














ABSTRACT

The wave drift force acting on freely floating
icebergs has been analysed. This wave drift force was
included together with other environmental forces acting
on an iceberg for drift modelling to predict its drift

patterns.

The wave drift force was calculated using the wave
diffraction theory and the singularity distribution method.
By distributing singularities over the underwater surface
of the iceberg, the velocity potential due to wave dif-
fraction was computed using the Green's function method,
and then added to the incoming wave velocity potential to
form the total velocity potential. It was assumed that thk-
potential due to the oscillatory motion of an iceberg was
negligible. The wave drift force was derived by taking the

time average of the second-order wave forces on the iceberg.

The computed wave drift force was then added to
other environmental forces acting on the iceberg to form
the differential equations of motion for translation in a
horizontal plane. The iceberg trajectory can be found by
solving the equations of motion numerically with the time

step integration technique.
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NOMENCLATURE

Cartesian Co-ordinate System
Velocity Potential

Velocity Potential function of space
coordinates only.

Oscilliation frequency

Time

y-1

Incident velocity potential due to waves.
Velocity potential due to wave diffraction.
Water depth in meters.

Complex function.

Body surface.

Polar Co-~ordinates.

Gravitational acceleration.

Viave Number.

Direction of propagation of incident wave
with respect to x axis.

Source density function.
Green’'s function.

Co-ordinate of a roint on the under water
body surface.

[((x - 9% + (v - m?2 + (z - 0?)1/?
C)2]1/2

[(x - &) + (y + 2h + n)2 + (z
C)2]1/2



V'

WL

viii

Cauchy principal value of the infini
integral.

2
w-/g
Dummy variable of integration.

Bessel function of the first kind of
order.

Bessel function of the first kind.
Bessel functi~n nf the second kind.

Modified Bessel function of the seco
kind of zero order.

Real pcsitive roots of the egquation:
u, tan (p,h)+v=0

K k

(% + (y + n)2]1/2

[+ + (v - 2nh - n)?]1/2
[£2 + (v + 2nh + n)?]Y/2
[r2 + (y + 2nh - n)z]l/2
(£2 + (y - 2nh + n)?)1/2

Outward unit normal vector on the su

Components of the unit normal to the
S, in the x, vy, and z directions res

Total number of facets over the imme
surface of the icebergqg.

Wave drift force.
Pressure.

Wetted body surface below the still
level.

Waterline curve of the body at y = 0

zero

ace S.

urface
ctively.

sed

ter
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e = Perturbation parameter with respect to
hydrostatic pressure.

n = Wave elevation.

0 = Density of sea water.

o1 = Second order velocity potential.

Fl = First order wave force.

F2 = Second order wave force.

F = Total wave force.

T = Wave Period.

N, = Wave amplitude.

L = Length of the projected waterline perpen-
dicular to wave provagation direction.

m = Mass of the iceberg.

sm = Added mass coefficient.

[m + 6m] = Virtual mass matrix.

[C] = Wave damping coefficient matrix.

[K] = llydrostatic restoring coefficient matrix.

Fe = Environmental forces vector.

2 = Displacement vector.

é = Velocity vector.

2 = Acceleartion Vector.

v = (u, w), iceberg velocity.

$a = (ua, wa), wind velocity.

$cj = (ucj’ wcj)' water current velocity at jth

layer of iceberg underwater.
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(ug, wg), geostrophic current velocity.

Magnitude of the normal component of
velocity on the immersed surface of the
iceberg.

Air drag coefficient.

Air density.

Water drag coefficient.

Projected area of iceberg profile above
water, perpendicular to wind direction.

Projected area of iceberg profile of jth

layer of underwater portion, perpendicular

to current direction.

29sin Yy, Coriolis parameter.
Angular velocity of earth.
Iceberg latitude.

1, 6, modes of motion (six degrees of
freedom) .

Body velocity in the jth mode of motion.

The contribution to velocity potential
from the jth mode of motion.












However, it is the second order wave force which causes
any freely floating body to drift away from its initial
position. Thus the second order wave force, namely the
wave drift force is also important in the mooring forces
analysis for floating structures in waves. Only the wave

drift force is of interest in this study.

2.2 Hydrodynamic Boundary Value Problem

Consider an iceberg floating freely in waves, with
under water surface S(x, y, z) = 0, as shown in Figure 1,
where:

Oxyz 1s a cartesian co-ordinate system.

O is the origin located on the waterplane, vertically

above the center of gravity of iceberg.

xz-plane is parallel to the calm water surface.

y—axis is pointing upward.

Assuming that the fluid is homogenous, invicid, and incom-
pressible with a finite depth of h; and that the flow is
irrotational. A velocity potential ¢ is introduced to
describe the fluid motion. The total velocity potential

¢ can be written as:

—iwt}

?(x,y,z2;t) = Re {¢(x,y,2) e + I ¢. n. (2.1)



where:
) = The velocity potential, which is a function
of space co-ordinates only.
Re = The real part of a complex function.
i = V=1
w = Oscillation freqgquency.
t = Time.
j = 1, 6, modes of motion (six degrees of freedom).
¢. = The contribution to velocity potential from
] the jth mode of motion.
nj = Body displacement in the jth mode of motion.

The velocity potential ¢(x,y,z) can be conviently broken
down into two parts:
1. Velocity potential due to incident wave ¢I(x,y,z).

2. Velocity potential due to wave diffraction ¢D(x,y,z).

It is assumed that the amplitude of the oscillatory motion
of a very large floating body, like iceberg, is very small,
and that the velocity potential due to body oscillation ¢j
may be neglected without affecting the accuracy of calcu-
lation. Hence, the velocity potential components will only
consist of the parts due to incident waves and diffraction

waves; i.e.

b (x,y,2) = ¢I(x,y,2) + ¢D(x,y,2) (2.2)



The velocity potential must satisfy Laplace equation:

(2.3)

The solution of Laplace equation will be in the fluid domain
surrounding the iceberg, and subjected to the bov--ary
conditions. The fluid domain extends from the free surface

(y = 0) to the ocean floor (y = -h), where h is the water
depth, and from the iceberg under water surface S to infinity.

The boundary conditions can be written as:

1l. Free surface boundary conditions on y = 0.
2 3
-w ¢ + g -a—'y— = 0 (2-4)
2. The bottom condition on y = -h.
S =0 (2.5)
Y y=-h
3. The radiation condition, in polar co-ordinate
system.
o (r,0,y) - C (e)r_l/2 cosh k (h + y) KT ag roe
D
cosh kh

(2.6)
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2.3 Solutic

nere:
r & 8 = polar co-ordinates
k = wave number, defined as k = 27/L
r = [xz + 22] 1/2
-1
0 = tan (z/x)
C = unknown complex function with
c(o)yr /2

>dy boundary condition:

— = -—— = Vv on surface S. (2.7)
1 on n
\ere:
n = The outward unit normal vector to
the iceberg surface S.
v = Magnitude of the normal component

of velocity of the immersed surface
of the body.

e boundaries of the fluid domain for the boundary

lue problem are shown in Figure 2.

of the Boundary Value Problem

The ¢

in the previ

lution of the boundary value problem, formulated

us section (Section 2.2), is the velocity

potential ¢ (x,y,2z). The velocity potential of the incident



wave ¢I can be written, from the linear wave theory as:

9732 cosh k (h+y) ei(kx cos B + kz sin R)

1 T 2% cosh kh (2.8)
Where:

g = gravitational acceleration.

w = wave frequency.

k = wave number, which is related to the frequency
of the waves by the dispersion relationship:
w2/g = k tanh (kh).

h = water depth.

B = direction of propagation of incident waves.

N4 = wave amplitude.

The velocity potential due to wave diffraction ¢D can be
solved in terms of Green's function method. Based on
Green's theorem, it is possible to show that ¢D can be

written as:

T f(z,n,2)G(x,y,2;8,n,%) ds (2.9)
Where:
f = unknown source density function.
£g,n,z = co-ordinates of a surface point.
X,y,z2 = co-ordinates of a field point.

G(x,v¥,2;¢£,n,5) = Green's function.
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2. Summation form:
27 (v2-k?)
G = cosh[k (n+h)]cosh[k(y+h)] [Y_(kr) - iJ_(kr) ]
2 2 o (0]
k" h=v h+v
UZ + \)2
+ 4 i_ (2k 5 ) cos[uk(y+h)Jcos[uk(n+h)] K (pkr)
k=1 ukh+v h-v ©
(2.11)
Where:
Yo = Bessel function of the second kind.
J = Bessel function of the first kind.
Ko = Modified Bessel function of the second kind
of zero order.
Mo = real positive roots of the equation
uk tan(ukh)+v=0
3. Series form, after Garrison [10]:
1 1 © 1 1 1 1
G =—=—+— + + + + (2.12)
R Ry n=1[R2 R, R, R5]
n n n n
Where:
2 271/2
R = [+ v - )Y
211/2
r =[(x-£)+(z—¢)]/
- r 2 211/2
Ry = |+ (y + n) ]
R2 = Fr2 + (y - 2nh - n)2]l/2
n -
R4 = 2 s (y + 2nh + n)2]1/2
n -
R4 = _r2 + (y + 2nh - n)2]1/2
n -
R = r2 + (y - 2nh + n)2]l/2
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The third form of Green's function (series form) is
appropriate for the case where the period of the motion
is very large, as might occur in the interaction of waves
of large period with large body. This form of Green's
function is more appropriate for the case of iceberg in

waves, and it has been used for this study.

The source strencth f in equation (2.9) are calculated
to satisfy the kinematic boundary condition on the wetted
surface S, so that the normal component of the fluid velocity
is zero. This results in the following Fredholm integral

equation of the second kind over the surface S:

1 G, i _
f(XIYIz) +§?fo f(glﬂ,f;) ﬁ(&,ylzlgpﬂlﬁ)ds - 2Vn(XIYIZ)

(2.13)
Where:
9 = the derivatives of the Green's function in the
in . .
outward normal direction.
n = outward unit normal vector on the surface S.

The derivatives of the Green's function 3G/ 5%n can be written

as:
3G _ 3G 4 3G . 4 3G (2.14)
an X X Y z z

Where: N ny, and n, are components of the unit normal to

the surface S, in the x, y and z directions respectively.
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Equation (2.13) is to be satisfied at all points (x,y,2z)

over the wetted surface S of the iceberg.

Solution of the Fredholm integral equation of the
second kind will give the source strength function f in equa-
tion (2.13). Once the function f is found, it is possible
to obtain the diffraction velocity potential *p using the

following relatic...

=zl—ﬂff £(g,n,0)G(x,y,2;8,n,z)ds (2.15)
T s

*p

where the integration in this equation is over the wetted

surface of the body.

2.4 Numerical Solution for Velocity Potential

Solution of the Fredholm integral equation of the
second kind has been achieved by using numerical solution
scheme. The average underwater surface S of the iceberg
has been divided into a large number 3j of small facets each
with area Sj' as shown in Figure 3. The centroids of the
facets were taken as node points and their coordinates have
been identified. The source strength function £, may then
be represented as the distribution of source strengths fj
at each nodel point j over the surface S. The derivatives

of Green's function with respect to unit normal vector, can
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also be calculated at each single nodal point j considering
the rest of the surface nodal points k. This can be repre-
sented as akj' which is an element of a matrix of the size

k by j and can be calculated from the following relation:

_ 1 3G
O"kj —-2_'1{ ié ﬁ (Xklykrzk;glnlé) ds (2.16)

J

Similarly the derivatives of the incident wave velocity
potential ¢I’ can be calculated at each nodal point of the
surface S, and represented as-ﬂmzvecﬂm:vnj, Fredholm equation

(equation 2.13) can then be written in the matrix form as:
-f. + o, . £, =2v_ . k,j = 1,2..... N (2.17)

or:

(€] = 2 [ - 1] )

The matrix equation (2.18), has been solved numerically
using the matrix inversion technique, which is usually used
for solving sets of simultaneous linear equations. The
solution of equation (2.18) is the source strength vector
[f], and can be substituted into equation (2.15) to obtain
the wave diffraction velocity potential L Equation (2.15)

will then take the matrix form:

{o 1 = (81[£] (2.19)
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In equation (2.19) the elements of the matrix {g} have

been obtained from the following relation:

G(x zk;i.n,c)ds (2.20)

k' Yk’
From equation (2.19) the diffraction velocity potential

at each nodal point j can be obtained. Substituting the

co-ordinates of each facet centroid into equation (2.8),

the incident velocity potential at the jth nodal point on

the surface can then be written as:

¢, = ¢, + ¢Dj (2.21)

2.5 Wave Drift Force

Assuming that the fluid is homogenous, invicid, incom-—
pressible and irrotational, the wave force acting on a
floating body can be calculated from the potential theory.
Wave force can ke calculated by integrating the fluid pres-
sure- over the wetted surface of the body, and it can be

expressed in vector form as:

— - = - -_— n
F = éfpnds égpnds IWL[é pdy] ndz (2.22)
Where:
S = 1instantaneous wetted surface of the body.
S = the wetted body surface below the still water

level (y=0).
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WL

Il

the water line curve of the body at y = 0.

n = outer normal vector.

In equation (2.22) an area element dS of the inter-
mittently wet portion of the surface has been expressed as
(dy.de), since the body surface in the vicinity may be
considered vertical. Since the pressure variation near
the free surface is hydrostatic to the first order, the
pressure integral in the second part of the right hand side

of equation (2.22) can be written as:

"pay = é” {og(n-y) + o[g3]} dy = €2 (1/2pgn2) + 0[53]

(2.23)
Where:
€ = perturbation parameter with respect to hydro-
static.
n = wave elevation
p = density of water.

The pressure on the body surface, to the second order, can

be written from Bernoulli's equation as:

9! o
p = ogy + c[-oot] + e?[-oit -1/20ve "] + 0 [¢7]
(2.24)
Where:
) = first order velocity potential.

¢!l = second order velocity potential.
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The first integration in equation (2.29) can be found:

[ve]? — (21 %+ <§—§>2+ (242 (2.30)
and as ¢ = ¢I + ¢D
4 3y
99,2, °1 D, 2
(ax) a (ax to3x )
(éﬁ)z _ (EEE + 332)2
oy Yy oy
56 36
sey2 _ 21, P'p o2
Gz = Gz 7)) (2.31)

In equation (2.31), the derivatives of incident wave

potential can be written as:

o¢ gn
L _ a k cost cosh k (h+y) _. .
ox 2w cosh kh sin [k(x cos g+ z sing)]

9 ¢ gn .
I _ a k sinh k (h+y) ) '
3y 2w cosh kh cos [k(x cos+ + z 81n8)]

9 .
b1 _ 973 k sing cosh k (h+vy) sin [k(x cos g+ z sing)]

9z 2w cosh kh
(2.32a)
Also, from equation (2.7):
5o o¢ 3¢
- I I I
Vn T (3% Ny, * 5y Dy t 3z 1) (2.32b)

The derivatives of diffracted wave potential are:

o _ 1,
T 4q

oG
X t —g—g (XIYIZIE:'“IC) dS

/
S



In which,

36
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I s f _a'g‘ (XIYIZI.gInl‘;) ds
S oY
Lot 2 (x,y,zi€,n,z) ds
3 z

from equation (2.12).

(x=2) ([ (x=£) 24 (y=n) 24 (z-r) 2] 7372

[ (x=2) 24 (y+) 2+ (z-0) 2] 7372

[(x—g)2+(y—2nh—n)2+(Z-C)2]_3/2

[ (x-£) %+ (y+2nhtn) 2+ (z-2) 2] 72/

[(x—g)2+(y+2nh—n)2+(z-C)2]_3/2

[(x—g)2+(y—2nh+n)2+(Z—C)2]—3/2}
(y=m) [(x=8) %+ (y=n) %+ (z-0) 2] 73/2

(y+m) [ (x=2) 24 (y+n) 24 (z-2) 2] 7372

(y=2nh-n) [ (x-£) %+ (y-2nh-n) %+ (z-¢) 2] 73/2

(y+2nh+n) [(x—g)2+(y+2nh+n)2+(z-€)2]_3/2

(y+2nh-n) [(x—g)2+(y+2nh—n)2+(z—c)2]—3/2

(y+2nh+n) [(x—g)2+(y—2nh+n)2+(Z-C)z]—3/2
(z-¢) {[(x-g)2+(y—n)2+(z—c)z]_?’/2

[ (x=2) 24 (y4n) 24 (z-0) 2] 7372

(2.33)
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+ [(x-£) %+ (y=2nh-n) %+ (z-1) 2] 7372

+ [(x—g)2+(y+2nh+n)2+(z—C)2]—3/2

+ [(x—g)2+(y+2nh—n)2+(z—€)2]_3/2

]—3/2

+ [(x=£) %+ (y-2nh+n) 2+ (z-2) 2 (2.34)

In the second integration of equation (2.29) the wave

elevation can be obtained from the following relation:

A .
_ 1 I _ 1 5 —-iwt
n = g ‘St"' g St[¢I(XIY’Z) e ] (2-35)
or:
= Ila cosh k (h+y) sin[k(x cosg + z singR) - t]
N p) cosh kh @
(2.36)
and:
92n2 2
2 a cosh™ k(h+y) . 2 . N
n- = 7 <GSk %h sin [k(x cospB + z sinR) wt]
(2.37)

Performing the time averaging and integration of the
second term of equation (2.29), the following result is

obtained:

pgLn 2
a cosh™ k(hty) 1 sin k(x cosp + z sing)}
16 cosh?kh

{1 5

(2.38)



2.6 Numerical Example
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The wave drift force has been calculated using the

method described in the
scheme has been applied
with overall dimensions
has an approximate mass

iceberg has been chosen

previous sections. The numerical
on a medium size tabular iceberg
of 90 x 90 x 28 meters and which
of 200,000 tonnes. This size of

because it approximately represents

the average sizes of medium icebergs which may be encounter-

ed in the Labrador Sea and the Grand Bank area. The surface

of the underwater portion of the iceberg was divided into

48 elements for the singularity distribution to obtain the

converged numerical solution.

The wave drift force has been calculated in the form

of a nondimensicnal factor, namely the wave drift force

coefficient Cw and it can be written as:

d

_ 2
de = Fwd/(l/Zngna) (2.39)
Where:
F = wave drift force.
wd
n, = wave amplitude.

Wave drift forces have been calculated for waves of

different periods T, with consideration given to three
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3.2 Solution of the Equation of Motion - Iceberg Trajectory

The iceberg trajectory will be predicted from the
solution of the differential equation governing its trans-

latory motion, namely, the following initial value problem:

dx _ 4

dt

d—z_ — w

dt

du _ 1

dt = (m + mll) ZFx

dw 1

W 3.6
IE T m33) LF, ( )

The initial conditions are determinecd as follows:
- The initial location of iceberg (xo, zo) is
where the iceberg was when first sighted,

in nautical miles, from the reference

sighting point.

- The initial velocity of iceberg (uo, wo) is
its velocity when first sighted, in x and z

directions.

The numerical method used to solve the equations of
motion in this study is the time step integration technigue.

The equations are stepped forward in time to yield predicted
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3.3 Two Examples from Field Data

The mathematical drift model developed in the previous
sections has been tested and verified by comparing the
trajectories of two icebergs obtained from the field measure-
ments. The data of measured trajectories were taken from
the field observations in the Labrador Sea during the off-

shore drilling season of 1974 [7].

Three sets of data should be available to check the
mathematical drift model, namely, the iceberg size and
geometry, environmental data, and the observed trajectory.
These data were arranged and prepared in a format suitable

for computer applications.

(a) Iceberg Size and Geometry

The two icebergs used in this study were iceberg
number G181 which was first sighted at 1300 hours
on the 3rd of September, 1974, and iceberg number
G183 which was first sighted at 800 hours on the
4th of September, 1974. The two icebergs had a
mass of approximately 200,000 tonnes with a tabular

shape.

(b) Iceberg Trajectory

For each iceberg, the trajectory was established
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from the field measurements of distance and
bearing by radar with respect to the observation
station. The observation station was located on
the bridge of the drillship Pelican and consisted
of two identical port and starboard radar systems

with the following specifications:

Manufacturer Kelvin Hughes

Wave Length 2cm x band

Display units Model 19/12 gyro-stabilized
with variable range cursor.

Antenna length 2.3 meter

Transmitted power 25 KW

The efficiency of the radar for iceberg detection
was established from previous observations (1973), and
is summarized in Table 2, which gives the relation
between maximum detection range "R" of bergs and the
percentage of berg detection. As shown in Table 2,
half of the bergs were not seen on radar until they
were about 16 miles away and, 20 percent were not
detected until they were 8 miles away. Those not
detected until they were within range of 4 to 5 miles

and less were usually bergy bits.

Observations were taken every hour and recorded

in the iceberg log from the moment the iceberg was



(c)
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first sighted until it was safely away from the

drill ship. The table of location and bearings of

the iceberg was used as input file, and the observed
trajectory was plotted using the compbuter plotting
routine. Iceberg logs for icebergs G181 and G183 taken

on the ship are shown in Figures 7 to 10, respectively.

Environmental Data

Environmental data were obtained from the daily
observation log on board the drillship Pelican. The
observation log provides all environmental data which
have been measured and compiled at a particular

location. These data consist of:

i
1. Wind speed and mean direction:
All wind speed and direction measurements were made
on drillship Pelican every hour with ship's anemo-
meter. Dial readouts of wind speed and direction
(relative to ship's heading) were recorded. True wind
direction was taken by adding the dial reading and
the ship's heading from the gyro-compass. All wind

measurements were taken as mean values of 1-2 minute.

2. Wave height and direction:

All wave measurements were taken by using a data well
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Force Components Force Condition Force Condition Force Condition
X 104N X 104N X 104N
Water Drag 5.35 Relative Vel. 15.12 Relative Vel. 34.02 Relative Vel.
= 0.2 m/sec. = 0.4 m/sec. = 0.6 m/sec.
Wind Drag 1.95 Wind Speed 7.8 Wind Speed 17.55 Wind Speed
= 20 knots = 40 knots = 60 knots
Coriolis Effect 0.76 Latitude = 55© 1.52 Latitude = 55° 2.27 Latitude = 559
Rel. Vel =0.2 Rel. Vel=10.4 Rel. Vel=0.6
m/sec. m/sec. m/sec.
Geostropic Effect 4.0 Acceleration = 8.0 Acceleration= [12.0 Acceleration =
2x10—5 m/sec2 4}«:10—5 m/sec2 6x10_5 m/sec2
Wave Drift Effect 8.11 Wave Amp= 0.5m [32.45 Wave Amp= 1.0m|73.00 | Wave Amp= 1.5m
Wave Period Wave Period Wave Period
= 12 sec. = 12 sec. = 12 sec.

Table 1 Comparison Between the Magnitude of
a Variety of Environmental Forces Acting on a
200,000 Tonne Tabular Iceberg
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Maximum Detection Percent of Bergs
Range "R" of Bergs Detected at Ranges
and Bergy Bits Greater than "R"
N. Miles %
0.0 100
2.0 99
4.0 96
6.0 88
8.0 82
10.0 78
12.0 72
16.0 52
20.0 34
24.0 7
Table 2. Relation Between Maximum Detection

Range "R" of Bergs and The Percentage
of Berg Detection (Reference 8)
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Figure 1. Co-ordinate System of a
Floating Iceberg.
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Figure 2. Geometrical Boundaries of
the Hydrodynamic Boundary
Value Problem
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Figure 3. Distribution of Elements on the
Submerged Surface of a Floating
Body
















































