"AD-A122 899 = FREE SURFRCE FLOHS HITHOUT HﬁVES(U) HVDRONRUTICS iNC /1
| LAUREL MD M P TULIN SEP 82 TR-8035-2 N0O0014-80-C-0669

UNCLASSIFIED . F/G 20/4. NL




Centimeter
1 2 3 4 5 6 7 8 © 10 11 12 13 14 15 mm

1 2 3 4 5
Inches 10 e K
= k& oo
F
| 3l T X
iy £ 02

%‘»‘»;' \/7// MANUFACTURED TO AIIM STANDARDS
0}\// BY APPLIED IMAGE, INC.




C e,

e o208

el
L-a-r’

ted

incorpora
research in hydrodynamics

’

HYDRONAUTICS

. ,7 ".\’.-l

t

-. 14.5

P
K]

TRY)
Voot o

ACY T R




mAT e ORI S
SN (| CRRte

Lae

e X
AP

=, . o

ITIY
.
.

’l‘l,'a,‘.’ .l.'

s@s “artr e
)
. .

« o

Wegets

.
A "
o e .

st
F S B ]

2ai 0}

e

P 7S YA

s uaie,

v e
R T
dtet L T
.

* s e w

R

a®2tef.)
&0

P ":fn’.v;":“.'.:‘ WO

[ o

”

HYDRONAUTICS, Incorporated

TECHNICAL REPORT
8035-2

FREE SURFACE FLOWS
WITHOUT WAVES

BY
Mershall P. Tulin¥

September 1982

. Prepared for
Office of Naval Research
Under
Contract No. N00014-80-C-0669 2
NR 062-596 o ‘

*Present Address: Dept. of Mechanical and Environmental
Engineering, University of California,
Santa Barbara, CA 93106

’..f;:‘ :1‘-;.') . " ' LI VRN PR "Ut.l
P SRR L |
R s TS 4

r:




.
N

[ LN

MU BN R

Yy

r.

n,
N
P I PRL AL N

UNCLASSIFIED
:E:'uanv CLASSIFICATION OF THIS PAGE (Whea Deate Enteredd
REPORYT DOCUMENTATION PAGE NEAD INSTRUCTIONS

‘T‘ BEFORE COMPLETING FORM
— WEAGHT NUMBER 2, GOVY AGCESSION MOJ 3. RECIPIENT'S CATALOG NUMBER

TECHNICAL REPORT 8035-2 ATy pr 1307 74

4. TITLE (and Subttile)

5. TyPE OF ltP.OO? 8 PLRIOD COVENED
. - - s Techunical Report
FREE SURFACE FLOWS WITHOUT WAVES September 1982

6. PLAPORMING ORG, RIPOAT NUMBER

7. AuTnOR(a) ; 8. CONTRACYT OPF GRANTY NUMBER(e) |
Marshall P. Tulin

9. PERFORMING ONGANIZATION NAME AND ADORESS 10. ::ggi}ngozk“assr‘_‘r.&zo.zfg’f. TASK
HYDRONAUTICS, Incorpcrated

7210 Pindell School Road
laurel, Marvland 20707

1%, CONTROLLING OF FICE NAME AND ADDRESS 13, REPORT OATH
Department of the Navy September, 1982
Office of Naval Research 13. RUMDER OF PAGES

e T e S A St
TIMOMITORING AGENCY NAME & ADORESS(! dilioront lrom Contrelling Olilce) | 'S. SEZCURITY CLASS. (ot this ripert)

UNCLASSIFIED

1T . OZCLALSIFICATION/ OOWNGRACING |
SENEIULE

S o e s - . A
16, OISTHIBUTION STATEMENY (of thle Repeti)

: This document has been approved
for public release and sale; its
distribution is unlimited.

12, OI3¥ SIBUTION SYATEHENT (of the abetract eatored in Block 29, !f Ji'lerent from Neporr)

DISTRTBUTION UNLIMITED

18. SUPPLEMENTAHY NOTES

19. KEY WOADS (Centinrue en reveree olde [f necoscary and ideniily by biosk mmmber)

First order theory Wave-making resistance
Submerged body Wave-free flow
Sinugarities Cavity flow

Free Surface
|

20. Autz&r (Continue en roveree alde Il o w and idonitly bp '2¢k mander)

n this paper we explore, within the framework of first order
theory, the existence of wave-free flows past submerged bodies
in both two and three dimensions. 7This is donc through consid-
erarion and mutual :ancellation ofthe wave ficlds due re siupu-
larivies and singularity distributions whicn can be interpreted
in terms of body volume and vertical force distributions. The
resuits may be of pructical consequence: for ship wave-making and

also in connection with cavity flows heneath a_frea surface

DO ST 1473 tormon o7 1 nov 88 18 0ssOLE YR 7‘ N ‘

b L] =014+ 462 B o e P~ S vy W Y VRS T P v
v. 102-004- 462t | BECHNIPY €. A*RUTICATIAN A S THIZ BAARP /has itue . obnsar




’ oreTeYtan g
|

&5 " DS Ikl L = e

Py I
-1- | Diseriner, oy
__AV:::QI“"Z NEEE
RB; Distribution Statement : o ..
Unlimited per Dr. Robt. E. Whitehead, LTist [,

QNR/Code 432 P !
Al

1. Introduction and Summary. The motion of bodies under a free /

surface in the presence of gravity usually leads tc waves on the

surface which propagate energy away from the body. The latter f

experiences a corresponding resistance to motion, which is of &

considerable practical importance for ships and other marine
vehicles.
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In this paper we explore, within the framework of first
order theory, théAexistence of wave-free flows past submerged
bodies in both two and tirree dimensions. This is done thrcough ,
consideration and mutual cancellation of the wave fields due to :
singularities (Green's Functions) and singularity @istributions,
which can be interpreted in terms of body volume and vertical ;
force (1lift) distributions. The results may be of practical £
consequence for ship wave-making and also in connection with
cavity flows beneath a free surface.

i Ve show that:
-’.’ .
e~ 1) In the absence of any dynamic lift, resistance- o
&: free bodies ~an exist only in two dimensions only
’5; for Froude numbers: Fp = Ub‘/gL < 1/2r. However,
‘3 under that condition an infinite number of dif-
E: ferent closed bodies can be found which have no \
,,2; wave resistance. The non-existence ¢f resistance-
;2 free, ship-like: bodies comprised solely of hori-
g zontal doublcts (a3 in Michell's theory) had |
;

[
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2)

3)

4)

5)

(3

earlier been noted. (Ub, speed: of body; L,

characteristic body length; g, acceleration of
gravity.)

When dynamic 1ift is allowed, resistance-free
bodies exist at all Froude numbers and in infinite
number both in two and three dimensions.

Twc general types of wave-free singularity systems

exist in two and three dimensions, involving linear
combinations of singulerity distributions repre- .
senting volume (horizontal doublet) and 1lift

(vertical doublet) separately. In the first of

these (type I), the vertical doublet strength

required to canccl the waves due to a horizontal

deutlct dacreases as FR“, and involves a net :
dynamic lift acting on the body. In type II, the

ratio ¢“ vertical to horizontal doublet strengths

increases as Fh, and th: net dynamic 1ift can be
null.

Within approximations valid when the cylinder is
not too close to the free surfece, the planar flow
past a circular cylinder beneath a free sﬁrface is
wave free of type I provided a circulation exists
around the cylinder (as due to its rotation) so
as to provide a downward directed force equal to
twice the dbuoyancy acting upward on the cylinder.

Within linearizing apprcximations, the flow past
a slender submerged body in two and three dimen-
sione is wave frce provided that the body- is

cambered so that at each vertica’ section dynamic
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1ift is generated exactly to annul the upward
buoyancy force due to gravity.

6) In a cavity flow past a foredbody, the shape of
the long trailing constant pressure cavity must
adjust itself so that the buoyancy force at each
section is exactly balanced by dynamic lift. As
a result, cavities created dbeneath a free surface
in either two or three dimensions are not of
themselves a source of tralling waves or of wave
resistance, despite their sudbstantial volume.

Finally, in this paper, the practical implications of wave-
free singularity systems is discussed with particular emphasis
<n the role of vertical force distridution in minimizing the
wave resistance of ships, an important aspect generally ncglected
previously in bdoth theory and practice.

2. Approximations. Tnhe energy loss associated with the wave
resistance of a body is found as the sum of terms including the
wave energy radiated far away from the body plus the dissipation
which occurs in the vicinity of a breaking surface. We neglect
breaking in all that f2.-1llows, and viacosity. Therefore, a
velocity potenv.ial exist:

The theoretical treatment of wave-making even under thece
circumstances 1s complicated by three well-known difficulties:
i) the shape of the free surface is not known a priori; 11i) the
boundary conditicns on the free surface are of non-linear nature,
and 111) the hulls of most ships are of such a shape that 4if-
ficulties ensue in satisfying boundary conditions upon them.
These difficulties are so great, that not a single example of
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an’ exact flow past a body moving under a free surface with
gravity 1s available.

The difficulties are avoided at once 1if: .1) so-called
linearized boundary conditions are employed, and ii) singularity
systems rather than hull forms are considered from the outset.
Of course, the utility of singularity systems arises through
superposition, and therefore depénds upon the validity of
linearization. The question immediately arises whether linear-
ization is Justified.

Linearized wave theory has *zen highly successful in
predicting the form and allowing general interpretations of the
complex wave patterns produced by moving disturbances. It alsc
provides, as in the foim of Michell's theory, a general under-
standing c¢f the ggxation petween gnip ééve reg}stance and the
ship's hull form. It has not, however, yet provided predictions
useful in ship design. Nor are the general convergence proper-
tles of linearized expansions understood or, therefore, the
éxtent of their usefulness. Under these circumstances it seems
wise especlally to utilize linearized theory for gaining further
understanding of wave-making phenohena and hopefully to reveal
important principles which may be applied, in qesign or in
interpretation of model tests, with the help of common sense
and experience. That 1s the spirit of the present work.

Beyond these general remarks, what can be said about the
relationship between the linearized and "real" wave resistance?
It should be expectcd that the simplest form for the second order
resistance will .be: .

Ry [F,6,h] = R, [F+0(8);6;h + 0(6)] + Ab* o (2.1)
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where 8 is proportioral to the singularity strength and where
R, = 0(5%). Notice that, beside the addition of the expected
higher order contribution, the first order resistance is sub-
Ject to a re-interpretation whichmanifests itself in a strain-
ing of the independent parameters, F and h, arising through the
inclusion of first order terms in the second order boundary
conditions. On account of this effect, the second order cor-
rection may becomé particularly large where the resistance 1is
changing rapidly with F and or h, but will be minimized at’
minima of the resistance curve. In particular, a linearized
flow of zero wave resistance (R, = O) may bde interpreted as
representing a "real" flow with a wave resistance of 0(5¢).
These facts give special significance to linearized theory
applied to flows with litile or no wave resistance.

3. The Free Surface Condition. Upon the free surface:

qQ*/2 + gy = 0 (3.1)

where q is the flow speed and y the surface elevation. The
first order expression of this condition is that, upon the
undisturbed free surface (y = 0):

Dyex + ﬁfr q;y = 0 (3.2)

where o 1s the potential, in either two or three dimensions,
associated with the disturbance, g is the acceleration of grav-
ity, and U, the relative speed (in the x direction) at infinity.

In two dimensions, this condition may also be expressed in
terms of the stream function, v--pby, and becomas, on the x-axis:




.

‘ -gre=0 ; (3.3)
o

y

or, in terms of the complex potential ¥ = ¢ + 1y,

R[Y' + -U—1§ !]' = 0 on the real axis. (3.4)
o .

4. Singularity Systems. To an approximation, submerged singu-
larities may be given definite physical meaning in terms of thé
shape of bodies which they represent and the forces acting on
those bodies. In slender body theory, sources and horizontal

doublets represent body volume and volume changes, while vertical
doublets and vortices represent vertical force generated by flow.
Higher order singularities rempresent shape alteration without
change of 1ift or volume., Image singularities, imagined to
exist outside the physical plane are invoked to satisfy boundary
conditions on the free surface. Those which traill to the rear

in the image plane above the free surface give rise to the
radiated wave field itself. The problem of the elimination of
wave resistance L2y thus be interpreted in terms o® elimination
of the tralling image singularities.

5. Image Systems Planar Flows. As an example which is readily
generalized, let us consider the flow ‘leld assoclated with a

source of strength m lncated at a depth, Yoo beneath the un-
deflected free surface. This flow is well known, but we shall

" derive it utilizing anelyiic function methods and so that an
immediste interpretation may be made of it in terms of the image
singularity system. Let the flow we seek be Y = 'o + ¥,, where,

v, « e » . e e PN . . -
..............................
P .2 S e
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LI !m(2+z;) + Ym(z-zo), z, = iy, (5.1)

(o]
so that,

I(v,] =0 and R[Yé] = 2R[y!(2-z )] on the real axis (5.2)
and, in view of (3.4), and (5.2) above,
R[!g + ﬁiﬁ-v, + 2!;(2-20)] = 0 on the real axis (5.3)
A ‘

Since both ¥, and !m(z-zc) are regular beneath the half
plane y = O, the entire function within the brackets must be
identically zero, i.e.,

ay ay_(z-z )
1 i Y, = -2 m dz-o ; : (5.%)

and since Y, = !,(z-zo), this may also be written:

ay, de(z-zo)
“Et U—:g v, =2 B2 (5.5)

This difrerehtial equation has the solution:

v, = 2 d!m(z-z") e1g/U'o'(z°--z")

= az" (5.6)

%o

or, alternatively,

Y, = '”m(z'zo) + %—’f f !‘(z-z")ciw"
e ° )

. z
o

(5672") (5.7)

where we have purposely avoided waves at infinity upstream. The

................
-----------------------------------
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equivalent of thesec results was obtained earlier by Havelock
[1927] in a different way.

The potentials corresponding to (5.6) and (5.7) are:

30

O = O (X3¥+Y Mo (X5¥-y ) -2 [ [—55 (x-x"3¥-y_52) cos oz (x") -
o
o

2

%(x-x"sy-yo;z) sin gy (x" )] ax"
o
(5.8)

and

P = O (X53+Y, ) -0 (x5¥-y ) +§§- [ [ o (X-x";¥-¥ _;2) cos-ﬁgr(x") +
J L
0y (x=x"3¥-y _;2) sin s (x") ax"

o
(5.9)

where 'm represents a point vortei. The integrals in the ex-
pressions above clearly correspond to regular periodic singu-
larity distributions, of dipoles in (5.8), and sources and
vortices in (5.9).

Quite clearly these oscillating singularities must lead to
downstream oscillations in the shape of the free surface. The
wavelength of these oscillations 1is:

A = 21U */g (5.10)

The integral in (5.6) may also be eveluated by contour
integration. The appropriate path, avoiding waves at infinity
upstream lies along z" = x + 1y, for x > 0 and z" = iy for y <

yo. The result is:

.....................
.................
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-8/ * [1x+(y -y) ]
e

~2mi ‘ ' x>0

0
y Yo

o 2 " - 3 "
[ y)e g/u? (yo-v") . [e &/U (v -y")
[x* + (y-y")?] [x? + (y-¥y")*]

x<0

ay"

-=gh =g

\
(5.11)

The term in the first pair of brackets represents a surface wave

starting at x = 0 and running downstream. The second term is a
local disturbance vanishing for large |x]|.

The image systems and velocity fields due to general planar
singularity distributions are readily derived from the above
results by differentiation and superposition.

6. Source Distributions Critical Spacing. The trailing image
singularities represented by the infinite integrals which occur

in (5.8) and (5.)) must be responsible for the wave resistance,
since the disturbances due to singularities restricted to the
finite plane will decay too rapidly to allow for the conveétion
of energy at infinity. The annihilation of the tralling images
thus corresponds to the elimination of wave resistance.

On account of their perfect periodicity, the trailing images
due to a source located at (0;-y,) are annihilated by the images
due to a source of equal but opposite strength (a sink) located
at (nx;-yo), where n is any integer. This source-sink pair can
represent a closed body, and this set of flows without wave
resistance is thus of practical interest.

To these critically spaced source-sink pairs can be added
on certain general distributions of horizontal dipoles,

.....................
..................................................
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representing alterations to the volume of the source-sink bdbody,
but without causing wave resistance. These dipole distributions
are:

*
n
ux(x;yo) + ux(x + s yo) n*, any odd integer (6.1)

where My is perfectly general. The image singularities due to
u(x+n*r/2) sre precisely v radians out of phase with those due

to u(x) and thus annihilate them. The overall length of the

singularity distributions so created must be greater than A, so
that

% .2
Fa -a: < o (6.2)

and where L is the body length. However, under this condition
an infinite variety of shapes can be found without wave resis-
tance, see Figure 1. For example, distributions of the type
discussed here can be superimposed in the vertical direction and
also summed over the odd integer n* for odd n*between 1 and L/\.

For F > 1/2r, practical shapes constructed only of sources
and/or horizontal dipoles do not exist with zero wave resistance.
The reason is that the body length is shorter than the wave
length and constructive wave interference between different
parts of the body is no longer possible.

Vortex distributions of the same form as (6.1) are also
resistance free and provide net lift. They may furthermore be
combined with source distributions to accomplish wave cancella-
tion, both through constructive interference of the type in-
volved above (critical spacing), and through combining with
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source singularities at the same location so as to provide wave
free flows, even for F > 1/2r. The compound singularities formed
in the latter way are the main subject of the present paper, and

are developed below.

7. Wave Free Compound Singularities (Planar Flow). Suppose
that ’h is a hard singularity system, and Y‘ is a soft system,

defined 80 that:

[y, ] = I[v ) =0 y=0
and, '
R[Y,] = R[1}] =0 y=0

It follows that the sum of these flows:

Y= 'h + 's
will satisfy the free surface boundary condition:
R[Y' + ig/Ub‘Y] =0 y=0
provided that
| ] 3 = =
R[Y: + 1g/U %Y ] =0 y=0

Since I[Yﬁ + 15/00318] = 0 in view of (7.1) and (7.2),

then, 1Uo'
Y
8 g€ h
md, 1U ]
() U
Y= 'h + g Yh

(7.1)

(7.2)

(7.3)

(3.%)

(7.%)

{7.5)

(7.6)

satisfies the free surface boundary condition for each 'h’ and

is wave free as there are no trailing images.




If, therefore, .
ory, = (m+1T) on (z+z°) + (m-1T) (z-zo) (7.7)
then,
an r an \ . an r an \
= |- -2 - L. (2.2 )2
ary, + im m ) (z+z°) + + im i(z zo)

(7.8)
To aid in inu:rpreting this result, recall that:

(u, + )

or v, = —'Grz:y!- (7.9)
where 'd is the generalized potential of a point doublet.
These results, (7.7)-(7.9) permit the following interpre-
tations:

1) Planar wave free singularities of two distinct
types exist.

2) Type I. A horizontal doublet of strength My
located beneath a free surface, plus a vortex at
the same location, of strength I' = -pxg/Uo’ pro-
duces a wave free field; the appropriate images
are simple and negative, see Figure 2. This has
been earlier noted by Vladimirov [1955].

The horizontal doublet represents flow due to
displacement and the vortex a downward 1lift. An
approximate interpretation of a concentrated com-
pound singularity of Type I is that it represernts
the flow past a circular cylinder with negative
circulation, such as might be produced by a suit-
able rotation of the cylinder about its axis, as
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shown schematically in Figu-e 2. Notice that the
1ift required is indepcndent of speed. The shape
of the free surface, shown in the figure is also
independent of U° or g.

For slender bodies, wave free flows include
cavity flows as a special case, as discussed in
Section 19 later, and &s earlier noted by Fruman
[1965].

3) Type II. A source of strength m located beneath
a free surface, plus a vertical doudblet at the
same location, of strength + mUo'/k procduces a

wave-free field; the appropriate images are simple.
The net 1ift on a closed body created with type I1I
singularities will be zero, dbut the body must
possess a 1lift distribution along its iength in
proper relation to its thickness. An example is
given in Figure 3. NKNote that the required 1lift
- distribution vanish~s in the limit of low speed.

8. Thrce Dimensional Flows. Ship flows are symmetric about
the plane z = 0. The potential for a submerged source is well-
known, Havelock [1927]. (It has not yet been expressed in
terms of image singularity distridutions, if, indeed, this is
possible.) The wave pattern 1s complex, corresponding to a
spectrum of waves with directions varying over the v radian
region behind the singularity. The resulting wave amplitudes
decay downstream. The elimination of wave resistance through

eritical spacing of sources and horizontal dipoles is not pos-
sible. In fact, Krein (see Kostyukov [1959]) has shown rigor-
ously that for a ship of finite dimensions the Michell resis-
tance is always greater than zero; the Michell resistance is

o
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that due to representation of the ship hull by a suitable source
distridbution on the plane z = 0, Nevertheless, wave free com-
pound singularities do exist in three dimensions, as shown
below.

9. Wave Free Compound Singularities (Three Dimensions). Con=-

sider the soft singularity system:

g, 3 ay d
® = Fr ';"; (x-x;y+h;z) - 3 %: (x-xg5¥-hsz) (5-1)

Then o, + o, ¥1ll satisfy the free surface condition (3.2)
provided that:

-—?} - -5:- ;—,’,‘- [:::: (x-xo;wh;z)] y=0
or,

.. = x F%- (x-xo;y+h;z)] ‘y=0  (9.2)
But

.. :::: , so:

:;:h;--l-ﬁ:ra[%xx,wh;z)] y=o (9.3

The appropriate hard system is thus,

%'ér (x-x ;y+h;z)ax" -f ——= (x-x";y-h;z)ax"| (9.%)
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reprcsenting a uniform distribution of vertical doublets of
strength (g/U_ )1, trailing behind the horizontal doublet at
(xos-h;o), plus its negative image. This distridution of
vertical doublets corresponds exactly to the vortex of strength
T in the two-dimensional case, Type I of Section 7. Again, for
slender bodies, wave free flows include cavity flows as a
special case.

The three dimensional wave free flow corresponding to
Type II for planar flows involves an infinite distribution of
singularities extending vortically downward. They may be
derived as follows. If the hard system is,

o - % Ou(x‘loi!‘*hiz) + ';'.:.- ou(x-xosy-h;z) (9.5)

then the soft potential must satisfy on the free surface,

3o us d?
" Z %[ a:g (""‘o""‘ﬂ)] y=0 (9.5)
or since
a'eu
—y' * W
1] s v ln by a.
o, l—:—- % %(X-X 3y=-h;z) +s?2' a:# (R-Xo',y-y';z)dy' y=0
) h

(9.7)
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The appropriate soft system is thus:

v d
R [% (x-x_;y+h;z) + 2;"; (x-xosy-h;z)]

a
u?® at d
M “M b
+ 2| | o (xxgsv-ytiz)ay! [ e (Rxy-y'2)ey"

(9.8)

The first term in this soft potential represents a vertical
doudblet of strength Ub'M/g located at the position of the source,
plus its positive image; this term corresponds exactly to the
planar doublet of Type II. In addition, however, a vertical
distribution of quadrupoles extending from the source to in-
finity in the vertical direction is required, plus its negative
image. 1his wave free flow is shown schematically in Figure &,

It can readily be shown that the free surface boundary
condition (3.2) is satisfled on the track of the ship (y = 0;
z = 0) dy:

2y *
® = e (Oy(x-x 5 ¥; 2) + on(x-x 3 yi 2)+ -2 e (x5 vy 2)

(x-xo, y; z))} (9.9)

eliminating the infinite distribution of quadrupoles in (9.8).
Although (9.9) does not represent a wave-free singularity, it
is of interest in view of its approximation to the free surface
boundary conditions near the ship, implying small waves else-
where.
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Applications and Interpretations

10. Buoyancy Cancellation Cavity Flows. When the submerged
body corresponding to the singularity distribution 1s suffi-
ciently slender, simple physical interpretaticns of the singu-
larities are possidble. A horizontal dipole distribution
corresponds to a distribution of cross-sectional area, A(x),
or thickness, t(x):

ﬁx(x) =UA; M=U

1

(20.1)

els

“x(x) =Ut;m=U
The vertical dipole distribution corresponds to a distribution
of vertical force, {; defined so that {(x) i1s the net vertical
force acting on the body between (0,x):

i aI
& (20.2)
&
di - un =
Sk =+ pUT = -pU "i‘} (10.3)

In the case of singularity systems of Type I, (9.%) is
equivalent to:

LT
— - ‘-,5,- 0y (10.3)

and the same relation holds in planar flow.

Combining (10.1)-(10.3), leads to a relation dbetween the dis-
tridution of vertical dynamic and buoyancy force:
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o ooen; Lo pet (10.5)
These relations show that at each section of a body correspond-
ing to wave free singularities of Type I, dynamic 1lift (down-
ward) i1s generatcd exactly to annul the upward buoyancy” force.
In fact, it may slso be shown that in three dimensions the
dynamic pressures are so distridbuted around the circumference
of a cross-section as to balance the hydrostatic gradient at
each point thereon. The pressure distribution on such a body
is therefore completely analogous to that on a body of revolu-
tion in i1solated flow, neglecting gravity.

Distributions of Type I can be used to generate an
anfinite variety of closed forms, including submarine-like
shapes, which have no wave drag at any specified Froude number.
This result is contrary to the general belief that three
dimensional bodies without wave resistance do not exist. Of
course, these bodies are not practical in naval architecture
since they have no support capability.

In a cavity flow, the shrpe of the long tralling cavity

(in which the pressure is cor.stant) must adjust itself so that

. the buoyancy at each section is exactly balanced by dynamic
1ift. Therefore, a cavity must be represented dy singularities
of Type I. As a resuf%, cavities created beneath a free sur-
face are not of themselves a source of trailing waves or of
wave resistance. Such flows have not yet been calculated,
although the planar cavity flow, deeply submerged, dbut including
the gravity effect on the cavity, has been treated, Tulin [1965].
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11. Type II and Related Systems. In the case of these systems,
(9.9) 1s equivalent to:

U N
Ay = =&
(11.1)
U *m
- [e)
My g

which provides a relation between 1lift distridbutions and dody
shape, in view of (10.1-10.3):

-p-—

U ¢
ar o_4a*A
at

dx &
e (11.2)
az Uo® ast

ax = P g ax®
Care must be taker in evaluating i at the ends.

What is the shape of bodies corresponding to (11.1)? A
simplified answer can be obtained by visualizing the doublet ay
as a source-sink pair with vertical separation 2h, where ay =
My°2h. If the ship's hull is composed of a source distribution

M, spread out around the waterline and a source distribution
M, = (Uo’/kh)M, spread out around the depth h, then a ship's
hull with an underwater bulge appears. The bulge is mirrored
in the free surface by its negative image, which produces a
curvature of the flow which must be followed by the lower bdulge.

The ratio of the cross-sectional area of the bulge M, and the

hull M, is zuoz/gh. Therefore, if Uo’lgh s 1, then 2/3 of the
forebody should be in the bulb, and 1/3 in the bow. The situation
is schematically illustrated in Figure 4. Perhaps rules for

the vertical distribution of cross-sectional area, based on
vertical 1ift requirements (11.1), can be useful in ship design.
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