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ABSTRACT

This paper d}scusées how to obtain eddymaking damping coeffi-
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. A
single vortex method has been derived and used together with
experimental U-tube results_to‘discuSs thé 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 pfedicted theoretically_by a

simple single vortex model.
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NOMENCLATURE . : | sm“psxgmgm anica |
Ajki Added mass matrix
Bjk Linear damping matrix due to wave drift force
- damping
B ' Ship beam
b Bilge keel depth
Cph Drag coefficienﬁ based on ship draft (see
equation (8))
- Cy Mass coefficient (see equation (8))
CS ' | Fricﬁion faetor in surge (see equation (1))
kjk Restoring matrix due to mooring. k.  contain also changes in

‘mean evironmental loads due to Q rotatlon Ng -
D Shlp draft

Fi Slew drift ex‘ci.tation force components

g Acceleration of gravity

Hg Significant wave heighﬁ

Iés Yaw mass moment of ship

KC Keulegan-Carpenter number based on ship-draft

L Length between perpendicﬁlars or model leégth

M Ship hass

Rn Reynolds number based on ship draft

r o Bilge radius

Sw : ,Averaée wetted ship surface

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

t Time variable

U Instantaneous free stream velocity

Uo S Amplitude of the free stream velocity

W Width of the meaSuringISectioﬁ in the U-tube

(X,y,2) Carteeian-coordinate'system (see Fig. 1) ”

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

z=x+iy- (See Fig. 13)
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Slowdrift rigid body motion

nq = surge, n2 = sway s n6 = yaw

Mass-density of water

Circular frequency of ¢5cillation

Two-dimensional auxiliary plane in the Schwartz-
Christoffel transformafion (seé Fig. 13)

(See Fig. 13)

Kinematic viscosity coefficient

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 slowdrift 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 eguations 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'becausa ai.limitations in computer facilities.

Also there is a need fof more research and comparative studies
between theory ana‘experiments, A more ;ealistic 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.r One‘néeds more
control over the accuracy of the predictions in 6rdef to justify -
the eXceséive-computer time. Further there are problems in pre-=.
dicting separation points and'Secondary separatioa effects for
oscillatdry flow. ) |

An alternative is to obtain damping coefficients by eﬁperi—
mental means, but it is shown in Faltinsen, Dahle and SOrﬁland1
that free decay tests afe not without_problems. A better alter-
native for viscous sway and.yaﬁ damping is to use a U-tube faci-
lity to test different ship sections.

The slow drift hydrodynamic damping can be ciassified‘as
damping due to skin'ffiction, eddymaking, wave drift-fOrce and
Muﬁk moment effects. We will aoncentrate on eddymakiﬁé damping.
When discussing the damping one should have in mind that the
standard deviations of tae slow-drift,motions afe hot very sensiQ_}'
tive to inaccuracies in the damping COeffiCienta 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 repfesents 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 Qortex v
method is shown to agree well with experimehtal results for mid-
ship sections withqutbilgekeels,buttheeffectof'bilge kéel is
not satisfactofy predicted. The main results from the discussion
of the damping coefficients arethateddymaking damping‘is mbst
important for sway and yaw motions and is sensitive to free sur-
face effects at high KC-numbers. The effect of beam/draft'rétio
is gengrallySmaILbutbilgekeelbdimensions and biigeradiushavea
significanteffect. Also the scale effects are most pronounced.when
the flow separates from curved surfaces at high KC-numbers and
three-dimensional effects shoﬁld then be considéred.

Even if in some cases one can obtain satisfactory estimates
of the damping coefficients for slowdrift oscillations df a moored
ship in irregular waves, it does not necessarily méanthattimapre-
diction orf, the slow drift response will be ' satisfactory. 1In Faltinsé_n_

et.al. !

it was stressed that the complete theoretical framework
forslow drift oscillations need morée study. . The agreement
between theory and experiment with a generally used calculation

procedure was only partly satisfactory for thé surge moetion but

sway motion showed better agreement.



EQUATIONS OF MOTIONS

In the‘follewing chapter the equations of motion for hori-
zontal slow drift oscillations of a moored ship in irredqular seas
are formulated. This is done in order to identify the damping
terms and to derive a simple result for-the.standard deviations
of ﬁhe motions which is of importance in establishing required
accuracy- in the estimation of the damping terms.

A carteeian coordinate system (x,y,z), is fixed in space,
will be used with the origin of the coordinaﬁe 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 centre of gravity. In ﬁhe same position the x-z-
plane is a symmetfy plane for the ship; the x-axis is poSitive
in the aft direction and the y-axis is positive in the starboard
direction. (see Fig. 1). The ship can move as a rigid body in six
degrees‘of freedom, i.e. surge Nqe sway'nz,_heavefn3’ foll Nyr
pitch ns, and yaw Ng- The effeCt of current and wind are
neglected.

The three coupled equatlons of slowdrift motlon are

Surge:
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It;should,bevnoted that_the high frequency motion due to
~waves is not inclnded_; "although this may have some relevance

in the drag force term.
In the equations of motions M = mass of the ship and I66 =
' yaw mass moment of inertia: Aﬁk are'the added mass coefficients

B based on. strlp theory and ‘the "zero- frecuency assumption, The

'xflatterdlmpl;es”that the "rlgld—wall" condition can be used on

'the'free-SUrface; 'k-jk = restoring force coefficients for the

mooting system which.rfor_simpiicity is assumed to be linear.

Changes in mean,environmental loads due to a totation_'n6- are

included'in"kjé.'“Bij = wave drift force damping coefficient.
FTKt) and Fz(t) are the slow drift excitation force:compo-

‘nents along the x- and y-axis and F6(t) = slow drift excitation
"moment'in yaw. - I The mean values'ofd-?i(t) are all non-
zero. . . : . S

In the surge Velooity squafe visoous damping*term;' 0 =‘mass

den51ty of sea water and S =.average Wetted ship‘surfaoe.

| The v1scous damplng in sway and yaw is based on strlp theory
‘and the cross= flow pr1nc1ple. This, however, is questlonable if |
”the resultant - 1n01dent veloc1ty dlrectlon is close to the x—ax1s
- of. the Shlp. In the damping term, D(x) and C (x) = local draft
and drag coeff1c1ent, respectlvely and the 1ntegrat10n is along _
quthe 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.! have presented an
example where the "wave drift force damping"” in surge was 85% of
the total surge damping for HS = 8.08 . m while for ‘HS = 2.8 m
the skin fricﬁion damping was nearly 100% of the surge damping.
This was for a ship 235 m 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 Hg.. It is aléo 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 moEiOn. Scale effects are not conéidered to be important
for wave drift force dampiné;

The eddeaking damping is moét important‘for s&ay and yaw
motions but for surge motion it can often be negleéted.;.In this

context we will particuiarly concentrate on eddymaking damping

and describe how to obtain it theoretically or by'méans 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 coéfficients..

In order to develop a simplified solutidn the equationé will

be decoupled and Pinkster's formula’ can then be applied to find 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

' wzs (1)(w)dw

2 [ F |
g = : , (4)
n i {[ W (M+A )+k11]2 +[wB11]2}

Here S (1) is the slow drift excitation spectrum in surge. When

F
the dampihg is small the integral may be approximated by the white.

noise formula, to yield

- (1)(w ) 1/2
o = W F nl’ (5)
N4 ni 4k11B11
where w4 = natural circular frequenéy in surge. Equation (5)

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

(1)

results in a 29% reduction'ih»r.m.s. response. Sincé_‘SF' is
' Droportlonal to - Hi and B11 is proportiohél to H2 ' equatlonf
(5) implies also that the standard dev1at10n<1fslow drlft surge
motion is proportlonal.to “Hg. |
In sway‘mOtion it will be assUmedlthat the majéridamping
contribution is due to nonlinear viscous éffecté. Iniordér'to
apply Pinkster's formula one must 11nearlze the damnlng term by
an equlvalent 11nearlzat10n technique. By assumlng that the
response is Gau551an distributed the equlvalent llpear damplng

term is given by the.Borgman lineérisationt

;dch<-x>D<x)]-/§ T (T
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|
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_The Gaussian assumption is an approximation but it-has some



justification for a lightly daméed randomly excited system.-
Jensen?® used the experimental results from Faltinsen et.al'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
' nSF(z)(wnz) /3 ‘
Os = - — - ' (7)

n : . ‘
2 32, [ axC.(x)D(x) (M+A
m 1 D

22)

- (2)
Here SF n2)

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

deviation in sway is proportional to Hs4/3. Further it is

(w slow drift excitation spectra in~sway at the

évideﬁtqthat the sway.motioh is even less sensitiVerto thg damping
than ﬁhe surge'motion._ A 100% increase in the damping meahs a
20% reducti6ﬁ in the r.m.s. response. .This is important to know

~ when the damping coefficients are discussed in the following

chapters.



EXPERIMENTAL AND THEORETICAL DETERMINATION OF EDDYMAKING DAMPING

COEFFICIENTS

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. 1In order to
assess the method's accuracy, the results will be compared with
experimental results by Bearman et.al."” without free surface’
gffects and with experimental results obtained in ﬁhe U-tube
facility at the Marine Technology_Centré'in T;bndheim. The
dimensions of t_he U-tube are given in Fig. 2. The naturalv perigd
of oscillation of the fluid motion is 2.86 sec. 1In the experi-
ments the free surface was simulated by placing the shipvseCtiéh
upside down on a false>bottom in the U-tube (see-Fig. 3). lThis
is 1ggitimate from a wave generation point of viéw'beCauSe-the
slowly varying ship motions generate no Wavesr . and the ffee
surface acts as a rigid wall.

.The boundary éondition on the free surface is a‘no-sheér,
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 différenée invthe
boundafy condition is not considered to be a serious drawback.
No separation was observed at the wall in the model tesfs; bﬁf

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

sections. The boundary layer thickness was estimated'to‘be about"ﬁ

3 mm which is small in comparison to the height of thé 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 bossible to look iﬁto the tank
along the bottom, which is needed when doing flow visualizatién.
No water should be able to pass.under the test section and to
achieve this thé test section should be lyigg_flat on the bottom.
Qn the other hand this will give a frictién force between the
measuring section and the.bottom, which has to be avoided. By
letting the measuring section héve almost no weight in wateriand'
placing it on a limited number of small round polystyrene par-
ticles with a diameter of aboutAO.S mm, this frictionshaﬁ been
minimized. The static friction force for the measurlng sectlon
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 partlcles and w1th

a gap between the bottom and the sectlon of,about 0.2 mm.. In
this condition no friction forCeswereiaqting between the bottom
and the measuring seétiOn; | ‘

In order to evaluate the importance of'water Qséil;ating in
the gap between the ship section .and the wall a_theorétical,éna—
lysis based on laminar boundary layer flow is oﬁtlined;in Appen-

dix B. According to the theory the maximum velocity is &f0.12




times the maximum free stream velocity Uo when the test sections
are mounted with a gap of 0.5 mm. For a gap height of 0.2 mm the
maximum veloc¢ity is reduced to 0.02 Uo‘ Flow visualizations
showed a qualitative agreement with the estimates. The resulting
frictional force on the test section is estimated ﬁheoretically 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
g on the maximum theoretically

) 2

estimated gap velocity, we find EE' to be 0.007 Uo - - for a gap

heigth of 0.5 mm. Flow visualizations showed vortex shedding at

the entrances, but based on the estimates of %%

]

shed vorticity per unit time -

ct
-

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'biige keéls. The ship section with bilge.keelé was
run with a gap height of 0.2 mm and no polysterene .particles.

For KC-number greater than 10 the section was _ rotatihg and
hitting the bottonhbutfor small KC—numbers;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.l’5’® fhe dimensions of
the measuring section are given in Fig. 5. The beam-draft ratio
of this section is 2.7 and the ratio betﬁeen 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. lThe'effect of biige
keel was also tested. The bilge'kéel-depth to draft ratio were
0.03 and 0.06 and they : were fittéd normal to the bilge
surface at. 5 = /4 (see Fig. 5). The ends of the bilge;keels

were sharp corners with a negligible " interior angle.



The calibration facters for the force transducers are feund‘
from 7 different calibration sequences achieved by use of a spe-
cial weight giving a horizontal force (drag direction).r Plots of
the input and calculated forces for each of-the two force trans-
aucers showed no hysteresis and both seemed to be linear. . The !
difference between the input and calculated total force for all
7 calibrations hae a maximum of 0.01 N and a stanaard 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 0535-N giving a'minimum signal
to noise ratio.of”70 relative to thislstandard deniation..' |

Placing weights on:the top of the model geve unwanted nori—
zontal force readings. The strain gauges forcewtransducers'nsed
were found to give-a false £Qrce reading in horizontal direction
when they were ‘loaded in vertical direction and vice versa. ‘This
phenomena is called‘crosstalk and givee an over-estimation of the
horizontal fercesnintnoduced by tne lift fOrCes Qn;the seetiOn.:
The increase of the measufed_horizontel ferqe is noﬁ corrected  for,

The results are presented as drag end mass ceeffiéients CD

and C as defined by MériSon’s equation, which-statesvthat the

M
in-line force can be written as

e O R : . o
F = p BDL C, O+ 5 DL Cy g]ul .. . S : (_3)
Here “u = instantaneous free stream velocity, L,B and'D = length,

beam and draft of the test seCtion, and C-M ' CD ‘have been_ c_:aiculat_ed )

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




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, biige radius, current, Reynolds number, roughness
ratio and Keulegan-Carpenter number (KC). Some of these effects
will he discussed below. A simple single vortex model (see Appen-

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

Free surface effects

The free surface acts similar to an infinitely long splitter plate.
~ Hoerner’ gives CD—values for bodies with splitter plates
offlnltelength:u1steady1nc1dentflow (KC = @).'Thesplitterplate
shows clearly a lowering effect on the drag coefficient.

A simple explanationcﬁiwhythefe1s‘a»lower;ng effect of the
free surface on the drag coefficient for KC = = bcah- be given by
means of Fig. 6. ' The shed vorticity is represented by one sin‘g'lel
vortex of strength' I, which is a function of time. To account for
the free surface effect one hastx)introduceanmimaée vertex{which
ensures zero normal velocity<x1the free surface. The image vortex
introduces a forward motion effect on the real vortex. and as.time goes_
on this forward motion effect becomessyast;ong, that the total
velocity of the real vortex goes to zero. The coﬁSequence of a decaying-
vortex velocity is that the drag coefficient goes to zero. In reality
the vort1c1ty 1s distributed in space and will have dlfferent con-
vection velocities, but the numerical resultskurAarsness(whlchis,4,
baSed<n1Fa1tineen and Pettersen's® thin shear Iayer_model)show a |
deeay'ing effectof the drag coefficient with t_iin_e for ‘ship cross-sec-

tions in a current . Inreality 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 boay without 5plit£er plate. This meané the free

surface has small effect for low KC-numbers.

Beam-draft ratio:gfﬁects

Ex?eriméntal results by Tanaka, Ikeda and Nishino ? shoﬁ the
heighﬁ-length ratio has a small effect on the 'dfag coefficient for
two-dimensional cross-sections of rectangular forms. One excep-
tion was for small heightéiength ratios at the lowest tested KC-
numbér’10. If one translates the results to‘midship créss—sec4
tions, it impliés‘that-the beam-draft ratio B/D hasliﬂﬂé'ﬂﬁlmaxﬁ
on the drag coefficient when B/2D > 0.4. | |

The single vortex meﬁhod will be used to di#cuSs the effect
of beam—draft‘ratio at low KC-number. The results for rectangular
cross-sections are presented in Fig. 7 for "KC = 2. As excepted
from Graham's local analysis ¢, it is seen that the results
for rectangular croSs-sectioﬁs are neariy independent of the
KC-number for small KC-numbers. It is evident from Fig. 7 that
thére is no significant variation over a wide‘range_of :B/D .vaers
from 0.2 to 10. Thése results are . in conflictiwith the experi-
mental results by Tanaka et.al. for the lowest beam—dréft ratios
but the reason may ‘ be the difference in KC-number. The
absolute value -0f the arag coefficient is surprisingly close4to

N

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



at low KC-numbérs. 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 a.qualitative sense.

Bilge keel effects

Results by the single vortex 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-numbérs. 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 biige 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. .TheltheorétiCal value neglects
the influence of shed vorticity and friétién aﬁd_becomes more
correct as KC - 0. Friction is estimated to incrgase the.expefi-
mental C

-value by 0.02. The experimental C,-value should .

M

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

M

is compared to the theoretical value. One should also keep in
mind that the theoretical value is not exact, but'depend upon
numerical approximations.

~—=values obﬁained by the single vortex

The theoretical CD

method do not aéreevvery well with the experimental Cb_Values.
A small fraction of'the differeﬁce can be explained by friétion
forces; According to the procedure- in Appehdix‘A this Qill<‘
result in a Cp of OQS/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 osCiilation cycles get stronger which will increase the
CD—values. It should also be realized that the bilge keel depth
is of the order of magnituderof 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.’ for KC > 10 show a
strong effeét of the bilge radius on the drag coefficient such
that increasing the bilge radius decreases the drag_coefficients.
Results by the single vortex method with a finite bilge keel-
depth show the Samé tenderncy (see Fig. 11).

Experimental U-tube results without bilge keels are preéentéd
in Figs. 9 and 12 for the test section.pfesénted in Fig5 5. - The
theoreti¢al CDevalues obtained by the single'vortex‘hethOd is in
reasonable agreement'with the experimental values. These ﬁheoref
tical values were calculated with a small finite bilge keeisvof
dimensions b/D = 0.02 mounted at afbiige angle 8 ='ﬂ/4 (see
Fig. 5). The results show sensitivity to KC=number where there is
a tendency for the dragvcoefficients»to decrease with decreasing
‘KC—number. This is expected from Graham's local analyses®® and |
from known experimental results for CIrcular cylinders‘at-low
Keulegan—Carpenter numbers.

In Fig. 12 our experimental results are_cémpared witﬁ experij»
mentalﬂvalués by Bearman'et.al. for a rectangular-cross.section
and show a strong decay of Cb, with bilgé radius at small XC-

number. This cannot: be due to the small differencé in beam—draft;f




ratio between Bearman et.al's and our test section. For largér
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 superéritiCal and transcritical range the
rboundary layer is turbulent. The consequence of this is that the
separation points are quite different in the.subcritical and
transcritical Reynolds number range resul;ing in a difference in
drag coefficients. Thus for marine structures one often has the
situation that model tests have to be performed in the subcritical
range, while the full scale situation is in the transcritical
range. However, when the separation occurs from sharp .corners
one-woﬁld not expect any severe scale effects. |

Aarsnes et.al.® have shown that therdrag coefficient may be
substantially different depending on laminar . or turbuléht seéai
ration. This is also evident from Delaney and-Soreﬂsen's

L All‘fhese results are for KC = « , i.e. steady ineci-

results.?
dent fléw. -Aarsnes et.al's results were for sh;p'cr655¢5ectioﬁal
forms'withoué bilge keels. The reason to the'difference in éub-
critical and transcritical flow is that the flow separates more
easily in subcritical flow which is laminar and‘the flow‘sepa4
rates at the "leading" bilge. However a tufbﬁleﬁt'boundary'iayer
which occurs in transc¢ritical flow Canfsustain'a.largéf adﬁerse
- pressure grédiént.without separating. Thié is the reason whyr

there is no separation at the "leading" bilge for transcritical’




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—secﬁion and therefore the scale effect on the
drag coefficient is not expected to be severe. 1In any case one
should have in mind the introductory 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 épplied with two different sets of positions for the
separation points. The first case with B = 1/4 Ahas been dis-
cussed already (see Fig. 5). 1In the other case 8 = m/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 thevseparation'point position. 'This dis-
cussion of the effect of laminar or turbulent flow isiSimplistic.

More experimental results are needed to éupport the conclusions.

Three-dimensional effects

Aarsnes‘e.t.al_.s point .out that-three-dimensional effectsnat
the ship ends will reduce tﬁe dragforce relativé to. a pure strip-
theory approach. One way_of taking this into accQunt would be |
tb use a reduced effective incidentrflow at the ship énds as
predicted in a qualitative way'by Aarsneé 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_factoi'éf
the two—dimensidnal drag coefficients,- The efféct~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 1arger;§f




CONCLUSIONS

It ‘is shown that the standard deviations of slow drift.
motions are not sensitive to moderate changes in the damping
coefficients. The eddymaking damping coefficients are discussed
and it is shown by a single vortex method ande-tube experiments
that bilge keel dimensions and bilge radius may have a signi-
ficant effect éon the eddymaking damping. fhe single vortex
method agrees well with experimental results for midship sections

without bilge keeyé 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 aneiyse vortex shed-
ding -around. ship cross-sections at low KC-number end the separation
points will be fixed. The approach is significantly simpler than
for instance the vortex tracking method by Faltinsen and
Pettersen ° or any solver of the Navier-Stokes equations.

The 'motivation for choosing a simple approach is to be able to
discuss the sensitivity of the drag coefficient.to changes in geometrical.
parameters. A simple model is also needed in order to derive a
practical and reallstlc model for the wave drlft ‘force damping in
sway and yaw . that accounts for the interaction between flrstcmder
wave induced motionsanuithe.vortex shedding.

The body and the coordinate systenlaredefined in Figqg. f3.
The free surface is represented by a rigid_wall.' The flow is
oseillating.harmonically with small amplitddes_of’motion'which
causes the flow to separate from two,fixed poipte gis:-on‘the
body. Each shed vortex sheet will be repfeSegted by a point
vortex Fi(t) at a position z, (t). since eSch pointfvertex_

s

representsa vortex sheet attached to a separatlon p01nt 2, it

must be joined to zis by a cut representing the sheet.' This
simplified model was first suggested by Brown and Michael 12 to
represent the spiral vortex above the leading edge of a slender

~

wing.

Slnce the point vortices are shed from the separatlon points,

1nf1n1te velocities must be ellmlnated at the p01nts. Thls
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
' . T
3 s [ ds ik !
= (I, (z, - 2z,.7)) = T = - —1——:———-) : (9)
ot. "k 'k 'k k \ dz 27 (z zk) zrz,
k =1,2

Here ¢ 1is the complex potential in the fluid. 1In 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 o,/m

=M I (z-a) ' - | | (10)
i=1 ' :

Q-‘|Q-
IN

The quantity n relates to the number of corners. M 1is a
complex constant and ai are real constants to be determlned
The angles oy identifying the different corners, are shown in
Fig. 13_measured.positive. in the counter cicckwiseedirectiona
Davis '?® has generalized Schwartz-Christoffel transformetion
to curved surfaces. He has also setiup a practica} procedure to
determine the unknowns ai,fdnandtﬁis computatioﬁel procedure
has been followed.

The SChwartz—Christoffel‘transformatioh that was chosen,
will map the lower half of the ¢ plane into the fluid doﬁain.
The complex velccity potential 'w can now be written as

r. : . S
52 {Log (g - t5) - ng-(r, - Tyl (1)

I ~100

¢ = MU C + i
Here 'Cj‘ is the position of the vortices in.the auxiallary plane

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




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

that ¢ - U z when |[z| - = in all directions of the fluic
domain:

The Kutta condition can now be written mathematically as

i 2 1 1 _ |
3w LT e T st v (2
j=1 I g %, g, 7T
k i k Jj
- Here cks is the r-coordinate of the separation point zks.

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

2 T. .1-6
) s [ . 3. “kI 1 dz
= (T, (z, - )) = T,! MU +1i ) ,,{A___ —
at k 7k k k = 27 Cx Cj T Cj dz
2

T d’? | (13)
- i -k _dg_ i

it [dz\2 |

|z=z

f o)
Y
L N—

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
= [ pdy | o - (14)
S | ‘ - -

where the integration is over thewwetted body surface S and

ao|?

dz

= - o 9 Re -2

- (15)

Graham '* has applied the 51ngle vortex méthod to dlfferent
local corner flows. HlS results show (see Flg. 14) that the

single vortex method was not 51gn1f1cantly 1n error with experl-

mental results for low KC- number if one choosesiﬂuatlme dependence:

of the undisturbed flow to be

U = U, sinwt » L AR - - ae). -




and start the solution at t = 0. The solution with the single
- | : ' ?r, :

vortex method can only be valid until the point when _aTl = 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

['.sinb ' ‘ ' .

- WU (7

where.
s is : : )

L - . = r . 1
CJ. CJ e | (18)
From the Brown and Michael solution 2  one knows
oz, - 2.5) = A.(t) - | (19)

73 j i _ e

Equation (17) and (19) weré solved iﬁeratively at,éACH time
step-by f;rst seﬁtiﬁg Fj equal ﬁo Fj from the preVious-ﬁihe
stgp. From equatién (19) ong can then detérminev zj‘-'st"amithe
corresponding Zy value is determined for ﬁhe SchwéftZ#
Christoffel transformation which "has also to be done'iterativelys
, When Cj is found oOne can use (17) to determine a hew value of
Fj. “The proqédure is ﬁow repeated until the'guessed and estif
mated Tj value coincides. We haVe not tried to optimize the
soiution procedure because the CPU time is no_pﬁoblem. The
Vbrtex fOrce.is foﬁhd by neglecting the quadratiq velocity:term
in the Bernoqlii‘s equation and using bnly the ﬁortexrpart Qf the
velocity potential . The additional term MU ¢ gives the hydro- _;
dynamic mass forcé, |

In the fésults'prESentéd in'the-main text,*'CD' is'defined



from the maximum of the vortex force. It is non-dimensionalized
with respect fo 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.coefficientr Cy and the skin
friction forces is based on non-separated flow. The boundary
layef is assumed to be laminar and the SFokes solution will be
used to estimate the'frictional force. This-results in a fric-
tional force that is w/4 and of.phase.with the instahtaneous
velocityf The frictional eonffibutiOn to CM‘ Will.be examined
separately.

Based on (11) we ean write the velocitf potentialifor_non—_
separated flow as Re (MZ)U. The corresponding horizontal force
on the body can be obtained by properly integrating the preseure

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

that

L | | -
Cy = gp J Re(Mc)dy T -

C
The integration is along the wetted body surface C.

The drag force due to skin friction foliows'ffom-the.SOlutiQn of
Stokes second problem (Schlictingl®). ' The tangential velocities
outside the.boundary'layer needed in the’shear fo;ee calculation

follow by differentiating the complex potential MzU for non-




separated flow. This means the frictional drag force can be

written
- _ 1 |y 42
5 = 2/%c & b é dx !M dz! (21)
. UOD
Here Rn = —;; , where Vv = kinematic viscosity coefficient.

The qontribution of skin friction to CM can be written as

cpb |
“w = \@m) X @

with C, given by- (21). This follows from using the definitions

of C and CD ~as well as using the fact that the frictional'

M
force is 7/4 out of phase with the instantaneous velocity.




APPENDIX B

Theoretical investigation of the»flgw 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

13p ., y2 | o
> X + vWu (22)

e

where u is the horizontal velocity and p is the pressure.
By requiring uv to be zero at the tank wall and the ship section

we can write (see Landau and Lifschitz!? )

g = ia -iwt[, _ _cosky
' W ' cos % kh

where ,
_13p L, miut
5 3% ae
k= (1 + 1)/68
§ = V2v/we

Maximum velocity occursat y = 0. The frictional force per unit
area on the ship section can be written as

= -y ia kh
O'—Hwe ktn(z)

ﬁere U = vp is the ccefficient.of‘viscosity.

The distance h 1is assumed to be much smaller thah the boundary
layer thickhess outside the gap. We may then-use the pressure
out51de the boundary layer, i.e. the potentlal flow solutlon.

We will. neglect the influence of separated flow and use the -




solution in Appendix A. This means

-iwt

S
)
=

1 .

5 B ¥ Up ©
where B 1is sectional beam. We can then write the friction
force on the bottom of the ship section as

(1+i)h ] u, o iwt

JF = -'2,Mthan
2V2v/w

Vv2v/w

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

is associated with thertérm in phase with : coswt. This means
= . 1) /=T T Ny 7y
<h = Re { 435 (1+1) RC-R_ .UHx[(j+1) 2D ™ KC]

In a similar way one can estimate the cont;ibutiéh to CM- by

evaluating the force contribution in phase with the acceleration.




FIGURE CAPTIONS
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Coordinate system.

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.

.U-tube water tank with midship section mounted

upside down at the false bottom.

Ship section mounted in the U-tube, seen from
above.. The section is lying upside down on the
false-bottom.

Midéhié section used in the U-tube. The same
section has been used with and without bilge
kéels. Length of the measuring section is 200 mm.
Simple vortex system, illustrating the free
surface effect. |

Effect of beam-draft ratio on Cp-

Effect of bilge keel depth on CD.

Experimental CM-valueShfor a midship section with
and without bilge keels.

Experimental CD-values for a midship section

fitted with bilge keels.

Effect of bilge radius on CD.

Experimental and theoretical CD-values for a
midship section without bilge keels.

Physical and auxiliafy' plane used in the Schwartz-
Christoffel transformation.

Non-dimensional vortex force for a flat plate at

low KC-number (Graham '%).




Figure 15 Flow situation between ship Section and tank

wall.

TABLE CAPTIONS

Table 1 Influence of separation point.
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B _ r . ,
D" 2.7 0.22
KC 4 5.4 10.8
c.(8=1) 1.6 ~ 1.8 2.2
p(8=7 . . .
_T
CD(B—S) 1.25 1.35 1.6
Table 1. Influence of separation point



