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Draft Versions of the Consultant's 1979 Interim Reports 

Notwithstanding that the Device Teams were working to the same reporting 
date as the Consultants, it was hoped that satisfactory final Consultant's 
reports agreed to by the Device Teams could be produced for 1 December 1979. 
In the event, the Consultants are still receiving a continuing flow of 
reports and new information, and there is no possibility that the reports 
now being submitted to W.E.S.C. can be final presentations of the positions 
of devices and Device Teams at 30 November. In particular information 
relating to costing for some devices has only been made available in the 
second half of November, and the assimilation and reporting on this is having 
to be done in less time than is properly required. The reports are therefore 
submitted as drafts with the intention that continuing discussion should 
lead to final versions early in 1980. 

E. T.S.U. will be informed immediately of any significant changes of content 
or emphasis that may have a bearing on prograrrane related recommendations 
du e to be made by E.T.S.U. and W.E.S.C. 

30 November 1979 

- 1 -



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

COCKERELL RAFT 

CONTENTS 

SUMMARY AND CONCLUSION ~; 

INTRODUCTION 

PART I.AVAILABILITY OF INFORMATION 

1.1 Drawings 

1. 2 Structural Calculations 

1.3 Stress and Loading Measurements 

1.4 Moorings and Anchorages 

1.5 Performance Data 

1.6 Optimisat j on 

1.7 Operation and Maintenance 

1 .8 Costing 

PART 2.CONSULTANTS' AP PRAISAL 

2.1 Preamble 

2.2 Description of Device 

2.3 Comparison with the Reference Design of 1978 

2.4 Discussion of Device Design 

2.5 Moorings 

2.6 Power Genciration and Transmission 

2.7 Performance and Productivity 

2.8 Discussion of Cost Data 

2.9 Assessmen 1. of Cost of Power 

3 

Page 

5 

8 

9 

10 

12 

13 

13 

14 

14 

15 

15 

16 

16 

17 

18 

30 

34 

40 

43 

48 



I 

I 

I 
/ 

f-- 100,.., 

l"' 50m -l I 

\ 

IOOm 

4 

\ 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



,, 
I 
I 
I 
I 
I 

11 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

SUMMARY AND CONCLUSIONS 

Direction of activity during 1979 

In their report of 1978 the Consultants concluded for 
this device as follows: 

"In cons j dering the direction of future work by this 
Device Team it seemf clear that desk studies of a number of the 
important cost centr e s must have a high priority. These centres 
include elements of power take-off, hinges and structure, and 
mooring. To get the results of these studies on a properly 
quantified basis, mJre input data of forces and movements is 
required. Performance in directional seas and survival are also 
key areas. It is trus apparent that the effort needed to improve 
the Device must be aJ •plied in all areas. 

In the event, the Team has not had access to a 
suitable tank, so tltat work has been confined to desk studies. 
In so far as these ~t udies have required tank data, this data has 
come essentially from the earlier tank work reported last year. 
Desk studies have ,:oncentrated on power take-off design, raft 
design to reduce costs, and hinge design. No significant work 
has been done on moorings. 

DevelopmEnts in the Device over the year 

The basi :: parameters of device size, mooring forces, 
hinge forces and power output are substantially unchanged. 
Potential reduction in the cost of power produced derive from 
changes in the desiLn of components so that they can perform the 
same function at r ,?duced cost. In some areas the economies 
claimed are dramatic. Not all the design changes are validated 
and it is not certain that further design studies will confirm 
all the changes to be· feasible. 

It should be noted that this Device is still in a 
very fluid state of development, with several permutations of 
three alternative r - ft designs and three alternative power take
offs still under consideration. Cost estimates relate to the 
present more favour.1ble combination of steel structure and the 
yet unproven tube pw1p high pressure power take-off system. 

Device T(!am Costing 

The Devj ce Team has carried out virtually the whole 
of its costing on l he basis of a large scale capital intensive 
production, in many cases using equipment, and techniques, which 
are conceivable but not yet existing. Cost estimating in such 
situations is very difficult, and the Consultants believe that 
W.P.L. have been optimistic in their assumptions. In addition, 
the Team has so far omitted from its costing consideration of a 
number of important areas of detail which are low in material 
content but potentially very high in labour costs. 
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The postulated 1·conomies which result from a series of 
favourable assumptions can be very large, particularly where 
effects are multiplied ard not simply added. 

The Team has co :: ted its device design to give a cost in 
the region of 10 p/KW tr. For the reasons given above, this is 
considered to be an optinistic estimate. 

Sources of reduction in cost of Power from the Device 
since 1978 

General 

The main sources of the reduction in estimated costs are 
itemised below. The rt ·ductions derive both from design and an 
alternative scenario for estimating, which makes it difficult to 
identify precisely what change is responsible for what reduction 
in cost. 

(a) 

(b) 

(c) 

(d) 

The primary hydr.wlic pump in the power take-off has been 
changed, althou~h the basic principle of pumping sea 
water to drive a turbine is retained. The change in cost 
attributable to reduced Primary Power Take-Off cost is of 
the order of !Opp/KW hr. 

The hinge has bl'en redesigned around the principle of a 
line hinge. Savings accrue primarily because the 
adjacent struct11re is now relieved of the need to 
redistribute massive local loads. Also, the bearings 
themselves are smaller and cheaper in total. The 
feasibility of the novel hinge design proposed, which 
uses deformed rubber pads, has yet to be demonstrated, 
and there are a number of problem areas which have been 
identified. Th _ change in cost attributed to changed 
hinge design is in the range of 5-7 p/KW hr, including 
maintenance. 

The rafts have been redesigned in steel for cheap mass 
production by A. and P. Appledore. This work is 
preliminary in respect both of the structural design and 
of the facility design. The work has resulted in a major 
reduction in the predicted cost of the structure, 
although the size of the structure is unchanged. This 
result is very ,~ncouraging, al though there will be some 
debate about the feasibility of achieving cost reductions 
of the magnitude predicted. The change in predicted cost 
is 4-5 pence/KW hr. 

The method of power transmission proposed by the 
Consultants (reforence - working paper No.18)) has been 
adopted. This has reduced the cost by about l p/KW hr. 
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The above co ·;t reductions are based on the effect of 
removing the relevant items from the cost build-up given in the 
Consultants' August l 978 report, volume 3, table 4. Costs are 
assumed to be recovered over 25 years at an equivalent simple 
interest rate of 7.1% p.a. and mean running and maintenance costs of 
3% p.a. are also assum,~d. 

(e) The refined installation procedures proposed by the Team aim 
to cut plant-dependent costs to a minimum and take full 
account of th savings of mass production and utilisation of 
specialised dedicated plant. 

The Team has 1roposed a novel pump rode but, although it is 
promising, no data exist for evaluation purposes. A great deal of 
research is required b,~fore this proposal can be considered tenable. 

Utilisation of Natural Resource 

Based upon the Consultants' productivity calculations, the 
number of devices in the high pressure system required to deliver 
O.S GW mean annual power to the grid is 1033. Excluding any 
allowance for special gaps between devices to permit the passage of 
shipping, the length of coastline required to deploy this number of 
devices is 103.2 Km, the current raft spacing being 100 m centres. 

Although not as satisfactory a criterion (as it may in due 
course be decided to depart from the proposed capacity of plant 
installed in each device), the number of devices required for a 
power station of 2GW rated capacity is 930. This would utilize 93 
Km of coastline. 

It should be noted that the above figures relate to a 
station centred on South Uist and that they would not necessarily 
apply to a station sited elsewhere. 

Conclusions 

Significant work remains to be done to substantiate the 
conclusions the Team has presented this year in respect of device 
cost. 

Significant work will also be required to demonstrate the 
feasibility of key components incorporated in the favoured design, 
including rubber hinges and tube pumps. 

The testing end design work postponed from last year to 
await tank availabiljty will also be required before a reliable 
assessment can be madE of the device. In particular the whole area 
of behaviour in survival seas, including the performance of the 
moorings, remains to b proved. 

The work done by A. & P. Appledore on reducing costs by mass 
production is a valuable start in this area. More work will be 
needed before anyone can predict with any certainty what reduction 
might be achieved in any predicted real situation. 
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INTRODUCTION 

Last year, due to the lack of time for many of the Device 
Teams to advance th ,! ir work to an adequate stage, it was 
necessary for the Con1o ul tants themselves to generate much of the 
information required f)r their report. The basic work included 
the development of reforence designs from information supplied by 
the Teams to a degree of detail sufficient for quantities to be 
taken off and for productivity to be assessed and the cost of 
power to be calculated. 

This year th( · Device 
reference designs, w th the 
schemes and the data presented. 

Teams are 
Consultants 

responsible for 
commenting upon 

the 
the 

The stage of development reached by the various Device 
Teams differs widely due to the varying starting dates and 
resources. In addition, the philosophy adopted by the Device 
Teams in their appr,)ach to presentation leads to differing 
emphases or degrees of optimism when considering the data 
available to them. TI e Consultants feel tha t it is an important 
part of their task to comment on devices from a common standpoint 
and in particular to differentiate between facts established by 
the Teams and the id eas and hypotheses which they introduce to 
complete their presentation. 

In view of thi s , it was considered essential to establish 
the scope and degree of development of the various key aspects 
related to each device. 

The first section of this report sets out to present the 
full range of information available to the Consultants, together 
with its status as judged by its suitability and degree of 
completeness fqr incorporation in the development of a reference 
design which can be assessed and costed. 

The second part of this report contains the Consultants' 
appraisal of the ~nformation, discussed under the most 
significant headings. 

In order to av oid contention, this report in draft form 
has been discussed with the Device Team. There is no 
disagreement as regards the extent and status of the information 
made available to the Consultants and, except where specifically 
noted, the Consultants' appraisal has been generally accepted. 

NOTE: THIS REPORT IS TO BE READ IN CONJUNCTION WITH THE DEVICE 
TEAM'S REPORTS. THE CONSULTANTS HAVE NOT REPRODUCED THE DEVICE 
TEAM'S DRAWINGS IN THIS REPORT. 
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PART l AVAILABILITY OF INFORMATION 

Preamble 

The Consultants' Second Report, dated August 1978, 
related to a reference design which was assessed and costed in 
some detail. That report was based on considerable experimental 
results, some structural design of a preliminary nature, which 
nevertheless gave indications of quantities, and costing which 
included independent structural cost estimates by three 
Contractors. That report also included a new device layout which 
was submitted by the Device Team at a late stage as an 
alternative to that reference design. The Consultants described 
this and made a general brief appraisal in paragraphs 5.5 , but 
no structural calculations or costing were then attempted. 

In the present period under review the Device Team has 
maintained its interest in this new form of device but its 
activities have been confined to desk studies of various aspects 
due to the non-availability of tank testing facilities. The 
critical areas of technical difficulty are the hinges, the power 
take-off system, and the moorings. The first two of these are 
closely related to each other in this device. The lack of any 
experimental data on the new configuration has limited the 
progress which has been possible this year and the drawings which 
have been presented therefore remain of a conceptual nature. The 
adoption of a new device configuration means that previous model 
measurements of hinge and mooring forces and device efficiency 
may be subject to amendment, but thinking has continued in the 
meantime on the basis that the orders of magnitude of these 
parameters will be unchanged. 

The Team has been motivated during the current year by 
the need to reduce device costs and has aimed to ;:ichie ve this by 
(a) redesigning structural components of previous high cost and 
( b) investigating how mass production might reduce unit costs. 
The present report deals with the Device Team' s activities in 
these fields. 

Note. The tables 
forms applicable to all 
relevant to every device. 

of information 
devices. All 
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Drawings 

The drawings prepared by the Device Team are in various 
states of development and the tables indicate the status of the 
drawings received. They relate only to the major elements of 
the device. 

The drawings have been categorised in accordance with 
the following definitions: 

Preliminary Sketches 

Devices or device components which are at an early 
stage of development may only be at the stage where 
small scale rudimentary sketches are practicable due to 
the fact that ideas are rapidly changing and sizes are 
not finally determined. 

Conceptual Drawings 

outline the Device Team's Drawings indicating in broad 
proposals for the device as 
elements, features, plant, 
where the Team has not yet 
extent that the subject can 

a whole or for specific 
fittings, systems, etc., 

developed its ideas to the 
be costed in a conventional 

way. 

Outline Drawings 

Drawings of a general or specific nature, not fully 
dimensioned or detailed, but providing adequate 
information to enable costs to be assessed with a 
reasonable degree of reliability. 
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1.1.1 Aspects Covered by Drawings 

Preliminary 
Subject or Title Sketch 

General arrangement of Device 

Structural detail of front pontoons 

a. Steelwork 

b. Concrete 

Structural detail of rear pontoons 

a. Steelwork 

b. Concrete 

Detail of hinge between pontoons 

Power take-off 

Vane pump 

Plunger pump 

Tube pump Yes 

Mooring arrangement 

L 1.2 Aspects not covered by Drawings: 

Construction sequence 

Construction yard layout 

11 

Conceptual Outline 
Drawing Drawing 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 



1. 2 Structural Calculations 

The Device Team has forwarded to the Consultants 
calculations for various parts of the structure. The table below 
sets out the main headings under which calculations would be 
anticipated and records the present position as regards receipt 
of calculations. 

The calculatlons have been categorised in accordance with 
the following definitions: 

Outline Design Calculations 

Calculations based on simplified assumptions describing 
primary behaviour to give a basic general appreciation 
of figures involved. 

Design Calculations 

Calculations based on more accurate data which consider 
design aspects in greater detail and produce results 
adequate for initial detailing. 

Part of Structure 

Rear pontoon - concrete 

Front pontoon - concrete 

Rubber hinges 

Vane pump chambers 

Hydraulic transmission system 

Reservoir structure 

Hinge housing 

Rear pontoon - steel 

Front pontoon - steel 

Non-return valves 

Mooring connections 

Outline Design 
Calculations 

Yes 

No 

Yes 

No 

Yes 

No 

No 

* 

* 

No 

No 

Design 
Calculations 

* At A.& P. Appledore - not handed over to Consultants. 
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1.3 Stress and Loading Measurements 

In 1977 the Device Team commissioned British Hovercraft 
Corporation to carry out model tests at 1/ 100 and 1/ 50 scales of the 
then-current 2-hinged, three-pontoon configuration. The purpose of 
these tests was to assess hinge and mooring forces, hinge rotations, 
torques, power and efficiencies. The results of these tests were 
forwarded to the Consultants for information and were reviewed by the 
Consultants in their August 1978 report. 

Last · year, the Device Team carried out some 1/ 10 scale tests 
in the Solent. Measurements included hinge and mooring forces to be 
used to check the scaling effect relative to the smaller scale models. 
These tests were also on the 2-hinged configuration. The results of 
these tests are not yet available to the Consultants. 

1. 4 Moorings and Achorages 

The data provided by the Device Teams can be recorded in 
form set out below:-

Item Data Provided 

CONFIGURATION Yes. 
TANK TESTS Yes. But on 1977 raft configuration. 

LOAD ESTIMATES Yes. Based on 1977 mod el tests. 

RODES Yes. 

ANCHORAGES Yes. 

INSTALLATION Yes. 

MAINTENANCE Yes. 

13 
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1.5 Performance Data 

access 
chart, 

Until very recently (October 1979), the Device Team has not had 
to tank testing facilities and hence, as shown by the following 

no new data are available at the time of writing. 

New data Data as Are data 
since 1978 available related 
report for 1978 to latest 

report device 

Monochromatic Efficiencies Nil Yes No 

Sea Efficiencies Nil Yes 

Variation of efficiency 
with wave direction Nil Nil 

Relationship of model Nil Model was 
test to actual device relevant to 
behaviour e.g. mooring ! the 2-hinged 
arrangement device 

' Plant efficiency 

a. Vane Nil Nil 

b. Tube Nil Nil 

c. Plunger Nil Nil 

1.6 Optimisation 

This section 
optimised the size, 
device. 

summarises the extent to which 
performance, power take off and 

the Device Team 
other aspects of 

Parameter of Device 

Configuration 

Shape 

Size 

Raft Spacing 

Power Off Take 

Damping 

14 

Optimisation Undertaken 

Yes 

No 

Probably little left to gain 
in this area 

Work just starting. 

Preliminary. 

Significant work done. 
on two-hinged configuration . 

has 
the 
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1.7 Operation and Maintenance 

This section se ts out the extent to which the Device Team 
has considered and priced the cost of operation and maintenance 
of each major component e.g. moorings, power off take, etc. 

1.8 

Component of Device 

Hinge 

Pump 

Structure 

Mooring 

Turbine 

Valves 

Costing 

Operation and Maintenance 

Considered to be life of structure 

Considered to need replacement at 
1/2 raft lif e 

Maintenance considered not required 

Considered to need replacement at 
1/2 raft life 

2% p .a. allowed 

Not done - studies in hand on 
valve life 

The Device Team pre sented in a report, No. WP 115, dated 
January 1979, a summary of the costs of their device. In this 
they adopted the same broad headings used in Volume 3 of the 
Consultants' Report of 1978. The Device Team's report indicated 
for the various major cost centres the reductions i n cost which 
they anticipate as a result of changed design, further 
developments in the design and the benefits of large scale 
production. 

A further summary of costings was submitted in November 
1979 for the high pressure system without itemised build-up of 
many of the ltems. 

The Device Team ha s a l s o presented certain costings of 
steel fabrication prepared by A. and P. Appledore Ltd . 

The costings have not in general been supported by an 
itemised build-up for detailed components or a short bill of 
quantities relating to the major items involved. The A. and P. 
Appledore report does present quantities and the logic of the 
build-up to their cost for the basic raft steelwork. 

15 



PART 2 CONSULTANTS' APPRAISAL 

2.1 PREAMBLE 

The Device Team is considering thre e different structural 
forms for the rafts: 

a. Structural steel 

b. In situ concrete 

c. Part in situ and part precast concre te. 

The Device Team is also studying three different types of 
power take-off pump: 

a. Plunger 

b. Vane 

c. Tube. 

The Team has not yet firmly stated which structural form 
or which type of pump it prefers, but at present it tends to 
favour steel on grounds of cost and suitability for automated 
mass production. This topic is discussed in greater detail in 
paragraph 2.4.7. 

2.2 DESCRIPTION OF DEVICE 

The raft which the Device Team i s now concentrating on 
comprises two front pontoons in pa rallel hinge d to a single wide r 
rear pontoon. This was the broad concept proposed by the Team 
late in 1978, reported in paragraph 5.5 of the Cons ultants' 
August 1978 report. 

The twin front pontoons are currently propose d to be 22m 
wide x 33m long tapering from Oto 7m deep, and the rear pontoon 
is to be 50m wide x 67m long with depth varying from Sm to 11.8m. 
The devices would be spaced at 100m centres. It is probable that 
all the pontoons would be of the same material although the Team 
has not ruled out the possibility of mixing constructional 
materials. 

2.2.1 Power take-off systems 

The plunger pumps are envisaged to opera te at high 
pressure (of the order of 2000 p.s.i.) and to deliv e r sea water 
to a common sea water main running on the seabed to a seabed 
mounted structure supporting a pair of turbine gene rator sets, 
each set taking flow from about 40 rafts. The electrical output 
would thus be transmitted to shore from a stable fixed structure, 
but the hydraulic feed pipes from the rafts would be subject to 
the movement of the rafts. 
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The double acting vane pumps would operate at low 
pressure (approx. 30 p.s.i.) and pump sea water to a Kaplan 
turbine in each Device. Intake and outflow would be controlled 
by one-way flap valves at each end of the pumping main running 
along the hinge line. A large cylindrical smoothing reservoir is 
provided upstream of the turbine and is carried on the rear 
pontoon. 

The tube pump is an idea recently introduced into the 
wave power programme, and a number of devices are interested in 
its potential. The pumping chamber is a tube whose volume 
changes as the tube length changes due to the orientation of 
helical fibres in the walls in opposing lay. These have the 
effect of expanding and contracting the tube diametrically as the 
overall tube length varies. Pumping pressure is envisaged as 
approximately 2000 p.s.i. and power take-off would be as for the 
plunger pump. 

2.2.2 Hinge 

The front and rear pontoons are now hing d by means of 
rubber pads which, viewed in cross-section normal to the hinge 
line, are arranged radially about the common centre of rotation 
and designed to deform in shear. Three pads are provided in each 
circumferential set and the whole hinge line would contain some 
20 sets. Structural details of the housings and hubs for these 
pads and their connection into the rafts have not yet been 
produced by the Team. The total peak hinge force · is not expected 
to be vastly different from last year's. 

2 .2.3 Mooring 

No new experimental work has been carried out in the past 
year. The Device Team continues to base its thinking on last 
year's mooring configuration. It has spent effort in 
investigating properties and costs of different materials. This 
is discussed more fully in paragraphs 2.5.3 and 2.5.4. 

2.3 COMPARISON WITH THE REFERENCE DESIGN OF 1978 

Last year's Reference Design was a 2-hinged raft 
comprising 3 pontoons in series. A single hinged device with 2 
front pontoons in parallel leading a wide rear pontoon was a late 
introduction. However, as the present design is similar to this 
latter concept, it is with this that comparisons are made below. 

Comparisons with the previous design, most of which were 
mentioned in the previous section, can be summarised as follows: 

17 



(a) 

(b) 

There is no change in the basic size <J f the Device. 

The displacement has been reduced i n the steel design by 
adopting a voided soffit for the back raft. This is 
intended to reduce structural material but maintain the 
overall geometry and hence maintain the added mass of 
water. 

(c) There is no change in the anticipated mooring forces. 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 

2.4 

2.4.1 

Changes have been made to the shap s and certain of the 
dimensions of the pontoons. 

The hinge form has been changed: many laminated rubber 
pads being used instead of a more traditional mechanical 
form of hinge bearing. 

A new form of power take-off has been introduced: the 
tube pump being in in addition to the vane and plunger 
pumps considered last year. 

The sea water duct has been revised. 

A single large flow-smoothing water reservoir has been 
added. 

New electrical system (ex K&D/RPT). 

A new seabed-mounted power 
pressure water from 80 rafts 
pressure system. 

DISCUSSION OF DEVICE DESIGN 

stati,)n to 
is proposed 

General - Controlling Parameters 

receive high
for the high 

In any device improvements can be brought about in three 
main ways, which are: 

(a) 

(b) 

(c) 

* Reduction in 
configuration. 

overall device size by improved 

* Reduction in overall device size for the same power by 
improved efficiency and band width. 

* Reduction in forces acting on the ~tructure. 

* Reduction of the number of links ir the power chain. 

Redesign of components to perform t he same function using 
less material or cheaper materials. 

Design for cheaper production in qua n tity. 
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The developments of this device over the year have been 
primarily in areas (b) and (c). There has been relatively little 
development in respect of changes listed in (a), which is where 
the greatest cumulative improvements are usually to be found . 

The options which the Device Team is keeping open on both 
structural form (material) and power take-off mean that this 
assessment must cover all such options and not a specific design. 
The Device Team has not attempted to design any one option in 
great detail at this stage. 

2.4.2 Device layout and Device size 

Device size is unchanged from the last Consultants' 
report. Device shape has been modified slightly with the 
introduction of a tapered front ra ft lo improve survival 
behaviour. Changes in these parameters can only really come 
through testing which has not been available to the Device Team. 

It is difficult to predict what economic gains remain to 
be extracted from the device in these areas. It is possible to 
note that smart power take-off is a potential route to an 
improved power to size ratio. This route also involves increased 
complexity, however, so that gains in this d Lrection may prove to 
be counterbalanced by problems of reliability. Apart from this 
strategem, the Consultants find it difficult to see where the 
room lies for significant reduction in device size. 

2.4.3 Design Forces 

These are essentially size related, and will not have 
changed much overall between the present design and the design on 
which the testing was done. High design forces at the hinges 
leading to massive components was one of the reasons for changing 
to the single-hinge design. It is possible that the forces at 
this single hinge will have increased because of the larger size 
of the rear pontoon, but the mooring attachment position may also 
have a significant effect on the hinge f orces. However, a 
profiled nose may offset any increased forces. 

Longitudinal moments and shears on the rafts due to waves 
normal to the rafts will all have increased with the increased 
lengths in this direction. The split front raft is a better 
layout for quartering seas, and torsional forces will be reduced 
on the front rafts. 

Mooring forces are unlikely to change significantly 
between designs of the same overall plan size. 
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2.4.4 Number of Links in the Power Chain 

The removal of the gear syst em from the powe r off-take, 
which was indicated in the 1978 report, remov ed one link from the 
chain. None of the power off-takes currently under consideration 
by the Team envisages f urther reduction in th e number of links in 
the power chain. 

2.4.5 Redesign of component parts 

In this area considerable work has been done, and a 
number of changes identified and costed tog<!ther constitute the 
main source of the cost reductions claimed this year. Perhaps 
because the at tack has been on a wide front in terms of options 
considered, and because there is a shortage of measured data on 
which to base stress calculations, the Team l1as not yet produced 
the solid design calculations which will be needed to prove the 
viability of a number of important changes introduced this year. 

As regards the structural calculation s proper, these have 
been reviewed by the Consultants, who feel tnat modifications to 
the form or size of certain of the structural members may be 
necessary in order to avoid difficult details and excessively 
high local stresses. The chief amongst these modifications are: 

(a) 

(b) 

a deepening of the raft, or the abandonment of the 
Vierendeel design for the inte rnal dia ,)hragms. 

certain modifications local to the hin6e. 

(c) the structural form under the hydrauli c accumulator. 

The Consultants can see no reason why the design could 
not be developed in such a manner that their reservations are not 
satisfied, but such development would i nevitably lead to 
additional cost. 

2.4.6 Articulation 

In the 1978 reference design, hinges were ·f ormed by two 
very large spherical bearings on each hinge line. These 
transmitted very high concentrated loadings which required the 
provision of very costly housings and load dispersing components; 
the anticipated peak horizontal hinge force be ing of the order of 
3800 Tons per hinge line. The advantage of this arrangement was 
the free space created between the bearings for power take-off 
components, and the statical determinancy of t he hinge forces and 
freedom from risk of seizure due to ability to rotate about any 
axis. However the cost was very high, mainl y due to the twelve 
very large steel castings required to hou~e the bearings and 
trunnion shaft. 
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The current proposed hinge system, already described in 
paragraph 2.2.2 is common to all the struc tural options. The 
technical feasibility of this hinge arrangement is not assured 
since this is a very unusual, perhaps unique, application of 
rubber pads. The angular disposition of the three pads in each 
group is such that the radial thrust in the two pads which are 
steeply inclined to the horizontal (they must be so inclined in 
order to provide clearance for the oscillating vane) will be very 
high, of the order of 600 Tons or more in each pad. Since twenty 
sets of pads occur along the hinge, provision has to be made for 
a total bursting force of 12,000 Tons in the bearing housing. 
Although this force will be spread along the length of the hinge, 
the containing housing will be a major member. This has not yet 
been designed. 

The bearing pads themselves are rubbe r, laminated between 
steel plates of circular profile which there fore deform in shear 
in a circumferential direction. The pads also taper radially and 
the laminations vary in thickness radially t o compensate for the 
variation in shear stress with radius. The pads are installed in 
precompression in order to maintain their compressive state under 
applied loads, and the Device Team proposes this could be done by 
initial freezing of the pads prior to installation between hub 
and housing. 

This is a novel and untried use of a rubber laminated 
bearing. The complete assembly would requi re extensive testing 
and since the hinge is the most vital component of the Device the 
Consultants recommend that such testing be put in hand 
immediately. It should be noted that although the Device Team 
has three current options for power take-off and three options 
for structural material of the raft, this i s their only proposed 
hinge design. Detailed notes relating to the various problems 
presented by the bearings have been separate ly submitted to ETSU 
and the Device Team. 
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2.4.7 STRUCTURE 

Steel 

2.4.7.1 Design and Costing Work by A. & P. Appledore Ltd. 

Brief to A. & P. Appledore Ltd. 

A. & P. Appledore were contracted by Wave Power Limited 
to investigate the potential reduction in cost that might be 
achieved for the raft structures by redesigning these for mass 
production, making full use of the latest developments in 
equipment for automatic manipulation and welding of steel 
fabrication. This reference was exploratory in the sense that 
its scale was limited to very preliminary design work, 
development of a national production facility design, and costing 
of the output from that facility to assess the likely cost of the 
rafts for a twenty five year production run. The objective was 
to decide if the prospects were encouraging enough to justify a 
more detailed study later. 

Work carried out by A. & P. Appledore Ltd. (A. & P.A.) 

2.4.7.2 Design of Rafts 

A. & P. A. set out to redesign the raft structures in 
steel to meet both the hydrodynamic performance requirements 
specified by W.P.L. and also to satisfy requirements for mass 
production in an automated facility. Extensive experience of 
recent developments in the most modern shipyards led them to go 
for a structure which could be made up from a series of 
prefabricated block elements, which could all be made up from 
mass produced stiffened plate. Performance requirements dictated 
size and minimum draft. The solution proposed by A. & P. A. uses 
longitudinal box ribs below a 4 m deep raft to provide strength 
with minimum buoyancy. Reports from A. & P. A. give full 
descriptions of the proposed design shape and the method of 
manufacture. 

The level of detail to which A. & P. A. were able to go 
in their study is important in assessing the reliance which · they 
would recommend should be placed on their quantitative 
conclusions. They consider that they have complete d one "loop" 
of what should be (say) a four-loop design and experimental 
development. 

2.4.7.3 Design Calculations 

No test data existed for the one hinged r a ft, and very 
little for the earlier two hinged raft. Calculations were made 
for longitudinal bending for an augmented length of 77 m for the 
back raft. Loading was from a 6 m design wave of 77 m wave 
length. Main longitudinal moments and shears were checked. 
Detailed checks were made on stiffeners and skin plate in the 
most highly stressed parts of the mid-section. Plate sizes were 
proportioned by these calculations to give safety factors 
consistent with current practice. 
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No calculations were made to investigate torsion and bending 
from quartering seas. No calculations were attempted to investigate 
fatigue. The stress range experienced under longitudinal wave bending 
( 6 m wave) alone was approximately .± 6 tons/ sq in. No calculations 
have been attempted to allow for the effects of local loads, such as 
the 1,500 T "point" load from the mooring lines. These loads will 
clearly require very significant local reinforcement. Calculations 
were discussed with the Consultants on 12th November but were not 
ready to be handed over at that time. 

2.4.7.4 Corrosion Protection 

A. & P. A. believe that painting is an uneconomic solution to 
the problem of corrosion. They propose to increase all plate 
thicknesses by 6mm above design thickness and apply no protective 
system. B.S.C. have carried out research which they claim shows that 
this thickness will be more than adequate to allow for the worst 
corrosion expected over 25 years. 

2.4.7.5 Structural Detailing 

This has been well thought through in the context of the mass 
production methods to be applied. Some details might have to be 
modified if fatigue were to prove governing, but these changes would 
probably be within the scope of the mass production techniques 
envisaged. 

2.4.7.6 Costing of the Output 

The costing has been built up comprehensively from its 
component parts of: 

Capital cost of production facility. 

Running cost of production facility (including manpower). 

Materials costs. 

Output (assumed equal to design throughput). 

A. & P. A. conclude from their exercise that the cost of the 
raft steelwork would be £310 per ton on a commercial basis 
(subsequently amended to £295). 

2.4.7.7 Consultants' Comments on A. & P.A. Contribution 

Overall the Consultants believe that A. & P. A. have made a 
very useful contribution to the thinking on wave power device 
construe tion. The final numbers ( for costs) which they have produced 
are well below the current prices at which the cheapest fabricated 
steel is available for purchase on the world market. It is necessary 
to examine the reasons for this and come to some judgment as to the 
practicability of achieving these low costs. The validity of the 
final cost predicted for a raft depends on the validity of a series of 
assumptions which A. & P. A. have made, and on design calculations 
which have been severely curtailed by the terms of their reference. 
On this basis of costing the Consultants comment as follows. 
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2.4.7.8 General Comment 

Predicting the future is difficult and predictions tend 
to be more or less reliable according to the nwnber and scope of 
the extrapolations that have to be made from an existing 
situation. Where the predicted future depends on social and 
political climates as well as on technological development, 
particular caution must be exercised. However, even if only some 
of the economies aimed for by. A & P. A. can be achieved, in 
whole or in part, a useful reduction in the cost of W.P. devices 
can be achieved. 

(a) Price of Steel 

B.s.c. have offered the prospect of a large reduction in 
price for a bulk order of an unprecedented size delivered at a 
steady rate of 400,000 T per year for twenty five years. A 
figure of £184 per ton (compared with the present price of about 
£230 ) has been indicated as a possible figure, but there is no 
way of knowing what price would be offered in a real situation 
which could not sensibly arise until after the construction of a 
pilot station built with steel at more conventional prices. 

(b) 

1. 

Validity of the design of the production plant 

Tolerance and fit 

The plant has been designed to use manipulators and 
welding techniques which are already in use for producing 
sandwich panels in foreign shipyards. A. & P. A. propose to 
extend these techniques to produce a fully automated production 
line. In normal ship production this is not possible because of 
the size of the ships and variations in designs which mean that 
production processes have to be adaptable. Thus in shipyards 
prefabricated pieces are at various stages brought together and 
welded in situations which allow corrections to be made manually 
if pieces are slightly out of alignment or out of tolerance. In 
practice high levels of accuracy are normally achieved, but the 
production process does not depend on 100% achievement of fit 
without correction. 

A feature of the proposed A. & P. A. production facility 
is that final fit up of large prefabrications is designed and 
required to be achieved with 100% reliability. Alignment of 
plates to within 3mm is required to meet Lloyds' specification. 
In some cases in the raft design this alignment is dependent on 
half a dozen or more earlier alignments in series. Before 
construction of the plant could be contemplated it would be 
necessary to demonstrate that the necessary tolerances would be 
obtained with complete consistency in the proposed plant. 
Failure to do this would be to expose the scheme to potential 
failure. Close tolerancing on welded fabrication work depends 
not only on the accuracy of jigs and manipulators but on 
achieving absolute consistency in weld shrinkage and distortion. 
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The Consultants do not doubt that achievements already 
made in mass production of ships are encouraging enough to 
justify further investigation to see how far the design of this 
production system can be validated from existing date. It will 
also be interesting to see how the economics would be affected 
by the provision of some facility for sorting out occasional 
out-of- tolerance pieces. 

2. Welding 

The A. & P. A. design calls for the development of 
certain techniques for remote positional welding, but claims 
that these should all be achievable. The Consultants have not 
yet had time to make their own investigations in this area, but 
do not have reason to doubt the preliminary work done by A. & 
P.A. Again, this area now requires further validation. 

3. Manipulation 

There seems no reason why the manipulation required 
cannot be achieved. The question of the tolerances that can be 
achieved has already been discussed. 

4. Quality Control 

There will be no possibility of applying N.D. testing 
during the production process with a view to correcting any bad 
plate or welding as it occurs. Once the system is working 
smoothly there should be very little need for correcting faulty 
work. An extensive system of N.D. testing is unlikely to be 
cost effective. 

Probably the best approach will be to reduce the 
sensitivity of the design to plate or weld defects, and to use 
N.D.T. to monitor the welding processes. Full ultrasonic 
testing of all incoming plate is unlikely to be co s t effective, 
but some form of spot control on the plate supplied will be 
needed. Any defects discovered during or after the fabrication 
will have to be dealt with as repairs outside the production 
facility. The aspect of quality control will need to be 
included in further work, and a cost allocated to it. 

s. Corrosion 

The concept of dispensing with corrosion protection 
seems to be well based and could be very cost effective. 
Factors which dictate the painting of ships do ot apply in 
this case, and there are plenty of precedents for not painting 
steel which is permanently submerged (piles below the splash 
zone). Commonly, steel in and above the splash zone is painted 
and cathodic protection is applied to the submerged steel. 
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The large mass of steel exposed should provide, to some 
extent, an inhibiting factor on corrosion in the submerged zone, 
so that cathodic protection is not justified. This is a plus. 

Fatigue in a corrosion environment needs consideration, 
but it is not immediately apparent whether the fatigue 
performance will be better or worse than for the painred 
structure. The Consultants will look into this aspect at a later 
date. It would however be possible to put some protection quite 
specifically on to the potential trouble spots only. 

Overall the idea of eliminating painting is well worth 
closer examination, and there seems to be a good chance that this 
approach can be adopted. 

6. Production Throughput 

This is a most difficult area to assess. The achievement 
of design throughput will depend on the smooth working of plant 
not yet designed with a labour force and management yet to be 
created. The Consultants will need more time to study this 
aspect. It is not the design throughput that will count 
ultimately but the achieved output. 

7. Practicability of achieving the production facility 

To some extent there is a chicken and egg situation which 
will have to be resolved. Government will be reluctant to commit 
a very large sum for twenty five (or even five) years unless it 
is sure that the design targets have a safe chance of being met. 
On the other hand there is no way of being sure that they will be 
met until the project is realised. This follows from the fact 
that wave energy . generates a unique requirement for mass 
production of larger components than have ever been needed 
before. The labour and management environment needed to operate 
the scheme will present a challenge in "design" quite as great as 
that of designing the plant. 

It will be essential therefore to generate confidence in 
the concept by modest scale "experiments" and prov i.ng trials of 
both aspects so that by the time a Government is .isked to make 
the big commitment, there will be a solid body o f evidence to 
justify the step. 

8. Costing 

The allowance of scrap value as a direct offset to reduce 
initial cost is not valid. The discounted value of the scrap 
available after twenty five years is very low. 

2.4.7.9 General Conclusions 

There is a number of important conclusions which may be 
drawn from the work done so far, viewed from the c;tandpoint of 
the whole wave energy programme. 
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( i) Unpainted steel used to mass produc components designed for 
production offers significant economies provided that the 
scale of production is both large and long term. 

(ii) In addition to the W.P . L. rafts, a number of other W.P. 
devices could benefit from this method of construction. 

( iii) These economies will not be achievable at the scale of a 
pilot station. This will present a further problem area for 
debate if and when a decision has to be taken to select one 
device to go forward for pilot trials. The potential 
attractions of competing devices may be found to be 
dependent on some undetermined future level of production. 

(iv) Following from (iii) above some judgment will have to be 
made between the worth of potential cost savings realisable 
only through major Government decisions ( the "step" saving 
to be achieved following a £2 ,OOO million commitment to a 
design, say) and on the other hand, the more easily 
realisable attractions of any device which has a lower 
dependence on massive initial investment. This matter 
should be given consideration by P . M. and W. E.S . C. over the 
coming year . 

(v) The commercial cost of steelwork , excluding a notional small 
scrap benefit, predicted in the A. & P. A. report on page 
5.10, should be taken as the start point for . deriving a cost 
figure for assessing the cost of rafts . This figure is 
£295. per ton . 

The work of A. & P. A. is subject to all the limitations of 
a short time scale preliminary study . The Consultants consider that 
it points a way ahead and that more work should be carried out. 
Because of the preliminary nature of the results , and the work still 
to be done to validate them in many areas , the Consu l tants feel that 
caution must be exercised in the use of the output. A. & P. A. 
state that they themselves have taken an optimistic view. 

2 . 4.8 STRUCTURE 

Concrete 

Some structural calculations have been submitted pertaining 
to the rear pontoon in concrete. These are of a preliminary nature 
only and refer only to a pontoon of 7m or 8m depth. The concrete 
structure is envisaged as made up of precast units some 22m x 6m 
wide x 7m deep overall which are joined together by horizontal post
tensioned cables in two directions in the top and bottom slabs . The 
cables have been sized to offset any tension in top or bottom faces 
which would be induced by the worst anticipated wave. Structural 
detailing to ascertain cable anchorage details and placing of 
reinforcement have not been worked out. The Device Team feels that 
consideration of structural detail to this degree is at present 
inappropriate. To some extent the Consultants would agree, provided 
that the preliminary calculations confirmed the initial structural 
assumptions to be realistic. 
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The Device Team's structural calculations have been made for a 
wave height of 5.4m, which is that implicit in Lloyd's Rules for the 
longitudinal bending moment in a shy of length equal to the length of 
the rear pontoon, i.e. H = 0•607/L(metres). These rules cannot be 
automatically applicable to the Cockerell Raft since the type of 
vessel and conditions of service are very different from the ships for 
which Lloyd's Rules have been derived. If the maximum wave height is 
alternatively assessed from the S.Uist scatter diagram, for a 77 m 
wave length (the actual 67 m length of the rear pontoon is increased 
by an arbitrary 10 m to take some account of the shear transferred 
across the hinge; at present there is no experimental or theoretical 
justification for this figure) the following process may be followed 
to estimate maximum wave height: 

Wave length 77 m 

Time period = 2nL 
assuming monochromatic waves 

gtanh 2TTd 
L 

depth = 40 m 

T = 7 sees i.e. time period of monochromatic waves 

Assume this approximates to Tz, i.e. period associated with waves 
represented by H 1/3. 

Te = 1.21 Tz 

= 8.5 sees 

From S.Uist scatter diagram, Hs = 5.4 m 

For a P.M. spectrum Hmax 

Hl/3 
= 1.87 

Hmax = 10.1 m 

This corresponds exactly with the maximum wave height of 7 
sees period predicted in the Consultants' working paper 12 which is 
the maximum height of a non-breaking wave. In the case f ships, it 
is found that the Smith correction factor of about 0.7 must be applied 
to maximum wave heights in order to correlate observed bending 
stresses and wave height, but again the Cockerell Raft may not conform 
to experience relevant to ships. Further, dynamic effects and 
reactions across the hinge may induce stresses far higher than are 
indicated in the preliminary calculations so far carried out. 
Nevertheless the order of prestressing indicated as being necessary by 
these calculations would require prestressing anchorages of 175 mm 
diameter at centres varying between 150mm and 250mm all round the slab 
perimeters. This is very dense and leaves little scope for increases 
should more detailed analysis require them. Webs have been calculated 
as being perforated but the hole has had to be limited by stress and 
may prove a hindrance when congestion of reinforcement is ultimately 
considered in the detailing stage. 
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The structure envisaged when in concrete would be 
more complicated for the low pressure system than for the 
high pressure system due to the additional presence of vane 
pump details (themselves envisaged by the Device Team as 
being in concrete), a variable rear pontoon depth to provide 
the additional buoyancy required due to the smoothing 
reservoir, the reservoir structure itself and the ducting 
and housings for the turbine. The shapes involved in the 
pump chambers and vanes are complex and the sizes of units 
large. A critical factor will be whether very small 
tolerances can be achieved on such large and complex units 
in order to make splices and to achieve water tightness. 
Structural details of the vane pump chamber and hinge area 
have not been submitted. Loads and stresses in this area 
will require careful detailing and the method by which the 
hinge pad mountings are connected to the structure is not 
clear. If this area of the structure is to be successfully 
designed in prestressed concrete a means of splicing the 
bearing hub, which will probably be of cast steel, to the 
concrete vane will have to be developed. 

The high pressure system utilising tube pumps 
requires a relatively simple pontoon structure since all the 
above features will be obviated. The pumping mechanism 
envisaged is not of concrete and the smoothing reservoir is 
not required resulting in a constant depth pontoon. 
However, the system introduces a seabed mounted caisson to 
house a power station serving every 80 rafts . A conceptual 
sketch showing the basic layout of this caisson has been 
prepared . The caisson is a constant 25 m diameter in plan 
and some 70 m total height to house the proposed two stage 
turbine and alternator plus accommodation. The tube pump 
power take-off system is not given in any detail whatever 
and cannot therefore be assessed . The reactive force at the 
tube pump ends are envisaged as being applied near the top 
and bottom slabs. 

The high pressure system utilising plunger pumps 
requires a raft deepened and heightened in the pump area but 
details are at present so conceptual that no further 
structural appraisal would be significant. 

The plunger pumps themselves have been de signed in 
outline as 4 no. pumps per raft, consisting of 4 pairs of 
200mm diameter plungers each raft . 
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2. 5 MOORINGS 

2.5.1 Introduction 

Although one tenth scale mooring tests in the Solent were 
completed during the period under review, the Consultants have 
not yet received any new data due to processing problems. The 
Device Team has decided to retain the basic configuration which 
was assessed by the Consultants in the 1978 report, but they 
propose to use tube pumps as elastic rodes which are potentially 
superior to nylon squareline rodes in both elasticity and 
fatigue. 

2.5.2 Forces 

Early model tests in uni-directional waves with a single 
forward rode per raft and additional lateral restraint indicated 
that peak mooring forces for 100m x 50m rafts were approximately 
1200 T for steep 19m high waves. The Device Team reasons that in 
larger waves the peak force will not exceed this figure because 
of the revised profile of the leading raft which will tend to cut 
through extreme waves. No model data is available for the forces 
in multi-directional seas or for the spread mooring array which 
has been proposed, but the Team feels that it is possible that 
each of the front two rodes may take the full 1200 T force. In 
order to keep the lines in tension in most sea states a 
pretension of 300 T/rode has been proposed and the front two are 
designed for a peak working load of 1500 T while the rear two 
lines are nominally one third of this capacity . 

It is unfortunate that many of the questions surrounding 
the magnitude of the raft's peak mooring forces remain unresolved 
due to insufficient test data. The configuration which the 
Consultants reported on in 1978 remains untried and the estimate 
of peak mooring forces in extreme seas is still largely 
speculative. The assumption that the pretension force will be 
superimposed on the peak mooring force is an oversimplification . 
The effects of pre tensioned mooring lines cannot be discussed in 
detail in this report but it should be noted that, with equal 
length lines of similar material, only a partial pretension can 
be applied and with large excursions the rear lines will become 
slack and the system's collective stiffness will reduce. For 
small waves the system is stiff and forces are increased but in 
large waves the pretension is lost once a certain excursion is 
reached. Papers published by others have indicated a reduction 
in peak forces when pretension is judiciously applied. The 
Device Team's assumption that the pretension should be 
superimposed upon the estimated peak force may therefore be 
conservative but in view of the broad assumptions made in 
estimating the peak force the Consultants would certainly not 
recommend that it should be adjusted. 
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2.5.3 The tube pump rode 

It is generally accepted that it is normally desirable to 
maximise mooring compliance in order to limit peak mooring loads. 
This device, in common with all closely moored devices, presents 
formidable problems in devising a compliant mooring array with 
minimum interference between rodes. In 1978 the Device Team 
rightly concluded that only elastic moorings appeared feasible, 
but the most elastic rode currently available, nylon squareline, 
appeared to have poor fatigue characteristics. 

The Team has proposed a novel tube pump rode which they 
claim will have elastic and fatigue properties superior to 
conventional rodes. The proposed tube pump's ultimate strength 
will be fibre dependent while its stiffness will be matrix 
dependent and could also be altered by adjusting the pump's inlet 
and outlet water pressure valve settings. The Team does not 
propose that a tube pump mooring line should be used to extract 
power but they have not ruled this out. 

The tube pump rode operates in an identical fashion to 
that proposed as a possible power take-off. As the tube is 
loaded, the layers of fibre windings tend to straighten, the 
volume reduces and the core of rubber and water is compressed. 
As the tube is stretched and recovers, alternate layers of 
windings, originally wound at 45 °, i.e. at right angles to each 
other, will gradually realign themselves up to a maximum of 30°, 
i.e. a relative rotation or shear of 30°. As well as the 
rotational shear between the layers of fibre, the strips of 
rubber between adjacent fibres or bundles of fibres in the same 
layer will also be subject to shear. 

Some experimental work has been initiated at Harwell to 
investigate the pumping and stiffness characteristics but no data 
are available at present. 

Although many rubbers have excellent fatigue lives in 
certain conditions, the large rotational and transverse shears 
which would be generated in a tube pump may prove excessive. The 
Device Team likens the duty of the tube pump walls to "rolling 
sock" i,cals ;:i.nd, ton Le §scr e xtent, to tyre walls, nnd they hope 
Lhut a lutlgue life ol 10 cycles could be achieved . 

As with all novel proposals base d on untried 
assumptions it is impossible to assess the tube pump rodes 
completely objectively with so little information. The potential 
advantages are considerable and there is no doubt that the pump 
should be investigated, but, at the present time, it is not 
practicable as a mooring system. In due course, model tests may 
vindicate the tube pump but unless and until such data are 
available the system must be considered as an unproven solution 
only. 
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2.5.4 Alternative Rode 

Although the Team has not proposed any alternative to 
the tube pump rode, the Consultants feel that an alternative 
should be considered because the pump may prove unsuccessful or 
too costly. In any case, this Device should not be unduly 
penalised because of a necessarily qualified assessment of a 
novel and untried proposal. 

The most obvious choice for an al terna ti ve rode would 
be nylon rope because of its high strength and compliance. 
Nevertheless, lengths of 200m would be required, which would 
result in a greater probability of seabed abrasion and the 
possible spread angle would be reduced, giving an accompanying 
loss in lateral restraint The fatigue life of nylon rope is 
presently at the centre of a controversy but the indications 
are that it would be optimistic to assume a design life greater 
than about 5 years if a load factor of about 2.5 is adopted. 
If a larger load factor is adopted larger rodes are required to 
provide the same degree of compliance. This, of course, is one 
of the main reasons for the Device Team deciding to investigate 
alternatives; the cost of replacement at 5 year intervals is 
excessive. 

The Consultants have costed an alternative nylon rode 
to allow a comparison to be made with the proposed tube pump. 

2.5.5 Nodes 

Whatever rode material or construction is adopted, it 
is likely that the extreme fibre stresses will be increased and 
fatigue life reduced in the vicinity of the nodes unless each 
rode is completely free to pivot. The design of the nodes 
requires detailed analysis, their effect on device response and 
peak loads, and the degree of redundancy they provi de must be 
investigated. If the present configuration is to be retained, 
the Device Team must address themselves to these problems. All 
closely moored devices present the same mooring difficulties. 
The feasibility of such moorings will remain in doubt until 
model tests demonstrate their effectiveness. 

2.5.6 Anchors 

The Device Team has proposed the us e of s ingle pile 
anchors in rock and has sought specialist advice on this topic. 
The Team has proposed refined installation procedure s with the 
declared aim of cutting plant dependent costs to the minimum, 
taking full account of the savings of mass production and 
utilising specialised dedicated plant. These aspects are 
discussed in detail in the costing section late r in this 
report. 
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2. 5. 7 Conclusions 

Most of the Device Team's efforts in the mooring field 
have been aimed at developing the concept of the tube pump and 
reassessing anchor installation procedures . No new information 
on mooring loads is available and the configuraton described in 
the Consultants' 1978 report remains basically unchanged but 
also untried . Last year's assessment of the configuration is 
therefore still valid . 
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2.6 POWER GENERATION AND TRANSMISSION 

2.6.1 Alternative Power Take-Off Designs 

The Device Team has this year considered in some detail 
two alternative power take-off designs. The first is an improved 
low pressure pumped sea water generation scheme on the device, as 
in the 1978 alternative design, and giving an electrical output. 
The second design has multiple high pressure pumps which deliver 
their power hydraulically through a sea bed pipe system to 
central hydraulic turbine generator units which the Team proposes 
to install below water level in dewatered bottom-mounted caissons 
carrying a platform structure above water level to support the 
alternator and all auxiliary equipment. Wave power Limited have 
also expressed interest in a new tube pump which would replace 
the conventional reciprocating pumps of the high pressure scheme. 
This, however, is a future development and the comments which 
follow are confined to the two principal alternatives. 

(i) Low Pressure Vane Pump Power Take-Off 

The hydraulic design of the vane pumps has been improved 
by adopting a cross-flow arrangement whereby sea water is drawn 
through outboard suction ducts, and after traversing the upper 
and lower pump chambers alternately, is deivered through 
discharge valves located close to the longitudinal centreline of 
the raft. 

The vane pumps are now designed for a maximum delivery 
head of some 19m. At rated power the back pressure would be 
closer to 17m head. The efficiency of the slow speed vane pump 
would depend on the effectiveness of the axial and radial seals 
which it is proposed should be of the self-pressurised rubber pad 
type with water lubrication. It is understood from work done for 
Wavepower Limited by BHRA that an average volumetric efficiency 
of 75% should be realised within the known dimensional 
flexibilities of the stressed rubber hinges. It is a "sine qua 
non" that efficient wave energy capture dictates a high 
maintainable pump efficiency. 

Two further points regarding the pumping system which 
will obviously be reviewed by the Design Team concern the suction 
intake in which the upper compartment will be above normal sea 
level and may require means of priming in order to ensure that 
the upper pump chamber is completely filled with water during the 
suction stroke and so be able to share the pumping duty with the 
lower chamber which has the benefit of a positive inlet pressure. 
The second concerns the inlet and discharge flap valves which are 
intended to be self-actuating. Care in their design will be 
necessary, not only to achieve efficient sealing in the closed 
position but also to present hydraulically efficient profile when 
in the open position. This is to avoid energy loss through water 
turbulence if the velocity profiles depart seriously from the 
ideal streamline flow. 
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Water flow regulation to the turbine and variation of 
hinge reaction force is achieved by the small regulating water 
volume in the reservoir mounted on the rear raft and connected 
directly to the water duct between pumps and turbine. The design 
head is now understood to be 17m and the maximum storage level at 
overflow about 19m. The working head range would appear to be 
about 12m-18m which would not be too wide for optimum turbine 
design. In developing a prototype design it would be advisable 
to determine the shape of the waterway connections following 
hydraulic model testing. 

The reservoir volume is understood to cater for flow 
smoothing to the turbine over several minutes of operation in a 
random sea state with Te varying between 8 and 11 seconds. 

Until recently the WPL reference design included a Kaplan 
water turbine on the centreline of the rear raft and arranged 
with a blade tip submergence of about 4m. The design output was 
3500 h.p. for a 2.5 MW alternator. However, there was some 
suggestion of reducing the power rating so that the output would 
be produced at a higher annual load factor. Since recent 
discussions it is understood that Wavepower Limited have adopted 
a generator output of 1.87 5 MW with the turbine developing 2600 
h. p. The earlier turbine was of the Kaplan type running at 300 
r/m, whereas the latest proposal is to use what appears to be a 
diagonal flow Deriaz machine running at the lower speed of 150 
r/m. The unit would be controlled by variable inlet guide vanes, 
and if the effective head is variable to suit hinge stiffness and 
the prevailing sea state, then a turbine runner with fixed blades 
might be acceptable if the Novernor is arranged to adjust the 
speed of rotation so that itsJH remains sensibly constant. 

WPL are advised that if a larger diameter waterway can be 
accommodated it would appear possible to provide a directly 
driven generator and exciter without resorting to a speed 
increasing gearbox. As the turbine blade tip diameter might be 
3.5m and the hub 2.5m, it might be possible to incorporate a 2.35 
MVA generator. This, however, would need confirmation by more 
detailed electrical design. 

Water discharged by 
should be conducted through 
order to recover some of the 
the runner. 

the turbine beneath the rear raft 
a carefully designed draft tube in 
kinetic energy in the water leaving 

Finally, on the subject of power collection and 
transmission, the principal factor is that generator speed will 
vary as a requirement of hydro-mechanical design and therefore 
power collection will have to involve rectification and probably 
series interconnection of a group of devices - poss i bly 22 rafts -
forming a nominal 40 MW + 35 kV d .c. transmission group, the 
power being taken to onshore converter stations in a single loop -
mid- point earthed - involving only one pair of cables over the 
mean shoreward distance of about 17 km. Thereafter wave energy 
would be coalesced from 8 such groups and by the intervention of 
thyristor inverters and transformers, raised to a higher 
transmission voltage of _2: 250 kV if continuing as direct current 
or a similar voltage a.c. if submarine cable transmission across 
the Minch from the Outer Hebrides to Skye is practicable. 
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(ii) High Pressure Raft Pumps Feeding Central Power Plant 

This is an alternative method of power conversion 
introduced by Wavepower Limited during the year. The concept is 
one of power abstraction from raft motion by means of hydraulic 
pumps working into a once-through high pressure system using sea 
water. Raft generation is replaced by hydraulic power 
transmission using flexible hose connections to a sea bed bus 
main of heavy steel construction. This runs the full 4 km length 
of a 40 raft array and delivers a relatively smoothed high 
pressure flow to a special water turbine and alternator set 
mounted in a marine caisson structure. The platform power plant 
accommodates a pair of 75 MW turbines and is thus common to an 8 
km stretch of coast. 

An essential feature of the high pressure scheme is that 
the group power turbines must act as pressure regulators so as to 
change the required pumping pressures according to prevailing sea 
conditions in the vicinity and in this way adjust the raft hinge 
reaction forces throughout the group of 40 devices. 

The objective is a difficult one to achieve and in the 
Consultants' view should be reconsidered since there would appear 
to be other means of varying raft response which would be more 
practicable, slightly more efficient and probably cheaper to 
construct. The changes will be referred to in the following 
paragraphs which consider the process of wave energy conversion 
through both mechanical and electrical phases. 

The high pressure pumps mounted on the rear raft are 
driven by simple connecting rod attachments to the forward raft 
across the hinges, the pumps being arranged within the main hull 
at distances equidistant above and below the hinge axis. This 
achieves symmetrical loading and greatly simplifies the forward 
raft structure compared with the preceding LP scheme. 

The pumps themselves appear to be a somewha t complicated 
arrangement of opposing clusters of four plunger pumps arranged 
to operate in a double-acting sense by means of an extended drive 
rod incorporating a second crosshead which drives the four rear 
pumps when the forward raft descends into a wave trough. 
Detailed arrangement drawings were not available but it is 
assumed that with the high pressure system the volumes of water 
being handled are relatively small, and simple suction 
connections with protective grids will be provided in the bottom 
of the main hull. The multiple pump discharges would feed into a 
high pressure delivery manifold passing down the centre of the 
raft to the stern, and from this point provision would be made 
for coupler connection to a heavy duty high pressure flexible 
hose taken overboard to a steel pressure collecting main running 
along the sea bed a short distance to the rear of the raft array. 
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As the pumps are for high pressure service with sea 
water, care in their metallurgical design will be essential if 
they are to have an adequate working life under poor 
environmental conditions with corrosion and fatigue as principal 
causes of failure and also malfunction of the inlet and discharge 
valves. The plunger principle is, however, simple and reduces 
the gland sealing problem to one only per pump. For reasons 
discussed later the use of multiple pumps, each with its own 
control valves, could be an advantage. 

The sea bed hydraulic transmission system would extend 
for a distance of 4 km and would be of welded steel construction 
in pipe sections of increasing diameter to the point where the 
output of 40 sets of raft pumps is delivered to the caisson type 
platform structure with its special water turbine generator unit. 
In this vicinity the pipeline would be about 1. 2m diameter. For 
2000 - 2200 p.s .i. operation the pipe sections would be massive 
and it is not known how it is intended to complete the joints 
between transportable sections. It is assumed that bolted 
flanged joints might be the only practical method. 

Care would be necessary in the design of the hydraulic 
pipe system and of the flexible hoses and their couplers 
involving consideration of the water hammer effects and those of 
pressure flue tuation. The WPL design allows for pressure relief 
valves at the station and these would have to be capable of 
discharging maximum pump delivery, since if the electrical output 
of the generators is interrupted, the turbine governor would act 
to shut the inlet regulating valve, resulting in a pressure 
transient, although the rate of valve closure would be limited 
within the requirement of turbo-alternator overspeed. 

Turning next to the main high pressure water turbine, 
Wavepower Limited with advice from GEC have include d a specially 
developed hybrid Francis type turbine which involves four 
separate stages, each with its own servo controlled inlet guide 
vanes. A machine of this design would be unique and unduly 
expensive an estimate of £7 million per turbine has been 
mentioned. The coupled turbine-alternator shaft would be almost 
24m long. Whilst a vertical arrangement is helpful, there would 
nevertheless be formidable problems of maintaining accurate 
alignment. The turbine is installed below mean sea level so that 
the runners would have sufficient submergence. This means that 
the caisson structure has to be water-free from sea bed level to 
alternator deck. This complicates platform design on account of 
the combined effects of hydrostatic pressure and wave forces. 

In operation under conditions of varying pressure and 
water flow, the Consultants foresee problems in achieving stable 
operation, and extensive development work would be necessary on 
the guide vane control mechanisms so that these are properly co
ordinated over all four stages of the turbine. 
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The alternator would be a conventional salient pole 
machine directly coupled to the turbine and with a nominal rating 
of 70 MW 75 MVA and generating at a normal voltage of 11 kV-14 
kV. The generator would have relatively high inertia, probably 
in the range of 3. 5-4. 5 kWsec/kVA. Speed changes would take 
place more slowly but this would probably be suitable for the 
method of group . control intended. Speed variation precludes 
synchronous operation, so that the method of series d.c. 
interconnection using high voltage d.c. cables to the Outer 
Hebrides would be appropriate. The platform structure should 
therefore accommodate both generator isolating transformer and 
six pulse diode rectifier bridge. Both would be of the totally 
enclosed oil-filled and, for preference, naturally cooled design. 

In reviewing the high pressure power take-off proposals 
of WPL, the Consultants feel that the principle of centralised 
pressure variation with common hinge reactions at all 40 rafts 
would be improved by abandoning the very difficult and expensive 
four-stage Francis water turbine and replacing it with a more 
practical arrangement using platform horizontal mounted axis twin 
Pelton turbines, double overhung, i.e. one on each side of a 
central 75 MVA alternator. The Pelton turbines could each be of 
the twin jet type, and as they require free atmospheric 
discharge, this could be arranged through the platform deck by 
placing them at a suitable distance above high water with 
arrangements in the discharge ducts to avoid severe wave action. 
The power plant would be readily accessible for maintenance, and 
the platform structure itself would be greatly simplified. The 
comment has been made that the Pelton turbine would be unsuitable 
on account of the high pressure and jet velocity at the turbine 
buckets. Although the jet velocity of about 160 m/sec is high, 
it is not unique and turbines for higher jet velocity have been 
working in various parts of the world for many years. The use of 
sea water does create a problem but this could be accommodated by 
choice of jet and bucket materials . 

It is proposed that the alternative way of achieving a 
variation of raft hinge stiffness would be to employ controllable 
pump sue tion valves. These could be opened by servo mechanism so 
as to vary the number of plunger pumps in service at any one 
time. In other words, to tune the individual raft reaction force 
to the wave conditions being experienced locally . A fairly 
sophisticated control mechanism would be necessary on each main 
raft but it does offer the chance of tuning each raft more 
precisely to prevailing wave coknditions and possibly thereby 
improving the energy capture. 

The associated hydraulic transmission would then be based 
on constant pressure and variable flow rate. The Pelton turbines 
would work more efficiently than the Francis machine over a wider 
load range, it being possible not only to modulate the turbine 
inlet spear valves but also to vary the number of jets in use. 
The two Pelton turbines would be relatively conventional 
machines, running at a similar speed to the Francis machine, but 
would be considerably cheaper to manufacture. 
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(iii) General Observations 

The Consultants understand that the relative economies of 
hydraulic transmission by sub sea pipeline or electrical 
transmission using relatively conventional cables have been 
considered. It is however felt that the installation of very 
high pressure pipelines on the sea bed in about 40m water depth 
is likely to be very much more expensive and at greater risk than 
the submarine cables which can be used with the low pressure 
scheme. 

If, however, centralised power plant mounted in a marine 
caisson structure is preferred, there would be advantages in 
adopting conventional water turbine designs for use on a constant 
pressure variable volume hydraulic system. Variation of hinge 
stiffness is better provided at the raft itself. The power plant 
on the platform should be capable of operating synchronously, and 
this would reap the considerable financial saving of an a.c. 
transmission scheme. 

As an alternative to the present mechanical plunger pumps 
of the high pressure scheme, WPL have outlined the possibility of 
replacing them in the coming year by a new high pressure tube 
pump. These would greatly simplify the means of pumping sea 
water from the rafts but development work remains to be 
undertaken. Here again, the number of tube pumps under load and 
influencing hinge reaction could be selected by automatic control 
of their inlet valves. 
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2.7 PERFORMANCE AND PRODUCTIVITY 

2.7.1 Introduction 

The Consultants have this year again been responsible for 
the assessment of the productivity of the Device. The basis on 
which this has been done is now described and comparison made 
between the present approach and that adopted last year. 

The Consultants' assessment of productivity is intended 
to represent the total electrical power delivered by a 2GW rated 
station at Perth during a typical year from a long string of 
devices located off the west coast of the Outer Hebrides. A 
water depth of 50m to 100m is assumed for the Cockerell Raft 
Device. 

The procedure for calculating productivity remains 
essentially the same (see Appendix A). It should be re
emphasised that the upper and lower limits on estimates of the 
various factors are extremely subjective. Some of this year's 
"most likely" estimates are outside the ranges given in last 
year's report. The interpretation given to these ranges 
therefore should be the limited one of estimating errors, not the 
full long-term probability distribution about each estimate. 

2.7.2 Shallow water correction 

In this report the shallow water correction has been made 
by dividing the variance of each frequency component of the 
recorded wave spectra by the appropriate shoaling coefficient. 
The mean annual power of the 399 Selected Offshore Spectra 
modified in this way is 47.5 kw/m. For details see Appendix A. 

2.7.3 Wave climate data 

Since the last report new wave data have become available 
for the South Uist offshore and inshore buoys (reference WESC 
(79) DA89). The new wave recordings made at the offshore buoy 
during the year '77-'78 confirm that the '76-'77 South Uist 
Selected Spectra are representative of the cl i mate during a 
typical year. Fig 7 .1 shows the scatter diagram of the selected 
offshore spectra after modification using shoaling coefficients. 

The wave spectra recorded at the inshore buoy during the 
year '78-' 79 are incomplete as data are missing for two winter 
months. To compensate for this IOS have selected 1259 spectra, 
for which simultaneous recordings were taken at b1J th the inshore 
and offshore buoys. The annual mean power calcula ted from these 
selected spectra is 11.31 kw/m for the inshore buoy and 31. 69 
kw/m for the offshore buoy. To get the mean annual power at the 
inshore buoy for a typical complete year the figure of 11.31 kw/m 
has been multiplied by the ratio 47.5/31.69 = 1.50, which gives a 
mean annual power of 17.0 kw/m. Fig 7.2 shows the scatter 
diagram of the selected inshore spectra after modification to 
allow for the shallow water effects. 
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The offshore scatter diagram was used in the computer 
analyses to calculate productivity of devices located in depths 
of 50m to 100 m. For the shallow water devices the inshore 
scatter diagram was used and the calculated power delivered to 
Perth was then multiplied by the factor 1. 50. This procedure of 
compensating for the missing winter data could result in an 
overestimation of the harnessed power, as the missing winter 
months probably contain a high proportion of powers too large for 
the Device to capture. 

2.7.4 MET Office computer model 

New data on wave directions and mean annual power levels 
have been derived using the MET Office computer model (reference 
WESC (79) DA 84). Values of mean power levels and directionality 
factors of 4 grid points off the west coast of South Uist with 
associated depths of between 50m and 100 mare shown below. 

Grid point no. Depth (m) Mean power (kw/m) Directionality 
factor 

30 55 54 0.78 

39 91 52 0.78 

47 91 65 0.77 

48 55 47 0.82 

The wave power rose for grid point no. 39 is shown in Fig 7.3. 

2.7.5 Directionalitl factor 

In this report the directionality factor has been 
calculated using the wave power rose given in Fig 7 .3 and has 
been included in the first stage of the computer analysis rather 
than in the second. This approach results in the same annual 
power chain efficiency as that calculated by applying the 
direction correction factor in the second stage, but it does 
produce lower optimum plant ratings. Details are shown in 
Appendix A. 

2.7.6 Site correction factor 

Fig 7 .4 shows an assumed relationship between mean sea 
power and water depth. This graph is based partly on the wave 
power recordings at the inshore and offshore buoys and partly on 
the MET Office computer model predictions. A site correction 
factor of 1.1 has been used for devices located in 50 to 100 m of 
water; this value corresponds to a depth of 75 m in Fig 7.4. For 
shallow water devices the site correction factor was determined 
by linear interpolation between the mean powers at the inshore 
and offshore buoys. 
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2.7.7 Reliability 

New assessments of failure rates and repair times are 
currently being made by the Consultants to TAG6. Until these 
results are available, reliability factors have been left largely 
unchanged from last year's report. The "high" estimate has been 
modified to 0.95 for all devices, representing the maximum 
achievable, although this probably infers cons i derable costs in 
plant and cable redundancy, monitoring systems and extensive 
repair facilities. 

For the Raft the most likely estimate has in fact been 
slightly reduced due to doubts on accessibility as compared with 
the more stable OWC's. 

2.7.8 Device efficiency data 

Efficiency data of the new single hinge Cockerell Raft 
have not yet been measured. However, since any differences in 
device efficiency are expected to be small, it has been agreed 
that the old efficiency curves should be used until the new data 
are obtained. 

Fig 7.SA shows the sea efficiency 
programme to assess the device productivity. 
monochromatic efficiency curve which was used 
the digital correction factor. Both of 
provided by the Device Team. 

2.7.9 Power chain data 

curve used in the 
Fig 7.SB shows the 

solely to determine 
these curves were 

The Device Team has proposed two basica lly different 
schemes for power take-off, one involving high pre ssure pumping, 
the other low pressure pumping. Efficiency curves for each type 
are shown in Fig 7.6. 

2.7.10 Productivity 

Using Froude scaling the results from mode L tests can be 
applied to a wide range of full size devices. Fig 7. 7 shows the 
result of such an exercise for the Cockerell Raft. Also plotted 
is the mean annual capture efficiency divided by the volume per 
unit length of device. 

The effect of varying the plant 
to establish the optimum plant rating. 
in Fig 7 .8. A breakdown of the 
productivity of the Cockerell Raft is 
7.9B. 
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The mean annual power delivered to Perth for the device 
with the low pressure power take-off plant is predicted to be 8.7 
kW/m, with plant capable of delivering a maximum of 50 kw/m. 
For a 2GW rated power station 995 devices will be required. The 
average annual power produced by the 2GW station is estimated to 
be 0.43GW. 

Using the high pressure power take-off scheme the mean 
annual power to Perth is estimated to be 9.7 kW/m. also with 
plant capable of delivering a maximum of 50 .O kW/m. The number 
of these devices required for a 2GW power station will be 930, 
and the mean power produced by this station is estimated to be 
0.45GW. 

2.8 Discussion of Cost Data 

Costings of the raft device have been submitted to the 
Consultants for both the high pressure and low pressure versions 
of the one hinged raft. The completed cost summaries submitted 
relate to the steel raft construction as priced by the Appledore 
report. Costs for the concrete structure only have also been 
submitted as a part of a separate report prepared for Wave Power 
Limited by Sir Robert McAlpine & Sons Ltd. 

Table 8.0/1 gives details of the costing of the high 
pressure systems as submitted and the Consultants' comments 
thereon. Table 8.0/2 shows the low pressure system as submitted 
and the Consultants' comments. Both these tables cover costs of 
the system on the assumption that the rafts are of steel. Table 
8.0/3 shows the Device Team's submissions for the concrete 
structures only and the Consultants' comments on those. These 
costs are based on extensive precasting and prestressing 
procedures. Three sets of costings are shown. The first is 
based on a conventional assembly system, the second on a novel 
"Rolair" system which incorporates a hovercraft principle for 
moving large items around and the third an alternative developed 
cost. 

In the preparation of the cost estimates great savings 
have been shown over last year by the Device Team adopting a 
novel approach to the costing exercise. They have also reduced 
cost considerably by redesigning those areas where high costs 
were indicated by the Consultants. Apart from the special 
approach to the pricing of the steelwork, the Consultants feel 
however that, in general, based on the current state of the art, 
the Device Team has taken a rather optimistic approach and that a 
figure perhaps 25% higher is more realistic. 

Table 8.0/4 shows the comparison between the costs in the 
Consultants' second report and the current costs. 
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TABLE 8.0/1 
COCKERELL RAFT 

HIGH PRESSURE TYPE STEEL RAFT 
(Cost per raft) 

Item 

Hull structure 

Hinge bearings 

Mooring lines 

Anchors 

Tow out and Moor 

Tube pumps 

Pumps, Ends & Valves 
& Hydraulics 

Feeder & pipelines 

Power Station 

Generation 

Transmission 

Sundries & Nav.Aids 

Total 

Cost£ 

1,434,000 

70,000 

650,000 

121,000 

36,000 

93,000 

486,000 

160,000 

150,000 

265,000 

174,000 

110 ,OOO 

£3,749,000 

44 

Comment 

- Based on £295/tonne steel from 
Appledore. This is a very highly 
developed cost derived from very 
optimistic assumptions. 

- This is a very optimistic cost for 
such an undeveloped idea. It is 
likely that greater provision will 
be needed. 

- Reasonable, although slightly low 
for conventional rodes. Seems 
optimistic for proposed system. 

- Information received from other 
contractors indicates this cost 
to be optimistic. 

- Reasonable, but if anything again 
optimistic. 

- Very optimistic at today's prices; 
an independent supplier indicates 
a much higher figure. 

- Reasonable. 

- Although the Device Team indicates 
that information is from Brown & 
Root Ltd.', other pipeline layers 
(B.P. and Shell) indicate much 
greater cost particularly for 
pressure required. 

- Cost based on revolutionary Caisson 
design. Conventional platform 
would be much more expensive. 

- Awaiting information. 

- OK - in line with Consultant 
Paper 18. 

- Inadequate provision for such an 
optimistic costing approach. 

•1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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TABLE 8,0/2 
COCKERELL RAFT 

LOW PRESSURE TYPE STEEL HULL 

(Cost per raft) 

Item Cost f. 

Hull Structure 1,475,000 

Hinge Bearing 70,000 

Moorings 650,000 

Anchors 121,000 

Tow out & Moor 36,000 

Pumps Valves & Seats 100 ,OOO 

Turbine 540,000 

Generator 150,000 

Electrical 
transmission 463,000 

Auxiliaries Nav Aids 50,000 

& Sundries Development 70,000 

Total 3,725,000 
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Comment 

AS TABLE 8,0/1 



TABLE 8.0/3 

I 
I 
I 

(For high pressure system. The low pressure system is much more expensive.) I 

Item 

Facility 

Back-up plant 
and labour 

Concrete 

Reinforcement 

Formwork 

Assembly and 
stressing 

Disassemble 
carriage & launch 

Flood and 
tow-out 

(Cost per raft of hull structure only) 

Costs ( £1000) 
f,4( ~d>, ... , r;1Fr0J...O;} 

1 2 3 

224 

272 

360 

498 

842 

487 

12 

40 

187 

214 

298 

336 

450 

65 

60 

150 

194 

236 

197 

446 

52 

Consultants' Comments 

Generally the rates used are 
very much in line with those 
currently being used in the 
civil engineering industry. 
The developed cost in column 3 
would be approached by a 
manufacturer operating a mass 
production scheme such as used 
for high rise flats in the 1960s 
at today's prices. Therefore the 
costs represented here are fairly 
conservative. 

Total ( £1000) 2,695 1,590 1,335 
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TABLE 8.0/4 

Costs for 2000MW rated station (based in 1979 on steel high pressure system 
and 930 no. devices). 

Item 
from 

Construct concrete units 

Construct steel units 

Mechanical components to 
power take-off (hinges) 

Hydraulic motors, turbines 
and power take-off 

Anchors and Moorings 

Tow-out and moor 

Power collection and 
Transmission 

Sundries 

Contingency and Development 

Total (£M) 

l £M* £M Comments 
1978 costs 1979 costs 

2009 -- Device now made entirely 
of steel, is lighter and 

2991 1333 steel price very low. 

1905 65 New rubber hinge design. 

1979 price includes for 
1230 1073 pumps pipeline platform 

structure. 1978 was for 
a complicated pumping 
system on the device. 

1415 717 ) 
) as table 8.01 

288 34 ) 

1978 costs very pessi-
823 162 mistic. See Consultant's 

Working Paper 18. 

91 102 Very small allowance by 
Device Team. 

2082 

12,834 3486 

*Consultants' 1978 es t imate for 1144 rafts 
adjusted to 930 raft s and increased by 16% 
for inflation. 
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2.9 Assessment of Cost of Power 

The costs of power produced by the wave power 
schemes investigated in the Consultants' 1978 Report were 
presented in terms of Cost/kW mean annual output. While 
this is a meaningful parameter in itself, a more 
comprehensive presentation is in terms of a power cost in 
Pence/kWh, in which account is taken of initial capital and 
maintenance costs. 

The objective of this section of the report is to 
present the total costs (capital and running costs) for the 
Cockerell Raft Device as an annual equivalent which may then 
be measured against the return, in terms of mean annual 
power output. 

In Section 2.8 the Consultants have presented the 
costs of a single device, as built up by the Device Team, 
augmented where there are aspects which have not been 
covered by the Team, by figures prepared by the Consultants 
themselves. These figures have been used to build up the 
cost of a 2 GW rated power station based upon the appropriate 
number of devices and including 'the cost of electrical 
transmission, which in any case has been prepared by the 
Consultants. 

In Section 2.7.the Consultants have developed 
figures for the productivity of a 2 GW power station, i.e. 
the figures indicate the mean annual output of a 2GW power 
station to the grid. 

In assessing the power, the Consultants have in the 
first place derived an annual cost of the station. For this 
it has been assumed that the capital cost of the station 
would be recovered over a period of 25 years, allowing 
interest at a rate of 5% compound. This agrees with the 
manner in which E.T.S.U. perform their own costing 
calculations and is equivalent to repaying 7.1% of the 
capital cost each year. In addition to this, an allowance 
has been made for the cost of maintenance. This has been 
taken as 3% of the capital cost of the power station unless 
the Device Team has submitted other more comprehensive 
figures, in which case these have been used. 

The annual cost derived as above is thus divided by 
the number of hours in a year, 8 760, and the mean annual 
output of the station, in order to obtain the cost per 
kilowatt-hour. 
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For the High P ressure Tube Pump system based on the Device 
Team's costing, and the Consultants' productivity calc ulations: 

930 Number of Devic sin 2GW station 

Cost of each device (including its 
proportion of costs due to the 
centralised pow r station and 
electrical tran mission) 3 749 OOO '- yrfbl... , , 

H C 

Mean Annual Productivity 

Mean cost of power 

= 0.45 GW 

930x3.749xl06xlOOx0.101 
0. 45xl06x87 60 

= 8.9 p/kWh 

For the Low Pre . sure Vane Pump system 

Number of Devic sin 2GW station = 995 

: 5 o 1<::; c,00 I , 

I I, 

Cost of each device including transmission £3,725 ,OOO 

Mean Annual Pro< uctivity 

Mean cost of power 
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= 0.43GW 

995x3.725xl0 6xlOOx0.101 
0 .43xl02x8760 

9.9 p/kW-hr. 

----



------- -

10.0 

Hs (:: 4drms) 

SIGNIFICANT so 
WAVE HEIGHT 
(METERS) 25 

25 
7.5 

50 25 

so 25 25 

50 so 25 25 

25 25 50 50 50 25 

5.0 50 50 25 25 25 75 50 25 

100 25 25 75 50 25 50 25 

75 75 25 100 25 25 

l)l) 0 .'.:>O :>O .'.:>O i -::, L-::, L':J 7 S so 25 
V, 100 125 25 226 75 100 25 50 75 25 25 D 

2.5 25 150 376 200 226 301 100 100 75 25 25 25 25 25 25 

100 75 226 175 251 251 175 75 100 50 125 25 25 25 

25 150 150 251 150 175 100 75 150 100 50 

25 25 75 so 175 100 251 226 125 75 100 50 25 25 25 

25 25 25 25 75 75 150 75 100 25 25 25 

25 25 25 
o.o 

4.0 6.5 9.0 11. 5 14.0 16.5 Te (:: M_l 
Mo 

ENERGY 
Data from IOS report 1 PERIOD 

Selected spectra from the 1976-1977 recording from the S. Uist offshore wave buoy. (SECONDS) 

Fractional occurences in parts per 10,000. 

OFFSHORE CLIMATE SCATTER DIAGRAM 
Figure 7.1 

- - - - - - - - - - - - - - - - - - - - ~ 



- - - - - - - - - - - - - - - - - - - - -
7.5 

Hs (= 4drms) 

SIGNIFICANT 
WAVE HEIGHT 
(METERS) 

5 .0 

8 16 16 16 8 8 8 

8 :!4 56 40 '} ' _ ... 8 8 16 
24 16 64 191 191 

2.5 
32 103 64 8 40 

16 32 111 199 159 214 127 95 8, 32 32 16 24 40 16 8 8 
8 95 151 111 207 29-, 278 246 175 111 7l '8 64 16 24 16 16 8 8 

16 111 254 262 278 318 278 207 167 111 175 56 56 48 32 71 40 32 8 24 16 8 8 
40 79 111 159 334 445 349 214 262 11 

Vl 
!~3 159 87 79 119 5,:; 40 8 40 8 

...... B 8 24 56 71 127 ' O 8 16 8 8 16 8 8 
0.0 

4 .0 6 . 5 9.0 11. 5 14.0 ( = X 
16.5 Te -1 

~lo 

Data supp 1 ied by IOS 

1259 Sel ec ed SD ctra fro th q 8- 1979 rec0rrl i r,oc: i'rnrn the s. ''! C: r: inc:hr, r p hu0 
Fractional occuren ces 1 n parts ?c: r l O , ()()0. 

INSHORE CLIMATE SCATTER DIAGRAM 

Fi'gure 7.2 



N 

W--f'-------------=-t-----E 

0~ 
Oe"'ce 

~re c \ 1' l I" 

s 

WAVE POWER AS / , FUNCTION OF DIRECTION - MET 

OFFICE COMPUTER SIMULATION 1979 (GRID POINT No 39 l 

Figure 7.3 

·- 52 -

11 
I 
I 
I 
I 
I 
I 
I , 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Mean Sea 
Power kW/m 

60 

L.0 

20 

0 

0 

Cl 

ASSUMED REI ATIONSHIP BETWEEN THE MEAN 

SEA POWER AND DEPTH 

., __ .,_ -- r 

20 t.O 60 80 100 Dep th m 

M, ·. 111 . 11111 11. 11 11,,w,·1 \, . , ,, \ ·, 1 , ·,,<1,I, ·, . ii 1\1, i11· : \,.,1, ,11111 .. 1\·,\ 1, , 1 , 

:;, 111 I \1 I I j •, I 1111< 1v •, . 

i\v, ·1 , If'' ' 1111 ·. 11 1111w, 1 I, .,. , I I 1 .. ,11 I\,, Ml ·. \ ,ii I 1, , . , 111111111 1 ,·1 

11111,l, · l ( \•1/ 1
) 1111 )',I i,I ,,,,i,11 ., Ill , '" ',H. 

i\v,· 1.i F,'' 1111 ·. 11 p,11~, · 1 1, ·l' , · 1 11,1111 tl11 ~11-:·1 ,,1 1, · , · ,· 11111 11111,•r 

1111 1d, \ ( \ lJ/') I,,, )', I j,I p,,i Ill :, \lJ , 1, HI '• / . 

Figu't'e 7 . 4 

-- 53 -



I 
I 

I I ~ ~-=< ~ 

~ 100m ~ I 
"2 I 
0 ·9 

I 
0·8 

I 
SEA EFFICIENCY -100m RAFT 

I 0·7 

I 
0·6 

I 
I 

0·5 I I I 
I 

I I 
O·t.. I 

I I I 
I 

I 0·3 I 
I 
I I 0·2 I , 

I , 
I 

0·1 I I I ' ' I ' I ' 2 t.. 6 • 10 12 1 t.. 16 T(sec) 

Figure 7.SA I 
I 

- 511 -

I 



I 
I 

vz 
I 1 · 1 

MONOCHROMATIC EFFICIENCY - :• 4 4m RAFT 

I 
lO 

I 
I 0·9 

I 0·8 

I 
I 

0 ·7 

I 0·6 

I I 
0-5 

I I 
I 

I 0 ·4 I 
I \ 

I 
I \ 

I 
\ 

0-3 \ 

I I \ 
I \ 

I 
0 ·2 I \ 

I \ 

I 
I \ 

0 ·1 I \ 
I \ 

I I \ 

I 
o·t. 0·6 0·8 1 0 1-2 1 ·4 1-6 1·8 T(sec) 

Fig11 r e 7, SB 

I 
I - 55 -



POWER CHAIN 

~ 
Collect ion and 

Pump and Turbine Gene rotor Transm iss1on 
to Perth 

¾j ·1 '1 High pressure system 
High pressure system 

100 I 100 100 

80 80 80 

V, 60 60 60 Low pressure system 
O' 

Low pressure system 
L.0 L.O l.O 

20 20 2 

0 0 0 
0 20 l.O 60 80 100% 0 20 L.0 60 80 100% 0 20 L.O 60 80 100% 

60. 2 kw/m (H) 50.0 kw/m (H) 48.5 kw/m (H) 
64.l kw/m (L) 50.0 kw/m (L} 48.5 kw/m (L) 

© Cut off on Mean Hourly Outpu t = 50.0 kw/m 

The graphs show power chain efficiencies plotted against input power as a percentage of the rated input power. 

Figure 7.6 

----------------------- _____J 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

% 

80 

60 

40 

20 

CAPTURE EFFICIENCY AGAINST 

CHARACTERISTIC DI MENSI ON 

QI 
u 
C 
QI 
L. 
QI .... 
QI 

0::: C 
OI 

::: ·en 
0 QI 

0::: 0 

0 +---,;_--,------.-----L---,,-----..---------
0 40 80 120 160 m 

Capture ffjcicncy = ( '~C'an unnu n l cap tured p, iwe r)/( Mean nnnua l inr.i.dcnt power) 

0 

CAPTURE EFFICIENCY DIVIDED BY VOLUt~E PER METRE LENGTH 

AGAINST CHARACTERISTIC Dl1'1ENSION 

QI 
u 
C 
QI a; .... 
QI 

0::: C 
OI 

+- ·-.... Kl 0 
a:: 0 

40 80 120 160 m 

Figu r e 7 . 7 

- 57 -



POWER CHAIN EFFICIENCY AGAINST 

PLANT RATING 

% 

80 

High pressure power take -off 

60 

Low pressure power take - off 

.... 
40 C 

0 
a: 

CJ) 

E C 
:::, ..... 
E 0 

0:: ..... 
20 Q. 

0 

0 -------.------r--~----.------,----
0 20 40 60 80 kW/m 

Figuri 7 . 8 

Power c h.:.1in effi,.·j,,ncy 
.:.1nnual c;:tplurcd pm·.t<.'r) 

- 58 -

( 111(' il 11 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



---------------------

\Jl 
1.0 

MEAN POWER A S -E :oR~E::;-10N ulREC IONALITY INCIDENT 
S UIS: OFFSHORE FACTOR FAC OR POWER 
BlJJY ( KW/m) 

HIGH ESTI MATE 50.0 1. 20 0.83 45.0 
t-OST PROBABLE 47.5 1.10 o. 78 41.3 
LOW EST IMATE 45.0 1.05 o. 73 37.8 

INCIDEN- OCVISE CAP- RE EFF ICIENCY POWER CHAIN 
POWER BASED CN PM DK3IT AL SPECTRUM EFF ICIENCY RELIABILITY SPE.., "7R..:M CQRREC-:- IGN 

HIGH EST IMATE 0.54 0. 93 0. 73 0.95 
MOST PROBABLE 0.49 0.88 0.68 0.82 ' 
LOW ESTIMA E 0.44 0.83 0.58 o. 70 

-
PREDICTED ANNLAL MEAN PER .1 -Rl<:NG PER 2GW RA,..ED 
POWER DELIVERED TO PERTH .:KE~ Of lCE INS ALL ATION 

UPPER BOUND 95% CONFIDENCE 11. 9 o. 55 
MEAN 9.7 0. 45 

-
l:JWER EOJNO 95% ::.CNFiDE :E 7.7 0. 36 

Figure 7.9A - Hi gh Pressure System 

POWER DELIVERED 
TO PERTH PER 
METRE OF DEV ICE 

11 . 9 

9.7 

7. 7 



MEAN POWER AT SITE CORRECTION D1Re::-10NA ... rY INCIDEN"7" 
S UIST OFFSHORE FACTOR FAC-:-OR POWER 
BUOY (KW/ml 

HIGH ESTIMATE 50.0 1. 20 0.83 45.0 
MOST PROBABLE 47.5 1.10 0. 78 41. 3 
LOW ESTIMATE 45.0 1.05 0. 73 37.8 

- - ---- - -- - - -- - ---- - - -
INCIDENT DEVICE CAP-URE EF:: '.: IE CY POWER CHAI POWER DELIVERED 
POWER BASED 'JN prv1 DtCFH~ SPE:-RJM EFF CI E ".: Y RE: ... ,ABIL....1-y TO PERTH PER 

SPECTR J ~ C:RRE:- ::::N METRE OF DEVICE 
HIGH ESTIMATE o. 54 0.93 0.66 0.95 10. 7 
MOST PROBABLE 0.49 0.88 0.61 0.82 8.7 - - --LOW ESTIMATE 0.44 0.83 0.51 0. 70 6.9 

PREDICTED ANNUAL MEAN PER M WORK ~ I ~CK 23 '-I KA ... c: C 
POWER DELIVERED TO PERTH FACE OF DE ,CE I s -A..._A- S. 

UPPER BOUND 95% CONFIDENCE 10. 7 o. 53 
MEAN 8.7 0. 43 
LOWER OC>UND 95% CONFIDE CE 6.9 o. 34 

-

Figure 7.9B - Low Pressure System 

~------------------ - -



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

\ I 

APPENDIX A 

CONSULTANTS PRODUCTIVITY ANALYSES 

1. SHALLOW WATER CORRECTION 

As the inshore and offshore buoys are located in transitional 

water depths the power associated with each wave is a function of both 
the wave height - period and depth. To take depth into account the 
variance of each frequency component of the recorded spectra has been 
divided by the appropriate shoaling coefficient. The proceedures used 
f or both the inshore and offshore spectra are described briefly below: 

a) Offshore Buoy:-

Available data - 399 digital spectra. 

Divide the amplitude of each frequency component of each digital 
spectrum by the shoaling coefficient given by the fonnula 

K = f foft~ {~-rrd IL) " 
1 ]~ 

{ I + 4rrdLL 
si"I,. (2Trd /L) Where d 1S the depth at the buoy 

L 1S the wavelength ::. 9/~irf 2)+a"'h (2wd/L) 
g is the acceleration due to gravity 

f is the wave frequency 

Va.-;onct. 5 

r-, -r - · 
.--

-~ r - -
~ - .. -

=-=-= 
f" -1- - -
I --r- -, 

i 

(I) 



The significant wave height and energy period are then derived 

for each spectrum using the following formulae: 

where Siis the modified variance 

fi is frequency 

Te.= 

/lf is the frequency increment 

b) Inshore Buoy:-

6+ 

L St/f, 
La I 

,., 

Available data - 1259 pairs of Hs, Te calculated directly from 

the recorded spectra wi thout modification to allow for depth. 

For each pair of Hs, Te values reconstruct the Pierson - Moskowitz 

curve using the formula: 

S Hi/( 4 fs) ( o.G1yo) 
: 0. l687S s Te. o.xp - Ta.~ t., 

where f is frequency 

and dividethe curve into 64 frequency components. 

The proceedure thereafter is identical to that used for the offshore buoy. 

(II) 
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2. DIRECTIONALITY FACTOR 

Using the wave power rose given in the productivity section 

t•.ro values of the directionality factor have been determined. 

N 

s 
?(8) is f~t. m~n Ohtwal poWfl.r 

c0Min9 fn::,fY\ di rczc. ho"' 0 

The directionality factor for a fixed device facing 

the optimum direction is 0.78 and has been determined using 

the formula 
t/> .. lJ'a. 

j Pia) cos{ ,;-al de 

s'-%. 
A directionality factor of 0.83 has been assumed for 

shallow water devices, as the above wave rose applies strictly 

to water depths of 55 - 100m and some narrowing down of the 

wave rose · in shallow water can be expected due to retraction. 

(III) 



For devices resembling point absorbers and for devices 
which can swing round to face the direction of the waves the energy 
available to them can be greater 

suitable gaps. 

" -,-

providing they are 

' " ~~J 
' 

-'-- - - ' 
" WAVE 

DlltllC.T IOM 

l 

separated by 

If we assume a gap equal to 1/3 of the effective working 
face of the device and that the waves all come from the same direction 
at any instant in time,the directionality factor for angles ranging 
from -41° to +41° is unity and the overall directionality for the 
whole wave rose can be shown to be 0.88. The true directionality 
factor will be somewhere between 0.78 and 0.88 since in a real sea 
the waves may come from a variety of directions at any instant in 
time. A value of 0.83 has been assumed until further information 
about the directionality of waves is acquired. 

(IV) 
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3. CALCULATION OF SEA EFFICIENCY BASED ON PIERSON-MOSKOWITZ SPECTRA 

Depending on the type of data available, this was done as follows:-

a) From sea efficiency data 

This data is directly applicable provided an appropriate wave spectra 

type was used during testing. The sea efficienty curves are stored by the 

computer program in the form of a sea efficiency scatter diagram, derived 

in the following way:-

5&o E!f;c:ia,"j 

'>'/ii 

S;snif.,-u.ant 
wav& kai.9ht 

Hs 

H,. 
:., 

1-r 
I&' l 

I 

I 
I 
I 

' 
>'/ij 

I 
I 

I 

I 

I 
I 

I 

(V) 

Seatlar di°91'11M of 
~a o:UiciU\c.iG.S 



To determine the efficiency for the sea state Hsj, Tei the program 
finds the position of Tei along the abscissa of the sea efficiency curve 
and then determines the efficiency 1'J ij by linear interpolation between 
the curves for Hsa < Hs j ( Hsb. 

This process is repeated for all the sea boxes. 

b) From monochramatic efficiency data 

Random sea efficiencies are calculated from the monochromatic 
efficiency curve by numerical integration. The procedure is described 
below. 

Si9r\i~ic.on-l: 

WQV& htti. 3ht 

'ij 

Ta· 
' 

ScoHa.Y di09ram 

of S4tl a:U,de.ncitLS 

Consider the sea state Hsj, Tei from the above scatter diagram of 
sea efficiencies. This sea state has the same power as a monochromatic 
wave of height H = Hsj 

(VI) 
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Monodtre>mof · 
a.ff ic.i1.nc.j "J 

Varianc.a. S 

A typical monochromatic efficiency curve is shown below 

Tn P11.~iod T 

The program constructs a new monochromatic efficiency curve by 

linear interpolation between the curves for /-la < Hsj /Jf < H& 
It then constructs the Pierson-Moskowitz curve for the sea state Hsj, 

Tei and divides it into 50 frequency components. 

Let Tn = I / fn 
17" is the monochromatic efficiency for the frequency component fn. 

(VII) 



The sea efficiency for the sea state Hsj, Tei is then derived 

using the formula 

fO L S~ If" 
I'\:' 
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4. CALCULATION OF SEA EFFICIENCY BASED ON DIGITAL SPECTRA 

These are derived in much the same way as the sea efficiencies 
based on P-M spectra, but instead of using the Pierson-Moskowitz 
equivalents of the 399 recorded offshore digital spectra the program 
uses the digital spectra directly. 

The sea efficiencies based on digital spectra are generally less 
than those based on the P-M equivalents . To take this into account 
the estimates of productivity calculated in the first stage of the 
analysis have been multiplied by the ratio of the annual mean captured 
power based on the P-M sea efficiencies divided by the mean annual 
captured power calculated from sea efficiencies based on the digital 
spectra. 

For shallow water devices an assumed digital correction factor 
of 0.95 has been used, as the digital spectra recorded at the inshore 
buoy have not yet been made available to the Consultant. 

(IX) 
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5. CAPTURE EFFICIENCY 

The annual capture efficiency of a device is defined as the mean 
annual captured power divided by the mean annual incident power and is 
derived in the following way. 

no·· 
'1 

T1., 

Wava. c.LiW1otf. 

sea f:i: e.r d i a 9 v-a "" 

In the above wave climate scatter diagram noij represents the 
fractional occurence of the sea state Hsj, Tei. 

The average power available in the sea box Hsj, Tei is given 
by the expression 

PSLG·· 'J 
and the average incident power 

Pwa-· cose ') . 
where cos8 is the directionality factor 
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by 

The captured power for the sea state Hsj, Tei is then given 

Pc.a~ .. _ 
I'/ 

Psa.o .. . co~ e ,, .. 
'J . l'J 

where '7ij is the sea efficiency associated with Hsj, Tei, 

The annual capture efficiency is then given by the ratio of 

the mean captured power over a whole year divided by the mean incident 

power during that year. 

Capture efficiency= 
iZ9 ~ t PSLa;· · ?i· ?.r ,., 'J J 

(XI) 
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6. POWER CHAIN EFFICIENCY 

The annual power chain efficiency is defined as the mean annual 

power delivered to Perth divided by the mean captured power. It is 

derived as follows. 

The average captured power for the sea state Hsj, Tei is given 

by the expression 

Pcao.. = Psao .. -,- '} 'J tos9 . 7 ij 
and is assumed to be constant. 

Typical steady state efficiency curves of the power chain ccmponents 

are shown below. 

Pear:, .. 
I lj 

lt1put paw4r (as "/. of .,.ai.4.d fu.-bi,ur. power) 
/OD>'. 

The turbine power for the sea state Hsj, Tei is given by 

Pturl:,,,. 
'J 
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The generator power is given by 

The power delivered to Perth for the sea state Hsj, Tei is 

The annual power chain efficiency is then given by the ratio of 
the mean power delivered to Perth over a whole year divided by the 
captured power. 

Power chain efficiency= 

h I j:.I 

The above calculations are repeated for s everal values of plant 
rating in order to determine the size of plant which gives the optimum 
mean annual power chain efficiency. 

Two simplifiLations made in the above analysis could lead to 
an overestimation 0 1: the harnessed power. 

These are: 

1) The power associated with each sea state Hsj, Tei 
has been assumed constant and no account of the random 
nat ure of the sea power has been taken . 

(XIII) 



2) The incident powers are all assumed to arrive at the 

device at an angle c.os·' 0. 78 al" c.os ·' 0.93 

In reality waves will strike the devices at a whole range 

of angles, hence the power plant will have to cope with 

a greater range of incident powers than that suggested 

by the simplified approach. This can only result in 

an overestimation of the mean annual power chain efficiency. 
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7. NUMBER OF DEVICES 

The number of devices required for a 2 GW rated station has 

been calculated as follows:-

'TURB1Ne 
~----~--G-E_N_E._R_A_:T_o_R_:----:_T_R_A_"'_s_M_,_ss_,o_N _ __, 

100% 100 ,. /00°/. 

The above diagram shows a typical power take off scheme. The 

curves represent steady state efficiencies for each component plotted 

against input load expressed as a percentage of the rated load. 

For optimum design the generator rating should be equal to 

the turbine rating multiplied by the turbine efficiency at 100% load, 

the transmission rating should be equal to the generator rating multiplied 

by the generator efficiency at full load, and finally the power station 

rating per metre length of device should be equal to the transmission 

rating multiplied by the transmission efficiency at full load. 

As an example let us assume that the optimum plant rating 

(i.e. generator rating) for a 200 m long device is 100 kw/m and that 

the generator and transmission efficiencies at full load are 85% and 

90%. The transmission rating should then be equal to 100 x 85 kw/m 

and the power station rating should be equal to 85 x 0.9 = 76.5 kw/m 

and hence the number of devices required for a 2 GW rated station is 

equal to 2000000/~00 x 76.5)= 130 

(XV) 
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