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ABSTRACT

In order to examine the irregular wave forces on a small diameter
cylinder, laboratory experiments have been conducted on water particle
velocities and wave forces with various kinds of irregular waves. As the
results, it is indicated that the time variation and the spectral distri-
bution of wave forces can be calculated adequately from the water level
variations by using the methods proposed by Reid) and Borgman2) respec—
tively.

Moreover, with respect to the irregular wave forces on a large diam-
eter cylinder, a new calculation method was shown by means of applying
Reid’s linear filters!) to MacCamy and Fuchs’s diffraction theory3).

INTRODUCTION

A number of studies have been done with respect to wave forces in-
duced by periodic waves on marine structures, especially on a circular
cylinder. Considering the irregularity of waves in the fields, however,
it is very important to investigate the irregular wave forces systemati-
cally. 1In the case of periodic waves, Morison’s equation and MacCamy and
Fuchs’s diffraction theory have been employed to estimate the wave forces
respectively on a small and on a large diameter cylinder. Therefore, in
the case of irregular waves, it is reasonable to investigate the wave
forces by using these two methods in the same way.

Formerly, Reid has studied of the correlation of water level varia-
tions with wave forces on a circular cylinder for nonperiodic waves from
the viewpoint of their time variations and indicated a method of calcula-
tion for the drag and inertia coefficients in Morison’s equation. On the
other hand, Borgman has shown a method of calculation for the wave force
spectrum from the water level spectrum. These methods, however, have
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The current meter makes use of the Doppler effect that the velocity of a
moving particle is converted into a frequency shift. The relationship
between the output voltage and the water particle velocities was deter-
mined not only by the electric examination but also by the steady and
dynamic calibrations in the tank. Poly vinil chloride powder was used as
the material for reflection of ultrasonic waves in water.

In the experiment, the water depth was always kept at 45cm, and the
depth of measuring point of water particle velocities were 4.5cm, 9.0cm
and 13.5cm below the still water level. Twenty kinds of irregular waves
were generated by combining the band pass filters as shown in Table 1.
All of the experimenfal data were recorded by an analog data recorder of
magnetic type and digitized by an A-D converter with 0.08 sec time inter-
val.

Table 1 Experimental conditions of :
water particle velocity.

water depth h=45cm

. Measpring ‘Frequency and gain of band pass filter (mla;‘ 18)
Experi. point - 7
case z .2|.25].315 .4 .5].63] .81.001.251.6 2.0/2.5/3.54.0/5.0
(cm) (Hz)(')l(')(’)I(’))(')(’)(’)(’)i(’){(”)l(”)(”)(”)(”)
11 - 9.0 10
1-2 — 9.0 10
13 - 9.0 10
14 - 9.0 10
1.5 - 9.0 10 { 10
1-6 - 9.0 1010 | 10 N
1.7 - 9.0 10 | 10 | 10 | 10.
1-8 - 9.0 101010 |10
19 - 9.0 1010|1010} 10|10
1-10 - 9.0 - 1010|1010 (10|10 10
I.11 - 9.0, 4/ 71 971010 9| 7| 4
112 - 9.0 10/10{10({10({10|10|10|10|10 1010} 10
113 - 9.0 10/10|10] 10 10 | 10
114 - 9.0 10101010 | 10
1-15 — 4.5 41 71 9/10(10] 9| 7| 4
I1-16 — 4.5 70_ 10(10|10|10({10|10|10}10}10 (1010
117 — 4.5 10/10|10{10{1010[{10{10|10|10[{10| 10|10 10| 10
118 —13.5 4| 7| 9|10j10} 9} 7| 4
1-19 —13.5 10(10/10 1010|1010 |10 |10 | 10| 10| 10
1-20 —~13.5 10{10|10/10/10;10{10}{10 101010} 10{10] 10|10




L]

2400 COASTAL ENGINEERING—1978

1-(2). Analysis

Let the position of a wave gauge across the still water surface be
taken as the origin of the coordinates, the direction of wave propagation
as X-axis, and the vertical direction upward as Z-axis, respectively. If
‘the water surface elevation of irregular waves at the position of a wave
gauge is represented as

,,<¢)=S:M(w)cos(wt-o<w))dw e ()

the horizontal velocity U and vertical velocity W of a water particle, and
the horizontal and vertical acceleration, ! and W, are represented as fol-
lowsl) by using the small amplitude wave theory:

u(t)=s: Ru(@)M() cos @t —0(@))dw |, «vvnen- R @)
w(t)——-'—g:Rw(w)M(w)Siﬂ (wt—0(w))dw R R R )]
d(t):—s:wRu(w)M(w) SN @ —0@)d® | +eeernnnnnnnnnns(h)

u')(t):——s:wa(w)M(w) B

in which w is the angular frequency, 0 is the initial phase, M(w) corre-
sponds to the amplitude spectrum, and Ry(w) and Ry(w) are given by

wcosh k(h+2)

Rulw)= sinh kh s

wsinh k(h+2)

Rl@=""G hkh >

o........oooo.........(7)

o=gktanhkh | ...l (8)

in which h is the water depth and k is the wave number.
Egs. (6) and (7) give the theoretical frequency responce functions of
U and W to n, while experimental values of them are calculated from

Sdw)

Re= Si{w) ’

.......................(9)

_ Sw(w)

Ruy= Sfw) > CUttttterrecesesceseci(10)
in which Sp(w), Sy(w) and Sy(w) are the power spectra of n, U and W re-
spectively.

In order to calculate the time variations of U and U from n, Reid
proposed the following symmetrical and asymmetrical linear filtersl):

Gly®l=ay(®)+ Z alyt+m+yt=mn] | ooviniiiii . (11)

Ga[y(t)]z’é]lb,.[y(H-mr)—-y(t-—nr)] , seeerrererereaaaaa(12)
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in which ap and bp are Fourier coefficients of their frequency responce
functions. Substituting n(t) of Eq.(l) into y(t) in Egs.(11) and (12),
they are deduced as follows:

Gs[,/(t)]:S: [ao+2éan cos not)M(w) cos (wt—flede | .voveisenea(13)

Ga[v(t)]::—g: [Zéﬁlbn sin nwt]M (w) sin (wt — §(w))dw L oeeeeeneeeae(14)

Comparing Eq. (1) with Egs.(13) and (14), it is found that GS produces no
phase change and has the frequency responce function m°+2§]mnmsnwd, and

that G, changes the phase by 7/2 and has [2§]bﬂ5”1”wf] as the frequency
responce function. It is also seen by comparlng Egs.(2) to (5) with Egs.
(13) and (14) that the time variations of required variables can be cal-
culated from the water level variation n(t) by selecting one of the
frequency responce functions and filters as shown in Table 2. In the
calculation, T1=0.08 sec and N=25 were adopted.

As the acceleration can not be measured directly, U and W are esti-
mated by differentiating measured U and W with respect to time t. How-
ever, since the direct differentiation may enlarge errors due to noises
more or less contained in measured U and W, they are differentiated after
being passed through the following low-pass filter:

1: 0=2xfs
Ffw)= B R ¢ )|
0: 0>2nfs

In actual calculations, this operation was carried out by using the fil-
ter Gg which has the frequency responce function w fe(w). In the calcu-
lation, fe=4.0 Hz, T=0.08 sec and N=40 were used.

F .
Input x}es%‘:){:lrécey Lfifltzr Qutput
unction
Table 2 Correspondence of ——o- S R,
input, frequency response Ruke) | Giln()) | w()
function and linear filter Rulw) | Gdn®) | w(t)
to output. Measured 7(f) -
@Ruy(w) Galn(t)] | ()
—oRu(®) | Gsly()] | ()
Measured u(t) Galu(t)) #(t)
———— | wFdw) | |
Measured w(f) | Galw(h)) | ()

1-(3). Results and discussions

As an example, the results of Case I-10 are shown in Figs.2 through 9.
In Fig.2, the power spectral densities S » Sy and Sy of n, U and W respec—
tively are compared. 1In the frequency range for the large value of Sn,
three power spectra resemble each other in shape. However, in the high
frequency range (>1.5 Hz), the values of S; become larger than those of
Su. This trend is seen in all cases. In the range of higher frequency
than 2 Hz, the accuracy of the current meter becomes poor, so that the
noise of the current meter can not be separated from the power of U and W.
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Therefore, more detailed discussion on the characteristics of the high
frequency components of U and W has no meaning.

In Figs.3 and 4, experimental values of the frequency responce func-
tions calculated from Eqs.(9) and (10) are compared with the theoretical
values by Eqs.(6) and (7) based on the small amplitude wave theory. 1In
the low frequency range (<1.5 Hz), the experimental values agree well
with the theoretical curves, but in the high frequency range (>1.5 Hz),
the former becomes larger than the latter.

Fig.5 shows an example of the time variation of measured N of ir-
regular waves. Calculated values of u, W, U and W obtained by using
measured N as an input to each linear filter (in Table 2) are plotted in
Figs.6 through 9. Fig.6 shows the comparison between time variations of
the measured U and the simultaneously calculated one. Both are in good
agreement, but the measured value is slightly larger than the calculated
one near the crest and trough. 1In Fig.7, the time variation of measured
W is compared with that of the simultaneously calculated one. 1In the
vicinity of the trough the measured value is larger than the calculated
one, Also the level of noise of the current meter in w is higher than
that in u.

10
h=45.0cm z=-9.0cm
Rg — EXPERIMENT
St T RS THEORY
10 10
. 5 P
Sy h=45.0cm |s _E===::-.L P’/,
~ =-9.0cm S, ‘~\‘\
4N 2 AN
“!—‘{'\ ° h
‘ K e
enfsec) | \ fenised) o 3 2
] i fiHg °
i : .
10\ \ 10 Fig.3 Frequency responce
\ — =Sy function of u to n under
\ Sy ‘ irregular waves.
\ gu.
—————— SW
2
10 | 10
R h=45.0cm z=-9.0cm
U w EXPERIMENT
MAERY (e I THEORY
4 VA ,
10 .\ 1
O R S 5 N\
tH2 ///,r = N\
Fig.2 Power spectral density R\jf L
distribution of n, u S T~
and w of irregular waves. o > 3
fHz ©

Fig.4 Frequency responce
function of w to n under
irregular waves.
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Fig.5 Time variation of n of irregular wave.
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Fig.8 shows the comparison of the time variation of U between that
calculated from the time variation of N and that calculated from the meas-
ured U by passing it through the filter which has the-frequency responce
function wF,(w) shown in Table 2. Both are in fairly good agreement, and
however, since the measured U contains some noises, high frequency dis-
turbances .are seen in the curve of U calculated from the measured U, even
though it is passed through the low-pass filter Fc(w). Fig.9 also shows
the comparison of the time variation of W between calculated from the
measured N and calculated from the measured W. Higher level noises are
contained in this case than in the case of U, so that the high frequency
vibration in W calculated from W is larger than that in 0 calculated from
u.

The discussion mentioned above is only for Case I-10. Now consider-
ing all cases of the irregular waves shown in Table 1, the following facts
are obtained:

Regardless of the shape of power spectrum of water level variation,
the measured value of frequency responce function for the water particle
velocity agrees well with the theoretical value based on the small ampli-
tude wave theory in the low frequency range where the value of Sn is
large. On the other hand, in the high frequency range, the measured wvalue
of the frequency responce function becomes larger than the theoretical
value. This trend is remarkable for W. This may explain the experimental
fact that absolute values of measured time variations of U and W near the
wave crest and trough, where the effect of high frequency components will
appear, become larger than those calculated by the linear filters.

In the water particle accelerations,U and W,calculated from the meas-
ured U and W, there are bigger high frequency disturbances than in the
case of U and W obtained from n. This is due to noises originally* con-
tained in measured U and W. However, relatively low noise level in U
makes the difference between U calculated by the two methods small, while
the difference is big in the case of W because of higher noise level.

The cut-off frequency of the low-pass filter, f,, was 4.0 Hz in the
calculation of Eq.(15). If we select a smaller f,, noises are expected to
be reduced. However, since the cause of the noise is a defect of the
current meter itself, only the improvement of the current meter in future
can solve this problem.

TRREGULAR WAVE FORCES ON A SMALL DIAMETER CYLINDER

2-(1). Experiments

In order to estimate irregular wave forces on a small diameter cylin-
der by using Morison’s equation, laboratory experiments were carried out
f?g 22 kinds of irregular waves in the same wave tank as mentioned in 1-

The disposition of the experimental apparatus are also shown in Fig.
10. A wave gauge, the current meter and a circular cylinder were set 6m
apart from the wave plate. The cylinder is 6¢cm in diameter and constract-
ed of three parts, the upper and the lower cylinder and the segment with
length of 4cm, as shown in Fig.11.

The data on wave forces on the segment are obtained by using the two
strain gauges attached to the plate spring which suspends the segment from
the upper cylinder. The natural frequency of this system in the still
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water was 19.2 Hz. This frequency was so high as to avoid the experimen-
tal error caused by interactions of the segment to the waves.

In the experiment, the water depth was 45cm, and the depth of meas-
uring point of wave forces were 10cm, 15cm and 20cm below the still water
level. All of experimental data were recorded by the analog data record-
er with 0.08 sec and 0.02 sec time interval.

Have Wave generator
absorber_m‘ ~Wave gauge Wave absorber
Wave Circular
E\ cylinder Probe of current-meter \ 4
P

——

\

20cm ’
Circular Wave 50cm

T cyhnder/ absorber
Wave gauge*-"‘ ——Probe of current-meter

_4

F_.

Fig.10 Schematic of experimental apparatus
in the case of wave force.

C-c]amp\ _—L-angle
uppe;‘ h =45cm
cylinde =
wave OIS 2p=10,15,20cm
—-
S.W.L.

..|| ki

Jﬂ;phte

2mm spring
\ —_L
!

P measuri ng
lower segment

h

cyl mder

fixed
plate n

Fig.11 Schematic of circular cylinder.
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2-(2). Analysis

The method of calculation for the time variation of 1rregular wave
forces has been also shown by Reid as described below!):

Irregular wave forces as well as periodic ones can be expressed by
the following Morison’s equation:

2 .

FU=Cor 2Dl ult)i +Cur 0 ZE= i) eviniiii(16)
in which p is the density, D is the diameter of cylinder, Cp and Cy are
the drag and inertia coefficients respectively, and U(t) and U(t) can be
calculated from the following Eqs.(17) and (18):

Co=F™t) Rl RUE, | oviiiaiiiiiooan)

CMZF*(”°F2([)/F2U)2 . """"""""(18)
These eqations have been obtained by using the condition that the value
of the variance between the measured wave force F*(t) and F(t) of Eq.(16)
is made least, in which Fl(t) and F3(t) are respectively the drag and the
inertia wave force in Eq.(16), and indicates to take the avarage
with respect to time t., The degree of differences between F*(t) and F(t)

can be known from their correlation coefficient r shown by the following
equation:

r=J1-UFIO=FU FUE) . veeerneann.(19)

This Reid’s method was applied to all of experimental cases to ob-
tain the values of Cp and CM, and moreover, these values were employed to
Eq. (16) to compare with F*(t) from the viewpoint of time variation. 1In
the calculation, T=0.02 sec and N=40 were used.

On the other hand, the spectral distribution of wave forces, SF(f),
can be calculated from the spectrum of water level variatiom, S (f), by
using the following equations obtained by Borgmanz)

SF‘(/’)=M-7;£~S,,(/’)+M’ZSQ(/’) B ¢10))

dzaz

Salfi= L[ & sy (1egbal SUN1® femt Sil) | covetan)

d=Cp* %ﬂD , mM=Cy %anz, oz:szu(f)df’
n

[sdn*=[Tsulg) ** 5./~ g) dyg | s (22)

L8170 = Sulglsu (F=g)dg
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in which f is the frequency, and SFl(f) and SF2(f) are respectively the
first and the second approximation of wave force spectrum.

These equations were also applied to all of experimental cases and
compared with the spectra, SF* (), obtained from the measured wave force
F*. 1In the calculation of Sp. and Sp.,, it is necessary to give the val-
ues ofC[)and Cy, and thereforé, the vdlues obtained from Eqs.(17) and
(18) were employed. As for the calculation of Sn and Sp#, the data with
time interval 0.08 sec were used.

2-(3). Results and discussions

Table 3 shows the experimental cases of irregular wave forces, in
which Zp is the depth of the measuring point, (Wave freq.(Hz)) is the
frequency range of band pass-filters employed to generate the waves, and
Cp, CM and r are respectively the drag, the inertia and the correlation
coefficients calculated from Egs.(17), (18) and (19) respectively. The
values of Cp and CM are respectively from 5.60 to 1.45 and from 2.30 to
1.51, and seem to become larger in both cases that Zpis closer to the
water surface and that the generated waves shown by (Wave freq.(Hz)) con-
tain higher frequency component waves more powerfully. In irregular
waves, as the measuring point become closer to the water surface, high
frequency components of water particle velocities increase even if the
frequency components of surface waves are not changed. Therefore, this
trend may be generalized by the statement that the values of Cp and Cy
increase according to increase in high frequency components of water par-
ticle velocities.

Table 3 Values of Cp, Cy and r in
each experimental Case.

h =45cm
Case | z,(cm) | Wave freq. (Hz) Co Cu r
1 (0.5) 1. 74 1. 98 0. 948
2 (0.8) 2. 74 2. 15 0. 965
3 (1.0) 3. 94 2. 15 0. 971
4 ) (1.25) 4. 85 2. 27 0. 977
5 -10 (0.2~1.0) 2. 33 2. 03 0. 960
6 (0.8~1.25) 4,10 2. 13 0. 956
7 (0.5~1.6) 4. 21 2. 30 0. 947
8 (0.4~2.5) 5. 60 2. 29 0. 955
9 (0.2~5.0) 2. 66 2. 08 0. 945
10 (0.8) 2. 70 1. 92 0.971
11 (1.0) 2. 74 1. 94 0. 980
12 (0.2~1.0) 2. 19 1. 95 0. 966
13 —-15 (0.8~1.25) 2. 60 2. 04 0. 975
14 (0.5~1.6) 2. 56 2. 02 0. 961
15 (0.4~2.5) 2. 26 1. 88 0. 962
16 (0.2~5.0) 2. 62 1. 99 0. 967
17 (0.8) 1. 46 1. 57 0. 958
18 (0.2~1.0) 1. 85 1. 53 0. 959
19 —20 (0.8~1.25) 2. 06 1. 64 0. 966
20 (0.5~1.6) 2. 38 1. 63 0. 962
21 (0.4~2.5) 1. 71 1. 51 0. 958
22 (0.2~5.0) 1. 45 1. 57 0. 956




2408 COASTAL ENGINEERING—1978

The reasons why such tendencies appear are not necessarily clear
now, but some discussions can be made as follows>):

When the water particle velocities increase in high frequency compo-
nents, each wave in one series of irregular waves tends to decrease the
value of Keulegan~Carpenter’s number®) because smaller period of each
wave is more possible. 1In such a case, the values of Cy become relative-
ly larger because the reduction of the inertia force by wake vortices
become smaller. Under such fluid conditions, the drag force may not
become so large as to matter in plactical application even if the values
of Cp become large.

On the other hand, when the increase in high frequency components of
velocities is caused by the increase in any nonlinearity not to be ex-
pressed by the superposition of small amplitude waves, the velocities and
accelerations calculated from n by Reid’s method may become a little
smaller than actual ones, which may involve some risk of providing larger
values of Cp and Cy. Therefore, the characteristics of Cp and Cy in ir-
regular waves are still to be investigated.

As examples of the time variation of irregular wave forces, the re-
sults of Cases 3,14 and 19 (in Table 3) are respéctively shown in Fig.12
(a), (b) and (c). The calculated wave forcesF shown in chain lines agree
fairly well with the measured values f* shown in solid lines, which is
also recognized from the fact that almost values of r in Table 3 are close
to 1. Strictly speaking, however, F* is slightly larger than F near the
crest and trough as well as the velocity and acceleration. The difference
of F from F* is caused by not only the differences of calculated U and {
from their measured ones but also the method of calculation such that Cp
and Cy are fixed to certain values over ome series of irregular waves.

O e s /\ /\ measured in Expeci. (F*) —u—calcula,ted feom a (F) ___|
20 : ,
10— /— —\ g D -~ 7\
N A \ / | NENVA
F(gr) o \ i ) \ /
N2 VAR N/ ,_#\ 4 7\ \LL _],i __}
::v Osec 2gec \/ usec bsec [ssee L10sec 12sec
t (sec)
(a) Case 5

';2 Cone 14 neasured in Experi.(Ft) - \___@ .

o —-—calculated from n (F) a L .__._*—/5\, o

F(gr) of——3 N E%;;/ A ’\\/ &UQ I —~ ‘j! \

TV “H’””’"‘ - %\‘/v mws
=20 - }

T 7
| E% N v/
-400sec 12gec l4sec bgec 10sec 12sec]

~30

(b) Case 14
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Fig.12 Time variation of wave forces, F* and F,on small cylinder.

As examples of power spectral density distributions of wave forces,
the results of Cases 3, 7, 14 and 19 (in Table 3) are shown in Fig.1l3(a),
(b), (c) and (d) respectively. In each figure, the spectrum of the meas-
ured wave force, Sp*, are shown in solid line, and the first and second
approximations of theoretical spectrum, Sp; and Sp, , calculated from Sy
by using Egs,(20) and (21) respectively are shown in dotted lines.

Sry contains the effect of nonlinear interactions of component waves
with each other, but SF1 and Sp, are not so different from each other,
and agree well with Spx.

Then, considering the results of all experimental cases shown in
Table 3, the following facts are obtained:

The time variations of wave forces calculated from Reid’s method are
in fairly good agreement with the measured wave forces, and the spectral
distributions of forcescalculated from Borgman’s method also agree well
with ones obtained from the measured wave forces.
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Fig.13 Power spectral density distri-
butions, Spx, Sry, Sry and Sq.

IRREGULAR WAVE FORCES ON A LARGE DIAMETER CYLINDER
3-(1). Theory

The coordinate system is taken in the same way as mentioned in 1—(2),
and moreover, the center axis of a cylinder is at X=0.

When the water level variation at X=0 is monocromatic as shown in
Eq.(23), the induced wave force is represented as shown in Eq. (24) by
MacCamy and Fuchs’s diffraction theory3):

N0= gcos{ WI—G8) |, ssereecsssrsrsrennsnn (23)

cosh k(h+ z) 1
kcosh kh H¥ (kR

Flp) = Re{4pg ae-i(q;t-ﬁ)}

=4 pg-C w-acos(wt— 8§)

—4pg-C2(w)-asin(wt~5), ........ seeseserenesane (24)
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in which ¢ is the amplitude, & is the initial phase, g is the accelera-
tion of gravity, " is the derivative of Hankel function of first kind
of order 1, and C; and €y can be deduced as Eqs.(25) and (26) respective-
ly, which become frequency responce functions of wave forces to water
level variations:

Ch W= coshk( A+ 2) J/CRR)

YT kcosh kh TECRR) T YV ECRR) 2t e(25)
kCh+z) Y/ CRR)

Cz(w):COSh z : TN ¢1))

k cosh kh TP CRRIF Y/ ICRRY

in which R is the radius of the cylinder and /{ and Y denote the deriva-
tives respectively of Bessel function of order 1 and of Neuman function
of order 1.

In the next place, when the water level variation is irregular as
shown in Eq.(27), the induced wave force is represented as Eq.(28) within
the range of small amplitude wave theory:

n(t):fM(w)cos(wt—J(w)) d@ | it (27)
Q

Fi)= 4pgfc, @ - Mwcos(wt— 6 W) dw
0

74pgjgcg(w)-M(w)sin(wtfa(w))dw TR R ¢/1:)

¢

The first term in the right hand side of Eq.(28) has the same phase
as Eq.(27) and the second term has the changed phase by T/2 from Eq.(27).
Therefore, the time variation of wave forces can be calculated from the
simultaneous water level variation by using both the symmetrical linear
filter Gg which has the frequency responce function Cj(w) and the asym—
metrical one Gy which has C2(w), as follows:

Fith=40gGCGs (ntD+4p0gG(7(8)) | «eviiiiveii(29)
The validity of this calculation method were discussed by using the wave
force data obtained in the experiment with the small diameter cylinder

shown in 2-(1).

3-(2). Results and discussions

Figs.14 and 15 show the results obtained by applying the method .
shown in 3-{1) to Cases 3 and 7 shown in Table 3 respectively, in which,
(a) shows the water level variation 1 used as the input data, and (b)
shows the comparison between the measured wave force F* and the calcu-
lated one F obtained as the output data. It is recognized from Fig.1l4(b)
that the calculated wave force shown in chain line agrees well with the
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experimental one shown in solid line. This reason is considered that
since the waves of Case 3 have the narrow band spectrum of which predom-
inant frequency is relatively high value 1.0 Hz as shown in Fig.13(a),
the drag force can be ignored. In another words, the difference between
these two curves shows the drag force because the wave force calculated
from the diffraction theory expresses only the inertia force.

On the other hand, Fig.15(b) indicates that the calculated wave force
is fairl different from the experimental one because of the larger drag
force. The reason of the increase in drag force may be understood from
its wave spectra shown in Fig.13(b).

Now, considering the results of not only Cases 3 and 7 but also an-
other cases, the following fact is obtained:

When the cylinder is so large in diameter that the inertia wave force
is predominant to the drag one, the irregular wave forces can be estimated
from only the water level variation by using this method.

CONCLUSION

The time variation of the horizontal and vertical velocities and
accelerations of water particles can be predicted. fairly well from the
water level variation by using Reid’s linear filters based on the small
amplitude wave theory. Consequently, the time variation of the irregular
wave forces can be adequately calculated from the water level variation
by using Morison’s equation in the case when the values of drag and iner-
tia coefficients can be estimated. 1In such a case, also the spectral
density distribution of wave forces can be calculated adequately from the
spectrum of water level variation by using Borgman’s method. In order to
put these methods into practical application, however, the characteristics
of the values of drag and inertia coefficients should be investigated from
the standpoint, for example, of comparing with the results already obtain-
ed under periodic waves.

On the other hand, in such a case that each wave steepness in irregu-
lar waves becomes so large that the nonlinear characteristics can not be
ignored, the linear filters may provide a little smaller values of the
velocities and accelerations than the actual ones, which involve some risk
of providing larger values of drag and inertia coefficients. Therefore,

a certain nonlinear filters should be investigated in futuer.

Moreover, when the inertia wave force is predominant to the drag one,
irregular wave forces on a cylinder can be calculated from only the water
level variation by the method of applying Reid’s linear filters to MacCamy
and Fuchs’s diffraction theory as presented in this paper.
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