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A ser1 es of experiments have been carried out td verify Hnear

- T

wave qeneratgr" theory AS well as to study wave forces on a vertical '_' ,

PN T P v,

circular cyhnder. The experfmenfa‘i data shows that Hnear wave generatof' _;

theory ~can; accurate1y prediqt the relahonship between water depth

.

it r‘ . g 3

stroke of the Wave qenerator. wave heiqhti and wave period Experimental

5 . . .

forces and overturninq moments on the cyHnder show reasonably good £ gk
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- _:agreement ‘with Hnear wave theory and Mog-ison s equation. kg
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A ¢ This gpes1s COﬂS]StS of two parts, one dea]s with the ca11brat10n

of a 200 ft x 15 ft x 10 ft (61 m x 4 57m x 3 m) wave tank the other v

f

deals w1th wave forces on a vertical circu]ar cyllnder due to sinuso1da1;ﬁ;"*'

‘f'f*f*‘T*f~fy Experzments des1gned to ver1fy the theoret1ca1 predict1on of wave

.“.4. ‘." \

heights 1n terms of the Stroke of the wave-generator, water depth. and
¥

wave per1od were performed at Laboratoire Neyrp1c (1952) Waves were

generated by a padd]e-type wave generator and the measured wave hetght

@

t';‘f‘i‘if}Q:fQ at some distance from the wave generator was COnsistently about 30% be]ow

]27

X B theoretical predictions. Urse11 et a ver1f1ed the 11near wave generator

\ :ﬂ?,; a';§:~.fi theory by using a p1ston-type wave generator for a ser1es of tests., Nhen

the wave'steepness 'was within-the range of 0 002 < H/L < 0 03, the measured fifff»*A

wave he1ghts were 3 4% below the theoretica] pred1ctions.‘ The measured ¢

" " —.,

¢ .. Lo T .-ln L

_ _ wave herghts were 101 below the theoret1cal prediction when the range of - !
I\Eif?“: f-;? wave steepness was 0 045 < H/L < 0 043‘ Therefore, the Expériments ‘f;Tff'J:i ENER I
R ver1f1ed the va11d1ty of the small amp11tude wave theory et

S Madsen, Tenney, Keat1ng and Mebber]3 aiso stud1ed waves using a "fift3-55< 3
. '21P1ston type wave generator Madsen s resuTtS gave measured wave he1ghts '
?ﬂ:eiifi;l¢::fa:that were 15% be1ow the theory Tenney s exper1ments 1" wﬁHCh two :
SR "Jfﬁ ho]es were dr111ed through the waveboard, ‘"d1catEd a difference Of 3%
"tétf: between the two cases (holes open ﬁgd”f1°59d) Keat1ng and webber

fl;~f%Tf? measured wave he1ghts 1n the range of. O 005 < H/L < 0 08 wh1ch were 6%

o

‘4“5,i ) be]ow theoret1ca1 predlctlons lf leakage around the wave generator cou]d

f

be ellminated They concluded that llnear wave generator theory was

t”hl-more appl1cab1e to shal]ow water waves than deep water waves.

.......




. - . 9, .
A N e et Ca Ko e O R i i L it e DR L e e O SO AU LSO

[ ¢ 4 B e PR R ‘. o N : "

The present exper1ments show good agreement, 1n the range of 0 0012 < ;lgiiy'ff

S o ' O ) M -‘_'s.‘, "“ :‘...
i§,ﬁ B it‘_ H/L < 0 0876, w1th 11near wave generator theory for a p1$ton-type ane He

5 generator. gefj';Af#‘,;"pf-ﬂ"j;-.:“kiai ,'f';.f B .?'?"‘%,; i ~4:2"“ ,
LE L e A LT e S . L I

Horizonta1 wave forces on a vert1ca1 c1rcu1ar cy11nder wh1ch extends jff

from the ocean bottom and plerces through_tng_water surface are made up of

two components. One 15 the longltudwnal force 1n the direction of wave f';;?;feiﬂ

propagat1on, the other 1s the transverse force norma1 to the direction of

o wave propagatlon.-7-“7

(D/L < 0 1) the 10ngitudinal force fs norma11y ca]culated by u51ng Mor1son s

equat10n which consists of a drag force and an inertla force._ The transverse }ﬂ;;gf, x

i'iﬂf::{};jt&f;' force due to vortex shedd1ng from the cy11nder, Under certaln elrcumstances,
RS 1, 29

is not»neg1191ble H1egel et a studfed wave forces on p11es and showed

R

.“f:i{ff” : that 1arge lateral osc111ations cou]d occura

r'-' 3 . e Ty . A . - .
:

.. L]
*}Ue ]2 stud1ed wave forces due to un1form perfodic waves on the basls of

:::EV}-ﬁi';5if' 11near wave theory 1n the ranges of d/L > O 175 H/L < 0 02 and D/L < 0 12

'?3”}3 He found out that 1nert1a forces were predom1nant and that the coeff1c1ent : :
' f-}jji:ﬁi' CM had an overa]] average of 2 04 »-Mor1son et' 1 2 presented data uslng '
R "small amp11tude Wave. theory for . 102 < d/L <0, 529, o oog < H/L < 0.1135 o

nd 0 009 <'ﬁ/L <. 0 0419 He found Out that‘Cﬂ' 1 508 t 0 197 and that

B 1 525 + o 414 (for’z 2 x 1o3 Re s 1 1.x: 1o )

f'; and force.g In Jen s exper1ment, the drag forces on the circu1ar p11e were T

A‘u
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L ”;gij*so small that he assumed CD to- he zero and measured CM' wlege] et al.29,_ o ;: .
. -l oo e v"“ Lo A.l~ o

3 W -

I PR 4’;:"~calculated C when the acceleratlon Was zero and CM when the veloc1ty g
7 Wiegel et al 9 showed thi&‘there was no relat1onship between CM i '“‘:aiiﬁ‘fjf

‘:'7::”;and Re. Morison et ag preseﬁied result§ showfnq that cM and CD were ?’”' o
: o R

‘fulff{not dependent upon Re (for 2 2x103 1 11x104) wlegelz8 thouqht

5; B '“that the Keulegan-Carpenter number 1n terms of c and C was more R
f} - fslgnif1cant than Re. Keuleqan and Carpenter7 stated that C and C were U'ff’

‘ifunctlons not of Re but of the Keuleqan-Carpenter number. Mqre recently

;i H;F;L'jﬁgﬁffFrfalt has been reported that both CD and CM are dependent on Re and Adﬁﬁiéhﬂ;i(%‘iQRu s

;“fgﬁﬁﬁﬂikww%WmW%“PMW"27

§i aff {Ag;ff“f;if' ‘ Bidde1 showed that the transVerse forCe was not dependent on Re but

> RS ":.}rather Was a functlon of the Keulegan-Carpenter number. However, lsaacson JE:if?f ’ iﬁf
%: ;l?ff”:;futi}fifia"d Maulllo stated that the transverse forces were functions of Re and L fiﬁf%
;f f;i: ; t:ﬁ?Ei;_Keulegan-Carpenter number.-and transverse forces occur when the Keuleqan-'-~i?i: Ny -vf;s
é‘ - ’ f}ficarpenter number had a value of 5.0n the surface of the flow.,‘“fed L 0 ? RE
" ) A Jen12 Mogrldge and Jamlesonzo, and Bldde all repprt resultsl i .‘. _;;”:
5 wll;Qfﬁf}ff‘ffof experfmental 1nvestigations 1nto ave fprces on cylinders, They used | ::jﬁtfﬁé:i .

5(;;Rtfii?\;i1}a vertical circular cylinder 1n whlch the lower endggf the cylinder was s -;.?ﬂ;?ilw:-f7
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. 2. WAVE TANK CALTBRATION -

L ,~Vi\z;lywave‘éenerating'system}', ";.}5f§fg.;l ,“"f‘; lj:lla
' The wave tank is a reinforced concrete structure which is 200 ft

long, 15 ft wide and 10 ft deep. and has qlass panels on one side near

Ziffg5ﬁf,f1‘ the test section. as shown in Figure 1 It is provided with a MTS olosed-v<:~ﬂ'7"

loop. servo~hyd§aulic wave generator (see Fiqure 2) which is capable of

generating sinusoidal or proqrammed waves Waves are produced hy the

1fﬁ‘translatory motion of a waveboard which is driven by the hydraulic

et ilii actuator. as shown in Figure 3 The servo-valve regulates actuator stroke
'1l;rf'ix. in response to the control signal deVeloped in the servo controller. The
';3,3 Ti»:o;"=:}P£g servo controller develops the error signal by comparing its command and

o o feedback The aneboard position is automatically maintained at the '
.:giiA.;;fé i“fltff command level A block diaqram of a position control servo loop is shown

oo
. IS ®

PO “" ', . - o ' T
' 0- o

i§3-¥lé.;Jﬁ ﬂ;" in Figure 4 D
BRI ) A beach of slope 1 6 2 (around 9°), as shown in Figure 5 is constructed
of 5 modules each consisting of orthogonal wooden grids mounted on top of

plywood Each quule may be varied in elevation and s'ope. Figure 6 sﬂows SR
s . .‘l'- . ) - ‘:'ﬁ ' . ’ +

¥ inq of a pair of

the layout of the wave tank o
:lgbeh.;i‘ Eath wave probe is of the resistance type consi,l

L

parallel stainless steel wires. 0 05q in. in diameter. 19 69 in.' lenqth

and spaced 0. 49 1n. apart. The wave probes are calibrated in still water

ﬂg;flﬂli.;, . by raising and lowerinq them by knoWn increments The output of each probe

' :- was recorded on magnetic tape and on a strip chart rec rder/ g“ailiiffﬂ;il"'j‘f'”;

2 ? Have Generator Performance f;jf~_*;p\;gif ?'v}*;“lwi;;3 ;f:j'ﬁwff%‘ﬁscff?jgjgﬂ-tf}

T Lol Lo
N i

4

“fftf The closed loop servo—hydraulic wave generator is desiqned to generate

o N ey« - ;. . & . v .
T Tt S R S P Y
13
.

S

“Jf}?j55%”f.'- wave forms within the ane height to wavelength performance envelope. at

,’{;};fft; different water depth. on—the basis of’Biesel s equation :J‘lfff}'},if;;ﬁgr~f“ini g},

'~1-""--4':',‘- SRR




b . ’ . ’ .,\ ) ..: e.;_“" ~ .‘:,
= t:—;;f ‘?,1 for d pfston-type wave generator. Bfeéej{s”eduatfoni(Jfnearwwaweigenerator'if“f S
e e@ﬁﬁ?‘theory) is’ defIDEd aS‘ﬂf;‘f}&ﬁ "'? ﬁﬁ{ fi”‘;“vjh‘-” L 3
. e 4 s1hh2 (Z“d) g
(an)cosh(an) 4 erd
i' to wave 1ength performance enve]ope was then estab11shed by varying the ’ _'~j .
"3 stroke of the wave geperator from 0 5 1n to 10 1n, at frequenc1es of : ?;'"n;".}f:
0 2 Hz to 1 Hz w1th % 5 ft and 3 ft water depths as shown 1n Fignres 7 and 9 Y
.- r .1~.-" S " .,‘-;,. B
The computer program based on the B1ese1 s equation for"the ana]ysis of y 3?}f'
the p1ston-type wave generator 1s 11sted 1n Append1x A e i f§7
- 23 ae'f.lec't"ib“ coema'aﬁ@ on" the Beac'h”},i" :
,; Hhen a pr1mary 1nc1dent wave travels toward the beach, 1t w111 be

part1ally reflected and partially absorbed by the heach ;n2¥ﬁfifl

SucceSsive ref]ections occur unt11 steady state 1s estab11shed..:j‘ff

g : U partial standing wave system 15 thus EStablished a1ong the” Iength of the T
i.j”(Lgr';“f_.' wave tank Therefore, the wave he1ghts are not the same at a]l po1nts?'“”“f

but vary as a functTon of the d1stance from the wave generator27

H = Za[] + e cos(ka . 6) + er cos 5]
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. P If the maximum and m1nimum values of the sinusoida] var1at1on 1n wave

max

Y
_ "fxght are denoted by B and H W respectxver, then the reflect1on U
' 1" ’ CDEff1Cient may be expreSsed aso R “ . o o

e T e e T 3‘5575 Hmax Hmin*<.1v B T A SRR o )
el L T e ."tj_ﬂ.ff ,H ¥ Hmm R ;57_‘glﬂ_f,;'; rf{?*"

.;--

SeVen wave probes spaced 2 ft apart, the f1rst be1ng 1003t€d 43 ft from

the mean pos1t1on of the'. wave generator 1n the Wave tank were used to

. ‘}1'3;}‘f“5f;};f measure ref1ectron coeff1c1ents (see F1q 13) = },;f,;j "”{'i.
N s R T 2
B B T I C T T LSS R AT
P : .rglzigfwavesAttenUatdon;Coeffitient-' ERREEACRE o
; zﬁ’(,;f“~=lv.:.”a. L e T T e O PR ‘
; ‘ fyill Nhen wave heights are measured 1n a- f1n1te width wave tank, the

v1scosrty of the boundary layer on the s1de wa]]s and bottom of the tank

"}'—;3~‘12f-ﬁ .f; causes a sl1ght attenuatIQn of the wave he1ght due to enerqy d1ss1pat1on
f‘ﬁ‘}47ﬁj,f.'f 1n the wave propagat1on.- A theoret1ca] estimat1on of the attenuat1on EONR
( coeff1c1ent K 1s defﬁned as Q,-;= f;;-}:ggg hi{f;j'uuf;,; 2

e ﬁuﬁiﬁ:‘~E,2:¢f ' ;\.*‘j:. k5 . de + s1nh de

ton :'j(j‘.ﬁ

S Q«Jfﬂ"" ' where b is the w1dth of the wave tank V- 1s the klnemat1c v1scosity,
STl k AE the ane number and a is 2$, RO }T_s;f;iifﬁ;jht.if? B

:3%.5j*§f'“;3f31<‘;‘ Suppose that two wave probes are located 61 B ft apar_fnear the m1dd]e

¥ LT “t?fff; of the wave tank to avo1d the wave qenerator and beach effects and the 1n-

’ '}f,'.'”- d1v1dua] wave he1ghts H] and H2 are measured Then the attenuat1on coeffi—

”;c1ent can be determ1ned by

fr, A e ,;_.:,;j. CUHE ”19 (Xz x]) PRI

2

where X2 - X] = 6] 8 ft

& . . .
o E L I( : . . t N
Tl e T : PRI I
e . N i
. v .
EN o v T S .
- .h - ' - "\
- .' “ N v A
H :
“ -
4 4
) . \




L S L LA . .__., \ B PN > o ' ,

"~5;4ff_” 0bv1ously; thé decrease fn the Wave helqht 1s 50 small that 1t can j&rf’
i f’j-fbe neglected from a practical potnt of vlew.oThe theoretical and measured I

"1fﬁvwave attenuatton coeff1c1ept are shown in Table ? e - N

"”‘»fé;S“Dlscussion of‘Results ‘:“1-'

o fx,_ A sertes of tests were: performed 1n order to verlfy llnear wave
- ff:generator theory. Thls theory predlcts the relationshlp between the wave

‘_h919ht. Wave period, water depth and the stroke ‘of the wave qenerato; for ‘.if_ f{jis‘l

‘Vf;mpmmmewwemmmmnis‘;' ' - ; ;;;;;; e

o | : _Measured values of H and L H/e and ?nd/L for 4.5 ft and 3 ft water
o depthsloverg the range oF 0. 074 ¢ d/L < 0. 5977, o 0012 < H/L < 0,076 anid

0,058"< 4/’ 0:548, 0, 0012 < H/L 3 o‘1 respectively"are compared With'
"those obtained from equatjon (1) 1n Flgures 7-12 and Tables 1 and 2 The

T ~ia5_¢.ff I:wavelength might b\\eonsldered as a- constant throuqhout the entlre ranoe E
SR of - strokes of the wave generator at the same wave perlod as 1t has a .f?o". :
:7::max1mum standard devddnfon of L, 38 and 0 58 for 4 5 ft and 3 ft water depthS ‘if”;:-é‘”

'fprespectlvely. Tﬁ? wave generator can generate a maxtmum wav helqht of

Avmde o et

.'lffil 343 ft having a corresponding wavelength of 13 35 ft. The maxlm wave

: ;1steepness 1s 1/10 The wave he1ght to wavelength performan e env‘ opes ﬂ

: ”:3for the 3. ft water depth. as shown 1n Fiqures q,and 10 ha‘e a hetter

Dawad eWTas Yo Te WL 4

' Iagreement w1th linear wave: generator theary than the wave hefght to wave- :‘ ' 1}}T{ P

' f{;;’p'f?ﬁ.length performance enVelopes for the 4 5 ft water depth 5 shown 1n Figures 3f;

The exper1mental results 1n the range of t‘e small amplﬂtude waves
0 0012 < H/L < 0 03 (Flgures 11 and 12) show better aqreement wlth theory
N than 1n the range of the flAlte amplftude waves 0 03 < H/L P n 0876 and _ o
LT \D 03 < H/L <0. 1 for.both 4. 5 ft'and 3 ft. water depths respectlvely.4 .1_1“““v'1"'
| ’A'*”:~‘5‘77i'4 f‘ff%-s:*:{'v }%"f-~iiif;31ff?'?" :
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However, all the experimﬁgﬁal results for a: 3 ft water deptp are cioser to:,"l f(‘f \
the theory than those results obtained for the 4 5 ft water depth A TR UL

?; - '1fp.jﬂ’ variety of factors cou]d account.for the difference. Errors in measurement“dE':‘

fﬁ ?ﬁ i“;; of Wave height, ane]ength, water depth.,and wave qenerator stroke. sone . g
i; 5 effects such as interferente due to tranSVerse reflection from the side #J',, R
* | walls of the wave tank leakage around the wavehoard, motion of the wave- | :it

'\v:

board which is not quite simp]e harmonic. and iack of a perfect wave enerqy

., absorber. ;g";;jy".;j.fhfh”iﬂff:?;d:-“ﬁjf Jf: i | . : o
L f}fi}ﬁ f _'w:,fé The wave height variation with distance aiong the wave tank is a _ :

e :x;j‘ sinUSoidal oscillation which has a wavelength approximately equai to one- _
‘:ﬁ“t7lef‘2f:}f ] half the-wavelength of the incidﬁnt wave. The refiection coefficient is 'b.‘ o
e less than 10% The attenuation coefficient of the wave height due to S

‘*;f‘"f ‘fffvfy'A. viscous boundary layers is so small that it can be neqlected from ar

B DU Lo
B P practical Standpoint. as’ shown in Table 3 .'.jgf,_'- T ey T e
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exper1menta]1y

and 1rrotat10na].;

1s so sﬁall that 11near wave theony can be app11ed« The 1ﬁert1a for‘e ;fﬁﬁ;fﬁ¥; <

o

the water part1c1e acce1erat1on. These coeff1c1ents may be det“rmined ;;jﬂf:':“';‘“

It 1s assumed that the flow 1s 1nv1sc1d iﬁcompr”551ble,‘.; ff‘

Furthermore,_the ratio of wave helght to wave ]A gth

on the submerged vart1ca1 cTrcu]ar cyl;nder may be expreszed as
: fan o L PR &

A

L I - . -
.o - ST, AT LR A
T RS b S g B3 .,...wst}mn’ [P
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The hQrizonta1 force Fh(s) on a different1a1 ﬁengthéof a vert1cal

LY

%

and s2 where $2<Ss(the surface) 1s given b
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can be obtd ned. ;

CHE st > T then cosgye R that'

. 'i's. ..the wa ve cre

e »

..\, ".

lags behind the f&ice by 1/2.. (sae Ref 28)
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maximum total lonq1tud1na1 moment at Sl can "be obtained

S sn‘e'h'm -

' ' ;vert1cal c1rcu1ar cy11nder, may be expressed as

~'."c1rcular-!yl1nder ds 1s 91Ven

e, Bl saadt g . - . oL m e e o .\
a2 T N B 3 b, 1o e o] R
> E T DR .

v - N R . e v . e

4n52 2 ] 4%S. 2 41752 ) 41752 41r5] BApS.e 0 T8wS, L 8wSy -

2( T =) gl e s1nh e s1nh ~— - cosh—% +.cosh-

e Tf?f&‘_1;;‘-;‘j"f54(s1nh z“d 2 - A.}“fﬁf‘ff}f e
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By d1fferent1ating equat1on(16)u1th respect to Zn(—-- ~) and setting R

he derivative dMS /d@n(x/L-t/T] equa] to zero the nhase angle ma of the iﬁ}*&i

-

°°M[“4 : ““> “‘"”
2175 .

e

BHCDEK REl 2)]

O A
4

If s1n3h £9 1 then cosshm' 0 thatm:;z the ane crest (or trough)

lags behtnd the moment by n/2 (see Ref 28)

,..

The transverse force, due to vortex shedd1ng as the waves pass the

L

LIRS C'L-“"-‘ -5 ;

"3;Lﬂand the transverse force F (s) on a differentia1 1ength of a vertical

. ?.....'

FT(S) = [2 Lp"‘D]ds . f{;{“<k?dét‘1‘*?vi;ts‘etltii,';ai;gzijj;ffif ;f'

Assum1ng that CL 1s a constant for the entlre length of the cy11nder,f o

: "ﬁ;'ithe tota] transverse force on. the cylinder between S] and S 1s given "15'”'--“'
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where l<1 is same as equation (13) . B X SR
o By differentiating equation (22) with respect to Zn(x/L - t/T) and i",/‘.
setting the derivative dFT/df?n(x/L -‘t/T] )| equal- to zero, the phase R

Cotm

4 , , _ ‘
PSSR I SRR VY Vo

Rt S R I B A

angie BhT of the maximum totai horizontai transverse force can be obtained.‘:‘j :.- T

W

‘9

therefore BhT 07 or n/2 - “i‘,'.
‘ ’ CLpDnH LK1 - '
F .
Tmax . ;'Ti ‘
O-,":'F'Tm.in = .‘_.07»__{' . ER e B

$a0 "

herefore, S

fﬂj;-:o_:,,e}, .

. ".en

PN
FEDRIOE B

<t .
P

T The totai transverse moment about ahy point S1 on the verticai‘

BN R LI .
R e IR e L R S AR SRS DU ey SN

e circular cylinder is given

s
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where Kl and K3 are same as equations (13) and’ (17) ‘ .
| B_y differentiating equation (25) with respect to Zn(x/L - t/T) and
| R setting the derivative dMST/d [Zn(x/L - t/T)] equai to zero,’ the phase angle A

BMST of the maximum total transverse moment at S1 can be obtained

sin ZBHST | , _ a |

therefore BMST Y 0° r 17/2
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Therefore when anr = 1/2, MST D'15-'.them1ni?mum‘,'v\ralue;"ivhen»

BMST = °, ’

Carpenter number which are related to wave forces and drag, 1nert1a, and

T4#t coeFFicients. cD 15, function- of, Re fin Steady Flow. Hogbeh et al g _'f S

have shown that CU decreased wi th 1ncreasing Re 1n steady f-']ow (fn,- coey ?1
5x104 Re <5x105) For a- small diameter cy]iﬁder CD’ CN’ and CL depend T

/D Keuleqan and Carpenter have shown that CD ‘and’ C of the

maxT/D is small.” .

max

ci rcul ar cylinder were functions of U T/D Hhen u,
J

3 .:" separation of flow from the cylinder doesn t occur, when Un T/D 1s -
relatively hlgh. a Karman vortex street ds formed "~’f‘.t,:3‘_ L
' The deﬁnitions of Keulegan-Carpenter number and Reynolds number | . g ’ ‘
may be expressed asi PR ' B . B ': : ,
o max nH cosh (21t(y +: dY/L} T
4 Keulegan Carpenter number .«."U' e D sinh 2na/L N (28) el
L e e [ D S

chet Reynold number = - (29) :
§ L : ,/ a — r‘“ n 1 ~ . : .’;.
;\'; ' 2 R - . ‘ o ) . . ~.‘-. ‘ S
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- 3.3 wave-lnduced Vibration ofea Vertical-Circular Cy]inder : N

The natural frequenc1es of 2 c1rcu1ar cyiinder as shown in Figute

13 are given by
S : : . : S e Lo
S A T"[‘—fv—‘;.i'l---ré‘]‘_I/Z- R TR ¢ | S

, “ . : SN " (m ) mW 9:' .‘.:. L " "i \ PR - oy

o
- -

where I _'"04/54 s the moment °f inertia, € is the ETastic Modulus. u:'ﬁﬁff-f.3"’

s 3;; E .Qi t 15 the cylinder length m is the mass of the Cylinder, mw is the added- lﬁ%:f*‘

AT

e ”_. B _\-.E

r

:l'f;iz,,:,,” 3 gmss of the water Added-mass per unit Tength for a: c1rcu1ar cross

X

“'1f;;‘7?1;i section 1s equaT to pwrz, where r 1s the radius of cylinder, and p is the :
é‘ . | :csiip; mass den51ty of . water.z Crede (1965) p01nted out that the First” three : i
NS . vaTues of moda] coeff1c1ent a,, are 3.52, 22 4 and 61 7. ;?fa.ﬁ,ta__'” ’ :~§Zf
The d8519ner can adJust the values of E, 1, and £ in order to make ; g,fé
sure that the natura] frequenc1es of the circu]ar cylinder do not falT - :él?f{
) w1thin the range of surface wave frequent1es. A resonance condition ~'”éﬂ7§f o ;}f%
: L .i may thus be av01ded :T;L:; : T-T,'fﬁg'if_' ;,1 ;TJ;;;i;é;f-i' g '.: ' ,‘;@fﬁgg
a 1"?;,1 ;fﬁ Nhen waves pass a verticaT circular cylinder,1lateraT'v1hration i}'fﬁkf:fg;{_fii&;“
& f occurs due to vortex shedding Under certain circumstances, this lateraT 3 _“'é{l;
‘;4 ' VTbratTOH 15 n't neg]igible. The destruction of‘the Texas Tower No. }Q{s;[fhi'w

between the’natural frequency of the structure and the vortex shedding

':l,-v' freqnency ‘ .;;¥$f'ﬂ“-g:.~'ﬂ'f:;; .f‘l'Vf,L:ff71{f ;;“‘ .gﬁfgki;;;?ff,‘ﬂ‘
‘ ‘ The non dimens1ona1 Strouha] number S 15 used to define the vortex

shedding frequency f which isra function of the cy]inder diameter D

M

and the maximum horizontal particle veToc1ty qnax‘ where
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. al For circular cyhnders, the emp1r1ca1 average va1 ue of the St:rouhal AN

number 1s about 0 2°for, a Sub- critmal Reynolds number Re < 2 x 10 (Ref‘ 28 T

% — .De]any and Sorensen,,1953- ‘Fung. ]950, Humphreys, 1960) 1n un‘iform - M
L0 T - rectihnear ﬂow._ LA = T _ | ‘ |
W w L 3 4 Froude s Mode'l Laws
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B "7 H wal] tmckness.-. The cyHnder was attached to "al
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T
S0t

Qe

':. the cylinder;was u5ed to measure the long1tud1nal oVerturnlnq moment

RS as shown 1n Figure 15 and Table 4 The calibration indicated a linear

wave tank and 43 ft from the stat1c positlon of the wave generator. N;Vlflfgi;ﬁff_d

*'ﬁ? on elastic beam theory One Wheatstone br1dge,nede up of four active

;falong the length of the cylinder These loads varled from 2 lbs to 20 lbs,-;fv'ikf

"were approxlmately the same as the 1nc1dent wave heiqhts measured without &

¥ WA
n I oo
aluminum base wh1ch was bolted to a. 2 ft diameter by l/2 1n th1ck RrCa S
steel plate Th1s steel plate was anchor bolted to the bottom of the L ?3?
o C R

wave tank and a wooden annulus, ground board was bolted to the steel ,jL;-ff‘;:.of_

Eight 120 n strain gauges were mounted vert1cally around the out51de

of the cylinder near the steel base, and were waterproofed as shown in

\

F1gure 15 The technique for measurlng total moml"*and force was based f'w‘j

strain gauges to produce an output due to the tenslon or compression of

about the base °f the cylinder. Another Hheatstone bridge was used to v?iﬁ;}ffl-zh'

oL, e . DL Jen B
g it b s e ¢ e g ¢ i ey e ,.,....._:_—.'-_,_v...\.’.).
. P, LT < .- fariic N -

measure the transverse overturnlng moment.,_ -{fff -;m. '_f."'-‘*g;{} 1{ﬁ;§f:?'i3

L4
t
¥
- e
STl

The cyl1nder was cal1brated by applying loads to dlfferent polnts

DT K . . .
S e - .o

.....

relationshlp between the loads appl1ed and the strain readings.? Therefore .

the values of strain obtalned could be 1nterpreted as the lonqitudinal i
or transverse moments about a reference height. Sl’ (see Fiqure 13) "2; - 3;

The centre °f the cyllnder was located at the centré line of the i}‘iﬂ“f

A wave gauge was located alongs1de the centre of the cyl1nder. midway :

between the cyllnder and the tank wall to measure the wave heiof'""whlch




A-ggffs 073x10

~‘,-.-"f:calculated and a static calibration (TABLE 4) is utillzed for computirﬁr

:fithe measuned fOrce. jiilfQj;Jj;”:'ﬁ” T

Sinusoidal waves were generated in 3 ft. water depth throuqhout L

'xa;‘the tests. Four different wave periods 1 429 sec. 1 667 sec. 2 sec.
‘ and 2 .5 sec were run and ten differeht wave heights were oenerated fornffn'ﬂ~“,
':f:each wavp period Data was recorded after the wayes passinq the cylinder
':;iﬁareached 2 steady-state condition A digital strain indlcator (B and K -
~"{v¥ii;.type 1526) and a two-channel Hewleft-Packard 71003 strip chart recorder e

o fﬁkwere used for this recording system. as shown ln Figure 13

The value of Elastic ModulUS was found experimentally to be;;ffildtp
5

o testing mgine. e T e

' ":}i;“}tn' and CL must be determined experimentally. when the crest (or trouqh) o
| :‘;passes the center line of cylinder (zero acceleration), 2"([7 TJ-O o cn and
' stz ﬂim';cL may be solved-from equations (16) and (25) Hhen the instantaneous water
:_““"]::-.;{'lsurface profile is at’ the still water level (;ero velocity), 2"‘1.‘ T)*oo°
‘,',"?ﬁj:ilfc “may be solved from equation (16) Then the experimentally determined
'ii}TQVaTUes of. CD. C ; and CL are used for computinq theoretical moment and

':;5fhforce.‘The action line of tota] resultant force to the cylinder may he

The computer program based on linear (Lave theory which estimates

‘:ﬂ:}f{the ane forces and overturning moments on. the circular cylinder 1 qiven

i"~.
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1
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psi Figure 19 shows the tension Specimen mounted in an Instron e
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:.,','_': considered as constant for the wave periods 1.429 sec.. 1 '667 sec., and

2 sec, HOWeVEl“. CD varies from Q 307 to 7 418, as shown in Fiqures 20 and
':5-21* In addition CD is inversely related to H and u That is. when the

"';‘.‘j‘_-.?'wave heiqht becomes very small Cn becomes very large, and u

'.,.l investi gators v Jan

with increasing Re and u T/D The transverse forces occur when the

g Keulegan-Carpenter number at the surface is oreater than 5 27 Bidde

7 39? x 104, eddy shedding occurs

Results obtained from the proqram are; given in Table 5. - NP

The draq. mass, and lift coefficients are functions of Reynolds and

and Keulegan-(:arpenter numbers are between 8 286 x 10 and 2 033 x 105
(subcritical regime). 0 6923 and ll 83 respectively, .values of CM and C
vary between 0 675 to 1 22 and 0 to 0 17 respectively. C and c might be

ma)l approaches

. zero The wide variation of CD has also been observed by a number of‘ other

12. and Pratte et al2 have presented data for the wave

R S
:,.,.:forces on a 6 in diameter pile in 3 ft. water depth based on. linear wave

St

ey

Values of CD and CM are shown in Table 5 to he independent of d/L.

'_'D/L., and d/T Figures 26-29 show the maximum lbnqi tudinal and transverse
""".'..'forces versus Reynolds number and Keulegan-Carpenter number for four

""i':'f" d‘ffere"t "“’e periods The longitudinal and transverse forces increase ._

.....

': ‘.fof 15 for a hori zontal rather than a vertical cylinder, usinq a standing

‘)‘"'»‘."-"wave with d/L being very small Hhen the Reynolds number is greater than

Rt

e T - g- '
Tor
! Lt

o in Appendix B Values of CD’ ‘CM’ and CL may be obtained from this proqram. v .

PR i
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Keulegan-Carpenter number (see Fiqures 20-25) Ilhen the gnges of Reynolds T

o -

B ",f;reported values of 3 to 5 Keulegan and Carpenter have observed a value .g'f:‘;,.*,:



e R .- P L ‘:‘1 . l: I
o e Rt Co s S * 'e\f'of PR REEE RN r:_v.w{':'rfrc\z_--'-";rjl'-' R Y XS S
" . i < X 5 * R \
» . o < R
s - , “’,.' R = ’ , u - . ' .
e "‘f TR :
Maximum forces and oVerturning moments are plotted as functions of

k . . . - 'wavex steepness H/L for four different yave periods. The ranqe of d/L is

between o 123 and o 277. the range: of H/L is between o oos and o 105,

jand the ;range of DIL is hetween 0 023 and 0 051 Fiqures 30 33 show that

The fundamentaT frequency ‘(ff' the cylinder 1s much higher than the wave
L frequency and the vortex-sheddinq frequency (equatibns (30) and (31))

| SRR Therefore. resonance does not occur. IR '_.': i

i 4 concwsmns | .,

o ‘j‘{{j | The piston-type wave generator 1s capab‘le of qeneratinq deep, -
20 intermediate and sha]low water waves. A series of experiments have

‘ : verified the abiTity of ]inear wave generator theory to predict wave

motion assocdated with the stroke of the wave generator. wave height,

"Qu‘[

Creegiieeio a

- {.‘;j ! show better agreement for shallow water waves than intermediate water .

K cCL waves. -
> . / <
! . RN
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water depth. and wave period The theoretical and experimenta] resui ts

i

[

Figure 17 shows symnei:ric vortex shedding behind the cy'linder, B
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; The measured wave: forces and overturning moments on. sma‘ll diameter 1
i circuhr cyHnder based on the Hnear wave.‘thepr_y show reasonably good e
. , ior

agreement wi th theoret1ca1 resul ts for the ranges of 0 123 < d/L < 0 277.
0,003 < H/L < o 105. and o 023 <BfL o 051 m the wave per1oqs of" |

: 1‘429 sec.. 1 667 sec.. 2 sec.. and 2 S sec. '[he coefficients C and (:L SO

have been found to have an overan average of 0 953 and D 0535 respect1Ve1y .;"I‘ '5 ‘1:-"”‘; |
| RS and might be considrered as constants whﬂe CD was found/co vary between ~ ‘
7 418 and 0 307 when the Reynolds number was 1n /the range of 8 286x103 to
2 083::105 and the Keulegan-darpenter number varied between 0 6923 and 11 83, S
R Transvense forces are related to vortex sheddi'g. When the Keuleqan- ': R ’
| L Carpenter number at the surface 1s qreater tha 1 '427 transverse forces ;::{': -
T occur. Althouqh the transvarse forces an _€orr _' f

they are not neg]ig1b]e when sc&ed up to prototype Va]ues (Froude s

l

simﬂitude requires that the-l_:.,'rce sca1e be equa1 to the th1rd power of T \
Ml . e 2 . '. N "' - LN 2 .‘

|

the length scale) o * RO &
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Fiq. 2: Wave Generator Control Console

Figq. 3: Hydraulic Actuator
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Fig. 6: General View of Wave Tank
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Fig. 14: View of Wave Gauges Used to Measure Reflection Coefficients

Fig. 15: Calibration of Model
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Fig. 16: Cylinder Under Test

Fig. 17: Vortex Shedding in the Wake of the Circular Cylinder
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Fig. 18: View of Typical Output from the Strain Gage Bridaes

Fig. 19: Tensile Specimen in Testing Machine
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