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The inJine response of a vertica] flexhymounted cylnder in regujar and randan waves is reported Both heoretica] analyses and

experinen @] measuran ents have heen performed The heoretica] Pred ictions are hased on heMorjon equation which is so]ved by
the ncranenta]l hamonic halancemethod ExPerinents are then perfomed in awave flume to detem ne he accuracy of heMori

son equation n pred cting he n line rePonse of the cylinder m regu r and random waves The interactpn heweenwaves and vi

brating cyliders are investigated

Key wo rd:S i |ine response  cylinder waves HB method

1 Introduction

Many oost effective oOffshore structures have
been fahricated for oi] and gas exp Joratin and Pro
ductim  One example of such offshore stuctures is
the tension [ Platom  which is usually supported
by concrete Piles as the foundation or tension legs as
the anchormg device Another carmon type of Plat
foms s the spar plat{orp whith can he considered
as a floating vertjcal cylindqr stah ilized by mooring
lines connected 10 the seafloor Besides oj] Produc
tiop floating fish cages are often used hY the aqua
cuJture ndustry 10 rear fish due © the P id decline
of fish stocks in the open oceans

W ave forces are the mapr canponent of the ta
ta] forces experienced by offshore stuctures [Usually
the anplitude of the moton of the structure induced
bY the incidentwave s assuned 10 be sna|l The in
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cidentwave is first considered 10 he scattered hY a
fixed structure Then the Platom structure s con
sidered 0 be forced ntomotin by the mncident and
scattered waves The forced oscillation of the struc
ure jn wum genemrtes ougongwaves

A wide variety of previous jnvestigations have
stud ied the Joading of stationary cy]inders in unidirec.
Sarpkaya and [saacson
(1981) reviewed ear]y studies over a range of K euje

tona] oscillatory waves

gan — (Carpenter numper Tatuno and Beamman
(1990) nvestigated the vortex pattems that can arise
n different ranges ofKC and in cer@in cases their
relationsh P with the c¥]inder Joadin€ Qu and Zhu
(1986 1985) studied the diffractin proplem of wo
piers with unGQUaldianeter§ and fave fomulas for
caleulating wave forces on the hasis of MaaCany—

Fuchs lnear wave diffraction theory Miu and [.iu
(1991 ) used a tpe of Joca] disturhance source
which distributed on the sectiona] contour of the ¢yl
inders together with the well knovn source to estp

mate the three dinenspona] hydmodynam jc {forces on
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single cylinder of arpjtrary section

Vibmrton of elastically mounted cYylinders in
water waves has heen sinujated and dhserwed by a
lot of investigators The nvestigations nwlved three
tPes of elastica]ly mounted cylinders elastic Vibra
tion only n the trAnsverse ( CIOss wave) directiog
the in lne directiogl and bidirectiona] ijratior,l
which allovs sinu]taneous moton n the transverse
and i [ne directins For the tansverse Vﬂoratiog
the resonant respase has heen jnvesti€ated by An
grilli and Cossalter ( 1982 ) Kaye and Mau]l
(1993) and HaYashi and ChaPlin (1998), For the
i [ine vibraton W illiamson (1985) Predicted res
onant . [jne vipration of a cylinder by deducing an
equation ofmoton nvolving theMorison equaton {or
flow_ induced n line forces [.ieta] (1997) car
ried oaut hoth theoretical] analyses and experinenta]
measurements The theoretica] Predictions are hased
on theM orison equation wh ich 1S sojved by the ncre
menta] hamonjic hajance method ExXPerinents were
perfomed in awave {fime t0 dJetemine the accuracy
of the Morism equation mn predicting the mn Jine re
sponse of the cYlinder in regujar and randam waves
For randan waves it 18 found that the inline re
spse can he Predicted accurate]y by a superpPosi
tion of the response to wave canpoents of d ifferent
frequencies using the Morison eduation only when
the rtio of wave height t0 cYlinder diameter ;s
snal]] For the bidirectiona] VibIHtiO’n Sawaragi et
al (1977) teatd the maxinun response in the
transverse and . ]ine directions as a functon of rato
of the natura] frequency 10 the wave one

The mportance of wave— structure nteracton
tests 18 ncreasing hecause of the occurrence of high
energy waves tsunani and undewater explosion
Phenanena Murmta eta] (pgp4) Perfommed a series
of near fie]d undewater expPlosjon tests 10 nvestate
the response ofmode] @arget during undemwater shock
and bubble pulse Joading

Meclver eta] (9003), made a nunerjca] and ana

Vtica] mvestigation of the response of a fluid toa wa
dinensjonal moving structure jn a prescriped mode
J.ocalizng oscillatims can he found at a frequency
close 10 that of the trapped modg butwith amp litude
that decays slov [y with tine (On the pasis of the pa
tentja] theoy in cylindrica] coordmnates with Fourjer
specta] elanengs Chem eta] (p001) Prsentd a
numerjca] mode] of the three dinenspona] hydrody
namics of an nviscid [iduid with a free surface
Sarkar and Taylor (p001) analyzed the nonln
earmu|t; de€ree of freedan dynan ics heween non
linear waves and nonljnear moored vessels using a
wa scale perturbation method developed by Satkar
and Taylor(1998), Svan eta] (1997) Perfomed a
Physica] mode] studyY of waves around the Brent
Brave gravity hased structure They showed that the
three 1arg§ closely sPaced legs generated considera
ble wave— structure nteractioy Chen (1998) Pres
ented an analys;s of themoton ofa vertca] cylinder
using three dinensiona] equations of moton under
the sinutaneous action of three canpments Of
ground acceleration The dYnamic response of a ¢y]
inder s approxinated bY the disPlacements n the
fundamenta] modes of vipratin Bmoderick and
Leonard (1995) studied the behaviorofa highly de
fomaple menphrane t0 ocean waves hY coupPling a
non [near houndary elanent mode] of the fluid do
mamn with a nonjjnear finite elanent maje] of the
menhrane A aige scale test conducted by them
verified the numerijca] Pred iction of the structure dis
Placements and the changes in the wave field
ChapPlin et a] (1997) analyzed the resujts of
wo series of experinents concemed with the
sPmse of a single vertjcal <ylinder in the merta re
gme n steep non hreag ng waves TheY recorded
first the Joad ng on a cylinder when it was held sta
tionary and then its response 10 the sane waves
when itwas Pivoted just above the floor of the wave
flume and supported at the @ by sPrings n the hore
zonta] Plane Pedk loading on a statjonary cylinder
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was found 10 exceed the Prediction of aV orisonmod.
el At [ow frequency ratios there is clear]y same
feedback fran the motion © the excitation Peak ac
celerations in the steepestwaves are found 10 pe Jin
ited approxinate]y 10 those that would occur if the
maxmun oadng was app lied as a step change

The Prediction of the response of a flexiply
mounted circular cylinder n wavy flows is a difficult
Poblan due © the camPlexity of fluid— structure n
teraction mechan j$ns

The study of the response of a horjzonta] cy]in
der 10 hoth regular and randam waves has heen n
vestigated by [L1 and Zhan (1997), In this Paper
the study on vertica] cylinders are reported The
mounting of the vertjca] cylinders are specially de
siEned so that theyY canmajpn@ain their vertical Posy
tion while vibrating in the horizont@] d irection They
may he used as hreakwaters t0 attenuate noam jng
waves fran the dPen sea The theoretica] Predictions
are hpased on theMorijson equationwhich is solved by

the incrementa] hamonijc halance ( [HB) method
(Lau and Zhang 1993 Lau and Cheung 1981),

2 Theoretjca] consderatons

The equation used 10 descrpe the i lne re
sponse of an osci]lating vertica] circujar cylinder to
waves s the Morison equation which can he written
as fllows taking into account the effectof the wave.
nduced oty italmotion:s

X U PrcD
MX+CX+1§X=7J(M Z

i[qp—zD( U= J(u=9 4w dz (1)
whereM 18 the mass of cy]inder Plus the added mass
(=m+ Cap,-c Dlyg m 1S each Cylindermas’s p the
fluid densiry D the cylinderdiamete’r and C, 1S the
added mass Coefficient)’ d the water depth ¢ the
structura] damping of cylinder systam  k the effec
tive spring stiffiess €, the drg coefficient and (,

udzL

the merga coeffic ierg X s the ¥linder disPlace
ment u the horjzonta] velocity camponent of fluid
partic 1e§ and w s the vertical velocity canpoentof
fluid particles The overdot m Eq (1) rePresents
d ifferentiation with respect 10 tine t

The horizonta] and vertica] fluid vepceities u and w
at Jocation z (measured upwards fian the stil] water
leve]y undera sna]] anp Jitude wave of anplitude H/p

angular fIEQUency% wave nunher k are given hy

o kot

2w coshkd L
gk sinhk( d+ 2 _.
Y= costkd Rt @)

where g is the gravi@ationa] acce leration
Eduation (1) can be written in the {ollowing
fory

Mp?® X+ g x4+ k x| Qw&;}q{tanhkdsinr_

OCpDu_g 2 W
» d—2( ¥ [(b—w®? +Wdz=

3)

where d ifferentiation now s with respect tor instead
of t’m,e andr=q t
For smplicity E4 (3)

canpact fom

1S rewrjtten n the

FCx ¥¥o=a 4)
Edquation (4 ) is solved by the HB ( incranent]
hammic palancey method I.et )é be an approxi
mate sojutjon and >0<_|_A )O< be amore accurate sojuw
ton ©Ed (4),
pansiog we have

Thep using the Taylor series ex.

oy - o \. o . oF
F(c}%a )é )éf)‘kg—ona}%‘FggA%‘F&A%:O
S)
with
iF:MUZ
%, ’

iF: G,de(?JCdp_Qj:w J(uiwf’x)z+W+

o (U—uX)? w dz
J(u—@x2 W
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Representing )(() bY a Fourjer series

X %+Z1 (& cosnp+ fsinne), (68
then we have

‘X
0

(— na s 4 np cosix) (b
N

T

T

°X
0

(—1acosiy — 1 | sine) (60

f

and

N
AX —=Aa 4> (Mg cosx AL sing) (6d)

n—q

After substiuting Eds (ga) © (gd) ©E4 (5),
we have

N
QFA ap Ecowgnsin%@ @ cosp A al-
8)0( 0 = a)()( 6)0( 6 X() n

127
APPYIng the Galerkin method i ¢, multipying
E4 (7) n umbpyy] cog co9g ..., sy and

integratngw ith respect ©¢ heween the |inits ofg
and 27 aset OfpN-1 equations {or the unknown
coefficientsA a Ad Aa .. A h can be foung

Hence a better sojution )(()_|_A X sophtained fran
the nitia] approxinate soution )(() The Procedure s
repeated a numperof tines untj] a sofution of desired

accuracy is chaned

3 ExPerimenta] nvestigations

3.1 ExPermmenta] setup

The exPermenta] runs are conducted in the
wave flume equipped with the DHI active ahsom tjon
wave generating systen n The Hong Kong Polytech

N . . . . N .

. . nic Unversity € PhYysica ensomns o € fune
Z[a}ljslmhLe?FnCO%_ aFﬁslnnc]Ah ic University The Physical d mensims of the ]
1 oX % X areps m jong | 5 m wide and | 5 m deep The

—— FCX X X 1) 7 experinent set up s shovn schanatjcally in Fig€g a
c 0 0 .
wave paddle
—
a
) wave ——» 2 2
I ( (svu, —_— -f_
- S -
ma— d beach
S— cylinder
- k.
.8 77777
energy dissipator
b
wave number wave probe
wave controller wave maker
D/A
accelerometer signal
displacement conditioner filter PC power pack
sensor i
A/D
wave probe wave gauge filter pPC

F8 1. Dewi]s of the exPerinenta] set up

a Vertica] cylinder in wave fluime and ) measuranent

ofoscillations
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In studying vibration of the vertica] cylinders
both the disPlacaments of the y]inders and their ac
celerations are measure The schenatic djagram of
the data acquisition system is shown in Fig€ 1 b

Ten capacijtance wave gages are used durng ex.
perinenta] runs 10 record the free surface oscillations
around vertica] cylinders The PrinciP le of the wave
gauges s that the capaci@ance changeswith the wet
ted leng8th of the measurng wire during the passage

ofwave tramns

3.2 Measurmment of structura] damp ng of cylinder
systan  effective spring stiffness drag coeffi

cient and mntertja coefficient

The cYlinders used in the study of the n |ine
response aremade fran ap lastic tuhe w ith an autside
dianeter ofp15 mm and a length of | x () mm
( fran No 1 c¥linder oNo3 c¥lindery andygp mm
(NO 4 c¥lindery, Each c¥linder is pPositined verti
cal]y with its pottan at a distance gy mm helov
the water surfac’e bY wo stee] Plates having a cross
section 0f3p mmx 9 mm at its pottan The acceler
ameter 8 Jocated on the top of each cYlinder The
mass of each cylinder is ahout]5 k€ The details are
shown in Figsy and3y For these exper’ment§ NO 1
cylinder ©© NO 3 c¥linder were nstalled as moving
case and No4 c¥linder as fixed one The firstcy[in
der was ahouty § m fram the Piston type wave pad
dle The basic paraneters are shown in Tahleq,

215 —

= accelerometer
I‘ @

600 f——]

Sketch ofmoving cylinder

Fg 2

215—+f

NNNNNNRANY

No.4
N T i
N AN\
200 — V i
%
j Sy
5
S 7 7\7— i:;l{i)l:v force
Fg 3 Sketch of fixed cYlinder and te wave force
measurament ( NO 4 cYlinder,
Table| Detiled Parameters of each cylinder
No | No 2 No 3 Noy4
[ymm 999 994 997 700
Hymm 128 128 132 50
m, kg 14 9 14 7 151 N/A
Freduency in ajr/H z 216 2 16 2 16 N/A
Frequency in wateH z .50 162 166 N/A

The structura] dampPmng and sPring stiffness are
first detem ned by allow ng the cylinder o oscillate
freely n air The tine history of the free osci]lation
0ofNo 2 c¥linder is shown nFi€ 4 Fmam this tine
hisory it is found that e sPring stiffness equals
2. 748 KNym and the structura] danping€y74 N s/m
The dm=g coefficint is then detem ned by aJlow ng
the cylinder © oscillate freely in stil]l water The
tine histoy of one such osci]lation is shown in Fig
5. It is found that the natura] frequency of the cylin
der i8], g2 Hzand the c¥]lindermassp Jus the added
mass equalsog 36 k8 The drag coefficient then is

ohtamned fran the following expressia:q

{34

Cd - T
8eDLA (& — 1)
where% is the mitia] disPlacanent of cylinder ( i e,
att=0) A is the di heement of cylpder at t—
T,,2, M which T; s the Period of osciflatpn in st]]
water The derivation ofEq (g) is&ivenbyYLieta]
(1997)

=226 ®)
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Fig 4 A record of free vhration ofNo o c¥linder

n ajr

0.5 -

0.0 j
-0.5 1

-1.0

Acceleration/m-s™

-2.0 T T T T i 1
5 10 15 20 25 30 35
tls

Fig 5. A record of free vibraton ofNo 3 cYlinder

n water

The inertia coefficient was then detemined bY
on the fked cYlinder
(NO 4) due toregularwaves Strajn gauges are used ©
measure the strajn i the load ce]] ekment mduced by

the wave force The sensrs are a pajr of stanless stee|

measurng he n |ne forc,e F

Plates which have a |lnear stress strajn charcterstics
in thejr elastic range The stainless see]Plaes for the
n_]ine force sensors are shorter and thicker than those
for disPlacanent sen 015 10 Provde the necessary stiff
ness For this experinent honded strain gauges with
waterProofing property are used The stran gauges are
glued drectly © he undewater sensors Four gauges
are used for each cylinder The gauges hecame the

electrica] ams of aW heastone hrid€e The stamn of

the load ce]] is proportiona] © the wave force [Jpon
proper calibraticxg the load ce]]l hen gjves an jnstanta
neousm easure of themagnijtude of the prce generated
by the wave (ne of the c¥]inders used inmeasurng
wave force s shovn n Fi€ 3 and a record of the
measurement js shown n Fi€ g The {o]pwing expres
sion pased on the Fourier averaging technopgy over

one cycle jsused for the calculation of the jnertja coef

ficien:t
—?E jFxSi% dt
G = =25 (9
= D L 8Hk coshk( d4 2
p 4 A rocll A
—NO0.5
10
8
6 4
4 R
2,
é
T 0
£ 5
-4 |
-6
-8 4
_IO T T T { : @ 1
0 10 20 30 40 50 60

t/s

A record of hemeasured force

n regular waves

Fig 6

3.3 Respose of cY]inders in regujar and mandan

waves

Both the canputed and experinenta] results {or
the anp litudes A (= Jm) of the response of a
smEl cylinder at excitaton frequency jn regular waves
ata wave heightofy, o1 m are shown n Fig€ 7

The vibratpn of c¢ylnders and movement of fluid
aound cYy]inders have a]so heen nvestig€ated in randan
waves using the ONSVAP sPectrum

In each run both accelerations and wave heght
datawere recorded at a sampPling frequency ofp( Hz
fora tota] of3 g daw Ponts per channe] In order o
nvestigate the nteraction heween wave and fexp ke
cylinders  he Peak Period of JONSV AP sPectra was



130 LIYOk sheung eta] Acw (ceanopgica Shicappgz Vol 26 NO ¢ P 124 ~138

theoretical
—8— experimental

0.6 4

0.5 4

0.4 4 \

Acceleration/m-s
f=] [ =
to "

0.0 1

0.5 1.0 1.5 2.0

Frequency/Hz

Fig 7 Canmparjon heween theory and experinent

setatpy () Hz and the
value ofy was3 3 The analysis of the coleced dawn
was carried out using a standard FFT Package In or
der t0 reduce the statistica] enor p spectra] canputa

te vaJue of H,,, wasqq mm

tions each record containings gop daw Pointswas di
vided into eght parg each part conaining | (24
points Neighboring parts have an overlap of75% of
their datn ponts (768 Pomts) In this Process cergn
data pointswere discarded fram ejther end of each re
cord Averagng n the frequency daman was done hy

merging eigh t consecu tive spectra] density estinates
3.3 1 Threviratng cylinders

The locations of the three cYlnders and the ten

wave gauges are shown n Fg g FRBureg shows the

No.l cylinder 0.008
0.020

-Hz

*-Hz

0.016 0.006

0.012 0.004

sctral /m-s

0.008
0.002

spe

0.004
0.000 1

Power spectral /m-s

= 0.000 1

power spectra {or the response of the hree c¥linders

The energy transfer heween waves and cYlinders are
shown in F& 10 wWhere the spatja] varjations of wave
heght anplitude sPectra at different Jocations are Plot
ted It § mportant © note hat there are wo peaks in
the spectra of No 1 cYlinder The first Peak of | 46
Hz is close 10 the natura] frequency ofNo | cYlnder

The second peak of | g Hz is near fe natura] fre
quencges 0f NO 2 c¥linder and NO 3 cVlinder [t can
be seen hat themain peaks of No 2 c¥linder and No

3 oylinder are| g Hz There is an ohvious peak at
1.4 Hz prGagesys 16 17 and (g and aty ¢ Hz for
Gages15 16 ardy7 The wave heBht becane snal
ler at Gages 11, 12 and 13, The c¥linders ahsorh
same of te wave ene8Y and vihrate at a range of fre
quencgs but still Predan inant]y near the natura] fre
quences PBecause of the enegY transfer ©©0 the cy|in
der§ the wave heights behind cylnders are reduce(

820 645 unit: mm paddle
}r.__..—.!
420 [@
“““ |2—'“@“'@15
e S14--016--(1)--0--©----- o-4
: [ [ 20
150 G —
480
| | ]
480 650 790 7 850 2270 1900
1000
FE g Sketch of three cy]inders

0.008 No.3 eylinder
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000 1
-0.001

No.2 cylinder

‘.Hz

Power spectral /m-s

10 12 14 1.6 1.8 20 22 24
f IHz

Fg o,

10 1.2 14 16 1.8 20 22 24

f /Hz /‘,”“/

Response of cylinders in randan waves ( {=2 H2,
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Fg 19  Specta] evolutions

W hen waves trave] © the cylinders a fpw of
enerBy hegmns at e natura] frequencies of the ¢yl
ders Fnally equilibrim i reached with the result

that both the vbrathg€ cylnder spectra and wave
he Bht sPectra have peak vajues jn e resonance fre

quenc £s
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o

wgl3 wgl6 wg20

Qﬂv— wave

[}

©

Sketch of Jocatpns ofwave gauges

wg20

4 ‘ U— wave

Fig 11. a keth of
vibrathg cylinder case and b Sketch of fiked cylinder

case

wgl6 wgl8

3.3 2 Wave height analysis for fixed and vibra ting
cylinders

In order © distngush the mdivdual effects of

wave vhratng cylnder intetaction7s twas essental 1o

LIYOk sheung eta] A ct (Qceanopgica Sinicapngy Vol 26 NO ¢ P 124 ~138

perfom tests forhoth the vibratng cylinder (Noo ¢Vl
nderny and the fxed one (No 4 ovlinder TFor this
pPumpose wo diffrentwave frequencies were se]ected
1 andpHz Themethod of analysis of the collected daw
was the same as discussed ahove

Figures1p and 3 show the wave spectra amound
the vbrating cylnder and fixed <ylnder respectively
For the peak frequency with) Hz there s an opvious
peak aty 4 Hz atGage 13 behid the vibrating cylin
der but hs Phenamenon has not heen ohpserved for
the fixed cylinder It mPplies that for he Peak frequen
¢y wihp Hz here exists a transfer of enery fran high
frequencies pecause of the vpration of the c¥lnder
But pr the peak freBuency with | Hz o]y relatively
snaller anpliude vaJues are pund

3 33 Vibration analysis of single c¢y]inder

It 8 known thatwhen the ratio of e wave he 8ht
10 the cYlinder d@aneter is snal] the non|mnear efgcts

—wgl3 — wgl6 — wg2
0.028 0.06 0.06 w2l
0.024
.0 0.05
E0.020 e 00 g
T 0016 3 0.04 3 004
Z oon Z 003 Z 003
£ 0008 F 0 E 00
< 0.004 < 001 “ o0l
_8:% 0.00 0.00
0.6 10 14 18 22 0.6 1.0 14 18 22 0.6 1.0 14 18 22
Frequency/Hz Frequency/Hz Frequency/Hz
a
— wglb —wgl8 — wg20
0.028 0.07 0.07
0.024 0.06 0.06
E 0020 E 005 E 005
3 Qo 2 on 2 om
= 0012 = 003 Z 003
£ 0.008 £ 0.02 E 002
< 0.004 < 0.01 < .
0.000 ’ 0.01
0,004 5 0.00
06 10 14 18 22 0.6 1.9 14 1.8 22 06 10 14 18 22
Frequency/Hz F requenlcy/HZ Frequency/Hz
)
Fig 12 Camparjsons of wave spectra around vihrating and fixed cylinders( f=2 H?2, a W ave spectra around vibrating

cylinder and b wave spectra around fixed cylinder
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Fig 13 Canparjsons of wave spectra around vhrating and fixed cylinders ( {—=1 Hz, a Wave Pectra around

vbrating cyYlinder and }, wave spectra around fixed cylinder

are weak and the response of the cylinder t0 randam
wave exciation can sinply be chtained by supemposing
the contriputions fm ndvidua] wave canponents  as
described below

Fist the surpce e]evationr; 1S expressed as

H;
" :Z _2 O kxfwipr‘i’i).

=1

(10)

The amp]litudes of he firsthamonic Ai of the dYnam ic

response correspond ing to each wave canponent can €

ther e cafulated by ©ving E4 (7)) using the THB

method or ohtiined from the frequency response curve

The spectrum of the d¥namic respose of the cylnder is

then given by

4

A f

whereA f is the chosen frequency_hand sjze
It can he seen fram Fi8s14 15 and1e thatte

cajculated spectra hased on superposition of md ivid-

G(h= a1

ua] wave canponents agrees well with the measured

spectta  excePpt when the peak frequencyY equals
1 Hz
0.200 1 e @XPETIMENT
— theary
- 0015 4
Td:
£ 0010
£
g
+ 0.005
3
0.000
1.0 1:5 20 25
f/Hz
Fig 14, Theoretica] and experinenfa] vihra tjon

Pectra at he Peak frequency wihhy Hz
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3 3 4 Vibration analysis of wo cy]inders position

cases

Further experinents were performed to exp [ore
the Possihility of using supemPosition of the responses
10 d ifferentwave camponents 10 Predict the responses
of wo cy|inders as shovn mn Fig 17 in randam
waves Fran Fi€ g ©OFi€ 23 it 1S seen that the
cajculated andmeasured spectramatch wel] orNo |
oylinder butdonot fitwe]] forNo o c¥linder It is
because the wave heightused to Predict the response
of NO 2 ¥linder is measured bY wave Zauge 17
where the direction of wave Propagation does not a
1Bn with the vibratin trajectory of No o cylinder
because of the presence of NO 1 c¥]inder So the
cajculated Peak 1 higher than the correspond ing

measured pPeak
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Fig€ 17 Sketch of locations ofwave gauges
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Fig 18~ Wave gectra of Gages|g and |7 ( f=1. 56 H2,
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3.3 5 Waveattenuation analysis

The wave attenuation perfomance of a vertcal
flexible cY]linder was canpared with that of a fixed
T—=
0.5 1, 2 s) wereused The wave heights in front
of and behind the cylinder were measured F igure

12 shows the resu]ts of these wo cases The Parane

one Regularwaves of diffrent perpds ( i e,

terswas used © assess he attenuatpn characteristic
of the cylindqr where—s is the mean square vajue of
the wave height defined by
=1 'Tnz (b dt
T .
1S defined as

AC—[ 1;?13 X 100%.

The attenuaton coeffic ient Ac

where supscripts fr and remean frontand rear

Table The attenuaton coefficient of viprating cylinder
T,/ s m,/mne e s m mnee s ALY )
05 0 106 0053 50

1 Q0 226 Q 149 34

2 0 102 0110 —38
Table3  The attenuaton coefficient of fixed cYlinder

T,/s m /mne - s m, mne e s AQY )
05 0 096 0 066 31
1 0 186 0 1626 13
2 0 146 0 1998 —37
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It was dhserved that the vibrating cylinder was
superor 0 the fixed one n redJucing the wave
height The coefficient of wave attenuation due 10
regular waves {or a viprating cylinder ranges fram
—8Y; 15014 and for the fixed one fran —37% ©
31%_ [twas found that the waves of hi&h frequen.
cies can hemore readily attenuated than Jow frequen-
cy ones This aspect s now under further mnvestga

tion and wil] be reported in a future paper
4 Concluspns

The Present study confims that the Morson e
quation for predicting the i line response of a flexy
b lYymounted vertca] cY]linder in re8u Jarwaves do not
agree wellwith the experinenta] results when the ra
ti0 of wave length 10 cylinder d ianeter s Jarger than
0. 35 The theoretica] Predictions of the cy]inder re.
sponse chtained by soving€ the Morison equation uw
sing the ncreamenta] hamon ¢ halance method agree
wellwith experinenta] measuranent provided the a
bove |initng rto is not exceeded The vibration of
cylinders and moveament of fluid around cylinders
have also peen nvestiated in randan waves using
the DNSWAP sbectum  The cYlinders absoth the
ener®y near thejr natum] frequency hands This caw
ses a transfer ofenergy beginn ng at the neghhoring
frequencies of the natura] frequencies of the cyli
ders The mn |ine response n randan waves can pe
predicted using the experinenta] frequency. response
curve hYy a superposition of the responses 10 different
wave canponents only when the ratjo of wave heght
10 ¥]linder diameter is sna]] This study wil] be use
ful © the design of energy disspatng tyPe vertical
chindegs such as flexhle breagwaters for wave at

tenuaton
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