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Abstract

In order to get a better understanding of the so called bow-wave-breaking

phenomenon occurring on full-bodied hull forms, attempts were made to observe

the flow fields around a horizontal and a vertical semi-submerged circular

cylinder. It was verified that there apparently exists a shear layer beneath

the free surface in front of the body, leading to the formation of trapped

transverse vortices in front of the horizontal cylinder and of necklace

vortices spiraling around the front of the vertical cylinder even at extremely

slow speeds without any visible wave-breaking. At higher speeds there is a

gradually increasing amount of visible wave breaking accompanied by intensive

vortical motion beneath the free surface. The breaking bow wave and the neck-

lace vortex around bluff bows thus seem to be closely real ted phenomena.

Zusarmnenfassung

Um die an völligen Schiffsfo~en vorkommende Erscheinung der sog. brechenden

Bugwelle besser verstehen zu können~ wurden Versuche unternommen~ das Strö-

mungsfeld um halbgetauchte horizontale und vertikale Kreiszylinder sichtbar

zu machen. Die Existenz einer Grenzschicht mit Scherströmung unmittelbar

unter der freien Wasseroberfläche vor dem Körper konnte bestätigt werden.

Sie führt zur Bi ldung vor dem Körper eingefangener Querwirbe l beim horizon-

talen Zylinder bzw. dem Körper halskettenartig umgehängter Längswirbel beim

vertikalen Zylinder~ und zwar selbst bei extrem niedrigen Fahrtgeschwindig-

keiten ohne jede sichtbare Wellenbrechung. Bei höheren Geschwindigkeiten

beobachtet man eine allmählich zunehmende und von starker Wirbelbewegung

unter der freien Oberfläche begleitete Wellenbrechung. Die brechende Bug-

welle und der Halskettenwirbel um völlige Bugfo~en scheinen daher mitein-

ander eng verwandte Vorgänge zu sein.



1. Introduction

Breaking bow waves around full forms are familiar phenomenon.

However, it was only in 1969 that Baba(l) and Sharma(2) introduced a

distinct component of resistance to full ships such as tankers and bulk

carriers which is explicitly associated with the breaking wave. They

also pointed out the importance of reducing this component in order to

get a better performance for these ships at relatively high speeds,

for instance by the use of suitably designed bow bulbs. Meanwhile,

many more studies have been done to investigate this topic. However,

one may say that we are still far from a satisfactory theoretical

explanation of this phenomenon. In order to.get an efficient theoretical

tool to develop a hull form with less resistance due to breaking waves,

Recently Kayo

efforts are required.

(~0and Takekuma reported their findings about the

therefore, further

effect of a shear layer on breaking bow waves. They observed that there

exists a shear layer beneath the free surface in front of a moving

full-form ship model and that the shear layer results in so-called

necklace vortices. They also showed the important role of this shear

layer in the breaking of bow waves by deliberately varying the intensity

of the shear layer. The bow-wave breaking was intensified or attenuated

according as the shear layer was artificially strengthened or weakened

respectively.

The present investigation has been carried out to study in a

more fundamental way the effect of the shear layer on vortices and

the possible effect of vortices on the breaking bow waves.

The models used in this experiment were semi-submerged circular

cylinders. The vertical cylinder was selected as one of the simplest
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models of a full ship. Additional observations were made on a horizontal

eylinder as the extreme ease of a full body where loeally two-dimensional

flow may be expected in front of the bow.

3



Towing speed

Vm
mls

FnT Rn ( say WT 24°C v 0.913 x 10-6m2/s)

0.55 0.05 1.095 x 10"

0.10 0.101 2.190 x
"

0.20 0.202 4.38 x
"

0.25 0.252 5.47 x "

0.30 0.303 6.57 x
"

0.35 0.353 7.66 x
"

0.40 0.404 8.76 x
"

0.45 0.454 9.85 x
"

0.50 0.505 1.095 x 105

0.60 0.606 1.31 x "

0.80 0.808 1.75 x "

1.00 1.010 2.19 x "

Here FnT = Vm/v'gT is Froude number based on draft T, and

Rn = VmD/v is Reynolds number based on diameter D of the

semi-submerged cylinder. In the test condition T = D/2.

2. Experiments

The experiments were conducted in the towing tank of the Institut

für Schiffbau der Universität Hamburg during August 10-15, 1981.

2.1 Models and test conditions

Two circu1ar cy1inders were towed at severa1 speeds. The dimen-

sions of the cy1inders are as folIows:

Tab1e 1. Horizontal circu1ar cy1inder

Diameter 0.200 m

Length 2.09
m

(10
mm

1ess than the tank width )
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Diameter 0.457
m

Drafts 0.114
m

shallow draft Tl

0.457
m

deep draft T2

Towing speed Froude number Froude number Reynolds
for shallow draft for deep draft number

Vm m/s FnTl FnT2 Rn

0.053 0.05 0.025 2.65 x 104

0.106 0.10 0.05 5.30 x 104

0.212 0.20 0.10 1.60 x 105

0.423 0.40 0.20 2.12 x (,

0.847 0.80 0.40 4.24 x I(

1.060 0.50 5.30 x 105

where Froude numbers based on diameter for both drafts are the

same as the FnT2 for deep draft.

Table 2. Vertical circular cylinder

In the case of the vertical circular cylinder, the experiments

were made on two different drafts to study the effect of the draft of

the body on the phenomenon.

2.2 Kind of test

The flow in front of the models was observed by usual flow visual-

ization techniques and recorded on half-inch video tape and on 16 mm film.

Water color dye, aluminum powder and metal leaf flakes were used as

tracers and injected into the fluid manually by means of a syringe held

just above the free surface.

The free surface was skimmed several times carefully with a boom

every morning before the test run.

5



Wave height measurements along several radial cuts in tront of the

vertical cylinder were carried out manually using a multi-pointer probe.

A general arrangement of the test is shown in Fig. 1.

6



3. Test results

3.1 Observation of_~o~_~ield_.in front of the horizontal cylinder

The upstream vortex in the case of a semi-submerged horizontal

1
,

d d b H . .(5)cy In er was reporte y onJ1 . He explained in his paper that the

forward movement of the free surface seems to be the cause of the for-

mation of his upstream vortex. He also said that a free liquid surface

behaves like a thin menbrane along wnich a boundary layer can be formed.

His original experiment was done on a small cylinder of 10 cm

diameter at speeds below 0.11 m/s in a small towing tank of 6 m length.

The present study was done to verify his result on a larger model in a

larger tank over a larger range of speeds.

With the injection of water color dye, the shear layer beneath

the free surface was visualized. The water surface immediately in

front of the cylinder moved with the same velocity as the model itself

up to a certain transverse line, which we could observe easily, and whose

distance from the fore end of the cylinder was found to depend on the

speed. When the dye, injected far ahead of the cylinder, flowed to

this line, the upper most layer of the dye was trapped as if there was

asolid plate on the free surface.

The position of the stagnant line, seen as a point when viewed from

the side, seemed to be generally stable on any individual run, except

for small pulsations at the higher speeds. Fig.2 shows the observed

distances from the fore end of the cylinder to the stagnant line.

They scatter widely, especially at low speeds.

The highest value obtained at the speed of 0.05 m/s was gotten

on the first run of the day when the water was very calm. On the other
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hand, the lower distances measured at the same speed were obtained

while the carriage was going back to the starting point shortly after

each run. It seems that this length may be affected by the residual

current in the tank at very low speed. However, the distance to the

stagnant line is langer at low speeds and decreases with increase of

the towing speed to re ach a constant value around sir = 2.0 where s

is the distance measured and r is the radius of the cylinder. This

tendency is quite different from that obtained by Honji. (Fig.3 )

The tank length mayaiso have same effect on the distance of this

stagnant line.

The remarkable feature of the flow pattern in front of the cylinder

is the formation of a dead water region with many alternating vortices as

shown in Figs.4-a-4-c. These vortices thus observed have some resemblance

to the flow around a circular cylinder in unbounded fluid with a thin

splitter plate attached to it.

The free surface, a boundary between air and water, in front of

a moving body seems to be a source of vorticity and a kind of boundary

layer may develop under the free surface.

However, apreeise measurement of the velocity field in a proximity

to the free surface is necessary for further discussion and the construc-

tion of a rational mathematicax model.
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3.2 Observation of flow field in front of the vertical cylinder

3.2.1 Wave height measurement

The wave height was measured for the condi tions below.

draft speed ( m/s )

* *1/4 D 0.106 0.212 0.423 0.847

* *D 0.106 0.212 0.423 0.847

* Wave height was too small to measure by apointer

The results are shown in Figs ~6. The non-dimensionalized wave

heights on the longitudinal center line for each draft have little

effect of speed except in the region near to the cylinder where a

plateau is formed. However, it should be noted that in a proximity

to the cylinder water can climb up to astagnation pressure height

Bernoulli's equation.

exceed it by about 10% apparently violating

This phenomenon also needs furt her investigation~8)

and in some cases even

3.2.2 Flow patterns

Flow visualizing technique was the same as used on the horizontal

circular cylinder.

The flow pattern in the longitudinal center plane in front of the

vertical circular cylinder resembles that of the horizontal circular

cylinder except that there was no definite stagnant free surface

region in front of the cylinder. In the case of three-dimensional

flow the water surface moved continuously towardthe cylinder as it

could pass around both sides of the cylinder.

However, there exists a shear layer in front of the moving cylinder.

The water color dye filament at far upstream is pointing forward as

9



shown in Figsä-7e. The uppermost water color dye particle then skews

toward the cylinder due to the continuous movement of the free s~rface

while the lower part is trapped by the vortices.

The vortices are similar to those known as a horseshoe vortex

around a stubby circular cylinder on a plate.

It should be noted that the necklace vortices were found at any

speed tested;that is the vortices existed even at extremely slow speed

where no visible wave-breaking was observed.

Effect of towing speed on the vortices

A diameter of the nearest vortex and a keel depth of the wedge

shaped region were measured from the video to analyse an effect of

towing speed on the flow pattern in front of the vertical circular

cylinder.

The results are shown in Fig. 8. At lower speeds the diameter

of the vor tex varies considerably even in the same test run. The smaller

one was obtained at the after end of the run. They might have bcen

affected by an end wall of the tank. (Fig.7-d)

The result of the deep draft seems to be rather stable and the

diameter of the nearest vortex depends on the towing speed. The

diameter is quite large at the lowest speed and it decreases with the

increase of speed up to a certain point where visual breaking waves

occur slightly. Then the vortex grows large again at higher speed

accompanied with heavily breaking waves.

The present observation suggests a relationship between the

intensity of vortices and the formation of breaking bow waves of

10



full forms. However,it is desired to conduct more detailed experiments

under weIl controlled conditions taget a conclusive understanding of

the phenomenon.

Effect of draft of the cylinder on the vortices

It is cornrnonly observed that full-form ship models experience

heavier bow wave breaking at shallow draft conditions compared with

their full-Ioad conditions. Although the result varied at low speeds,

the present experimental observations on the flow fields of two

different drafts show a tendency that the vortex of the shallow draft

cylinder is larger than that of the deep draft (Fig.8). This may

be interpreted as a possible cause of the difference between the

bow-wave breaking on different draft conditions.

Effect of shear layer intensified artificially

A trial was made to observe the effect of strengthening the shear

layer in front of the model on the intensity of vortical motion.

A thin foil was allowed to float on the water surface in front

of the vertical circular cylinder and towed with the same speed as

the model.

The vortex motion was exaggerated when this foil was on the free

f 1 d b d i 1 ' f f h ' d 1
(3)

sur ace, as a rea y 0 serve prev ous y 1n . ront 0 a s 1P mo e .

This resu1t is also plotted in Fig.8.
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Effect of surface tension on the vortices

Honji(6) reported that the upstream vortex was found to be smaller

when the surface tension was reduced (Fig.9 ).

In the present experiment the water surface was treated with a

kind of commercial detergent called 'Pril' to reduce the surface

tension. Even a drop of 'Pril' pushed out the dust on the water

surface and made the free surface clean within a certain neighborhood.

This fact indicated that the surface tension was reduced considerably.

The test result showed that the detergent had the remarkable

effect ofintensifying the vortices at low speed. Namely the wedge

shaped region extended far upstream, the vortices grew much larger

and became unsteady when compared with the result obtained in water

with naturally clean free surface (Figaw,lÜ On the other hand the

effect of the detergent became less at higher speed (Fig.8 ).

.
I

.
k

(7,2)
. 11 f t i ht 1S nown Lnat even qU1te sma amount 0 con am nants suc

as oil forms a surface film on water which causes considerable wave

damping due to its resistance to compression. In our experiment the

drops of detergent made a thin surface film with high resistance to

compression so that the free surface might move more strongly.

These results seem to be quite different from that of Honji

about the effect of surface tension on the formation of upstream

vortex. Honji's experiment was done on two-dimensional flow whereas

the present one was done on three-dimensional flow.

As the surface tension was not measured, no definite conclusion

can be derived from a single observation. Further investigation is

neccessary.
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4. Conc1usions and remarks

Based on the present investigations following conclusions may be

derived.

1) There exists in princip1e a kind of shear layer in front of a

moving body.

2) This shear layer beneath the free surface can produce vortices

around the forebody.

3) The intensity of these vortices grows with the increase of

towing speed.

4) The formation of the so-called breaking bow waves of a full

form may be related to the intensity of the vortices mentioned

above.

5) Further investigations, both of experimental and theoretical

nature, seem to be necessary and worthwhilc.

13



5. Acknowledgements

The authors wish to express their thanks to the staff of the

Institute für Schiffbau for their cooperation in carrying out the

experiments. Mr. D.L. Huang of the Dalian Technical Institute,

currently visiting at Hamburg, also provided enthusiastic assistance.

Moreover, we would like to acknowledge the stimulating discussions

with Prof. K. Wieghardt, Dr. J. Kux, Dr. G. Co11atz and Dr. E. Baba.

14



6. References

/ 1. Baba, E., "A New Component of Viscous Resistance of Ships ",

Journal of the Society of Naval Architects of Japan, vol.125,

1969

2. Sharma, S.O., "On the Wavebreaking Resistance of Full Hull

Forms ", Contribution to the 12th ITTC, Rome, 1969

3. Kayo, Y. and Takekuma, K., "On the Free-Surface Shear Flow

related to Bow Wave-Breaking of Full Ship Models", Journal of

the Society of Naval Architects of Japan, vol.149, 1981

4. Takekuma, K. and Kayo ,Y., "On the Breaking Bow \\lavesof

Full Ship Models ", Mitsubishi Juko Giho, vol.18, No.5,1981

( in Japanese )

5. Honji, H., "Observation of a Vortex in front of a Half-

Submerged Circular Cylinder ", Journal of the Physical Society

of Japan, vol.40, No.5, 1976

6. Honji, H., "On a starting vortex beneath the free surface

around a circular cylinder ", Technical Bulletin of the

Research Institut of Applied Mechanics, Kyushu University

vol.43, 1975 ( in Japanese )

7. Oavies, J.T. and Vose, R.W., "On the damping of capillary

waves by surface films ", Proc. Roy. Soc. A. vol.286, 1965

8. Eggers, K., "Non-Kelvin Dispersive Waves around Non-Slender

Ships ", Schiffstechnik Band 28, 1981 pp.223 ff., esp.

reply to discussion by Miyata, pp. 248-250.

9. Lamb, H., "Hydrodynamics If,Cambridge University Press, 1952,

Sixth Edition, pp. 631-632.

15



I'

.

Fig. 1 General arrangement



10 0

8 0

0 o 0 0
.

6
0

4
0
0 0

2 0 00 000 0 0

0
0 0.2 0.4 0.6 0.8 1.0

Fnd -
0 0.5 1.0 1.5 2.0

R xlO-5n

o

30

s
20 0

Fig.2 Distance sir measured from the front of the

cylinder to the stagnant line

17



C)

u
I:::::
ro
~
Cf)

i
~

~
I:::::
(!)

S
i

$-;
(!)
p..
><(!)

""')

../
Cf)

'..-i
........

I:::::
o

::r::

I:::::

'..-i

~

o

'""d(!)
$-;
;j
Cf)
ro(!)
S

$-;
..........
Cf)

N -
J/S

-

18



.

Fig. 4-a Flow pattern in front of semi-submerged

circular cylinder (Vm = o.OSm/s)



Fig. 4-b Flow pattern in front of serni-subrnerged

circular cylinder

Vrn O.
OSrn/ s

Vrn O.2Srn/s

Vrn O.30m/s

.



Fig. 4-c Flow pattern in front of serni-subrnerged

circular cylinder

Vrn o.3Srn/s

Vrn o.
40rn/ s

Vrn o.sorn/s
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Fig.6
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Wave contour 1ine for

equa1 to 1/4 diameter

(Vm
== 0.85 m/s)

a vertica1 circu1ar cy1inder with draft
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Fig. 7-a Flow pattern in front of a vertical

circular cylinder (draft T

T .!D
4

Vrn O.053rn/s

T

Vrn O.053rn/s

.



T = ..!.D
4

o. 423m/s .
Vm

Fig. 7-b Flow pattern in front of a vertical

circular cylinder (draft T

T ..!.D
4

Vm O.106m/s

T =
~

D

Vm O. 212m/ s



Fig. 7-c Flow pattern in front of a vertical

circular cylinder (draft T = D)

T = D

Vm = O.053m/s

T = D

Vm = O.053m/s

T = D

Vm = O.106m/s

.



This pieture was taken when the eylinder was 1n a

steady motion shortly after it started

This pieture was taken when the eylinder was

elose to the tank end.

Fig. 7-d Flow pattern in front of a vertieal

eireular eylinder (draft T = D)

T = D

Vm = O.42m/s

T = D

Vm = O.42m/s

.
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Fig. 7-e Flow pattern in front of a vertical

circular cylinder (draft T = D)

T = D

Vrn = O.S4rn/s

.
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Fig. ]0 Effect of surface tension on vortices

over all view in front of a vertical

circular cylinder (Flow pattern is unsteady)

T = D

Vrn = 0.053rn/s

T = D

Vrn= 0.053rn/s

.



Fig. ]]-a Unsteady flow pattern in front of a

vertical circular cylinder (close-up)

T = D

Vm = O.053m/s

free surface

is treated

with a

detergent

T = D

Vm = O.053m/s

T = D

Vm = O.053m/s

.



Fig. jj-b Unsteady flow pattern in front of

a vertical circular cylinder (close-up)

T = D

Vrn = O.053rn/s

free surface

is treated

with a

detergent

T = D

Vrn = O.053rn/s

T = D

Vrn = O.053rn/s

.


