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ABSTRACT

This paper discusses how to obtain eddymaking damping coeff i-

cients for slow drift oscillations of a moored ship in irregular

waves. By deriving a simple expression for the standard devi-

ations of the motions it is shown that it is not necessary to

have great accuracy in predicting the damping coefficients.

single vortex method has been derived and used together with

experimental U-tube results. to discuss the hull parameter depen-

dence of eddymaking damping. The single vortex method is shown

to agree well with experimental results fOr midship sections

without bilge keels. The effect of a bilge keel is strong at

small KC-numbers and cannot be predicted theoretically by a

simple single vortex model.



NOMENCLATURE

jk

jk

Added mass matrix

Linear damping matrix due to wave drift force

damping

B Ship beam

Bilge keel depth

CD Drag coefficient based on ship draft (see

equation (8))

CM Mass coefficient (see equaion (8))

C Friction factor in surge (see equation (1))

k k Restoring matrix due to mooring. k contain also changes in
mean evjronmental loads due to rotation n6. =

P Ship draft

F. Slow drift excitation force components
1

g Acceleration of gravity

Hs Significant wave height

66
Yaw mass moment of ship

KC Keülegan.-Carpenter number based on ship draft

L Length between perpendiculars or model leflgth

M Ship mass

Rn ReynOlds number based on ship draft

r Bilge radius

S Average wetted ship surface

Slow drift excitation spectrum in surge. The spectrum is
one-sided.

t Time variable

U Instantaneous free stream velocity

Amplitude of the free stream velocity

W width of the measuring section in the U-tube

(x,y,z) Cartesian coordinate system (see Fig. 1)

(x,y) Two-dimensional.coordinate system (see Fig. 13)

z=x+iy (See Fig. 13)
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n. Slowdriftrigid body motion

= surge, n2 = sway, n6 = yaw

p Mass-density of water

w Circular frequency of oscillation

''-'I Two-dimensional auxiIiay plane in the Schwartz-

Christoffel transformation (see Fig. 13)

(See Fig. 13)

Kinematic visdosity coefficient

nm
Natural circular frequency in mode of motiOn m

m = 1 surge, m = 2 sway, m = 6 yaw



INTRODUCTION

Present day theoretical methods are not accurate enough to

predict slow drift oscillations of a moored ship in irregular

waves. One of the weak points has been the uncertainty of

deciding suitable damping coefficients. Idealistically one would

like to be able to solve the Navier-Stokes equations which would

avoid the need to find the damping coefficients. However this

is not realistic at the high Reynolds number flows that one is

interested in because of limitations in computer facilities.

Also there is a need for more research and comparative studies

between theory and experiments. A more realistic approach than

solving Navier-Stokes equations is to use a vortex tracking

method, but still we are cautious in recommending that a vortex

tracking method be used in routine calculations. One. needs more

control over the accuracy of the predictions in order to justify

the excessive computer time. Further there are problems in pre-

dicting separation points and secondary separation effects for

oscillatory flow.

An alternative is to obtain damping coefficients by experi-

mental means, but it is shown in Faltinsen, Dahie and Sortland1

that free decay tests are not without problems. A better alter-

native for viscous sway and. yaw damping is to use a U-tube faci-

lit.y to test different ship sections.

The slow drift hydrodynamic damping can be classified as

damping due to skin friction, eddymaking, wave drift force and

Munk moment effects. We will concentrate on eddymaking damping.

When discussing the damping one should have in mind that the

standard deviations of the slow drift motions are not very sensi-

tive to inaccuracies in the damping coefficients as can be shown

by deriving a simplified solution for them.



A single vortex model has been used together with U-tube

results to explain the dependence of 2-D drag coefficients on

geometrical hull parameters at low KC-numbers. For slow drift

damping KC < 10 is of primary interest. The single vortex

method represents the vorticity shed from a separation point

by one single vortex. The time development of the vortex

strength and the position is determined by a Kutta condition at

the separation point and a zero-force condition on the sum of

the vortex and the cut between the vortex and the separation

point. A Schwartz-Christoffel transformation is used to solve

the problem. Any contour shape can be considered, but the sepa-

ration point has to be known and fixed. The single vortex

method is shown to agree well with experimental results for mid-

ship sections withoutbilgekeels,buttheeffec.tof bilge keel is

not satisfactory predicted. The main results from the discussion

of the damping coefficients arethateddymaking damping is most

important for sway and yaw motions and is sensitive to free sur-

face effects at high KC-nurnbers. The effect of beam/draft ratio

is generally small but bilge keel dimensions and bilge radius have a

significant effect. Also the scale effects are most pronounced. when

the flow separates from curved surfaces at high.KC-nurnbers and

three-dimensional effects should then be considered.

Even if, in some cases one can obtain satisfactory estimates

of the damping coefficients for slow drift osci1iation of a moored

ship in irregular waves, it does not necess.aiiy meanthat the pre-

diction of .the slow drift response will be satisfactory. In Faltinsen

et.äl.
. it was tresed that the complete theoretical framework

forSiow drift oscillations need more study. The agreement

between theory and experiment witha generally used calculation

procedure was only partly satisfactory for the surge motion but

sway motion showed better agreement.



EQUATIONS OF MOTIONS

In the following chapter the ecivations of motion for hori-

zontal slow drift oscillations of a moored ship in irregular seas

are formulated. This is done in order to identify the damping

terms and to derive a simple result for the. standard deviations

of the motions which is Of importance in establishing required

accuracy 1n the estimation of the damping terms.

A cartesian cOordinate system (x,y,z), is fixed in space,

will be used with the origin of the coordinate system in the

mean water plane and the z-axis is vertical and positive upwards.

When the ship is in the mean position the z-axis passes through

the vessel's cent'e of gravity. In the same position the x-z-

plane is a sythmetry plane for the ship1 the x-axis is posi.tve

in the aft direction and the y-axis is positive in the starboard

direction (see Fig. 1). The shipcan move as a rigid body insix

degrees of freedom, i.e. surge n1, sway n2, heave Ti3, roll

pitch n5, and yaw fl6. The effect of current and wind are

neglected.

The three coupled equations of slowdrift motion are

Surge:

2fl1 dii1

(M+A11)
dt2

CsSw dt

Sway:

d2n2 . d2n6 dn dii

(M+A22)
dt2

+ k22n2 + A26
dt2

+ k26fl6 + +..B6 6

dnul d1
(1)

dii dii.

+ . cD(x)D(x)l +x (2+ d116)d
= F2(t)

(2.)



yaw:

- A22

d2fl6

2 66 6
A62

dt
+k n +

dn2 d1

D (x)

dri2 dn6

ar X

d2fl2 dn dn6

dt2
+ k62fl2 + B62

TE
+ B66 T

1dfl2 dfl6\
+ x )XdX = Ct)

(3)

It should be noted that the high frequency motion due to

waves isnot included
:

although this may have some relevance

in the drag force term.

In the equations of motions M = mass of the ship and 166 =

yaw mass moment of inertia. Ajk are the added mass coefficients

based on strip theory and the "zero-frequency" assumption The

latter implies that the "rigid-wall" condition can be used on

the free-surface. k.k = restOring force coefficients for the

mooring system which. for simplicity is assumed to be linear.

Changes in mean environmental loads due to a rotation. are

included in k16 = wave drift force damping coefficient.

F1 (t) and F2(t) are the slow drift excitation force compO-

nents along the x and y-axis and F6(t) slow drift excitation

moment in yaw. The mean values 'of F(t) are all. non-

zero. .

in the surge, velocity square viscous damping term, p 'mass

density of sea water. and S = average wetted ship surface.,

The viscous damping in sway and yaw is .based on strip theory

and the àross-f low principle. This, however, is questionable if

the resultant incident velocity direction is close to the x-axis

of. the ship. In the damping term, D(x) and CD(x) = local draft

and drag coefficient, respectively and the integration is along

the length L Of the ship. In the yaw equation there is a

damping term due to the Munk moment effect!



Skin friction damping is most important for surge motion

especially for low sea states and it cannot be completely neg-

lected for sway and yaw motion at low KC-number when the boundary

layer flow is laminar. Faltinsen et.al.1 have presented an

example where the "wave drift force damping" in surge was 85% of

the total surge damping for = 8.08 m while for H5 = 2.8 m

the skin friction damping was nearly 100% of the surge damping.

This was for a ship 235 rn long. When the boundary layer is lami-

nar, the skin friction damping is linear.

Wave drift force damping is the most important damping con-

tribution to surge motion in higher sea states. The reason for

the sea state dependence is that the wave drift force damping is

theoretically' proportional to H... It is also of importance for

sway and yaw motions, but the significant contribution from eddy-

making damping in these modes implies that wave drift force

damping has smaller relative importance in sway and yaw than -in

surge motion. Scale effects 'are -not considered to be important

for wave drift force damping.

The eddymaking damping is most important for sway and yaw

motions but for surge motion it can often be neglected. In this

context we will particularly concentrate on eddymaking damping

and describe how to obtain it theoretically or by means of U-tube.

experiments. Before going into detail we give a simplified

solution equations (1)-(3) in the frequency domain. This pro-

vides a starting point for assessing what accuracy is needed in

the estimation of damping coefficients.

In order to develop a simplified solution the equations will

be decoupled and Pinkster's formula2 canthenbeappliedtofind the-



standard deviation of the motions if the damping is linear. For

surge motion the damping is nearly linear for high sea states.

One may then write the mean square surge velocity as

2 7 WSF (w)dw
=

Here SF is the slow drift excitation spectrum in surge. When.

the damping is small the integral may be approximated by the white

noise formula, to yield

results in a 29% reduction in r m s response Since SF(1') is

proportional to H5 and B11 is. proportional to H. , equation

(5) implies also that the standard deviation of slow, drift surge

motion is proportional to H5. . -

In sway motion it will be assumed that the major dampijig

contribution is due to nonlinear viscous effects. In' order o

apply Pinkster's formula one ntust linearize the damping term by

an equivalent linearization technique. y assuming that te

response is Gaussian distributed the equivalent linear damping

term is given by the Borgman linearisation, . .

LdxcD(x)D(x)}J'
fl2 ,, ,

(6)

The Gaussian assumption is an approximation but it-has some

(4)

TrSF(wl)
1/2

a.
ni

U)
ni

(5)
4k1 1B1

1

where
nl

= natural circular frequency in surge. Equation (5)

implies, for instance, that a 100% increase in the damping B11



justification for a lightly damoed randomly excited system.

Jensen3 used the experimental results from Faltinsen et.a1's

study and showed that the Gaussian assumption is an appropriate

approximation. If one also approximates the integral for the

standard deviation in sway in a similar way to surge, we have

a.
7TSF2 n2

p f dxCD(x)D(x)
L

(M+A22)

"3

(7)

Here (Wn2) = slow drift excitation spectra in sway at the

natural sway frequency. Equation (7) shows that the standard

deviation in sway is proportional to 84'. Further it is

evident that the sway motion is even less sensitive to the damping

than the surge motion. A 100% increase in the damping xiean a

0% reduction in the r.m.s. response. This is important to know

when the damping coefficient are discussed in the following

chapters.



EXPERIMENTAL AND THEORETICAL DETERMINATION OF EDDYMAKING DAMPING

COEFFIC lENT S

The theoretical procedure that was followed to determine

the two-dimensional drag coefficients in sway and yaw eddymaking

damping is outlined in Appendix A. It is based on a single vor-

tex model, applicable for small .KC-numbers and the separation

points have to be known and fixed. Due to the method's simpli-

city it provides a practical means to calculate different test

cases easily. This will be done in the next section. In order to

assess the method's accuracy, the results will be compared with

experimental results by Bearman et.al." without free surface

effects and with experimental results obtained in the U-tube

facility at the Marine Technology Centre in Trondheim. The

dimensions of the U-tube are given in Fig. 2. The natural period

of oscillation of the fluid motion is 2.86 sec. In the experi-

ments the free surface was simulated by placing the ship section

upside down on a false bottom in the U-tube (see Fig. 3), This

is legitimate from a wave generation point of view because t-he

slowly varying ship motions generate no waves and the free

surface acts as a rigid wall.

The boundary condition on the free surface is a nb-shear

condition, but on a wall there is a no-slip condition. As, long

as the flow does not separate either at the walL in the model

tests or at the free surface in reality, the difference in the

boundary condition is not considered to bea serious drawback.

No separation was obseryed at the wall in the. model tests! but

it was difficult to make observations in the vicinity of the ship

sections. The boundary layer thickness was estimated to be about

3 mm which is small in comparison to the height of the model.



The ship section is extending from one side window to the

other. To prevent any effect of the. side walls a dummy section

is placed on either side of the measuring section, see Fig. 4.

The gap between the dummy and the measuring section is adjusted

to be 0.1 mm and therefore is not believed to have any effect on

the flow around the test section.

The forces on the measuring section are measured by force

transducers using strain gauges. The force transducers

are supported outside the tank and enter into the measuring sec-

tion through holes in the side windows and dummy sections.

Using a false bottom it is possible to look into the tank

along the bottom, which is needed when doing flow visualization.

No water should be able to pass under the test section and to

achieve, this the test section should be lying flat on tbe bottom.

On the other hand this will give a friction force between the

measuring section and the bottom, which has to be avoided. By

letting the, measuring section have almost no weight in water and

placing it on a limited number of small round polystyrene par-

ticles with a diameter of about.'O.S mm, this friction. has been

minimized. The static friction force for the measuring section

in this condition have been found to be less than 0.01 N which

should be compared tothe lowest measured dragforce of 0.35 N.

The section was also installed without. such particles and with

a gap between the bottom and the section of.about 0.2 mm.. In

this condition no friction forces were acting between the bottom

and the measuring section. -

In order to evaluate the importance of water oscillating in

the gap between the ship section .and the wall a theoretical aria-

l.ysis based on laminar boundary 1ayr flow is outlined in Appen-

dix B. According to the' theory the maximum velocity is -p0.12



times the maximum free stream velocity U0 when the test sections

are mounted with a gap of 0.5 mm. For a gap height of 0.2 mm the

maximum velocity is reduced to 0.02 U0. Flow visualizations

showed a qualitative agreemen.t with the estimates. The resulting

frictional force on the test section is estimated theoretically to

be less than 0.5% of the dragforce as follows. At the entrances to the

gap flow separation will occur. If we base an estimate of the

shed vorticity per unit time On the maximum theoretically

estimated gap velocity, we find to be 0.007 UO2 for a gap

heigth of 0.5 mm. Flow visualizations showed vortex shedding at

the entrances, but based. on the estimates of it is likely to

have no important effect on the dragforces.

In the experiments .a gap height of 0.5 mm was used for the

ship without bilge keels. The ship section with bilge keels was

run with a gap height of 0.2 mm and no polyster:ene particles.

For KC-number greater than 10 the section was rotating and

hitting the bottom,but for small KC-nuxnbrs the section was not

moving at all, and the friction force between the section and the

bottom was zero. .

Force measurements have been performed on the midship

section of the ship studied in ref.1'5'6 The dimensions of

the measuring section are given in Fig. 5. The beam-draft ratio

of this section is 2.7 and the ratio between the bilge radius and.

draft is 0.22. When the section is placed on the false bottom,

it has a blockage ratio of 0.14. The section is made of plexi-

glass and polished to a very Smooth surface. The effect of bilge

keel was also tested. The bilge keel depth to draft ratio were

0.03 and 0.06 and they were fitted normal to the bilge

surf ace at. = Tr/.4 (see Fig. 5). The ends of the bilge keels

were sharp cOrners with a negligible interior angle.



The calibration factors for the force transducers are found

from 7 different calibration sequences achieved-by use of a spe-

cial weight giving a horizontal force (drag direction). Plots of

the input and calculated forces for each of the two force trans-

ducers showed no hysteresis and both seemed to be linear. The

difference between the input and calculated total force for all

7 calibrations has a maximum of 0.01 N and a standãrd deviation

of 0.005 N which demonstrates the repeatability of the force

measuring system. For the lowest KC-number used, the tOtal in-

line force on the cylinder is about 0.35 N giving a minimum signal;

to noise ratio of 70 relative to this standard deviation..

Placing weights on the top of the model gave unwanted hori-

zontal force readings. The strain gauges force -transducers used

were found to give a false force reading in horizontal direction

when they were loaded in vertical direction and v-ice versa.. This

phenomena is called, crosstalk and gives an over-estimation of. the

horizontal forces introduced by the lift forces on the section.

The increase of the measured horizontal force is not corrected-for,

but estimated to be about 3%-.

The results are presented as drag and mass coefficients C

and CM as defined by MOrison's equation, which states that the

in-line force can be written as . ..

p BDL CM DL Cb

Hc-re - u instant-aneous free stream velocity, L,B and D = length,

beam and draft of the test section, and CM , C have been calculated

from a Fourier analyses of the measured forces on. the test section-.

D

(8)



A PARAMETRIC STUDY OF EDDYMAKING DAMPING

The following discussion is based on a strip theory approach

which means that two-dimensional cross-sections will be studied,

focussing on midship sections. The drag coefficients

depend on free-surface effects, beam-draft ratio, bilge keel

dimensions, bilge radius, current, Reynolds number, roughness

ratio and Keulegan-Carpenter number (KC). Some of these effects

will be discussed below.. A simple single vortex model (see Appen-

dix A) and U-tube results will be used to. explain the results.

Free surface effe.cts

The free surface acts similar to an infinitely lông splitter plate.

Hoerner7 gives CD-values for bodies with splitter plates

of finite length in steady incident flow (KC = ). The splitter plate

shows clearly a lowering effect on the drag coefficient.

A simple explanation of.why.there is, a lowering effect of the

free surface on the drag coefficient for KC= canbeg.ivenby

means of Fig. 6. The shed vorticityisrepresentedbyone single

vortexof strength r, which isa fünctionof time. To account for

the free surface effect one has to introduce an image vortex,which

ensures zero normal velocity on the free surface. The image vortex

introduces a forward motion effect on the real vortex.and as time goes.

onthis forward motion effect becomes sostrong, that the total

velocity of the real vortex goes to zero. The consequence of a decaying

vortex velocity is that the drag coefficient goes to zero. In reality

the vorti.city is distributed in space and will have different. con-

vection velocities, but the numerical results by Aarsnes5 (which is.

based on Faltinseh and Pettersen' s8 thin shear layer model) show a

decaying effect of the drag coefficient with time for ship cross-sec-

tions in a current. In reality the drag coefficient will not go to



zero since three-dimensional effects and diffusion will affect our

idealized physical picture. If the splitter plate were not

there, instabilities would cause a Karman vortex street to develop

behind the. double body and the vorticity would then be convected

away, resulting in a higher drag coefficient.

When the KC-number is low, the eddies will stay symmetric

for the double body without splitter plate. This means the free

surface has small effect for low KC-numbers.

Beam-draft ratio effects

Experimental results by Tanaka, Ikeda and Nishino show the

height-length ratio has a small effect on the drag cOefficient for

two-dimensional cross-sections of rectangular forms. Qne excep-

tion was for small height-iength ratios at the lowest tested KC-

number 10.. If. one translates the results to midship cross-sec-

tions, it implies that the beam-draftratio BID .basiittle influence

On the drag coefficient when B/2D > 0.4.

The single vortex method will be used to discuss the effect

of beam-draft ratio at low KC-nurnber. The results for rectangular

cross-sections are presented in Fig. 7 for KC = 2. As excepted

from Graham's local analysis
10 it is seen that the results

for rectangular cross-sections are nearly independent of the

KC-number for small KC-numbers. It is evident from Fig. 7 that

there is no significant variationover a wide range of . B/D values

from 0.2 to 10. These results are in conflict with the experi-

mental results by Tanaka et.al.. for the lowest beam-draft ratios

but the reason may be the difference in KC-nuinber. The

absolute value -of the drag coefficient is surprisingly close to

the experimental value by Bearman et.al. for. a square section.



at low KC-numbers. Due to the simplicity of the method used,

one should be careful when drawing conclusions, about the accuracy of

the single vortex method: What onecanhope for is that the single

vortex method predictsthe correct trends in aquaiitative sense.

Bilge keel effects

Results by the singlevortex method are presented in Fig. 8

for the cross-section shown in Fig. 5 fitted with bilge

keels. There is a strong effect of the bilge keel depth, in par-

ticular for the smaller KC-numbrs. The CD_value is increasing

nearly linearly with the bilge keel depth.

Experimental U-tube results for CM and CD are presented

in. Fig. 9 and 10 as a function of KC for two different bilge keel.

depths. The experimental CM-value for small KC-numbers is in

reasonable agreement with the theoretical values obtained

by the procedure in Appendix A. The theoretical valueneglects

the influence of shed vorticity and friction and becomes more

correct as KC - 0. Friction is estimated to increase the éxperi-

mental CM value by 0.02. The experimental CM-value should

be reduced about 4% because of friction and crosstalk before it

is compared to the theoretical value. One should also keep in

mind that the theoretical value is not exact, but depend upon

numerical approximations.

The theoretical CD_values obtained by the single vortex

method do not agree very well with the experimental CD-values.

A small fraction of the difference can be explained by friction

forces; According to the procedure in AppendixA this will.

result in a CD of 0.5/KC for the Reynolds numbers used in

the experiments. One reason for the low theoretical CD-values



may be that it is only possible. to examine theoretically the first

half cycle of oscillation. It is likely that the shed vorticity

in later oscillation cycles get stronger which will increase the

CD-values. It should also be realized that th bilge keel depth

is of the order of magnitude of the boundary layer thickness, but

theoretically It is assumed that the bilge keel depth is large

compared to the boundary layer thickness.

Bilge radius effects

Experimental results by Tanaka et.al.9 for KC > 10 show a

strong effect of the bilge radius on the drag coef.ficient such

that increasing the bilge radius decreases the drag coefficients.

Results by the single vortex, method with a finite bilge keel

depth show the same tendency (see Fig. 11).

Experimental U-tube results without bilge keels are presented

in Figs. 9 and 12 for the test section presented in Fig1 5. The

theoretical CD-values Obtained by the single vortex method is in

reasonable agreement with the experimental values. These theore-.

tical values were calculated with a small finite bilge keels of

dimensions b/D = 0.02. mounted at a bilge angle = ir/4 (.see

Fig. 5) The results show sensitivity to KC-nuinber where there is

a tendency for the drag coefficients to decrease with decreasing

KC-nurnber. This is expected from Grahamts local analyses'° and

from known experimental results for circular cylinders. at low

Keulegan-Carpenter nuitthers. . . V -

In Fig. 12 our experimental results are compared with experi-

mental.valuès by Bearman et.al. for a rectangular cross section

and show a strong decay of CD with bilge radius at small KC-

number. This cannot, be due to the.small difference in beam-draft.



ratio between Bearman et.al's and our test section. For larger

KC-number this decay is not so strong as also shown by Tanaka

et.al. who only examined KC > 10.

Effect of laminar or turbulent flow

The classical results for a circular cylinder show that

there is a critical Reynolds number below which the boundary layer

is laminar. In the supercritical and transcritical range the

boundary layer isturbulent. The consequence of this is that the

separation points are quite diffetent in the subcritical and

transcritical Reynolds number range resulting in a difference in

drag coefficients. Thus for marine structures one often has the

situation that model tests have to be performed in the subcrtica1

rângé, while the full scale situation is in the transcritical

range. However, when the separation occurs from sharp corners

one ould not expect any severe: scale effects.

Aarsnes et.al.6 have shown that the drag coefficient may be

substantially different depending on laminaror turbulent sepa-

ration. This is also eviden.t from Delaney and Sorensen's

results.11 All these results are for KC , i.e. steàdyinci-

dent flow. Aarsnes-et.al's results were for ship cross-sectional

forms without bilge keels. The reason to the difference in sub-

critical and transcritical flow is that the flow separates more

easily in subcritical flow which is laminar and the flow sepa-

rates at the "leading" bilge. However a turbulent boundary layer

which occurs in transcritical flow Oan sustain a larger adverse

pressure gradient without separating. This is the reason why

there is no separation at the "leading" bilge for transcritca1



flow. If separation occurs simultaneously at both corners the

drag coefficient is roughly speaking twice the. value of that

when separation occurs at only one cOrner at a time-.

At small KC-numbers the separation occurs at both bilges for

the midship cross-section and therefore the scale effect on the

drag coefficient is not expected to be severe. In any case one

should have in mind the introduôtory remark that a 100% increase

in drag coefficient will not cause more than 20% reduction in

the standard deviation of the motions. In order to get an esti-

mate of what the scale effect may be, the single vortex method

has been applied with two different sets of positions for the

separation points, The first case with = rf/4, has been dis-

cussed already (see Fig. 5). In the other case ii/8. The

separation points at the two bilges were symmetric with respect

to the center plane. The results, presented in Table 1, show

some sensitivity to the separation point position. This dis-

cussion of the effect of laminar or turbulent flow is simplistic.

More experimental results are needed to support the conclusions.

Three-dimensional effects

Aarsnes et.al.6 pointout that three-dimensional effects-at

the. ship ends will reduce the dragforce relative to a pure strip-

theory approach. One way of taking this into account would be

to use a reduced effective incident flow at the ship ends as

predicted in a qualitative way by Aarsnes et.al. -Physically the

reduced inflow is due to the eddies at the ship ends and this

can be translated into a three-dimensional reduction factor of.

the two-dimensiOnal drag coefficients. The effect is strong at

the ship ends and in. total will amount to approximately 20%

reduction in the sway damping. The effect on yaw will be larger.



CONCLUS IONS

It is shown that the standard deviations of slow drift.

motions are not sensitive to moderate changes in the damping

coefficients. The eddyrnaking damping coefficients are discussed

and it is shown by a single vortex method and U-tube experiments

that bilge keel dimensions and bilge radius may have a signi-

ficant effect On the eddymaking damping. The single vortex

method agrees well with experimental results for midship sections

without bilge kees but cannot explain the effect of bilge keels.
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APPENDIX A

SINGLE VORTEX MODEL

A single vortex model will be used to analyse vortex shed-

ding around ship cross-sections at low KC-nuinber and the separation

points will be fixed. The approach is significantly simpler than

for instance the vortex tracking method by Faltinsen and

Pettersen 8 or any solver of the Navier-Stokes equations.

The motivation for choosing a siiiple approach is to be able to

discuss the sensitivity of the drag coefficient . to changes in geatrical

parameters. A simple model is also needed in order toderi\e a

practical and realistic model for the wae drif1force damping in

sway and yaw that acôounts for the interaction betw,een first order

wave induced motions and the. vortex shedding.

The body and the cOordinate system aredefined in Fig. 13.

The free surface is represented by a rigid wall. The flow is

oscillating harmonically with small .ampliudes .of motion. which

-
. S

causes the flow to separate.from two.f.ixed points z1 -on the

body. Each shed vortex sheet will be represented by a point

vortex r.(t) at a position z..(t). Since each point vortex

represents a vortex sheet attached to a separation point z5, it
S -,. -

must e joined to z .by a cut representing the sheet. This

simplified model was firs.t suggested by Brown and Michael 12 to

represent the spiral vortex above the leading edge of a s-lender

wing.

Since the point vortices are shed from the separation pOintS,

infinite velocities must be. eliminated at the points. This

implies one has to specify a Kutta condition requiring zero velo-

city at the separation points A condition that requires zero



force on the sum of each vortex and its cut, is required to com-

plete the specification of the vortex strength and its path.

The zero force condition for each vortex can be written mathema-

tically as

ir.
s (a4 k

(Fk(zk - Zk )) - 2JT(z_zk)
(9)

= MU .+ i

2 r.
{Log( - ) Log(r

J=i

Here
.

is the position of the vortices in the auxiallary plane

and U is the free stream velocity at infinity. The.

k = 1,2

Here is the complex potential in the fluid.. In order to

find an expression for a Schwartz-Christoffel transformation

will be used. In the case of sharp corners, this can be written

as

n
M II ( -. a.) (10)

The quantity n relates to the number of corners. M is a

complex constant and a are real. constants to be determined.

The angles x identifying the different corners, are shown in

Fig. 1.3 measured positive, in the counter clockwise direction..

Davis 13 has generalized Schwar.tz-Christoffèi transformatior

to curved surfaces. He has also set up a practical procedure to

determine the unknowns aM and this computational procedure

has been followed.

The Sc'hwartz-Christoffel transformation that was chosen,

will map the lower half of the plane into the fluid domain.

The complex velocity potential w can now be written as



(I'k(zk_zk5)) = rk MU +i

In order to start the solution, a local solution was used as the

initial condition as described by Graham." The horizontal-force

on the body can be written as

F = f pdy (14)

'S

where the integration is over the wetted body surface S and

local corner flows. His results show (see Fig. 14) that the

single vortex method was not significantly in error with experi-

mental results for low KC-nuitiber if one chooses the time dependence

of the undisturbed flow to be

U=
-o -

sinut (16)

rk

2d z

Z=Zk

(13)

d

d)

P = - Re(4))- (15)

Graham 1L+ has applied the single vortex inétiod to different

branchcutsof the log-functions in (11) have to be selected so

that 4) - U z when zi in all directions of the fluid

domain

The Kutta condition can now be written mathematically as

2
1

= -U M (12)

kj kj
Here S is the c-coordinate of the separation point zk.

The Brown-Michael equation (9) can be written as



and start the solution at t = O. The solution with the single
r.

vortex method can only be valid until the point when - - 0, but

this is sufficient time for the maximum in the force. due to the

vortices to occur.

Numerical solution procedure

The Kutta condition was approximated as

I .sin0
=MU (17)

rrr

where

= r e
8 (18)

From the Brown and Michael solution 12 one' knows

- zS) = A(t.) (19)

EquatiOn (17) and (19) were solved iteratively at each time

step by first setting equal to from the previous time

step. From equat.ion (19) one can then determine z - z and the

corresponding value is determined for the Schwartz-

Christoffel transformation which has also to be done iteratively.

When .
is fOund One can use (17) to determine a new value of

F. The procedure is now repeated until the guessed and esti-

mated value coincides. We have not tried to optimize the

solution procedure because the CPU time is no problem. The

vortex force is found by neglecting the quadratic velocity term

in the Bernoulli' s equation and using only the vortex part of the

velocity potential. The additional term MU C gives the hydro-

dynamic mass force.

In the results presented in the main tect, CD is defined



from the maximum of the vortex force. It is nori-dImensionalized

with respect to the maximum velocity. The maximum vortex force

does not always occur at the time of maximum velocity. For the

curved surfaces, straight line segments were used to approximate

the curved parts. Four elements were used on each bilge. The

time stepping of the Brown and Michael equation was done by the

Euler mentod.

Calculation of CM and skin friction forces

The calculation of the mass coefficient CM and the skin

friction forces is based on non-separated flow. The boundary

layer is assumed to be laminar and the Stokes solution will be

used to estimate the frictibnal force. ThIs results in a fric-

tiOnal force that is /4 and of phase with the instantaneous

velocity. The frictional contribution to CM will be examined

separately. -

Based on (1 1) we can write the velocity potential for non-

separated flow as Re(M)U. The corresponding horizontal force

on the body can be obtained by properly integrating the pressure

(see equation (15)). By using the definition of. CM it follows

that

CM J Re(M)dy (20)

The integration is along the wetted body surface C.

The drag force due to skin friction follows from the solution of

Stokes second prOblem (Schlicting16). The tangential velocities

outside the boundary layer needed in the shear force calculation

follow by differentiating the complex potential MU for non-



separated flow. This means the frictional drag force can be

written

CD = 2IKJR f dx M (21)

Up

force is /4 out of phase with the instantaneous velocity.

Here =
n

The contribution

, where v = kinematic viscosity coefficient.

of skin friction to CM can be written as

(C D\
I
_!2_

\4TrBJ..I KC (22)

with CD given by (21). This follows from using the definitions

of CM and CD as well as using the fact tha.t the frictional



APPENDIX B

Theoretical investigation of the flow between the tank bottom

and the ship section

The flow situation and coordinate system is shown in Fig.

15. Laminar flow will be assumed and a solution that is valid

away frOm the entrances will be examined. The Navier-Stokes

equation can be written as

= - .1 E + \)V2u (.2 2)px
where ü is the horizontal velocity and p is the pressurei

By requiring 'i to be zero at the tank wall and the ship section

we can write (see Landau and Lifschitz17

where

- a eWt
p x

k (1 + j)/cS

'S = V2V/W

Maximum. velocity occursat y = 0. The frictional force per unit

area on the ship section can be written as

=
ia _lWtk tan(1)

Here -' = vp is the coefficient of viscosity.

The distance h is assumed to be much smallet than the boundary

layer thickness outside the gap. We may then use the pressure

outside the boundary layer, i.e.. the potential flow solution.

We will, neglect the influence of separated flow and use the

ia -iwtu=e cosky
cos kh



solution in Appendix A. This means

1 = u eUtpx B 0

where B is sectional beam. We can then write the friction

force on the bottOm of the ship section as

-2Mp tan u et
2/2v/w

It is the real part which has physical theaning. The drag force

is associated with the term in phase with coswt. This means

CD = R (1+i)JKcR .tarl[ (1+i)

In a similar way one can estimate the contribution to CM by

evaluating the force contributioii in phase with the acceleration.



FIGURE CAPTIONS

Figure 1 Coordinate system.

Figure 2 Main dimensions of the U-tube water tank.

The tank cross section is 400 mm square inside.

It is made of 8 mm water resistant aluminium alloy,

with three 20 mm thick plexiglass windows in the

working section and one in the right upright arm.

Figure 3 U-tube water tank with midship section mounted

upside down at the false bottom.

Figure 4 Ship section mounted in the U-tube, seen from

above.. The section is lying upside down on the

false bottom.

Figure 5 Midship section used in the U-tube. The same

section has been used with and without bilge

keels. Length of the measuring section is 200 mm.

Figure 6 Simple vortex system, illustrating the free

surface effect.

Figure 7 Effect of beam-draft ratio on CD.

Figure 8 Effect of bilge keel depth on CD.

Figure 9 Experimental CM_values for a midship section with

and without bilge keels.

Figure 10 Experimental CD-values for a midship section

fitted with bilge keels.

Figure 11 Effect of bilge radius on CD.

Figure 12 Experimental and theoretical CD-values for a

midship section without bilge keels.

Figure 13 Physical and auxiliary plane used in the Schwartz-

Christoffel transformation.

Figure 14 Non-dimensional vortex force for a flat plate at

low KC-number (Graham15).



Figure 15 Flow situation between ship section and tank

wall.

TABLE CAPTIONS

Table 1 Influence of separation point.
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Midship section with finite bilge radius.

2.7 0.22

KC 4 5.4 10.8

1.25 1.35 1.6

Table 1. Influence of separation point

CD(= j-) 1.6 1.8 2.2


