http://folk.ntnu.no/falnes/teach/wave/TFY4300/WavelectJF2016ut2.pdf

Ocean waves as energy resource

* Ocean waves represent a clean and renewable energy source,
come into being by conversion of wind energy when winds
blow along the sea surface. Wind energy, in turn, originates
from solar energy, because sun heating produces low pressures
and high pressures in the atmosphere. In either of these two
energy conversions, energy flow becomes intensified.

» Just below sea surface the average wave-power level (energy
transport) is typically ten times denser than the wind energy
transport 20 m above the water, and 30 to 50 times denser than
average solar energy intensity.



John C. Bean
http://folk.ntnu.no/falnes/teach/wave/TFY4300/WaveLectJF2016ut2.pdf


* Average energy intensity:

e Solar energy: 100 - 200 W/m?
e Wind energy: 400 - 600 W/m?
* Wave energy: 4 - 6 kW/m?

(just below the sea surface

- but less in deeper water)

Steps of wave-energy conversion

—

Primary,
secondary and
tertiary energy
conversion




Unfortunately, it seems that some inventors do not understand
the very important step of primary energy conversion.

Electrical enexgy

Hechardcal

" enerqy
Pacumatic
enerqgy

Is this an illustration of a
wave-energy converter?

In the third step, an
electric generator is to
deliver electricity.

In the second step an air
turbine is to deliver
mechanical energy to a
rotating shaft.

Nothing seems to happen
with the wave! Thus the net
primary converted energy
is zero!

According to the illustration, if this device delivers useful energy,
it appears to be a perpetual engine machine! No energy seems

to be removed from the wave.

This “quasi point absorber” (QPA) seems to absorb no wave energy!

© 2008 AQUARET:

Animation downloaded 2016-08-26 from

Nothing seems to
happen with the wave!

If this device delivers
energy, it seems to be
a perpetual engine
machine!




This “ pitching-flap absorber” seems to absorb no wave energy!

Nothing seems to
happen with the wave!

If this device delivers
energy, it seems to be
a perpetual engine
machine!

Animation downloaded 2016-08-26 from

Schematic principle for extracting wave energy

Input energy from waves
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Mechanical energy in rotating shaft

Loss
h':>

U

Electrical energy




These lectures are mainly aimed at
understanding
primary conversion of wave-energy

What is a wave?

» Everyone has seen waves on lakes or
oceans. Waves are actually a form of
energy. Energy, not water, moves along the
ocean's surface. The water particles only
travel in small circles as a wave passes.

Snapshot of the water surface at a certain instant:

Wave direction




GRAVITY WAVE ON DEEP WATER

One quarter period later

How to describe a wave

Snapshot of the water surface at a certain instant:

Wave direction _

Wavelength L

Crest Amplitude 4

\/\ ,,,,,,,,,,,,,,,,, O\

Trough Wave height




Surface elevation versus time

At a fixed position in space:

Wave period T

Frequency f=1/T

0 T

e} o
A porticwlar wc,fer‘pafirk‘ﬁ maves ance around (ts
elrele Yin a dime T (5/7& "'/Def/bd/"’).

 The trawfés are wider than the crests,

The difference s nejfa’nggé/g for small wares
a << L/2n = 1/k.

Ther the wader surface has a sinusoidal shape.
Wpmall wavts 'z "inpam piarvis' ({ineqm f&;{,g,—y ‘L/-’P/“('ﬂd{fe,)

>\,= L s L‘_Az '_’Wn.w/&njéé"

k =Z,rr/.{_ Us "U-.t. “dnﬂaq,la.r rgpztenaj" (or' "ué;,u/enm@ba")




What happens underwater?

In deep water the water
particles travel in
vertical circles (while in

shallow water the Q
G

Wave direction
—

motion is elliptical)
This motion of water
particles also happens
underwater, but the
particle velocity and

thereby the circle radius
decrease quickly On deep water, the radius of the water-
orbiting circle decays exponentially with

(exponentially) as you the distance (-z) below the mean water

go deeper in the water. surface. According to the factor exp{-k(-z)}
On shallow water: N
e ellcptical orbits j:la
h —2p—

Exearsion of water particle m=S;= @ cos(wt - kx)
S, = b sin(wt-kx)

Vdoéiilf of water particle  $pVer -wWa SiAOE ~ky)

$=% = wb coslwt-kx




- =lf=0"

x==LA=
‘=—31"/fe

Waker flow outwards : (% )oa,, 2h

i

wb2h 6'MHDW' w&mj
Wa,éerf low down w;m(f I

'—f'-é[ wa J- Stn f-kx) dx = [ {k’&
~L4 t=0 ~Lj —L/A

Cdﬂ. a
(1-64) = 2p5= w2

]

Bwfauce. GF 'ﬂ.nw,; wLZL = Q;L/n %-= kf,,= EE_'"

Here very shallow water has been assumed. (OK if 4z < L/20).

: - - : ' nh
Balance of flow: whb2h = (.34,[_/37 %= kh= 3['

On very shallow woker the maximem velues

of the watker Puf:folr. excursion. _and the w,ésr'
veloeity have a ratio

 ep= wa/yb =kh=2rnh/L
Le%mm the vertical and horizantal components.
C "shallow waker” means kh << 1)

On deep water (kh>> 1) _

“ cinenlar orbits b=o |
| (M) r = (), =




The ana.sa velocity ¢ = w/k for water waves:

Assume  reqular’ wave of small ampr’e. that is of

sinusocdal shape. Y = a cos (kx-wt)

The maximum Hilt  ( the Usleepness™) of the wave is

ka = 2na/L
d angle ko (wave steepness)
| = % -
—::7"’7\ Lot (wa-w{ Emplitude) X
] \{dsever‘hed %-; = -k:a, sm(kse-—ut)
lf.l;u-e vertieal

12l ska  (ged)

% = & cos (kx -wt)

angle ko (wave steepness)
\] R %

; . _-\.____-_—-——‘/-—_—-
'7:7"}\ ' Ea, (wa.v.z amplibude) *x
] \‘faise,'-er‘f’m}. ?JL = ~ka, st (lx -0t
| a-)l
trne vertieal a_x[ww “Lea

(g.¢.4)

By “smadl’ amplitude o we mean  ka <<{
. Then " stn(ka) = tan (la) = lka
This s 4150 ijf& betwazn false vertical awd trne Vgrf:'c'AL

horzonbal acceleration _ )
gravily acceleration @) fd»\ﬂmﬁ of angle of tilt

Maximuim Lor:'a-ahhf. accelerstion ,(@._,_\, = ﬁ{im(ka,)zg!cm
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$p V= - WA Sinfok ~ky)
§=V = wb cos(wt-ky

horfzonbal acceleration .
gravily accaleretion @) = f’a,n.ﬂm’é ofd-nﬂh. of £ilt

M&m'n‘lwm Lal‘l.i-ah“ht. Mhﬂ b (-cgt)ml-‘r N ﬁ ﬁ)ﬂ(k&) zglcd,

From orbd: h‘lhél‘on H (‘74‘)“:.: (gl}liu.k = w"B

EEB . ko= b
9

Phase i/zlociéj: e =

The wavelength: L =2uk= 2T (A)
i . s

The pam’aol‘. T=2n/w= {,2![‘9— (E/au)}

For "a’e&p" waber (that ¢s kch > _{) .

- we have b/e. =4 (evranlar orbct)

L9 _fgWa_9 - _[a I
Then  es G ={dfT = 5T = {313
L=eT = %Tz
.= 981 /5 = {56 m/5*
AT 2= .

Exa-mp[&i T = ‘{05: c= fS,G m/s. : L=__ f5é m
563 km/s) e

The c{apwaa‘:!r approxination is usually acceptable
o h>L/A3  (kh>2) P
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k;l lll‘

e
W

For shallow water (that is Jeh << 1):
we found a.{’b = kt-f =2nh/L

Cor- gk (alb) = gkhkh = ghk*

e bt oVpn

=
L=eT =T V— o

Exwmpie; h=6bm ’ c—I/‘?si -go = ??‘ hn/S

| | (=278 km/h)

W T=l‘.2"ﬂ-s. w L=153m o

The leaw-WM{'&f a.,p,or'o::_t'ma,{ifon Vs MML[H
dccoptable it h <L /20  (kh<0.3)

Superpasttion of two wues of the same LA
amplitnde bui slightly ditfrent Fregacncizs:

P = a cos(wt ~k,x) = cos(@y b ~krk)

Be,2) = 9, (x,2) +7,_(x,t) '

Recalling the trigonamatriz identity

Cosedy * cos Xy = 2 cos E17% mia_:"f:_

2Za m(wfz_%& A&A’y“)c‘”( +c.4. _‘,.4,

It

%
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Ut = A cos(t ~kx) = cos(i b -l k)

B2y = Y,0x,2) + Y, e, 2)

. ey - ), £-4,
%= 72“’- cos (Fazth S "‘J“‘(ﬁ_z—jﬁﬁt"é‘?‘:—i—;a
Set = c-aw

@h= WA
by = K-ak

loy = K or Ak
% =" 2a cos (s —Akx) cos (W —dex)

Vavies slowl
o aw<<

(and hence ak << k)
Peswéf;}y Wd.l/e oF _”ﬁrftf—kf— ‘J%‘_f“y,c_yﬂtd
and a4 —‘:‘éﬂ/‘/y mrjfhf ‘amplitndde
La cos (dwe - akx)
‘72275 ”dob:/:l;?h,/d’ P/'?’/’ﬂrjﬂ’ffas with a
speed
o . Au
3 Ak

which (¢ 8000) is termed he group veloeity

horizontal acceleration _ '
gmw‘j;uulsm:bfon @ = fdM-ﬂ‘né of 411.5‘4 of tilt

Maximum Lar:'z-ahhf. wd&mﬁm; .(@-....v 4 b”(k"’)zﬁk"’

From orbck modion + (‘?k)mx": (gr)m.x = wb

| @ - gka = ca*b
VPN PUTT R S U N | - '/ '
PL&M& V&Léﬁbéj. e = % w (dr/b) = f(a’/&)
The wayvelength: L =2afk= 3= T*(alt)

The periods T=2nfu = {205 G/a)}
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We 1((‘2:1“':[ ) W’"i_k (_‘-/b) ‘ (the %‘.‘P""."""Mbn)
On Jﬁef‘ Murﬁr (2% =() “’t:S‘{f - zﬂldwvg{é
Phose wloetty c= 2. 22 yor

Growp veloes _de_ 9 ¢
wp "-‘_f“f Cﬂ =de = i—{:}:z{'

Thus we have the [v.npdl"'hnf reswlt Hut on
water the grou, velocily is half of bhe. phase Velouity

On very shellow weter (ﬁ/&“k#} to=£c%r
d
¢ = ﬁ‘f =lsh = ¢

T'}.Ie. group vekdf, and phase vsbdy are euaf
ard indeperdent of the -anme, 80 longas

the water b d. )
may Oe considered to be <hill,
(.wVf,?‘,'_ = kh << {) _ oW

On deep water, the longer waves move faster than the
shorter waves.

=L
4

Photo: Magne Falnes, 1999
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Wave velocities

* The energy in the
waves travel with the
group velocity c,.
The individual waves
travel faster - they are
born on the rear end
of the group, and they
die in the front end.

Time step 1 v

SAVAVA S

Time step 2 v

SR YAVAVAS =

Time step 3 o v

— N\

On deep water this

phase velocity is twice

the group velocity: e %T — (1.56 m/s?) - T
Exa.mpié.:

Assume that the sea & calm. Then, suddenly a
storm develops (300 km From hn{ How lory
time afderwards can we record swells of paniad
7 2 145 at the shoe”
is T=10s *  Auswne that e woter depth s
more than 200 m, '

What i the perisd
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SaM:'an: . .
.Dee,u- water érmu.ﬁ.&-* areg aﬁvﬁ‘daéé decopse
L = 15¢T 7 =156-/4%=306m , #het 1%
h>200m >L/3 =1{Rm
iy roup V&[Jc;’tfy s a '
S AP L -1 x7 =
Cg=Lc=%55=7156-T=07%T

=078 /¢ = 149

R

Iime betore swell record ..
A 2 _ 307 38407

42 = _C:;': 0787 4287 T

) . /nS -
T=144 : At = #d?wi = 74 hours

T=10s ot = 2L 3800% = (0.7 fours

Potential energy (averaged over time) for wave on sea surface.

Assumption: A propagating plane wave, sinusoidal in time and space.

Sea surface rectangle. Length:1 wavelength L. Width: 1 length unit (1 m).

—— s

ot '-‘ ! \""\ /
X=0 ,.5& — =L x
o5

L/ . L/ T
EpL = Jatnadx = ggfytdx =095 [,

2
Potential energy per unit area of the sea surface: Efv = €9 j‘;‘-’ |q!|

It can be shown [cf. Twidell + Weirt (2015) , § 11.3.1] that
there is an equal amount of kinetic energy associated E L =F L
with the moving water below this sea surface rectangle: o [

Total stored energy per unit area of the sea surface:

E = E,,-i-EA = LE, =&k, = fgeg,laz}:“
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The wave-power level J: the flow of wave power

per unit width of the wave front

Total stored energy per unit area of the sea surface:

E = E,,-i-EA = LE, =&k, = i—eg,hﬁl

[E] = J/m?

Ana X

Flow of energy per unit width of the wave front J:

J= ¢E - %eglayl"

[J] e M’

For the case of deep water:

The «wave-power level»:

J:%;L:H‘ f_i_T

A

Cﬂ = group velocity of the wave

- AL

Cq*cf/ial%u—i A

'w JJ.N (q;é— )TH
The wave height: H = ,U’}ﬂm

Wave velocities

* The energy in the
waves travel with the
group velocity c,.

The individual waves
travel faster - they are
born on the rear end
of the group, and they
die in the front end.
On deep water this
phase velocity is twice
the group velocity:

Time step 1 v

VAV A

Time step 2

SR AVAVAS S

Time step 3 5

— N\

e 2¢,==T =(156m/s?) T
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’ aq
For the case of deep water:  Cq4+ Ce/2 = 1%;; - %Tr'

The «wave-power level»:
$ 3 1 _ | 2
J = %M}w T g I"t....,, %ﬂr—H "(q;bam*)TH

The wave height:  H= 217/, ..

Plane wave propagating on deep - u'/z _
water in the positive x direction: ’7 A oo ( b )

J= A -25
£ =2b=dk= 1934 = 9377

Multi-frequency 7 = E .44, < (L{)mt “é,»x 4 ot,,_)
sea wave: - o

J=ZE A Eede S AL

Multi-frequency o y B
sea wave: 7 g e o (i, t Ky X+,

of = § 8711‘ : o @ -%F? g A:\
M =
geor:gral ’7 ? [x L t)

v £ = 09 30 = 99 | S

where we have introduced the real sea wave’s
«energy spectrum» S(f), for which the Sl unit is
m?2/Hz. The overbar denotes time average.

Spectrally defined «significant wave height»:

4 Vo, My = f&(;)d/
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7 =9y t)
E =037%y0 =09 [SHdf

Spectrally defined «significant wave height»:

A Vo, My 2 f&(,l)d/

Spectrally defined «wave-power level»:

AR TE
o

47 Ot

mys (17 SHY

Spectrally defined «significant wave height»:

g = Vo, e (54

Spectrally defined «wave-power level»:

A L Eas

7 Y Ot
-”7?'-17 ‘:‘_ 4 fhfs(/)ﬂ// ‘
Spectral moment of order j: my; ij?j',f(f)lf
o

w,_y
Mo

=

Spectrally defined _
«energy period»: 7; T-«f,u

and «wave- 2 2
= 9 = 8. T ut
’-J Hn -G e T ‘H

power level»:

o4nm 'y YViamo
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Wind waves and swells

*Waves generated by wind are called wind
waves. When the waves propagate outside
their region of generation, they are called
swells [in Norwegian: donning|. Where the
water is deep, swells can travel very large
distances, for instance across oceans,
almost without loss of energy.

On deep water, the longer waves move faster than the
shorter waves.

cs {8y {23 ¢ =

~E
[

B~
Y

Photo: Magne Falnes, 1999
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Swells propagating across the Pacific

« Since the group
velocity is proportional
Perid  to the period, low-

I \
|
_
0 b— - ‘\ r=20s  frequency waves move
= | e—— i — ¥
I |
: = \
.
[ 5
1
1
[
I .
: N
I N,
I
I
I
I

e

r=1s faster away from a

J7-1es gtorm centre than high-

dr-uss  frequency waves. The

figure shows the

: situation 4 days after a

=05 storm with centre
located at 170° east

180 190 200 and 50° south.
Source: OCEANOR, Norway

-30 T=12s

-40

The wave-power level J: the flow of wave power

per unit width of the wave front

Total stored energy per unit area of the sea surface:
" - " b s
E=Ept+E, = LE, ~2E, = 304l
[£] = J/m?

Flow of energy per unit width of the wave front J:

J= ¢,E = %??I"}l:‘t ¢4 = group velocity of the wave
[]e trks = X _
For the case of deep water: €, = Cp/2 = %‘—J = %
The «wave-power level:

J= $L gk = 5;;‘*'1?[«,1;:5’;—:—;— H* = (176 2 )T 1

The wave height: {H = l"’]lm
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Energy content of waves

» For a sinusoidal wave of height H, the
average energy E stored on a horizontal
square metre of the water surface is:

ky;=pg/8=125kW -s/m*
E=k.H e pp=mass density of sca water ~ 1020 kg/m?

g = acceleration of gravity ~ 9.8 m/s?

 Half of this is potential energy due to water lifted
from wave troughs to wave crests. The remaining

half is kinetic energy due to the motion of the water.

Example: H=2m = E=5kW-s/m®

The wave-power level

» The “wave-power level” (energy transport per
metre width of the wave front) is

J=al
g
On deep water the group velocity is ¢,=g7/4m, which gives

J:kJT[—[2 k= pg?/32 7~ 1 kW/mds

Bxample; - 0w e 0
T=10s and H=2m = J=40kW/m
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Significant wave height

The real-sea wave height parameter is the significant wave
height. 1t is traditionally defined as the average of the highest
one third of the individual trough-to-crest heights H,
(7=1,2,3,...), and is denoted by H, ;.

i L O 5 R
H,;= N/3

Mean water level

Average zero up-cross time 7,

The individual zero up-cross time T; is the time interval
between two consecutive instants where the wave elevation
crosses the zero level in the upward direction. An average of
these over a certain time provides a useful measure of the

real-sea wave period. L

i N
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Wave spectrum
A quantity derived from wave measurements is
the so-called energy spectrum S(f). It tells us how
much energy is carried by the different frequency
components in the real-sea “mixture” of waves.
For a sinusoidal wave the average stored energy
was given by

E=pgH*/8

* For areal sea wave we have instead

E=pg[S(Ndf =pgH, 116
0

Y= = A o (i, L~k x £l )
J- EE A £=309 Z Am
7 =9y t)
E =037%ye) = pg/f}/f)df
Spectrally defined «significant wave height»:

b = Ve mes [0

Spectrally defined «wave-power level»:

. 2950 4 - pp"
J %r]f‘”‘%f‘

x

m.s 17 SHd




Wave-power level in terms of
significant wave height

jsmdfsﬂj/lé
0

*Here H, is the modern definition of significant wave
height, which in practice agrees quite well with our
previous definition ;. Another quantity, the so-
called wave energy period 7, may be derived from the
wave spectrum S( /). The wave-power level by real
sea waves is now calculated by

J=(k,[2)T,H> Fk/2%05kWsm’

A measurement example

6
I P
T 2
£ 0
2 21T
ot
-6 T T T T [ T : r T - T
o 1 2 3 4 5 6 7 8 9 10 11 12
Time [minutes] 150 ‘ | |
*This time series (above) from high sea
shows that individual waves vary 100 B
greatly in size and form. The S(f)
corresponding energy spectrum is 50 -
shown to the right. For this storm wave
the significant wave height is ;= 8 m. 0 A

0.0 0.1 0.2 0.3

Source: OCEANOR, Norway Frequency [HZ]
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Electrical power delivered to the grid (kW) 03-11-05
120
100 Hs =26m;To=10.93 Instantaneous power:
80 | - is this acceptable
&0 5 for the grid?
40 4 Air turbine,
e Pico plant
0 T T
14:16 14:45 15:14 15:43
Source: Neumann et al., 2006
[{:3] 5 Absorbed and Generated Powers
7004 - - Instantanecus .:Dsc.‘bed;l- = ¢ Mean Absarbed i‘_‘fenzr.!k:d Hyd raulic machinery,
£ 500 fll Pelamis
8 i ‘ b
4 ' L% LA A
0 50 100 150 200 250 300 350 400 450 500
Time (s) Source: Henderson, 2006
£ 200 Directly driven generator,
%150 n AWS
3 100 I |
% 50—t n il ﬂﬂ |
o
1430 14:35 14:40
Time

Graph, drawn by J. Hals, based on prototype testing data received 2007 from Teamwork Technology.

150
Real-sea spectra | |
. 100 r
*These are typical energy S(f)- I
spectra from wind-sea 50 - -
conditions (top) and mixed 1 -
wind-sea and swell conditions 0 | w
0.0 0.1 0.2 0.3
(bOttOl’l’l) . Frequency [Hz]
. 15 | |
*The swell contains lower | ]
frequencies (high peak) than 10 |
the the wind waves (low peak). sy - !
5 | |
Significant wave heights: 8 m ] Lf
(top) and 3 m (bottom) 0 S
0.0 0.1 0.2 0.3
Source: OCEANOR, Norway Frequency [Hz]
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Norwegian wave-power-level
[in kW per m wavefront].
(Torsethaugen 1990).

Average wave power
transport off the
Norwegian coast
(in kilowatts per
l ‘} metre wave frontage)

Who (which nations) have the
propriety right to exploit the
oceans’ wave energy?

If wave energy is being exploited
by WEC arrays ranging from
north of Shetland to south of the
Hebrides, there may be reduced
wave energy to exploit at the west
coast of Denmark and Norway.

Make international
agreements before wave-
energy has a commercial

interest!
;7 Could any country, e.g.
65 _, » Switzerland, exploit wave
-/// ¢ energy by floating WEC arrays
Tne tiguce is reploiced Fron page 40 G (e fupat in international waters of the

“Wave climate and the wave power resource". Proceedings .
IUTAM Symposium on Hydrodynamics of Ocean Energy Utilization, Atlantlc?
(edited by D.V. Evans and A.F. de Falcio) Lisbon, Portugal, 8-11 July :
2085 sori 2 1332156 100




Distribution of wave energy transport

20

Average wave power levels are approximate and given in kW/m of the wave front.

Seasonal variation

» The average values of wave-energy transport vary
somewhat from one year to next year. The values
vary more between seasons. On the northern
hemisphere, the average values for November and
May may differ by a factor of two or more. There
1s significantly more wind energy and wave
energy in winter than in summer, although it is
opposite for solar energy. Because there may be
waves (swells) even in the absence of wind, wave
energy is more persistent than wind energy.
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Seasonal variation at (57° N, 9° W)

The chart shows the
seasonal variation of
wave energy transport
at a measurement site
close to Barra in the
Hebrides off the
Scottish coast. The
annual average for the

shown year was 65
kW/m.

160
140
120
100
80
60
40
20

0
= 2
§ & &
)

= =

Based on WERATLAS, European Wave
Energy Atlas, 1996

kW/m

Jul

=
53
70}

Nov

3 5 2

T T rsa42412 5 1 |

kW/m

“Scatter”-diagram

The numbers on the graph
denote the average
numbers of occurrences of
each H, -T, combination for
each 1000 wave
measurements made over
one year.

Increasing curves indicate
maximum wave steepness
1/40 and 1/20.

Declining curves indicate

4TI
M4 3 2 e Tt
1

0 ; T

constant values of wave-

7.0 a0 9.0 10.:0 1.0 120 13.0
T./s

Figure after lan Glendenning 1978 (cf. book # D6 in the list:
)-

' power level in kW/m.

14.0 150

Source : lan Glendenning, 1977
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e Average energy intensity:

* Wind energy: 400 - 600 W/m?
* Wave energy: 4 - 6 kW/m?

(just below the sea surface)

Vertical distribution of wave-energy transport

2
« As we have seen, the 0 2 4 6 kW/m

Water level
water particles move in
circles with decreasing 24
radius in the depth.
Consequently, the energy = 41
. o

flow density decreases as g

6 -

we go deeper in the

water. In fact, on deep
water, 95 % of the 81
energy transport takes ]
place between the

surface and the depth
L/4. (L is the
wavelength).

J =40 kW/m H=2mand T=10s
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Steps of wave-energy conversion

Primary energy conversion,
for instance to energy in
pressurised air or water or
hydraulic oil, by removing
energy from the wave.

l

Secondary energy conversion

Primary, by turbine or hydraulic motor.
secondary and .
tertiary energy Mechanical energy by
. rotating shaft.
conversion

i

Tertiary energy conversion by
electric generator.

Schematic principle for extracting wave energy

Input energy from waves

G Loss
— —

| Primary energy conversion )

U

Energy in working fluid (air, water or hydraulic oil)

G Loss
I_>

( Turbine/motor ]

U

Mechanical energy in rotating shaft

L
" .

l Electrical generator )

U

Electrical energy
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Power take-off alternatives

Wave energy

v ¥ ¥
Air flow Water flow S moli_o n
between bodies

l_l_l

Hydrauli Mech : A
Air Water Hydraulic Mechanical
turbine turbine motors gear

[ [ [ |
i

Electrical generator
or direct use

The length size D of a wave-energy converter
(WEC) compared to one wavelength L.

Terminator: D approx. equal to or larger than L.

Attenuator: D approx. equal to or larger than L.

Point absorber (PA): D approx. equal to or smaller than L/10.

«Quasi point absorber» (QPA): Size between point
absorber and «line absorber» (terminator or attenuator).
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Classification of WECs
- According to size and orientation

Wave front
‘.il.'.'"'.\i,}:".il.' """""" iii'i
VY PRV
Al 14 Al 4 Al 14
S S S THTTTTHhS
Wave
direction
» Point absorbers « QPA « Attenuator * Terminator

(QPA = quasi point absorber)

Mechanical oscillator

Mauss m displaced o
distance x

from eqa,;,'( ‘briwm posifion
Forc.‘.s:

F = external qpplied fore

S = -Sx sPn'nﬂ force

& =~RK% c*a-mpihj foree
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For mathematical Simplfcc'ﬁj the Mmpt'ng force
is assumed  proportionsl to the velocity %= 4

R = “m&d'm,m'c&i res:‘sfmzc&”

The spring force is assumed proportionsl bo the
displacement x  from equilibrinm.

Newton : m¥ = FtE+FR = F-Sx-R¥

m& + Rg+5%x = F (2

(Exfeu»na}. force balanced againet ¥ inemtial foree
2 dé.mpina ‘Forr_& cwj, 3) SPH’ng -{'a,.(_e )

mx + Rg+ 5x = F (2
(Ex{erhdl force balanced a-ga-fn.s{ 2 tnertia| foree
Y dd.-mpinj force aud 3) S‘P"'""ﬁ 'for-cg )
Eng-,cj = Force x Displacement

?ou!er = Fov'ce, % Ve.[au'fg

E)wtr a..PP[L'Mﬂ 1o the mechanicel sysfeh.\

P=Fx% = m¥%x +R&* +Sxx

_ o i . 4 _
—mx&:_+Rx"+52&!—‘x =

= & (tmi) +RE:+ L (25%)
Ré* + g (W + W)

=

i
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8w¢r~ a.PP[CMﬂ 1o the m&c.Mux'aa/L Sgsfe.w\

P=Fy% = mi¥sx +Ri* +Sxx =

= '452 X3 gL)( _
_me+Rx +S‘Ib_x ~

= & (fmi) +R 4+ S (1559

= Re+ G (WL + W)

" = kinetic en&tﬂy

4
W =3
k4
kY

m
Wr = 4 5% =P"f"”‘!""’[ energy (of the -"P”'Iﬁ)

PowerR AND ENERGY RELATIONS. ©

[0

va.2.0
e

Mechanical power (rate of

werk) delivered by R
supplying the external S

fwce F(¥):

P(t) = F(&) n(t) = Flo) x(t)

F(o= F,)— R&) — K@) ‘ m l’ru

=ma®+Rul) +Sx@) oo :_
Pe) = Re) + R +BE]

s eyl Yy WA g
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P() = Re) + P(t) +B®.

Rl)=-F (t)u,(t) = R u.

P@) (t)u(t) = mu = < Wk(t)
W, (_ﬂeﬁ)w_‘-‘ -;—,_ m_(&(f))_w ~kinetic énergy.
RE)=-R®)wte) = Sxx = S W, () o

Ww (t) S (x(t)) -Potentn'al energy.

[l,'}u\

Emr“ .s{orcd tn the oscillating systerm
W(t) = Wk (t) + WP (t) (2.95)

R +R) = HWE) e

Hydrostatic stiffness S of buoyant body

WMW wua A,

J{M,,‘,,L,WMM
M‘vw Ma.ls
WMMM
Ahmw,(,,{

Q9AX . Thus Mare

il be ww zfna,
Fo= = @9AwX :
Biching, ties o direshim Ao rasboe Mo i,
Neke: osibivn, sk frvet are hraste, o bt pobint. tprants)
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8—‘—{ e dihis ¥ i i
o JF bilibniun. pumbine the

HL
A‘nlu,w 1)1{
99Ax Thoas Horre

il be o Neakog  Aree
Fo= = @9Awx :
Mw? Lo o duineghim AW"&/W@M
(Neke: i MMWMI»MW@M)
F=-Sx
H%W%W (WAAW) Szf?’dw
Y Mo floaking body in asimmprroibos and of vadiins a
(J.L‘a,.,_b&,u 2 ’Kbh“"""'&'v'f'“‘{“% aneat s A =mal

S = eqma*

|

|
|
1

|
I

The hydrostatic
. P buoyancy stiffness of
N F/ — floating body A

l provides storage of

potential energy.

¢ The mass of bodies A
and B, as well as the
two flywheels F,
provides storage of
kinetic energy.

Pumps or generators
; @_@F connected to the

. rotating flywheels may
serve as receivers of

Wave-power converter useful energy.
[proposed by K. Budal 1974]




Mechanical oscillator interacting with waves.

= . y

[ il Mass m M‘mnﬂd 4o

g, %S R, oseillate (n water
It LIM an ‘qm'[fﬁrfwm
position determinee btf

— == [T 7= a spring (e.g. hydrostede

q:fuﬁi "'Sffl'hj" for & \qmée‘nq b°d‘f
F -

Mr'm?&a[ 1o osu'!'lm‘e‘)
Mechanical resistances: R, R, R,

El R, ur o= power [ost by frickion (Enctan'n3 viscous [osses
in the waer, e(.c.)

_~

=R, u? = useful converted power

=R, wr = radiated power (i a baly in waber
oscillades) a wave (s 3wu'4/f¢<1 wh,‘d,, carries
amey wave enemgy. )

-1"0' ;"0

A paradox?

» Absorption of wave energy from the sea may be
considered as a phenomenon of wave interference.
Then wave energy absorption may be described by
an apparently paradoxical statement:

* To absorb a wave means to generate a wave

* or, in other words:

» To destroy a wave is to create a wave.
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Incident wave + reflected wave = standing wave

* Incident wave

+
—~ * Wave reflected from
fixed wall

 Interference result:
Standing wave composed
of incident wave and
reflected wave

“To absorb a wave means to generate a wave”
- or “to destroy a wave means to create a wave”.

: :_’ : j » Incident wave

* Wave reflected from fixed wall

» Wave generation on otherwise
calm water (due to wall
oscillation)

The incident wave is absorbed

- by moving wall because the
reflected wave is cancelled by
the generated wave.
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In this simple example, at optimum radiated-wave
generation, the maximum absorbed energy equals 100
percent of the incident wave energy. Note also that the
required, optimum, radiated wave has the same
amplitude as the incident wave. Thus,

Observe that, in order to absorb, from the sea, the theoretically
maximum wave power, it is necessary that the wave-
absorbing oscillating system, at optimum, has an ability to
radiate as much power as the theoretically maximum
absorbed power.

This statement is valid also for systems of different geometrical
configurations, where the maximum absorbed power is less than
100 percent of the incident wave power, provided the required
optimum oscillation can be realised, that is, when no physical
amplitude limitation, or other constraint, prevents the desired
radiated wave from being realised.

Mechanical oscillator interacting with waves.

-

L

o Pﬂsiffah determingd bl}

| ll Mass m arranged to

o
R, %S R, sl llate in water
It ;\M an quiif&f‘fu,m

1
|
!
|
-
;\‘

3

A
3

T = 7= spring (eg hugdrostadye

q:h“j "’Sfr{nj” for @ \“ioah}.q bodq
F "

a«r'r'amywl to 0secllnte)
Mechanical resistances: Ry R, R,

- R,-F = power lost 55 frickion (c'hcf.qu'nj viscous [osses

in the waler, ele,)

s

=

= useful converted power

Ruu?*
=Rr -uTz = ra.J:'a,&ea[ power (f a bgl,i in wotber ) @_@r

escillades, a wave is generated -whicl—carries
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§=Rr wr = radiabed power (i a baiy in waber
sscillates, a wave is generted whid—canmies
e D)

R = loss resistance

R = (Mefut) load resistance (eq.apump prvi ding Haid to

Re = radiabion resistance  turbive )

Not only the mass m but also the surround ing Water

attain - Vc[ocu'&fd {and mdar&éwn) Henee an-
@dd@d’ hydmdgnmc; mass my s ineluded i the

rlu namue Sus fe.nn

my +mex + Rk +Rw:‘c+ R¥ +Sx = F

fH
gﬁ
e
[

|

Nl

U

!'

h

(1

f

i

mxX +meX + Roet +R x+R,x +Sx = F

Fo s the wave excitafon force (ﬁﬁ%ﬁ.fs) the
Wove fore which the body experiences (f it

(s not rhow'ng)
[D’l;-ﬁﬁhi +R %+ Sx=F -mx¥-R.xi=F,

Fw Us f’J«c ‘fotq,rt wave 1"'01"(.8. when ‘('Sh—bsdﬂ nstlﬂtdﬁ . .
[t (s due to the total wave inclw&'nﬂ the : @_@
rodcited wave whidh s jen erated b}/ the

bmfg ‘s mrokion. ]
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my +meX + Roxx +R,%+R,x +5x = F

Fe (s the wave exci"’:d}:s‘on {orc.g (t‘.&m}.fs) ‘fke
wave fore whidh the body experiences (f it

L5 not mow’ng)

Bos Rowr = Rufus w=¥
Ruk = = Radl -Rok ~frtmey) % - Sx
Ry #% = | ¢ = Rukt=R, %2 = (mrw) ¥4 -Sxi

"“*"""ﬁx B _%xa

- -# (%y% * WM)

?ALM ij . (

ﬁ/ = ’EM.' u"g. a u:'X‘

N

‘Cé - Q-’li —‘R_FI( —fvw+m~);¢'—sx'
R.s*=F - Ryox2-R, ¥ - gm-*m,;)fx' -Sxx
TR AR £y

-4
75 (Wk»w * W)-"M‘u()

(TM-W vt
be—r = 7?4,\,;3 = Fg)? _"»Fen,;_m “R;F

Ev =FRw = F anwe) 4y e (w0t = p)

Con W,y con Xy = ‘3_ N TR AN %m(nf,,-raﬁ,\

Fo¥ = Fou..({mcf + 1 (2wt -¢Y)
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In this simple example, at optimum radiated-wave
generation, the maximum absorbed energy equals 100
percent of the incident wave energy. Note also that the
required, optimum, radiated wave has the same
amplitude as the incident wave. Thus,

Observe that, in order to absorb, from the sea, the theoretically
maximum wave power, it is necessary that the wave-
absorbing oscillating system, at optimum, has an ability to
radiate as much power as the theoretically maximum
absorbed power.

This statement is valid also for systems of different geometrical
configurations, where the maximum absorbed power is less than
100 percent of the incident wave power, provided the required
optimum oscillation can be realised, that is, when no physical
amplitude limitation, or other constraint, prevents the desired
radiated wave from being realised.

s = heave amplitude
A = amplitude of incident wave
Jd = incident wave power

P = wave power absorbed by resonant buoy [curve a]
P, = power converted to electricity by resonant buoy [curve b]

P, = power converted to electricity by latching-controlled buoy [curve c]

0.5 | e

0.25 |

0 ; ‘ 20 15/a |

Budal, K., Falnes, J., Kyllingstad, A.and Oltedal, G.: "Experiments with point absorbers". Proceedings of First
Symposium on Wave Energy Utilization, Gothenburg, Sweden, pp 253-282, 1979.
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Resonant heaving body B in wave channel
with wavemaker W and beach A

pully with electric
enerator/motor

Fig.

N
Illustration from Falnes, J. and Budal, K (1978).: "Wave power conversion
by point absorbers". Norwegian Maritime Research, Vol 6, No 4, pp 2-11.

D.18. Experimental arrangement for study of heaving body
(B) in wave channel. The channel comprises a wave maker
(V) and an artifical beach (A). The body (B) is suspended
on a flexible wire which runs over a pully (P) to an
adjustable counterweight (C). The wave is measured by
means of resistive two-wire probes (S1,82,83).

Phase control by latching
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Laboratory arrangement for latching-controlled wave-power buoy in wave channel

magnet of moving- ( -]
coil instrument \'\_ pulley
locking magnet —— steel wire

brass bar

helical spring W’;‘”

steel frame

buoys

e

Budal, K., Falnes, J., Kyllingstad, A. and Oltedal, G.: "Experiments with point absorbers". Proceedings of First
Symposium on Wave Energy Utilization, Gothenburg, Sweden, pp 253-282, 1979.

In this simple example, at optimum radiated-wave
generation, the maximum absorbed energy equals 100
percent of the incident wave energy. Note also that the
required, optimum, radiated wave has the same
amplitude as the incident wave. Thus,

Observe that, in order to absorb, from the sea, the theoretically
maximum wave power, it is necessary that the wave-
absorbing oscillating system, at optimum, has an ability to
radiate as much power as the theoretically maximum
absorbed power.

This statement is valid also for systems of different geometrical
configurations, where the maximum absorbed power is less than
100 percent of the incident wave power, provided the required
optimum oscillation can be realised, that is, when no physical
amplitude limitation, or other constraint, prevents the desired
radiated wave from being realised.

46



—

R. = %\.F‘Pu’a cnep _%?mu':_égﬁa‘;
How does B depend oo ovillatiin, wmpltode ioe @

£,

i

(mwﬁ Staner (&ntp)*‘f 4o p= O . MF

F'a N
MW

P, Sideview @) The wave-power “island”

FPamaxt

illustrates the real-valued absorbed wave

2Wp(8) power P, versus a complex oscillation
— amplitude U, where |U|2 = U U* equals the

3 radiated power P, . The phase of U is
m {U} Top view ()  chosen in order to make U real and positive
when it has the same phase as the
excitation force from the incident wave. The
optimum value U, is a positive real quantity.

Ao Ual 3) Re {U7}

Pomax = Propr = |Uol?
Pomax — Pa = |Up — UP?

These simple equations are applicable to
many different types of wave-energy
converters (WECs). Assuming that the
power take-off (PTO) machinery is
equipped with sufficient control, we may
consider U to be an independent complex
variable. The optimum value U, is,
however, proportional to the incident wave
amplitude A, and, moreover, it is a
function of B, the angle of wave incidence.

Figures from Falnes & Kurniawan, 2015, R. Soc_ open sci.2: 140305, <http://dx.doi.org/10.1098/rs0s 140305>
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Three wave-power inventor pioneers

Yoshio Masuda (1925 — 2009)
Started already in 1947 with experiments to test
devices for utilising wave energy in Japan.

Stephen Salter (1938 - )
started 1973 wave-power research at the
University of Edinburgh, Scotland.

Kjell Budal (1933 - 1989)
initiated in 1973 wave-power research at NTH
(part of pre-NTNU university), Trondheim, Norway.

80 m long vessel Kaimei (= sea light) for testing
various types of wave-activated air turbines.
(Japan, late 1970s and early 1980s)

Copyright: JAMSTEC, Japan




The Salter duck

In 1974 Stephen Salter
published a paper on a device
which has become known as
the “Salter duck”, the
“Edinburgh duck” or simply
the “Duck”, because the
device, in its pitching Mooring
oscillation, resembles a line \ duck

nodding duck. Several ducks
share a common spine. The
relative pitch motion between
each duck and the spine is
utilised for pumping
hydraulic fluid through a
motor.

Salter’s nodding Duck

Scotland (Stephen Salter,
University of Edinburgh)

Mooring line duck

lllustration: Jergen Hals 1999

lllustration: Bjarne Stenberg, 2007

Research work in Edinburgh with the spine, a
long tube, at least 100 m long, has later
evolved into the Pelamis project:

Energy conversion through pumps, pressure
tank, hydraulic motor an electric generator




Video clip of “Pelamis” PELAMIS WAVE POWER LTD < >,

Kjell Budal with his phase-controlled power-buoy model
(type E) in the Trondheim towing tank 1978
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Phase-controlled power-buoy model (type E) under test in Skipsmodelltanken,
Trondheim, 1978. Video clip [also on ]

Phase control by latching
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Array of point absorbers

g G L Skl

Figure from: Stortingsmelding [White paper] nr. 65 (1981-82): Om nye fornybare energikilder i Norge [On new renewable energy sources in Norway).

The Royal Ministry of Petroleum and Energy, Oslo, 1982

The Trondheim
point absorber

40m

Source: K. Budal, 1981

Photo: J. Falnes, 1983
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Budal’s phase-controlled power buoy model (type N2) at the test site in Trondheimsfjorden.

Phase-controlled power-buoy model (type E) under test in the Trondheim
Fjord, 1983. Video clip [also on ]
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Governmental funding of wave-power R&D
in Norway and in the UK

10° GBP
or
105 NOK

78
%
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]

" < < ~UK[1978-1992]

? 7 Norway (including NTH)
NTH (pre-NTNU university),
Trondheim

e
.
N

"

year

During the early 1980s, when research teams were ready to test models
the real sea, increased funding was needed. In stead conservative
governments in the UK and in Norway reduced funding of wave energy.

The tapered channel
The tapered channel is a Principle:
horizontal channel which 1s
wide towards the sea where the —_

waves enter and gradually
narrows in a reservoir at the
other end. As the waves pass
through the channel, water is
lifted over the channel wall and
into the reservoir due to the
shortage of space which occurs
as the channel gets narrower.
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Norwave’s tapered-channel WEC (350 kW) at Toftgy [40 km
NW from Bergen], Qygarden, Norway.

Photo: NORWAVE AS, 1986 Photo: NORWAVE AS, 1986

OED (Ministry of Petroleum
and Energy) issued 1987 two NORSKE BOLGEKRAFTVERK
reports on NORWAVE'’s and 1987

Kvaerner’s wave-power
prototypes, 40 km off Bergen.
One report, "Norwegian wave
power plants 19877, with text
in Norwegian and English,
was open.

The other report,
"Balgekraftverk Toftestallen:
Prosjektkomiteens
sluttrapport 31.12.1987”, had
only closed distribution. It NORWEGIAN WAVE POWER PLANTS
contained more detailed TeE
information, in the Norwegian —

language, only. WPE
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Oscillating water column (OWC)

In an oscillating water column
a part of the ocean surface is
trapped inside a chamber
which is open to the sea below
the water line. When the
internal water surface moves
up and down in response to
incident waves outside the
chamber, the air in the
chamber is pressed and sucked
through a turbine due to the
generated overpressure and
underpressure.

Principle:

Turbine and generator

OED (Ministry of Petroleum
and Energy) issued 1987 two
reports on NORWAVE's and
Kvaerner’s wave-power
prototypes, 40 km off Bergen.
One report, "Norwegian wave
power plants 19877, with text
in Norwegian and English,
was open.

The other report,
"Bolgekraftverk Toftestallen:
Prosjektkomiteens
Sluttrapport 31.12.1987”, had
only closed distribution. It
contained more detailed
information, in the Norwegian
language, only.

By end of 1988 Kveaerner’'s 500 kW
OWC prototype had delivered 29
MWh to the local utility
Nordhordland Kraftlag. /

It seems that the
installed power
capacity was
much too large!

By end of 1991 NORWAVE'’s 350
kW TapChan prototype had
delivered 691 MWh to the local
utility Nordhordland Kraftlag.

Energy deliveries as informed by Nordhordland Kraftlag in letter 1993
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In the early 1980s
Kveerner Brug AS
planned a multi-
resonant OWC WEC
standing on 25 m deep
sea bed.

Figure from

Stortingsmelding [White Paper] nr. 65
(1981-82): Om nye fornybare energikilder i
Norge [On new renewable energy sources
in Norway].

-

Fig. 7. Kuverners svingende vannseple er byg-
get i betong, Vannseylen inne { kon-
struksjonen sefies 1 bevegelse (pil) og
driver en luft-furbin bakerst il heyre.

Kveerner Brug’'s 500 kW
WEC of the OWC type in
a very steep cliff on
island Toftey, 40 km NW
from Bergen. The red
part, below the generator
housing, is the housing
for a self-rectifying air
turbine.

Constructed during 1985
and destroyed by a storm
during the last week of
1988.

Foto: J. Falnes 1985
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Array of Pelamis WEC units Array of point-absorber WEC units

i

.. Oslo, 1982.

Drawing copied 2016-09-13 from

The central part of each Pelamis cylinder contributes less to the needed wave
generation than the two end parts. But, unfortunately, it contributes fully to the
extreme structural and mooring forces.

Point absorbers may require more sophisticated technology to be developed.
Each PA unit may, through a flexibel hose, deliver primary-converted hydraulic
energy to a commen hub unit, which contains a hydraulic motor (or turbine)
and an electric generator.

Ten point-absorber WEC units, each 200 kW, shearing a common
platform hub with 2 MW hydraulic motor and electric generator.

100 m

Q g _—Baye . O O O

wit _Plattform

Proposal and drawing by Kjell Budal 1978 [cf. Preliminary design and model test of a wave-power converter: Budal's 1978 design Type E.

Technical report, Institutt for fysikk, NTH, Trondheim, 1993.]
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The Bristol cylinder

» This wave energy device was
proposed by David Evans at the
University of Bristol in England. In
response to an incident wave the
submerged horizontal cylinder
oscillates vertically and horizontally.
With a sinusoidal wave the combined
oscillation results simply in a circular
motion whereby all the incident wave
energy may be absorbed provided the
hydraulic power take-off is able to
provide for optimum amplitude and

optimum phase of the circular motion.

The hydraulic power take-off is built
into the anchors.

Principle:

wave direction

ﬁ

R v/ —
Hydraulic cylinder
pump \

anchors

; .Lf!.—.m

1=

W

)
7777777 777777 777 7

A phase-controlled submerged
pulsating-volume device with

hydraulic power take-off
(Budal patent. Application filed 1977)

Artist impression of a cluster of
AWS devices

(in 3EWEC-1998 paper by Rademakers,
van Schie, Schuitema, Vriesema and
Gardner )

”, Maritime Journal, 30
July 2008.
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AWS

“Archimedes
Wave Swing”

Pressure re-
ducesunder L
trough -

Pressure in-
creases under .
! Inside the AWS
- the motion is
converted to
electricity by a
linear generator

Illustration in the paper

”»

Maritime Journal, 30 July 2008.

http://www.maritimejournal.com/archive101/2007/september/renewables/archimedes_installation_at_emec_next_year

David Ross:." Power from
the Waves", (Oxford
University Press, 1995)
(ISBN 0-19-856511-9)

An easy-read book
written by the British
free-lance journalist
David Ross.
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David Ross, in his 1995 book "Power from the Waves” reports
(p.180) from a wave-energy meeting in Brussels 1991:

The discussion saw another round in the debate - - - about whether
“| it was best to go to sea sooner or later. Professor Salter insisted:

B

Stephen Salter

I don’t want to be the first wave power device at sea. I want to be
the last one. I want to make all the mistakes in private, with
instruments to tell me what mistakes I have made so that I don’t
do it again. [ want to do all the difficult things in the laboratory.
There was enthusiasm for air ships, but the R101 crashed.
Airships finally died when the Hindenburg died. If you had a
spectacular disaster with one wave energy device, you could drag
everything down, too.

Recommendations:

To make large-scale utilisation of ocean-wave energy a future reality,
| reccommend a 3-step development program as follows:

Establish international agreements concerning ownership of
the energy that ocean waves may transport, possibly
thousands of kilometres, across offshore national
territorial borders.

R&D&D programmes for various kinds of single wave-energy
conversion (WEC) units of power take-off (PTO) capacity in
the range of 100-300 kW.

When such WEC units, deployed in the sea, have
demonstrated an annual energy production equal to the
PTO’s power capacity multiplied by at least 2500 hours, they
may become candidates for a R&D&D programme on wave
power plants consisting of a huge number of mass-
produced cooperating WEC units.
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