotting facilities took some time to cope with the
volume of output required, with the result that it was often a week
before the results of a day's testing at the testing tank were all

available.

7.7 PRESENTATION OF MULTIPLE PLOTS )

An assemblage, normally of 19 plots was chosen as the standard
representation for each LPW, and such an assemblage for the standard
ILPW with flat blades at a blade angle of 60° is shown in Fig.7.7.

(This figure is enlarged later in Figs.9.1, 2 and 3.) Each column of
plots represents a different speed of advance, beginning with the static

case on the left and finishing with the fully planing case on the right.
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Fach column contains a plot of Lift, Thrust, Efficiency and Power.
For these plots the 1lift and thrust force values were plotted directly
as measured from the results. Power was calculated from the torque

and wheel revolutions measurements, so that:

= N .l
Pospt = 2™, (7.1)

Efficiency was calculated from the power results as:

TVO
n = (4.45),(7.2)
P
expt
where: P = power from measured results
expt v
n = wheel revolutions per second
TO = wheel torque as measured
n = propulsive efficiency
T = thrust force as measured
Vo = gpeed of advance

Lift Thrust and Power were plotted against wheel revolutions per second,
while Efficiency was plotted against velocity ratio since such a plot
readily compared the actual efficiency with a straight line ideal
maximum efficiency (marked on the plot) as noted in sections 1.4.1,

1.4.2 and 4.14.1.

This assemblage of 19 plots, each plot of A4 paper size, present-
ed an access problem in itself, since there were 40 such assemblages
once the testing was complete. Eventually each wheel's plots were set
out on a 2 m x 1 m sheet of corrugated cardboard which allowed each
wheel's data to be readily filed, or produced for comparison with the
data of different wheels. The 19-plot assemblages of the LPW test data

are shown in Appendix 4.

7.8 ACCURACY OF THE DATA PLOTS

The data in these plots includes measurement uncertainties and,
being plotted by machine, has not had the guiding human hand to smooth
the curves between errant points. Appendix 2 outlines the compilation
of error estimates and identifies sources of measurement error with

the conclusion that a given single data point will, 66% of the time,
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TABLE 7.8: ERRORS IN THE DATA RECORDS ARE EXPECTED TO BE LESS
THAN OR EQUAL TO THE ABOVE UNCERTAINTIES FOR 67%
OF THE DATA. (THE 6.1% ERROR IN THRUST FORCE
MEASUREMENTS IS NOT INCLUDED IN THE THESE ESTIMATES.
THIS IS DISCUSSED IN SECTION 5.7.;,,APPENDIX 2 AND
APPENDIX 4).

MEASUREMENT ERRORS AT SOURCE

BLADE ANGLE: +* 0.25°

IMMERSION DEPTH: * 4 mm

WHEEL ROTATIONAL SPEED: * 1.8%

THRUST FORCE: (0.2 N + 1%)

LIFT FORCE: £(0.2 N + 12)

TORQUE : ‘ £(0.02 Nm .+ 1%)

SPEED OF ADVANCE: * 2% (MAX: %5%)

WHEEL DIAMETER: ' .+ 1.2% between wheels of differing

blade angles.

+ 0.4% from diameter tabulated in

Fig.5.18.

EFFECTS OF ALL UNCERTAINTIES ON PLOTTED DATA

LIFT FORCE: *(THE LARGER OF: 0.5 N OR 10%)
THRUST FORCE: + (THE LARGER OF: 0.5 N OR 10%)
EFFICIENCY: kA l%%

POWER: + 63



263. | 7.9

be subject to the magnitudes of error less than or equal to those
shown in Table 7.8. This means, however, that discrepancies larger

than those tabulated will be observable in the data records.

It should be mentioned that the thrust force data and efficiency
data as recorded in Appendix 4 still contain the 6.1% error noted in
section 5.7.1. This means that the thrust and efficiency values as
plotted are 6.1% too large. It is clear from Table 7.8 that such
an error is within the experimental uncertainty of any given data
point, and because of this replotting of the data did not seem to be

warranted.

7.9 CONCLUSTION

Tank tests of LPW's constituted the major tasks of the project,
largely fulfilling the data acquisition section of the secondary aims
(see Fig 3.10, part A3). As well as the tank tests themselves, these
tasks involved the design, construction and assembly of the force
balance and the data logging equipment, together with the evolution
of reliable experimental procedures and the development of data
processing and plotting routines and a useable data filing and storage
system. The last three chapters (Chapters 5, 6 and 7) have described

the equipment procedures and programmes used in these tank tests.
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CHAPTER 8

PHOTOGRAPHIC STUDIES

8.1 INTRODUCTION

The photographic studies of the LPW in operation were undertaken
in partial fulfilment of the tertiary aims, part A2 (Fig.3.10, section
3.6) which required sufficient data about LPW performance upon which to
base theories of LPW operation. These studies then,.filled a role
similar to the force balance tank tests in providing such data. While
the data itself was of a different nature than the force balance
measurements, its value in explaining LPW operation was of almost equal

importance.

This chapter describes the equipment and arrangements used for
these studies while the actual results and conclusions drawn from them
are included in with the general findings in the next chapters,

Chapters 9, 10 and 11 as well as earlier in Chapter 4.

Three main. areas of LPW operation were examined using

photography and a video taperecorder. These were:

1) Studies of the spray and wake formation of a single LPW

operating in open water, in the testing tank at Kainga.

2) Close-up studies of the LPW operating in flowing water

in a glass-sided tank; this involved stroboscopic studies.

3) Records of the model LPW craft in operation.

Although some findings from this third area were pertinent to
LPW operation, most were more relevant to the performance of the model
LPW craft itself, so these findings will be left to the chapter relat-
ing to the model craft, (Chapter 12).

The other two studies helped clarify the following issues:

(i) Wake formation and the generation of waves by the LPW:
an area which was largely overlooked by paddlewheel

researchers (as noted in Chapter 2).

(ii) Flow around LPW blades: a study advocated by Beardsley

as the next step in paddlewheel research. (1)

1. Beardsley, P.24
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Both studies were of considerable value in explaining LPW

and paddlewheel operation.

8.2 THE KAINGA TANK OPEN WATER STUDIES

The tank tests with the force balance involved the use of the
spray guard shown in Fig.5.29 to prevent the spray from the LPW
wetting the tank rails. This guard made observation of the spray and
wake formationg difficult during the force balance tests so a separate
arrangement was built specially for the photographic study. It invol-

ved three main structures:
1) A new rig to hold and power the LPW.

2) A large cover to keep spray from the rails and the
Rating Car, without interfering with spray and wake

formation.

3) Cameras and lighting with suitable mounts.

8.2.1 The Photography Rig

The rig is shown in Fig.8.1. It powered the LPWs by an electric
drill supplied from a variac which could be used to vary the wheel
rotational speed. The rig also had a screw adjustment to set the LPW
immersion depth. A horizontal, graduated rod was attached to the rig
just above the water surface to give a scale for the photographs, and
a car speedometer, calibrated in revolutions per second, was mounted
near the LPW and connected to the shaft so that, appropriately calibra-
ted, it indicated its rotational speed. A code plate was mounted
beside the r.p.s. indicator and codes on this identified the operating
conditions for each photograph. Figures such as 4.19 (C) and (D) show

these features.
The rig was mounted on a specially built frame which placed it
well clear of the rear of the Rating Car so that wake and spray condi-

tions were not obscured by it.

8.2.2 The Spray Cover

The spray cover was a structure measuring about 3 m X 2.3 m x 1.

and was sufficiently large to house the whole area under observation.
It is shown in Fig.8.2. Its framework was made to be readily attached
to the Rating Car handrails so that it could be quickly set up for the

photography days. It moved with the car. Because the structure was
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FIGURE 8.1: THE PHOTOGRAPHY RIG MOUNTED ON THE REAR OF THE RATING CAR

/5

FIGURE 8.2: THE SPRAY COVER FROM THE REAR: IT HOUSES ALL OF THE WATER
AREA SHOWN IN FIG.8.1
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covered with clear polythene it allowed lighting and flash units to
be shone through it. A white sheet was hung over the rear to help with
light reflection, and.to give some background contrast which would make

the waves more readily visible.

8.2.3 Cameras and Lighting

The ideal photographic record was envisaged as one where two
simultaneous high speed photographs from two different vantage points
could be taken just after the LPW blade had entered the water. A
series of five or so pairs of photographs would be taken with the wheel
rotating at different speeds, for each run down the tank. Such a group
of ten photographs would approximately illustrate the conditions in a
normal test run down the tank with the force balance. If such photo-
graphs, with a view from the front and another from the side could
always catch the LPW with a blade just immersed (the most important
point in the blade passage) useful comparisons could be made between

different wheels and blades.

In order to have enough data with which to make useful comparisons,
a photography series was planned which would cover both the standard
six~-bladed wheel with blade angles of 60° under all standard conditions,
as well as a representative sampling of other wheels and conditions.

Such a series involved close to 250 pairs of photographs.

A camera and lighting system to achieve thesé ideals was designed
as shown in Fig.8.3 and set up on the bench. It employed a pair of
Nikon motordrive cameras operated from a single switch and battery pack;
each camera contained enough film for 250 pictures which was sufficient
for a day's photography. Lighting consisted of a pair of flash units,
one for each camera, operated from a common power source and trigéer,

and supposedly, therefore, simultaneous in operation.

A magnetic pickup activated by the passing LPW blades triggered
a stroboscope for visual observations, and since the stroboscope in-
corporated a phase deviation control, the LPW image observed under
strobe lighting could be pogitioned as required with a blade just enter-
ing the water. A photoelectric SCR switch for the flash guns was to
be triggered from the strobe light to ignite the flash units once the

camera shutters were both open.



270. 8.2,

flosh units trigger circuit
power supply for flash units

camera 1 camera 2

flash
operated
SCR swifch ){J

strobe light

stroboscope
/—conh‘ol

[
ocoo0o0oO0 E
' 00000
LPW
magnetic pickup

for stroboscope

FIGURE 8-3 THE LIGHTING CIRCUIT AND THE CAMERA AND
LIGHTING ARRANGEMENT FOR THE OPEN WATER STUDIES
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8.2.4

A brief test run was conducted at the Kainga tank to check

equipment assembly procedures and to find the correct camera settings

for the light conditions, and a day was arranged when the photography

series could be carried out.

8.2.4 Outcome of the Open Water Studies

Unfortunately a number of things rendered two photographic

series somewhat less successful than they could have been. These were:

1)

2)

3)

4)

5)

6)

The paired Metz flashguns did not fire simultaneously and
had long duration flashes resulting in partially blurred

double images in many shots.

The photoelectric trigger for the flash guns, which worked
on the bench, and in the stroboscopic photography studies
(section 8.3) failed to work reliably at the Kainga tank,
with the result that the LPW blades were positioned

randomly in the photographs.

Although the flash gun triggering circuit included both
camera shutters, the flash units seemed to be triggered
by one camera only so that many shots from the other camera

were only half exposed.

One film of 250 shots was largely destroyed during

development.

Although the triggering circuitry was reassembled on the
bench, flashguns replaced, and circuitry altered to
accommodate capacitance effects so that it again worked
well, another day's photography to repeat the first day's
500 shots at the tank similarly produced double images
which were not synchronous with the stroboscope, and one

film with pictures only partially exposed.

A third attempt was not possible partly due to difficulties
in obtaining the use of the tank again, and partly be-
cause of the humiliation factor generated with the product-

ion of 1000 unsuccessful photographs.

However, the rather less than successful outcome was still a

large number of useful photographs of LPW wakes under varying conditions

of speed and immersion as well as a few shots showing blades just
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entering the water as required. A rare and successful pair of photo-
graphs of the long-bladed wheel from the first series of photographs

is shown in Fig.8.4, and these illustrate the intended results.

Table 8.13 lists the photographed conditions from both series.
Of note is the wheel coded O which was the solid cylinder of the same
dimensions as the LPWs. It was incorporated to illustrate the simi-
larities of the LPW wakes to those of a stationary or rotating cylinder,
and Fig.8.6 shows it operating in conditions similar to those shown in

Fig.8.4.

8.3 CLOSE-UP STROBOSCOPIC STUDIES

Close-up, underwater, high speed photographs of the flow around
LPW blades at the Kainga testing tank would have been ideal for blade
flow studies but it would have been a very difficult task to carry out.
Therefore an easier, but slightly less satisfactory arrangement was

decided upon for a first study of such flow conditions.

The Civil Engineering Department's Fluids laboratory has a glass-
sided channel 0.16 m wide by 0.7 m deep and 6.1 m long. Its maximum
flow velocity is about 3.2 m/s of supercritical flow at a depth of close
to 0.18 m. It can also pass deeper slower moving subcritical flow.
Since it was known that the two major modes of LPW operation were the
displacement and planing modes, and that these could be approximately
modelled with the LPW in conditions of subcritical and supercritical
flow respectively, it was decided to observe and photograph both modes
of operation in the flowing water channel, keeping in mind the limita-
tions of the arrangement. (These limitations are discussed in section

4.16).

Since the equipment and tank were within the University, time
could be spent in getting photographic and lighting equipment working
properly before photographs were taken.

8.3.1 Equipment Arrangement

The rig to hold and power the LPW was essentially the same as
the one used in the Kainga tank photography series. It was mounted on
the channel top, could be raised or lowered by its screw adjustment,

and was powered from a variac which controlled the LPW speed. It is

shown set up in Fig.8.7.
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FIGURE 8.4: WHEEL CODED 9.5, WITH LONG BLADES PHOTOGRAPHED IN THE

TESTING TANK SERIES IN THE HUMP CONDITION. NOTE THE WAKE.
CONDITIONS: D=242 mm, Vo=0.76 m/s, Fy=0.49, n=4.3 rps,
$=60°, d4/D=0.17, d=40 mm, c=25 mm, s=152 mm,






Vo=0.76 m/s, Fr=0.49, d/D=0.165, n=1 rps

MOTION

"FIGURE 8.6 :

‘ 1300E/14A

THE CYLINDER OPERATING UNDER CONDITIONS CLOSE
TO THOSE SHOWN IN FIG.8.4. NOTE THE SIMILARITY

OF THE WAVE FORMATIONS.
VO=O.76m/s, d/D=0.165, n=6 rps
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FIGURE 8.7: THE PHOTOGRAPHY RIG TOP, AND STROBOSCOPIC EQUIPMENT

IN THE BLACKOUT CUBICLE BOTTOM. NO WATER IS FLOWING

IN THESE VIEWS (STROBOSCOPE: BRUEL & KJAER MOTION
ANALYSER TYPE 4911)
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FLOW
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PHOTO OF THE PLANING CONDITION WITH A SINGLE
FLASH FROM THE FRONT.

CONDITIONS: STANDARD BLADES, SIDEPLATES,

¢ = 45°, 4 = 20 mm, VO = 2.85m/s, n = 6.3 rps

630/7

FIGURE 8.9: PHOTO AS FOR FIGURE 8.8 WITH STROBE LIGHTING, 20
DIFFUSED FLASHES FROM BEHIND
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632/15
FIGURE 8.10: PHOTOGRAPH WITH A SINGLE FRONT-LIGHTING FLASH
AND 20 BACKLIGHTING FLASHES FROM THE STROBOSCOPE

CONDITIONS: SIDEPIATES, ¢$=60°, d/D=0.19, n=67 xps,
V,=2.85 m/s, STD.DIMENSIONS, SUPER-
CRITICAL FLOW MODELLING THE PLANING
CONDITION

e fowen

13 [ sesprofse

632/32A

FIGURE 8.11: TRANSITION MODE PHOTOGRAPH: THE WHEEL IS IN THE
TROUGH CONDITION.

CONDITIONS: 12 BLADES, SIDEPLATES, Vo=0.79 m/s,
¢=45°, d4/D=0.25, n=5 rps, STD. DIMENSIONS, 12
BLADES, SUBCRITICAL FLOW
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The 15 Watt stroboscope was triggered from the magnetic pickup
near the LPW blades, and its phase deviation control and slow motion
option were both useful for observations. (Lighting and circuitry

arrangements are shown in Fig.8.12.)

A blackout cubicle was constructed around the tank close to the
LPW, to assist observation and photography. Scales, and labels
describing the operating conditions were simply stuck to the glass for

the photographs.
The standard 242 mm diameter wheel used for observation in this
study was fitted with 2 mm thick perspex sideplate discs out to the

blade tips, which were used in an effort to keep the flow two-dimensional.

8.3.2 Lighting For Photography

Some attempts were made to take high speed photographs of the
LPW in this tank using the camera flash alone, as shown in Fig.8.8,
but such pictures illustrated only the instantaneous cavity and splash
formations which did not represent very well, what could be observed
using the stroboscope. While the stroboscope could be hand-held for
observations the most satisfactory results when using it for photography
seemed to be where it was arranged to give carefully diffused backlight-
ing. Photographs taken with this lighting and a 1 second camera time
exposure looked like the one in Fig.8.9. During such exposures the
stroboscope light flashed about 20 times and this had the effect of
averaging the splash formations and the cavity surfaces giving a more
realistic image of conditions than a single picture would have given.
While such pictures were satisfactory the final arrangement was one in
which the camera flash gun was triggered once by the stroboscope light
to light up the front of the wheel, the scales and the coded label,
before leaving the stroboscope light to £ill in the flow picture with
the subsequent multiple flashes. The result of such an arrangement
is shown in Fig.8.10, demonstrating the planing condition and in
Fig.8.11 showing the transition zone. The circuitry and lighting layout

is shown in Fig.8.12.

8.3.3 Limitations and Scope of this Study

The confines of the tank, as well as affecting wave velocity
in the subcritical flow, (modelling the displacement mode) also

affected the water surface level in the supercritical flow where the
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camera = SCR switch
flash unit ——
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FIGURE 8-12 THE LIGHTING CIRCUIT (ABOVE) AND THE CAMERA

AND LIGHTING ARRANGEMENT (BELOW), FOR THE STROBOSCOPIC
STUDIES IN THE GLASS-SIDED TANK.
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planing mode was modelled. " The water surface in Fig.8.10 can be seen

to bulge upwards where blade-generated cavities are present. This is

simply a continﬁity effect caused when the blade cavity is thrust into
water which is bounded on three sides by the tank sides and bottom.

It would not be present if the LPW was in open water.

The closeness of the tank sides also amplified the effects of
bowsplash (where, in the planing mode, water is splashed ahead of the
wheel. See section 4.9.1). This splash tended to build up, partially
blocking the flow. While this did not model the open water case
either, it did provide a good opportunity to observe the onset of the

bowsplash phenomenon.

The observations and photographs in this study were therefore
largely qualitative in nature, so that while some approximate measure-
ments could be taken from the photographs the main value of the study
was to demonstrate the flow phenomena, and as such it became a useful
reference during the development of the analytical models of the LPW

performance, described in Chapter 4.

The series of photographs taken covered the flat-bladed LPW

conditions, and Table 8.13 summarises the variables photographed.

8.4 VIDEO TAPE RECORDER STUDIES

The Department's JVC wideo camera and video tape recorder provided
a further means of recording observational data, and videotaped records
were made of a few runs of the Kainga testing tank, both of the force-

balance operation and of the IPW on the photography rig.

A more extended series of videotaped records was made of the
tests in the glass-sided channel, and Table 8.13 also notes which
conditions were recorded in this way. Since these used the stroboscope
in its slow-motion operation the pictures were particularly useful for
subsequent observation, as more refined theories of flow around the

blades were developed.

A problem encountered was that the scanning rate of the video
camera, and the stroboscope flash rate were rarely synchronised so
that the picture appeared to flicker erractically. However this hardly

detracted from the value of the recordings for observational purposes.
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TABLE 8.13: SUMMARY OF PHOTOGRAPHS AND VIDEO OF LPW TESTS
(MODEL, CRAFT TESTS NOT INCLUDED)
WHEEL | DESCRIP- |m (;{fiigf;o,més) * g
CODE TN  |gdlo| 0.4 [0.76 1.72 | 2.36 | 2.85 2|4 FIGURE NUMBERS
; m 2 (0) (0.29)[(0.49){(1.12)(1.53)((1.85)| g
0 | cylinder |- % vV v Y v K 4.34, 8.6, 11.4
to 11.7
3 3 blades |45 Y Gs |/
4 4 blades | 45 v Ggs |
4 45 0.84 FW 8.14
4.75 Tyre + 9% | V| 0.44 {0.85 | 1.89 11.31
5 Roller- - Y 11.17
craft
6 std.Bladed 15 v Gs /| 9.15
6 30 vV Ggs
: i /e |
6 Standard | 60 | vV v vV v v K| 4.19, 4.32, 4.33,
9.5 to 9.9
6 60 v |as /| 4.19, 4.36
6 60 v FW 5.16
6 70 v Gs i/
6 90 vV Gs
6 90 v
7 Tyre - 90| /| 0.44 |0.85|1.89 11.30, 11.32
9.5 | Long 60 | v Vv K 8.4
blades ‘
11 Cupped 135 v K 10.15
12 45 0.79 Y Ggs /| 8.11
* K = Kainga tank,
GS = glass sided flqwing.water tank,
FW = flowing water tank.




CONDITIONS
STANDARD DIMENSIONS

¢ = 45°

4 blades

Vo = 0.9 m/s
VO/V = 0.5 top

®oco@g@owg@oegeo®

k 0.7 bottom

n = 2.4 rps top
1.7 rps bottom

d/D = 0.083 top
0.25 bottom

578/6

r/)/ \\FLOW

FIGURE 8.14: TWO PHOTOGRAPHS FROM THE 1978 SERIES SHOWING SPLASH
EFFECTS AS BLADES ENTER THE WATER
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8.5 OTHER PHOTOGRAPHS

Minor series of photographs were taken of the LPW in operation
during the 1977 and 1978 tests in flowing water, and these éeries
provided the starting points for the extended testing tank photography
series described above in section 8.2. While in these earlier records
no attempts were made to synchronise the photographs with blade entry,
some of the pictures have proved more useful than those of the Kainga
testing tank series because of the equipment malfunctions of the
latter, and because they were taken from a greater variety of viewpoints.

They have therefore been useful in subsequent analyses.

Two examples from the 1978 series are shown in Fig.8.14, and
these show two effects of blade splash just as the blade enters the

water where the blade and water surfaces are almost parallel.

8.6 CONCLUSIONS

These series of photographs and videotaped studies provided vital
information clarifying the areas of LPW wake formation, and flow around
LPW blades at entry and underwater. The findings from these studies
have been useful throughout the project as the theories havg been
developed, and more systematic examination of the LPW photographs is

undertaken in the next chapters.
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CHAPTER 9

ANALYSIS OF THE RESULTS FOR THE LPW

WITH FLAT BLADES

9.1 INTRODUCTION

Paddlewheel and LPW operation has been divided into four areas
governed by the speed of advance of the wheel: the static, displacement,
transition and planing modes. The theory section, Chapter 4, has
defined limits to these areas, and has related them to the wake forma-
tions generated by the wheel. Since an operational LPW craft would be
expected to run in the lést of these areas, the planing mode, this area
was concentrated on for the development of the impulse theory. This
chapter, then, examines how well the theoretical limits between transi-
tion and planing apply in practice, and how closely the impulse theory
and its accompanying predictions compare with the experimental results.
Where relevant it draws upon the paddlewheel literature for comparisons.
To conclude, it describes the development of coefficients which may be
used to modify the theoretical model for use in the design and

performance prediction of ILPW craft discussed in subsequent chapters.

This chapter then fulfils parts 2 and 3 of the secondary aims
loop in Chapter 3 (Fig.3.10) and allows the focus of the project to
return from data gathering, to concentrate on assessing the value of

the LPW concept.

9.2 RESULTS FROM THE TANK TESTS

This section examines the results from the LPW tank tests.
These are in two forms, firstly the plotted data measured by the force
balance described in Chapters 5, 6 and 7 and secondly the photographic

records described in Chapter 8.

9.2.1 Measured Results for the Standard Wheel

The measured results from the tank tests with the force balance
were stored on easily handled 19-plot assemblages as described in
section 7.7 and shown in Fig.7.7. This figure is repeated and enlarged
as Figs.9.1l, 2 and 3. This data was not presented in the more conven-
tional dimensionless form as it was seen as important to have the plots
representing the real situation as closely as possible, to aid in an

understanding of the many variables involved.
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A large number of the points covered in the theory section may
be readily identified in the plots shown in Figs.9.1,2 and 3, which
is the set of data for the standard wheel used in the development of
the theory sections. Each individual plot contains five curves, one
for each of the five immersion depths used. The curves may be dis-
tinguished by the symbols used to represent the actual data points as
given in Fig.9.1 (Chapter 7 contains-a description of the individual

plots, and Fig.7.4 shows a plot in an enlarged form).

Each column of plots represents the resuits for a different
velocity. Figure 7.7 shows the static mode on the left and the planing
mode on the right. In this chapter this figure has been enlarged and
broken up so that Fig.9.1 shows the static mode and Fig;9.3 shows the
planing mode. The top row of plots is the lift force measurements,
the second the thrust, the third the propulsive efficiency (no propul-
sive efficiency can be given for the static mode) and the bottom row
the power consumed at each speed. The variation of the measured

forces with the speed of advance, VO, will be examined first.

9.2.1.1 LPW Forces in the Plotted Data. The lift and thrust

forces in the static condition (Fig.9.l1l) can be seen to increase with
wheel revolutions to an apparent limit. This limit, as described by
Beardsley (1), is governed by the rate at which the water can be
Sﬁpplied to the wheel by the gravity-induced flow into the cavity that
the moving blades scrape out. 'The more deeply immersed the wheel is,
the greater the water spouting velocity into the cavity (1) and so the
greater is the mass supplied to the rotor and consequently the greater
are the forces before they reach this limit. Thus the forces, both
1lift and thrust, increase with immersion depth and with wheel revolu-
tions up to this expected limit. These results agree with those of

Beardsley. (1)

The next column in this case, in Fig.9.2 represents a velocity
in the displacement mode. For this, the standard wheel, it is 0.4 ni/s
or a diametral Froude Number of F, = 0.26. Both lift and thrust
forces again increase with wheel revolutiong and with immersion depth
to the mass supply limit noted above. It can be imagined that once
the blade tip speed is much greater than the speed of advance of the

wheel (0.4 m/s) the mechanism of flow into the wheel cavity is much

1. Beardsley, P.20
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the same as it was for the static condition, with a small additional
flow into the front part of the cavity being largely balanced by a
decreased flow into the rear part. So for displacement operation the

forces are not unlike those for the static case.

The third column or in this case the second column in Fig.9.2,
is of measurements taken at 0.76 m/s (Fr = 0.49), and this represents
the transition zone for the smaller two immersions (10 mm and 20 mm
with symbols * and +). For all immersion depths, in both the 1lift and
thrust plots, the forces can be seen to reach upper limits at much
lower wheel revolutions than they did in the displacement oxr static
modes. This is because the wheel is now beginning to operate in the
trough condition of the transition mode (see Figs.l.5, 4.32(B),
4.32(C), 8.4). The immersion depth of the wheel has, in effect been
decreased by the formation of the wave trough which almost coincides
with the wheel curvature. This limits the mass flow into the wheel
cavity so that the force limits are reached sooner. Both 1ift and

thrust forces, however, still increase with immersion depth.

The next column, column 1 in Fig.9.3, with the speed of advance
VO = 1.72 m/s (B, = 1.12), represents the early planing condition for
all immersion depths. (See Figs.4.33 and 4.36.) What has happened
now is that, in Beardsley's terms: "the speed has become so great that
the rotor is running away from the cavity before gravity-induced flow
can supply it". (1) Now all the mass supplied to the rotor is horizon-
tally entrained through the front. The mechanism of force generation
has change