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SUMMARY . 

The design of a pneumatic wave-power buoy is 

described. The hull of the buoy is spherically shaped with 
an opening to the sea in its lower end. To obtain a fixed 
reference, a strut is passing through the buoy to a universal 
joint on the sea bed. The heave motion of the buoy may be 
phase controlled by clamping the hull to the strut during one 
or two intervals of each wave period. The water column en
closed by the buoy acts as a piston forcing air through a 
turbine . The air flow is rectified by non-return valves. The 
buoy can produce electrical energy when it is fixed, when it 
is freely floating, or when it is phase controlled. Even in 
the most severe wave conditions the power production is main
tained . 

Model experiments with the freely floating buoy in 
rough seas have demonstrated that the vertical anchoring 
forces in extreme waves are smaller than the largest 
anchoring forces which may occur when the buoy is phase 
controlled in waves of modest height. From these ex
periments, locations with water depths of 80 m were found to 
require prohibitively expensive mooring struts. A water 
depth of 40 m was then chosen . 

A time-domain mathematical model of the pneumatic 
phase controlled buoy is presented which uses a time-series 
of the wave elevation as input to calculate the motion of the 
buoy and its power production . A computer program for 
numerical simulation of the power buoy is prepared. The 
hydrodynamical performance of the buoy is described by an 
approximat i on to applied- pressure parameters computed from 
known values of the radiation impedance matrix and of the ex
citation forces of two concentric sections of a rigid, 
heaving hemisphere. It has been shown that the phase angles 
of the excitation forces of the two sections are equal and 
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identical to the phase angle of the excitation force of the 

hemisphere. 
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The impulse response functions used when computing the 

excitation quantities of the buoy for a given time-series of 

wave elevation, are found to be non-causal. In order to 

compute the excitation force and the excitation volume flux 

with a reasonable degree of accuracy, information is req ui red 

on the future surface elevation for a time, which is one 

seventh, respectively one twelvth of the time for which 

information on the past is required. 

From numerical simulations the turbine shaft power is 

computed for one single 10 m diameter buoy operated in 

regular waves of 2 m height and period 5-14 s. The 

results clearly show that for the pneumatic buoy, phase 

control is essential in order to absorb any significant 

amount of power from waves of modest heights. When the buoy 

is freely floating, the turbine shaft power is 2 kW or lower 

for all wave periods. In the same waves the fixed buoy 

delivers 4-19 kW on the turbine shaft. If the buoy is phase 

controlled with latching in both upper and lower position, 

the turbine shaft power exceeds 110 kW for wave periods in 

the range 6-12 s. A peak production of about 150 kW is 

obtained for wave periods of 7-10 s. For longer periods the 

power production falls off due to the limited energy storing 

capacity of the buoy . If the buoy is phase controlled with 

latching in the lower position only, more than 55 kW is 

produced for wave periods of 6-12 s. A peak production of 98 

kW is obtained for wave periods of 7-8 s. 

The power production of a buoy of 12 m diameter was 

computed whose linear dimensions are obtained by scaling 

those· of the 10 m buoy. The turbine used in the 12 m buoy 

was, however, identical to that of the 10 m buoy. Compared 

to the 10 m buoy, the generated power was increased for 

l onge r wave periods due to increased energy storing 

capacity. The heave amplitude of the 12 m buoy was, how-

e v er, for all periods smaller than the amplitude of the 10 

m buoy. This fact indicates that the turbine used in the 

10 m buoy do not provide optimum damping of the 12 m buoy. 

I 
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In irregular waves, with the energy transport equal to 

that of a regular wave of 2 m height and of 10 s period, the 

power production of the buoy is reduced by 32-45 % compared 

to the power production in the corresponding regular wave. 

The lower figure pertain to a JONSWAP sea and the higher to 

a Pierson-Moscowitz sea. The reduction is partly due to the 

transient motion of the buoy in irregular waves, and partly 

due to the simple strategy of unlatching used when phase

controlling the buoy in the simulator. 

The smoothing effect of the air chambers on the air 

V 

flow through the turbine is substantial. The air flow through 

the non-return valves which commuriicate with the outer 

atmosphere is much smaller than the flow through the valves 

communicating with the pump chamber. Hence, the area of the 

former valves may be reduced compared to the area of the 

latter. 

With no heat transfer included in the model, the 

temperature of the high pressure chamber always exceeds the 

temperature of the low pressure chamber. Hence, there will 

be a continuous heat loss between these chambers unles s the 
walls between them is thermally insulated. 
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1. INTRODUCTION. 

Probably the first ever patent for a wave energy 

device was filed in Paris in 1799. Since then numerous 

patents are filed in various countries on devices which were 

intended to enable energy to be extracted from the waves. 

One of the earliest and most informative papers on 

wave power was presented by Stahl [1] who describes both 

theoretical and experimental work on determining the water 

particle trajectories in waves as well as devices for energy 

extraction. 

In 1910, a wave power station with 1 kW electrical 

power output was built near Bordeaux in France [2]. A 

turbine was driven by air which was pumped by the 

oscillations of sea water in a vertical bore hole in a 

cliff. In Japan, a wave-activated navigation buoy was 

designed by Masuda [3] in 1965 and since then more than 

700 units have been in operation [4]. 
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The oil crisis in 1973 renewed the interest of exploi

ting alternative energy sources, and research on wave energy 

utilisation was initiated. In the United Kingdom, Steven 

Salter published some experimental results on wave energy 

conversion [5]. In Norway, Budal and Falnes put forward 

several proposals for floating and fixed wave energy conver

ters [6], among those oscillating water columns were also 

included. Later, Kv~rner Brug A/ S has greatly improved the 

oscillating water column by adding a so-called harbour [7]. 

Following the early proposals, a wide variety of devices have 

been put forward in different countries, and much research 

work has been undertaken in order to design economically 

competitive wave power converters. 



Originally, the aim of the research was to design 

wave-power converters which could contribute significantly 

to the power supply of the main electrical grid. Estimates 
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of the cost of energy from plants of various devices have 

been made in different countries at various times. A summary 

of some assessments is given in table 1~1. These assessments 

are not standardised and the estimated cost of energy from 

different countries are not directly comparable.Moreover, at 

an early stage of a new technology, assessments have to be 

based on certain assumptions due to lack of accurate 

knowledge, and the cost of energy may be strongly affected by 

these assumptions. 

Therefore, firm conclusions about the cost of energy 

from fully developed wave power plants cannot be drawn 

before a prototype converter has been constructed and 

operated for some time . In addition it should be noted that, 

for most industrial products, the unit cost decreases as the 

accumulated production quantity increases (8]. It seems 

reasonable to think that such a cost reduction law will be 

applicable to wave power devices as well. Hence, estimates 

of future cost of wave-generated power should include such 

cost reductions. Nevertheless, assessments are useful for 

the teams designing the wave power plants, since costs are 

Table 1.1. Estimated cost of electrical power from wave 
power plants of various devices as assessed by officials and 
by device teams. The power rating of the various plants is 
included in the table. United Kingdom is abreviated UK. 

UK 1978 (official) [ 9 I 36-56 p/ kWh 2 GW 

UK 1979 (official) [ 10 I 6-14 p/ kWh 2 GW 

UK 1979 (teams) [ 10 I 4-10 p/ kWh 2 GW 

UK 1982 (official) ( 10 I 5.6-15.5 p/ kWh 2 GW 

UK 1982 (teams) ( 10] 3.3-9.3 p/ kWh 2 GW 
Sweden 1981 (official) [ll) 0 . 2-0.6 Skr/ kWh 
Norway 1981 (official) [ 12 I 2 . 5- 9 Nkr / kWh 200 MW 

Norway 1982 (official) ( 13] 1. 3-2. 4 Nkr/ kWh 200 MW 
Norway 1982 (NTH-team) ( 14 I 0.25-0.5 Nk r/kWh 200 MW 

Norway 1983 (official) ( 15 I 0 . 65 Nkr/ kWh 0 . 3 MW 

Norway 1985 (prototypes) ( 16 I 0.4-0.5 Nkr/ kWh .35- .5 MW 

Sweden 1985 (official) ( 17] 0 . 2-0.4 Skr/ kWh 64 MW 
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estimated for the construction as well as for the operation 

and maintenance of the power plant. From these figures, highly 

expensive items and operations may be identified and more 

cost effective solutions may be sought. 

Two prototypes of shore-based wave-power converters 

are now being built on an island near Bergen. one is the 

multiresonant oscillating water column of Kv~rner Brug A/ S 

the other is a tapered channel plant designed by Norwave 

A/S. These prototypes are considerably smaller than the 

similar devices used in the assessments of the 200 MW 

plants. Both are planned to be in operation and generate 

electricity by the end of 1985. The estimate of the energy 

cost from these prototypes is based on the construction 

costs and estimates and measurements of available wave 

energy. However, a reduction in the cost of energy from 

future power plants is expected due to the knowledge gained 

from the construction and operation of these pilot plants. 

The variation of the energy costs in table 1.1 and the 

difficulties in estimating future cost reductions 

illustrate the need to have an objective criterion which 

reveals the potential of economical viability of a device. 

Jenkins claims that, at various stages of the development 

of a device, energy analysis can provide a more reliable 

indicator on economical viability than can be obtained from 

cost estimates. The suggested indicator is the net energy 

requirement defined as (18) 

energy consumed in construction, operation and maintenance 
useful energy output 

All quantities are accumulated during the life 

time of the device. Wave power plants with a net energy 

requirement near 0.1 are assessed to be currently 

economically competitive to feed the main electricity grid 

of the United Kingdom. The value 0.1 of the net energy 

requirement is obtained by assuming 5 % discount rate and 



certain rates of fuel price increases. Lower discount rates 

and higher rates of fuel price increases are beneficial to 

the introduction of wave energy systems . Regretably, no such 

energy analysis is published for Norwegian wave power 
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plant s . But with a discount rate of 7 % p . a . and cheap 

hydro-electrical power, one may guess that a net energy 

requirement below 0 . 1 is necessary for economic viability in 

this country. 

wave energy devices are commonly classified as 

attenuators, terminators or point absorbers . Terminators are 

aligned parallel to wave crests and form a barrier to the 

oncoming waves. Attenuators are aligned perpendicular to the 

prevailing wavefront and absorb energy progressively along 

the length of the device . Whilst terminators and attenuators 

have dimensions comparable to typical wavelengths, point 

absorbers are small compared to the wavelengths. A single 

point absorber has absorption properties independent of the 

angle of wave incidence. However, if point absorbers somehow 

a r e grouped, this independence of wave direction may be 

d i stor t ed, but the wave interaction may increase the power 

absorption (19]. Maximum power absorption is in many cases 

obtained if the wave excitation force is in phase with the 

velocity of some moving part of the device, provided this is 

properly damped by the energy converting mechanism. For 

tuned devices this may be achieved for a fixed wave period, 

but for po i nt abs orbers the penalty is a small bandwi dth . 

Optimisation of the motion of point absorbers has been 

an important topic of the research activities at the wave 

energy group at NTH for several years (20-21]. Devices 

with a motion near the optimum motion have been p r oposed 

(22-23]. The approximation to optimum motion is obtained 

by applying motion control. This implies that the absorber 

is latched in intervals of the wave period and released just 

in time to obtain a velocity in phase with the wave 

excitati on force over its whole stroke . In 1983 the latest 

des ign of a pneumatic, phase- c ontrol l ed powe r buoy was 

comple t ed (24] . Regretably , since then no funding has been 

available to pursue further work with a prototype. The 

----
absorber has, however, a potential for low energy costs 

which has not yet been fully explored. For example, the size 

of the buoy is chosen from rather simple computations 

without any optimisation. From the Norwegian assessments 

(13] of 200 MW power plants the buoy is outstanding with its 

low capital costs compared to other devices. Due to many 

moving parts it is anticipated to have high maintenance 

costs. But still the cost of energy from a buoy wave-power 

plant is estimated to be the same as that of other devices. 

Moreover, it is estimated that the total recovery 

time for the energy invested in construction of a 200 MW 

plant of these buoys is less than two years (25]. 

Accurate estimates of energy consumption in operation and 

maintenance of the plant is impossible to obtain, unless a 

prototype device is constructed and put into operation for 

a couple of years. For a well developed power plant this 

energy consumption is expected to be low. For a 200 MW power 

plant of multiresonant oscillating water columns or of 

tapered channels, the energy recovery time have been 

estimated to 10 - 14 years [13]. With 25 years of life time 

such plants obtain a net energy requirement of about 0.5. 

For the much smaller prototype plants, no values of the 

energy recovery times are published, but presumably they 

will be much lower than those for the 200 MW plants. 
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Hence, at the present time, a wave power plant of 

phase-controlled buoys seems to offer the highest potential 

to achieve a net energy requirement of 0.1 and economical 

viability for a 200 MW plant. Accordingly, it seemed 

worth-while to pursue the work with the power buoy a bit 

further by making a simulator for use in design optimisation. 

Such a simulator may easily be modified to simulate various 

breeds of oscillating-water-column devices as well. 

The outline of the thesis is as follows: Chapter 2 

gives a summary of the design of the power buoy as proposed 

for prototype construction by the research team. Estimates 

of energy production and energy costs are also presented. In 

Chapter 3 the simulator is briefly described and some 

numerical results are presented. Finally, suggestions for 

improvements of the mathematical model and the simulator is 
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given.A full description of the mathematical model and some 

comments on the computer implementation is given in appen

dices . The first one , Appendix A, gives an outline of how to 

compute the time-domain hydrodynamical parameters of the buoy 

from the linearised frequency- domain boundary value problem 

of an oscillating surface pressure in a heaving body. In 

Appendix B, an approximation to these parameters is obtained 

from rigid-body model parameters. Both frequency-domain and 

time-domain numerical results are displayed. Appendix C con

tains the mathematical model of the power buoy,describing 

the hydrodynamics of the buoy as well as its power extracting 

mechanism . An outline of the computer implementation of the 

model is given in Appendix D. Finally, Appendix E gives a 

summary of model experiments for determining extreme loads. 

2. WAVE - ENERGY CONVERSION BY THE POWER BUOY. 

This Chapter presents a summary of the the design of 

the pneumatic phase-controlled power buoy in the sections 

2 . 1 - 2 . 8 . In sections 2 . 9 - 2.10 is given an outline of a 

200 MW power plant and its power collection scheeme. 

Finally, in section 2 .11 , the cost of energy from a 200 MW 

power plant is discussed . 

2.1 The wave energy converter. 

From early work on designs of phase-controlled point 

absorbers [23,26] which were assessed not to have a 

potential for economical viability, the present design 

emerged. The main body of the converter is a floating 

spherically shaped buoy with an opening to the sea in its 

lower end as indicated in Fig. 2.1. A fixed reference is 

obtained by a strut which passes through the buoy to a 

universal joint on the sea bed as shown in Fig. 2.2. 

Contrary to previous designs with a closed hydraulical or 

pneumatical power take-off mechanism, the power absorption 

of the present design is unaffected by the tide since the 

hull may move unrestrictedly along the strut. 

The spherical shape of the hull is adventageous to 

other geometries for several reasons. Pitching moments due 

to the incident wave which induce bending moments on the 

strut, are low. The doubly curved surface of the hull 

combines high structural strength with low consumption of 

construction material. Finally, experiments (27] have shown 

that a spherical buoy is an efficient wave energy absorber. 

7 
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Fig. 2.1. wave energy converter (14) . The hull of the 
buoy W is spherically shaped with an opening to the sea at 
its lower end. The cylindrical wall I gives the buoyancy 
chamber C. The horizontal deck Hand the conical wall K 
separates another chamber B . The concentric cylinder Fis 
fixed at its upper end and lower end to the hull of the body 
by means of rods E . The cylinde r is provided with rollers 
Rat its ends rolling on a vertical, cylindrical strut S 
connected to an anchor joint at the sea floor. The clamping 
mechan i sm L can lock the otherwise freely floating buoy to 
the strut . The turbine T i s connected between the high 
pressure chamber Band the low pressu re chamber C by means 
of the tube D, and G is the generator . The buoy is 
equipped with four non-return ai r v alves v1 - v4 . 

s 

C 

--= ----....: ::--....:- - - . -_- - - ·-- - -:_-_-__ .=. --:. : .. :-;-_--= = =-------

40m 

Fig . 2.2. Mooring of wave energy converter (14). The 
strut Sis connected to the sea floor through a universal 
joint J and an anchor H . A concentric, streamlined mass M 
, moveable along the strut by means of rollers R, is 
connected to the buoy by means of cables P . The mass 
ensures that the strut has an equilibrium upright position. 
The electrical cable from the generator passes along the 
cables P , via the flexible cable Q to the buoyant body v 
and along the mooring cable w to the sea floor. 
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2.2 Principle of operation. 

In waves of modest heights, efficient power absorption 

is achiev ed by p ha se contro l ling the motion of t h e buoy .In 

higher waves, the powe r absorbed by a an optimally 

controlled buoy will exceed the rating of the turbine and 

the generator. Therefore, other modes of operation are used 

in severe wave conditions when the available wave power is 

excessive. when wave heights are between 5-8 m, the buoy 

can be fixed to the s t rut ·and operated as an oscillating 

water column in a fixed structure. In very rough sea with 

wave heights larger than 8 m no latching is applied, and 
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the buoy heaves freely along the strut. The choice of mode 

of operation should be determined not only by the rating of 

the power - generating machinery , but also by the design loads 

of the different parts of the buoy . 

In the following, different items of the energy 

extracting mechanism are labelled with letters which all 

refer to Fig. 2.1 . The energy conversion mechanism of the 

buoy works as follows : When the buoy is heaving, the 

pneumatic stiffness of the air in the pump chamber A 

forces the internal water column essentially to follow the 

motion of the hull . The phase control of the motion implies 

clamping of the buoy to the strut in its extreme upper or 

lower position. When clamped in the upper position, the 

internal water surface i s e l e v ated above the lev e l o f the 

su r rounding sea and the pressu r e in the pump chamber A is 

lower than atmospheric pressure. Air is now sucked from 

the low pressure chamber c through the non-return valve 

v
4 

into the pump chamber. The decreasing pressure in the 

h b Causes al· r to flow from the high low pressure cam er 

pressure chamber B through the turbine T. When the 

pressure in the high pressure chamber equals the atmospheric 

pressure, the non- return v alve v 2 opens. Thus, the pressure 

i n the high pressure chamber will never be lower than 

atmospheric pressure . Si mil ar l y , when the buoy i s cl amped 

in its lower pos i tion the pressure in t he pump c hamber 

exceeds atmospheric pressure, and a ir i s forced th r ough the 

non-return va l ve v
1 

i nto the h i gh pressure chamber where 

the pressure increases. Then air flows from the high 

pressure chamber through the turbine into the low pressure 

chamber where the non-return valve v3 opens when the pres

sure equals atmospheric pressure. Hence, the pressure in the 

low pressure chamber will never exceed atmospheric pressure . 

In this way a pressure difference is established between the 

high and low pressure chamber which forces air through the 

turbine . The air flow is rectified by the valves v
1 

-v
4

. 

The high and low pressure chambers have a smoothing effect 

on the air flow which is beneficial to the turbine 

performance . 

2.3 Phase control . 

The motion of the buoy is phase controlled in order to 

maximise the power absorption of the buoy. The eigen-period 

of the buoy is lower than the period of those waves which 

carry most energy . By latching the buoy in intervals of the 

wave period and unlatching it at a proper instant, the heave 

speed of the buoy is directed in the same direction as the 

wave excitation force. Hence, power is transferred from 

the wave to the moving buoy over its whole stroke. If the 

buoy is latched in both its upper and lower extreme 

positions, a motion close to the optimum motion of a tuned 

absorber may be achieved as indicated in Fig. 2.3. However , 

when latched in the upper positon, the buoy is horizontally 

unstable and the strut may tilt. This tilting makes precise 

phase control difficult . An alternative control strategy is 

suggested (28) with latching in the buoy's lower position 

only and with optimum motion as shown in Fig. 2.3. Since the 

buoy now ~pends most time in its lower position, a net 

buoyancy force is experienced which adds a restoring moment 

to the system. This advantage is achieved at the expense of 

some reduction in absorbed power compared to the strategy 

with latching i n both upper and lower position. 

11 



Fig . 2.3. Phase-controlled motion of the power buoy . 
a: Wave elevation as a function of time. 
b: Optimum displacement of the buoy when latched in both 

upper and lower position. The buoy is unlatched a 
quarter of an eigen-period before each crest or trough . 

c: Optimum displacement of the buoy when latched in lower 
position only . The buoy is unlatched half an eigen
period before the zero down-crossing of the wave . 

2.4 Latching device and motion control. 

Reliable functioning of the latching mechanism is 

crucial to successful operation of the power buoy. During 

one year of operation about 6 millons clamping operations 

will be performed. If no latching occurs at all, small 

amounts of electrical power will be produced. With 

unprecise latching, friction losses and high stresses on 

the construction is introduced due to the retardation of 

the buoy . 

1 2 

A latching device has been proposed [29] which clamps 

the buoy to the strut automatically when the buoy is in its 

extreme heave positions. This latching mechanism is based on 

a principle of hydraulically operated wedges. Shortly before 

the buoy changes direction of movement, say in the lower 

position, hydraulic oil is supplied through a three-way 

solenoid valve to pistons which move the wedge- shaped 

latching blocks against the r od. Then , the buoy is jammed 

when its motion changes direction provided sufficient 

friction is established between the mooring st r ut and the 

--
friction linings of the latching blocks. A non-return valve 

prevents the oil from returning from the pistons to the 

reservoir, the oil pressure behind the pistons increases and 

the buoy is clamped to the strut. When time comes to release 

the buoy, the solenoid valve is de-energised and the oil 

pressure of the piston released. A spring mechanism then 

provides rapid return of the blocks from the strut to avoid 

unnecessary friction losses. 

For successful operation of the latching mechanism one 

signal is needed which, shortly before latching, opens for 

oil supply to the pistons to obtain wedging. To compensate 

for response times of the valves this signal is derived from 

the speed of the buoy, with a fraction of the acceleration 

added. Another signal is needed to control the time of 

unlatching which is related to a future event of wave 

elevation as indicated in Fig. 2.3. Hence, prediction of the 

future wave elevation is necessary to achieve the unlatching 

signal. A computer fed with a real time wave measurement 

applies a Kalman filtering technique to predict the wave 

elevation a certain time into the future (14]. Strictly, 

the phase control should be related to the wave excitation 

force, but for a point absorber the phase difference between 

excitation force and wave elevation is negligible. Necessary 

time of prediction is the sum of the response time of the 

hydraulic machinery and the time the buoy should be 
released before a certain event of the wave elevation. With 

latching in both upper and lower extreme position of the 

buoy,the release time is a quarter of the buoy's natural 

heave period before each crest and trough. With latching in 

the lower position only, the release time is half the buoy's 

natural period before the zero down-crossing of the wave 

(cf. Fig. 2.3). 

A latching mechanism as described above has been 

constructed and operated on a 1 : 10 model buoy both in wave 

tank tests and sea trials. An example of some results from 

tank tests are shown in Fig. 2.4. Note that the overshoot of 

the heave displacement is very small, which indicates 
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Fig . 2 . 4. Measurements on a 1:10 scale model of the buoy 
(14] . The horizontal axis represents time in seconds. a) 
Heave displacement of the buoy and wave elevation (both in 
metres) . b) wav e pressure p (in N/ m2) and heave velocity 
u - ds/ dt of the latchable buoy (in relative units). The 
hydrodynamic wave p r essure p is measured by a stationary 
pressure transducer at a depth of 0.7 m, abreast the buoy. 

precise latching of the buoy . The phase differences between 

maxi mum buoy speed and maximum wave pressure revea l s the 

quality of the wave prediction . The power losses due to 

unaccurate unlatching of the buoy are estimated to be 

5- 15 % in these experiments. 

During the sea tr i als [30], the wave signal, used to 

p r edict the wave, was supplied by a submerged pressure 

probe. This probe was either located on the strut or on a 

rig ahead of the buoy. Due to the t il ting of the strut the 

dis t ance between t h e probe a n d the buoy var i ed . This 

va ri at i on impa ired a p r ecise pred i ction o f the u n l a t chi n g 

time , and in some wave cond i t i on very erron ous un l atching 

o c cured (30] . Th is e rr o r may be mi n i mised by applying the 

contro l strategy wi th l at c h i ng in only the lower pos i t i on . 

1 4 

In addition to the 1:10 scale latching device, a full 

scale model of one wedge was constructed and tried in a test 

rig. Experiments were performed with different materials of 

friction linings, both wet and dry. From the experimenta l 

results with the full scale wedge and the 1:10 scale it is 

concluded that the proposed wedging clamping device is 

suitable for use with a full scale power buoy . 

2. 5 Air turbine and power generation. 

An axial flow turbine seemed to give the best fit to 

the power level and pressure drop of the power buoy. From 

full scale rated speed (3000 rpm) and input power (250 kW 

rated, 600 kW maximum) a model turbine was designed and 

tested in steady air flow (31 ]. Originally the rated speed 

of 3000 rpm was chosen to enable direct connection of the 

turbine to an asynchronous generator. However, from 

measurements on the model turbine the best performance was 

found with varying speed and nozzle angle fixed at 27.5 

degrees . Then the power output and efficiency of Fig. 2.5 

are obtained i f the turbine is allowed to run at optimum 

speed as indicated in Fig. 2.6. 

A full-scale turbine designed by a turbine 

manufacturer has maximum efficiency of 92 % and a wider 

range of constant efficiency than the model turbine (24]. 

This i s mainly due to the use of a more efficient blade 

prof i le than on the model turbine. 

To allow for var i able turbine speed, the frequency of 

the generator has to be decoupled from the frequency of the 

electr i c gr i d . This i s obta i ned by connecting a syncronous 

generator di r e c tl y to the turbine shaft which feeds the 

power to an AC to DC c onv e r ter as indicated in Fig. 2.7 . 

Speed control of the turbine is achieved by varyi n g the 

magnet i sation of the generator. 

1 5 
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Fig. 2 . 5. Performance of the axial air turbine with nozzle 

angles fixed at 27.5 degrees when running at optimum speed 
in steady flow. The shaft power (o) is obtained by scaling 
experimental data from a model turbine [24], whereas the 
efficiency (o) is unscaled [14]. The dashed curves 
represent assumed extrapolations of the turbine performance 

used in the numerical computations . 
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Fig . 2 . 6 . Optimum full scale turbine speed vs . full sca le 
power output at a nozzle angle of 27 . 5 deg . [14] . 
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The generator is equipped with two systems which 

prevent speed runaway. When the generator runs too fast, 

the shunt resistance of Fig. 2.7 is connected to provide 

additional damping. In addition, an electro-mechanical brake 

is installed which engages with the shaft if the load is 

disconnected from the running generator. 

,---· 
I 
I 
I 
I 
I 
I 
I 

I - + L __ 

~ 
Fig. 2 . 7. Power generation and conversion scheme of the 
power buoy [ 32 J. 
SG: Syncronous generator 
Sl: Fuses 
88: Load breaker 
R: Shunt resistances 
81: Load breaker 
Tl: Transformer 
LR: AC to DC converter 
82: Isolator switch 
D: Diode 
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2.6 Air valves. 

The air valves are hinged flaps of a design originally 

developed for the Lancaster flexible bag device [33] . This 

valve design has demonstrated satisfactory behaviour during 

tests of a model in the scale 1:3 . The valves of the N2 

buoy are designed for a total flow loss of less than 1 % of 

the pneumatic power [24] . 

2.7 Bearings of the large moving structures. 

18 

Since the hull and the submerged mass are moving along 

the strut cf. Fig. 2 . 2.), some kind of bearing is required. 

This bearing should be designed for low friction, low 

maintenance costs and for even distribution of loads over the 

surface of the strut. Rollers as indicated in Figs. 2.1 and 

2.2 are expected to cause rather high maintenance costs,and 

the loads on the strut are concentrated. Therefore, a design 

proposal for a magnetic-repulsion enhanced hydrostatic 

bearing has been worked out [34], as indicated in Fig. 2.8. 

The rollers of this bearing are subjected to very low loads 

compared to the bearing rollers of Fig. 2.1. The non-moving 

parts of the bearing are claimed to be maintenance free for 

the lifetime of the plant. Settlement and growth of fouling 

species are deterred by low-level chlorination of the water 

enclosed in the bearing. 

!{ 
connece1 nq pipe --------,.'.· . . 

1: 

Fig . 2.8. Proposal for magnetic-repulsion enhanced 
hydrostatic bearing for the power buoy [34]. Repulsive 
magnets are aligned in the mooring strut and the inner 
linin~ ~f the moving bodi 7s and a ~ater-filled gap between 
~he ~i~ing ~nd the strut is established. The inner lining 
is divi~ed into cells by flexible, but impermeable, fabric 
walls with small pressure-communicating holes towards the 
gap._ The cyclic horizontal loads of the buoy squeeze the 
fa~ric _cells and pressurise the water of the gap which is 
maintained. Rollers rolling along the splines welded on the 
strut, prevent rotation of the buoy and misalignment of the 
repulsive magnets . 
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2.8 The large structures . 

In the term large stuctures is included the hull of 

the buoy, the submerged mass , the mooring strut, the 

universal joint and the anchor (cf . Fig . 2.2). The submerged 

mass and the anchor are intended to be made of concrete, the 

other parts of steel. However, the hull may well be made of 

other materials, for example fibre reinforced plastic or 

concrete, if the use of these materials improves the economy 

of the power - buoy plant . 

The steel constructions will corrode unless some 

corrosion protection is used . On the part of the strut where 

the latching mechanism operate, a layer of a corrosion

resistant material is needed which also is resistant to 

wear . In addition , offer anodes or rust protecting coating 

or both are needed elsewhere on the strut as well as on the 

other steel constructions . 

Model experiments, as outlined in Appendix E, have 

shown that the vertical forces experienced by the anchor in 

extreme waves, are smaller than those experienced when the 

buoy is phase controlled in waves of modest heights. Hence, 

upwards, the design vertical force is equal to the buoyancy 

force of the total submerged buoy . Downwards, the design 

force is equal to the weight of the buoy . 

The design horizontal forces should be determined by 

comparing the forces on the anchor when the buoy is phase 

controlled in waves of modest heights, with the forces 

experienced when the buoy is freely heaving in extreme wave 

conditions. 

Originally, the power plant was intended to be located 

at about 80 m deep water . At this depth, bending moments on 

the strut were measured in model tests (see Appendix E) , 

which resulted in a prohibitively expensive strut . By 

reducing the water depth from 83 . 5 m to 40 m, the max i mum 
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bending moment on the strut was reduced from 5 MNm to 2.8 

MNm. The expense of this reduction was an increase of the 

maximum tilting angle of the strut from 16 degrees to 36 

degrees. 

Unless there is an end stop, the strut must be long 

enough to prevent the buoy from reaching the end of it when 

tilting. In the model experiments at 40 m depth, the top of 

the strut was 20 m above the sea level (full-scale value) 

21 

at vertical equilibrium. Only once at this depth of water, 

the buoy escaped from the tilting strut. This happened in a 

15 m high regular wave of 10 sec. period. However, for 

reasons as given in Appendix E, this indicates that 60 m 

total length of the strut may be sufficient at a water depth 

of 40 m. 

2.9 A 200MW power buoy plant . 

The 200MW plant used in the official assessment [13), 

is assumed to be located off Bremanger on the western coast 

of Norway. The plant consisted of 410 buoys arranged as 

indicated in Fig. 2.9. The buoys were deployed in strings 

of five buoys along a stretch of 9.8 km. The interspacing 

between buoys in a group is 30 metres and between 

adjacent groups 120 m. 

A substantial part of the year, the waves are so high 

that the amplitudes of the buoys will be constrained to a 

certain fraction (0.6) of the radius of a buoy. Hence, the 

fraction of the incident power which is absorbed, is small. 

This fraction may be increased by increasing the linear 

density of power buoys in the array, but this will impair 

the econcomy of the plant since the absorbed power per buoy 

would be reduced [14) . 



Fig. 2.9. Power plant consisting of an array of wave-power 
buoys [14). The distance is 30-40 m between adjacent buoys 
in each group. The distance between adjacent groups is 
approximately 120 m. The water depth is approximately 40m. 

2.10 Power transmission from a 200 MW plant. 

An assessment of a DC transmission from a 200 MW 

power plant as indicated in Fig. 2.10 has been performed 

[32). Compared to AC transmission, the cost increase for 

the whole plant is estimated to 1,5 % - 4 %. This is 

probably well paid for by the increased power production. 

The series and parallel coup l ing of the buoys (cf. 

Fig. 2 . 10) when feeding the DC - to-AC converters, have a 

smoothing effect on the power input. The parallel coupling 
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of the chains of series-coupled buoys, may well be physically 

separated from the converter station which may be located 

either on shore or somewhere on the sea bed. 

The freedom of choice of voltage for the DC cable is 

limited since the cable between two adjacent buoys has to be 

flexible . The flexibility of cables decreases as voltage 

rating i ncreases. But high voltage rating is adventageous 

s i nce more buoys could be connec t ed t o the same chain and 

thereby reducing the total length of the DC cable. 

The final decision of DC voltage rating and physical 

layout of the power transmission scheme should not be taken 

before cost optimisation studies of the plant on the 

specified location have been performed . 

12 kV -

T~ ~ -

'=0-- ~ t 70 kV 

B71~ 
T~ ~ -

871 Tc 
T~- ;--(ID-J -

T2 

-, ~=€1-; 
-~ VR 
83 S2 SS 

Fig. 2.10 . Outline of power collection and transmission for 
a 200 MW wave power plant [32). 20 buoys are coupled in 
series on a 12 kV DC cable which is connected to a DC
to- AC converter station. The converter stations are fed 
from 10 parallel chains of series-coupled power buoys and 
contain the following elements: 
B3-B4: Load breaker 
B5: Isolator switch 
B6-B8: Load breaker 
C: Capacitor 
F : Filter 
SS: Bus bar 
S2: Fuse 
T2: Transformer 
VR: DC - to-AC converter. 
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2.11 Cost of electrical energy from a 200 MW plant. 

The official assessment in 1981 [13] of wave-power 

plants off the western coast of Norway was based on the 

state of industr i al const ruc tion and enterprise that year . 

The cost figures presented did not include any cost 

reductions due to mass production or due to future 

development of technology. Moreover, information from 

industry on the production of one single unit of certain 

components of the power buoy provided cost figures 

substantially lower than the official ones for most of the 

i terns [ 14]. 

The official assessment presented annual maintenance 

cost of 8 % of the invested capital of the power plant. 

Th i s figure arose from maintenance routines which aimed at 

keeping each buoy in working condition at any time . 

However, the maintenance routines should rather aim at 

minimising the energy cost. Then some of the preventive 

maintenance and inspection charged for in the official 

assessment should be superfluous. In comparison, official 

assessments of wave energy in the United Kingdom estimate 

the annual cost of maintenance to 3 % of invested capital . 

Accordingly, one may argue whether the official 

assessment provides an estimate of the cost of energy if the 

power plant is constructed now . However, a 200 MW power 

plant should not be constructed before mechanical and elec

trical components of the power buoy are developed to a high 

level of reliability [14). 

For reasons as explained above, an assessment, in 

addition to the official one , has been performed by the 

device team. The cost of energy from the first plant is 

estimated to 0.6 kr/ kWh with a potential of lowering the 

cost to 0.3 kr / kWh due to future development . A breakdown 

of the cost from the two assessments is shown in table 2.1. 
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Table 2. 1 . Cost estimate for 200 MW power plant consisting of 
410 wave-power buoys. The left-hand columns give estimated 
cost and the right-hand columns give corresponding cost per 
unit of produced energy in kr / kWh, assuming an energy 
production 1 GWh/ year per buoy. Columns marked EVA2 are 
based on refs. [13) and [35), while columns marked TEAM are 
based on the higher and lower cost figures given in ref. 
[14] or ref . [36) . 

EVA2 TEAM EVA2 TEAM 

Estimate of construction cost 

eer buo:z: in Mk~ = E 9 .1 0 4 Mkr -- Mkr kr / kWh kr/kWh --
Hull of buoy, s tee 1, 45 tons 1.5 ,6 - . 3 .14 . 06 - . 0 3 

Mooring stru t, s tee 1, 53 tons . 4 . 3 2 - . 2 2 . 04 . 0 3 - . 0 2 

Universal joint, + 30° - . 3 .1 4 - .1 . 0 3 . 01 - . 01 

Mechanical components 1. 0 . 9 - . 5 .10 . 08 - . 05 

Electrical co mponents . 2 . 2 - .16 . 0 2 . 0 2 - . 0 2 

Anchor 1. 3 . 8 - . 2 .12 . 0 7 - . 02 

Installation . 7 . 6 - . 3 .06 . 06 - . 03 

Miscellaneous and contingency 1. 2 . 3 - . 2 .11 . 03 - . 0 2 

Installed wave-power buoy 6 . 6 3 . 8 - 2 . 0 . 6 2 . 3 5 - . 19 

Cost estimate for 200 MW 

ela n t in Gkr = E 9.10 7 Gkr Gkr kr/kWh kr / kWh -- --
Construction and installation 

of 410 buoys 2. 7 1. 5 - . 8 . 6 2 . 3 5 - . 19 

Electrical transmis s ion . 24 . 12 - . 0 7 . 05 . 0 3 - . 0 2 

Interest and other costs . 4 .1 - . OS . 09 . 02 - . 01 

Investment tax, 10 % . 3 . 16 - . 09 . 0 7 . 04 - . 0 2 

Invested capital for power plant 3. 6 1. 9 - L 0 . 83 . 44 - . 2 4 

Annual costs in Gkr = E 9.10 7 Gkr Gkr kr/kWh kr/kWh -- --
Capital 9 . 44 % ( 7 % ' 20 years) . 34 .1 8 - .1:0 . 8 3 . 44 - . 24 
Operation and maintenance • 2 3 .06 - . 0 3 . 56 .14 - . 08 

Total . 5 7 .24 - .13 1. 39 .58 - . 3 2 



3 . SIMULATION OF THE POWER BUOY. 

In this chapter is presented an outline of the 

mathematical model of the power buoy as well as some results 

from numerical simulations. The main purpose of the present 

work has been to make the numerical simulator, and the 

presented results are just a few examples on the use of the 

simulator in power-buoy optimisation. A complete design 

optimisation and computation of the power absorption for 

various sea states require much more time and CPU-time than 

that which have been available for the present work. 

3.1 Survey of the model ingredients. 

The mathematical model describes in the time domain 

the hydrodynamics of an isolated buoy as well as its power 

take-off mechanism. Here, only a brief summary of the 

ingredients of the model is presented, a full description of 

the mathematical model is given in the Appendices A-C. 

The hydrodynamical performance of the buoy is des

cribed in terms of the linearised boundary value problem of 

an oscillating surface pressure distribution contained in a 

heaving body . This formulation allows for spatial variation 

of the surface of the oscillating water column. The fluid is 

assumed to be non-viscous with irrotational motion, and of 

infinite depth. Hence, potential theory is used to describe 

frequency-domain hydrodynamical forces and volume fluxes 

which are Fourier-transformed to time-domain convolution 

integrals as explained in Appendix A. This formulation 

allows for transient motion as well as non-linear buoyancy 

and non-linear power conversion mechanism. 

At present, a complete set of appl i ed-pressure model 

parameters for the buoy is not available. However, in the 

present work, approximate applied-pressure quantities are 
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26 obtained by converting known rigid-body parameters as 

described in Appendix B. These converted parameters contain 

information on the fundamental resonance frequency of the 

water column, but do not allow for spatial variation of the 

internal water surface as genuine applied-pressure 

parameters do. If, at a later stage, exact applied-pressure 

parameters are made available, these may then be directly 

applied to our simulation model. 

Viscous effects are not included in the model, and 

power losses due to wall friction and eddy shedding are not 

accounted for. However, sea tests with a 1:10 scale model 

buoy indicates that these power losses are negligible if 

the absorbed power do not exceed the full-scale value 

400 kW [25) . 

When modelling the energy extracting mechanism, the 

air is assumed to behave like an ideal gas. Within a 

chamber, the air is assumed to have uniform density and 

temperature and negligible kinetic energy. The low power 

losses of the non-return valves (cf. section 2.6.) justify 

their neglection in the mathematical model. Heat transfer 

through walls and decks is included in the model , but, at 

the present stage, set equal to zero in the numerical 

computations. 

For the modelling of the turbine and generator, only 

experimental data from measurements on a model turbine in 

steady flow is available. For mathematical and computational 

simplicity, the inertia of the turbine is neglected in the 

model since experimental data is lacking for the turbine 

performance when running off optimum speed. Hence, the tur

bine is assumed to run at optimum speed at any time. The 

steady flow turbine performance used in the model is dis

played in Figs. 2.5 and 2.6. As explained in section 2.4, 

those experimental model data include approximately 7% 

additional losses compared to a full scale turbine. Since 

these additional losses are now included in our model, we 

have made, at least, some allowance for the fact that a real 

turbine has a finite moment of inertia and that, hence, an 

approximate optimum speed of revolution is not achievable 

during all time of a wave cycle. 
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3.2 Power absorption for various strategies of motion control. 

The power absorption of the buoy has been computed for 

var i ous modes of operation in 2 m high regular waves of 

different periods . Fig. 3.1 shows the power production for 

the fixed buoy , for the free buoy, and for the phase

controlled buoy when latched in both upper and lower 

position and when latched in the lower position only. For 

the free buoy, the absorbed power is negligible because 

both the hull and the water column largely moves in phase 

when the wave period is longer than their eigen-period. 

As is seen from Fig. 3.1, there is a reduction in the 

power production for 5 s wave period when the buoy is phase 

controlled with latching in both upper and lower position. 

This is close to the eigen-period of the water column 

(4 . 7 s) which means that both the velocity of the water 

column and the buoy are in phase with the wave elevation. 

Then the relative motion between the hull and the water 

column is low. Since the buoy spends a relatively short time 

of the wave period (0.5 s) clamped to the strut , the pumping 

of air becomes poor and little energy is produced. For 6 s 

wave period, the power production is only 35 % lower than 

the theoretical maximum production when turbine efficiency 

is assumed to be 0.8. For longer periods the buoy's heave 

amplitude for optimum power absorbtion with non-constrained 

ampl itude, exceeds the radius of the buoy . Then the buoy is 

damped harder than optimum to restrict the heave amplitude. 

The fall - off in power production for wave periods longer 

than 10 sis due to the limited pumping capacity of the buoy 

combined with the decreasing frequency. 

For the phase-controlled buoy with latching in the 

lower position only, Fig . 3 .1 shows that the power produc

tion varies with the wave period in a similar manner as when 

latched in both upper and lower position . As the wave period 

approaches the eigen-period of the buoy, the difference in 

power production between the two control strateg i es should 

decrease since the buoy mot i on in both cases approaches that 

of the free buoy. In fact, the two control strategies 

provide almost the same power production for 5 s wave 

period . 

... 
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Fig. 3.1. Turbine shaft power for various control 
strategies of a 10 m buoy in 2 m high regular waves. 
o phasecontrol with latching both in upper and lower 

position 
6 phase control with latching in lower position only 
CJ fixed buoy 
+ free buoy 

0 

a 

14 s 

The solid curve represents the theoretical maximum power 
production for a resonant point absorber with no amplitude 
constraints when the absorbed power is converted to turbine 
shaft power with efficiency 0 . 8 . 
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For the fixed buoy, the power production is low 

compared to that of the phase controlled buoy even near the 

resonance frequency of the water column . From the radiation 

admittance of Fig . B. 5 and the excitation volume flux of 

30 

Fig. B.7, the total volume flux of the water column may be 

computed for a monocromatic incident wave . For a wave o f 5 s 

period, the result is that the modulus of the excitation 

volume flux due to an incident wave of 1 m amplitude, is 

identical to the modulus of the radiation volume flux when 

the pressure of the pump chamber oscillates with an amplitude 

of 2.7 kPa. In the simulator, the two volume fluxes are of 

approximately of opposite phases, and a very low total 

volume flux is established at a low pressure. This causes 

the low power production for the wave of 5 s period . 

3 . 3 Power absorption with buoys of various diameters. 

We shall consider power buoys of diameters 10 m and 12 

m. From the 10 metre diameter case, buoys of other 

dimensions are modelled by scaling all linear dimensions 

with the same factor. Hence, the ratio of water-column 

diameter to hull diameter is unaltered and the normalised 

hydrodynamical parameters of Fig. B.8 apply to buoys of 

different sizes. We do not, however, scale the turbine, that 

is, we use the same turbine data as before (Figs . 2.5 and 

2 . 6) . 

Fig. 3.2 shows the displacement for the two buoys in 

regular waves whereas the corresponding power production 

is shown in Fig. 3.3 . For the case of 12 m diameter, the 

eigen-period of the water column is 5.1 s. From Fig. B.6 it 

is seen that for wave periods near or shorter than the 

resonance frequency of the water column, the excitation 

force coefficient T1 is out of phase with the wave elevation. 

Hence, with the phase control related to the wave and not 

the excitation force of the buoy, a non-optimal motion is 

obta i ned for these wave periods which reduces the power 

absorption . Th i s non-optimal control of the buoy and the 

small phase difference between the motions of the hull and 

the water column are responsible for the poor power produc

tion of the 12 m buoy at 5 s wave period. The reduction in 

heave amplitude due to the non-optimal control at 5 s wave 

period, is seen in Fig. 3 . 2. In this figure, it is also seen 

that the heave amplitude of the 12 m buoy is lower than that 

of the 10 m buoy. This fact indicates that the present 

turbine provides a damping which is non-optimal for the 12 m 

buoy. In addition, the ratio between the radiation resis-

tance and the excitation force of the buoy increases 

as the buoy diameter increases. The power production is, 

however, comparable to that of the 10 m buoy due to the 

increased pump capacity of the 12 m buoy. For longer wave 

periods when the effect of wave radiation has little 

influence on the power production, the increased pumping 

capacity of the 12 m diameter buoy increases the power 

production relative to that of the 10 m diameter buoy. 
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Fig . 3 . 2 . Maximum buoy heave amplitudes as function of 
the wave period for phase controlled buoysmof various 
diameters. The incident waves are 2 m high and the absorbed 
power is given in Fig . 3.3 . 
o 12 m diameter . 
o 10 m diameter . 
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Fig . 3.3 . Power absorption for phase controlled buoy of 
various diameters in 2 m high regular waves. 

o Turbine shaft power for a 10 m buoy. 
• Pneumatic power for a 10 m buoy. 
o Turbine shaft power for a 12 m buoy . 
• Pn7umatic power for a 12 m buoy. 

The sol 7d curve represents the theoretical maximum power 
absorpt 7on for a resonant point absorber with no amplitude 
constraints . 
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3.4. Power absorption in irregular waves. 

Irregular waves are generated from a JONSWAP spectrum 

(37] with peakedness parameter 1.0 or 3.3. The first one 

gives a Pierson-Moscowitz spectrum which is a rather broad 

spectrum.In both cases, the zero up-crossing period T and 
z 

the significant wave height H is chosen so the energy 
s 

transport of the sea is equivalent to that of a 2 m high 
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regular wave of period 10 s . The simulation was run for 6 

minutes. The power generation in irregular waves is in table 

3.1 compared with the power production in regular waves for 

buoys of diameters 10 m and 12 m. In the JONSWAP sea, the 

buoy of 10 m diameter was four times latched in a heave 

position which exceeded the buoy diameter. In the worst case, 

the heave positon was 5.8 m, another one is shown in Fig. 3.4 

at time 47 s. In these cases, the buoy was either totally 

submerged or totally out of the water, and the mathematical 

model is no longer valid. Of the 6 minutes of simulation, the 

time the buoy spent in these four positions is only a small 

fraction, and hence, the overestimation of the power produc

tion in these cases adds a negligible error to the mean power 

production . 

Table 3.1 Turbine shaft power for buoys of 10 m and 12 m 
diameter in JONSWAP, Pierson-Moscowitz and regular sea. The 
JONSWAP sea is generated with peakedness parameter 3.3, 
significant wave height 2,83 m and zero up-crossing period 
8 . 5 s. The Pierson-Moscowitz sea is generated from a 
JONSWAP spectrum with peakedness parameter 1.0, significant 
wave heigth 2.83 m and zero up-crossing period 8.8 s. The 
regular sea is of 10 s period and of 2 m height.The turbine 
shaft power is the mean power production in a 6 minutes wave 
record when the buoy starts from rest at its equilibrium 
position . 

Buoy diameter 

JONSWAP sea 
Pierson-Moscowitz sea 
Regular sea 

10 m 

102 kW 
84 kW 

148 kW 

12 m 

110 kW 
84 kW 

150 kW 



From table 3 . 1 it is seen that there is a substant i al 

r educ t ion in the power production in irregular waves 

compared t o t he power produc t ion in regular waves with the 

same ene r gy t r ansport . Th e r eason for this reduction is 

r evea l ed i n Fig . 3 . 4 . I n irregular waves, the heav e 

ampl i tude decreases when wave heights are low . When the 

h i gher wave s h i t the buoy, some strokes are needed to obtain 
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the full maximum stroke length in response to those waves. 

During this transient pe r iod,the power production is reduced 

compared to a corresponding steady state oscillatory motion. 

Moreover, there is a po t e ntial f o r improvement · of the control 

strategy for releasing the buoy. Before the simulation 

starts, the time series of wave elevation is analysed,and the 

time to the next wave crest and trough is computed at each 

time step . In the simulator, the buoy is released when one of 

these pre-determined times equals the release time of the 

buoy. The crest or trough is simply defined as next maximum 

o r next minimum wave elevation. However, with a wave 

elevation as in Fig. 3.4 at time 50 sec, the buoy is released 

even if it would have been profitable to wait a few seconds 

before releasing the buoy downwards until the next 

appreciably deeper wave trough. Similarly, at a wide and 

rather flat crest or trough it is not obvious that the simple 

control strategy prov i des t he optimum time of unlatching . 

3.5 . Temperature gradients and air flow. 

In this work, the heat flow through the surfaces of an 

air chamber is neglected . Fig . 3 . 5 shows some temperatures of 

the pump chamber, the high pressure chamber and the low 

pressure chamber which is typical for operation in 2 m high 

r egular waves . For higher power production, higher 

temperature differences wi l l occur. As indicated by Fig. 3.5, 

there will always be a non-negative temperature difference 

between the high-pressure chamber and the low-pressure 

chamber, and there will be a continuous energy loss due to 

heat transfer . Fi g . 3 . 5 also shows that there is a 

temperatu r e difference between the pump chamber and the 

l ow- p r essure chambe r about half of the wave cycle. For the 

othe r half of the wav e cyc l e, t here is a temperature 

diffe r ence between the pump chamber and the high-pressure 

chamber. The heat losses may be reduced, if necessary, by 

thermal insulation of the walls. In addition there will be 

heat transfer between the air of the pumpchamber and the 

water column (F i g.3 . 5) which is probably the most difficult 

t o r educe by thermal insulation. 



In Fig. 3 . 6 is shown the air flow through the inlet 

valves of the high pressure chamber and through the turbine . 

Here, the smoothing effect of the air chambers is clearly 

seen as the h i ghly peaked flow from the pump chambe r is 

transformed into a much smoothe r, pulsating flow through the 

turbine. It should also be noted that the flow from the 
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Fig. 3.5. Absolute temperature o f turbine outlet (TEMPT), 
pump chamber (TEMP P), high p r essur e chambe r (TEMP H) a n d 
low pressu re chamber (TEMP L) o f a phase controlled 10 m 
d i ameter buoy in steady motion . Incident waves are 2 m high 
with wave period 8 s . The ambient temperature is 288 K. 
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Fig. 3.6. Flow rates in kg/ s through the turbine (MC T), 
into the high pressure chamber from the pump chamber (MC 1), 
and from the outer atmosphere (MC 2). The buoy is in steady 
state motion with latching in both upper and lower position 
in regular waves of 2 m height and 8 s period~ 

pump chamber when non-zero is generally greater than the 

flow from the outer atmosphere . Hence, less flow area is 

required for the valve that opens to the atmosphere than for 

the valve that opens to the pump chamber. For the outlet 

valves of the low pressure chamber the situation is similar 

with a lower flow rate to the atmosphere than to the pump 

chamber. The difference between the flow through the valve 

communicating with the atmosphere and the flow through valve 

communicating with the pump chamber increases as buoy 

diameter increases. This is due to the improved energy 

storing capacity of the larger buoys. 
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3.6. Comparison of the simulated power production with the 

power production used in the assessments. 

In the assessments , the power production of a buoy was 

estimated for various sea states by using measured o r hind

casted wave data . The buoys were assumed to be rigid spheres 

of 10 m diameter deployed in an array (cf . Fig. 2.9). The 

annual average power production per buoy was computed by 

weighing the power production for a sea state with the 

duration of that state and summing over all sea states. 

Hence,when comparing the power production from these compu

tations with the results from numerical simulations, one 

should know the conversion efficiency from absorbed to tur

b i ne shaft power, the wave spectra describing the various 

sea states at the specified location, and the effect of 

interaction due to the deployment of the buoys in an a rray. 

To supply the information needed for an accurate comparison 

is a task which is far beyond the scope of the present work. 

However a rough comparison may be performed by assuming 

a conversion efficiency of 0 . 8 from absorbed to turbine 

shaft power . This figure seems reasonable when comparing 

turbine shaft power with absorbed (pneumatic) power in 

typical examples for which the simulator has been run.The 

measured and hindcasted sea states are assumed to be 

described by JONSWAP spectra (37] with peakedness 

pa r ameters equal to 3 . 3 . Finally, the interaction of the 

buoys in the array i s assumed to increase the power relative 

to that of an isolated buoy by 10 % (23]. 

The estimates of the power production per buoy in sea 

states with energy transport equal to that of regular waves 

of 2 m heights (38], are compared with the simulated power 

production of an isolated buoy as presented in Fig. 3.1. 

For wave periods of 5-7 s, the s i mulated power production 

exceeds the previously estimated production by 10-56 %. For 

a wave period of 8 s , the simulated power production is 

reduced to 80 % of the previously estimated, and for longer 

wave pe riods this reduc ti on increases . For a 12 s wave, the 

simulated power produc tion is 46% of the previously 
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estimated production. This indicates that it may be 

desireable to run the simulator for various inputs of wave 

height and period in order to obtain more accurate values 

for produced useful power. 

3.7 Proposal for improvements and for future work. 

The assumption of optimum turbine speed at any instant 

implies that the turbine speed must vary between 2500 rpm 

and 3500 rpm twice a wave period provided the instant shaft 

power varies between 100 kW and 330 kW. Probably, real 

turbines will oppose such speed variations and some power 

will be lost. By including information of the inertia of the 

turbine and the generator in the model, these losses could 

be accounted for provided additional information on turbine 

performance were available. 

Since the numerical instabilty of the numerical 

solution may be cured by introducing a damping in the pump 

chamber equation, the purely numerical damping should 

preferably be replaced with a "physical" one. This may be 

obtained by either introducing valve losses or viscous 

losses in the mathematical model. 

The criterion for closing the non-return valves as 

given in Appendix C should be changed. A valve should be 

closed as soon as the air flow through it is reversed. 

With this criterion, heat losses may be included in the 

model . Of particular significance is probably the heat ex

change between the air of the pump chamber and the water 

column. 

The strategy of phase control should be improved in 
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order to avoid releasing the buoy before very small crests 

or troughs. One method is to establish a lower limit of the 

magnitude of the crests or troughs that causes the buoy to be 



released. Alternatively, a filtered time series of the wave 

elevation may be used to compute the time to the next cres t 

and trough . The wave elevation may be filtered by computing 

the wave disturbance at a certain depth below the free sur

face [39] . 

The approximated applied-pressure parameters used in 

these computations should be replaced with genuine applied

pressure parameters. Thus, a physically correct model of the 

hydrodynamical performance of the buoy is obtained , which 

allows one to increase the buoy diameter without loss of 

validity of the model for short wavelengths . 
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Before a simulation starts, the wave record is analysed 

to determine the time when the next wave crest or trough 

occur. These pre-determined times are used for releasing the 

buoy, and may well be substituted by times obtained from 

wave prediction . Hence, the simulator may be used to compare 

various methods of wave prediction . 

The mean annual power output from the isolated buoy can 

be estimated from the power output computed by the buoy 

simulator for various sea states. From scatter diagrams of 

the sea states occuring at the chosen location the duration 

of each sea state can be estimated. The power production for 

a sea state should be weighed with the duration of that sea 

state when summing the contributions to the power 

generation . Such a project will require much more computer

time than that which has been available for the present work. 

The power production of the isolated buoy may be 

increased or reduced by wave interaction if several buoys 

are placed in a group . The change in power production will 

depend on the geometry of the group, of the buoy spacing ,of 

the angle of the incident wavefront, and of the motion 

constraints [40]. When estimating the power output from a 

plant of pneumatic powe r buoys, the effect of the interac

tion should be accounted for. 

4. CONCLUSION 

The pneumatic wave-power buoy can produce electrical 

energy when it is fixed, when it is freely floating, or when 

it is phase controlled. The mode of operation should be 

chosen so the absorbed power matches the ratings of the 

turbine and the generator . Even in the most severe wave 

conditions the power production may be maintained by the 

freely floating buoy. 
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Model experiments with the freely floating buoy in rough 

seas have demonstrated that the vertical anchoring forces 

in extreme waves are smaller than the largest anchoring 

forces which may occur when the buoy is phase controlled in 

waves of modest height. From these experiments, the maximum 

bending moments on the mooring strut are found to be reduced 

from 5 MNm to 2.8 MNm when the water depth is reduced from 

83.5 m to 40 m. The "expense" of this reduction is an increase 

from 16 deg . to 36 deg. of the maximum tilting angle of the 

mooring strut. 

A time-domain mathematical model of the pneumatic 

phase-controlled buoy is developed, and a computer program 

for numerical simulation of the power buoy is prepared. The 

hydrodynamical performance of the bouy is described by an 

approximation to applied-pressure parameters computed from 

known values of the radiation impedance matrix and of the 

excitation forces of two concentric sections of a rigid, 

heaving hemisphere. It has been shown that the phase angles 

of the excitation forces of the two sections are equal and 

identical to the phase angle of the excitation force of the 

hemisphere . 

The impulse response functions used when computing the 

excitation quantities of the buoy for a given time-series of 

wave elevation, are found to be non-causal. For the 



computation of the excitation force and the excitation 
volume flux information on the future surface elevation is 
required for a time , which is one seventh, respectively one 
twelvth of the time for which information of the past is 
required . 

From numerical simulations the turbine shaft power is 
computed for one single 10 m diameter buoy operated in 
regular waves of 2 m height and of period 5-14 s. The 
results clearly show that for the pneumatic buoy, phase 
control is essential in order to absorb any significant 
amount of power from waves of modest heigts. When the bouy 
is freely floating, the turbine shaft power is 2 kW or lower 
for all wave periods. In the same waves the fixed buoy 
delivers 4-19 kW on the tu rbine shaft . If the bouy i s phase 
controlled with latching in both upper and lower position, 
the turbine shaft power is over 110 kW for wave periods of 
6-12 s . A peak production of about 150 kW is obtained for 
wave periods of 7-10 s . For longer periods the power produc
tion falls off due to the limited energy storing capacity of 
the buoy. If the buoy is phase controlled with la tching in 
the lower position only, more than 55 kW is produced for 
wave periods of 6-12 s . A peak production of 98 kW is 
obtained for wave periods of 7-8 s . 

The power production of a buoy of 12 m diameter was 
computed when all linear dimensions of the 10 m buoy were 
equally scaled . The turbine used in the 12 m bouy was, how
ever, identical to that of the 10 m buoy. Compared to the 
10 m buoy, the generated power was increased for longer 
wave periods due to increased energy storing capacity. The 
heave amplitude of the 12 m buoy was, however, for all 
periods smaller than the amplitude of the 10 m buoy . This 
fact indicates that the turbine used in the 10 m buoy do 
not provide optimum damping of the 12 m buoy. 

In irregular waves, with the ene rgy transport equal to 
that of a regular wave of 2 m height and of 10 s period, the 
power production of the buoy is reduced by 32-45% compared 
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to the power production in the corresponding regular wave . 
This reduction is partly due to the transient motion of the 

bouy in irregular waves, and partly due to the simple 
strategy of unlatching used when phase-controlling the bouy 

in the simulator. 

The smoothing effect Of t he air chambers on the air 
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flow through the turbine is substantial. The air flow through 
the non-return valves which communicate with the outer 
atmosphere is much smaller than the flow through the valves 
communicating with the pump chamber. Hence, the area of the 
former valves may be reduced compared to the area of the 

latter. 

With no heat transfer included in the model, the 
temperature of the high pressure chamber always exceeds the 
temperature of the low pressure chamber. Perhaps it will pay 
to heat insulate the walls in order to reduce the resulting 

heat loss. 

The simulation program l·s a helpful tool for assessing 

the useful power produced by the phase-controlled buoy. 
Moreover, with appropriate modification the program may 
provide a basis for simulating various oscillating-water

column devices with pneumatic power take-off. 
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APPENDIX A 

HYDRODYNAMICAL PERFORMANCE OF THE POWER BUOY 

A.l Frequency-domain hydrodynamical parameters 

The hydrodynamical performance of the buoy is derived 

from the linearised boundary value problem of an oscillating 

surface pressure in a heaving body at infinite water depth. 

Under the assumption of non-viscous and incompressible fluid 

with irrotational motion, the velocity potential of the fluid, 

~ , must satisfy the following set of equations: 

\7 2 ~ = 0 in the fluid domain (A.l) 

a~ 
an u 

n on all rigid body surfaces (A. 2) 

l1.... + a~ = 1 ~ 
at 2 gaz p dt on the water surface (A. 3) 

0 z + - oo (A. 4) 

Here, p 

vity and 
is the density of water, g th 1 e acce eration of gra-

p is the air pressure at the water surface. The 

atmospheric pressure is assumed to be constant. The positive 

z-axis is directed upwards normal to the undisturbed free 

water surface which is at position z = o. 

The total velocity potential is decomposed into four 

terms as 

Here, n is the amplitude of the incident wave, 

velocity amplitude of the oscillating hull, and 

amplitude of the oscillating surface pressure. 

(A. 5) 

~l is the 

P 2 is the 

The first terms, 
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~O and ~d, represent the potential of the incident and dif

fracted wave respectively. In addition the diffraction and the 

radiation potentials should describe outgoing waves at 

infinite distance from the buoy. The last two terms represent 

the potentials of radiated waves due to the oscillating vel

ocity of the body and the oscillating pressure. Here, ~d is 

the solution to the diffraction problem with the hull kept 

fixed and the pressure chamber open to the atmosphere. The 

radiation potential ~l represents the wave generated when 

the hull is oscillated with unit speed amplitude with the pres

sure chamber open to the atmosphere. The potential ~ 2 re

presents the radiated wave when the surface pressure oscillates 

with unit amplitude with the body fixed. 

An alternative decomposition of the velocity potential 

is suggested by Malmo [41] who solves for the diffracted 

wave with the pressure chamber closed. His approach resembles 

that of a rigid-body model where the diffraction potential is 

found by keeping both the water column and the hull fixed. In 

the rigid-body model, the radiation potentials are determined 

by oscillating one body on calm water with the other body 

fixed. 

The hydrodynamical heave force F of the hull and the 
w 

volume flux Q of the water column are expressed as 
w 

A 

(A.6) 

(A. 7) 

The force F is obtained by integrating the vertical compo
w 

nent of the fluid pressure force over the wetted surface s1 

of the body Similarly , the hydrodynamical volume flux 

is obtained by integrating the vertical fluid velocity over 

the cross section of the internal water surface s
2 

• Both 

integrals are evaluated at vertical equilibrium positions on 

calm water. With n 1 the vertical component of the unit 

normal vector of the body directed into the fluid domain, the 

e xcitation parameters are 



46 

i wp If (<Po+ <t> d)nldS (A.8) 

s1 

II a az' <P o + cj>d) dS (A.9) 

S2 

The radiation parameters are expressed as 

Hlk -iwp I J4>knl dS k 1, 2 (A.10) 

sl 

H2k = -II 34> k 
dS az k 1, 2 (A . 11) 

S2 

In matrix notation equations (A.6) - (A . 7) are written 

1;r1 - !:! ~p (A . 12) 

All elements of T and H have different dimensions, and 

T and H are frequency dependent complex matrices which 

conveniently are decomposed as 

H B + i wA (A.1 3 ) 

T (A . 14) 

By applying Greens theorem on the potentials 4>1 and 4> 2 
it has been shown independently by Fal nes & Mciver [ 42 ) and 

Fernandes [43) that 

H . . = -H .. 
l.J Jl. 

i "I j (A.15) 
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and further that for a concentric axially symmetric system 

certain other reciprocity relations take the form 

Bll 
k2 

I Tl l 
2 

2 pgw 
(A . 16) 

8 22 
k2 

I T2 I 
2 

2 pgw 
(A.17) 

ik 2 
* 

A21 = --2 TlT2 
2pg w 

(A.18) 

where k is the wave number given by the dispersion relation 

2 w = gk 

Equation (A.18) shows 

physically means that 

n/2 between Tl and 

that 

there 

T2 

* 
TlT2 is 

is always 

Equations 

(A.1 9 ) 

purely imaginary, which 

a phase difference of 

(A.15) - (A.18) provide 

a cross check when the elements of T and H are computed. 

A.2 Time-domain hydrodynamical quantities 

Most practical wave-power devices have a non-linear power 

take-off. If the equations of motion should be solved simply 

in the frequency domain, one has to linearise the equation, 

and only steady state solutions are obtained. If the equations 

of motion are Fourier transformed to the time domain, then 

non-linear damping may be included and transient motion is ob

tained. Note that hydrodynamical forces and volum fluxes still 

are computed from linear teory. 
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The Fourier transform and its inverse are defined by 

00 

F (w) = R( w) + iX (w) I f(t)e-i wtdw (A . 20) 
- oo 

1 
00 

f (t) 27T I F( w)eiwtdw 
- oo 

(A. 21) 

respectively , giving the convolution theorem 

00 

F( w) G( w) = f f(t) * g(t)e-iwtdt 
- oo 

(A. 22) 

where * indicates a time convolution 

00 

f(t) * g(t) I f(t'> g(t-t')dt' (A.23) 
- oo 

From it is seen that a real time function gives an 

even R( w) and an odd X( w) , that is R( w) = R(-w) and 

X( w) = - X(-w) 

(A.20) 

The application of the Fourier transform requires the inte-
oo 

grand to be absolute 
00 

integrable, that is f I F( w) I d w and 

f I f (t) I dt should exist. 
- oo 

If lim F( w) i O we have to 
w+ co 

subtract this value in order to obtain a well behaved inte

grand. 

It is shown in section A.3 that 

~ (co ) 

~ (co ) 

0 

( All (oo ) 

0 

0 

~) 
(A.24) 

(A. 25) 

(A.26) 
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Hence, the Fourier transform applied on 

= Tn - (H - i wA( 00 })u - i wA( 00 )u 
- - - -p - -p 

(A.27) 

gives the time domain hydrodynamical forces and volume currents 

00 

!o(t> I T (t-t') n (t I) dt' 

- oo 

co 

I h (t-t') u (t' )dt' - ~ (oo ) u (t) (A.28) 
-p "'P 

- oo 

The first term of (A.28) represents excitation quantities, 

the other terms radiation quantities. Since (A.28) represents 

the forces and volume fluxes of a physical system one should 

expect both integral kernels to be causal. However, this is 

true only for the "radiation" kernel [44], that is, ~(t-t') 0 

for t-t' < 0 • The reason is that the input u (t) to the 
-p 

transfer function is what physically causes the response. For 

the "excitation" kernel, !(t-t') , the situation is different. 

The input to the transfer function giving the excitation quan

tities is the surface elevation due to the undisturbed incoming 

wave measured at the position of the vertical center line of 

the buoy. But the buoy experiences some impact from the wave 

during the time the envisaged incoming wave travels from the 

point where it hits the hull first, to the position of which 

the input of the transfer function is referred. Hence, the 

transfer function is not causal, r(t-t') i Q for t-t' < 0 • 

One can redefine the transfer functions of the excitation quan

tities and use the surface elevation in front of the buoy as 

input. However, this new transfer function is also non-causal d ue 

to the non-causality of the transfer function of wave propaga

tion [ 39] 

Both integral kernels in (A.28) are real time 

functions and therefore one may express T as 

00 00 

! (t) 
1 I ,it (w) cos wt dw - 1 I X (wl sin wt dw -
7T 7T 

0 0 (A.29) 
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For the kernel £(t) which is causal ( £(t) = Q fort < 0) 
we have for t > 0 the alternative expressions [ 4 5] • 

00 

£(t) 
2 

J ~( w) cos wt dw 
7T 

(A. 30) 

0 

00 

h(t) 
2 

J w{ ~( w) - ~ ( 00 ) } sin wt dw 
7T 

(A . 31) 

0 

The cosine transform is the easiest to handle numerically, and 
is applied throughout this work. 

A.3 High frequency limits of applied-pressure parameters. 

In order to apply the Fourier transform, the high frequ
ency limits of the hydrodynamical parameters H and T have 
to be known. For the radiation potential ~l , the boundary 
value problem is topologically equivalent to the boundary value 
of a heaving torus. Since computed results for the present boun
dary value problem are lacking, the infinite frequenc y added 
mass for a heaving torus is used as an approximation to the 
infinite-frequency added mass of the buoy. From published re
sults of infinite-frequency added mass of a heaving torus, it 
seems reasonable to choose 

(A. 32) 

where vh is the submerged volume of the buoy [46-47]. 

When the buoy oscillates on calm water at infinite fre
quency, the radiated wave carries no power. For a given velo
city amplitude, the radiated power is proportional to the radi
ation resistance B11 (w) and hence 
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= 0 (A. 33) 

For harmonical pressure oscillation of the air above the 
water column, eq. (A.3) gives the high frequency limit at the 
internal water surface as well as at the free surface 

lim = 0 on z = 0 (A.34) 
w-+00 

Hence, the boundary value problem has the solution ~ 2 = 0 
which is unique except for an additive constant which has no 
physical meaning. From eqs. (A.10), (A.11) and (A.15) one gets 

= B (oo ) = 0 21 

(A. 35) 

The high-frequency limits of the excitation quantities are 
easily obtained from B 

11 
(oo ) and B 22 (oo ) and the reciprocity 

relations (A .1 6) - (A.17). The results are 

'l' ( 00 ) 
1 

'l' (oo ) = X (oo ) 2 1 
X (oo ) = 0 

2 
(A .36) 
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APPENDIX B 

COMPUTATION OF HYDRODYNAMICAL PARAMETERS 

A complete solution to the boundary value problem of 

the oscillating buoy as outlined in section A.l, has not been . 

computed. Therefore, as presented in section B.l, an approxi

mation to the applied pressure quantities is computed from the 

rigid-body model hydrodynamical parameters. These approxi

mated parameters are Fourier-transformed to time-domain quanti

ties as outlined in section A.2 . A numerical technique for 

computing the transforms is described in section B . 2, and the 

results are presented. 

B . l Conversion of hydrodynamical parameters 

When sufficiently detailed information on the applied 

pressure quantities H and T is not available, one may com

pute an approximation from the rigid-body model radiation 

impedance Z and excitation force K of the system . The con

version is obtained by applying Newtons second law, assuming that 

the resultant motion of the system is equally well described by 

both models. This assumption is valid only for long wavelengths, 

that is, when the internal surface moves closely like a rigid 

piston. As the frequency increases the water column attains se

veral internal resonances inducing ripple on its surface. This 

effect will never be modelled by the rigid-body model and hence, 

the converted parameters will contain no information about such 

internal modes. However, such modes are not present or of little 

significance for the s y stem and the waves considered in this 

work. With superscript 1 referring to the applied-pressure 

model, superscript 2 to the rigid-body model , the assumption 

of equivalence between the two models gives the following re

lations: 

F. 
]. 

is 

and Q2 

53 

A (1) A (2) 
= u. l (B .l ) u . ui ]. ]. 

i 1,2 

A (1) A (2) 
F. J (B.2) F. = F. 

]. ]. ]. 

A (1) 
P2 = 

A (2) 
P2 P2 (B. 3) 

Q(l) 
u.2A2 (B .4) 

2 

the sum of all forces to which the hull is subjected, 

is the sum of all volume fluxes due to the internal 

water surface. In the following harmonical motion is assumed 

u. = i ws . 
]. ]. 

i = 1,2 (B.5) 

where s
1 

is the position of the hull, s 2 is the position 

of the internal water surface. 

In the applied-pressure model the system is characterised 

by the velocity of the hull and by the air pressure above the 

water column. The total heave force exerted upon the hull is 

(B.6) 

where s
1 

is the hydrostatic stiffness of the hull. The 

total volum flux of the water column is 

(B. 7) 
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In the rigid body-model the water column is assumed replaced 
with a rigid body whose geometry is identical to the geometry 

of the water column. This body is assumed to have a mass 

m2 identical to the water mass of the column. The boundary 

surface at the lower end of the water column may be chosen 

rather arbitrary, but for our device the water column is 

chosen as a cylindrical section of a hemisphere with vertical 

axis of symmetry identical to the hemisphere's vertical axis 

as shown in Fig. B.l. The hull is defined by the remaining 

ring-shaped volur.e. 

With the geometry of Fig. B.l one finds that 

pV(l - / l-y 2 + y 2 ~) (B.8) 

where V is the volume of the hemisphere and y is defined 

by the outer radius of the hull, a, and the radius of the 

water column, a 2 , as 

(B.9) 

Referring to Fig. B.l, eq. (B.8) includes both the volume of 

the c y linder B and the volume of the cap C . 

In the rigid-body model the system is characterised by 

the oscillating velocities of the bodies, and information of 

the radiation properties of the system is contained in the 

radiation impedance matrix Z commonly decomposed as 

z pVw (,~, + iJ;!) (B .10) 

where ~ is the non-dimensional radiation resistance matrix 

and l the non-dimens i onal added mass matrix. In this model 

the total forces on the two bodies (hull and water column) 

are given as 
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A (2) _s1 A 

Fl Kl n - zll ul - 212u2 + 1.- ul + p2A2 w 
(B.11) 

.s2 A 
A (2) 
F2 K2n - 212u1 - z22u2 + 1.- u2 - p2A2 w 

(B.12) 

where s
2 

is the hydrostatic stiffness of the water column 

and K. the excitation force coefficient for body no. i. 
1. 

In eq. (B.12) the s ymmetry relation z .. = z . . 
l.J Jl. 

is applied. 

By using a reciprocity relation between the modules of the 

excitation force and the radiation resistance of an axisym

metric body [48] , the excitation force for body no . i is 

expressed as 

K . 
1. 

pga2 / 4; ~. i 6 
e i=l,2 (B.13) 

Here, E .. is defined by eq. (B.10), and e is the phase 
1.1. 

angle which is equal for the two bodies and identical to the 

phase angle of the heave excitation force of a hemisphere. 

This relation between the phase angles of the excitation forces 

of two sphere sections is to our knowledge not published before, 

and is established in the following way. 

For two axisyrnmetric heaving bodies with coincident axis 

of symmetry, the elements of the radiation resistance matrix 

is expressed by the heave excitation force coefficients as 

[49-50] 

R .. 
1. J 

wk 
--2 
2pg 

* 
K . K. 

1. J 
i 1, 2, j 1,2 (B .14) 

* Since R.. is real, that is R .. = R.. the excitation force l.J l.J l.J 
coefficients of the two bodies are either in phase or 180° out 

of phase. In addition, the sum of the excitation forces of 

the two bodies equals the excitation force of the hemisphere, 

and hence 
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8 (B . 15) 

The phase of the heave excitation force of a hemisphere used 

in the numerical computations is shown in Fig. B.2. 

The parameter conversion may now be obtained from equ

ations (B.l) - (B.12) by studying the system behaviour for 

three special cases. First ! is obtained by keeping the 

hull fixed and the pressu~e chamber open to the atmosphere 

in incident waves . With p 2 = u1 = 0 in equations (B.6), 

(B. 7), (B.11) and (B.12) one obtains 

Fl T1 11 Kl ll - zl2u2 (B .16) 

s A 

F2 i wm2u 2 K 211 - (Z22 - i~) u2 w (B .17) 

Q2 T211 A2u2 (B . 18) 

which give the relations 

Tl = K - K2Z121Z22 1 
(B.19) 

T2 K2A2/Z22 (B. 20) 

where 

z22 + i( wm2 -
S2 

pVw (E: 22 i µ 22) = z22 -) - + w 
(B .21) 

Using the dispersion relation (A .19) , eq . (B.8) and the hy

drostatic stiffness 

3 ;! 2 
pV . 2 a y (B . 22) 
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Fig. B . l. Geometrical model of the power buoy used for para

meter computation. Outer diameter of the hull is 2a and the 

diameter of the water column is 2a 2 . The water column is de

fined by the cylindrical part B and the cap C. The hull is 

the ring-shaped volum A 
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Fig. B.2. Phaseangle of heave e xcitation force for a floating 

hemisphere. The dashed line is computed from second order theory 

[51] and o is numerical results published by Greenhaw [ 52]. 
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one may express the "modified added mass coefficient"as 

r---, 2 r--I. 3y_2 
µ 2 2 + 1 - / 1-y - + y I 1-y- - 2 ka 
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(B. 23) 

Two elements of H are found by letting the hull oscillate 

on otherwise calm water with the pressure chamber open to the 

atmosphere. With p 2 = 11 = 0 in eq . (B . 6), (B. 7), (B.11), 

and (B.12) one finds that 

(B. 25) 

(B. 26) 

from which are obtained 

H = z z 2/z • 11 11 - 12 22 (B. 27) 

(B. 28) 

The last two ele.r.ients of H are found by oscillating the 

water column on otherwise calm water, keeping the hull fixed, 

that is u1 =11=0. Fromeqs. (B.6), (B .7)., (B.11) and 

(B.12) one gets 

't' 
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Fl = -Hl2p2 + p2A2 -zl2u2 + A2p2 (B. 29) 

.s2 A 

F2 = -z22u2 + 1.- u2 - A2p2 iwm2u2 w (B . 30) 

Q2 A2u2 -H22P2 (B . 31) 

which after some manipulation give 

(B .32) 

(B. 33) 

Eqs. (B.19), (B.20), (B.27), (B.28), (B.32) and (B.33) 

which relate applied pressure quantities ~ and ! to the 

rigid body forces Z and ~, are valid for any system con

sisting of one oscillating body and one oscillating water 

column provided there is a coupling between them. However, 

eq. (B.23) has to be altered to give the correct µ 22 for 

a different geometry. If one parameter set is known for a 

system and the other parameter set should be computed from 

the basic hydrodynamical equations, then the obtained con

version relations provide a check on the long wavelength be

haviour of the new parameter set. The conversion gives an an

tisymmetric H in agreement with eq. (A.15), and it may be 

proven that B11 , B22 , I T1 1 / T) and A21 satisfy 

the reciprocity relations (A.16) - (A.18). Note that H and 

T contain information on the fundamental resonance frequency 

of the water column due to the inclusion of the mass and 

stiffness term in µ 22 · 

The definitions (B .10) and eq. (B .13) together with the 

conversion relations (B . 19, 20, 27, 28, 32, 33) give after some 

manipulations the elements of H = ~ + iw~ and T = ! + 11. 
In the following expressions, A1 is the waterplane area of 

the hull. 



A21 

B22 

A 
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(B .35) 

(B. 36) 

] (B. 37) 

(B. 38) 

(B . 39 ) 

(B .40) 
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(B . 42) 

(B .43) 

Eqs. (B.34 - B.43) as well as the numerical results of Figs. 

(B . 3 - B.7) are checked against the reciprocity relations 

(A . 15 - A.18). With values of £ and ~ computed from em
pirical formulaes [53), the phase angle 8 as shown in Fig. 
(B . 2), and the radius ratio y = 0.726, eqs. (B.34) (B.43) 

give results as shown in Figs. (B.3) - (B.7). 

At the resonance frequency of the oscillating water col

umn, the mass and the stiffness term of the "modified added 

mass" coeffisient cancel each other, that is µ 22 = 0 . In 

additio n the sign of µ 22 changes at the resonance frequency. 

This behaviour of µ 22 is the reason for the resonances and 

abrupt changes in values of the parameters of Figs. (B.3 - B.7). 
This behaviour is qualitatively equal to that of the genuine 

applied-pressure parameters of the power buoy published by 

Fernandes [43). In addition, genuine parameters includes in

formation on higher resonances since spatial variation of the 

internal water surface is allowed for. 

Since the presented parameters represent a "long wave

length" approximation to the real ones, it is not surprising 
to find that some of the equations do not reproduce the correct 
parameter value at infinite frequency. To obtain well behaved 
integrands, non-zero infinite-frequency values are subtracted 

from the parameters when subjected to the Fourier transform 

(cf. eq. A.24 - A.27j. Hence, the erronous infinite frequency 
values should be replaced with the more correct ones given in 
section A. 3 . Eq. (B.36) gives a value s

21 (00 ) = µ
12 (00 ) / µ

22 (00 ) 

which disagrees with the physical correct one, s
21 (00 ) = 0 
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since µ 12 (00
) and µ 22 (00 ) both are non-zero. Since B

21 
is Fourier-cosine transformed (cf. eq. A.30), s

21 
is ad

justed to give the correct value at infinite frequency, that 

is s21 (00
) = 0. This is done by repacing s

21 
of eq. (B.36) 

for ka > 1.44 with 

0.148/ka ka > 1.44 (B .44) 

The value ka = 1.44 is chosen for starting the decay since 

S21(1.44) ~ S21 (
00

) for our value of the radius ratio 

y = 0.726 
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Fig. B.4. Real and imaginary part of normalised radiation 

coupling versus dimensionless frequency z = vka. The radius 

ratio is y = 0.726 
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Fig. B.6. Real and imaginary part of normalised excitation force 

versus dimensionless frequency z = vi<a. The radius ratio is 

y = 0.726 . 
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B. 2 Computation of integral ke rnels from applied-pressure 

parameters 

The numerical computation of the integral kernels from 

the applied-pressure parameters by eqs. (A.30) - (A.31) has 

two major difficulties. First the upper limit of integration 

is infinite, secondly the parameters are very rapidly changing 

functions of frequency near the resonance frequency of the 

water column. These difficulties may, however, be circumvented 

b y approximating the parameters by suitable analytical func

tions whose Fourier sine- and cosine- transforms are analyti

cally computed. Then only the relatively small difference between 

an applied-pressure parameter and its analy t i cal approx imation is 

left to undergo numerical integration, and only this difference 

will carry numerical errors. When approximating the parameters, 

one should remember that the real parts of the parameters are 

even functions of frequency and the imaginary parts are odd. 

Hence, even and odd functions should be chosen to approximate 

the real and imaginary parts respectively. To approximate the 

real parts of the parameters only two types of functions are 

needed. One is the even Gaussian function 

the other is the even resonance function 

y( 2 l3 2 + 
13 +( w- wo) 

13 ) 
2 2 

13 +( w+wo ) 

Then an obvious choice of approximating functions for 

are the odd c ounterparts of (B.45) and (B.46) 

2 
- 13 (w-w ) ) e O 

(B .45) 

(B .4 6 ) 

2S ( w ) 

(B .4 7 ) 
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2 2 8 +( w+w ) 
0 

(B.48) 

To calculate the integral kernels one needs the Fourier cosine 

transform of the even functions and the sine transform of 

the odd functions. The results are [54] ~ 

00 

-t2/4 8 1 I Ge( w) cos wt dw = J_ 
wot e cos 

1T Ins 0 (B .49) 

00 

1 I Re( w) cos wt dw y e- B/ t / cos w t (B .50) 
1T 0 

0 

00 

go (t) 1 I G0 (w) sin wt d w J_ -to/4 8 sin wot = e 
1T Ins 0 (B.51) 

00 

r 0 (t) 1 r R0 (w) sin wt dw -8/ t/ sin WO t 1T J 
Y e 

0 (B .52) 

The results are valid for all t . When applied to causal 

kernels eqs . (B.49) - (B.52) should be multiplied with 2 to 

reproduce eqs. (A.30) - (A.31). 

These elementary functions do not reproduce the correct 

high frequency behaviour of the parameters, and one may be 

concerned that a substantial error is made when integrating 

through the high frequency range. This potential error may 

be avoided by finding the correct analytical expression for 
the high frequency behaviour and integrate analytically from 

sarehigh frequency to infinity. However, numerical computations 

were performed of the responses to a monochromatic input when 
the hybrid parameters were approximated by Gaussian functions 
only, and by resonance functions only. No significant diffe

rence between the two responses was observed even if the high 
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frequency behaviour of the two functions are quite different. 

Hence, errors in the high frequency behaviour of the para

meters have negligible influence on the result when the re

sponses to low frequency inputs are computed. 

The integral kernels computed partly by analytical in

tegration and partly by numerical integration are shown in 
Fig. B.8. These integral kernels represent a rather strong 

memory of the past which is due to the inclusion of infor

mation of the resonance frequency of the water column in the 
applied-pressure parameters. This is different from a rigid

body model of the water column where the information of the 

resonance frequency is contained in the equation of motion, 

leaving the integral kernels with a relatively short memory 

of the past. 
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APPENDIX C 

MODELLING OF HEAVE MOTION AND POWER ABSORPTION 

The major ingredients of the mathematical model of the 

power buoy are the hydrodynamical performance and the energy 

extracting mechanism of the buoy. In this appendix the energy 

extracting mechanism is discussed and the time-domain mathe

matical model is prepared for numerical computation of the 

heave motion of the buoy and its power production. 

When the hull is free to move, its vertical acceleration 

is computed from Newton's 2nd law. The equation of motion of 

the hull reads 

f + f 
w s 

0 

(free buoy ) 

(fixed buoy) 

Here, m is the mass cf the hull, and p 2 = PA - Po is 

the dynamical pressure of the pump chamber, pA and p
0 

being the absolute chamber pressure and the ambient atmos

pheric pressure, respectively. The buoyancy force f is 
s 

(C.1) 

non-linear due to the spherical hull, and it is expressed as 

(C.2) 

where is the hull's vertical position from equilibrium. 

Its time derivative equals the heave velocity, 

(C.3) 

The total hydrodynamical force, f , is computed from the 
w 

convolution integrals of eq. (A.28) with the integral kernels 

of Fig. B.8 giving 

00 00 

fw = J T.1 (t')n(t-t')dt' - J h 11 (t')u
1

(t-t')dt' 
- oo O 

00 

- All (00 )'½_ (t) - I h 12 (t)p2 (t-t' )dt' 

0 
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(C.4) 

The first term represents the excitation force exerted 

by an incident wave with surface elevation n . The second 

convolution integral and the acceleration term describe the 

radiation force due to waves generated by the oscillating 

hull, and A11 (00
) is the infinite-frequency added mass of the 

hull. The last convolution integral represents the force ori

ginating from waves generated by the oscillating pump chamber 

pressure P2 . It should be noted the excitation kernel 

is not a causal function, whereas the radiation kernels are. 

A discussion of causality is given in section A.2. 

The rate of change of pump chamber volume is given by 

(C . 5) 

where is the total hydrodynamical volume flux expressed as 

00 00 

qw I T.2 (t') n (t-t' )dt' + I hl2(t')~ (t-t')dt' 
- oo 0 

00 

I h (t')p (t-t')dt' 22 2 (C.6) 
0 

The first integral is the excitation volume flux, the second 

and third integral represent the volume flux induced by radi

ated waves due to the oscillating hull and to the oscillating 

reciprocity pump chamber pressure, respectively. From the 

relation (A.15) for the radiation problem in the frequenc y do

of eq. (C.5) and of main,it follows that the kernels h
12

{t) 

eq. (C.6) are identical. 
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The next step is to model the power take-off mechanism as 

indicated in Fig. 2 . 1. The first ingredient is the principle of 

conservation of energy, which states that the rate of accumula

tion of internal energy plus the energy flux through valves out 

of an air chamber, is balanced by the energy flux through valve s 

into that chamber plus the mechanical power and heat flow 

supplied by the surroundings. If the air in a chamber is as

sumed to behave like an ideal gas with unif_orm density and tem

perature, and if the power losses of the valves are neglected, 

a power balance for each of the three chambers A, B and C 

(Fig. 2.1.) is established. For the state variables p (pressure) 

T (temperature), V (volume) and Q (heat flow) we use, sub

script A for the pump chamber, B for the high pressure 

chamber, C for the low pressure chamber and O for the 

outer atmosphere. The principle of conservation of energy then 

reads for the pump chamber 

(C. 7) 

where y is the adiabatic constant, C the constant-pressure 
p 

heat capacity of air and m n 
the mass flow through valve no . 

(Fig.2.1). Similar expressions are established for the high 

pressure chamber 

(C .8) 

and for the low pressure chamber 

(C . 9) 

where Tt is the outlet temperature from the turbine, and 

mt is the mass flow through it. The heat flow into a chamber 

is computed from the heat transmission number of its boundaries 

and the corresponding temperature differences across them. 

n 
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The pneumatic power Pt extracted by the turbine equals the 

entalphy difference across it giving 

(C.10) 

The turbine performance is known from measurements on 

a model turbine in steady flow [ 31]. Inclusion of turbine 

and generator inertia in the model requires, in principle, 

information of the turbine efficiency and shaft power for 

all combinations of pressure drop and rotational speed. By 

including such information, the computational time will in

crease. For turbine operation off optimum condition, few 

data exists, and assumptions about the performance are to be 

made. Therefore, the present model do not include any dyna

mical effects of the turbine and the generator , and it is 

assumed that the turbine speed is adjusted to optimum speed 

at any time. 

From scaling effects it is estimated that the full scale 

turbine could achieve 89 % efficiency. Moreover, a design 

proposal and computations from a turbine manufacturer estimate 

the full scale turbine to obtain 92 % efficiency. In the ex

perimental data, the maximum efficiency is 85 %, and, hence, 

approximately 7 % additional losses are included compared to 

a full-scale turbine. Since these additional losses are now 

included in our simulation model, we have made, at least, 

some allowance for the fact that a real turbine has a finite 

moment of inertia which prevents the turbine to achieve an 

approximate optimum speed of revolution during all time of 

a wave c ycle. 

The optimum turbine performance, is s h own in Figs. 2.5 -

2.6. For pressure drops below 11 kPa and above 34.6 kPa 

no data exists and the turbine performance is assumed to 

follow the dashed curves of Fig. 2.5. For pressure drops be

low 10 kPa the turbine is assumed to extract power like an 

orifice. The orifice constant is chosen so the optimum shaft 
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power curve is continuous at 10 kPa . For pressure drops 

above 34.6 kPa the shaft power and efficiency curves are 

just linearly extrapolated to 40 kPa. If higher pressure 

drops occur during a simulation, the shaft power is set 

equal to the value at 40 kPa . For input 

to the numerical computation the turbine shaft power, Psh , 

and overall efficiency, nt, are expressed as (cf. Fig. 2 . 5) 

f 
.007276 (tip) 312 

= 15.156 ti p - 78800 

20.15 ti p - 220300 
l 586000 

r7.88 . 10- 5 tip 

= i l.16 • 10-5 tip+ 0.672 

1-85 
1-1.08 10- 5 tip+ 1.153 

l p sh/ Pt 

tip~ 10 kPa 

10 kPa ~ ti p - 28.1 kPa 

28.1 kPa = tip= 40 kPa (C.11) 
ti p > 40 kPa 

tip - 10 kPa 

10 kPa ~ ti p 15.3 kPa 

15.3 kPa = ti p - 28.1 kPa 

28.1 kPa = tip 
tip:, 40 kPa . 

40 kPa (C.12) 

The outlet temperature is given by the pressure ratio and 

the mechanical efficiency nm 

(Pc\ 1-1/y 
(1 - ) ] 

\PB) 
(C.13) 

In each of the chambers a mass balance is obtained by stating 

that the rate of accumulation of mass within a chamber equals 

the difference between mass flow into and mass flow out of 

that volume. This is expressed as 

(C.14) 
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mB m2 + ml - mt (C.15) 

me mt - m3 - m4 (C.16) 

where mA, mB and me are the air masses of the pump 

chamber, and high and low pressure chambers respectively. 

The non-return valves are assumed to have negligible inertia, 

negligible power losses and to be either closed or wide-open. 

When the pressures of two adjacent chambers become equal, the 

connecting valve opens. The pressures in the connected chambers 

are equal until the valve closes and prohibits air flow be

tween the chambers. Generally a valve closes when the air flow 

is reversed. If heat losses are neglected, the closure of the 

valves of the pump chamber may be related to the rate of 

change of the pump-chamber volume. The valve, v
1 

of Fig. 2.1 , 

communicating with the high pressure chamber closes when com

pression of the pump chamber ceases. Similarly, the valve, 

v 4 of Fig. 2.1, communicating with the low pressure chamber 

closes when expansion of the pump chamber ceases. An open 

valve conununicating with the atmosphere is closed inunediately 

if the other valve of that chamber opens. Thus, valve v1 
gives a relation between the pressures of the pump chamber and 

the high pressure chamber and the flow of air between them. 

The relation is 

0 when 

(C.17) 
v1 open 



76 

For the valves v 2 , v 3 and v
4 

equivalent relations de 

scribe their operation giving 

. 
m2 0 when PB > Po 

(C.18) 
PB Po - v2 open 

m3 0 when Pc < Po 
(C .19) 

Pc Po - v3 open 

. 
m4 = 0 when PA > Pc 

(C.20) 
PA = Pc - v4 open 

Finally, the temperature of each chamber is computed from the 

ideal gas law 

T = pVM 
mR 

Here, R = 8.31 J/(mol·K) 

(C.21) 

is the ideal gas constant and 

M = 0.029 kg/mol is the molar mass of air. If two chambers 

are connected through an open valve the total mass of air 

and the total volume of the two chambers are used in eq. 

(C.21) to compute the temperature. 
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APPENDIX D 

COMPUTER IMPLEMENTATION OF THE MODEL 

D.l Preearation of the mathematical model for numerical 

comeutation 

The initial value problem of our system of first order 

differential equations is solved by repeatedly computing the 

derivatives and integrate one time step further. With X the 

vector of variables to be solved for, z the hydrodynamical 

performance vector, X, a vector of state variables and r 

a parameter vector, all being functions of time t , the set 

of equations are expressed 

. 
fx(.!5,~,X,,_E,t) (D.l) X = 

X f (x,r,t) (D.2) 
y - -

z f (x,n,t) (D.3) 
z -

In the equations (C.l) - (C.21) there are nine variables 

to be integrated, giving 

~(t) (D,4) 

No state variables are related to the accumulated flow through 

the valves and the turbine, and hence, ml , rn2 , rn3 

need no integration. 

and 

The vector x, contains the state variables which are 

computed from the updated x giving 

X (tl (D,5) 

whereas the vector z contains the hydrodynamical forces 
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and volume fluxes of eq. (C.4) and eq . (C . 6) 

~(t) = (D. 6) 

The connection between two adjacent air chambers depen_ds 
· open. Thus the function fx has to be on whether a valve is 

h ' bl combination of valve determined specificly for eac possi e 
Due to the valve orientation only one valve of positions . 

each chamber can stay open at a time . This leaves us with 
seven possible combinations of valve states as listed in table 
D.l. The seven sets of eq. (D .1) are presented in reference 
[55) 

At each time step, where the program enters the subroutine 
f , tests are performed to see whether each which computes x . open valve should close or v ice versa. · In the present version 

of the program, all heat losses equal zero. Hence, the outlet 
valve of the pump chamber is closed if a pump chamber compres-

d th ;nlet va lve is closed if an e xpansion s ion ceases an e ~ 

ceases . The openi ng of a valve is governed by the pressure 
difference across it as stated in eqs. (c .17 - C.20 ) · A 

· w;th the atmosphere is closed immediately valve communicating ~ 

if another valve of that chamber opens. 

Table D.l. Possible combinations of open (1 ) and closed (0) 

valves . The valve numbers refer to F i g . 2 .1. 

vl 0 1 0 0 0 1 0 

v2 0 0 1 0 0 0 1 

V3 0 0 0 1 0 1 0 

V4 0 0 0 0 1 0 1 
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D.2 The computer program 

The simulation program, N2SIM, is based on a general 
purpose program for dynamical model simulation [56). To this 
program, the user adds subroutines des9ribing the particular 
system under simulation as outlined in ·Fig. D.l for the power 
buoy. 

Euler integration is used when computing the solution. 
The timestep of integration is determined by solving the set 
of equations for various values of the integration time step. 
An integration time step of 0.002 sis chosen which is well 
below the value at which a further reduction of the step has 
no i nfluence of the solution. 

Since typical wave periods are very long compared to the 
time step of integration, the hydrodynamical forces and volume 
fluxes are approximately constant over several time steps of 
integration. Hence, these quantities need not to be updated 
each time the set of equations is integrated. The intervals 
for updating the hydrodynamical quantities are equal to the 
timestep of integration of the convolution integrals. These 
integrals are computed for a sinusoidal input with frequenc y 
well above the highest wave frequency of interest for various 
values of integration time steps. From such computations, an 
integration timestep of .028 sis found to be suitable for 
the convolution. 

When simulating the buoy performance, the CPU-time needed 
is approximately 23 times the time interval of the simulation. 

D.3 Numerical instabilities and their cure 

During the testing of the simulator, the solution was 
found to oscillate with a period of 1.6 s. If the pump chamber 
was kept closed during the simulation the oscillations went 
unstable. The oscillation is due to the stiffness of the air 
in the chamber, providing a restoring force against water 
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column displacement. With air stiffness computed from line

arised adiabatic state equation, the oscillating mass equal 

to the water mass and added mass of the column, the eigen-period 

is calculated to be 1.57 s. This is well in agreement with the 

frequency of the observed unstable oscillation of the numeri

cal solution. This numerical instability was cured by intro

ducing a numerical damping in eq. (C.5) or eq. (C.7) or both . -·

By introducing a small damping in the pressure equation C.7, 

the air volume of the pump chamber was steadily increasing 

until the hull was emptied for water. If the equilibrium volume 

v0 of the pump chamber is used in a damping term of eq. (C.5) as 

Au - q - o (V -V) 
2 1 "'W A 0 (D . 7) 

the solution is found to be stable for o ~ 0.8 , whereas for 

8 < 0.8 the solution went unstable. In the numerical computa

tions o = 0.8 is used. Still the solution contains small 

oscillations of period 1.6 s, but the instability is cured. 

The damping introduced in eq. (D.7) with o = 0.8 does not 

introduce any drift in the mean value of the pump chamber vol

ume. 

• 
I 

SIM I 
I 

I 

USER SUBROUTINES 

PF 

Initialisations 

Choice of sea state 

and motion control 

UF 

Computes wave elevation 

Exerts motio n control 

XF 

Valve operation 

Computes x = f x 

YF 

State variables 

Computes power 

X, = f y 

absorption and production 

CONVOL 

Tests if hydrodynamical 

quantities need updating 

CONVINT 

Computes hydrodynamical 

quantities z = f z 

TURBINE 

Turbine performance 
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Fig. D.l. Outline of program structure for N2SIM, the power 

buoy simulator. 



APPENDIX E. 

MODEL TESTS OF THE BUOY IN ROUGH SEAS . 

The purpose of the model tests was to determine the 

magnitude of the loads on the anchoring joint and the 

mooring strut and to learn how to minimise these loads. This 

appendix gives a brief outline of the experiments and 

presents a few results. A full description is found else

where [57]. When choosing design values from the 

experimental results, one ought to have some knowledge of 

the wave climate at the actual location of the wave-power 

plant. Otherwise, erronous design values may be chosen 

because the laboratory waves may be nicer or nastier than 

the r eal waves. 

During the experiments it became evident that the 

l oads do not only depend on the wave height, but also on the 

wave steepness. The crest front steepness E as defined in 

Fig . E.1. [58] is used as a measure of wave steepness . 

E 

Fig . E . 1. Definition of wave crest front steepness E=D/L 

where D is the crest elevation measured from still-water 

level and L is the horizontal distance from the zero

upcrossing point to the crest . 

• 
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Thus the extreme combinations of wave height and front crest 

steepness at the actual location should be known before the 

design loads are chosen from the experimental results. 

Experiments were performed with models in scale 1:100 

and 1:50 as shown in Figs. E.2 and E.3. In both models the 

hull was a solid sphere without the opening to the sea in 

the lower end (cf. Fig. 2.1). Hence, bending moments on the 

strut originating from the distribution of mass and buoyancy 

of the real hull are not included in the experimental 

results. In addition, neither the buoyancy nor the stiffness 

of the full scale mooring strut were scaled by the model 

strut. 

Originally the 1:100 model was designed for 80 m water 

depth and was vertically stabilised by attaching mooring 

lines either to the buoy or to the strut . The mooring lines 

were parallel to the crest of the incident wave, and was 

always attached in pair with one line to each side. With two 

pairs of mooring lines attached to the strut at different 

vertical positions, the bending moments were very sensitive 

to the tensioning of the lines. For a given sea state, the 

lowest bending moment observed was equal to the bending 

moments obtained with one pair of mooring lines attached to 

the buoy's water line. 

An attempt to reduce the drag induced loads on the 

strut was made by gluing stream-lined profiles on to it. For 

waves higher than 15 m in an irregular sea with zero 

down-crossing period of 10 s, the drag-induced loads were in 

fact reduced, but this reduction was fully compensated by an 

increase of the inertia forces . The magnitude of the bending 

moment was unaltered, but the phase relative to the incoming 

wave had changed. 

With the mooring lines attached to the buoy the eigen

period for surge was varied. Provided the eigen-period was 

well above the wave period, the magnitude of the loads were 

insensitive to variation of the eigenperiod. On the other 
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L 

/ / / / / 

Fig. E.2 . Outline of experimental set-up with model in 
scale 1 : 100. The buoy, a solid sphere, moves freely along 
the strut, and no mechanism for power extraction is 
provided. The submerged mass L connected to the buoy by 
wires, provides vertical stabilisation. Mu and Mn are 
st r ain gauges for measuring bending moments. Pisa 
potential probe for measuring the tilting angle and FH and 
Fv a r e force transducers measuring horizontal and vertical 
anchoring forces. 
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M 

L 

• p 

s s 
/ / / / 

Fig. E.3 . Outline of experimental set-up with model in 
scale 1:50. The buoy, a solid sphere, moves freely along 
the strut and no mechanism for power take-off is provided. 
The submerged mass L/connected to the buoy by wires, provide 
vertical stabilisation. A is a gravity anchor and S mooring 
lines preventing the strut from rotating. Mis strain 
gauges measuring bending moments and P the potential probe 
for measuring tilting angle . 

/ 



hand, the surge period should be as low as possible in order 

to prevent the buoy from reaching the end of the strut as 

the strut is tilting . At 80 m water depth a surge period of 

35 s seemed to be the best choice. 

The vertical anchoring forces recorded during the 

experiments with the model in scale 1:100 were low compared 

to the forces experienced when the buoy is phase controlled 

in smaller waves. The measurement of the horizontal forces 

was obscured by friction in the anchoring joint and friction 

between the sphere and the strut. This friction also has 

some influence on the magnitudes of the vertical anchoring 

forces and the bending moments on the strut. 

The bending moments at 83.5 m water depth give a 

prohibitive expensive anchoring strut and experiments were 

performed with reduced water depth. From Fig. E.4. it is 

Bending 
moment 

MNm 

4 

2 

0 
0 20 

• • 
0 • 

0 

0 

t.0 

0 

• 

60 

0 

• 

80 m 

Water depth 

Tilting 
angle 

20° 

Fig. E.4. Maximum bending moment and tilting angle as a 
function of the water depth 
~ Bending moments measured with the 1:50 model 
• Tilti ng angles measu r ed with the 1:50 model 
o Bending moments measured with the 1:100 model 
• Tilt ing angles measured with the 1:100 model 

The surge period is 35 s for the 1 : 100 model at all water 
depths. The 1:50 model had surge period of 67 sat 30 m 
depth and 81 sat 40 m depth. 
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seen that a reduction of the water depth reduces the bending 

moments but increases the maximum tilting angle of the 

strut. 

In order to obtain a better ratio between the wave 

induced loads and friction, a second model was made in scale 

1:50. The experimental set up is outlined in Fig. E.2 . This 

model was tested at water depths of 30 m and 40 m in regular 

as well as irregular seas. With no other vertical 

stabilisation than the submerged mass, the natural period of 

surge was 67 sand 90 s for water depth 30 m and 40 m 

respectively. In irregular seas, the mean bending moments 

and tilting angles are lower than in regular seas. The 

reason is that in irregular seas, the strut restores to the 

vertical equilibrium position during the rather calm period 

between two groups of large waves as shown in Fig. E . 5. 

During some of the experimental runs, the buoy reached 

the end of the tilting strut and escaped. At vertical 

equilibrium, the top of the strut was 20 m above sea level . 

The waves causing this to happen are displayed in Fig . E . 6. 

At 40 m water depth, a regular wave 15 m high and of 10 s 

period made the buoy escape from the strut. In an irregular 

wave of the same height, the buoy would probably have sur

vived since the mean tilting angle of the strut is smaller 

in irregular waves than in regular waves (cf . Fig. E . 5). 
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Fig. E . 5. Oscillograms from experiments with the 1:50 
model in regular and irregular sea . 
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Wave 
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;· 
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• 

CJ 

12 16 20 s 

Wave periode 

Fig. E.6. Waves making the buoy escape from the strut at 
various depths of water. 

o 83.5 m water depth 
+ 40 m water depth 
o 30 m water depth 

Filled symbols represent irregular waves, open symbols 
represent regular waves . The solid line represents the 
extreme wave heights found in wave records at Troms0flaket, 
Utsira and Hal ten for the period 1974 - 1978 [58] . 
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APPENDIX F 

NOMENCLATURE 

some symbols which are only used once and are defined 

in the context are omitted. For some of the symbols a re

ference is given to the equation where the symbol first oc

curs in the text. 

Special superscripts or subscripts: 

A 

* 

A 

B 

C 

0 
1 

1 
2 

2 

complex amplitude 

complex conjugate 

Symbol denoting a matrix or a vector. 

Subscript denoting a pump-chamber quantity 

subscript denoting a quantity of the high pressure chamber 

subscript denoting a quantity of the low pressure chamber 

subscript denoting a quantity of the ambient atmo sphere. 

superscript denoting an applied-pressure model quantity. 

subscript denoting a quantity of the hull 

supersc ript denoting a rigid-body model quantity 

subscript denoting a quantity of the water column 

List of symbols: 

Im {J:! }/w 

cross sectional area of the water column 

outer radius of the hull 

radius of the water column 

Re {J:!} 

constant pressure heat capacity of air. 

total force 

total hydrodynamical force on the hull 

total hydrodynamical volume flux of the 

water column 

f 
s 

f 
w 

g 

H 

h 

i 

k 

mx 
m2 
Iil. 

J 
mt 
Px 

Psh 

pt 

Po 
P2 
lip 

6 
Qw 

Qx 
qw 
R 

sl 

S2 

sl 

S2 
T 

TX 

Tt 

TO 
t 

= 

boyancy force on the hull 

total hydrodynamical force on the hull 

acceleration of gravity 

(Hll Hl2) applied-pressure radiation matrix 
\H21 H22 

(eq. A.13) 
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(11 hl2\ 
impulse response function for radiation 

h21 h22J forces and volume fluxes of the buoy 
(eq. A.28) 

/'"-=I imaginary unit 

w2/g angular repetency (wave number) 

mass of air in a chamber (X = A,B,C) 

water mass of the column 

mass flow through valve no. j. (j = 1,2,3,4) 

mass flow through the turbine 

absolute pressure of an air chamber (X 

turbine shaft power 

pneumatic power 

atmo spheric pressure 

A,B,C) 

dynamical pressure of the pump chamber (eq. C.l) 

turbine pressure drop 

total volume flux 

see !o 
heat flow into an air chamber (X 

total hydrodynamical volume flux 

ideal gas constant 

A,B,C) 

hydrostatical stiffness of the hull 

hydrostatical stiffness of the water column 

heave position of the hull 

heave position of the water column 

wave period 

temperature of an air volume (X A,B,C) 

turbine outlet temperature 

temperature of ambient atmosphere 

time 

heave speed amplitude of hull 

heave speed amplitude of the oscillating water column 



= 

= 

z -
z 

y 

K 

T 

T 

T 

w 
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3 
2na /3 volume of hemisphere 

volume of an air chamber (X = A,B,C) 

volume of the hull 

a 2/a 

radiation impedance matrix of the 
rigid-body model. 

vertical co-ordinate 

adiabatic constant of air 

non-dimensional radiation resistance matrix 

wave amplitude 

turbine mechanical efficiency 

turbine efficiency 

phase angle of excitation force 

wave exitation force coefficient 
of rigid-body model 

non-dimensional added mass matrix 

density of water 

excitation force of hull 

excitation volume flux of water 
column 

impulse response for excitation 
quantities 

non-dimensional time 

total velocity potential 

normalised potential of incident wave 

normalised potential of diffracted wave 

normalised radiation potential of the hull 

normalised radiation potential of the water column 

Im{! } 

Re{T } ,., 
angular frequency 

• 

... 
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