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ABSTRACT

Incoming St0kes w;ves passing éver a submerged cylxnderisituaied
close to the ftee surface will give rise to higher order harmonlnc
waves behind'the cylin@er. In this paper méasu?emerts of the second
‘order wave behind the cylindct are g1ven Also the amplitude and
phase of the first order transmztted wave are measured The measured
quantities are conpaged wi;h second order potent;al theory
computations by V&du (1987) Good agteement between e#periments and
theory is found £o: small 1ncoming wave amp‘ltudes. However, the.

2

measutements do not confirn the results from the second order
potential theory fot modera:e incoming wave amplltude It is found
‘that the lmplitude of the second order wave and the phase of the

'ransmitted first ordet wave may be ovetpred1c.ec more than 100% by

the theory.




extensive measutemenﬁs.OfuzkmﬂuanliQCQI forces acting on a restrained
circular cylinder are given. Also a second order in the wave
amplitude ;g;ndy circulation around the cylinder being set up due to
viscosity is.investi;abed.r Chaplin concludes that the coupling
between the wave field and this circulation significantly reduces the
| oscillating force on. the cyiinder for lexge imcoming wave amplitude.
Chaplih also reports measurements of the reflection and the
ttansmis;ion of the incaming'waécs.» His measuremen@s,cqﬁfirm,the well
known result form lineaﬁcfaacntial.;h§éty that there .is no zéfiecpion
of the iﬁcoming waves ducfbé&dféiteuli:'¢yliﬂ§$r (Dgaa 1948, Ursell
1950, Grue and Palm }984)l~-1ﬁ»¢haplip’s most severe ca;e,fvith the
amplitude of the incoming:waves being one third of thc\cyliﬁder
diameter, and the cylinﬂ;rﬂsﬁbmexgenez-b&ingyD[R = 1, there was only .
4% wave :eé&ecﬁién«of the basic mode (D;is»ghe distance between the
upperabs: point of Ehthcylimd;z and the undisturbed free surface, R
'is the ;adius of the ecylinder,: see figure 1). Chaplin alsé conéludes

that there are no higher order reflected waves at all. The

' ;heozetical precdictions by: Vada (1987}.;grggrtha;‘;hgrg is gojéecondrr
order reflected wave due ©o &heuci#ew;&t cylindgr.”

Chapiin concludes: thg;“a.sccqndvorder wave .of considerable
amplitude.exists benind the cylisder.'howevet without quantifying it.’
Also, Longuet-Higgins’ Qeasurements are too sparse fér relevant

comparisons with the available théorgtical'results. The present paper

is therefore devoted to the measurements of the amplitude of the

second order wave behind the cylinder'for comparison with the




The result, that second order theory may be insufficient for the
description of nonlinear waves generated by the presence of a
submerged body close to the free surface, agrees with the results by
Tuck (1965) and Salvesen (196é)iwho consider nonllnear free surface
effects on a submerged cylinder and a thick submerged hydrofoil moving

with a constant forward speed in calm water close to the free surface.

2. THE NONLINEAR FREE SURFACE WAVES

In the cases when the wives are not breaking and there is no
separation at the cylinder, the flow outside the boundary layer of the
cylinder may be modelled by potential flow. The nonlinear free
surface condition obtained by potential theory in Euler coordlnates,'

given e.g. by Newman (1977), reads’

Qtt + géy + ZVQOVQt + iVO*Y(VOf?O) =0 : | (2.1a)
-appliedbon
r;(x,:ﬁ» = - 1(0 + EVQ-W) | (2.1b)
gt 2y

Here x, y are space coordinates Qith the x-axis coinciding with the
unéisturbed free surface, and the y-axis being positive upwards.
Furthermore, t denotes time, % the free surface elevation, g
acceleration of gravity and @ the velocity potential. The veiocity'in

the fluid is then given by v = vé.




The goal is now to measure the following quantities: aj, 6; and
a;. In non-dimensional terms we will measure the amplitude of the

second order wave

(2.5

R
T =% 73
a
and the amplitude of the basic mode
a
. 1 . . :
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In the consistent second order theory (Vada.l%ﬂq)-tg;depends only .on

| two parameters, namely the dimentionleis.wave-numﬁgt!kk anh thex', _..
submergence oflthé cylinder D/R, and T; equals unity. The. ..
measurezents reveal, however, that Ty is a function of ;hg’inccméng
wave amplitude .also, i.e L SR L iiory o gt

T, = TR DRy /R )

This is also true for T, which'meﬁnsktha: Ty is not eqﬁal to'unity
except in the limit as a/R + 0. )
In the present small scale experiment the am?litudes of the third

and higher order free waves behind the cylinder are too sma.l to be

measured within reasonable accuracy.
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The voltmeter has a resolution of the surface elevation
cortespondinglto 0.3mm; For v;ry slow vkrigéidns”6f tﬂ%»surféée
eievation there is no'ﬁenis;us Af:théAwhv; proBe. and we obtain a 1%
relétive accuracy of th; Qé#sured Qu;face'eiéﬁatidn.‘ For }ongj}
periodic waves the effect of the m;niséus is very small aﬁa can be

disregarded. Hence, for incomfng wave amplitudes smaller than 20mm,

k3 : i

the absolute accuracy is better than 0.5mm. Repeated tests with fixed

incoming wave characteristics revegl, én the.o;he% £a5;;:5vﬁueﬁ bééﬁér
absolute resolution of the wave elevation than 0. 5mm. b N
The data of the surface elevation at the q#ffergng wave p;obes are
recorded over three periods of thg'ipcomipg waves, before aﬁy
reflected wave from the shore has:reachgd the probes.  Then Fast

Fourier Transform (FFT) is applied to the time series to obtain the,

amplitudes of the waves behind the cylinder.

The wave generator is ptdgféﬁmeﬁ such chat the Incident waves wpon
the cylinder are pﬁre Stokes waves, -and there is no free second order
harmonic wave due to the motion of fﬁe wave generatcr. ‘Chaplin’s
extensive measurements conclude that there is no reflection of the

incoming waves, even to the higher order. In our measurements it is’

therefore sufficient to apply only one Wave gauge berweerm tie paddie

and the cylinder to obtain the exact ampli:tude of the incoming waves

for each run.




To examine the effect of the nonlinea:}ty more glggelx_gg“bgve in
figures &4 displayed T; for fixed values of the wave length of éhg N
incoming wave and submergence of the cylinder, ggﬁ_ﬁpgg:varied.thgh .
amplitude of the incoming wave. As seen from’figpre; Qﬁ_-wP_;bgfenés
good agreement between theory and experiment for a/R ( 0.1. For
iarge: values of a/R, T, shows a strong monotonous decay until the
waves break as they pass over the.cylinder for a % 0.22 (far D/R=0.5). -
We note that the experimental value of T; (and hennc“aj) is..

approximately the half of the theoretical for a/R = 0.15. :This -

discrepancy 1is significant since the accuracy of T; is better them 207

fn this case.

For the deeper submerged cyiih&er (D/R=1) the decay of T; is
weaker. However, we note that the theory overprédicts “Ty ‘with almost
1002 for a/R = 0.3, as seen in figh%é 4c. In this case breaking
occurs for a/R = 0.44. It is found that b;eékiﬁgloflfﬂemwaééi as they

pass over the cylinder occurs when

a > min(0.44D, 0.44/k) ‘ | for all k (¢.1)

(ak = 0.44 is the breaking limit for the incoming(Stqus wayes.)‘




lume, which displays a considerable steeper wave at the cylinder.

For an incoming wave with still larger amplitude (figure-9c), we

notice the striking difference between :ﬁe very stéep wavévsggef;éa in
the wave flume at_thelqylindeil and.;he sméoth sﬁrfa;e elé%atioéﬁ
predicted by the second order theory. |

These photographs suggest a ne;d for a higher ofder th;orj in
order to model the deformation of Stokes waves passing over ;
submerged cylinder being situated close to the f;ee surface. Steep
waves and smooth waves at the cylinder will genefally éi#; rise t&
free second order waves of different aﬁplitudes. A higher order
theory :which may appl? to the pres;nt probiéi;is the high-of&ér .
spectral method outlined by‘Dommefﬁﬁth and Yue (1987).'

The strong dec;y of thé'ﬁhasé iagjél for.ggcreﬁéiﬁg value of afR
may be explainea on‘t$e basis of'th;:Qer\sﬁéé; wave Eeing formed as
the incoming waﬁe ﬁas#eé oVer.:he cylinéér.iASinéé ﬁﬁ;"topﬁof'thé

‘cylindet acts as a local shore, and thereby introduces shallow water

'

properties of the flow straight above the cylinder, it its expected

that waves of higher amplitude propagate over che—cylinderrw&thi& R

larger phase velocity thdn a wave witﬁ_sngller_amplitudg.‘ Hence, the
phase lag will decrease with increasing amplitude of the incoming

wave.
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where v
e = el i@l @0l 5.

s ad

From the measured values of T; and Ty the enérgy ioésAmaf‘theﬁ:bérv
~quantified. In table 1 €’ is obtained on the basis of Ty ahd‘Tzf

displayed in figures 5b and 6b; reépéctiveiy, for Dlﬁ = O.SAQﬂd“ka;‘

0.7.
2,..3,.2 .

a/R T, T, & T1(1+§(T1-1)(ax)2) €
0.05 0.95 0.18 a 0.92 -0.08
0.10 0.90 0.28 0.85  ° 0.15
0.15 0.85 0.32 0.77 0.23
0.20 0.81 0.17 ~0.66 0.34
0.25 0.75 - 0.11° 0.56 0.44
(breaking) .
0.3 0.70 0.09 0.48 ) 0.52
(breaking)

Table 1. Values of energy loss €’ vs. a/R for D/R=0.5, kR=0.7.

Values of T, and T2 from figures 5b and 4b, respectively.
(Best curve fit.)
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Figure 6. a. Experimental values of phase lag §; vs. kR. Small
incoming wave amplitude (a®9mm). + D/R=0.5, D/R=0.75, A D/R=1.
Solid line: Best curve fit to measurements.

b. Theoretical values of §; vs. kR computed by Vada’s theory (1987).

iD/R=0.5, 1.

Figure 7. Experimental values of §) vs. kR obtained by measurements.
+ Smell wave amplitude of incoming wave (a~9mm), medium wave
amplitude (a~12mm), A large wave amplitude (a®15mm). Soliq line: Best

curve fit. -a. D/R=0.5. b. D/R=l.

Figure 8. Experimental valugs of d; vs. a/R for fixed values of kR and
D/R. Horizontal arrow indicates theoretical prediction. Vertical
arrow indicates when breaking occurs.

R ,
a. D/R=0.5, kR=0.4. b. D/R=0.5, kR=0.7. c. D/R=1, kR=0.4.

VFigure'9 a-c. Photographs of the surface elevation in the wave flume
- for incoming wave passing over the cylinder. DIR=0.§, kR=0.6.

a. a=9mxm (a/R=0.09). b. a=13mm (a/R=0.13). c. a=20mm (a/R=0.2).

d. Computation of surface elevation from Vada’s theory (Vada 1984).

a/R=0.13, D/R=0.5, kR=0.6.
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over the cylinder.

‘a. D/R=0.5, kR=0.4. b. D/R=0.5, kR=0.7. c. D/R=1, kR=0.4.
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Figure 4. Experimental values of Ty vs. a/R for fixed values of kR

and D/R. Horizontal arrow indicates theoretical prediction (Vada

1987). Vertical arrow indicates breaking of the wave when passing

over the cylinder.
a. D/R=0.5, kR=0.4. b. D/R=0.5, kR=0.7. c. D/R=1, kR=0.4.
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Figure 5. Experimental values of T; vs. a/R. Vertical arrow

indicates when breaking occurs. )

b. D/R=0.5, kR=0.7. c. D/R=1, kR=0.4.

a. D/R=0.5, kR=0.4.
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Figure 7. Experimental values of 6 vs. kR obtained by measurements.

" + Small wave amplitude of incoming wave (a®9mm), medium wave

amplitude (a%12mm), A large wave amplitude (a%15mm). Solid 1iné: Best

curve fit. a. D/R=0.5. b. D/R=l.
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Figure 8. Experimental values of—élrvs.ba/R_er fixed values of kR and

 D/R. Horizontal arrow indicates theoretjcal prediction. Vertical
arrow indicates when breaking occurs.

a. D/R=0.5, kR=0.4. b. D/R=0.5, kR=0.7. c. D/R=1, kR=0.4.




Mfié&ré-é ;;ﬁ.w'fhotaéfﬁpﬁsng-ﬁﬁelgu;;;ce‘elqvation in the wave flume
for incoming wave passing over(the cylinder. D/R=0.5, kR=0.6.

a. a=9mm (a/R=0.09). b. a=13mm (a/R=0.13). c. a=20mm (a/R=0.2).

d. Computation of surface elevation from Vada's theory (Véda 1984).

a/R=0.13, D/R=0.5, kR=0.6.




