* .

V393
.R46
CL

1]

v-7l

1

~r

,

,T

IrI

'v.

i'

"';Y~fj,

~i--L
;~4

1
~

*1.iI

'A

I-eP

I-

THE COUPLED DAMPING COEFFICIENTS OF A
SYMMETRIC SHIP

by

R. Timman and J.N. Newman

Reprint of a paper published in the Journal of
Ship Research, Society of Naval Architects and
Marine Engineers, Vol. 5, No. 4, March 1962.

November 1962

Report 1672

OI

iIII
ilullillilikilimi

The Coupled Damping Coefficients
of a Symmetric Ship
By R. Timman' and J. N. Newman 2
A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant forward speed and performing small oscillations.
The analysis is quite general in the sense that the shape of the body and the nature of the
oscillations are unspecified, but it is assumed that the linearized free-surface condition
holds. With this assumption the oscillatory velocity potential is found in terms of an
unknown Green's function, the existence of which is also assumed. This potential is then
used to show the symmetry properties of the cross-coupling damping coefficients.

A CONTROVERSY has arisen in ship-motion theory re-

garding the cross-coupling damping coefficients of a
pitching and heaving ship. If the ship is symmetrical
fore and aft and if it has no forward speed, then from
symmetry the cross-coupling moment due to heave and
the force due to pitch must both be zero, at least in the
linearized solution of the problem. However, if the ship
is moving with forward speed, an asymmetry is introduced and cross-coupling results. Haskind [1 ]3 has employed thin-ship theory to show that for a symmetric
ship with constant forward speed, the two cross-coupling
damping coefficients for pitch and heave are equal in
magnitude and opposite in sign. However, this conclusion has received criticism in several papers and a dis-

IProfessor of Applied Mathematics, Delft Technishe Hogeschool, Delft, and Consultant, Netherlands Ship Model Basin,
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' Naval Architect, David Taylor Model Basin, Navy Department, Washington, D. C.
SNumbers in brackets designate References at end of paper.

pute has arisen, which is reviewed in the survey of Vossers
[2].
An analysis of particular relevance to this discussion is
that of Havelock [3], which considers the case of a floating spheroid with a rigid free-surface condition. Havelock assumes that the spheroid is pitching and heaving
and that there is a constant forward speed or, equivalently, that there is a uniform flow of the stream. With
this model it is found that the two cross-coupling coefficients are of unequal magnitude, and Havelock concludes that equality of the cross-coupling is a consequence
of the thin-ship approximation. However, the sum of
the two coefficients can be expressed [4] in terms of
energy radiated in outgoing surface waves and, if a rigid
free surface is assumed, there can be no waves and therefore no energy radiation. This reasoning leads to a contradiction with Havelock's result, for if the sum of the
two cross-coupling coefficients is zero, then they must be
equal and opposite.
The source of this discrepancy lies in the fact that in

Nomenclature
Bii

f,(x)

damping coefficients
forward velocity
equation of the body surface
cos(n, x) = horizontal direction cosine
cos(n, y) = transverse direction cosine
cos(n, z) = vertical direction
cosine

fs(x)

y cos(n, z) - z cos(n, y)
z cos(n, x) - x cos (n, z)

F(x)

fi(x)
f,(x)

(x',y', z') =
x cos(n, y) - y cos(n, x)
Green's function
a =
gravitational acceleration
unit vectors
unit normal into body surface"
=
fluid pressure
8, il, r =
time
velocity vector of steady flow
(x) =
field
w=
(x, y, z) = Cartesian co-ordinates fixed
in space
fs(x)
G(x, )
g
i, j, k,
n
p

=
=
=
=
=
=
1=
v(x) =

fi

Cartesian co-ordinates fixed
in body
displacement vector of a point
on body
oscillation amplitudes of body
dummy co-ordinates corresponding to (x, y, z)
velocity potential of oscillatory flow
circular frequency of oscillations
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Havelock's analysis the boundary condition is satisfied
by taking the oscillatory normal velocity on the spheroid
and equating this to the normal velocity of the fluid on
the mean position of the spheroid in space. In fact, the
oscillatory disturbance is a small perturbation of
the steady flow field, and the boundary condition on the
spheroid must be satisfied on the exact oscillating surface
of the body, or else expanded to the mean surface in a systematic manner so as to include the oscillatory flow induced on the body surface by its change of position in the
steady-state field. That is, the oscillations of a ship in a
moving stream give rise to a small disturbance of the
steady flow field, and various second-order effects enter
into the unsteady problem as a result of the lower-order
steady field. It can be shown by an extension of Havelock's analysis that if the boundary condition is satisfied
on the exact surface of the spheroid, then the cross-coupling damping coefficients between pitch and heave are in
fact equal in magnitude and opposite in sign. It thus
seems plausible that this equivalence holds for any symmetrical ship or body, irrespective of the thin-ship assumption.
In order to study this question more generally, the
present paper treats the problem of an arbitrary floating
or submerged body with longitudinal and transverse
symmetry, which is moving with constant forward speed
and oscillating sinusoidally in any of the six degrees of
freedom. The only significant assumptions are that the
problem is linear, in the sense that the oscillations are
small and that the disturbance of the free surface due to
the forward motion is also small. To be physically
realistic, the latter assumption implies that the body is
thin, slender, or deeply submerged, or a combination of
these, but the analysis and conclusions are equally valid
for the case of a nonslender body with a rigid free-surface
condition. 4 ("Shallow" ships, with small draft and
finite beam, are not included in the present work.) With
these two basic assumptions we show that the sum of the
two complementary cross-coupling damping coefficients
is zero for all pairs of modes of oscillation except for the
coupling of surge with pitch and roll with sway. Furthermore, fifteen of the thirty cross-coupling coefficients are
shown to be zero. The same conclusions have been obtained for a thin ship by Hanaoka [6].
As usual we assume irrotational incompressible flow
and formulate the problem in terms of the velocity potential. The potential problem is solved in terms of a
Green's function which is not explicitly known, but the
existence of this function seems physically plausible and
can probably be proved by recourse to the theory of
Fredholm integral equations. The reciprocity properties
of this Green's function are then established and the
SThe distinction between thin and slender bodies is important.
In both cases the beam is small compared to the length but the
thin ship has a small beam-draft ratio as well, whereas the slender
ship has beam and draft of the same order of magnitude. By
deeply submerged we imply that the depth of submergence is sufficiently large that the waves will be small, but not so large that
the free surface may be neglected and the fluid considered as infinite.
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symmetry properties of the damping coefficients follow
directly. It should be emphasized that we do not explicitly solve either the steady or unsteady potential
problems.
The proper representation of the oscillating potential,
equation (9), is particularly interesting, since it demonstrates the effect of satisfying the boundary condition on
the exact (oscillating) surface of the body. The final
results for the damping coefficients are shown in a
matrix, Table 1.
Both the analysis and final results are analogous to
reciprocity studies in aerodynamics [7, 8]. In fact this
analogy was the original motivation for suspecting that
the equivalence of the pitch and heave cross-coupling coefficients did not depend on the thin-ship assumption.
The Boundary-Value Problem
Let (x, y, z) be a Cartesian co-ordinate system, moving through the fluid with constant velocity c, with z vertically upward and x in the direction of forward motion. In addition we shall employ an oscillatory co-ordinate system x' = x - ae' "' where a is an infinitesimal
vector, which may depend on x', and the real part is to
be taken in expressions involving e'"". The x' co-ordinates are fixed with respect to a body which is defined by
the equation F(x', y', z') = 0. The velocity of the fluid
is represented by the vector
v(x) + elwtV4(x)
Thus v is the steady velocity field due to the forward
motion of the body, in the presence of the free surface,
and O(x) is the potential of the oscillating velocity vector.
The function 0 must satisfy Laplace's equation, the
linearized free-surface condition [4]
-g

6z

+ w2o

+

2iCx

-

OX

c2

OX2

0

(1)

on the undisturbed free surface z = 0, and a suitable
radiation condition at infinity.
The boundary condition on the body is
0
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This condition holds on the actual surface of the body
where, from Taylor's theorem

'WYffil.

4(X)

f

[ G(x,

()

v = (v).... + [(o-v)v]m...e'' + 0(a2)
The subscript "mean" denotes that the function is to be
evaluated on the mean position of the body, or with
x = x'. Thus we obtain the boundary condition
0 = -ie"w(a.Vz,F) + [v(x') + e't tV4
+ e'"'(a-Vz,)v(x')][

- Wje"
(b a-.

x,F - ie'"t (
- ketwt

.vx,F)

. v,Fl

(6Z )

+ 0(a)

-

G(x, ()ds

()

(5)

where x is a point on the mean body surface and the integration is over this surface, the undisturbed free surface
z = 0, and a closing surface at infinity. The Green's
function is any harmonic function of x and t which is
singular like the potential for a source at the point x = t.
We shall assume the existence of a Green's function which
satisfies the free-surface condition, the same radiation
condition is 4, and the condition

bG

The steady-state term gives the boundary condition for

Ont

- 0 on the body F(t) = 0

V,

v(x')'v,'F = 0,

(2)

and the terms of first order in the small oscillatory functions give the boundary condition for 4,
V.-vx,F = iwa-Vx,F -

+

[(a.V)v]mean

v,F

vF + j

[V]mean

VF

or

As stated in the introduction, the existence of this
Green's function can probably be proven from the theory
of Fredholm integral equations, and furthermore seems
physically plausible since this function can be visualized
as the potential due to a realistic fluid flow; i.e., the
disturbance caused by a small pulsating sphere in the
presence of the body and the free surface.
Before proceeding further we must establish the reciprocal properties of this Green's function. Assume that
G+ and G- are two Green's functions satisfying the condition oG/Ont = 0 on the body and satisfying the freesurface conditions

Vo" v ,F = iwa- v,F
-g

+ [(v.V)a -

(a.V)v]meanVz,F

- (a-v)v = V X (a X v) - av-v + vV-a

and since v -v = 0 (from incompressibility) and v- vF
= 0 [from equation (2)], we find that
V0-vF = iwo vF + [V X (a X v)].vF on F = 0
Since vF is a vector normal to the body surface, it
follows that the boundary condition for 4 on the body
may be written as
= [iwa + V X (aX v)ln

F 2iwec

bG

-

C_

6 2G±

[

= 0 on

= 0.

(6)

These two functions correspond physically to the velocity
potentials of an oscillating source at the point x = (, in
the presence of the body and the free surface. The function G+ corresponds to the case where there is a freestream velocity c in the -x-direction and the function
G- to a flow with velocity c in the +x-direction. Because of this difference the sign of the third term in (6)
must differ for the two cases.
From Green's theorem, with x and y two different
vectors,
G+(x, y) - G-(y, x)
=

fff

V" [G+(x, t)vG-(y, )

(4)

Thus the effect of the steady flow is to increase the
normal oscillating velocity by v X (a X v).ne '".
Green's Theorem and the Green's Function

+ w2GI

(3)

In equation (3) and hereafter, all of the terms are small,
of the same order as a or 4. Thus to this order of approximation it is no longer necessary to distinguish between the actual position of the body and its mean
position, or between the co-ordinates x and x'.
We now use the vector identity 5

(v*v)

bZ)G

- G-(y, )vG+(x, t)]dV
S1ff [G+(x,

)

G-(y,

) - G-(y, t)
-

G+(x, )

dS

Now we employ Green's theorem
SCf. [9], equation (1.4.13).

where the surface integral is over the body, the undisturbed free surface, and a closure at infinity. The inte-

gral on the body vanishes since bG+/bnt = 0 and the
closure at infinity vanishes from the radiation condition. 6
The integral over the free surface is equal to

ff

[G+ _ 2GG-

iC dtd

-

on the undisturbed free surface, and thus that 0 satisfies
the free-surface condition (1). Furthermore, the surface
integral in (5) may be treated in exactly the same manner
as we did in establishing the reciprocity relation between
the Green's functions. It follows that

4(x) =
21rg

(bG

-

ff [G+ iwcG

-

C2

iwcG- -

where the integration is only over the body.
Substituting (4) in (8) we obtain

bt' /_IC

4 = I
This is equal to

c G+

d

Id

dt )rf

d

4~

{iwa r + V X [(a x v)G]

21 f

- (VG) X (a X v)} ndS
but from Stokes' theorem

c62

X [(a X v)G]-dS = f(a X v)G-dl

ffv

+ G- (i(,cG+ + c2

W+

d

where the line integral is over the boundary or boundaries
or the free surface, or the intersection of the free surface
with the closure at infinity and (if any) with thel body.
From the radiation condition the integral over the boundary at infinity vanishes, and if the body is submerged
there is no further boundary, with the result that

or, since

x)
= G-(t,
G)

G+(x,

For a floating body, the beam must be small (i.e., the
body is either thin or slender) and thus the line integral
around the waterline is of order

fld I

(7)

= G-(t, x)

That is, the Green's function is reciprocal if the direction
of the streaming flow is reversed. This property is well
known for the Green's function which does not satisfy a
boundary condition on the body.
We now return to the construction of the velocity
potential from equation (5) substituting the Green's
function G+(x, t). From the reciprocal property (7) it
follows that

bG+

.)G+

2 +
-BG
2sc
+ 2ico
-g bz ++ W G +

-

c2
- C

b 2G+

=00

6 This consequence of the radiation condition is not physically
obvious. Some discussion of this point will be found in reference
(10], page 458.
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[VG X (a X v)]'n = [(VG-v)a - (a.VG)v].n
(v-vG)(a-n)
it follows that
4 =

which is of the same order as the beam. Thus it is consistent with the linearized free-surface condition that, in
all cases,

()

{iwaG - VG X (a X v)) ndS

=

or

G+(x,

where the line integral is again over the intersection, if
any, of the body with the undisturbed free surface.
Once again we invoke the linearized free-surface condition; if the waves are small, then v on the free surface is,
to first order, tangent to the undisturbed plane of the
free surface. Since v is also tangent to the body surface,
it is tangent to the intersection 1,and thus (a X v) dl = 0,
and the line integral vanishes. Thus we find that

G-(y, x) = 0

G+(x, y) -

G(x, )[iwa + V X (a X v)].ndS

)

+ G- (iwcG+ +
I f[G+

]dld

S2 G+

+

- G-(g2G+ - 2i2wc -

(8)

6()dS

G+(x, ()

I

I

ff

(iwG - v.

G)(a.n)dS,

(9)

where the integral is over the body surface. Thus the
effect of the steady velocity field on the unsteady potential is
expressed by the factor vvG. Physically this can be
thought of as a dipole distribution in the direction of v
(and thus tangent to the body surface) and of strength
equal to the normal displacement (a' n) times the magnitude of v. The same result has been derived for a thin
ship [4].
The Forces and Moments
Equation (9) holds for any oscillatory displacement
vector a, and is therefore not restricted to rigid body
motions. We now assume that the body is rigid, with
six degrees of freedom. It is convenient to introduce an
indicial notation, where we denote the six oscillatory
velocities by
iwljeiwt

(j = 1, 2, . .. 6)

I

I
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These are, respectively, surge, sway, heave, roll, pitch,
and yaw. We also define the six matrix elements
fi(x) = cos(n, x)
f2(x) = cos(n, y)
f3(x) = cos(n, z)

the direction of the forward velocity reversed. To distinguish between these two cases we shall denote the
matrix appropriate to forward motion in the +x-direction as B,,+ and the matrix of the reverse flow by B,,-.
Then
Bo +

=

f,(x)(iW + v+(x).Vx)

P Im

f 4(x) = y cos (n, z) - z cos (n, y)
f 6 (x) = z cos (n, x) - x cos (n, z)

f

f6(x) = x cos (n, y) - y cos (n, x)
Then the normal displacement a -n at the point x is given
by
6

a -n

=

,f,(x)

(10)

j-1

and if p is the hydrodynamic pressure, the hydrodynamic
forces and moments are given by the six expressions
F, = -ffpf,(x)dSz

(i = 1, 2,... 6)

(11)

The pressure p is, from the linearized form of Bernoulli's
equation,
'
(12)
p = --p[iwoe + (v.VO)e'"L + 1 (vv)J
where terms of second order in the oscillatory potential €
are neglected.
The integral in (11) must be evaluated on the oscillating surface of the ship, and thus the zero-order term 2
x(v.v) must be expanded to
71(VV)body=

+ e'o(.-V)(1 v-v)mean + 0(a2)

Also if the body intersects the free surface, the oscillatory
change in the surface of integration must be included.
However, both of these effects are in phase with the displacement ae'"L and will not influence the damping coefficients.
We restrict ourselves then to the damping forces and
moments, which may be represented by the imaginary
part of the integral (11), taken over the mean surface of
the body. Let the damping coefficients be represented
by the matrix B,,, where the first index denotes the
direction of the force and the second index the velocity
component involved. Thus, for example, Bu is the heave
damping force due to pitching oscillations. The thirtysix coefficients are identified by the matrix in Table 1.
Combining equations (9-12) and taking the imaginary
part, we obtain the expressions

(14)

where G±(x, () are the two Green's functions which we
introduced before, and which possess the reciprocal
property
G+(x, () = G-((, x)
We need one further assumption based upon the
linearized free-surface condition. This is that, to first
order,
v+(x) = -v-(x)
on the body. This seems consistent with the assumption
of a small disturbance on the free surface, for if the waves
are small, the effect of the free surface on the flow at the
body is small, and thus to first order the steady velocity
on the body is an odd function of the stream velocity c, as
is the case for a body in a wave-free field.
Substituting v- = -v + and
G-(x, t) = G+(t, x),
it follows that
B,-

1(VV)mean

,()(iw - v~().vt)G*(x,( )dStdS,

Im

ff

f,(x)(i,)

- v(x)
V
v)

fl,(t)(iw + v+() -v)G+(t,x)dSjdS5

or, after interchanging the integrals and the variables of
integration and comparing the resulting expression with
(14),
(15)
B 1 - = B,,+
It should be noted that up to this point in the analysis,
no assumption has been made regarding the symmetry of
the body. Thus (15) holds for asymmetric bodies and,
in particular, it follows that the six principal damping coefficients Bj, are independent of the direction of forward
motion. Of greater practical importance is the fact that
if there is no forward speed, B,,+ and B,- must be the
same, and therefore B,j = B1j when c = 0. This result
has also been obtained by Haskind [11] and confirms
the frequent argument based upon strip theory.
Now we consider the physical relations between B11 +
B1 ,
P Im
()(iW + v(x). v)
and B,-, assuming that the ship is symmetrical. For
example, the pitch moment of a symmetrical body due to
(13)
heave and heave force due to pitch are odd functions of
f,()(io - v()-vt)G(x, t)dSgdS,
the forward velocity, since changing the direction of the
In this form the possibility of symmetry, and the im- flow is equivalent to looking at the body from the opportance of the dipole distribution - v.VEG are apparent. posite side and changing the sign of rotation about the
In order to establish the symmetry properties of the pitch axis. Examination of all of the coefficients in this
coefficients we consider the same forces and moments with manner yields the following conclusions:
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Table 1

Surge force
i=1
Sway force

i=2
Heave force
i=3
Roll moment
i=4
Pitch moment
i=5
Yaw moment
i=6

IIYI

1

Matrix of Symmetry Properties of Damping Cross-Coupling Coefficients
Surge
Sway
Heave
Roll
Pitch
Yaw
j=1
j=2
j=3
j =4
j=5
j=6
B,I

B,, = 0

B13 = -B 3 ,

BI 4 = 0

B 2 1= 0

B 22

B23 = 0

B24 = B 42

B3r = - B,

B 32 = 0

B 33

B 34 =0

B3 = - Bfa

Ba6 = 0

B 4, = 0

B42 = B24

B 43 = 0

B44

B 45 = 0

B46

B5l = B15

Bs = 0

BRa = -B s

Bs4 = 0

Bss

Bs = 0

B 61 =0

RB6= - B8

B6 =0

B64 = - B

1 The six coefficients Bjj and the nine coefficients
B B1, 4 B16, B4, B36, B 42, B 1 , B62, and B are even functions
of the forward velocity c.
2 The twelve coefficients B13, B16, B26, B31, B32, B34,
B3 , B46, B3, B66, B 62, and B64 are odd functions of c.
3 The nine coefficients B21, B23, B2, B41, B43, B 4l, B61,
B63, and B65 are all zero by symmetry; i.e., there are no
transverse forces or moments due to longitudinal oscillations.
Combining these conclusions with equation (15) it
follows that:
4 The sum B,, + B,j = 0 for all cross-coupling coefficients except Br1 + B51 (surge and pitch) and B24 +
B 42 (roll and sway), where B,, - B,, = 0.
5 Half of the cross-coupling coefficients are zero
(those listed under statement 3 plus their complementary
members). Furthermore this conclusion holds for an
asymmetric body as well, since statement 3 and equation
(15) are valid without the assumption of longitudinal
symmetry.
Discussion of Results
The symmetry properties of the damping coefficients
for a symmetrical ship are shown in Table 1. For the
cross-coupling coefficients it is seen that B,, + B,, = 0
except for coupling between pitch and surge, where
B 16 = B 61 , and for coupling between roll and sn ay, where
B34 = B43 . These results are consistent with the conclusions based upon thin-ship theory [1, 4, 5, 6], but the
present derivation is valid for all thirty cross-coupling
damping coefficients and does not require that the ship be
thin. We have, however, assumed that the waves
created by the forward motion are small, and this implies
that the body is either thin, slender, or deeply submerged.
Nevertheless the analysis and conclusions also hold for
Havelock's [3] mathematical model of a nonslender body
with a rigid free surface, which may correspond physically
to very slow forward speed and a low frequency of
oscillations.
There does not appear to be sufficient experimental
evidence to support these conclusions completely, but
the oscillator experiments of Gerritsma [12] and Golovato
[13] are strongly suggestive of the equivalence between
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B = Bs,
6=

6

Bl, = 0

0

B26 = - B.2

= -B 64

Bs = 0

the pitch and heave coupling coefficients. Gerritsma has
measured the coefficients B3 and B53 for a Series 60 model.
Since this hull is not longitudinally symmetric, the
present theory is not strictly valid. Following a suggestion of Vossers [2], however, we may separate the crosscoupling coefficients into two parts
B,, = Bij, + BI"
where B,,' is the value of B,, at zero forward speed and
Bij" is the difference due to the effects of forward speed.
From equation (15) it follows that (even for an asymmetric body)
B

I

= B

I

If the ship is only slightly asymmetric, the effects of the
asymmetry on the coefficients B,," will be small and thus,
approximately,
B 36 '

--B3

II

The experimental results in Fig. 5 of reference [12] do
not confirm this relation exactly, but they do suggest,
especially at the higher frequencies and speeds, that this
is a meaningful approximation for a slightly asymmetric
ship.
Experimental measurements of B35 and B63 have been
made for a symmetrical hull by Golovato (the results of
the pitch experiments are unpublished), who found that
these two coefficients were approximately equal and
opposite, with a maximum difference of about 10 per cent
over a fairly wide range of speeds and frequencies.
With regard to the derivation of this theory an important result is the effect of the steady flow field on the
oscillatory potential. In equation (9) this effect is seen
to be a tangential dipole distribution, equal in strength
to the product of the steady velocity and the normal oscillatory displacement. The consideration of this effect
is vital to the present analysis as it is directly responsible
for the symmetry properties of the cross-coupling coefficients. Physically this implies that the problem of an
oscillating body in a moving fluid is not the same, even
in the linearized sense, as the problem of a fixed body
with the same distribution of normal velocity, for there is
an additional effect from moving about in the steady
flow field.

II II

II-

Irr

MO
WMNNN

Acknowledgment

MalllliNNIN
1.1

7 F. Ursell and G. N. Ward, "On Some General
Theorems in the Linearized Theory of Compressible
Flow," Quarterly Journal of Mechanics and Applied
Mathematics, vol. 3, 1950, pp. 326-348.
8 A. H. Flax, "General Reverse Flow and VariaReferences
tional Theorems in Lifting-Surface Theory," Journal of
1 M. D. Haskind, "Two Papers on the Hydrodythe Aeronautical Sciences, vol. 19, 1952, pp. 361-374.
namical Theory of Heaving and Pitching of a Ship,"
9 P. M. Morse and H. Feshbach, "Methods of
SNAME Technical and Research Bulletin No. 1-12, Theoretical Physics," part 1, McGraw-Hill Book Com1953.
pany, Inc., New York, N. Y., 1953.
2 G. Vossers, "Fundamentals of the Behaviour of
10 A. S. Peters and J. J. Stoker, "The Motion of a
Ships in Waves," International Shipbuilding Progress, Ship, as a Floating Rigid Body, in a Seaway," Communivol. 7,1960, p. 178.
cations on Pure and Applied Mathematics, vol. 10, 1957,
3 T. H. Havelock, "The Coupling of Heave and
pp. 399-490.
Pitch Due to Speed of Advance," TransactionsInstitution
11 M. D. Haskind, "The Hydrodynamical Theory of
of Naval Architects, 1955, pp. 246-251.
the Oscillation of a Ship in Waves," PrikladnayaMate4 J. N. Newman, "The Damping and Wave Re- matika i Mekhanika, vol. 10, 1946, pp. 33-66, English
sistance of a Pitching and Heaving Ship," JOURNAL OF translation in SNAME Technical and Research Bulletin
No. 1-12.
SHIP RESEARCH, vol. 3, no. 1, 1959, pp. 1-19.
12 J. Gerritsma, "Ship Motions in Longitudinal
5 J. N. Newman, "A Linearized Theory for the
Motion of a Thin Ship in Regular Waves," JOURNAL OF Waves," International Shipbuilding Progress, vol. 7,
1960, pp. 49-71.
SHIP RESEARCH, vol. 5, no. 1, 1961.
6 T. Hanaoka, "On the Reverse Flow Theorem Con13 P. Golovato, "The Forces and Moments on a
cerning Wave-Making Theory," Proceedings Ninth Heaving Ship," JOURNAL OF SHIP RESEARCH, vol. 1,
1957, pp. 19-26.
Japan National Congress for Applied Mechanics, 1959.
The authors are indebted to the Office of Naval Research and the Netherlands Ship Model Basin for making
possible this joint study.

upm~n~r~rri-ra~r

r

, , , N, ., d i 1111

1111111

,01

INITIAL DISTRIBUTION
Copies
7

CHBUSHIPS
3 Tech Info Br (Code 335)
1 Appl Res (Code 340)
1 Prelim Des Br (Code 420)
1 Sub Br (Code 525)
1 Lab Mgt (Code 320)

1

DIR, Hydrau Lab, Univ of Colorado

1

DIR, Scripps Inst of Oceanography, Univ of Calif

1

DIR, Penn State Univ

1

DIR, WHOI

CHBUWEPS
1 Aero & Hydro Br (Code RAAD-3)
1 Ship Instal & Des (Code SP-26)
1 Dyn Sub Unit (Code RAAD-222)

1

0 in C PGSCOL, Webb

1

DIR, Iowa Inst of Hydrau Res

1

DIR, St Anthony Falls Hydrau Lab

4

CHONR
1 Nav Analysis (Code 405)
1 Math Br (Code 432)
2 Fluid Dyn Br (Code 438)

3

Head, NAME, MIT
1 Prof Abkowitz
1 Prof Kerwin

1

ONR, New York

1

Inst of Math Sci, NYU, New York

1

ONR, Pasadena

2

Dept of Engin, Nav Architecture, Univ of Calif
1 Dr. J. Wehausen

1

ONR, Chicago

2

Hydronautics, Inc., 200 Monroe St., Rockville, Md

1

ONR, Boston

1

Pres, Oceanics, Inc, 114 E 40 St., New York 16

1

ON R, London
1

1

CDR, USNOL

Dr. Willard J. Pierson, Jr.,
Coll of Engin, NYU, New York

2

DIR, USNRL (Code 5520)
1 Mr. Faires

1

Dr. Finn Michelsen, Dept of Nav Arch
Univ of Michigan, Ann Arbor

1

CDR, USNOTS, China Lake

1

1

CDR, USNOTS, Pasadena

Prof Richard MacCamy
Carnegie Tech, Pittsburgh 13

1

CDR, USNAMISTESTCEN

1

Dr. T.Y. Wu, Hydro Lab, CIT, Pasadena

1

DIR, Natl Bustand
Attn: Dr. Schubauer

1

Dr. Hartley Pond, 4 Constitution Rd
Lexington 73, Massachusetts

CDR, ASTIA
Attn: TIPDR

1

Dr. J. Kotik, TRG, 2 Aerial Way, Syosset, N.Y.

1

Prof Byrne Perry, Dept of Civil Engin
Stanford Univ,'Palo Alto, Calif

3

10

~ru~

Copies

1

DIR, APL, JHUniv

1

DIR, Fluid Mech Lab, Columbia Univ

1

Prof B.V. Korvin-Kroukovsky, East Randolph, Vt

1

DIR, Fluid Mech Lab, Univ of Calif, Berkeley

1

Prof L.N. Howard, Dept of Math, MIT

1

DIR, Davidson Lab, SIT

1

Prof M. Landahl, Dept of Aero & Astro, MIT

1

DIR, Exptl Nav Tank, Univ of Mich

1

Mr. Richard Barakat, Itek
700 Commonwealth Ave, Boston 15, Mass

1

DIR, Inst for Fluid Dyn & Appl Math, Univ of
Maryland

rat

-

-P

-0~l*

~l

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SHIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
Nov 1962. 9p. illus., refs.
UNCLASSIFIED

David Taylor Model Basin. Report 1672.

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SHIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
Nov 1962. 9p. illus., refs.
UNCLASSIFIED

David Taylor Model Basin. Report 1672.

1. Floating bodies--Motion-Damping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

1. Floating bodies--MotionDamping
2. Floating bodies--Oscillation-Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

F

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SHIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
Nov 1962. 9p. illus., refs.
UNCLASSIFIED

David Taylor Model Basin. Report 1672.

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

David Taylor Model Basin. Report 1672.
THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SIIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
Nov 1962. 9p. illus., refs.
UNCLASSIFIED

1. Floating bodies--Motion-Damping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

1. Floating bodies--Motion-.
Damping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

-

111011

lm

-

-

I

WOMMOMMMOPFF-

_

___

1. Floating bodies--MotionDamping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

~~~~~~~_~_~__

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SHIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
UNCLASSIFIED
Nov 1962. 9p. illus., refs.

David Taylor Model Basin. Report 1672.

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SHIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
Nov 1962. 9p. illus., refs.
UNCLASSIFIED

David Taylor Model Basin. Report 1672.

A study is made of a floating or submerged body with longitudinal and transverse symmetry, which is moving with constant
forward speed and performing small oscillations. The analysis
is quite general in the sense that the shape of the body and the
nature of the oscillations are unspecified, but it is assumed that
the linearized free-surface condition holds. With this assumption
the oscillatory velocity potential is found in terms of an unknown
Green's function, the existence of which is also assumed. This
potential is then used to show the symmetry properties of the
cross-coupling damping coefficients.

David Taylor Model Basin. Report 1672.
THE COUPLED DAMPING COEFFICIENTS OF A SYMMETRIC
SIIIP, by R. Timman and J.N. Newman. (Reprint of a paper
published in the Journal of Ship Research, Society of Naval
Architects and Marine Engineers, Vol. 5, No. 4, March 1962.)
UNCLASSIFIED
Nov 1962. 9p. illus., refs.

1. Floating bodies--Motion-Damping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

1. Floating bodies--MotionDamping
2. Floating bodies--Oscillation--Mathematical
analysis
I. Timman, R.
II. Newman, J. Nicholas

1

IIIr

3 9080 02754 4334

