
INTRODUCTION

The qradratic transfer function of the ;.'ave
drift force on a vessel may increase consider-
ably when sailing at 10w speed or moored in a
current field. In fact the quadratic transfer
function of the wave drift force is velocity
dependent. In the zero-current condition the
speed dependency of the wave drift force due
to the slowly oscillating moored vessel will
be present also. This speed dependency of the
wave drift force can be distinguished by the
quadratic transfer function of the wave drift
damping. In case the vessel is moored in waves
combined with current the wave drift force can
be described by the current speed dependent
quadratic transfer function. The siow].y oscil-
lating motions of the vessel in the current
field are governed by the current speed asso-
ciated quadratic transfer of the wave drift
damping. The procedures are described by
'ichers in Ref. fi].

The formulation for the computations of the
speed dependent wave drift forces on a tanker
sailing at low speed in head waves has been
extensively described in Refs. fi], f2], 13]
and [4]. In this method the introduction of
the forward speed consists of a steady and an
unsteady part. In the steady potential the
unperturbed velocity potential was applied.
Further it was assumed that the steady part
does not contribute to the unsteady part di-
rectly. It plays a role in the free surface
condition. Because of the considered very lo
Froude number the effect of the free surface
was not taken into account and the contribu-
tion of the steady potential vas completely
neglected. The time dependent oscillatory
potential can be written as a source distri-
bution along the hull and the waterline and
will e expanded with respect to snail values
of the forward speed. By solving the poten-tial, the part linear with speed will lead to
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ABSTRACT

In this paper the strong interaction between the wave drift force and sailing speed
or current on a LNG tanker is demonstrated. To compute the speed dependency of the
second order wave drift force a new theory is developed for a tanker sailing at low
forward speed. Sorne computed results of the wave drift forces with forward speedboth in head and bow quartering waves are discussed with results of model tests

the speed effects in the ship motions and
using the direct integration method, see
Pinkster (Ref. (5]), the speed dependent wave
drift forces or wave drift damping can then be
determined.

The influence of the steady perturbation po-tential resulting from the stationary fluid
flow around the ship can be taken into ac-
count. In case the vessel is sailing at a cer-
tain drift angle, this effect appears to be of
considerable influence as shown in Ref. [3].
One of the extensions of the former method is
that the perturbation around the streamlines
of the stationary double body potential solu-
tion will be taken into account. This enables
the inclusion ofthe influence of the station-
ary potential solution into the unsteady first
order potentials. Furthermore, applied to the
direct pressure integration method the deri-
vatives of the fluid velocities along the hull
lead to numerically inaccurate results. Pend-
ing on the choice of the method to compute the
potential along the hull also leads to a meth-
od that is inconsistent mathematically. There-
fore for the calculation of the drift forces
the present method is based on the conserva-
tion of impulse. For the conservation cf im-
pulse an alternative formulation of .Maruo's
expression was used (Refs. [6], 171 and [8]).
Details of the theory have recently been nub-
lished by Heroans (Ref. (9]). Similar descrip-
tions are given by Grue and Palm (Ref. [10])
and Nossen et al. (Ref. 1111).

In the present computations the stationary
potential has been calculated using a Hess and
Smith type of procedure. For the computations
a fast iterative solver is used to obtain the
first order wave potential. The computations
are applied to an LUG carrier. The results of
the computations 'jill be discussed in this
paper. For the discussion use is made of nodel
test results for the vessel sailing with for-
ward speed in head and bow quartering waves.



MATHEMATICAL FORMULATION

Ve first derive the equations for the poten-
tial function 4(x,t), such that the fluid
velocity u(x,t) is defined as u(x,t) =V((x,t)). The total potential function will
be split up in a steady and a non-steady part
in a ell-known 'Jay:

= Ux + Q(x;U) + Q(x,t;U) (1)

In this formulation U is the incoming unper-
turbed velocity field, obtained by considering
a coordinate system fixed to the ship moving
under a drift angle a. In our approach this
angle need not be small. The time dependent
part of the potential consists of an incoming,
diffracted and radiated wave at frquency
w + k0U cose, where and k0 w. ¡g are
the frequency and wave number in the earth-
fixed coordinate system, while u is the fre-
quency in the coordinate system fixed to the
ship. The waves are incoming under an angle p,
with respect to the vessel. To compute the
wave drift forces all these components will be
taken into account. The system of axis is
given in Fig. 1.

U

Fig. I System of axis

The ecuations for the potential can be writ-
ten as:

= O in the fluid domain De (2)

To ccmrute the first order wave potential the
free surface has to be linearized first. Ve
assume(x,t;U) = Q(x;U)exp(-iwt), thenthe
free surface condition at z=0 can be written
as [12J:

- 2iwUx + xx g =

at z=0 (3)

where D(U;) is a linear differential operator
actint on Q defined in Ref. (121. The quadrat-
ic terms in are neglected.

The linear problem is solved by means of a
source distribution along the ship hull, its
waterline and the free surface z = O. V
write:

4rtq(x) = - 5f o(I)G(x&)dS& +
S
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where D{J = The function G(x,f,) is
the Green's function that obeys the free sur-
face condition (3) where D equals zero. In
general the boundary conditions on the ship
are given in the form:

V4.n = V(x) for x E S (5)

This leads to an equation for the source
strength:

-2rto(x) - 5f o(E.)j G(x,&)dS. +
s

u2 f,) C(x,&)ds. + (6)+ - f e
g WL 3n

X

iu
G(x,f,)D{}dSf, = 4nV(x) for x E S+ - si an° FS x

This equation can be solved iteratively in
principle, however, the numerical evaluation
of the Green's function is rather time con-
suining. Therefore we make use of the fact that
U is small, keeping in mind that there are two
dimensionless parameters that play a role,
namely: -.

« 1 and w

= U2

The source strength and the potential function
can be evaluated as follows:

oR) = o0R) + tc1(&) f- o(,;U) (7)

= q0(x) + tQ1(x) + (x;U) (8)

where o and are 0(r2) as r - O, while the
expansion of G is less trivial, see f(. Com-
putations can be carried out by means of a
modification of the existing fast code.

WAVE DRIFT FORCES

In (4) we described a way to compute the first
order forces and the second order mean drift
forces. The method we used there ws based on
a direct pressure integration of the first and
second order pressures respectively. It has
been shown before [5] that this method works
well and is even necessary in order to conpute
the slowly varying drift forces in irregular
waves.



At this moment ve are mainly interested in the
constant component of the drift force. In this
section ve apply a method that leads to re-
sults that are recre accurate numerically. This
method is the one that in tire past led to the
first results of the drift forces (6, 7].
Ilaruo (6] and later Newman (7) have derived an
expression for the vave drift forces and reo-
monts irr still vater.

Tire mean drift forces and moments may be ex-
pressed as (7]

= -JJ ]pcose+pV(V coseV6sine)jRd8dz (9)
s

= -U [ps1nePv(v sine_VecoseHRdedz (10)

= _Pf VVRdGdZ

where p is the first order hydrodynamic pres-
sure, V is the fluid velocity with radial and
tangential components Vr, Ve and S is a large
cylindrical control surface with radius R in
the ship-fixed coordinate system. Faltinsen
and tichelsen [8) derived from these formulas
expressions in terms of the source densities
of the first order potentials in the case of
zero speed at finite depth. We follow a simi-
lar approach from:

o = o + E
(7) (

i=1

6 -

i (12)

where a. = j = ii6 are the six
modes ofmotin and the superscript 7 refers
to the diffracted component of the source
strength. However in our case. the velocity
potential has the form:

(x,t) = Ux + (x;U) +

= Ux + (x;U) + {0(x;U) +

+ i J)(X;u)JC0t (13)

where the potentials (x;U), = 1,7 have
the form (4) and are the potentials due to the
motions and the diffraction. Ve assume that
they are all determined by means of the source

distributions

We find the following expression for the drift
force F after some lengthy manipulations (see
Hermar.s (9]):

(16)

o
+ O(: )

and for F1 and
y y

A[ (*)(S(*) + )sinP + 0(r2)y
(18)

and

2n
- R j F2(e)[sine(l + 2r cos9fldo +

o

+ O(-r) (19)

The function F(0) is the Kochin function which
describes the behaviour of the potential for
large distances (see Huijsmans [13]).

RESULTS OF C0.PUTATI0NS AND NODEL TESTS

In order to apply the above described method
computations have been carried out on an LNG
tanker. The particulars of the LNG tanker are
given in Table 1, while the small body plan is
given in Fig. 2.

For the computations the tanker vas schema-
tized by means of a panel distribution. The
number of facets that vere used amounts to
1024 on the whole body surface. The panel de-
scription of the tanker is given in Fig. 3.

In order to incorporate the influence of the
stationary potential solution into the un-
steady motion potential the stationary double
body potential has been computed. Use is made
of the Hess and Smith procedure. For this pur-
pose the free surface vas extended to a maxi-
mum of two ship lengths and three ship

(17)

X X X
= + (14)

with defined accordingly and with

A1 F(p*)cos(S(p*) + )(Cos6) 0(e)X

whe re

pv *
-rA = - - and $ = - .: sin2v0 a

and I =

The second part of the wave drift force may be
analyzed in the same way. We obtain:

2e
F2 - I j F(e){cose - 2t sin82)dO +



breadths. Fig. 4 shows the free surface surge
velocities around the sailing vessel (or the
vessel in head current) . lii thi s tondi tion the
deviation from the unit velocity is relatively
small. hiore deviatson can be expected when the
vessel is moored in a cross current. In Fig. 5
the free surface surge and sway velocities
around the tanker in a cross current are
shown. laking into account the velocity pro-
file in the free surface the developed theory
for the wave drift forces were carried out for
a set of regular waves. The computations were
carried out for head waves only.

The results of the computations in terms of
the quadratic transfer function of the wave
drift force for zero and 1.5 m/s forward speed
are presented in Fig. 7. In the sanie figure
the quadratic transfer function of the surge
wave drift damping is given. The result of the
wave drift dampir.g is approximated according
to Ref. (1]:

Table i Particulars of the LNC- tanker

2 - - 2B (w)/. - (F (U,w)/C - F (0,w)/( )/U (20)x a x a x a

in which:
U = undisturbed sailing or current speed

= earth-bound wave frequency for sailing
speed or current bound for current condi-
tion.

From the results it can be concluded that with
regard to the quadratic transfer function of
the wave drift force at zero speed the trans-
fer function for 1.5 ni/s increases consider-
ably between w = 0.55 and 0.75 rad/s. As a
result the wave drift damping will be large in
this frequency range also. The measured wave
drift damping values as derived from decay
tests in waves (Ref. [11) corresponds well
with the computed curve.

In order to study the speed dependency of the
wave drift forces model tests with a sailing
LNG tanker were carried out. The tanker was
exposed to a set of regular waves incoming
from ahead and the bow quarter. The tests were
carried out in the Seakeeping Laboratory of
MARIN measuring 100 x 24.5 x 2.5 m. The scale
was 1:70. The mean wave drift forces in surge
direction were measured (added-resistance) for
Froude nwnbers Fn = 0.14, 0.17 and 0.2. For
full scale the sailing speeds correspond to
7.2, 8.74 and 10.29 m/s respectively. The re-

-suits of the measurements are given in Fig. 6.
In the same figure the results of the computed
mean wave drift force in head waves for Fn =
0.0 and 0.029 (L.5 m/s) are indicated, while
for bow quartering waves the computed mean
wave drift force for Fri = 0.0 is given. Fig. 6
clearly shows the important effects of small
forwards speed (current speed) on the wave
drift forces.

- Designation Ovin-
bol

Unit Ìlagnitude

Length between perpen-
diculars L -

pp m 273.d
Breadth B ni 42.0
Draft T m - 11.5
Displacement volume V m3 98, 740
Centre of gravity above
keel KG m 13.70
Centre of buoyancy for-
wird of section 10 FE ni 2.16

-

Metacentric height G1 m 4.0
Longitudinal radius of
gyration in air k

yy ni 62.52
Natural pitch period T s 8.8
Vaterplane coefficient C. - 0.805
Midship sectioncoef-
ficient c - 0.991
Block coefficient CB - 0.75

Fig. 2 Small body plan of th LG tanker Fig. 3 Face:izatio.i of the WC ta:::er



Free surface surge Vel in head current

Fig. 4. Profile in head-on current

Free surface sway Vel in cross current

Profile in cross current

Free surface surge Ve10 ¡n cross current



For the LUG tanker sailing In bo quartering
waves the effect of the speed (current) on the
a'e drift force seess to be even larger. In-

terpolat ion betveen the computed data (Fn =
O.')> and rneasu:ed paints (Fn = 0.I, 0.17 and
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0.2) shous that the magnitudes of the quadra-
tic transfer function of the vave drift force
for small forvard speed may be relatively
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CONCLUSION

The interaction of current and waves cari lead
tr, a strong increase of the values of thetransfer function of the jave drift force. Inthis paper the speed dependency of the drittforces is restricted to the surge directionfor a vessel sailing in head and Irvu quartei--ing seas.

In this paper a nev theory is presented vherethe current profile is taken into accoun: forthe computation of the unsteady first orderpotential and an alternative of Naruo's ex-pression for the conservation of impulse isused to conmute the vave drift forces. By
means of this theory the speed dependency ofthe vave drift forces and the associated vavedrift damping for arbitrary u'ave and current
direction may be computed more precisely.
The computed results for the tanker in headvaves are encouraging. In the future the re-suits for arbitrary vave and current directionvili published.
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