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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 irmnediately of any significant changes of content 
or emphasis that may have a bearing on programme related recorrunendations 
due to be made by E.T.S.U. and W.E.S.C. 

30 November 1979 
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SUMMARY AND CONCLUSIONS 

Direction of Activity over 1978/79 

This device was itself a breakthrough in terms of 
power/ cost ratio predicted. The Team was not required this 
year to seek major changes but to prove and build on the 
first concept. 

Until this October the Device Team has been very 
limited in terms of resources in all areas; much of the work 
identified in the Consultants 1978 report as needing to be 
done remains to be done . Tank testing has largely been 
confined to the useful but limited wide tank at Lancaster . 
Performance tests have been carried out on a model 
constrained to move only in heave. Testing is now in 
progress on a model with freedom in pitch and heave to test 
ideas for a pitch control system and some progress has been 
made in this respect . Overall the aim has been to increase 
understanding and to try out ideas prior to a more elaborate 
test programme next year . 

Desk studies have been carried out to explore 
alternative layouts to overcome possible disadvantages in 
the 1978 design. The Team has been strengthened in this work 
by association with Wave Power Limited, who are now 
providing the main engineering design resource . A new 
reference design has been produced but not tested. 

Effort has also been directed towards the design of 
the air bags. Two major manufacturers are now working on 
this problem, but work has not yet progr essed to the testing 
stage . 

Main Developments since the 1978 Report 

The major development has been the exploratory work 
on a revised design incorporating a top duct with the air 
bags located along the sides of the device. This 
development is designed to solve problems identified in the 
original 1978 design. The effect will not be to make 
dramatic changes to costs or productivity, but rather to 
establ ish the credibility of the device in the area of 
survival and bag durability. Developments so far are 
neither tested nor in any sense complete, and the design 
reported may well change again significantly within the 
overall concept. 
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Device Team Costing 

The costing has been carried out by the W. P. L. team . 
Where applicable (e . g . anchors and moorings) common cost 
data is applied to this device and to rafts . The reference 
design is in prestressed concrete which the W. P.L . team 
consider ma y not be most economical, since it shows 
relatively little gain from mass production . It will be 
interesting to see how this design might cost out in stee l 
using the A. & P. Appledore steel cos t ing . The efficienc y 
curves used for productivity calculat ions relate to the 
earlier device, but there are reasons for believing that 
they are applicable to the new design . 

The Consultants have assessed the productivity of 
the device and, using the Device Team ' s cost submission , 
estimate the cost of power from the device at 5 . 6 to 4 . 4 
pence/kWh. The latter figure is based on the Team ' s 
developed cost predictions . 

Utilisation of Natural Resource 

Based on the Consultants ' productivity calculations, 
the number of devices required to deliver 0.5GW mean annua l 
power to the grid is 453 . 

Excluding any allowance for special gaps between 
devices to permit the passage of shipping, the length of 
coastline r equired to deploy this num ber of devices is 70km . 
This is based on devices being deployed in two staggered 
arrays with an effective device spacing of 150m . 

Rated power is a l ess satisfactor y criterion since 
it is a measure of plant installed and not of power 
delivered. At the present rated power, the number of 
devices required for a power station of 2GW rated capacity 
is 435 . This would utilize 65 . 2km of coastline. 

It should be noted that the above figures relat e to 
a station centred on South Uist and that they would not 
necessarily apply to a station sited elsewhere. 
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2. 

3. 

4 . 

5 . 

Conclusions 

The device was identified 
cost effective device at 
that little work had been 
features of t he device were 

in the 1978 Report as the most 
that time, with the reservation 
done and a number of fundamental 
yet to be proved practical . 

Shortage of manpower and resources have curtailed activity 
during 1979, and some of the conclusions and ques t ion marks 
of 1978 still apply . The device is still at t oo early a 
stage fo r fi rm conclusions to be drawn as t o its likely 
potential. 

There are no dramatic developments this year which will have 
a major effect on device cost or performance. 

The new layout with a top buoyancy tank moves towards the 
solution of the major problem of survival but also has some 
disadvantages . 
No te that this layout is not yet tank tested or optimised . 

a. Potential fo r survival in the event of damage is 
improved, and this problem ma y in fact be solved . 

b . 

c . 

d . 

e . 

f. 

Pitch control mi ght be improved . 

Vertical bending strength of the spine is improved . 

The transverse strength of the structur e is improved . 

The duty imposed on the air bags (in t e rms of buckling) 
is much better . 

The length of the working bag face is increased for the 
same length of device . 

Disadvantages to be over come in the new layout include: 

a . Mo re complex structure, with an inherently weak web due 
to penetration for air ducts. Ov e rall this will tend 
to increase s tructure costs compared to last year ' s 
reference design . 

b. There is some evidence that t he efficiency is adver sely 
affected , but developments to take advantage of other 
features of the new layo ut could well compensate for 
this. ( The history of other dev ices is a trend to 
improved efficiency as the device develops .) 

First re ports from industry 
durability of the air bags, but 
data . 

are encouraging for the 
there is not ye t an y test 

First tests indicate that pitch control 
controlling flow through the turbines, 
known how this may affect performance. 
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INTRODUCTION 

Last year, due to the lack of time for many of the 
Device Teams to advance their work to an adequate stage, it was 
necessary for the Consultants themselves to generate much of 
the information required for their report . The basic work 
included the development of reference 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, the Device Teams are 
reference designs with the Consultants 
schemes and the data presented. 

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 approach to presentation leads to differing 
emphases or degrees of optimism when considering the data 
available to them . The Consultants feel that it is an 
important part of their task to comment on devices from a 
common standpoint and in particular to differentiate between 
the facts established by the Teams and the ideas and hypotheses 
which they introduce to complete their presentations . 

In view of this, 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 thi s report sets out to present 
the full range of informat ion available to the Consultants, 
together with its status as judged by its suitability and 
degree of completeness fo r incorporation in the development of 
a re f erence design which can be assessed and costed. 

The second part 
Consultants' appraisal of 
most significant headings . 

of this re port contains the 
the information , discussed under the 

In order to avoid 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 1 AVAILABILITY OF INFORMATION 

1. 1 Drawings 

The drawings prepared by the Device Team are in various stages 
of development and the table below indicates the status of the drawings 
received . It relates to the major elements of the device. 

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

Preliminary Sketches 

Devices 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 

Drawings indicating in broad outline the Device Team's proposals 
for the device as a whole or for specific elements, features, 
plant , fittings, systems, etc . , where the Team has not yet 
developed its ideas to the extent that the subject can be costed 
in a conventional way . 

Outline Drawings 

Drawings of a general or specific nature not f ully documented or 
detailed but providing adequate information to enable cos t s to 
be assessed with a reasonable degree of reliability . 

Subjects covered by Drawings 

Subject or Title 

1 . General arrangement of device 

2 . Structural arrangement of spine 

3. Air bags* 

4 . Valves (including emergency 
shut off valves) 

5 . Power Take- off: 

Turbines/Generator 

Duets 

6 . Moo ring arrangement 

7. Construction sequence 

8 . Construction yard layout 

Preliminary 
Sketches 

Yes 

Yes 

Yes 

Conceptual 
Drawings 

Yes 

* This is adequately cover ed by the B. H. C. report. 
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Outline 
Drawings 

Yes 

Yes 

Yes 



Subjects not covered by Drawings 

The essential working components of the device, that 
is t he flexible air bags and septa, are specialised items . 
Reports on the design and construe tion of these components 
have been prepared by t he British Hovercraft Corporation and 
Dunlop, for the Device Team. Copies of these reports have 
been supplied to the Consultants. 

It will be seen from the above list that drawings 
for the mooring attachment point on the device have not been 
prepared this year, and it is assumed that the arrangement 
will be essentially as for the 1978 Reference Design . 

The power take-off remains at the conceptual stage 
only. There has been a last minute change in plant rating 
and it is appreciated that this is not as yet final. The 
layout drawings are thus indicative only of the arrangement 
proposed in which the plant is located at the centre of the 
hull, on top of the air duets in a conning tower 
superstructure. No provision has been made in the 
conceptual drawings for the accommodation of the electrical 
plant associated with group power collection. 

1.2 Stress and Loading Measurements 

The Device Team has not carried out any model tests 
to determine stress levels within the hull structure and in 
this respect the position is unchanged from last year . 

A limited amount of testing has been carried out on 
non-functioning, free - floating models to investigate 
directional behaviour and to give some indication of mooring 
forces. These tests were carried out in the Edinburgh Wave 
Tank and were strictly of a preliminary nature. The results 
of these tests have been forwarded to the Consultants in the 
form of a report. 
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1. 3 Structural Calculations 

The Device Team has forwarded to the Consultants calculations 
relating to the hull st r uc t ure . The table below sets out the main 
headings under which calculations would be anticipated and records t he 
pr esent position as regards receipt of calculations. 

1.4 

Part of Structure and 
Na ture of Calculations 

HULL - VERTICAL BENDING 

HULL - VERTICAL SHEAR 

HULL - TRANSVERSE BENDING 

HULL - TRANSVERSE SHEAR 

HULL - TORSION 

POWER HOUSE 

BOW and STERN SECTIONS 

MOORING POINT 

HULL - Sensitivity analysis) 
for bending and shear of ) 
hull and power house in Sm , ) 
10m and 15m waves ) 

Moor ings and Anchorages 

Outline 
Design 
Calculations 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

Yes 

Design 
Calculations 

The data provided by the Device Team may be recorded in the 
fo rm set out below . 

ITEM DATA PROVIDED 

CONFIGURATION Yes, but no Drawings . 

TANK TESTS Yes . Wide Tank Tests but 
different compliance . 

LOAD ESTIMATES Yes, based on Tank Tests 

RODES Yes, as 1978 . 

ANCHORAGES Yes, as WPL. 

INSTALLATION Yes . 

MAINTENANCE Yes . 
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1.5 Performance Data 

Summarised below are 
together with an indication as 
las t year's report and whether 
development of their device. 

I 
I 

the data available to the Consultants, I 
to whether the data have been ob tained since 
they relate to the Device Team 's most recent I 

New data 
since 1978 
report 

Data as 
available fo r 
1978 report 

Are data 
r elated to 
latest device I 

Model power out put in 
monochromat ic waves 

Variation of power 
output with wave direction 

Relationship of model tests 
to actual device behaviour 

Plant Efficiency: 

a. Air Turbines 

b. Generator 

c . Transmission 

1.6 Optimisation 

No 

Nil 

Yes 

Yes 

Yes 

Yes No satisfactory 
tests on "Top 
Duct" model. 

Nil 

Model free 
in heave only 

. 

I 
I 
I 
I 
I 
I 
I 

This section summarises the extent to which the Device Team has 
optimised the size, performance, power take-off and other aspects of the I 
device . These details refer to the preferred device configuration. 

Parameter of Device 

Hull cross-sectional shape 

Size 

Separat ion 

Bag shape 

Power Take- off 

Internal Aerodynamics 

Optimisation undertaken 

No 

No 

No 

In hand 

No 

In hand 
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1.7 Operation and Maintenance 

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

Component of Device Operation and Maintenance 

Considered Costed 

Hull structure Yes 

Bags and Septa Yes Yes 

Duct valves Yes Yes 

Emergency shut-off valves Yes 

Power Take-off Yes Yes 

Moorings Yes Yes 

Maintenance costs have been derived on the basis of a percentage 
of total capital costs and not costing of maintenance of 
individual items. 

1.8 Costing 

A summary of costs has been presented to the Consultant s 
in the form of a section from the Device Team's own 1979 Report. 
This presentation indicated, for the major cost centres, the 
reductions in cost which the Team anticipates as a result of 
design development and the benefits of large scale production . 
The result is therefore a range of costs . The upper limit of 
this range is an estimate based on "one-off" production and 
maintenance costs, while the lower limit is a target cost based 
on an automated mass production and maintenance philosophy . 

13 



PART 2 CONSULTANTS' APPRAISAL 

2. 1 Preamble 

As mentioned in the Introduction the Reference Design 
submitted for appraisal this year differs significantly in 
configuration from the 1978 Reference Design, while retaining the 
basic concepts of operation of the latter. 

This 1979 design, or so- called "Top Duct" version, holds 
several significant advantages over the previous design and as 
will be seen, the overall result is to considerably improve the 
credibilit y of the device. 

Apart from a change in rating, the 1979 power take-off 
remains virtually the same as in the 1978 reference design. Each 
used a pair of axial flow single stage air turbines driven by the 
fore and aft air circulations . A change f rom last year is t he 
adoption of a common high pressure air duct into which all air 
bags discharge, and separate fore and aft low pressure re
inflation ducts s upplied by the exhausts f rom individual 
turbines. 

2.2 Description of Device 

During the past yea r the Device Team has been 
concentrat ing its efforts on developing an alternati ve 
arrangement of the component s of the device. The cross-section 
of the hull is in the form of a deep flanged I-beam with a double 
web construe tion. The t op flange of the section houses the high 
pressure (H . P . ) and low pressu re (L.P.) ducts, while the bottom 
flange compr ises three compartments for water ballast tanks. 

The fl exible bag itself is now split into two about the 
vertical centre line of the dev ice and the two halves are 
at tached to the top outer corner of the bottom flange and the 
lower inner corner of the top flange. The bags are continuous 
over a length of 180m but are sepa rat ed internally into 10m 
sections, by flexible septa. 

In elevation, the web o f the section resembles a 
Vierendeel girder comprising vertical 4m wide concrete box 
sections at 10m spacings. The remaining 6m wide voids connect 
the two oppo sing bag chamber s to the central web void which is 
linked via valves to the H.P . and L.P. ducts . The pai rs of 
opposing air bags are isolated from the adjacent bags by the 
septa and the vertical box sections of the Vie rendeel girder web . 
The air flows from the H. P . duct and to the L.P . ducts, are fed 
throug h holes in the upper deck in to a centrally located 
superstructure, housing powe r take-off plant in the form of twin 
air t u rbines linked to a single generator. In this respect the 
device is s i mi lar to the 1978 design in that the fore and aft 
sections of the bags are served by separa te turbines. 
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The overall length of the device is 190m and the 
overall depth of the hull is 13m with a beam of lOm. The width 
of the bottom flange is 9m, while the web section, including 
the central void, is 3m wide. 

The power house superstructure will need 
above the top deck of the hull and be 40m in 
accommodate the necessary power take-off plant . 

to rise 
length 

8m 
to 

The hull structure is 
concrete construction, while 
alternative forms for the power 
reinforced concrete or steel . 

of prestressed and reinforced 
the Device Team has proposed 

house superstructure in either 

The Device Team envisages that the devices would be 
moored on a three rode mooring system at spacings of 300m . The 
devices would be moored in only two banks with a clear spacing 
of 70m, rather than the three banks sugges ted last year, since 
consideration of the energy available implies that the leeward 
rank will have an inferior performance and is unlikely to be 
economic. 

It has been estimated that each device has a rated mean 
annual output of 1 . 1 MW, with a plant capable of delivering a 
maximum of 4 .6 MW to the mainland. Hence 435 devices would be 
required to form a power station of 2GW capacity . 

2 . 3 Changes from Reference Design of 1978 

There are two major differences between the 1979 Top 
Duct design and the 1978 Reference Design . These are the shape 
of the hull cross section and the position of the flexible bags 
relative to the still water level. 

The advantages of the 1979 Top Duet design over the 
1978 Reference Design may be set out briefly as follows : 

(i) The hull section is structurally more P.fficient in 
resisting longitudinal vertical wave-induced bending 
moments. 

( i i) The reserve buoyancy i n the top flange results in a 
more favourable bending moment distribution than that 
induced by the end castles of the previous design . 

(iii) Lateral bag instability in cross seas and the kinking 
problems of a deflated bag are reduced. 
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(iv) 

(v) 

It may be possible to dispense with the 
emergency shut - off valves to isolate each 
chamber in the event of bag rupture and rely 
excess buoyancy or a much less sophisticated 
system. 

expensive 
bag air 

simply on 
emergency 

The flexible bags are easier to fabricate and are more 
manageable. 

The possible disadvantages of the latest design may be 
summed up as: 

(i) 

(ii) 

The hull cross-section is less "ship-shaped" than the 
1978 design and the hydrodynamic response may give rise 
to increased loads on the structure due to the less 
streamlined shape. 

The hull fo rm is structurally more complicated, 
particularly from a construction viewpoint and it is 
weaker in vertical shear. 

Both the advantages and disadvantages will be discussed 
more fully in the following sections. 

As indicated in the Preamble, 2 . l, the power take-off 
of the present reference design is very similar to that 
reported on last year. The two axial flow air tur bines are 
again used to drive a single generator, the power plant being 
mounted in the centre of the device immediately above the twin 
air ducts. 

The 1979 design concept uses a common full length high 
pressure air duct connected to the inlets of both turbines. To 
meet the requirements of device pitch control, each turbine is 
arranged to discharge air flows into separate ducts for the 
fl exible bags of the fo re and aft sections of the hull. This 
is a transposal of the 1978 arrangement. It is understood that 
the Lancaster Team wish to keep their options open until they 
have more positive information as to which gives the better 
performance. 

2 . 4 Discussion of Device Design 

This section will not dwell upon the basic principle of 
operation of the device but will invest igate the various 
aspects of the "Top Duct" design, with comments relating to the 
1978 Reference Design where such comments assist in the 
Consultants' appraisal. 
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MEAN POWER AT I SITE CORRECTION DIRECTIONALITY INCIDENT 
S UIST OFFSHORE FACTOR FACTOR POWER 
BUOY IKW/mJ 

HIGH ESTIMATE 50.0 1. 20 0.88 47.7 

M:)ST PHOBABLE 47.5 1. 10 0.83 4L1 .0 

LOW E.., IMATf 45.0 1 .05 0.78 40.2 

INCIDENT DEVICE CAPTURE EFFICIENCY POWER CHAIN POWER DELIVERED 
POWER BASED ON PM Dk31TAL SPECTRUM EFFICIENCY RELIABILITY TO PERTH PER 

SPECTRUM CORRECTION METRE OF DEVICE 
HIGH ESTIMATE 0.33 1. 01 0 . 66 0.95 7.3 
MOST PROBABLE ! ; 0 . 28 0. 96 0.61 0.82 I 5 . 8 
LOW ESTIMATE 0. 23 0. 91 0 . 51 0 . 70 4 . 4 

PREDICTED ANNUAL MEAN PER M WORKING PER 2GW RATED 
POWER DELIVERED TO PERTH FACE OF DEVICE INSTALLATION 

UPPER BOUND 95% CONFIDENCE 7. 3 o. 60 

MEAN 5 . 8 0.48 

LOWER EO.JNO 95¾ CONFIDENCE 1, 1,. n 1f.. 
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ME AN POVwER AT SITE C RRECT ION DIRECTIONALITY INCIDENT 
S UtST OFFSHORE FACTOR FAC TOR POWER 
BLOY ( KW/mJ 

HIGH ESTIMATE 50 . 0 l. 20 0 . 88 4 7. 7 

~T PROBABLE 47.5 l. 10 0 . 8] 44 .0 

LOW ESTIMATE 45 . 0 1.05 0 . 78 40 . 2 

INC IDENT DEVICE CAPTURE EFFICIENCY POWER CHAIN POWER DELI VE RED 

P OWER BASED ON PM DIGITAL SPECTRUM EFFICIENCY RELIA BILITY TO PE RTH PER 
SPECTRUM CORRECTION METRE OF DE VICE 

HlGH ESTIMATE 0.33 1. 0 1 0 . 66 0 . 95 7 . 3 

MOST PROBABLE t.. 0 . 28 0 . 96 . 0. 61 0 . 82 I 5 . 8 
- --

LOW ESTIMATE 0 . 2] 0 . 91 0 . 51 0 . 70 4 . 4 

PREDICTED ANNUAL MEAN PER M 'NORK ING PER 2GW RATED 
POWER DELIVERED TO PERTH FACE OF DEVICE INSTALLATION 

UPPER BOUND 95% CONFIDENCE 7 .3 0 . 60 

MEAN 5 . 8 o. 48 

LDWER EOJNO 95% CONFIDENCE 4 . 4 0 . 36 

F l GURE 8 . 8 
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SUNDERLAND POLYTECHNIC 

FACULTY OF ENGINEERING 

OFF-SHORE ENGINEERING UNIT 

Concrete for marine transport and storage of cryogenic liquids 

Advisory Group meeting, Friday 3rd July, 1981 

Agenda 

1. Minutes of meeting on Friday, 16th January, 1981. 

2. Matters arising. 

3. Chairman's report. 

4. Discussion papers. 

5. Funding. 

6. Any other business. 



CONFIDENTIAL 

Progress report 3rd July, 19 81 

The behaviour of concrete under impact 
at ambient and low temperatures 

The "impact" programme has suffered a delay due to problems in 
implementing the 8-channel strain-recording system. The main 
difficulty has been inadequate channel separation, necessitaking the 
construction of a "hard-wired" channel-separator. This will output 
any desired strain-transient at signal-speeds compatible with most 
y-t graph plotters, thus obviating the need for a "main-frame" 
computer and making the system self-contained. 

A number of delegates at the First International Conference on Cryogenic 
Concrete expressed concern about the reliability of strain-gages under 
cryogenic conditions. An investigation has therefore been carried out 
to check the data given by the manufacturers on the low temperature 
behaviour of gage factors, gage resistance and apparent strain. The 
data obtained concerning these properties were all found to be within 
the permissible tolerances . - the investigation also included tests on 
various types of adhesives. 

The results from the first batch of tests aimed at examining the e ffe ct 
of the cooling rate upon the compressive strength of concrete were o f 
such a nature tha~ this project has had to be greatly extended. A 
cooling rate of 5 C/hr and thermal strain measurement have also been 
included. 

A programme investigating the effects of various water-cement ratio 's, 
moisture contents and "pbaten'' frictions on the compressive strength 
of concrete down to -150 C is under preparation. 

Z. A. Sehnal. 



CONFIDENTIAL 

Physical properties of concrete at cryogenic temperatures 
(Behaviour of plain concrete under cyclic loading) 

Experimental data compiled regarding the dynamic behaviour of concrete 
at ambient temperatures show a large scatter of results, and it is 
generally recognized that the single S-N curve will not describe 
adequately the fatigue properties. The S-N diagram should be extended 
to include the probability of failure as a third variable. An attempt 
has been1 'to analyse experimental data from the available literature . 
Several mathematical models have previously been proposed. The author 
has fitted a two-parametric Weibull distribution to the data. 

Goodness of fit tests seem to indicate the model is representative o f 
the data, and the model is expected to form the basis for further 
analysis of the experiments at hand. 

The cooling chamber has been further developed, and cylindrical 
specimens, 100mm in diameter and 200mm in length have been subjected t o 
fluctuating loads at a temperature of about -1So

0
c. 

Strain has been successfully monitored during the experiments using 
special strain gauges and a fibre optic recording oscilloscope, which 
provides a direct print out of the strain wave. 

Hence it is expected to be able to analyse the variation in dynamic 
strain amplitude versus number of load cycles. 

Initially difficulties were encountered with glue and coatings for 
strain gauges suitable for these temperatures. These problems have 

. I 

been resolved and the special strain gauges have proved to be reliable. 
The strain gauges used are special low-temperature gauges and have been 
thoroughly tested. Properties like change in apparent strain and 
resistance with temperature have been found to agree with charts suppliec 
by the manufacturer. 

Supplementary tests seem to indicate that platen friction may be an 
influential factor when comparing compressive strength results at 
ambient and cryogenic conditions. 

However, in order to facilitate 
steel plattens are recommended. 
investigation in its own right. 

reproducibility of readings, stainless 
Friction effects may warrant an 

H. Kronen. 



CONFIDENTIAL 

Survey of literature relating to safe offshore gas storage, 
design and stability criteria and location of offshore gas 
fields. 

A survey was carried out concerning aspects of safety and risk 
relating to offshore hydrocarbon storage. Storage presents an 
ultimate fire hazard and a literature survey highlighted three 
main problems: how to avoid a liquid or vapour escape, how to 
avoid a fire in the event of escape and finally how to avoid 
the consequences of a fire. Publications found most useful 
and informative included NFPA No.59A, BS 5908 and API RP 2A. 

A study is being conducted of various codes and rules, with 
special emphasis on loads and structural design. This is a 
continuous process of ascertaining relevant classification 
society publications - obtaining, reviewing and comparing 
them with the ultimate view of preparing a critical analysis 
of different publications should this prove to be a worthwhile 
exercise. The study so far shows that requirements such as 
design criteria, loadings, permissible stresses, construction 
forces, stability criteria and materials tend to be basically 
similar. The main construction material is generally assumed 
to be steel although DnV has guidelines for floating concrete. 
Regarding liquid gas storage offshore, IMCO seems to be a 
widely accepted code. 

The question of the most probable siting of offshore gas 
storage facilities is related to the location of offshore 
gas resources and the market for those resources. High 
consumers of natural gas include the east coast of U.S.A., 
Southern California and Japan. These areas need to import 
gas. Large known reserves exist in offshore Alaska and 
Canada, the Persian Gulf, Australasia and the Gulf of 
Mexico. These areas present a diversity of environments 
to be considered. Readily available data assumes available 
gas resources only on continental shelves up to 200m water 
depth. The locations of much deeper resources need to be 
examined. 

E.M. Moyes 



CONFI DE:NTIAL 

D£SIQ'-i OF CONCRETE SEMISUBMERSIBLE PLATFORMS FOR STORING LoN oGo 

The design of five platforms ranging in size from 50,000 tonnes to 
500,000 tonnes have been started. All the designs have twin cylindrical 
concrete hulls with cylindrical concrete columns. The bracing 
connecti~ the hulls is of steel. 

The design of the 320 ,000 tonnes platform is nearly complete with a 
study inhand into design variations required if t ension leg s are usedo 

The other four sizes have been initially sized and the wave loadings 
and structural analysis. are awaiting computation. 

Several points have been noted so far during the designo These are:-

i) For economic tanker operation large storage volumes are 
required which for this shape means large disp lacements will 
be necessary, over 250,000 tonnes. 

ii) Damage stability requirements mean that the gas storage will 
have to be subdivided into fairly small c ornpartmentso 

iii) Thermal gradients in bulkheads between L.N.G. tanks are a 
p roblem and will limit the maximum hull diameter. 

Because of the complexity of the design and limited resources very 
little optimisation has been attempted but it is hoped that when all 
five designs are complete some conclusions can be drawn -about 
optimisation . 

Certain areas of the design have had to be skimmed over . These are 
1) The deck. Since there is little information on deck loads for 
this type of p latfonn the payload taken is just the excess of buoyancy 
over self weight. This is taken as a U.D.Lo over the deck areao Some 
information on this would be useful. 2) The area of the hull column 
connection. This is complex and really requires a finite element 
analysis for which there are not the resourceso 

The wave loadings have been analysed by computer p rogram developed by 
Glasgow University . From these the dynamics of the structure have 
been calculated and the resulting •nertia loadings added to the wave 
loadings to enable a static stress analysis to be made of the structure 
by a spaceframe p rogram. 

RoF. Mathewso 
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ECQ_ 1QMICS OF REINFORCED AND PRESTRESSED CONCP.ETE ~.ND MAl<INE APPLICATIONS 

K . E . HAP.lUlJGrOt~. ' July 1981 

PROGRESS REPORT NO . 3 

a ) The inves tigation of re l a ive sensitivity of hulls ~osts to materials 

p rice tre nds and to energy price rises . This i s continueing with 

collection of statistics of me- erials prices over a numbe r of years . 

b) The compar t ive evaluation of '"'tecl and concrete hulls has commenced. 

Th operating condi tions for the concrete hulls are being determined 

so that equivalent steel hulls can be designed . 

c) A prelim' nary draft of the survey of the concrete barge and pontoon 

hulls constructed since 19 50 has b een circulated to people i n the 

field for comm_nts . The indi cations are that apart from USSR the 

l ists are reasonubly compet e . 

I t is now propose d to foll w up in more detail with cas e studies of 

failures of concrete barge /pontoon hulls and ea e studied of successful 

applications . 

Future Direction of the Research . Ph .D. Programme 

l.. Critical Conditions for Innovation 

Using the r e cent U. S Study " Innovation in t he Maritine I ndustries " 

which studied a large number of successful and unsuccessful 

innov tions in t he maritime industries and attempted to identify the 

conditions necessary for a successful innovation t o occur i n the 

maritime industry . 

Concrete as a hull ma t erial prese ts an i nteresting case s tudy in 

that it i s neither a successful. or an uns uccessful innovation but 

has fluctuated in and out of favour as a hull material over a 

r e latively l ong period of time . 

Case studies could be carried out on a ) succes sful applica tions e .g . 

Yees Philippines barge s , Ingrah am concrete gravity barge./pl a.tforms , 

Christiani Nielson concrete pile dr iving pontoons , b) unsuccessful 

applications e . g. Unit Shippi ng Co ., coastal barge in New Zealand 

( f ailure in construction stage) , Ce ckos lovakian b arges Hm10.rd Doris 

concrete pontoons (failure in the operating stage ). 



Fro:n these case studiet, it should b possible to identify the condi t 1.cns 

necf-!ssary for tlw l!cc,-•ssf 1 i nnov.':lt.i.on of: concrete a.,; a hull mate:::-i-,1 

in those particular cppJ.ic tions .g. b rg~s, pontoo s, platform hulls 

where concret h as alre dy been used Fith some limited success . 

2. Detailed lnv ,stiqation of the_Cost Crit8rion 

3 . 

Using the Ship Structure Committee Report "A method for economical 

trade off of alternative Ship Structure Materials 11 as a basic guideline 

to carry out an economic evaluation of c~ments and steel as a hull 

material . The ' Operat.ioncll Experience Survey ' has indicated that bbth 

reinforced and prestressed concrete hulls are being ·built and are i n us • 

The study could be used to cva uate these two concrete hull mater · a1s. 

Obviously concrete is not equally well suited to all marine applications 

and hence i t is necessary to choo c applications where some degree of 

success h as already been achieved, 

The proposed nethod for evaluating the hulls is to take existing , 

actu lly built and successfully operating concrete hulls and design an 

equivalent steel hull to the existing classification society rules 

( this is the reverse of the method outlined in th U.S. Stu y) . 

Equivalent hulls wou a be. d signed having 1) some geometry, 2) some 

cargo capacity . 

It is propo:,ed to take a number of successful concrete hulls for 

this evaluation e.g. (1) Yees Ba·ges - bu.lk oil carriage and 

arrunonia sulphate f ertiliser in the Philippines Interisland trade . 

(2) Christiani Nielson pile driving pontoon used at Sul.lcm Voe etc . 

(3) Yees pontoon - for offshore phosphate plant. 

To carry out this work it will be necessary to establish a material 

data bank for concrete similar to the data bank established in the 

r eport for steel. 

Forecasting the Sensitivity of Coo-ts to Rise in Mnteria s a , 

Energy Prices 

As energy price rises materials and operating costs will change and 

this could affect the r e lative economics of concrete and stee l i n the 

applications studied. It wil. be inter sti.ng to test whether or not 

the economic prospects of concrete improve under these con i tions. 
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2.4.l Hull Structure 

The Device Team has provided outline structural design 
calculations, based on Lloyd's Rules for Container Ships, for 
longitudinal vertical bending and vertical shear strength. 
Consideration has been given to Vierendeel action and fatigue 
with respect to overall longitudinal bending stresses . The Team 
has also carried out a sensitivity study to determine the effect 
of the size of the power house superstructure on the magnitude of 
bending moments and shear fo rce s, using a static approach. 

The calculations do not consider transverse bending and 
shear, or torsion due to wave action or out-of-phase motion of 
opposing air bags . Preliminary mooring tests have shown that 
there is a possibility that the device may find stable 
equilibrium at s ome other angle to t he principal incident sea 
direction i n certain sea states. This adverse behaviour will 
need to be eliminated by some fo rm of directional control . 
Stresses due to transverse bending, shear and torsion due to 
directional seas will need investigation in a detailed design 
study. 

The validity of applying Lloyd's Rules to the device is 
open to question and this is appreciated by the Device Team . 
Lloyd's Rules apply to ships, which are not intended to remain 
permanently moored in the North Atlantic and may also be 
manoeuvred to avoid extreme storm seas, or at least the worst 
loading conditions due to extreme seas. Thus, the probability of 
a wave power device encountering a wave of a given he ight and 
length must be greater than that for a ship. The hydrodynamic 
response of the hull of the Top Duet Design is expected to be 
inferior to that of the 1978 Reference Design due to the 
introduction of the re-entrant angles inherent in the I-section. 
The possibility of wave slam on the lower surfaces of the flanges 
may be a cause fo r concern, although the shape of the top flange 
is an attempt to eliminate this problem. A similar shaping of 
the bottom flan ge would be advantageous. 

The Device Team is proposing that the device is located 
in a water depth of 40-SOm. Theoretically the maximum height of 
a wave with a wavelength equal to the length of the device hull, 
in 45m water depth, is 25m. This will be representative of a 
SOyr return period wave. Lloyd's fJles are based on a desi gn 
wave height (in metres) of 0 .607 L1 (where L is the length of 
the ship in metres) for a wavelength equal to L. This, for the 
Lancaster device (L = 190m) gives a wave height of 8 .4m. 

However, the f ree board, i. e. r ese rve buoyancy above still 
water level, has a great influence on the wave induced bending 
moment and shear fo rces. The small free board of the Lancaster 
device, as compared to a typical ship, will have the effect of 
reducing the magnit ude of wave induced loads . The determination 
of design loads is therefore complicated by sev eral factors and 
it is apparent that further wor k is necessary in this field. 

l7 



It has been mentioned that the general shape of the top 
duct hull is efficient in resisting longitudinal vertical wave 
bending moments and in fact the cross-section has some reserve of 
strength which may be mobilised by using a higher level of 
prestressing. The Consultants estimate that the level of 
prestress may need to be increased by up to 50% to resist bending 
moments due to a 25m design wave. 

While the Device Team has employed a Vierendeel girder 
arrangement for preliminary design and cost i ng, this is not an 
essential aspect of the design, and indeed other structural forms 
for the web are now preferred. The following two paragraphs, 
which comment on the Vierendeel girder, only relate to the 
present structural form. 

The Consultants consider that Vierendeel frame action and 
the stresses due to secondary bending and shear in the vertical 
box columns and the top flange of the section is an as pee t of 
hull design which will require careful consideration. In order 
to transfer the secondary bending and shear into the fl anges, it 
is necessary that the box columns extend over the full depth of 
the hull. The ultimate strength of the column section is just 
sufficient to resist the secondary bending moment assessed on the 
basis of Lloyd's Rules. Any increase in the vertical shear 
forces due to a higher wave will require a more heavily 
reinforced section or an increase in column size. The latter 
would be preferable and the Device Team has indicated that the 6m 
wide inlet port may be reduced in size without impeding 
performance. 

The top fl ange is complicated by the presence of the 
louvre valves. The general hull arrangement together with local 
secondary effects due to Vierendeel action may give rise to 
considerable problems in structural detailing and stress 
concentrations which will be de trimental f rom the point of view 
of fatigue. These aspects will need to be given due attention in 
a detailed design study , although it should be noted that at this 
stage of development, the Team has been principally concerned 
with the overall concept of the design, rather than details. 
However, from a purely construe tional viewpoint it is considered 
that the 1979 Top Duct design is less attractive than the 1978 
Reference Design . 

2.4.2 Bags and Septa 

The Device Team has submitted to the Consultants two 
reports prepared by the British Hovercraft Corporation and 
Dunlop. Both reports investigate bag design in terms of 
materials, connections, method of construction and handling, 
together with an estimate of costs. The two companies considered 
the same arrangement of bags and septa, but the approaches 
adopted differed in terms of materials and connections of bag 
sections and septa to bags. 

18 
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The arrangement of the bags into two sections which are 
continuous over the length of the device is a concept which 
improves the credibility of the device. The problem of "side
swiping" of the bags in cross seas is removed and the problem of 
bag kinking is reduced. Both factors will lead to increased bag 
life . 

The Device Team has introduced an alternative 
configuration for the septa which appears more viable than the 
arrangement for the 1978 design, in which the septa consisted of 
flat sheets of rubber fabric perpendicular to the longitudinal 
axis of the device . The pr incipal disadvantage of the flat 
sheets is the constraint imposed upon the bag by the shape of the 
septa and the resulting tension which will be induced at the bag
septa T-joint, which is necessary in this configuration. These 
adverse conditions imply a limited life for a septa of this form, 
due to joint failure . 

The latest design incorporates septa in the fo rm of a 
segment of a cone, which, as the bag collapses, will eff ectively 
"roll up" rather than fold and in addition may be bonded to the 
outer bag in such a way as to r educe the tension or "peel" loads 
acting on the joint . This appears to be more acceptable for the 
mode of deformation of the septa and for the loading applied to 
the joint . However, no test work has been carried out and at 
this stage thi s type of septa must be regarded as a concept 
rather than a design. 

The report of the British Hover craft Co r poration 
approaches the design and construction of the bags and septa 
employing hovercraft skirt technolo gy . A nylon woven fabric and 
rubber sandwich construction is proposed for the septa and the 
bag, which would be manuf actured in individual vertical sections. 
Bolted connections are proposed between sections of the bag and 
for the bag- septa joint . The bags and septa would be located on 
t he concrete hull structure by means of a bolt rope connection. 
The main disadvantages of the B. H. C. proposal are leakage due to 
bolt holes ( requiring a sealing compound) and a limited fatigue 
life compared with corded construction. However, this solution 
to the bag pro blem is possible employing existing technology. 

The proposal by Dunlop is to employ 6-ply nylon tyre cord 
in separate (non-woven) layers bonded into layers of Neoprene for 
the bag material and a similar 2-ply construction for the septa. 
All joints would be bonded, apart f rom the bag and septa to hull 
connections, which would again be rope bolted. Some experience of 
this type of construction exists in Dracone technology, but it is 
likely that the main point of concern will be fatigue of the bag
septa joints . The Device Team appreciates the problems involved 
in the design of the bag structu r e but is of the opinion that 
research and development of the corded construction proposal will 
produce a workable scheme. 
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It is apparent that superior fatigue behaviour i s the major 
advantage of corded fabric construction over woven fabric and this 
alone suggests that the former will be preferable, to attain a long 
life for the bags. Air-tight seals around and within the bag 
structure are fundamental to the operation of the device and in this 
respect bonded joints appear more attractive than the bolted 
alternative. The Consultants are of the opinion that during the 
past year, the work by the Device Team has significantly improved 
the credibilit y of the bag structure, although considerable research 
and development is necessary, probably in the fo rm of a large scale 
mock- up of a section of the bag and septa, to produce a workable 
design. The areas which require fu rther investigation are fatigue 
of the bonded joint between the bag and septa, the ability of the 
bags to withstand the normal beating of the sea and the ability of 
the septa to withstand the differential pressures resulting from a 
bag rupture. 

2.4.3 Bag Integrity 

One of the most crucial questions to device credibility for 
the 1978 Reference Design was that of bag integrity . To secure the 
device in the event of bag rupture it was necessary to provide rapid
acting emergency shut-off doors to prevent device floo ding and 
subsequent loss. 

The Top Duct design provides considerably more reserve 
buoyancy than the 1978 design. Survival of the device with one or 
more air bags ruptured will depend upon the subsequent operational 
status stipulated. Bag rupture will result in an escape of air, 
which will continue until all bags are deflated and the water level 
seals the central web void between the ducts. The device will thus 
automatically cease to functio n and reserve buoyancy alone may be 
sufficient to prevent device loss. 

The provision of an emergency shut-off system will allow the 
device to continue operating wit h one or more bag cells ruptured. 
The Device Team has proposed a form of flo at system within the 
central web air duct. This need not be a rapidly acting system and 
would be fairly cheap. 

The provision of emergency systems for the event of bag 
rupture depends essentially upon the probability of air bag failure, 
which is at present uncertain, and the roll, pitch and heave 
response of the device. 

2.4.4 Duct Valves 

The duet valves are envisaged to be very similar to those 
for the 1978 Reference Design, although they now operate in a 
vertical plane . The Device Team is pr oposing to employ eight 
overlapping aerofoil sections within each louvre valve unit, 
operating under pre ssure differences, with no servo-assistance. The 
aerofoil vanes would be fabricated from extruded aluminium sections 
and set in a steel frame within the concrete hull. Rubber sealing 
strips are provided where adjacent vanes contact and where vanes 
seat on the side walls of the valve chamber. It is probable that 
any differential wear resulting in leakage will be restricted to the 
sealing strips, which will be easily maintained. 
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2. 4 . 5 Power Take Off 

Research during the year has led to a reduction in the power 
rating, partly in the interests of plant optimisation. Information only 
recently received is that the peak device output is now 5 . 8 MW . This 
requires a pair of turbines each producing 7900 h . p. at maximum continuous 
rating . Owing to the pulsat i ng nature of the pressure air supply to the 
turbines and the necessity to direct the re- inflation air supply, two fully 
rated turbines are necessary. Whilst they will operate at a fairly steady 
speed in a particular wave climate, the torque produced will vary from zero 
to the prevailing power level in pulses at twice wave frequency. The 1978 
reference design was only preliminary but included two similar turbines 
driving a 7.5 MW generator. 

Professor French has indicated a turbine design, as yet 
preliminary, of the single stage axial flow type with variable inlet no zzles . 
It should operate at about 500 r/m at 7900 h . p. output. The runner will have 
a blade tip diam et er of 3 . 0 m and a root or hub diameter of 1.8 m. The 
nozzle and runner blade design is likely to be of the 50:50 impulse reaction 
type. Each blade would be 0 . 6 m long radially. The design would probably 
include means of en ergy recovery from the exhaust air flow and limitation of 
discharge whirl velocity . 

As the design of the device is further evolved the Team will 
be undertaking a more detailed review of the power turbine design including 
particularly the shape of the controllabl e inlet air nozzles and the runner 
blades which will probably require a changing blade angle from t he root 
outwards to· the tip . Perimeter clearance also needs to be kept as small as 
possible to reduce leakage loss . 

For the 1979 reference design and i ts ongoing development, the 
Device Team is expecting to design an axial flow turbine in which the 
r elationship between flow Q and stage pressure His sensibly constant . However, 
since both will vary in sympathy during the air pressure cycle, they will 
wish to adj ust the turbine speed so that the ratio N/J'H is kep t steady and 
enables the machine to operate close to its bes t efficiency characteristic . 
This should be possible over a reasonably wide load range when a blade 
efficiency above 80% should be realised and an overall turbine efficiency 
probably around the 80% mark when ener gy is being produced above half load. 

Turbine speed variation will be very small within the 
individual wave cycles but the running speed would be adjusted so as to keep 
close to maximum efficiency and in keeping with the prevailing sea state. 

The Device Team has mentioned a turbine rated speed of 500 r/m. 
This is somewhat lower than the preliminary figu re of 1500 r/m used in 1978. 

Turning to the design of the c los ed air circuits, these are 
based on a pre- inflation pressure of about 0 . 35 bar (35 kN/m2). The bag 
suction and discharge air valves in the 1979 design are of the vertical pivoted 
aerofoil typ e , there being 8 in each set. It is intended that they would be 
self-operated by pressure changes and would be provided with sealing edges 
at the points of line contact be tween blades and also effective end seals at 
top and bottom. As they will be working in a closed air circuit there should 
be little trouble du e to salt water cor rosion, but nevertheless the materia ls 
from which the valves are constructed and their sealing arrangements should be 
chosen carefu lly . In the 1978 design rather similar louvre valves were 
proposed but these were arranged on horizontal axe s at the f oot of the flexible 
air bag itself. 
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In the 1979 des ign the valves are built into openings in I 

the webs of the hull structure at the top of the vertical concrete ducts 
which now connect to air bags on each side of the hull. The arrangement 
entails a trapped air volume of about 150 m3. This is associated with a I 
normal bag compression volume in the region of 200 m3 - 250 m3 . 

This will reduce the rate at which pressure rises on bag 
compression and will influence the moment at which the discharge valves open I 
into the high pressure longitudinal duct. The inver se occurs on bag re
inflation as the wave trough passes along the hull towards the stern . However, 

1 the 150 m3 clearance volume which will remain at delivery pressure when the 
discharge valves re- close will re-expand into its associated pair of air bags 
and a s sist with re-inflation - until the inlet valves connect t he pair of bags 

1 to the LP duct. 

It is presently intended that the air valves will be self-
operated but ensuing design may lead to consideration of the possible advantage ' 
of servo- operated valves as a means of :improving performance. This may be a 
subject for the 1980 prograrrnne. 

For the 1978 design power collection was based on a . c . generation 
at variable frequency but with flexible 22 kV a . c. cab les from each device 
to the associated converter equipment mounted on a common platform structure 
between the devices and the shore. This method was found to be unnecessarily 
expensive and for the 1979 reference design it would be appropriate to use the 
d.c. series power collection method outlined in a recent TAG 6 paper, 
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reference WESC(79)/GT 102 . Alternating current gene~ation would remain, again I 
at variable frequency, but individual converter plant wou ld be provided on the 
device and the output coalesced with that of its neighbours using 35 kV single 
core d.c. cables of flexible design forming a loop circuit of 8 devices with 
cables to shore only at the ends. I 

The flexible cables would pass to the sea bed through the centre 
of the mooring pivot assembly which is now located about one- third of the 
device length from the fore peak. For the previous a.c. method a set of 
sliprings had been considered so as to accommodate swinging of the device at 
its mooring pivot. Provided the total angular swing of the hull can be kept 
within~ 90°, then it would be possible to eliminate the sliprings for the d . c. 
cables by including loops of flexible cable before passing through the pivot. 

In the 1979 design it will be possible to accorrnnodate the power 
take-off mechanical and electrical plant within a hull width of 10 m by 
providing a superstructure 8 m high and 44 m long . 

2. 4.6 Pitch and Roll Stability 

Experimental work by the Device Team during the past year has 
been principally concerned with the development of a control system for pitch 
stability. The concept of the control mechanism lies in the differential 
movement of the nozzles of the turbines to restrict air flow and thus prevent 
over-deflation of the air bags and the resulting excess ively non-uniform 
distributiJn of buoyancy. 

The 1979 design reduces the static pitch stability problem by 
providing, in the top ducts, a reserve buoyancy which effectively counteracts 
over- deflation of the air bags. However, some form of dynamic control is 
still necessary. 

The experimental work carried out by the Team has utilized a model 
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of the 1978 Reference Design, both in its original form and modified to I 
represent the Top Duct configuration. Further experimental work on the pitch 
stability control and resulting performance characteristics of a more accurate 
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Top Duct model will be necessary . 

An additional problem arises in the latest design due to 
splitting the air bags into two halves. It is conceivable, depending upon 
the orientation adopted by the device with respect to wave direction, that 
inflation and deflation of opposing air bags will be out of phase in certain 
sea states, resulting in pumping of air across the device between opposing 
air bags and a loss of power . This would require the isolation of individual 
air bags, thus increasing the complexity and cost of the structure and valves . 
Further , out of phase mo tion of opposing air bags raises the question of rol l 
stability. This problem will require investigation. 

2.5 

2. 5.1 

Moorings 

Introduction 

During the period under review limited testing to evaluate 
mooring loads has been carried out in the Edinburgh wide tank and the results 
have been reported by the Team. These tests have led the Team to propose 
modifications to the mooring configuration and the device spacing which were 
incorporated in the 1978 Reference Design. 

2 . 5 . 2 Configuration 

The Lancaster device can be described as an attenuator which 
must be free to align itself to the prevailing sea to improve efficiency and 
seaworthiness . In the past it has been tacitly assumed that the only feasible 
method of mooring such a device would be through a swivel point at the bows, 
similar to permanent single buoy moorings for oil tankers . However, during 
the mooring tests at Edinburgh, the swivel point was tested at a number of 
positions between the prow and the quarter point and it was found that the 
device showed no tendency to rotate from its stable position . 

One of the initial major worries of the Device Team was the risk 
of damage and loss of efficiency if winds and/or currents caused the device 
to rotate so that it became almost parallel to the wavecrests. If the device 
could be moored at a point closer to the centre, the Device Team argue that 
the device will be made less susceptible to wind and current effects as these 
should tend to balance. The Edinburgh mooring tests seemed to indicate that 
a quarter point mooring was feasible and, although not tested, the Team feels 
that a mooring swivel at the third point should also prove satisfactory and 
this is what they have proposed . 

Originally the Consultants received a proposal showing a 4-
point orthogonal mooring array, each leg 120m long, with the swivel situated 
at the third point and devices located at 420m centres . After some discussion, 
however, and further assessment, the Team decided to take full advantage of the 
relocated swivel point and reduced the device spacing to 300m and retained 
the same basic 3- point mooring configuration described in the 1978 report . 
The present proposal incorporates only two rows of devices approximately 260m 
apart, each dev ice 300m f rom its neighbour and anchored through a swivel buoy 
at the third point to three shared anchorages via Parafil mooring lines of 
equal capacity. 

2. 5.3 Forces and compliance 

Last year, the Consultants were unable to cOilllilent on the 
proposed design because of lack of time but it was stated that in spite of 
the device being moored head on to the seas compliance would still be required. 
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In the proposed configuration the reduced spacing has the 
effect of reducing the rode lengths by almost 30% which results in an equal 
lo s s of compliance . In assessing the stiffness of an elastic mooring array 

I 
I 

two fac tors must be taken into account. Firstly, to meet safety standards and I 
t o r educe extremely high periodic replacement costs, the breaking load of 
the rode must be significantly greater than the maximum anticipated peak 
moor ing force. In the case of a parafil rode, the load factor cou ld (arguably) ' 
be as low as 2.0, and if this factor is increased to increase design life, 
the stiffness increases and consequently, in most cases, so does the peak 
mooring force. Secondly, it is normally desirable to pretension mooring lines 
so as to avoid drifting and snatch loads. Although in some cases the peak 
for ces may be reduced by pretension, the general effect is to increase the 
stiffness of the complete mooring array in small to moderate seas . The order 
of increase will vary with whatever array is adopted but in the case of a 
syrmnetrical 3- point mooring array the i ncrease is approximately 50%. 

I 
I 

An indication of the stiffness of the complete system can be 
gained by assuming a pretension of 15% B.L . , equivalent to an initial rode I 
extension of just over one metre, then a horizontal excursion of less than 
four metres will generate the full permissible working load of 50% B.L. 
Similarly, an upward heave of 15m will generate the full working load, while a I 
downward heave of only Sm will cause the lines to go slack. When heave and 
surge are combined the envelope of permissible movement becomes even more 
restrictive and high intensity , short duration snatch loads will probably o.ccur l 
with only a moderate wave response. 

The Edinburgh wide tank mooring tests indicated that the peak 
mooring force would be of the order of 750 T. Although the se model tests 
produced a lot of useful information in a very short time, the Consultants 
believe that, due to experimental difficulties, lack of time, and subsequent 
modification, the system which was tested does not represent the proposed 
moorings sufficiently accurately for the predicted forces to be adopted with 
confidence. In particular, the Consultants believe that neither the sway nor 
the heave restraints were sufficiently stiff. Preliminary calculations 
indicated that the natural period of the system is likely to lie in the 17-30 
second range and is therefore likely to be excited by waves of this period 
and subject to dynamic magnification. 

For the purpose of this report and the costing exercise the 
Consultants have adopted the peak mooring force of 750 T predicted by the 
model tests. This is likely to underestimate the forces which would be 
generated in the system as proposed but it can be argued that these forces 
would relate to a similar, more compliant, system which could be of the same 
order of cos t s. For example, if Nylon Core Parafil was substituted for the 
Parafil Type A which has been proposed, the fatigue life should s till be 
be t ter than braided ropes but the compliance would be more than doubled. 

2. 5. 4 Design Life 
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One of the main advantages from adopting a Parafil rode is that 
current data indicates that t he fatigue life should be significantly greater I 
than steel wire rope, man made ropes or chains . If subsequent tests on the 
Lancaster device conclusively show that the limited compliance of the Parafil 
rodes is adequate for this system then it is not unreasonable to suppose I 
that a set of rodes with load £actor of 2.0 may have a life of 10-12 years, i.e 
they may only need to be replaced once during the 25 - year anticipated device 
life. The Device Team's opinion, in this respect, is shared by the Consultants ' 
but it should be noted that this opinion must be validated by extensive tests 
of both the mooring configuration and the rodes. 

If, on the other hand, more representative model tests show that 
mooring forces were in fact significantly underestimated then a vicious circle 
of increasing forces and stiffness is entered because the lines cannot be 
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lengthened and rode and anchor costs may become prohibitive necessitating 
a complete reappraisal of the system . 

2.5.5 Anchors 

The Device Team, in conjunction with WPL, has proposed piled 
and drag- in anchorages depending upon soil conditions . The main interest 
in this area has been the study of installation costs which WPL initiated and 
which are discussed in detail in the assessment of the rafts. The Lancaster 
anchorage costs are based on the same data . 

2. 5.6 Summary 

Wide tank model tests have led to reduced device spacing and 
modified mooring array. However, the Consultants have reservations concerning 
the validity of the test data and feel that the compliance of the model was 
much greater than the compliance of the proposed configuration. Further 
mooring tests are required in order to resolve these questions but for the 
purposes of this report the Device Team's predicted forces and anticipated 
design life have been provisionally accepted. 

It should be noted that, virtually alone amongst all the other 
devices, the mooring of the Lancaster device i s very similar to existing 
mooring techniques incorporating single buoy moorings which have been 
successfully installed with permanently moored vessels in many exposed 
locations. The systems differ in that the Device Team are attempting to 
utilise a stiff elastic system whereas the oil industry has traditionally used 
compliant estuary arrays. It can be argued therefore that oil industry 
experience demonstrates the feasibility of the system in principle, a fact 
which should not be overlooked when comparisons are made . 

2.6 Construction Methods 

The Device Team has proposed a modular construction method in 
which the hull is built up from precast units, which are then prestressed 
together longitudinally, with epoxy joints between units . The form of the 
device lends itself readily to this construction approach since it consists 
of repetitive sections over the majority of its length. 

2.6.1 Precast Units 

Apart from the central section beneath the turbine housing 
superstructure and the bow and stern sections, the hull consists of repeated 
10m long units. Thus, precast mass production is envisaged. 

Two methods of production have been suggested by the Team. One 
method would involve casting individual units on end and to obtain sufficiently 
accurate jointing between adjacent units, countercasting techniques would need 
to be employed. The completed units, weighing approximately 500 tonnes each, 
would be rotated through 90° to the horizontal position in readiness for 
assembly. 

The second method proposed involves casting the units horizontally 
using close-tolerance steel moulds. In this approach, the central columns of 
the Vierendeel girder would need to be precast separately and located in the 
steel formwork arrangement for subsequent casting of top and bottom flanges. 
It is the opinion of the Device Team that using this method, the tolerance on 
the joint between adjac ent units would be sufficiently small (~ 4rmn) to be 
acconnnodated by epoxy joints . 
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The Consultants favour the approach of casting the units on I 

end, due to the simple casting procedures involved . The alternative, employing 
steel moulds, is likely to give rise to numerous problems regarding the steel 
formwork due to the complicated cellular structure of the hull, but the final I 
choice will depend upon a detailed cost comparison of the two methods. 

It should be noted that the provision of the mooring strongpoint, 
which will be similar to the 1978 Reference Design, although now positioned 
at approximately one third of the device length from the bow, will require 
a specially constructed module. 

2. 6.2 Hull Assembly 

I 
I 

The Device Team proposes that the precast concrete modules, complet l 
with valve fittings, would be assembled, for example, on a rail track and 
prestressed together, initially over the central region of the hull, where the 
maximum number of prestressing tendons are required. Subsequent synnnetrical I 
addition of precast units and prestress will result in the completed hull. 

During the prestressing operation it will of course be necessary 
to pay attention to the relationship between application of prestress, Joint 
tolerances and rate of setting of the epoxy bonding between adjacent units, 
but this is not an unusual procedure. 

Final fitting out of the device in terms of air bag units, 
power plant housing superstructure, the power plant itself and device systems 
could then proceed on a production line basis. 

I 
I 
I 

The completed device would be pushed on to a floating dock and 
launched. The loads imposed upon the structure in terms of bending moments 

1 and shears will need careful consideration during the launch. This could be 
a critical design factor, but has not ye t received any attention. 

In the Consultants' opinion the form of the device lends 
itself readily to the method of construction proposed. The large number of 
devices which would be required in any wave power scheme suggests the use of 
highly automated production lines. The Lancaster Device will be particularly 
adaptable to such procedures. 

2.7 Maintenance 

The Lancaster Device will have r e latively good sea-keeping 
characteristics and this, together with the closed air circuit power take-off 
system, will ensure that routine maintenance will be easily undertaken on 
station. 

The devices will need to be towed back to a maintenance station 
for maJor overhauls at intervals which will depend mainly upon the life of 
the air bag units. The maintenance station may be land-based or possibly an 
area of sheltered water with a floating dry dock, fully equipped for total 
maintenance and replacement of parts as required. 
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The Device Team has proposed that repair or replacement of the 
air bag units might be tacked by de-ballasting the structure, which would then I 
tend to turn on its side, such that the air bags are exposed and, further, 
would be contained within the two flanges, offering a relatively shielded area 
where work may proceed. Some calculations have been made by the Device Team I 
to demonstrate that this is feasible. Major work, i.e. bag replacement, would 
be carried out at the maintenance base, but the Team has suggested that minor 
repair work may be undertaken on station using the same approach. However, I 
to accomplish this, it would be necessary to decouple the device from its 
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mooring, and this presents the problem of securing the device on station 
during the period of maintenance. An alternative to the present taut mooring 
system may enable the device to be capsized without mooring decoupling. 
Careful design will be necessary to ensure sufficient structural support for 
mechanical and electrical plant to prevent damage during the capsizing of the 
device. 

The Team has proposed that the power house superstructure will 
be accessible by means of a removable cowling which would then allow removal 
and replacement of modular units comprising the power take-off system, during 
a major refit. 

2.8 Performance and Productivity 

As was the case last year, the Consultants have been responsible 
for the assessment of productivity of the device. It is therefore 
appropriate to set out in some detail the manner in which that has been done 
and any differences between the present approach and that adopted last year . 

The Consultants' assessment of productivity is intended to 
represent the total electrical power delivered to 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 50 to 100m was assumed for the 
Lancaster Bag Device. 

The procedure for calculating productivity remains essentially 
the same (see Appendix A). It should be re-emphasis ed however that the upper 
and l ower limits on estimates of the various fac tors 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 . 

Minor modifications to the productivity calculations are listed 
below together with changes in wave climate and device data . 

2.8. 1 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 .8. 2 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 climate 
during a typical year . Fig. 8 . 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 both the inshore and offshore buoys. The annual mean power 
calculated 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 in-
shore buoy for a typical comp lete 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 kWitn. Fig 8.2 shows the scatter diagram of the selec ted inshore spectra 



after modification to allow for the shallow water effects. 

The offshore scatter diagram was used in the computer 
analyses to calculate productivity of devices located in depths of 50 to 
100 m. For the shallow water devices the inshore scatter diagram was used 
and the calculated power delivered to Perth was then multipl ied 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. 

2.8 . 3 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 as sociated depths of between 50 and 100 m 
are shown below. 

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

30 SS 54 0. 78 

39 91 52 o. 78 

47 91 65 0. 77 

48 55 47 0.82 

The wave power rose for grid point no. 39 is shown 1n Fig.8.3. 

2 . 8.4 Directionality factor 
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In this report the directionality factor has been calculated 
using the wave power rose given in Fig.8.3 and has been included in the first I 
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 I 
optimum plant ratings. Details are shown in Appendix A. 

2.8.5 Site correction factor 

Fig. 8.4 shows an assumed relationship between mean sea power 
and water depth. The 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 8.4. For shallow water devices the site correction factor was 
determined by linear interpolation between the mean powers at the inshore and 
offshore buoys. 

2.8.6 Reliability 
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New assessments of failure rates and repair times are currently 
being made by Consultants to TAG 6 . Until these results are available, I 
reliability factors have been left lar gely unchanged from last year's report. .. 
The "high" estimate has been modified to 0.95 for all devices, representing 
the maximum achievable, although it probably infers considerable costs in I 
plant and cable redundancy, monitoring systems and extensive repair facilities. 
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2. 8.7 Device Efficiency Data 

The Top Duct concept is a relatively new development and there 
has been insufficient time for the Device Team to construct a model of the 
latest design for tank testing . An attempt was made to obtain an asse s sment 
of the performance of the device from the model of the 1978 Reference Design , 
modified by the addition of a non-functioning representation of the top duct 
above the bags . This is a poor representation of the actual configuration 
for a number of reasons and no satisfactory performance test results were 
obtained. 

It is the Device Team's considered opinion that a reasonable 
assessment of the performance of the Top Duct design will be the power capture 
curve given in the Consultants' 1978 Report. However, this curve needs to be 
corrected to allow for an 11% increase in captured power due to the increased 
length of the bags in the 1979 design, although the overall length of the device 
remains at 190 m. There are very good reasons for believing that the two 
configurations will have similar performance characteristics. The Consultants 
have therefore adopted the 1978 model power curve (uprated by 11%) for a 
provisional assessment of the productivity of the latest design, but it should 
be noted that tank testing of a Top Duct model is necessary. 

The performance characteristics of the 1978 device configuration 
were measured using a model which was free only in the heave mode. All 
other degrees of freedom, including pitch, were fixed. The Team has been 
working on the pitch stability problem, the solution of which will lead to the 
measurement of performance for a device fr ee in heave and pitch . Progress to 
date has been encouraging. 

Figure 8.5.A shows the captured power curve provided by the 
Device Team . In this form the curve is not suitable for use in the 
Consultants' computer program and so efficiency curves, shown in Figure 8.5.B 
have been derived from the original curve . Thus, the efficiency a t a given 
wave height is the ratio of the scaled model captured power to the power in the 
corresponding full scale monochromatic wave, over a width equal to the device 
length. It should be noted that the captured power was found to be independent 
of wave period, T,for 1.2s <T~ 2. ls. 

2.8.8 Power chain data 

The power take-off scheme has not changed since last year's 
report. However, since very little is known about the proposed axial flow air 
turbine operating under the kind of conditions it would be required to, it was 
agreed to use the efficiency curve determined from model tests of the NEL 
Francis turbine . Fig 8.6 shows the power chain data. 

2.8.9 Productivity 

The effect of varying the plant rating has been analysed to 
establish the optimum plant rating. The results are plotted in Fig 8.7 . 

device is 
delivered 
a maximum 
required . 
0.48 GW. 

A breakdown of the factors affecting the productivity of the 
shown in Fig 8.8. Using this information the mean annual power 
to Perth is predicted to be 5.8 kW/m with plant capable of delivering 
of 30 . 0 kW/m. For a 2GW rated power station 435 devices will be 

The average power produced by the 2GW station is estimated to be 
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2.9 Discussion of Cost Data I 

With the exception of the actual bag component the cost of the I 
Lancas ter Flexible Bag Device has been estimated by the Device Team on a very 
bas ic order of magnitude approach. The hull has been priced on a cost per 
tonne basis, synthesised from recent bridge deck tenders, while the turbines 
and valves have been priced on a budget basis from likely suppliers. I 

Table 9.1 shows the Design Team's submission and the Consultants' 
connnents. I 

The Device Team has also submitted what are described as 
developed costs, which the Team feels may be achieved by mass production . I 
The Con sultants are of the opinion that this device has been priced rather _. 
pessimistically and that particularly the hull costs are high . It is felt 
that a more realistic current approach would be to take the developed costs 

1 and use those i n the evaluation of the device. 

Table 9.2 shows the comparisons between the 1978 costs and the 
1979 costs . 
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Item 

Hull 

Valves 

*Bag 

Damage Control 

Auxiliar y Systems 

Air Turbine 

Al ternators 

Moorings 

Tow Out & Moor 

Transmission 

Sundries 

TOTAL 

Cost per Device 
(£) 

1,110,000 

108, 000 

530,000 

100,000 

67,000 

400 , 000 

348,000 

460,000 

91,000 

1 , 232,000 

125,000 

4 ,671,000 

Consultants' Comments 

Based on bridge deck costs . The 
Consultants consider thi s 
pessimistic. 

Reasonable. Based on quote, although 
GRP may ev entually be cheaper. 

Based on B.H.C. Bag costs reasonabl e . 

Reasonable. 

Reasonable. 

Reasonable . This was reduced from 
£1 . lM after discussion. 

Reasonable . 

Reasonable; but based on 
superseded configuration. 

Rather pessimistic . 

Based on Consu ltants Working Paper . 

Very optimistic allowance for 
Sundr i es and Contingencies . 

*Cost of initial se t of bags on ly . Cost of two replacement sets 
required during 25 year life of device is considered as a 
maintenance commitment. 

TABLE 9.1 Device Team's Cos t Estimates 
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1978 Design 1979 Design 

Capital Cost Capital Cost 

2GW Scheme Cost 3 2GW Scheme Cost perm 3 
per m 

(563 Devices) of hull (435 Devices) of hull 
Item (EM) (E) (EM) (E) Comment 

Concrete Hull 867 290 483 256 88% of last years figure based 

' on cost/m3 of hu 11. 

Steel 30 10 - - Al l concrete Turbine Housing 
for 1979 Design . 

Mechanical Components 741 248 394 209 Bags more expensive, and useful 
to Power Take Off.inc. life reduced , but only first 

w bags set of bags included , 
N 

Turbines and Electricc:l 265 89 325 173 1978 cost optimistic 
Power Take Off 

Installation (inc. 348 117 240 127 No s ignificant change. 
Moorings, Anc hors and 
Tow Out). 

Transmission 529 177 536 285 Based on Consultants 
Working Paper . 

Sundries 176 59 54 29 Optimistic allowance . 

Development and 691 232 305 162 Reduction for more 
Contingencies developed design. 

Totals: 3647 1222 2337 1241 

.. - - - TABLE 9.2: Capital Cost Compar ison 1978/79 

-- - - 1 - - - - .. - .. ... --- - -
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2. 10 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 t erms 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 Laacaster Device as an annual 
equivalent which may then be measured against the return, in terms of mean 
annual power output. 

In Section 2. 9, 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 2GW rated 
power station, based on the appropriate number of devices, including the cost 
of electrical transmission, which in any case has been prepared by the Consultants. 

In Section 2 . 8, the Consultants have developed figures for the 
productivity of a 2GW power station, i.e . the figures indicate the mean annual 
output of a 2GW power station to the grid. 

In assessing the cost of power, the Consultants have in the 
first place derived an annual cos t 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 cost of 5% compound. This agrees with the 
manner in which E. T.S . U. perform their own costing calculations and is equiva
lent 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 based on 
the Dev i ce Team figures . However, as the cost of the initial set of air bags 
was included by the Consultants as part of the capital cost of the device, only 
the cost of the two replacement sets have been included by them in the mainten
ance costs. Further the Consultants have adopted the standard 25 year period for 
repayment of capital, r ather than 30 years as taken by the Device Team . 

The annual cost derived as above is then divided by the number of 
hours in a year, 8760, and the mean annual output of the station, in order to 
obtain the cost per kilowatt - hour. 

Where ranges of price have been quoted or where ranges of 
productivity have been derived, a range of cost of electrical power has been 
calculated. 
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The costs can be worked out as follows:-

Capital Costs/Device (£x10
3

) 

Development @ 5% 

Contingency @ 10% 

Total Production Costs 

Annual costs, per device 3 for a 2GW installation (ExlO) 

Annu,,al discounted production 
cost as. 7.1% of total: 

Annual maintenance costs: 

Refit facility 
Mooring Refit costs: 

Bag Operating costs: 

Total annual costs/device 

No of devices= 435 

Total Annual Cost(2GW Station) 

Mean Annual Power 

Cost of Power 
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One-of f 
Cost 

4671 

234 

491 

5396 

383 

77 

11 
3 

67 

541 

£235M 

480MW 

5 . 6p/kWh 

I 
Developed 

Cost 

3746 

187 

393 

4326 

307 3.\ 
68 

11 

I 3 

41 

430 I 
£187 M I 

480MW 

I 4.4p/kWh 

4-. ltb I 
I 
I 
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I ,, 
I 



- .. ,_ - - ·- .. .. - ... GIi - .. ... .. ·- - ita - - .. 
10.0 

ti (: 4drms) 

' IGNIFlCANT 50 
AVE HEIGHT 25 

(HETE RS) 
25 

7.5 50 25 

50 25 25 

50 50 25 25 

25 25 50 50 50 25 

50 so 25 25 25 75 50 25 
5.0 

100 25 25 75 50 25 50 25 

75 75 25 100 25 25 

150 50 50 50 50 75 25 25 75 50 25 

100 125 25 226 75 100 25 50 75 25 25 
w 

25 150 )76 200 226 )01 100 100 75 25 25 25 25 · 25 25 u , 
2.5 

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

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

25 25 25 
0 . 0 

4.0 6.5 9.0 11. 5 14.0 16.5 Te (: M-1) 
Mo 

ENERGY 
Data from IOS report l PERIOD 

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

Fractional occurences in parts per 10,000. 

OFFSHORE CLIMATE SCATTER DIAGRAM 
FI Cl l llE 8 . I 



7.5 

Hs (:i 4drms) 

SIGNIFICANT 
WAVE HEIGHT 
(METERS) 

5.0 

2.5 

w 
a-, 

0 .0 

8 16 16 16 8 8 8 

8 8 24 56 40 24 8 8 16 

24 16 64 191 191 32 103 64 8 40 

16 32 111 199 159 214 127 95 87 32 3 2 16 24 40 16 

8 95 l.'51 111 207 294 278 246 175 111 71 48 64 16 24 16 16 8 

16 111 254 262 278 318 278 207 167 111 175 56 56 48 32 7l 40 32 8 24 

40 79 111 159 334 445 349 214 262 119 143 159 87 79 119 56 40 8 40 8 

I 8 24 56 71 127 40 8 8 16 8 8 16 8 8 

4.0 6 . 5 9.0 11.5 14,0 

Data supp 1 i ed by IOS 

1259 Se l ec t ed spec tra from the 1978- 1979 recordings from the S. Uist inshore buoy. 

Frct c tional occuren ce s in par ts per 10,000. 

INSHORE CLIMATE SCATTER DIAGRAM 

8 8 

8 

16 8 8 

,----

16.5 Te 
- M <= -1) 

Ho 

- ... ·- - F I <: l J IH: 8 .2 .. ·~ ...... ~- , ..- ·- ... - .. ·- - ·- - ..... 



I 
I 
I 
I 
I 
I 
I 
,I 
I 
I 
I 
l1 

I 
I 
I 
I 
I 
I 
I 
I 

~I 

w 

N 

s 

WAVE POWER AS A FUNCT IO N OF DIRECT ION - MET. 

OFFICE COMPUTER SIMULAT ION 1979 (GR ID POINT No.39 ) 

FIGURE 8 . 3 
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Average mean power level f r om t he MET offic e comput er 
model (19 79) fo r gr i d points 39 and 47. 

FI GURE 8. 4 
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MEAN POWER AT SITE CORRECTION DIRECTIONALITY INCIDENT 
S UIST OFFSHORE FACTOR FACTOR POWER 
BlX>Y ( KW/ml 

HIGH ESTIMATE 50.0 l. 20 0.88 47.7 

M)ST PROBABLE 47 . 5 1.10 0.83 44 .0 

LOW ESTIMATE 45 .0 1.05 0 . 78 40.2 

INCIDENT DEVICE CAPTURE EFFICIENCY POWER CHAIN POWER DELIVERED 

POWER BASED ON PM DIGITAL SPECTRUM EFFICIENCY RELIABILITY TO PERTH PER 
SPECTRUM CORRECT ION METRE OF DEVICE 

HIGH ESTIMATE 0 . 33 1. 0 1 0.66 0 . 95 7.3 

MOST PROBABLE 0 . 28 o. 96 0 . 61 0 . 82 I 5 . 8 t -
LOW ESTIMATE 0. 23 0 .91 0.51 0. 70 4.4 

PREDICTED ANNUAL MEAN PER M WORKING PER 2GW RATED 
POWER DELIVERED TO PERTH FACE OF DEVICE INSTALLATION 

UPPER BOUND 95% CONFIDENCE 7.3 o. 60 

MEAN 5.8 0.48 

LDWER EO.JNO 95% CONFIDENCE 4.4 o. 36 

FIGU RE 8 . 8 
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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 

for 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 formula 

K = f fonl. {;-rrd IL) " 
1 ]~ 

( I + 4rrdLL 
Yi11J. (2'Tf'd /L) Where d l.S the depth at the buoy 

L is the wavelength = 9/~ir-f 2}+al'\h (2,rd/L) 
g l.S the acceleration due to gravity 

f l.S the wave frequency 

VariO'I\ Ct. 5 

r - , 

r-· 

r' -1--
' 

r-
I 

(I) 



Vor,anc.t. S 

The significant wave height and energy period are then derived 

for each spectrum using the following formulae: , .. 
L St!f, 

Te. = -'·-'~------

f s, 
where Siis the modified variance 

fi 1.s frequency 

/lf is the frequency increment 

b) Inshore Buoy:-

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

the recorded spectra without modification to allow for depth. 

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

curve using the formula: 

S · H2
/( + fs) {- O.G7f0) = 0. 16875" s Te. o.xp TQ. ~ 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 

tvo values of the directionality factor have been determined. 

N 

s 
?(8) is f~,. m2an Ohnual po'IIIQ.r 

c0Min3 -froty\ d;f'12C.tio"' 0 

The directionality factor for a fixed device facing 

the optimum direction is 0.78 and has been determined using 

the formula 1>-~~ 
j Pla)cosf tj,-al da 

?-¾ 
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 - lOOm 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. 

WAVE 

providing they 

' " ~~J 

are separated by 

' 

' 

... 

l 
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:-

, ..,. 
I&• 

&. 

I 

Si!Jnif.i c.ont 
I 

wav& kai!iht 
Hs 

Hs. :, 

I 
I 
• 

r/,j 
I 
I 

I 

I 

I 
I 

I 

(V) 

Scotlar di°9l"tlM of 
SLa Q:U i ci U\C. i 11.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~ 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. 

S;3"i~ic.o"-i: 

waver. htti.3ht 

'lj 

Ta· 
' 

Sc0Ha.Y di09ram 

of S4.a a. #ic.it.nci1.s 

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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Monoc.l,rc.mof · 

o.#ic.i1.nc.j '7 

A typical monochromatic efficiency curve is shown below 

T,. P11.,.;od T 

The program constructs a new monochromatic efficiency curve by 

linear interpolation between the curves for Ha < 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 / f" 
l'/" is the monochromatic efficiency for the frequency component fn. 
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The sea efficiency for the sea state Hsj, Tei is then derived 

using the formula 

(VIII) 
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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. 
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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·· 
') 

Wava. c.liwiat.f. 

sc.ati:i.r dia9YoM 

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 

PSb·· 'J 
and the average incident power 

Pwa.. cos e ') . 
where cos8 is the directionality factor 
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The captured power for the sea state Hsj, Tei is then given 

by 

Pc.ap,i _ Pslll,J . eos e .1 >'/ij 

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= 
~ ~ t P-,· .n,. ~ ,., 'J I J 

ol pov.,.w-

\ 
- -

( 
(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. 

derived as follows. 
It is 

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

Pcao.. = Psao .. 
-,- 'J 'J cos 9 . 7 '/ 

and is assumed to be constant. 

Typical steady state efficiency curves of the power chain components 
are shown below. 

Pturl:.-. / 
'J 

Pc.af·. 
'J 

Input pcw4r- (os "/. ol ... at~ tu ... bil'I&. power) 

o ~ ea state Hsj, Tei is given by 

l'JTU ·· I 'J 
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The generatoc power is given by 

Input pow,zr { o" i'o ol rota.d !1tZhll.r-atot" powt.t") 
/OD~. 

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

p,..,,..,..,. , = P'JQ.~c . '17R·· = P~,. . . co.s.8. n;·. n7u .. . n,E··. » .. '.J :} I 'J r.J l J L 'J l' 'J lT/t 'J 

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 ef fi ciency= 

i:I j:.I 

PS40,., n .. 
~ ( ·1 

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 simplifi~ations 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. 
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2) The incident powers are all assumed to arrive at the 

device at an angle cos·' 0. 7B ot' c.os ·' O.S3 

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. 

(XIV) 
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7. NUMBER OF DEVICES 

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

been calculated as follows:-

,URBINE 
~------__ G_E_N_E_R_A_:r_o_R_:-----:__T_R_A_N_S_M_,_s_s_,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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