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Table / Parameters of wing figure : series 1
case adl-r edl-t wing apan aspect ratio
I-a 0.125 L 0.103 L 0.110L 0.88
1-b 0.150 L 0.132 L 0.090 L 0.60
l-c 0175 L 0.160 L 0.075 L 0.43
1-d 0.200 L 0.187 1. 0.067 1 0.34 -
e 0.225 L, 0213 L 0.060 L 0.27 la L L Le
cdl-r ¢ chord length at wing rool |
cdl-L: chord length al wing tip 1
Table 2 Results of computation : series 1
Cw_(+107%) - 1 i . 3
e Tolal Tiody Wing ] €t (107 Fig. 3 qung figures : series 1
1-a 2.7140 2.546 0.194 -2.018
I-b 2.835 2.650 0.185 -1.796
<d-c 2.888 2.119 0.169 -1.463
1-d 2.982 2.184 0.198 -1.384
l.e 3.060 2.858 0.202 -1.213-
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Lifting force distribution on wing : series 1




~Table 3 . Parameters of wing figure : series 2 '

H -

case f (deg) cdl-¢ cdl-t wing span

A : aweep back angle

2a ing

2-h 20.0 -_—

2-c 30.0 0.20 L, 0.10 1, 010 L \

2d 51.3 2-a 20 \ R

Table - 4 Results of computation : series 2
. Cw  (+107?) . -
e Total Body Wing Cr (s107)
Ia 2925 2692 0.232 -1.990 . . 3
3b 2872 2,685 0186 | . 202 - Fig. & Wing figures : series 2
3-c 2.809 2676 0.134 +2.038
3-d 2.823 2.636 0.186 -2.030
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Table § Parameters of wing figure : series 3
case cdly cdl-t wing apan aapecl 1atio
I 0.090 ), 0.063 1, 01671 181
b 0.085 1. 0.059 1. A5 1, 195
e 0.080 1, 0.056 1. 0.183 1, 235
3.d 0.015 1. 0.053 L 0.200 L 2.67
3-c 0.100 1, 0.070 I, 0.150 1, 1.50
cdlr : chord lenglh at wing root
edl-L: chord length at wing tip
Table 6 Results of computation : series 3
Cy (‘m") .- .
e Total Body Wing Co (s1077)
2a 2.670 2313 0.318 2613
25, 2511 2.360 0.281 "2.606 . .
2c 2.353 2211 0.109 -2.705 ng ﬁgures . serles 3
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1 Introduction

Rankine source method was suggested as one of numnerical tools to solve a bound-
ary value problem on the basis of source distributions over a hull and [ree surface. It
is well appreciated that Lhe numerical treatments based on the Rankine source are
sitnple and the results are quite acceplable. Dawson? have proposed the double model
linearized [ree surface condition and the finite difference scheme to meet the radiatlion
condition.

Based on the Dawson’s proposal, Mori et al.?%) have developed a modified Rank-
ine source method, in which a higher order source distribution scheme was used, and
have shown reasonable agreements with the experimental resulls for simnple hull forms.
Their method don't fully satisfy both the hull and free surface boundary conditions to
save Lhe compulalion lime, so the application is very limited only lo the simple hull
forns.

In present paper we modified the method to salisly the both boundary condi-
Lions with a iterative procedure. A new approach to use the double model flow velocily
polential including the effect from the wavy velocily polential on the [ree surflace dur-
ing the ileration is adopted. The presenl method is computed and compared with
various hull forms including the actual ship with high block coefficient. The agreement
between the computation and the experiinent shows the method is very uselul even in
a complicated hull form.

For the application of the Rankine source method, Many papers have been also
introduced in the extensive range including unsteady ship motion problem®:?) as well
as ship wave computalions at high speed)? or under shallow waler condition'. A
hydrofoil problem at high speed range'’”) is also solved by the Rankine source method.

As a furlher application lo exlend the utility of the Rankine source method, we
carry oul computations of flows and resistance of a single hull with a pair of wings
generaling lifting forces. In the compulation, the wings are approximated by a lilling
line and the induced velocities by this lifting line are conglomeraled inte the Rankine
source method. By this approximalion, the flow can be simply treated wilhoul any
complicacies due to the Kutta condilion and can be solved only to satisfly the body
and free surface boundary conditions.

For the purpose of confirming the present computation, some model tests with
or without wings are carried oul. The agreement between computation and experiment
confirmed that the wing can be replaced by the lifting line. Various computalions are
perforimed not only by changing the location, angle of attack and ship speed but a.]:lso

7



with multiple vortices to investigale the wave phenomena and to analyze the mecha-
nism of the wave interaction belween the main hull and the attached wings. Through
these calculations, we may expectl a possibility to develop some appendages Lo reduce
the wave resistance.

The present paper is consisting of six chapters. The modified Rankine source
scheme adopted by the present study is outlined in chapter 2. Chapter 3 describes
the compulational method of wing approximatlion and a pilol calculation for ils ver-
ification. Chapler 4 presents various wave simnulations including the wave reduction
on a ship with wings generaling Lhe various lifting forces. More precise experimentls
are carried out in the wide range ol speed and are compared with Lhe resulls of the
calculalion in chapter 6. New formula for wave resistance is also derived in terms of
the Lagally theorem and added in appendix



2 Modified Rankine Source Method
2.1 Basic equation

We assume that a ship is advancing with a constant speed U in a still water with
infinite depth and width. The x-axis of the coordinate system is parallel to the direction
of the uniform flow, while the y-axis and the z-axis Lo Lhe direction of starboard side
and to the upward direction respectively as shown in Fig.(2.1). The viscosily of the
fluid is neglected. T

The total velocity polential ¢ is expressed as follows.

(/):qso‘i‘d)w (21)

where ¢,: double model flow velocity potential included the effect from wavy velocily
potential and ¢,: wavy velocily polential. The total velocily potential ¢ satisfies the
following equations;
o Laplace equation

Ap =0 in fluid domain (2.2)

o Dynamic [ree surface boundary condition

ot (B F U =0 (2= ) (23)

where ( : wave heighl and g : acceleration of gravity. Subscripts mean the differentia-
tion with respecl to the referred variable.
o Kinemalic [ree surface boundary condition

‘/’r(x + ‘i’y(y - qu =0 (Z = C) (2'4)
o Hull boundary condition
¢n =0 on hull boundary (2.5)

o Radiation condition

V¢ =(U,0,0) at z— —o0 (2.6)



After linearization of the two [ree surface conditions, we get a following double-
hull linearized free surface boundary condition.

:I‘f)wll + 2¢ol¢o”¢wl + g¢wz = —d)zlqsoll (Z = 0) (27)

where [ : streainline direction. A four-point upstreamn finite difference scheme proposed
by Dawson? is employed to satisly Lhe radiation condition.

The problem is Lo satisly the hull boundary condition of £q.(2.5) and the [ree
sutface boundary condition of Eq.(2.7) at the same time. Once Lhe Lolal velocily
potential is determined, the wave elevalion ( is calculated by [q.(2.3).

The pressure on the hull surface can be derived from Bernoulli’s theorem.

!
p=—pgz+ 5p(U* = V¢’) (2.8)

where z : verlical distance {rom {ree surface.
Wave resisltance can be calculated by integrating the above pressure components in
streamwise direction over the hull surface panels.

R, = —/ pngds (2.9)
Sn

where Sy; : hull surface and n, : x-component of the ouler normal to panel surface.

The wave making resistance is usually calculated by the above pressure integra-
Lion over the body. However, this sometimes brings forth significant errors due to the
complicacies of body geometries or sharp change of pressure. The pressure change is
expected to be large in the present study because the pair of line vortices is placed
close Lo Lhe body. This demeril of Lthe pressure inlegration can be made innocent by
adopling a very small panel, which requires large computer capacily and compuling
time. Alternatively, we use here an expression ol the wave resistance derived in lerms
of the Lagally theorem(see Appendix for the details);

I, =R, + 27r/)// vopds + p/// (ww, — vw,)dV (2.10)
Sr |4

+co 0 +co
] 1
Ruo = 3 / dy /(q‘ﬁ + ¢7 — ¢2)dz + 5P / (*dy (2.11)

where u,v,w : components of velocity, w;,wy,w, : components of vorticity, u' : u
excluding the contribution of o at the integraling position and of : source distribution
on the free surface(Sr). The first term of the formula is the linear component and the
second term is the additional component due to the singularities on the [ree surface
and the last is the contribution of the inviscid vorticity.
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2.2 Numerical treatment

The hull and free surfaces are divided into several panels. Sources are placed on
the panels. Source densities are calculated to satisly the aforementioned hull and free
surface boundary conditions. All values are non-dimensionalized by the half of ship
length. The extension of the calculating domain in the streamwise direction is from -2
~ -1.5 (from F.P.) to 2.0 ~ 2.5 (from A.P.} based on I'roude number and the domain
in transverse direction is from 0 (centreline) to 0.75. At least 15 grids over the [ree
surface along streamwise direclion are placed per one wave length (A, = 4w ['n?).

A higher order source distribution in streamwise and lransverse directions is
adopled for the free surface panels to increase the accuracy of the calculation.

Ow = 00 + 018 + 028% + 035t + o4l + ost? (2.12)

The surrounding 6 poinls are used Lo describe the one free surface source densily. It
was referred [rom Mori et al.’) that this higher approximation for the discrete source
density shows good agrecments with the experimental resulls for the simple hull forms
even i Lhe added velocity term on the hull panel due to the wavy velocity potentials

is ignored.

FFor the general purpose of the program, the present computation was exlended
to solve the both hull and free surface boundary conditions by iterative scheme. The
iterative procedure can save bolh computing time and memory storage in comparison

with the full matrix solving.
The flow compulation proceeds through the following sequence ol steps;

e Inputting the hull offsets data.

¢ Preprocess [or calculation.

— Ilull panel rearrangements based on equal girth space division.

— Tree surface panel generation based on Froude number.

e Iless and Smith method calculation without free surface (¢, = 0).

— Calculation of the double modecl velocily potential ¢,, in which Lthe Jroude
number term is not included(FFn=0), by solving the following equation;
d 0 0
¢0 9/)0 ¢0 (213)

a:z: Ny + 8—y11y + a—zn, =0

— Calculation of induced velocity ¢, on the [ree surface panel by the double

model flow velocily potenlial.

e Wavy velocily potential ¢,, calculation on the free surface.

— -¢%bon calculalion by using 5-points central finite difference scheme.(right-

hand side of Eq.(2.7))
11



— Ldwn + 2¢01Pott Pt + g, calculation by using 4-poinls upstream finile
difference method.(left-hand side of Eq.(2.7))

— Wavy velocity potential ¢, can be obtained by solving the Eq.(2.7).

— Calculation of the induced velocity (V, V,, V) on the hull panel by the wavy
velocily potential ¢, on the free surface.

e Recalculation of the Iless and Sinith method including the induced velocity by
the wavy velocily potential(Froude number term).

— Calculation of new double model velocily potential ¢, with the Froude num-
ber term by solving the following equation;

94, O¢o

( i
Oz dy

4V, = 14
s FV)n, =0 (2.14)

+ Von, + (

+ V), + (

¢ Calculation of new wavy velocity polential ¢, based on Lthe new double model
velocily potential.

¢ Iinal ¢, and ¢, will be obtained with iterative procedure.
¢ Wave resistance and wave profile can be calculaled.

2.3 Computation results

Based on the modilied scheme of the Rankine source method with the ileralive
procedure, we carry out computations for the various hull forms ranging [rom a simple
hull to an actual full ship. The scheme is widely investigated with the various com-
putations and their comparison with the experimental data. It can be concluded that
the modified Rankine source method is very useful Lo compute and analyze the wave
phenomena nol only for the actual hull form but also for the local modification of the
hull form. Tollowings are the detail descriptions of the compuatation results for the
three various hull forms.

2.3.1 Series 60

IFirst we carried out computations for the Series 60 Lo verily the present scheme.
The hull form, wave profiles, wave conlours, wave pallerns and pressure conlours over
the hull surface for I'n=0.16, 0.25, 0.316, 0.35 are presented in Figs.(2.2) ~ (2.6),
respeclively. The resulls for the wave resistance compulation are presented in Fig.(2.7).
The wave profile, wave coulour and the wave resistance are compared with those of
experiments. The agreement is [airy good over all ranges in wave profile. The computed
and measured wave contour at I'n=0.316 shown in Fig.(2.4) also have a very similar
paltern.

For wave resislance, we can conclude that the computalion is acceptable except
around the IFroude number 0.33 in which a hollow is appearing Loo deeply in comparison
with the measured resulls.

12



2.3.2 Container ships with bulbous bow

To verily the calculation [or an actual hull form with a bulbous bow, two con-
tainer hull forms that are slightly different only al the far forward parts were calculated.
Iigs.(2.8) ~ (2.11) show the hull forms, wave profiles, wave patlerns and pressure con-
tours on the hull surface for the two containers respectively. The comparisons with
the experimental results show that the wave profiles of the both hull forms have same
palterns with those of the experiments over all the ranges even if the wave heights are
still quite different at the far forward parts of the hulls.

Fig.(2.12) shows the wave resistance curves measured at Hyundai Model Basin
from Fn=0.14 to 0.28 for the both hull forms. The wave resistance computed by the
Lagally theorem are shown in Fig.(2.13). The comparisons indicate that the wave re-
sistance of the base hull form is well agreed with the experiment over all the ranges
but that of the revised hull form is a little different even if the total tendency is quite
similar.

If we consider that the modification on the revised hull is very limited wilhin
the far forward local parts of the forebody, the computation result of the wave resis-
tance may be more reasonable than that of the experiment. The wave resistances of
the measurement were obtained on the basis of form [aclor anaysis, so they may be
very sensitive and are likely leaded to a wrong resull due to the false decision of the
form factor. It's also abnormal that the difference in the wave resistances at the very
slow I'n, where almost no wave resistance is normally expecled, is too dominant in the
experimental results.

Table.(2.1) Principal dimensions of two containers

ship particulars
Lenglh between perpendiculars 282.0 m
Breadlh 32.26 m
draft 16.50 m
Block coefficient abt. 0.63
LCB abt. 5.9 m(A)
Design Speed 25.0 Knots
Froude number 0.244

2.3.3 Full ship with large block coefficient

We also carried out the calculation for a full ship having large block coefli-
cient(Cb=0.8), very small L/B ratio(L/B=5.15) and very large B/d ralio(3/d=3.95).
The ship has a bulbous bow, a stern bulb and a transom stern. Figs.(2.14) ~ (2.16)
show the hull form, wave profile and wave pattern respectively. I'ig.(2.17) shows the
wave resistance for very low speed from Fn=0.1 to 0.18. The results show that Cw
value is negative over the very low ['n regions, which is normal in the Rankine source
method using a coarse panels, and is too steeply increasing at the high I'n regions.
Anyhow, it is probably reasonable in the range of design speed(I'n=0.16).
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Table.(2.2) Principal dimensions of [ull ship

ship particulars

Length between perpendiculars 235.0 m
Breadth 45.64 m
draft 11.58 m
Block coefficient abt. 0.80
LCB abtl. 8.3 m(F)
Design Speed 15.0 Knots
Iroude number 0.16
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Fig.(2.14) Full ship hull form

26



(91°0=0)drgs [y jo oEoE saea pandwoy) (g1°g) Sty

27



(91 p=ug)diys ([0} jo




Cwe]1000

I'ig.(2.17) Computed wave resistance of {ull ship

29



3 Computational Method for the Flow
around a Hull with Wings

3.1 Lifting line approximation

The wing is simplified by a straight line vortex and the circulation on the wing
associated with the lift is replaced by a vortex filament on the basis of lifting line theory.
This vortex filament, so called line vorlex, lies along the straight line whose strenglh
is proportional Lo the local intensity of the lift. In our computation, we arrange a pair
of line vortices on the hull side as shown in Fig.(3.1). The circulation distribution I’
is zero al each end and constant at middle part as presented in IFig.(3.2). The line
vortices are assumed to starl from just outside of the hull surface, which means they
are not in contact with the hull.

The induced velocity v by Lhe bound vortex is given by Biot-Savart law as
follows;

v ! /rot(Fw )dyl) = —i/—TJ— x Dy )dy' (3.1)

:E. T . 47 J r

where r : distance vector. The drag by the vortex, corresponding to the third tern of
2q.(2.10), is given by "

D= p/w(yl)[‘(y')(lyl (3.2)

LR . . .
where w(y ) is the vertical velocity component on the line vortex.
The Eq.(3.2) can be replaced with two partls based on their derivations as follows;

D= /’/(W»o + 1wy, )Ly )dy’
+ p /u)dowmunshr(y’)dyl (JJ)

where wy, : verlical velocily component due to double model flow velocity poten-
tial, wy, : vertical velocity component due to wavy velocity potential and wiswnivash
induced verlical velocily component by the trailing vorlex of the line vortex. We
compuled the vertical velocily component of (wy, + wy,, ) for the case ol a conslant
circulation distribution over all line vortex with B/2 span and a trailing vortex at the
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tip of the span(x=-0.9). The results are presented in I'ig.(3.3). The direction of Lhe
vertical component is upward, so this component contribules Lo lessen Lhe resistance,
which means thrust force as shown in I'ig.(3.4). The amount of the thrustl lorce by
these two velocity potentials will be aboul 7% in comparison with the original wave
resistance value of no wings at ['n=0.35.

The effects by the trailing vortex shedding from the line vortex are also gener-
ally important to simulale the 3-dimensionality of wing. The induced drag caused by
Lthis trailing vortex can be described in the second term of the above Eq.(3.3). [Ex-
pected induced drag due to the downwash by the trailing vorlex can be estimated by
an approximation formula of Cp; = -7(::\}‘ with assumption of an elliptical circulation
distribution. The calculation shows the increment of the wave resistance will be aboul
17% due Lo the exislence of the trailing vortex. These rough estimations suggest thal
the additional resistance caused by the existence of the vorticity on the line vortex will
be about 10% afller cancelling each other.

Iowever, in our computation, all the simulations are performed without taking
the trailing vortex and the vertical velocilies into consideration. This approximalion
makes the computation much simpler otherwise the diflicully may happen how Lo de-
termine the trailing vortex lines which may touch the hull when the line vortex is placed
at forepart. R

Eventually, the induced velocilies by a pair of line vortices are computed and
used as a base flow for the Rankine source method, in which the total velocity polential
can be obtained to satis{y the full boundary conditions as [ollowing sequence of steps;

e Calculation of the induced velocity by the line vortlex at the hull and {ree surface

panels.

e less and Smith method calculation including the induced velocily on the hull
surlace due to the line vortex.

» Wavy velocity potential calculation based on the basic flow of the induced veloc-
ity on the free surface due Lo the line vortex.

e I'inal ¢, and ¢, will be oblained ileratively as same procedure with the alore-

mentioned Rankine source scheme.

3.2 Pilot computation

We carry oul some pilot computations at first for the Series 60 with and without
wings in order to verify the present compulational scheme. The wings are flat plate
and attached Lo hull. They are assumed to have a span of 50% ship breadth(3/2) and
a chord of 2.5% ship length(L/40). The depth of the wing is a half of the design drall
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of the ship. The location of the wings is at 5% aft from I".P. and the angle of atlack is
-5 degrees to produce a downward lifting force. The lifting force by the wings is about
1.7% of the ship displacement. In the computation, wing is replaced by a circulalion
distribution over a line vortex which produces a comparable lifting force to the wing
mentioned above.

[ig.(3.5) illustrales the compuled and measured wave profiles for the Series 60
with and without wings al the speed of the Froude number 0.31. The measurements
are carried out at the towing tank. The computed results show good agreements with
the measured except the bow region which is common in other computations by the
Rankine source method. To be encouraging, the effects of the wings are prominent
even in the results of calculations as well as those of measurements. Furthermore, their
quantitative differences are also fairly coincident. We can conclude that the present
numerical scheme is proved to be very effective on the simulation of wing system
although the wing is approximaled by a lifting line neglecting the contribution of the

trailing vorlex.
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4 Simulation on Wave Reduction by Wings

4.1 Vortex strength

Based on the verification by the pilot computation, we study the eflects of the
vortex strength and localion on the wave resistances and wave pallerns for the Series
60. The span of the flat plale wing is 26% ship breadth(I3/4) and the angle of attack
is fixed to be £5 degrees. 4

Fig.(4.1) and Fig.(4.2) show Lhe hull side wave profiles and the pressure contours
on the hull for the different strengths. of the line vortex lying at x=-0.9; the I'roude
number is 0.35. The lilting force indicaled there is the ratio to the buoyancy force
which is modified by changing the chord length. In the downward lift case indicaled by
-2.2% lift in Fig.(4.1), the velocity near the free surface is decelerated and consequently
generates high pressure region locally. This high pressure makes Lhe wave arise; a big
wave peak just behind the location of Lthe line vorlex can be observed. On the contravy,
the upward lilt accelerates the velocity and lessens the pressure near the {ree surface.
This compels the wave height down. With the incremenl of the upward hift strength,
the original wave height becomes gradually small. It is esteemed that this flow mech-
anismn may reduce the ship wave paltern resistance. As laler shown in [ig.(4.7), the
reduclion of wave resistance can be 30%. [Fig.(4.3) shows the corresponding wave pat-
terns. As clearly seen, the wave crest is gradually decreasing with the increment of the
strength of the upward lilting force. The wave height is much increased in case of Lhe
downward lifting force.

Masuko et al.*) have carried out some model Lests to reduce wave breaking phe-
nomena by installation of a wing just in front of the stem ol a conventional ship where
about 10% reduction of the residual resistance of the ship were seen over operaling
speed ranges. He explains that Lthe wing accelerales the flow velocity Lo lessen the high
pressure near the bow and finally prevents the severe wave breaking. The present comn-
putalional simulations show the same mechanisin of flow acceleration and have same
tendency as their experimental results.

Fig.(4.4) shows the computed wave making resistance where Lhe span of the line
vortex is B/2 and Lhe vortex is placed al x=-0.9. The angle of altack is fixed, so thal
the lifting forces are varying in accordance with the Froude number. Two angles of
atlack are selecled Lo generate an upward lift and also a downward lift. The amount
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of the wave resistance reduclion by the upward lifl is reaching well over 20% for all the
Froude numbers. On the contrary, the wave resistance with the downward lLift is much
increased. The resull shows that the reduction of the wave resistance by the wings is
quile persistent even in a wide range of speeds as observed by Masuko™.

4.2 Vortex location

The calculations of wave profile and resistance are carried out for various loca-
tions of Lhe vortex al two Froude nummbers. This is because the vortex locations and
Ltheir ellecls are also important in order Lo find the best position of the wing in view
of wave resistance. Fig.(4.5) presents the results for the three different locations of
the vortex; x=0.9, 0.0 and 0.9. The vortex produces 2.2% upward lift at the Iroude
number 0.35. By the existence of the line vorlex al a cerlain location, the wave gener-
ated by hull is locally interacted to make the resistance reduced or increased. IMig.(4.6)
shows Lhe comparison of the wave patlerns at diflerent locations of the vortex. The
wing located al x=-0.9 seeins most eflectively cancelling the wave.

IFig.(4.7) shows the variation of wave resistances; the ratio is defined as C, ratio =
{Cu(vortex) — Cyu(w/0)}/C.(w]/0) where C,(w/o) is Lthe resistance withoul wings.
From Lhese results, we can easily know that the vortex generating the upward lifl can-
cels the original wave peak and lessens the wave resistance if the vortex is located at
the starting parl ol the wave crest where the w component is positively maximum.
Especially at the slem, where a bulb is normally placed, is the best place Lo reduce the
wave resistance. The results show also that the eflective place of the wing depends on
the Froude nuinbers as naturally accepted. It is important to select a proper location

al each IFroude number.

4.3 Multiple vortices

We investigate a case of the hull with two pairs of wings. The wings are also
replaced by line vortices. Vortices are located at x=-0.9 and +0.95, where the wave
resistance reductions are expected to be very large [rom the computation resulls of
Fig.(4.7). Fig.(4.8) shows the wave profile and patterns for the Lwo pairs of line vortices
with the same circulation strengths al both the locations and Fig.(4.9) with the twice
strenglh at x=0.95 but same at -0.9. From the computation resulls, we can find 70% ~
80% of Lhe original wave resistance can be reduced with these two pairs of line vorlices.

Although the computalion is based on the assumption of the potential flow and
the viscosity of the fluid is ignored, a possibility for the large reduction of the wave
resistance by the installation of stern wings is expected especially for the case of the
ship generaling a big stern wave. Considering the alorementioned simulation resull of
the Series 60 showing a good agreement with the measured result even in Lhe slern
wave profile, the idea to reduce the wave resistance by the stern wings is probably very
effective and very realislic.
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5 Confirmation by Experiments

In order to confirm Lhe above results by simulation, Lthe wave proliles were mea-
sured al four Froude numbers of 0.29,0.32,0.35 and 0.38. The principal dimensions
for the tested Series 60 model and wings are presented in Table (5.1). The wings are
attached Lo the hull as seen in Tig.(5.1) to generate upward and downward lifting forces
by changing their angle of attack. The section shape of the wing is flal plate but with
slight modificalion as shown in Fig.(5.1). Measurements are carried oul at lowing tank
with the model fixed. e

Table.(5.1) Principal dimensions of ship model and wing

ship model particulars

Length between perpendiculars 1.800 m

Breadth 0.240 n

draft 0.096 m

Block coefficient 0.600
wing particulars

Span ' 0.120 m

Chord 0.045

Angle of allack +:5deg.
Location in z-dir. 0.090 m from I*.P.

n z-dir. 0.048 m above B.L.

IFig.(5.2) ~ (5.5) show the comparison of Lhe computled and measured wave
profiles along the hull side at four different Froude numbers. Both the computed and
measured- results show exactly the same tendencies; the downward lifl increases Lhe
wave and the upward decreases. It can be also mentioned Lhal even the quantitative
differences are well predicted by the presenl computations where the wings are simu-
lated only by a pair of vortices.

A noliceable difference between the computed and the measured can be found
in Lhe case of the wings generating upward lift; a strong wave fluctuation behind the
wing can be seen in the experiments but not so much in the computations. These
may be caused by Lhe following reasons. The {low around the bow is passing obliquely
from the lower parls of the bow Lo the upper parls, which was already proved by the
investigation of Lhe verlical velocily components on line vorlex as shown in Ifigs.(3.3)
and (3.4). The average vertical velocily component at Fn=0.35 is esteemed Lo he about
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1.4% compared with the uniform flow. This non-horizontal flow makes angle of attack
larger than the geometrical angle of 5 deg. and consequently more strong circulalion
than that of the calculation may be produced. To confirm the above, we carry outl
one more computation for the upward lift case with the slightly stronger circulation at
Fu=0.286. As shown in [Mig.(5.6), the simnulation resull is iimproved with this modifi-
cation.

We can conclude that the present simulated results are well conflirmed through
the experiments for the wide range of the Froude numbers. The discrepancy belween
the computation and the experiinent can be improved much by more precise control of
the angle of attack and by the consideration of more realistic circulation distribution
along the wing even il Lthe lifting line theorem is used.
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IFig.(5.1)Skelch of wing system and wing section for model test
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Iig.(5.2) Comparison of computed and measured wave profiles of Series 60 wilh wings

(I'n=0.286)
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[ig.(56.3) Comparison of computed and measured wave proliles of Series 60 with wings

(Fn=0.320)
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[ig.(5.4) Comparison of compuled and measured wave profiles of Series 60 with wings
(FFn=0.350)
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Iig.(5.5) Comparison of computed and measured wave profiles of Series 60 with wings
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Fig.(6.6) Comparison of compuled and measured wave profiles

for a revised circulation(I'n=0.286)
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Polo.(5.1) Series 60 with :

pair of wings
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6 Concluding Remarks

A modified Rankine source scheme is suggested and investigated its usefulness for
the various hull forms. The double model flow velocity potential is modified to contain
the effect from the wavy velocily potential and totlal velocily potential is oblained with
the iterative procedure to satisly both the hull and [ree surface boundary conditions.
As a further application of the method, the flow and resistance are simulated for the
ship with wings where the wings are assumed as a pair of lifting lines. [Findings are
sumnmnarized as {ollows. N
1) The Rankine source method modified from Dawson’s original shows the quile ac-
ceplable resulls for the various simulations of three diverse hull forms including an
actual [ull ship.

2) The present compulation method based on the lifting line approximation well cor-
responds to the experimental results of the hull with wings.

3) The wave height can be decreased by a wing which is producing an upward lift. This
is because the velocities behind the wing are accelerated by the circulations and the
high pressure is reduced. Conversely the downward lift increases the wave elevation.
4) The best posilion of the wing for the reduction of the wave resistance is near the
stem or stern of the ship because the wave crest by the bow or stern wave are normally
locating there and the wave cancellation can be expected effectively by an inleraction
between the hull and wings with upward lift.

5) The amount of Lhe reduction by the wings with a constant angle of atlack is persis-
tent even for the wide range of speeds.

6) It may be possible Lo reduce the wave resistance more effectively if wings generaling
proper lilling force are installed on the hull and furthermore multiple wings are prop-

erly considered.
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Appendix Formula of Wave Resistance

The force acting on a body, I is given by
I = —/ npdS _ (A1)
Su

where n : normal vector, p : pressure and Sy : body surface. If the flow is inviscid
Eq.(A.1) can be written in another form;

F= —/)/ wdS (A2)
. I Su

where p : density and

1
w = n’p—’ +q(n-q) = —zng* +q(n-q) (A.3)

where q : veldcit.y. The second term of rhs of Eq.(A.3) is always zero on Sy due to
the body surface condition. Applying the Gauss theorem'® to the fluid domain V, we

have
//S”wd5+zi://‘wd5+//5wwd5
= [ [ [GVe ~a(V-0)~ (¢ V)a)av (A4)

where 5; is a small semi-sphere surrounding a singularity and S, is the surrounding
surface of V' as seen in Fig.(A.1).
In Eq.(A4),

1
5V = (9 V)g=qgx(Vxq)=gxw (A.5)

q(V-q)=0

where w is the vorticily defined by w = V x q.
Then, we have

F=pz://s‘wdS—Fp//‘S“wdS—p///v(qxw)dV (A.6)
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where the first term is the contributions from the free surface source distribution, the
second term is the momentum flux through the control surfaces and the third term is
the contribution from inviscid vorticity.

Now we limit ourselves to the x-componenl of I, I,

r, = /)E//S. wedS + Ry, + p///v(wwy — vw,)dV (A7)

where u, v, w: components of ¢, w,,w,,w,: components of w and

w, = —%n,cq2 + ugy (A.8)
1 2
Ry, = —Ep//s (nzq” — 2ug,)dS (A.9)

As easily proved, R,, can be given by

1 [e] 0
Ruo=go [ dy [ detdly+d -8+ 50 [~ Cayr 0@, (AL0)

Ty
when the linearized free surface condition is invoked. Eq.(A.10) is familiar form in the
linearized wave resistance theory which can be given in terms of the amplitude function

of the free wave.
In the first term of Eq.(A.7), we write ¢ in the form of

Q(x,y,2)=q.-+%n ' (A.11)

where g; :vélocity excluding the contribution of a source at (z,y, z) and o; : the source
strength at (z,y, 2).
Substituting Eq.(A.11) into Eq.(A.3),

agi

=)

g; o '
= —n,z(q? — 1—4) -+ 2u;(q,v" -+ ';5-) (AIQ)

sz = —nz(qi + 2 ) + 2(u + ”‘z)(qm.

where g;, : normal component of ¢;. If the radius of the semi-sphere S; is taken small
enough, the integration of £q.(A.12) over S; yields,

pZ//S weds =2mp Y ujo; (A.13)
Finally we can have

F; =Ry, + 27rp//s u'ap(!S + p///v(wwy — vw,)dV (A.14)
- _

where 1’ :  u excluding the contribution of o at the integrating position.

The first term of Eq.(A.14) is the linear component, the second is the additional
component due lo the singularities on the free surface and the last is Lhe contribution
of the inviscid vorticity which is the mduced drag in our case.
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Fig.(A.1) Fluid domain
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