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ABSTRACT 

Flow separation of a laminar boundary layer on the surface of a circular cylinder 
developed by monochromatic waves has been investigated both theoretically and experimental- 
ly, and next, characteristics of vortex formation and shedding have been discussed with 
Keulegan-Carpenter's number and Reynolds number, and finally, local depressions of the 
wave pressure around the cylinder induced by wake vortices have been examined in the exper- 
iment . 

INTRODUCTION 

A number of studies have been made with respect to wave forces on marine structures, 
especially on a circular cylinder.  However, in order to estimate the wave forces more 
correctly, it is necessary to make clear the mechanism of wave force action.  For this 
purpose, it is important, as the first step, to investigate the transformation of waves 
by the circular cylinder and induced flow along the cylinder, and next, to evaluate the 
magnitude of pressures acting on the cylinder exerted by such an affected wave field. 

In case of steady flow, it has already been ascertained that both the behavior of 
fluid around a cylinder and forces on it are principally subject to Reynolds number Re = 
UD/v, in which (i:flow velocity, Pidiameter of cylinder and v:dynamic viscosity..  Son and 
Hanratty1'»2) indicated that in the range of lower Reynolds number the position of separa- 
tion point moves forward from the back stagnation point with increase in Reynolds number. 
For instance when Re = 500, the angle of separation point from the front stagnation point 
8s is about 95°, and when Re increases between 4000 and 100000, it becomes about 80°. 

Then it is well known that such a separation causes wake vortices and their configura- 
tions are also subject to Reynolds number; that is, a pair of symmetric and stable vortices 
is formed at values of Re lower than 40 and Karman vortex street appears at values of Re 
between about 70 and 2500 '.  In this case, the frequency of vortex generation is known by 
using Strouhal number determined by Reynolds number1*) . 

Hereupon, corresponding to such patterns of fluid motion, the distributions of pres- 
sure and shearing stress around a cylinder are determined.  Among the fluid forces on the 
cylinder, the drag force due to the shearing stress is predominant in the range of lower 
Reynolds number.  However, with increase in Reynolds number, another kind of drag force 
becomes predominant owing to depression of pressure induced by wake vortices at the rear 
part of the cylinder.  It is too familiar to state that these results are shown by a figure 
in text books as the relationship between the drag coefficient and Reynolds number11"). 
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On the other hand, in case of wave fields, the separation point, the behavior of wake 
vortices and the pressure distribution have not been made so clear that there exist unkown 
facts about the correspondence of the drag and inertia coefficients to the conditions of 
fluid motion. 

From this point of view, in the present study, general characteristics of the flow 
separation of a laminar boundary layer on the surface of a circular cylinder developed by 
monochromatic waves are shown by using the theory presented by the authors in the previous 
paper5), and then, experimental results of the separation point obtained by taking photo- 
graphs using the method of flow visualization are compared with the theoretical ones, and 
next, vortex formation and shedding are investigated by means of successive photography. 
Finally, wave pressure distributions around the cylinder are measured by using a small 
pressure gauge and depressions of the pressure induced by wake vortices are discussed. 

FLOW SEPARATION 

1. THEORY 

The coordinate system is shown in Fig.l. Denoting the 
water particle velocity in the boundary layer along the cylinder 
in the polar coordinate (9,.*,z) or in the boundary layer coordi- 
nate (X, £/, z) by tt, the separation point of a streamline in the 
boundary layer is generally determined by the condition that 

3u/'3*U=R = ° • (1) 

The authors have already obtained the second approximate 
solution of the water particle velocity in the boundary layer 
in the following dimensionless form by means of the boundary 
layer approximations and the perturbation method in the previous 
paper 5). 

-t/T= 0.7 5,0.5,0.2 5,0.0 

Fig.l    Coordinate 
system. 
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r^    = _J±p-v/2(l+X)n'.3ip-(iU)n>
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gld        4 2 T~n 4 
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•C6) 

rT = kyj/ke*/2   ,  (7) 

in which, e^ivery small quantity of the order of the wave steepness in magnitude, £2:very 
small quantity of the order of the ratio of the boundary layer thickness to the radius of 
cylinder in magnitude, o:angular frequency, H:wave height, L:wave length, T:wave period, 
R:radius of cylinder, fe:wave number, Re*(= c/vfe):convenient Reynolds number using the wave 
celerity c instead of the fluid velocity, and U0 and W0'.amplitudes of dimensionless veloc- 
ities derived by eliminating both the dimensional part TTH/T and time variation part e-00^ 
from the water particle velocities of diffracted waves on the surface of cylinder in the 
direction of the coordinates X  and z  respectively.  Suffixes x  and z  indicate differentia- 
tions with respect to x. and z respectively, and /s and ^ indicate real and imaginary parts 
respectively. 

By applying this velocity U2nd to the velocity a in Eq.(l), Eq.(l) is rewritten as 
follows: 

a"2nd/an-|n^0 - aa0/3rT|n^0 + ea3ui/3n'ln.a0 = o.     (8) 

Using Eq.(3) and Eq.(4), 3u0/3n'| ^_0 and 3Ui/3n'| ..  are expressed as follows: 

3u0/3n1n-=0 = (l+^)ti0e^ ,      (9) 

^i/3n1n.= 0 = (e2/El)y|(i0e
/o;C 

+ [i-^)(i-£)(U0Uo^oUos)e
2^+(|-^)li-^)(U0Wo2-W0Uog)e

2x'a;C 

It is impossible to express the separation point 6S explicitly from Eq.(8) so that the 
separation point is obtained as the point that the sign of left hand side of Eq.(8) is just 
changed in varying 8 by 1° in computations. 

2. COMPUTATIONS AND DISCUSSIONS 

Fig.2 shows an example of the time variation of the water particle velocity in the 
boundary layer U2nd-  In this case, Keulegan-Carpenter's number ([K.C.]m = UmaxF/P) is 6. 
The water particle velocity at 8 = 150° denoted by a dotted line becomes negative value 
after £/T  is about 0.125, which means the occurrence of flow separation behind the cylinder 
and the generation of subsequent reverse current.  On the other hand, the water particle 
velocity at 8=30° denoted by a solid line becomes positive during the phase of wave trough, 
which also means the occurrence of flow separation. The shadow regions in this figure show 
the duration and intensity of these reverse currents. 

Fig.3 shows an example of the time variation of flow separation point with a parameter 
of Keulegan-Carpenter's number (hereafter, it is denoted as K.C. number for abbreviation). 
As the water particle velocity varies in magnitude with the wave phase, the separation 
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point proceeds from behind of the cylinder to front of the cylinder with increase in t/T 
during the phase of wave crest and its reverse movement is seen during the phase of wave 
trough.  Especially when K.C. number is small, for example 3, the separation point varies 
quickly in the wide range, and this phenomenon is peculiar to flow separation under oscil- 
latory waves.  The reason may be explained by the fact that the phase of the water particle 
velocity in the boundary layer proceeds faster than the phase of ambient velocity. 
On the other hand, when K.C. number is large, for example 15, the separation point does not 
vary so widely, which is similar to the flow separation in steady flow. 

Fig.2    Variation of water particle 
velocity U2nd "in boundary 
layer with time. 

Fig.3   Variation of flow separation point 
with time. 
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Fig.4 shows the shift of separation point due to K.C. number, in which the phase t/T 
is fixed to 0.25 and feR is taken as a parameter.  In this figure, for example, when feR is 
0.01, the flow separation does not occur if K.C. number is smaller than 2, and with in- 
crease in K.C. number, the separation point moves from 180° toward 90". And finally it 
approaches to a definite point asymptotically for each feR.  If K.C. number is constant, 
it is found that the smaller feR, the smaller angle of separation point; that is, the wake 
region behind the cylinder becomes wider.  In this calculation, it is also found that 
Reynolds number Umax5/v and the relative water depth fed do not much affect the separation 
point. 

flS'5 shows the vertical distributions of separation point.  If we consider the case 
that h  - 40 cm, V =  3 cm and v = 0.01112 cm2/sec, the wave period of each curve becomes 
0.5 sec -\. 5.0 sec as shown in the figure.  In this calculation, K.C. number at the posi- 
tion where z/k  = -0.1 is 6.  In the figure, when the wave period is as short as 0.5 sec or 
0.7 sec, the flow separation occurs only near the water surface.  On the other hand, when 
the wave period is as long as 2 sec or 5 sec, the separation point does not change verti- 
cally so much.  This is caused by the vertical distributions of water particle velocity 
of the main flow, which means vertical change of K.C. number. 

o.qO'TiVYvYA ^\ 

t/T= 0.25 
z/h=-0.20 
kh • 1.00 

0.70-O•>C\\ 
0.60-O$»X\ 

o.io-o/ 
0.01 ' 

0                               E 1 3                            1 5 20 
[K.C.]„ 

Fig-4 Shift of flow separati on point. 

-0.2 

z/h 

-0.4 

t/T-0.25 

?-N^   T=0.5sec 

i\v^c 
2.0 \ ^^- sec \      \l.0sec 

5.0 \ secx \ - \ 
1/1. 5sec\ 

li        11 

Fig.5 Vertical distributions of 
flow separation point. 
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3. EXPERIMENTS AND CONSIDERATION 

In the experiment of flow separation, a circular cylinder made of Lucite with a diam- 
etr of 3 cm was installed in the center of a wave tank, which is 27 m long, 50 cm wide and 
70 cm deep. As shown in Fig.6, from this cylinder surface, a platinum wire with a diameter 
of 0.05 mm was stretched horizontally, and trains of hydrogen bubbles were generated from 
the platinum wire by using a pulse generator, and photographs were taken through the glass 
bottom. As the cylinder was made rotatable around the vertical z-axis in Fig.1, the sep- 
aration point was examined by rotating the cylinder every 5° in the range of angle from 
90° to 160° during the phase of wave crest. 

The water depth k was 40 cm and the measuring point Zp was 5 cm below still water 
level, and the correspondence of experimental cases to the wave characteristics is shown 
in Table 1, in which Rem - UmaxV/v. 

Circular 
Protractor 

(*=0.05mm) 

Fig.6   Sketch of experimental 
apparatus for flow 
separation. 

Table 1 Experimental condition 
for flow separation. 

h = 40 cm, zp=— 5 cm 

Case T(sec) H(cm) [K.C.]m Rem xio-a 

I- l 2.0 1.5-1.6 2.5- 2.7 1.02-1.09 
I- 2 2.0 2.4-2.6 4.1- 4.4 1.64-1.77 
I- 3 2.0 3.3-3.4 5.6- 5.7 2.25-2.32 
I— 4 2.0 3.7-3.9 6.2- 6.6 2.49-2.63 
I— 5 2.0 4.9-5.1 8.3- 8.6 3.30-3.44 
I— 6 2.0 5.7-5.8 9.6- 9.8 3.84-3.91 
I— 7 3.0 1.0-1.1 2.5- 2.8 0.69-0.76 
I- 8 3.0 1.8-2.0 4.5- 5.0 1.24-1.38 
I- 9 3.0 2.5-2.7 6.2- 6.7 1.73-1.87 
I—10 3.0 3.5-3.8 8.7- 9.5 2.42-2.63 
I—11 3.0 4.5-4.9 11.2-12.2 3.11-3.39 

Some examples of photographs taken about flow separation are shown in Photo.1(a), (b) 
and (c). Photo.1(a) shows that when t/T = 0.279, the flow is not separated yet at the 
position of the platinum wire where 6 - 100°, in which K.C. number is 6.6. Photo.1(b) is 
an example of such a critical condition that the flow is just separated at the position 
of platinum wire, in which t/T =  0.306, 6 = 120° and K.C. number is 4.5.  Photo.1(c) 
is the case when t/T  = 0.323 and the position of the platinum wire, e = 125°, is in the 
region of reverse current because of flow separation, in which K.C. number is 4.8. 
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D = 3cm 
h = 40cm 
zp = -5cm 
T =2.0sec 
H =3.9cm 
9 =100° 
t/T=0.279 
Rem= 2630 
[K.C.]m=6.6 

(a) Not separated. 

^ylinderj 
Wave 1 

D   =    3cm 
h    = 40cm 
Zp = -5cm 
T    =3.0sec 
H    =1.8cm 

i§s§§si§^ 9    =120° 
KPlatinumS t/T=0.306 

Wi re Rem=1240 
[K.C]m=4.5 

(b) Critical. 

| Cylinder! 
Ww^veBBII^B 

D    =    3cm 
h    = 40cm 
zp = -5cm 
T    =3.0sec 

tjjSSSSfcai^. H    =1.9cm 
• Platinum; 9    =125° 

Wire t/T=0.323 
Rem= 1310 
[K.C]m=4.8 

(c) Separated. 

Photo.1 Visualization of flow separation. 
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Fig-7  shows the comparison between theoretical separation points and experimental 
values.  In this figure, experimental data are divided into three flow conditions by the 
photographs; that is, at the intersection point of the platinum wire and the cylinder 
surface, the separation has not occured yet, just occured and already occured as shown in 
Photo.1(a), (b) and (c) respectively. This figure indicates that the experimental values 
agree well with the theoretical ones except Cases 1-6, 1-10 and 1-11, in which K.C. num- 
bers are so large that the vortices generated before a half period of waves in front of 
the cylinder become to disturb the boundary layer during their shedding along the cylinder 
surface toward the rear part of the cylinder by the return flow. 

Ca se I- 1 Case I- 7 Case I- i Ca se I- 4 Case I- 5 Case I- 6 

\\ Ba 
I 

ck-Water 
Back-Water 1   1 

• Separated 
o Not separated 

-\^- • Back-Water 

"H~* ". a 1    j • Back-Water [    j 
„ Back-water 
• • Back-Hater 

• M •• 
X ° ^X 

^oo 

1 \ \ \ 
0.2 0.3 0.4  0.2 0.3 0.4 0.2 0.3 0.4  0.2 0.3 0.4  0.2 0.3 0.4  0.2 0.3 0.4.0.5 

t/T 

Case 1-7 Case 1-9     Case 1-10 _  Case 1-11 

Fi9-7    Comparison of theoretical  flow separation point with experimental  data. 
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WAKE VORTICES 

1. EXPERIMENT 

In the experiment of wake vortices, platinum wires were stretched horizontally from 
the cylinder surface at "the angles of about 90° and 270°, and photographs of hydrogen 
bubble lines were taken successively with an interval of about 0.25 sec by using a moter 
driven camera.  Other experimental apparatus were same as in the case of flow separation. 
Experimental conditions were as follows: k =  40 cm, zp = -5 cm, v = 0.01141 cm2/sec, and 
the wave period T in the range from 1 sec to 8 sec and the wave hight H  from 1.5 cm to 
7.5 cm were used in this experiment. 

Examples of successive photographs showing the time process of vortex formation and 
shedding are shown in Photo.2 and Photo.3, which are an example of a pair of symmetric 
vortices and that of extremely asymmetric vortices or almost Karman vortex street respec- 
tively. 

From Photo.2, it is recognized that after flow separation, a new pair of vortices 
begins to form behind the cylinder at the phase t/T  =0.30 and is growing up symmetrically 
till t/T  =0.50, in which another pair of vortices at the right side of each photographs 
is an old one generated in front of the cylinder before a half period of waves and trans- 
ported by main flow, and that as the main flow changes its direction after t/T  = 0.5, the 
vortices are transported toward the front of the cylinder at each side of the cylinder. 
In this case, K.C. number is 7.4. 

On the other hand, it is recognized from Photo.3 that a pair of small vortices appears 
slightly at the phase t/T =  0.15, but only one vortex at the lower side of the cylinder in 
the photographs is growing large till t/T  = 0.23 and begins to shed at t/T =  0.31, and the 
other vortex at the upper side of the cylinder in the photographs is growing till t/T - 
0.51.  In this case, K.C. number is as large as 19.8, and hydrogen bubble lines are quite 
turbulent because of the remaining effects of some vortices generated before a half period 
of waves. 

2. DISCUSSION OF RESULTS 

The relationship between vortex configurations and both Reynolds number Re.m and K.C. 
number [K.C.]m is shown in Fig.8(a).  The explanation of each symbol is shown in Fig.8(b), 
in which dotted lines show the path of vortices in return flow.  In this figure, it is 
found that the vortex configurations are generally transformed by K.C. number; that is, 
when K.C. number is smaller than 2, flow separation does not occur both theoretically and 
experimentally, and when K.C. number is smaller than about 7.5, a pair of symmetric vorti- 
ces appears.  With increase in K.C. number, a pair of vortices becomes asymmetric, espe- 
cially when K.C. number is larger than 15, it becomes extreamly asymmetric as shown in 
Vortex-Pattern C, and finally, when K.C. number reaches about 20, vortices become similar 
to Karman vortex street. 

It is apparent that such transformations of vortex configuration are caused by the 
characteristics of vortex generation and shedding. The former is closely related to the 
characteristics of flow separation and the latter is due to the sweeping effect of a main 
flow and the stability of vortices.  In other wards, when K.C. number is small, the flow 
separation does not continue so long time as to form vortices, and even when Reynolds 
number is high to some extent, the wake vortices may not be formed so easily in the wave 
field as in the steady flow. On the other hand, as the angle of separation point becomes 
smaller with increase in K.C. number and does not vary so quickly with the wave phase 
which means that the wake region becpmes larger for a longer time, the generation and 
shedding of wake vortices in the wave field become similar to those in steady flow. 

It is considered that the state of vortex shedding in the wave field may be known by 
using the relationship between Reynolds number and Strouhal number obtained in the case of 
steady flow6). Denoting the frequency of vortex shedding, the wave frequency and Strouhal 
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D»3cm,  h-40cm,Zp — 5cm.   T-4.9sec, H-1.9cm.    Rem-122°.  [K.C._m-'/-4 

t/T- 0 '5 0.20 0.25 

•pi 
1 

S '•; 
Wjill: 

t/T=   0.40 

•-1 

t/T=   0.60 

Photo.2 Time variation of wake vortices in case of 
a pair of symmetric vortices. 
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D = J--n.   h-llltm. Z, /.2-JIJC. H-s.-ic.n.  Re:, .?"(>,   K.C., 

t/T' 0.15 0 19 

1 'T        "3 

Photo.3 Time variation of wake vortices in case of 
Karman vortex street. 
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number by fs, f and S  respectively* the value of fs/f means the number of shedding vortex 
during one wave period, which is estimated by the following equation: 

fs/f = (Re/RemJ-S-CK.C.lm •(11) 

in which the validity of Eq.(ll) is easily confirmed by substituting Re = UV/v,   Rem = UmV/v> 
S  = fsV/U  and [K.C.Jm = <W(Pf) into the right hand side of Eq.(ll). 

Therefore, fs/f = 2 corresponds to the condition that a pair of vortices are gener- 
ated during a half period of wave and the direction of flow in the wave field is reversed 
just before a subsequent vortex appears, which is considered to be similar to the configu- 
ration of Vortex-Pattern C.  The dotted line denoted by fs/f = 2 in Fig.8(a) shows the 
condition in the case of applying the average value of Re during a half period and the 
value of S corresponding to Rem, which corresponds well to Vortex-Pattern C appearing when 

[K.C.]m is about 16. 
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(a) 

Variation of vortex-pattern behind 
cylinder with K.C. number and 
Reynolds number. 

Symbol Flow Pattern Note 

+ O Without  separations 
and 

without  vortices. 

o o Separations but 
without  vortices. 

• •O Vortex-Pattern A; 
A pair  of  symmet- 
ric vortices. 

D o Vortex-Pattern B; 
A pair of  asymmet- 
ric vortices. 

• <5P> Vortex-Pattern C; 
A pair  of  extremely 
asymmetric vortices. 

• <2? 
Vortex-Pattern D; 

Pseudo Karman 
vortex street. 

(b) 
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PRESSURE DISTRIBUTION 

1. EXPERIMENT 

In the experiment of wave pressure measurements, a wave tank which is 17.5 m long, 
1.5 m wide and 75 cm deep was used, in which, a circular cylinder consisting of three parts, 
as shown in Photo.4, with a diameter of 3 cm and a total length of 85 cm was installed 
vertically at the position of 9 m and 25 cm apart from the wave generator paddle and the 
side wall respectively.  A very small pressure gauge with a diameter of 2.8 mm shown in 
Photo.5 was attached to the surface of the middle cylinder part at the position A shown in 
Fig.9, and its linearity was confirmed to be very well. 

Distributions of wave pressure were measured by rotating this cylinder intermittently 
around the center axis, and then, the water depth h  was 40 cm and the measuring point Zp 
was 5 cm below still water level.  In Table 2, wave height Ht  wave period T, K.C. number, 
Reynolds number and the angle of separation point calculated theoretically at the wave 
phase £/T =  0.25 are shown correspondingly to each experimental case. 

Photo.5 Mini-sensor of 
pressure gauge. 

Photo.4 Experimental apparatus 
for wave pressure. 

•9 Cross section 
of middle part 
of cylinder. 



2354 COASTAL ENGINEERING-1976 

Table 2 Experimental condition 
for wave pressure. 

h=A(lcn 2p—— 5 cm 

Case T(sec) tf(cm) [K.C]m 
Rem x 

10-3 
6s 

«/T=0.25) 

III- 1 0.7 3.5 2.6 2.77 147° 
III- 2 0.7 7.5 5.3 5.80 115° 
III- 3 1.0 3.8 3.5 2.71 128° 
III- 4 1.0 8.7 8.0 6.25 106" 
III- 5 1.5 3.3 4.2 2.21 120" 
III- 6 1.5 6.5 8.6 4.43 105° 
III- 7 2.0 3.0 5.1 2.01 115° 
III- 8 2.0 7.9 13.3 5.30 100° 
III- 9 2.5 3.0 6.1 1.96 110° 
III—10 2.5 6.0 12.5 3.90 100° 

2. DISCUSSION OF RESULTS 

In the analysis of experimental data, it is assumed that the wave conditions are 
constant even if the angle of measuring point is changed, and the value of wave pressure 
at each angle is determined by averaging the data during three cycles of successive waves. 

Some examples of pressure distributions around the cylinder at the wave phases t/T = 
0, 0.25, 0.5 and 0.75 are shown in Fig.10(a) and (b), and correspondingly, time variations 
of wave pressure at the angles 9 = 30°, 90° and 150° are shown in Fig.U(a) and (b) .  In 
each figure, (a) and (b) show the results of Cases BI-1 and IH-7 respectively. 

In Case HI-1, Reynolds number is 2770 and K.C. number is as small as 2.6. In this 
case, flow separation occurs but any wake vortex does not appear distinctly, and therefore, 
pressure distributions are roughly smooth as shown in Fig.lO(a) and time variations of 
pressure are almost sinusoidal as shown in Fig.ll(a), corresponding to the water level 

variation. 

In Case HI-7, Reynolds number is 2010 and K.C. number is 5.1.  In this case, a pair 
of symmetric vortices appears and causes local depressions of wave pressure; that is, in 
Fig.10(b), the pressures at the angles 9 = 120° and 60° are extreamly decreased by each 
wake vortex at the wave phases t/T  = 0.25 and 0.75 respectively. And moreover, it is found 
in Fig.1Kb) that the time variation curve of wave pressure at 9 = 150° fluctuates near 
t/T  » 0.25, which is also regarded as the effect of wake vortices. 

It is understood from these examples that wake vortices cause the local depressions 
of wave pressure and induce the drag force, and moreover, it is considered that if wake 
vortices neither vanish nor shed soon and remain near 9 = 0° or 180° even when t/T  - 0 or 
0.5 respectively, the inertia force tends to decrease due to their vortices. This phenome- 

non may occur in the case of Vortex-Pattern C. 
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p/pgH 

-0.25     0     0.25     0.5    0.75 
t/T 

(a) (a) 

P/pgH 

1.5 
Case tn-7 

h =40cm    / \   T=2.0sec 
zp=-5cm   /' \\ H=3.0cm 

p/pgH D= 3cm/// ^V 
1.0 // 

0.5 

i \\ 
\\  ' 

1 

 0=   30° 
 0=  90° 
 0=150° 

1 
^ 

-0.25     0     0.25     0.5   0.75 
t/T 

(b) (b) 

Fig.10    Pressure distribution 
around cylinder. 

Fig.11    Pressure variation 
with time. 
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CONCLUSION 

As a process of making clear the generation mechanism of wave forces acting on a cir- 
cular cylinder, following the previous study of the water particle velocity in the laminar 
boundary layer, the characteristics of flow separation, wake vortices and wave pressure 
have been investigated, and the results obtained are as follows: 

1. The separation point of the laminar boundary layer developed by wave motion on the 
cylinder is mainly varied with the wave phase and K.C. number. When K.C. number is small, 
apparent flow separation occurs so that the separation point varies quickly in short time. 
However, when K.C. number becomes large, the variation of separation point with the wave 
phase becomes more gradual and characteristics of flow separation become similar to those 
in steady flow. 

2. Experimental values of separation point agree well with the theoretical ones in the 
case when K.C. number is smaller than about 9.  However, when K.C. number becomes larger, 
the difference between both values becomes noticeable by the reason that wake vortices 
generated before a half period of waves disturb the boundary layer during their reverse 
shedding. 

3. Within the range of this experiment, the configuration of wake vortices is success 
sively transformed from a pair of symmetric vortices to asymmetric ones and finally Karman 
vortex street with increase in K.C. number.  Generally speaking, the configuration of wake 
vortices is subject to the ratio of the frequency of vortex generation to the wave frequen- 
cy, which may be determined by K.C. number, Reynolds number and Strouhal number. 

4. Wave pressures around a cylinder are affected by wake vortices and the dynamic pres- 
sure in addition to the static pressure caused by water level variation.  Wake vortices 
induce local pressure depressions in the wave field as well as in steady flow, and there- 
fore, it is considered that fully developed vortices may cause to not only increase the 
drag force but also decrease the inertia force. 
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