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Existing Technology
Horizontal axis tidal stream plant will enjoy a strong transfer of technology from wind energy
with equations modified to take account of the much greater density. Some of the wind
problems such as rapid power fluctuation, gravitational and centrifugal stresses are much
reduced. Vertical axis and reciprocating foil designs have less transfer.
The new problem areas are:
Bio-fouling.
Cavitation and corrosion.
Long-life sealing against higher pressures in a potentially abrasive medium.
General uncertainty about detailed soundings and stream velocities.
Uncertainty about the velocity texture of the flow pattern at a given site.
The output impedance and forcing function of the site and the effect of high channel
filling-fractions on other channels.
Wake vortices especially for vertical axis.
Disconnection of power input both during installation and following a loss of the
electrical cables.
High installation, access and removal costs.
The effects of underwater sound on marine life.
Particular hardware requirements are:
High-torque, low-speed power conversion with variable speed input connected to a
synchronous network (as also needed for wind).
Geometrically tolerant, compact bearings with high loads but low speeds, suitable for
underwater use.
Material finishes which give hydraulically smooth surfaces combined with cavitation and
corrosion resistance and techniques to reduce skin friction drag for the rings of verticalaxis plant.
Cavitation resistant hydrofoil sections.
Pitch-changing mechanisms and controllers.
Easily deployed anchoring systems with very high load capability. Different designs will
be needed for the various types of sea bed geology.
These will now be considered in detail.
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Bio-Fouling.
The static panels deployed off South Uist by the Scottish Marine Biological Association at
Dunstaffnage produced results more frightening to wave energy people than predictions of
extreme loads.
Some of the anti-fouling treatments such as tri-butyl tin are toxic in very small concentrations
and their use has exterminated marine life in some yacht harbours. This would be quite
unacceptable in places such as Orkney where the reputation for the purity of sea food is an
important, even vital, economic asset. It is likely that cladding with copper or cupro-nickel
would be the greatest level of toxicity that could be accepted.
There is some anecdotal evidence that the fouling rate is greatest when ships are moored in
tropical harbours and that a continuous movement makes it harder for marine organisms to make
their initial attachment. This would justify the reverse operation of rotors in slack water with
power drawn from the grid. For untwisted blades which can be set at zero angle of incidence,
the necessary power is surprisingly small.
There is also anecdotal evidence that fouling can be prevented locally by the fitting of a powerful
hi-fi system to the outer wall of a cabin below decks. This suggests that sonic and ultrasonic
techniques should be investigated.
I have begun work on the design of a fouling test rig which would consist of a floating platform
with a number of motors which could spin a number of disks or drums clad with various surface
treatments. A sketch of the design is given in figure 1. The platform would be moored at a site
which would have the same biological conditions as a likely tidal stream site but with reduced
wave action. Power to drive the three-phase induction motors would be supplied from the land
through variable-frequency inverters mounted on the platform which would be used to control
the spin velocity of each disk set. The real current drawn by each motor can be sensed by a
magnetic loop and would give an indication of the torque needed to spin the disk and so measure
the progress of fouling growth.
Such an experiment would also confront many of the mooring, electric-cabling and sealing,
fatigue and corrosion problems of tidal-stream plant as well as giving information about fouling
at the velocities we expect to use. I have argued previously that renewable energy devices are an
expensive way to relearn the basic and painful lessons of marine engineering. A series of
mishaps to the platform would be much less of an embarrassment than any to a power generation
device. The longer that the platform is run the better will be the value of the results and so it
should begin as soon as possible. The fouling test platform above could carry small rotors with
pairs of hydrofoils to test for cavitation resistance of candidate materials.
The key design problem seems to be the safe location of fairly heavy test rigs by a coupling
which also allows easy inspection and replacement. This is not easy on a moving platform
where a shift of the position of the centre of gravity is undesirable. We must recall the
expression ‘loose cannon’. A solution is to mount experiments on a pair of clamp plates joined
by rectangular section tubes which carry plastic bearing pads. The combination would act like a
saddle and be tied to a large (42 inch) mild-steel tube with a girth strap. The equipment would
be designed so that its centre of gravity was close to the centre of the tube. To examine the
progress of fouling growth, the girth would be loosened a little and the saddle rotated by pulling
with a Tirfor at a suitable connection point. The contact between plastic bearing pads and
mounting tube would be nicer if it could be clad with a thin shim, say 0.5 mm of cupro-nickel or
stainless steel, with junction to the mild-steel protected by epoxy paint.
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Figure 1. The component test frame exposes a variety experiments to the chemical
and biological conditions expected .
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Cavitation and corrosion.
Cavitation occurs in a very wide range of hydraulic mechanisms. It is often possible to redesign
parts so as to avoid it. However with any tidal stream device near the water surface we should
design so as to be very close to, but not quite at, the cavitation border at the highest working
velocity. This is because the faster we can move the lower will be the torque input to the power
conversion mechanism and we can expect that, for low speed plant, the capital cost will be
closely related to the peak torque. The problem will be less serious for deeply submerged plant
because of the lower velocities near the sea bed and the higher standing pressure.
Variable pitch foils can be expected to be able to operate close to the cavitation onset for a larger
fraction of the time than fixed-pitch designs. With the right controls it would be possible to
change the pitch settings on line to suit any variations of cavitation with temperature and to use
different pitch angles for different depths. The peak cavitation point will be close to the nose of
hydrofoils and the edges of drag plates. Andreas Rodewald, working on a student project at
Edinburgh University, has used FLUENT software to calculate the local pressure coefficients of
hydrofoil sections. He produced a section with a considerably lower peak negative pressure
coefficient than the NACA 0018 but with equally good lift and drag coefficients.
The cavitation problem has been closely studied by Rolls Royce Marine (formerly Brown
Brothers) for its effect on the hydrofoils used by ship stabilisers, which are very close to the
needs of tidal-stream hydrofoils. Their chief designer, Bill McDiarmid (+44 (0)1383 823 188,
bill.mcdiarmid@rolls-royce.com) is familiar with our needs and will advise.
Cavitation and corrosion are intimately related and some materials or coatings, perhaps with
local resilience, may help reduce the problems of both. It is known that the protection of
materials like stainless steel is due to a thin but strong oxide film which protects what would
otherwise be an easily oxidised surface, because its volume is the same as that of the parent
metal. However, at water velocities of the order of those to be used for tidal streams, the oxide
film can be washed away and all protection can be lost. We should test both materials and their
attachment to foils in the correct chemical and biological conditions and at the same velocities as
will be used at full scale.
Sealing
The gutter seal designed for the vertical-axis rotor is subjected to very low pressure differences.
It can be assembled with no rubbing surfaces, which is fortunate because its rubbing velocity
would be high. The horizontal axis designs must provide a seal against a pressure of 10 to 20
metres of water. This must tolerate pressure changes caused by tidal rise and fall and the
abrasive properties of silt. The seabed plant will suffer an even higher pressure and the even
greater concentrations of entrained sand caused by the turbulent flows near the bottom. Unless
seal manufactures can provide test data in appropriate conditions such as those of the stern tube
of a ship propeller shaft, we will have to test the seals ourselves. The fouling platform described
above could carry seal test modules along with fouling experiments.
The sealing problem is intimately related to the bearing problem because seal failure will spoil
bearings and poor bearing location will upset seals. It may be possible to reduce the severity of
the outer sealing problem by a trickle feeding filtered sea-water out of a mechanism. This
possibility is discussed in a later section on bearings.
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Velocity and velocity texture
An excellent source of stream velocity data has been collected by Ian Bryden (+44 (0)1224 262
301,I.Bryden@rgu.ac.uk) for some of the channels round the Orkneys. I have asked Ian Bryden
to submit his own comments on research requirements to Tom Thorpe. However, in general for
the UK, the published information in the Admiralty tidal stream atlas is adequate only for
navigation. It provides information on surface currents in a coarse local detail but we know that
in some places currents at lower depths can be in different directions. Bryden has also shown
that some sites can show variations between days at the same point in the tidal cycle. It is certain
that the Admiralty have very much more detailed soundings of any area in which submarines
might be used; it may be that they also have more detailed sources of current data and could be
persuaded to declassify both sets of data.
I was astonished to find how large local velocity variations could be for wind energy. A prudent
assumption is that a three-bladed wind rotor will sometimes produce its entire power from just
one of the blades. We have no evidence to suggest that tidal streams will be any better and
indeed eddies and overfalls can be seen from the shore and are shown on charts where currents
meet.
We may be able to get a feel for the velocity texture problem by deploying a light, freely-floating
triangular frame made from crane booms with buoyancy at the corners as shown in figure 2. By
releasing air from one corner we could make it sink to the vertical and raise it by a subsequent
inflation. Each end of the top boom would be fitted with a differential carrier-phase GPS system
referenced to a static GPS unit on land. The boom length would be of the order of the blade
length of a turbine. Averaging readings from the ends would give the mean surface flow and the
differences between readings would show the azimuth. The booms could be fitted with local
current sensors at, say, metre intervals along the sides of the triangle.
Hot wire sensors give velocity but not direction unless they can be encased in a tube. A
spherical ‘hedge-hog’ on the end of a strain-gauged beam will give a square law response in two
axes very easily and, with not much extra effort, in the third axis with a strain gauged beam
across the diameter of the hedge-hog. Practical hedgehogs could be made by wrapping
Scotchbrite scouring pads round a cistern ballcock. The square-law response of drag on the
hedgehog might not be a disadvantage.
Sonar Doppler or pulse-transit-time sensors can give full three-dimensional velocity data and a
linear calibration. We used piezo-electric transducers for a pulse-transit 3D-wave gauge. The
normal response to a square wave drive is a ting like a bell which generates a large number of
cross-overs at the receiver. However by pre-shaping the drive signal to make it be a timereversed version of a ting, which we may call a ‘gint’, we obtained a single, dominant cross-over
and a spatial resolution of 0.025 mm at a range of 1.5 metres. This is one part in 60,000 and so
we should be able to detect currents which are 1/60000 of the speed of sound in water ie 25 mm
per second. Even greater precision is possible using phase-sensitive detection techniques but this
does not seem necessary for blade fatigue predictions.
The frame would be released from a parent work-boat which would accompany it for a traverse
through a passage and rescue it from any dangerous collision. It might be possible to support a
boom with slightly negative buoyancy from two low-drag floats containing the GPS systems so
as to get data from lower depths.

5

Figure 2. The velocity-texture measuring frame is left to drift freely along a tidal channel
with position recorded from GPS receivers at each end of the upper side.
Local deviations from the mean are recorded from sensors along the side.
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Channel Impedance
A single tidal stream generator in a wide flow field would be expected to behave like a wind
turbine and be limited to the 16/27 Betz efficiency with maximum performance when the exit
flow velocity was reduced to one third of the free stream. Installing one unit would have very
little effect on flows in, say, the Bristol Channel. However it is interesting to ask what happens
when a bank of closely-packed rotors fills a large fraction of a channel. The water cannot go
through the sea bed. It cannot flow through the channel walls. It cannot easily flow above the
rotors. The bank of turbines is now behaving more like those in a closed duct with potentially
higher efficiency. But we also have to ask if this would affect the size of the resource. At one
extreme we might have a long channel with a high inertia converging from a wide entrance
which behaves like a source of defined flow which would build up sufficient head to overcome
any obstacle. At the other we might have a short channel which behaves like a source of defined
head which can supply flow according to the opposing resistance with no problem about
presenting that head to a complete blockage.
Real channels will behave somewhere between the two extremes described above in a way
which will depend on the local geography. We have to understand where they lie. If the channel
shows some tendency to high impedance, banks of rotors placed in series can increase the size of
the resource to some point set by the water levels acceptable to coastal dwellers. There might be
a level difference of, say, 0.5 metres for each bank. An initial estimate of acceptable rise would
be to have the present maximum spring level through the entire month. In this way there would
be no coastal flooding and the constant maximum area of exposed mudflats for wading birds.
A second question is how the presence of a bank of turbines will affect the natural frequency of
the ocean-to-channel system. If a particularly attractive channel gets its high velocities from
resonance, we could be measuring energy from the last tidal cycle on its way back. Installing
turbines will certainly damp resonance and could also change stiffness in a way that could either
detune a good channel or tune up an apparently unpromising one.
A third question is the extent to which installations in one channel will effect flow rates and sea
levels in adjacent ones which are part of an arbitrary network of channels and pools. We can get
some feeling for the problem by looking at phase differences from point to point. Phases are
indicated by the times of high water. Ignoring local harmonics, the fundamental tidal period is
747 minutes so an hour of difference represents 29 degrees of phase. For example the difference
in the times of high water at Sumburgh and Hillswick in the Shetlands is 2 hours 25 minutes,
representing nearly 70 degrees of phase shift. Time differences across the Orkneys, say between
Stromness and Kirkwall, of 80 minutes or 39 degrees, show that reactive terms are certainly
detectable, probably significant but not dominant. Quite small amplitude changes especially at
high spring tides could have very expensive implications and so our understanding must be
complete before any large-scale installations are planned. The double frequency tides of the
Solent side of the Isle of Wight show how complex the problem can be.
Finally we may be able to advance or delay power generation from a turbine bank so as to
change the reactive parts of channel impedance to improve its resonance relative to the excitation
period in the same way as can be done in wave energy. Here tidal streams have the advantage of
a very narrow frequency band. We could also advance or retard generation to suit the short-term
market price of electricity which can change sharply over a 30 minute period.
Ian Bryden has written software to predict channel behaviour as a function of channel shape and
forcing function. This could be made available to other users. There are a number of commercial
software packages, notable the DHI software known as MK1 used by Tony Lewis in Cork; and
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Aquadyne, designed for estuaries and river bends, a version of which has been used by the
Portuguese wave energy teams for the study of oscillating water columns.
If it is thought desirable to confirm the predictions of a software package we could reproduce
most of the effects by making a scale model, sized between five and ten metres square, of an
estuary or island group. The model would have a stiff steel frame and be filled with water to the
correct mean sea level. The drive from the Atlantic and the North Sea can be represented by
movable side-walls or by raising and lowering blocks with slightly negative buoyancy. While it
would be fascinating to test an accurate model of Scapa Flow and the Pentland Firth, we could
gain confidence in numerical predictions with much simpler abstract shapes of channels, pools
and islands.
The two uncertainties of very small scale models are surface tension on the top layer of water
(which becomes comparable with gravity for waves of a few centimetres length) and bottom
roughness which may not reproduce the correct boundary layer. I am advised by Ian Bryden that
this requires a Reynolds number referred to channel length of about 106. It may be possible to
reduce surface tension with additives to the water. Turbulence is often deliberately induced in
tank experiments with wires and oversize texture. One interesting possibility might be to fit a
channel entrance with a heating element so as to produce both local turbulence and lower
viscosity. A rise from 15 to 60 C wins an increase of Reynolds number by a factor of 2.4 which
can quickly be triggered and removed. However, if the software package allows, we can change
its settings to the wrong Reynolds number and see if it agrees with the small-scale results.
Wake vortices
The torque applied to a rotor will give the water an equal and opposite angular acceleration and
so leave energy in the wake. We have to expect that this will be proportionately higher for slow
tidal stream plant than for high-speed wind turbines. It is easier to visualise the wake vortex of a
horizontal-axis machine than for a vertical-axis one. This vortex might be a hazard to swimmers
and small boats and we must quantify its magnitude. It is also interesting to ask what happens to
the vortex energy from a pair of closely spaced counter-rotating vertical-axis rotors.
Disconnection of power input
The moment-controlled blades of our vertical-axis rotor will align themselves with the actual
local current direction, no matter what it might be, if the common supply pressure to their
actuation rams is leaked to the tank. We can expect that any pitch-controlled blade operated by a
removable pressure as opposed to a non-reversible, such as a worm and screw, would do the
same. This is very convenient for installation. However we have to ask what would be the
effect of the sudden loss of output torque on a rotor which cannot change pitch and which might
already be working close to its cavitation limit. This loss of load torque could well be the result
of some switch-gear failure on land, quite unrelated to the operation of the plant at sea. An
unloaded rotor will speed up until the reduced angle of incidence produces a reduced torque
equal to the drag torque on the rotating parts. This would happen at an angle of about two
degrees so that if the rotor had previously been operating at an angle of, say, eight degrees, the
speed would rise by a factor of four. This would not lead to centrifugal stress problems in the
blades but it might well do so in a generator connected by fixed ratio gearing and it would
certainly induce cavitation. Regulations for on-shore wind require two independent braking
systems, both of which must be able to operate in the event of loss of power. We must expect a
similar requirement for tidal streams. Low speed brake design for multi-megawatt wind turbines
is an interesting problem and will be even more so for the higher torques of tidal streams. High
speed brakes placed after a speed-increasing gearbox do not protect from shaft or gear failures.
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Installation, access and removal
These activities could represent a large part of the cost of tidal stream plant especially if initial
numbers are small. The seabed attachment must be rated for a force of the maximum power
rating divided by the stream velocity multiplied by about 1.5 plus an allowance for wave loads.
The attachment will have to resist forces in both directions and in some cases there will be both
vertical and side components as well as some variability in the actual current direction. Forces
on larger rotors could well be bigger than the biggest anchors used today.
Peter Fraenkel of Marine Current Turbines is confident about the performance of monopile
foundations in water depths suitable for horizontal-axis tidal stream plant. There is a growing
volume of experience in their use in the field of offshore wind energy. He argues that soft sea
beds may need deeper piling but that it is then easier to drive piles into them. Monopiles become
less attractive for deeper water because of the greater bending moments and it would be useful to
establish the rate of cost rise and performance reduction as water depths and power ratings
increase.
At a good tidal stream site divers would have only a few minutes either side of slack water in
which the velocity was below the safe maximum. At sites with fine silt the high water velocity
will churn up the bottom layers to give virtually zero visibility. In periods of normal offshore
activity jack-up platforms are affordable only for initial experiments and for the once off
installation of a large number of units over a short period. We need to look into the availability
of bottom-crawling vehicles which could bore holes, lay protected cables and make connections.
Vertical-axis turbines are vulnerable to wave loads. Initial tests have shown that with the water
depths likely to be used, the tension leg moorings of floating plant can be subject to severe
snatch loads when they retighten following any slack. They may need shock-absorbers which
would be capable of generating large amounts of energy if not in a useful form. The Edinburgh
group is studying the use of a pair of triangular frames of post-tensioned concrete with a section
sufficient to just prevent buckling. These would be used to attach a pair of contra-rotating
vertical-axis rotors. They could be made slightly negatively buoyant but with tethers to surface
floats supporting a hose for the pneumatic addition of buoyancy to allow them to rise to the
surface.
Good tidal streams are found at sites with well-scrubbed rocky bottoms, such as in the Pentland
Firth, layers of big boulders as in Norwegian Fjords and soft ooze such as in the Bristol Channel.
We would expect very different solutions for such very different sea-bed geology. A posttensioned pile head was described at the Patras conference and the drawings are reproduced here
as figure 3.
Personnel access to floating structures from small boats with a similar heave response is easier
than to fixed ones. It may be possible for pile-mounted plant to use an idea proposed for
offshore wind. This has a ‘cotton reel’ around the pile which would usually be locked above
maximum wave crest but which could be lowered to the sea and would be able to slide up and
down the pile with the same heave response as the work boat. It could be fitted with a split
fairing like the front half of a hydrofoil and could rotate about the pile to point in a downstream
direction. This fairing would reduce vortex shedding and provide a small harbour for
approaching craft. We need to plan for the rescue of people who fall into the water at periods of
peak stream velocity in the dark mid-winter.
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Figure 3. The post tensioned sea-bed attachment described for the EC Patras conference has
compressive stresses in the rock and constant tensions in the vertical wires.
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The installation of some designs of anchors would be complicated by submerged wreckage or
cables from abandoned fishing gear. Such obstructions are very common in some sea areas. Not
all of them are just passive metal. During the two world wars, Germany and Britain between
them deployed 600,000 sea mines which contain 250 kg charges. Only 180,000 have been
accounted for. Until the Oslo convention of 1989 it was common practice to dispose of outdated
munitions by sea dumping. This did not always take place in designated areas and quite often
occurred en route to them. Golf balls lost by seaward drives from courses in Scotland can turn
up years later in Norway so that even legally dumped items can be moved by the sea. There are
claims from Radar World (Colin Stove +44 1875 408170, enquiries@radar-world-ltd.com) that
underwater ground-penetrating radar can detect and identify very small discontinuities in the
structure of a sea bed. It would be prudent to carry out radar surveys of tidal sites, especially any
down current of a dump site such as Beaufort’s Dike.
Standards of acceptable environmental behaviour are likely to increase. It would be reasonable to
demand that anything that we put into the sea must be capable of complete later removal or, at
the very least, we must leave a clean sea bed with accurately recorded positions of residual
material.
Underwater sound.
All gears and hydraulic systems will generate some noise, and badly designed ones can generate
lots. The coupling of noise from a steel casing to surrounding water has a good impedance
match and so will be very efficient. The attenuation of low frequency sound in water is low,
especially if it is travelling between reflection layers, so that the inverse square law does not
apply. Many marine creatures have sensitive hearing and use sound for navigation,
communication and sonar, all of which may be upset by high background levels. They also have
devoted human supporters who will be able to stop planning permission unless we can prove to
them that our installations will produce sound levels below those of other sound sources such as
ship’s propellers and breaking waves. A consoling factor is that noise from a machine is an
indication of a potential design problem and that stiff sound emission rules will lead to better
designs.
Underwater noise is of great importance to submarine warfare and the United States has a
network of hydrophones across the North Atlantic to detect Russian submarines. There will
certainly have been installations at the approaches to Scapa Flow which may still be operating.
It may be possible to get access to some of these data in a form which can give us the present
sound power levels, but decisions involving declassification of military information can take so
long and have so many strings that it might be quicker to obtain our own. Hydrophones could be
attached to the texture-sensing frame described above.
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PARTICULAR HARDWARE REQUIREMENTS
Power conversion
The rotation speeds of tidal stream rotors will be one-third or less than those of wind turbines of
equivalent power and so the input torques will be proportionally higher. The wind turbine
pioneers had a miserable time with their gearboxes which may not yet be over. Torque will be a
direct driver of cost. The vertical-axis configuration grew out of its ring cam pump and this
allows everything to be kept out at the full diameter of the rotor. A quad ring cam takes forces in
two directions across a very short distance. This gives it an astonishing torque-to-weight ratio
and greatly reduced needs for rigidity and precision. Furthermore the electronically-controlled
poppet valves give the variable displacement needed to combine a correct blade-to-water speed
matching with true synchronous generation and an accurately defined upper limit to the
transmission stresses. However nobody has yet built a ring cam of the size (50 metres diameter)
that would be needed for a large tidal stream rotor so we would have to start a new industry. To
get true rolling, all lines on surfaces on opposite faces of the cam must meet at, or very close to,
a common point lying on the axis of rotation. The position of this point will set the angle of the
taper rollers. This shape is not convenient for any current machine tools.
One way to build a cam would be from separate ‘beads’ pulled together by wires such as those
used for post-tensioned concrete. The beads could be cast and then given a first grinding on a
machine such as the one shown in figure 4. This exploits an interesting property of a mechanism
known as the Peaucellier cell. This was the first linkage which could generate a true straight line
using only the equality of lengths of pin-jointed links. It has the further property that by making
the lengths of two links slightly different, it can generate true circles of very large radius. This
allows us to rotate a workpiece about a distant centre.
The geometry of the rise and fall of the cam lobes can be achieved with errors less than the
Hertzian compression, using small changes to a parallelogram so that lines projected through
previously parallel links meet at the generating centre of the roller cones.
Ring cam development intended for hydraulic power conversion for offshore wind is being
carried out by Artemis Intelligent Power (Contact Win Rampen +44 131 650 5700
W.Rampen@ed.ac.uk) and nearly all their results can be carried over to tidal streams.
If horizontal-axis turbines are limited in diameter by root bending moments and water depth then
they should be able to use conventional epicyclic gears, benefiting from the lessons learned by
the wind industry. They can also benefit from advances in electronic frequency conversion. The
peak torque ratings of a gearbox are related to the question of velocity texture discussed above.

12

Figure 4. A machine tool for grinding the quad ring cams needed for power conversion in large,
vertical-axis tidal rotors. The Peaucellier linkage constrains the work piece to move along an
arc of very large radius while the slightly non-parallel ‘parallelogram’ makes all radial lines
meet at the correct point along the rotor axis.
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Bearings
The vertical axis rotor has the further requirement to provide a very large and geometrically
tolerant bearing to take the horizontal force from the rotor and also any vertical force to give it
acceleration in heave. The bearing function could be done by fitting extra rollers and
differentially controlling the pressure to which they are connected. I feel we will be more
confident about this second, very demanding, requirement when we have the ideas proved in the
wind application.
The bearings for the horizontal-axis rotors are well within the range of off the shelf units. The
radial and thrust forces could be taken by a pair of SKF 45-degree spherical roller bearings. The
recently-introduced Carb bearings have nearly as much tolerance for angular misalignment as
spherical rollers but can also take large amounts of axial location error. The common technical
problem of avoiding alignment errors with the bearings of a transmission chain would be
avoided if the gearbox designers could be persuaded to produce a unit which had bearings
suitable for taking the rotor loads so as to avoid the need for universal couplings between them.
This happy outcome has not yet been achieved for wind energy.
There may also be a need for bearings to allow variable pitch. Here the vertical-axis design has
the advantage of supporting blades at both ends and so avoiding the leverage increase inevitable
for variable-pitch blades in horizontal-axis rotor. However it suffers the disadvantage that the
ring frame structure cannot be made with high initial accuracy and must be allowed to deform
under load. A useful initial design rule is that, if a cheap steel structure deflects by much more
than 1000 micro-strain it will eventually have fatigue problems and that if it is strained by less
than this it will be too heavy and expensive. Even higher values of strain can be accepted in
more expensive materials provided that they are isolated from sea-water.
There are now plain bearing materials such a Glacier DU-B which can take very high slow loads
in salt water. Unfortunately the blade pitching velocities are reversing and too slow to obtain
any hydrodynamic benefits. Life calculations are likely to be unacceptably short.
Rolling bearings are fine for the main shaft of a moderate-sized horizontal-axis machine with
continuous rotation but they can be unhappy if they are subjected to a large number of
movements through an angle that is small compared with the spacing between rolling elements.
This could be caused in pitch bearings by flutter near stall or any high frequency signal in the
control system. Rolling bearings which can provide spherical freedom use an undesirable
amount of radial thickness. Bearing load is better by about 20% with a static outer and a moving
inner but this conflicts with the use of an inner spar as a structural member.
The ideal bearing design would fit inside the thickness of the blade, which could be 18 % of its
chord, but not reduce the strength of any spar inside it. It would also have water seals able to take
any deflection errors or else be able to work in sea-water. The bearings of the vertical-axis rotor
provide simple support at both ends of the blade. This reduces bending stress in the blade by a
factor of four relative to a cantilever support. However the bearings must accommodate
deflections corresponding to the extensions of the diagonal bracing wires which, we estimated
would be 2 degrees, as well as the bending deflections of the blades. A pair of bearings must take
loads of approaching 1 MN.
It may be possible to avoid the problems of rolling bearings and seals by using hydrostatic
bearing technology with bearings pressurised with filtered sea-water. A tentative bearing design
based on one produced for the JOULE wave energy program, shown in figure 5, consists of a
static member in the form of a plug which fits into the ends of the columns which form a
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Figure 5. A hydrostatic bearing allows 2 degrees of misalignment for the variable pitch blades.
‘squirrel cage’ between the rotor rings. Each plug is bored to take six pads which have
cylindrical outer surfaces mating with the inner surface of a tube which forms the foil structure.
This means that there is no loss of radial space to compromise the strength and stiffness of either
blades or their support frame.
This inner surface of the tube in the blade is clad with Glacier Vandervell DU-B and so is
compatible with sea-water. The pads are pushed outwards by the energising pressure but are
prevented from actual contact with the outer surface by the rising pressure in their pockets as the
gap closes. Each of the six pads can tilt by two degrees and advance radially. The radial
movement of three adjacent pads is coupled to spool valves with ports which control the incoming flow to that pad and also the flow to the pad on the other side of the bearing. A blade
force which tends to move a pad inwards will move the spool so as to increase the flow to that
pad and reduce the flow to the opposite one. This arrangement of master and slave pads allows
the bearing to use almost the entire range of the supply pressure in either direction. Following
the failure of the supply pressure the bearing would exploit the plain bearing capability of
Glacier DU-B with a life of about a month so that catastrophe is not instantaneous. The low
viscosity of sea-water means that the pocket in the pads must have large land widths.
The design requires a very reliable supply of well-filtered high-pressure sea-water from a longlife pump. We can reduce the filtration problem by restricting (rather than sealing) the exit flow
from the bearings so that a large fraction of filtered water is returned to the pump. Even so we
will need to switch filters between supply and back-flush modes.
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Satisfactory pumping of unpleasant liquids can be achieved by using a nitrile rubber hose
containing the hostile fluid with ceramic ball and polyurethane cone valves at each end. The
hose is alternately compressed and released by a cycling pressure in a more benign liquid such as
hydraulic oil which surrounds the rubber.
If the blades have a thickness of 18% it is possible to choose a skin thickness to make them
neutrally buoyant so the requirements of the axial location will be very much reduced.
Most of the development of the bearing and its bench tests on a deformable frame can be done at
a conveniently small scale, perhaps 200 mm.
Pitch change mechanisms
The cavitation problem enforces rather low ratios of tip speed to water speed and so increases the
angle of incidence of water relative to blade chord line. Vertical-axis rotors in good sites will
experience a large range of angle of incidence and consequently will risk the high drag losses
associated with stall. They will need pitch adjustment more than horizontal machines.
The proposed design for the pitch changing mechanism of the Edinburgh rotor makes no attempt
to define the pitch angle relative to the current vector or the machine frame. Instead it defines
the maximum value of the moments on the blades with a mechanism which can yield to higher
ones by the amount required to reduce the moment to the chosen value. We believe that a pitch
change should start at an angle of incidence of about 9 degrees and that the blades should track
the apparent direction of approach of the water for any angle above that.
A mechanism to do this is shown in figure 6. It consists of two hydraulic rams which are driving
to apply a force to two semicircular cut outs in a plate and also to be in contact with sockets at
the ends of a cross-arm on the blade. This arrangement is not kinematically exact but with
accurate machining and hard polyurethane rod ends we can get acceptably low rattle.
The blade rotation axis is placed forward of the centre of hydrodynamic pressure. The
mechanism will appear locked with the blade chord line tangential to the rotor until the moment
on the blade exceeds the pre-load of one of the rams. This will then compress, driving oil back
into a source of defined pressure, but will leave the other ram still forced against the recess in the
plate. The rams can be connected to a common pipe running round the rotor ring. Some will be
pushing oil into this manifold and others will be drawing oil out of it. Any flow differences can
be supplied from an oil accumulator. The only need for pumping will be for the initial charge in
the accumulator and making up ram leakage. The limiting moment, and so the limiting angle of
incidence, can be varied by changing common pressure.
During installation or any emergency which requires stopping power generation, both rams can
be retracted leaving the blades free to head into the current with drag far lower than a plain
cylinder of the same frontal area. If we can sense when the blade angle is in the correct sector of
its rotation we can re-engage the rams to continue generation. Their ends will follow the path of
the curved tracks in the recess plates.
The mechanism can be housed in a ‘diving bell’ vertically above the blade with a water deflector
as opposed to a seal to reduce splashing. If this is trickle-fed with dry air and the inside dosed
with cetyl alcohol it will have working conditions better than many hydraulic systems. The ram
rods can be further protected with belofram rolling seals.
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The moment control for blades seems sound on a quasi-static basis. However in addition to the
easily-calculated hydrodynamic spring there is likely to be an added hydrodynamic inertia which
will be much larger than the inertia of the steel of the blade itself and which may be further
complicated by movement through the water. There is therefore the potential for resonant
behaviour and undesirable transient effects. This should be investigated by tank tests on moment
controlled foils. The hydraulic connections can provide useful damping and may indeed be able
to be net producers of power enough to run their own controls on the moving part of a tidal
stream rotor.

Figure 6. The actuator mechanism for moment control and blade feathering.
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Conclusions
Topics identified in this paper are as follows:
1. A raft for exposing batches of components and moving sub-assemblies to the chemical and
bio-logical problems of tidal streams (and wave energy) in sufficient numbers to obtain
reliable statistics. The key problem is the safe movement of heavy items on a moving
platform.
2. Measurement of the velocity texture of flow channels.
3. Calculation of the forcing function and source impedance of flow channels with predictions
of the effects of installing generation plant over a large fraction of the flow window. These
may be beneficial if variations in sea levels can be accepted.
4. Problems of installation and disconnection including the effects of over-speeding following
the loss of load due to a land fault.
5. Quick disconnect sea bed attachments for all the possible geological conditions.
6. High-pressure oil hydraulics and the machine tool for making large ring cams.
7. Geometrically tolerant bearings with high load and long life.
8. Moment-controlled pitch-change mechanisms to avoid stall in high flows.
There will some overlap with wave energy research requirements discussed in a parallel paper.
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