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1. Introduction

There are two opinions with regard to
the contribution of the so-called line in-
tegral associate with the surface-piercing
ship to its wave-making resistance. The
one is that it is of higher order and must
be neglected in the linearized theory [23,
361. The other is that it contributes very
much to the wave-making resistance and
must be put to the account even in the
linearized theory [3,16]. The former con-
tains a hypothesis that the change of the
wave-making resistance may be little if
the change of the velocity potential is
little in higher order. But this hy-
pothesis is mot always justified because
the wave-making resistance has neither
lower limit nor upper limit and changes
very sensibly with the given ship form.
Thus, the true question of this problem
may be asked such as in which case the
line integral will be neglected or not.

The other difficulty with the exi-
stence of the line integral is the presen-
tation of our boundary value problem. That
is whether our usual boundary value pro-
blem is unique or not. The same question
appears also in the theory of a planing
boat and in that case the solution satis-
fying the boundary condition on her wetted
surface is not always a correct one,
because the water surface elevation does
not lie on her surface in general, so that
the wetted surface can not be determined a
priori [26,30,38].

A way to detour this difficulty is to in-
troduce an eigen solution which represents
her little rise or sinkage and has a homo-
geneous boundary value. In other words, we
imagine a submerged thin wing with infi-
nitely little depth and solve the boundary
value problem then we can compute the
water surface elevation on the top of the
wing. If the water surface coincides pre-
cisely with the lower surface of the wing
by adjusting the immersion and this is a
planing-surface [7,3]. The same procedure
may be traced in our case to obtain a
surface-piercing ship.
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The last theme of this paper is the
diffraction of wave which is radiated by
the ship herself. It is of course a term
of higher order but must be important at
low speed or the diverging wave where the
wave-length is very small., In spite of the
importance in the above reason and in the
theory of oscillating ship, there are few
researches in this problem with respect to
the theory of wave-making resistance.
Hence, the aim of that paragraph is to
show similar formulae in our case as in
the case of oscillation problems and
obtain deeper understandings into the
phenomena of diffraction of wave.

2. On the line integral

Let us imagine a ship floating on
5till water surface and let her wetted
surface be S and the free surface of water
be F. And then, let us push the ship as
far as she advances at a constant unit
speed, where we imagine her sinkage and
trim is not permitted, and her wetted sur-
face changes to S* and free water surface
to F* and the water motion has a velocity
potential #(P), P=(x,v,z).

The co-ordinate system will be taken
as in Fig.l and the ship has a symmetry
with respect to the right and left.

F 4
]
Y
e —_ .
F) F O x
- S _An UNIT
- VELOTITY

FIG1. CO-ORDINATE SYSTEM

Here, let us introduce a fundamental sin-
gularity as .



S, Qg A (1)

where P(x,y,z), 0=(x,y,Z) and r=PQ, and
A{P,Q) be regular in the whole water do-
main.

Then, under the usual assumption on the
properties at infinity, we have the repre-
sentation

o(®)={ F*{d’(Q)-a—gS(P.Q)

g
B p,Q)3d8(Q) (2)

by Green's theorem.

In the linearized theory, the con-
dition on the water surface F* is approxi-
mated as

2
rtggDe(x,y,00m0 on F,  (3)

where g is the gravity constant in our
unit system and the surface elevation g
given

L) -g5ab (X,Y,0) - (4)

Moreover, the regular part of S(P,Q) is
written down, as well known, as

k(z+2)+ik (F-%7)
dkdsa .

-1 .. Tr(keos?8+g)e
A(P’Q)_4 2u11§‘££kcosze—g+uicose

(53

where W=xcos®+ysin® and whxtosb+y§in®.
Then, the integral over F* in the formula
(2) hecomes by partial integration

HF,.[cba—f;s-sg}ds‘a—”F[¢a—2.s-s§%1d;edy'

1 3q_ 38 ,
- [o5as-5Es1dy (63

where C is a cross curve of S with F [3,4,
36, 39]. This is the so-called line inte-
gral which is considered in this section.
Before entering the discussion, we
may remember the case of a flat ship or a
planing surface. In that case, there is no
difficulty such as line integral, a con-
sistent linearized theory exists and the
theory agrees well with the experiment
[19].
Then, introducing the linearized pressure
as

Loy =g xy,0 et o ()

where p is the density of water, and as-
suming the continuity of the surface ele-
vation, we have by partial integration
from the formala(2)

s(R)=g3l] pxY) 25(P5x,ys0)dxdy . (8)

This process will be suggestive to the
following argument.

Now, at first, let us consider the total
sum of the line source of the second term
in the right hand side of the equation (6),
it becomes by (3) and (4)

3
1f May=f s txon)dye- [l gpeaxdy )

thence this is the outward flux from F in

a unit time. This should not be finite but
does not vanish in reality [3,5] and can-

cells out with the flux from the ship sur-
face as follows.

The flux from S* is

3 _ 9x 0
Jf Sgas=rf gyes . Q0
] s
because
%?;=_g_§- on S* . (11)

If we integrate this normal velocity over S
and the flux becomes zero, but S* does not

coincides with § and then it does not zero,.
This difference of the flux from between S

and S* will be

g 12
=ds=g(x,y)dy (12)

if the ship surface cuts the water surface
vertically.

Thus the flux from the ship surface (12)
cancells out each other with the flux (9)
from the water surface [3,36,39, Appendix C],
Therefore, neglecting more higher order
terms arising from the change of the wetted
surface, we may have a new representation
of the velocity potential.

p(PYI=4,(P)+0 (P as

¢S(P)=”S[¢(Q)-5%S(P,Q)-S(P,Q)sé%d:]dS(Q) ,
(14)

0, (P2 @S @iy, (a8

and the latter is a proposed line integral
term [3].
It is well known at high speed that

¢(P) zzp o(g) (16)



and for a thin ship

¢5(P)=0(B/L) , (17)
then we have
¢, (P) =5 0(£)O(B/L) (18)

which shows that the line integral does
not very much contribute to the water mot-
ion at high speed and this conclusion may
be true compared with the experimental re-
sults.

However, the situation changes dra-
stically at low speed or the practical
range of speed of displacement ships and
the contribution of the line integral term
to the wave-making resistance becomes so
large that the resistance curve might
change its asymptotic character in lew
speed [2,3). The general tendency of the
effect of the line integral to the wave-
making resistance may be understood as
follows:

Let us represent ds of a thin ship by
doublet distribution and compare it with
the one of gL as in Fig.2.

FIG 2. CONTRIBUTION OF LINE
INTEGRAL

Then we may understand that the line inte-
gral causes a larger change of the re-
sistance at low speed because the corre-
ction doublet will be relatively larger
than the original near the bow and stern.
We may calculate the effect of this
correction term by the slender ship ap-
proximation but it must be failed in
general because the correction term and
its derivative do not vanish at both ends
50 that the resistance may tend to infini-
ty. Hence, to obtain a finite resistance,
we must calculate it when the line doublet
situates at correct posision.
Another feature of the effect may be that
this effect may be small or large ac-
cording to the ship form because the con-
tribution of the line doublet is very much
sensible to the form of the main hull.
Thus, it is possible that the less the
wave-making resistance, the less the
effect of the line doublet and the better

[Appendix E].

the agreement between the theory and ex-
preiments is [28].

The last feature of the line doublet
is that it relates with the vertical force
acting on the ship, because its tetal sum
becomes

%IC‘I*(X’Y.O)dY"—'.'%an (x)g—f;cb(x,n »0)dx

=2 z(x,nIn(x)dx (19)

that is, the virtual increment of the dis-
placement volume and pg times of it is the
increment of the statical buoyvancy [5],
and this must be added to Lagally's force
so that the vertical force may coincide
with the one deduced from the thin ship
theory [5,37], where n(x) is the half
breadth of the ship.

By the way, we have also

Hb0,y,00dy=ff tx,y)dxdy ,  (20)

that is, the increment
the mean water level.
In the right hand side
(20) if we assume that the surface ele-
vation is true one and is not linearized,
this gives the total vertical force by the
extension of Archimedes' principle [11,
Appendix D].

of the water above

of the equation

3. Uniqueness of solution

The preceding approach to a surface-
piercing ship is so sophisticated and
difficult to understanding that we may
seek another way through a submerged ship
for which the line integral does not
appear and the uniqueness of solution is
proved [22].

Now let us imagine a submerged ship of
which water plane F is covered by a solid
deck plate as in Fig.3, where is an arbi-
trarity for the deck [6] but we may not
loose a generality by this assumption
because we consider its limit when the
ship is piercing the water and there is
no concern with the state of the water
plane.

LA

FIG 3. CONNECTIVITY OF
THE DOMAIN.



At first, for the simplicity, con-
sider the case of two dimensional motion
and the velocity potential is determined
uniquely except an arbitrarity associate
with a circulation. Usually we do not take
the circulation into consideration for a
displacement ship, but in our case it is
rather natural to introduce a circulation
because we try to consider a surface-
piercing ship as the 1imit when a water
over top of the submerged ship vanishes
and there is no assurance of one-valued
nature of the potential. However, there is
no Kutta condition in our case, 50 that
that part of solution may be completely
arbitrary and it is an arbitrarity associ-
ate topologically with the open domain([3],
and corresponds to the gquestion of the
peint singularity at the cross point of
ship hull and water surface in the two-
dimensional problem, which corresponds to
the line integral in the three dimensional
case [9,11,12). This conclusion may be
easily extended to the three dimensional
case.

Now, let us imagine a wake vortex surface
W as in Fig.4 and there be a jump Ag of
the velocity potential between the upper
and lower surface.

%

FIG 4. WAKE VORTEX SURFACE

Then, we have by usual method

s(Py=ff (6(Q53S(P,Q)-Sg4}dS
S+F

+] AO(QFES (P, Q)XY (21)

where

o=t lyytly | (22)
Retween the upper and lower surface of W
the normal velocity must be continuous

and also the axial one does so that

g;{ﬁ¢(P)}=0 .onW (23)

hence the second term of the right hand
side of (21) will become by partial inte-
gration

] 1 d rot '
[ Aogosdxay=<_ [ 8058 (P3X,y,0)dY" , (24)

where CA means the cross line of W and F.
Then, let the ship make approach s0 nearer
the water surface that there may be left
very thin sheet of water over the deck of
the ship and the vertical velocity may va-
nish there.

That is, by the water surface condition,

3‘2
—2¢=0 on F and F , (25)

=R

a—..
529"
Therefore, we have by integration [10],

_é 5%¢=C(x,y]=func. (y) on F . (26)

Now, let us consider here the bounda-
ry value problem and assume the motion
without circulation and sc the velocity
potential #s be one-valued, and we have
unigquely the potential

3 9
o (P)=f] loggpS-Szpe 3as ,  (27)
S+F

satisfying the condition (11) on both §

and F [22]. From this potential we may cal-
culate the water surface elevation
£s(x,y)=zsS(y) on F which is not zero in
general. Hence, if we add to it one more
potential ¢¢ which is not already circu-
lation-free and has the boundary conditions

g (x,y)=8, ()=-2 ) (28)

3 _ —
§E¢h(P)-° on S and F , (29}

there is no water sheet on the deck of a
ship and we have a surface-piercing ship.
This process of calculation is followed
approximately by K. Mori [24] who reports
its better result.

The existence of such potential having
the homogeneous boundary condition (29) may
be curious but it becomes natural when we
remember the analogy to the planing boat,
then it stands for a slight change of
vertical position [7,3]. In fact, we may
easily prove in the present case too that
there is no change about the ship surface
condition except higher order terms when
the ship rises or sinks very slightly.

This consideration leads us to one more
such potential corresponding to sinkage,
because the sinkage is not pre-determined.
Thus, after all, we have a general repre-
sentation

$(P)=0_(P)+4, (P)+ab, (P) (30)



where o is an arbitrary constant, and dho
satisfies the condition (29) and

b i (X)L on F (31)
Following the above derivation & may be
equal to the sinkage or rise of ship but
there may be another way, for example, to
determine it so that the vertical force
acting on the ship from the water might
balance to the external force [11]. In any
way, it must be carefully selected because
the immersion of a submerged bedy induces
sensibly the change of the wave-resistance
[5,29,34, Appendix Bl.

The above derivation of the velocity
potential will be followed heuristically
as follows. In practiacal case, we may re-
present a ship by singularity over the
skeleton surface S [28B, Appendix F] on
which singularity is swept in from the
ship surface S as in Fig.5, and we may
have the velocity potential satisfying the
ship surface condition;

¢, (P)=[f_0_(Q)S(P,0)dS(Q) (32

F W, L.
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FIG 5. SKELETON SURFACE

There must be non-zero water surface ele-
vation over F from this water motion.
Then, to suppress the surface elevation,
we must introduce a velocity potential
satisfying conditions (28) and (29) and,
if necessary, (31).

It may be represented as

¢, (P)=[fz0, (QIS(P,Q}AS(Q)
2 [ (Q) S (Pix,y\0)axdy | (33)

Thus, we arrive the model of yacht-type
ship [31], and we may easily understand
by this construction of the velocity po-
tential that this stands in fact for a
so-called sheltering or shielding effect
[20,21] literally.

The first approximation for a thin ship
may be

6, (PY=] [ [T, (x)y)+a] 525 (73, ¥}, 0) dxdy’, (34)

by a usual flat ship approximation.
Comparing with the line integral (15}, we
will find that both representation equals
each other but higher order terms.

4. Diffraction of wave

The diffraction of wave which is radi-
ated from a ship herself has been considerd
of higher order and to be negligible but
its importance is being revealed recently
in theory and experiments [1,32,33]. On
the other hand, its knowledge is indis-
pensable in the theory of ships among waves
because otherwise we can not predict the
wave-exciting force and that it gives alse
the wave-damping coefficient [14].

Hence, we may hope usefull formulas derived
from the study of diffraction of wave in
cur case too.

Now, let us introduce the diffraction po-
tential #a which is a velocity potential

of the wave diffracting an elmentary plane
wave (A.7) by the ship, its boundary con-
ditions should be

3
an%a

(P;e)=—§%¢O(P,9] on S and F , (35)

2a(6,y30)=-% (x,y;8) on F , (36)

to assure the uniqueness.
By definition in Appendix A, its reverse
flow potential should be

F,(Pi0)=-3_(P,8) (37)

3 __ 0 _ d
B_Ilﬁdtp’B)_—gﬁq)d(P’e)--é'H&o(P’e) » (38)
and

- o~

Ed(x,y;9)=-co(x,y;9)=-%3§¢c=%§§¢0 . (39)
At first, we show that the amplitude

function is given by this diffraction po-

tential as like as in the theory of oscil-

lation [14]. By the recipreocity (A.11),

the amplitude function (A.10) becomes

= ™. 3
HEo)=-[] . F(Pio)gle(Pas(®) , (40)

where

95(P;8)=¢ (P;e)+4, (Ps8) , (41)
because the second term of (A.10) can be
written by the boundary condition (37)

with (36) and applying the reciprocity as



37 3
0:-28.d5=-[] _ B 5p9dS . (42)
I 2 bontads ] g gfam
For a surface-piercing ship as a limit of
submerged one, putting the boundary con-
dition {11} and integrating partially the
integral over W, we may have

= 90X -—
H(e)=[[ & (P;8)22ds-[ ad (Pi8)z(x,y)dy .
(43)
Hence, if we decompose the velocity po-

tential as the formula (3), the above goes
to

H(e)=HS(B)+aHhO(9) ) (44)
where
H (8)=f] &.(P;0)2%ds (45)
s s d an
—~
H (0)=-f 08, (P:i0)dy (46)

that is, Hs is an amplitude function for
(¢s+¢h) and Hho €or d¢ho.

Now, if we neglect here the diffraction of
wave in the above formula, we have

H(e)=-[[ o (P;8)53dS (47)

and this equals that of the thin or
slender ship and that Froude-Kriloff's
formula with the wave-exciting force.
Proceeding in this way, we may easily
derive the next approximation in the same
way as in the oscillation problem [6,12].
The only difference is the existence of
the line integral as the second term of
the tight hand side of (42), but it ap-
pears when the ship has the advance speed
even in such case [25]. In the first ap-
proximation, this line integral equals the
one from (33) and so nearly the one de-
rived in §1 when we assume $d=-¢o on the
free surface. However, the importance and
usefullness lie on the treatment of a
short wave, that is, at low speed or di-
verging wave.
Namely, we may apply to it the theory of
geometrical optics [35], but the diffi-
culty arises in our case from the asym-
metry of our kernel function 5.
Therefore, it must be better to decompose
the kernel into even and odd part with re-
spect to x and s¢ the velocity potential
too.
In this connection, we have the following
important identity between a direct flow
and the reversed one.

I _— ~
2 (9)+5 (P =18 [ [0, (P,03H(0) -0, (P,0JH (0]
-1 Xsec?Bde , (48)

because ¢ and ¢d leave Kelvin wave systems
as (A.9) in far down stream (x+-=) and not
in far up stream side but there exists a
Kelvin wave system (A.6) from ¢ and the
normal velocity of each sides of (47} va-
nishes by the condition (A.2) and (3), so
that the both side must be equal to each
other by the uniqueness of the boundary
value problem. In a special but practical
case of a ship which is symmetric in fore
and aft and right and left, the above
identity shows that the even part of ¢ in x
is represented only by the diffraction of
her own wave because of the relation (A.13),
Therefore, it must be usefull only to so-
lving the boundary value problem but also
it supplies various identities about the
diffraction.

For example, composing the amplitude fun-
ction' we have

E: -
H(e)+ﬁ}e)=%ﬁ£z[Hd(e,d)H(e)-ﬁA(B,B)H(G)]

xsec?0de . (49)

where
’ s 9
{v= =- P;e —_— P',B ds.
H (8,8)=H (0,0) I£+§+w¢d( ) 550, (P38)

(50)

If the ship is symmetric in fore and aft
and the diffraction is neglected, that is,

Hd(e,ebg-j£+F¢o(P;s§§%¢o(P,e)dS . (51)

the above gives an estimation of the out of
Fgase component of the amplitude function

5. Conclusion

Summing up foregoing results,

i) On the line integral of the velocity
potential of a surface-piercing
ship,

a} its source-term cancells out with
the one by the change of wetted
surface of the ship,

b) the sum of its doublet equals the
virtual volume change of the dis-
placement,

¢) it is not important in high speed
but in low speed and diverging
wave system.

ii} On the uniqueness,

a) to assure the uniqueness of the
boundary value problem, a surface
-piercing ship is considered as
the limit of a submerged one of
which water plane approaches in-
finitely to the free water surface,

b) the water surface elevation over
that water plane is not determined,

c) .to determine it to a given, it is
necessary to introduce a solution
having a wake vortex surface as in



a wing theory,

d} it contains a solution correspond-
ing to a slight sinkage,

e) it corresponds to the above line
integral,

£f) it stands for the so-called shel-
tering effect by heuristic deri-
vation.

iii) On the diffraction,

a) the diffraction potential of a
elementary plane wave is intro-
duced,

b) it is the influence function of
the amplitude function, that is,
the latter is represented by the
former and the normal velocity,

c) the velocity potential of the re-
versed flow is represented by the
one of the direct flow and the
diffraction potential,

d) this representation may be usefull.
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Appendix A
[10,12].
Against a direct water flow around a
ship as in Fig.1, imagine a reverse flow
in which the direction of the unit uniform
velocity is reversed and mean quantities
of the reverse flow by adding the tilde on
letters.
The water surface condition (3) must be
unchanged by reversing the flow direction
but the surface elevation and the normal
velocity on the ship surface change their
signs.

Reverse flow and Reciprocity

Ex, )k g (7500 . (D)
and

'%E$(P3='§§¢(P) on S and F* (A.2)

By the argument of §2 reverse flow velocity
potential may be determined uniquely when
surface elevation is given over F.
Therefore, we specify it as

Z(x,y)=%(x,y) on F . (A.3)

Now, the velocity potential in reverse
flow has of course the same representation
as the one in direct flow (21)

$py=//f

e
lﬁgﬁs-sgﬁé]ds ,
S+F+W

(A.4)

where

§(r,Q)=5(Q,P) , (A.5)

and W means the wake vortex surface in
the reverse flow.
Then, we have an asymptotic expansion

I
s 2 =
$(P) = %%£ [¢,(P,8)H(8)
7

-§,(P,0)H(0) Isec?ods (A.6)

where

¢,(P,Q)=exp.[g{z+i(xcose+ysine)}secze]

Hl

(A.7)
and

= o= 3; 5 8 :
H(o)=f] _ (0o, 0 gd-Fpe,lds ,  (A.8)

may be called amplitude function and the
bar on the letter stands for the complex
conjugate value to be taken.

Corresponding formula for the direct flow
is as follows.

I

2 —

o) — 7%;£ [6_(P,0)H(0)
T2

-$D(P,B)H(e)]sec29de , (A.9)

= 3 3
H(e)—féﬁwl%(f’.e)5;1¢-¢ﬁ¢o]ds , (A.10)

The aim to introduce such reverse flow is
to obtain the following reciprocity be-
tween arbitrary two potentials:

I£+?+W¢i(P)5§$j(P)ds

=[] _ ﬁﬁj§ﬁ¢ids , (A.11)

S+F+V

which is a mere extension of Hanaoka's
second theorem [18].

If a ship is thin or flat, we may have the
formula from Hanaoka's first theorem but
it must be used only when the interchange
of order of integration is possible.

When a ship approaches infinitely to the
water surface, the above formula goes to,
by partial integration like as in (24},

2
I£+§¢ian$jd8+£A(ﬁ¢i)tjdy

=], Bysmesdst] WBedy  (AD)



where CF means the cross line of W and T.
It is clear that

$(X,Y,Z.)=¢('X,Y,ZJ ] (A-IS)

and

H(e)=H(e) |, (A.14)

if the ship is symmetric about y-z co-
ordinate plane.

Appendix B
Variational principle [7,8,10,13]

The integral (A.11) or (A.12) may be
called the modified Lagrangean because we
can write it by Green's theorem and the
water surface condition [10] as

=2 =8
L(¢1’$j)— 21£+‘F7+w¢1an$jds

=+§fffDV¢iV$jdxdydz+£%fchi§jdxdy_ (3.1)

Making use of this integral we may compose
an extremum problem equivalent to the
boundary value problem.

Let 4 be a velocity potential satis-
fying the water surface condition -and con-
sider the functional

=[] _[622-p£+4fas
S+F

+IC[EA¢-WA$]dy ; (B.2)
where

3. 3. fonsand F , (8.3)

t=t=w on F , (B.4)

g¥=f on F , (B.5)

Then, we may easily verify that the ex-
tremum condition of I equals the boundary
conditions (B.3) and (B.4).

For practical purpose, it is preferable to
assume the pressure distribution over the
water plane area F

Then, the modified Lagrangean becomes by
partial integration

2 9
~sL(¢,,8,)= ds+ ! dxdy,
ol (9y $j) I£+?L¢1§'ﬁ¢’j féLpi(x Y)Ejr; :)

where FL means the lower side of the pre-
ssure distribution, and (B.2) goes to

I=ff _ [638-4£+5£1as
S+FL

+[[_ [pZ-pw]dxdy (B.7)
FL

For a flat ship, only the second term of
the right hand side is to be taken.

In this way of formulation of the
boundary condition we must recognize the
necessity to specify the wave profile
around the ship or fictitious surface
elevation over the water plane area.

Appendix C Law of continuity

The outflow from the ship surface and
the free water surface must not exist,
so that the flux from the ship surface

8A=[ z(x,y)dy , (c.1)

must cancel out with the one from the
free surface as in the equation (9).
More accurately, including higher order
terms, this outflow can be integrated as
follows;

3045 ax
[ls, #on38=-I[s sgnds

=[[a adydzs[ z(x,y)dy , (C.2)
S +F C-L

where L means a line parallel to the
y-axis at far down stream.

Hence, to vanish the above, the integral
on L must equal (C.1), but if we take the
velocity potential as linearized and it
has an asymptotic expansion (A.9), the
line integral on L vanishes in the mean.
This contradiction can be released by
introduction of higher order terms, in
fact, there exists D.C. part for the sur-
face elevation at far down stream in
higher order theory [36],

On the other hand, the flux from the in-
spection surface I at far down stream must
equal the influx at far up stream, that is

»

3 ; TS
ILcdy+ff15§4 dydz=UﬁILcdyf£dfi 5%- dy
X=-ow X=-w

+f 38ay (c.3)

If the velocity potential has an
asympotic expansion (A.9), the first and
second integrals of this right hand side
vanish in the mean, and the left hand side



integral may not vanish.

Thus, although it is necessary to take the
higher order term in consideration for the
accurate discussion, there may exist a
stand point that the flux (C.2) cancels
out with the right hand side of (C.3} to
keep the law of continuity, then

o

p=gf g2 (-=,y)dy ,

-0

(C.4)

and putting the expansion (A.9) and in-
tegrating we have

{C.5)

a
=4 z 2 2s5ec?ode
AA -ﬁ—{ |H(8) | Tisinis  °

The similar representation will be di-
rectly obtained from (C.1) for a thin
ship.

This is the projected area of the
wave profile on the body plan as in Fig.6,
and if the water loose its momentum
through this area, its resistance must be

pUZ (8A} (C.6)

and this is nearly equal to four times of
the wave resistance (E.1) at low speed

[4]1.

FiG.6 PROJECTION OF
WAVE PROFILE

Appendix D
Extension of Archimedes‘?rinciple

"The vertical force acting on a ship
in a uniform stream equals the displace-
ment weight including the free water sur-
face displacement from the still water
surface”.

Let be the vertical force Z, and it
is given by the formula

2=-ff 4P5adS (p.1)

the pressure P by Bernoulli's theorem

P-Bylomyioer 0 (02)

and it vanishes on the free surface.
Therefore, the formula (D.1) is written
also

3z
Z=- p—=ds , D.
IJS’*+F* an ( 3)

putting (2) into the above and making use
of the boundary condition (11} and

d.3z 3ax _3
f£*+F*[§§¢§ﬁ'§E 3.01d8=0 ,  (D.4)
we have
3 l 232
f£¢+F*[§§¢+Z(V¢J 15248
3¢ 34_1
=f£ﬁ+F*['§%'§;+§(V¢)zgﬁﬂd5=o . (0.5

Hence, we have the theorem

Z=ng£* F*Z%ﬁd5=pgv-ogf£*c(x,y)dxdy, (D.6)
+

where

v=ffszg§ds (D.7)

1f the surface elevation is linearized the
formula (D.6) becomes

L}

_ 3

/ :Z-ng=pffF§§¢dxdy=-pf tdy
C

9
=2p[n(x) 5 4dx=-2pgfc(x)n(x)dx ,  (D.8)
namely, it equals the virtual change of
the displacement weight of the ship.
Corresponding formula for a flat ship is

z=[] pdxdy=-pff [3%+grlaxdy
S+F S+F

=-pgff rix,y)dxdy , (D.9)
S+F

because ¢ vanishes at infinity.
Therefore, the formula (D.8) may be con-
sidered as a first approximation of the
viytical force for a displacement type
ship.

On the other hand, the vertical force for
a thin ship except statical buoyancy is

54—



given by

' 3
: =-pffsri’ 2n:Y)axdz , (p.10)

and this formula explanes the experimental
sinkage [4,37].

In another way, we may calculate it by
Lagally's theorem, but in this case we
obtain the difference of (D.8) and (D.10).
This may be a paradox originating from
disregarding the free surface singularity
[4].

Considering the similarity and the corres-
ponding formula for a flat ship, the
formula (D.8) and (D.10) may be equally an
approximation for a vertical force.

Appendix E
On the resistance integral

The wave-making resistance is given by
Mitchel integral

2

I

2

R=£%~f |H(8) |*sec®eds
0

’ (B..1)

where H(8) is defined by (A.10).

This integral may not exist in some cases.
The typical is of a slender ship and

its sectional area curve must have cusps
at both ends to exist this integral.

On the other hand, there is no such narrow
confinement of the class of ship forms for
thin and flat ships.

Therefore, this confinement shows merely
that the slender ship approximation is a
poor one for the ship having sharp wedged
or round ends.

The non-existence of resistance integral
results from large amplitude of diverging
wave system, but since this wave has small
wave-length, the assumption that the beam
and draft is small compared with the wave-
length does not adequate so that we might
treat more cautiously.

For example, consider a slender ship as a
limit of the flat ship, which has a rect-
angular water plane with breadth 2b and a
constant draft 2t.

By a slender ship approximation we have

H(8)=8igbtsin(gsecs) |, (E.2)

and the wave resistance does not exist
R=0(b?*t?)——w (E.3)

By a flat ship approximation, however, we
have the finite wave resistance, that is,

2
H(9)=Sit§?§885in(gsece)sin(gbseczssine),

(E.4)

I
2 2
R=040%" ("5 in? (gsece)x
0

xsinz(gbseczesinejggﬁggg‘ (E:3)

At low speed, this integral can be roughly
estimated as

Rs8pt2gb=0(bt?) (E.6)

because we have for large g,

Rbizgtzf? sinz(gbseczesine)£9§g—de (E.7)
™ sin?gd%> (F.

and moreover

T
2
oy D cosf
| sin?(gbsec 851n9)33576d6

]
m

2 [<<]
= sin2(gbsec26)cosﬂd9=3%£sin2u%%=%gb,(E.S)

If we start from a thin ship to the same
slender one, we may arrive at a different
resistance.

Thus the non-existence of the resistance
integral of a slender ship means its
non-determinancy and more accurately it is
of order (bt)? in general but becomes of
different order if we take another appro-
ximation.

We may easily find the same property as
the thin ship theory too [2,3], so that we
must treat the resistance integral more
cautiously than ever.

However, these difference between integrals
originates from their poor approximation
for the diverging wave system, for which
our theory must be wrong for lack of the
consideration of the diffraction.
Therefore, it is hoped seriously to have
the knowledge of short wave diffraction.

Appendix F Analytical cotinuation

A velocity potential around a ship,
that is, a harmonic function may be con-
tinuated analytically through ship sur-
face S to a skeleton surface S as in Fig.5
by the mirror image principle as far as
there lies no cross point of normals of §
and S in the space between both surfaces.
The free water surface is also a singu-
larity surface but its singularity is
swept out to infinity and around a water
line of ship and it composes a line
integral owing to the water surface condi-
tion.

Therefore, this curve around the water
line must be included in the skeleton
surface at least and if we include the
water plane area as a part of the skeleton
surface this is satisfied.



