%
%

R0 44
8263743

LOW FREQUENCY SECOND ORDER
WAVE EXCITING FORCES ON
FLOATING STRUCTURES

Dr.Ir. J. A.PINKSTER

PUBLICATION No. 650
NETHERLANDS SHIP MODEL BASIN
WAGENINGEN - NETHERLANDS



P Xs 8263743

fo

* LOW FREQUENCY SECOND ORDER
WAVE EXCITING FORCES ON
FLOATING STRUCTURES

VN

Dr.Ir.J. A.PINKSTER

"gii
il

E8263743

PUBLICATION No. 650
NETHERLANDS SHIP MODEL BASIN
WAGENINGEN - NETHERLANDS



LOW FREQUENCY SECOND ORDER WAVE EXCITING FORCES ON
FLOATING STRUCTURES



Ll

III.

IV,

CONTENTS

INTRODUCTION oo o5 ososs s sesssse e esesssessssssessssssss

PAST DEVELOPMENTS CONCERNING THE COMPUTATION OF MEAN

AND LOW FREQUENCY WAVE FORCES .. cesscccvcoscocsccsssscss
TT..1, IRETOAUCELON. 6w s o oe orm o oo o o0 ) 8 @ 9 8 08 519 02 0o i o o o
11.2. Historical FeWieW = s mmmsmemss ees ee e ses e s eneseesee

TT. 3. CORCLAETONE i w e o o ot 0 00 o s o 61 1o o 0190 10 5115 80 1 60 [0 8 00 10 0 ) i i 90

HYDRODYNAMIC THEORY ... it eerencecceceacoconcencoconscos
ITI.1le INEYOdRELION ssmpsummsmes s s se oeeessseesssnesees
TI1X.2. Co-ordinate SYSEOMS ...e e we s e bs e s e e e o e e o o e o e
III.3. Motion and velocity of a point on the hull of
LHE) BEAY (500000 et mre rorerer oo gorcersatnss st or 5 @,80808 &2 80058 o8
III.4. Fluid motions and boundary conditions ..........
IITI.4.1. Boundary conditions within the fluid, at the
free surface and on the sea floor ............
III.4.2. Boundary conditions on the BOAY sssseosianpoees
I1T.4.3. Boundary conditions at Anfinity ceseescssssass
III.5. Pressure in a point within the fluid ...........
III.6. Second order wave force and moment .............
IIT.6.1. Second order wave force ............. ...,
IITI.6.2. Second order wave MOMENL . veeeeeooooconnnnnns

IIT1.7: CONCIUSHIBHS .« we oo b srmbve vms @ e s e S Sn e @ e e 5 8o e @ o i e

EVALUATION OF THE SECOND ORDER WAVE EXCITING FORCES
IVl INEXOAUCTION, 5 50w 5w es &5 6515 550 5 66 o6 w6h el 60 o5 o) 8508 5.0 0 8t 6
IV.2. The quadratic transfer function .................
IV .2s). GEREEALl suwweneoneneees s o s eos s s ss s es s e ssnss
IV.2.2. Evaluation of the components dependent on first
ordetr uantities swameemenesssnesssessssessesss
IV.2.3. Contribution of the second order potential
IVe2 o Bule GEREYAL wwwmemwinonenssnssssasss ssssessssonss
IV.2.3.2. Approximation for the contribution of the
second order potential ....ciciiecececccneeann
IV.2.3.3. Comparison between exact results and the
APPTrOoXIMALLION sewsmsweawnsesccsessnsssnsesssa
IV.2.4. Symmetry of the quadratic transfer functions ..
IV.3. Frequency domain representation of the mean and

low frequency forces in irregular waves .........

19
19
22

23
24

24
26
30
30
32
32
35
37

38
38
38
38

41

42

42

45

50
53

57



Vs

VII.

IV.4. Time domain representation of the mean and low
frequency second order forces .............. -
IV.5. ConcluSioONns ..ceeeceoeeeenanocecccens eretons S5 2 B O B

COMPARISON BETWEEN RESULTS OF COMPUTATIONS AND ANALYTI-
CAL RESULTS ON THE MEAN WAVE DRIFT FORCE IN REGULAR

WAVES ..cccecen sty ] 8 o) B0 B B B B E e e e ws v e e e ex e mt ey ke W ) 88 ] 8 e
V.1l. Introduction ........ T T LT SasssnssRgEgees 5 @ H
V.2. Computations ........ 555 5 0 5 81 1 s e e ey e e e Y T T s
V.2.1. General ....eeeeeeceeccenenancns 550 5 8 B S e B B e

V.2.2. Motions and mean horizontal drift force ........
V.2.3. Components of the mean horizontal drift force ..
V.2.4. Mean vertical drift force ........ o sace s 15 10 o 6 (3 ia

Ve, 3 CONCLUSIONS: 160w wseameonionssssssdssssREas O S

COMPARISON BETWEEN COMPUTATIONS AND MEASUREMENTS OF THE
MEAN SECOND ORDER FORCE IN REGULAR WAVES ..............

VI.1l. Introduction ...¢.c.c.. i e B 18 R O W S W e 5
VI.2. Model tests ...ceeceeeeennnnn o) e ) e cen s T ok V38 ) 81 18) 61
VI.2.1l. General ........... B N e L S
VI.2.2. Model test conditions ...... Suorer a1 s e o oof51 31 e 5 sifes
VI.3. Computations ........... s ®s eEs aat s 5.5 5% 5 8w G SR
VI.4. Results of computations and measurements ....... s
VI.5. Conclusions ....ccceeecccccccens 5% 8 3Rt s & S B E 5 %

DETERMINATION OF THE QUADRATIC TRANSFER FUNCTION OF THE
LOW FREQUENCY SECOND ORDER FORCES .....ccceeeecceaaccns

VII.1l. Introduction ..... o o i) 6 [ 5 1 o o o o T e
VII.2. Model test set-up ....... GRS R R SRR e .
VII.2.l. General .......... ot 97 58 51 45 52 o1 90 B O 6Ly i o o 1 o

VII.2.2. Realizations of two systems of restraint .....
VII.3. Model tests .......cc00.. $ 55 B @ B 5 o B B 8 B S S
VII.3.1l. Generation of waves .......ccccceueeen. s e
VII.3.2. Test procedure and duration of measurements ..
VII.4. Analysis of results of measurements of the low
frequency longitudinal force in head waves .....
VII.4.1. Regular wave groupPS «eceeeccccsocceeeses SEmEEEe
VII.4.2. Irregular waves .......... SRS IE S AR e e o 6 o
VII.5. Computations ...c.ceieeeeeeceeenoeccecanoncconsens
VII.6. Comparison between computations and experi-

ments ..ccececcscece ceeecas e P T e e e e e eeene

59
60

61
61
61
61
67
69
71
72

73
73
76
76
79
82
88
102

104
104
105
105
111
116
116
120

121
121
122
122

125



VIII.

X

VII.7. Approximation for the low frequency force in
1rregular WaAVeS ...ttt ittt tteneenennnennennnn. 132

VII.8. CONClUSIONS ittt iteeeneeneeeeeeeneeeenesnenneens 135

APPLICATION OF THEORY TO DYNAMIC POSITIONING OF A

VESSEL IN IRREGULAR WAVES .. ..ttt ittt eeeeneennnn 137
VIIT.1. IntroduUcCtion ...t ittt itinneneeeennneeennnnns 137
VIII.2. Theoretical prediction of the effect of wave-

feed-forward ..... ... i e 139
VIII.3. Generation of the wave-feed-forward control

SLGTVAL, 55 9 575 0 % 5 5 5 51 520 w51 000 010 0 s o o G 0 T 145
VIII. 4. POSItILCRIAG SYSEOM sewsns o5 066605550000 vomee L5
VIII.5. Model tests tiiiiiiniteeennnenineeeneenannnns 155
VITIL.5. . GENCEAL .y enesspsmsssssssssssnissinsibonmeaneees 1155

VIII.5.2. Results of tests in irregular waves ......... 155

VIII.5.3. Results of tests in irregular waves and

CUTTENLE 5w %5 %@ 655 6 6 8 16 va § 10 10 10 14 50 4o vo 1o a S@ da te 56 G 5 56 16 § F @ 160
VELLy 6w CORNCLUSIOTE v eie eio o655 5 15 190 15 1816 18 18 15 5 15 5815 o8 150 16 o8 10200 2020 10 o0t 1o 00 162
CONCLUSIONS &ttt ittt eeeeeeeeeennn. SR EEE SN 5 165 5 16110l s a1 163

APPENDIX A - COMPUTATION OF THE FIRST ORDER SOLUTION FOR THE

VELOCITY POTENTIAL AND BODY MOTIONS ............ 166

APPENDIX B — CROSS-BI-SPECTRAL ANALYSIS &vvuvernmnnnnnnnn. .. 173
REFERENCES ..... sEEEadEE s C e et et ettt ie e 5 EHHBE LSS ce... 182
NOMENCLATURE ............ e et et ettt i, 196
SUMMARY « om0 10105 1 19 18 3 8 S H s e eeeeeescsnnansesssessssnncsseses 200

SAMENVATTING o1 e w5816 (80 10 81 81 0L 6L 6D 81 890 e 01w o e e e s e e e e e e e e e e D102

ACKNOWLEDGEMENT oS0 818860 8L 660 e e e e e et e e e e e e e e 207



I. INTRODUCTION

Stationary vessels floating or submerged in irregular
waves are subjected to large, so-called first order, wave forces
and moments which are linearly proportional to the wave height
and contain the same frequencies as the waves. They are also sub-
jected to small, so-called second order, mean and low frequency
wave forces and moments which are proportional to the square of
the wave height. The frequencies of the second order low frequen-
cy components are associated with the frequencies of wave groups

occurring in irregular waves.

The first order wave forces and moments are the cause of
the well known first order motions with wave frequencies. Due to
the importance of the first order wave forces and motions they
have been subject to investigation for several decades. As a re-
sult of these investigations, methods have evolved by means of
which these may be predicted with a reasonable degree of accuracy

for many different vessel shapes.

This study deals with the mean and low frequency second
order wave forces acting on stationary vessels in regular and
irregular waves in general and, in particular, with a method to
predict these forces on basis of computations. Knowledge concern-
ing the nature and magnitude of these forces is of importance
due to the effect they have been shown to have on the general

behaviour of stationary structures in irregular waves.

The components of mean and low frequency second order wave
forces can affect different structures in different ways and al-
though of the same origin have even been called by different
names. The horizontal components of the mean and low frequency
second order wave forces are also known as wave drift forces
since, under the influence of these forces, a floating vessel
will carry out a steady slow drift motion in the general direc-

tion of wave propagation if it is not restrained.

The importance of the mean and low frequency wave drift

forces from the point of view of motion behaviour and mooring



loads on vessels moored at sea has been recognized only within
the last few years. Verhagen and Van Sluijs [I-1], Hsu and Blen-
karn [I-2] and Remery and Hermans [I-3] showed that the low fre-
quency components of the wave drift forces in irregular waves
could, even though relatively small in magnitude, excite large
amplitude low frequency horizontal motions in moored vessels.

It was shown that in irregular waves the drift forces contain
components with frequencies coinciding with the natural frequen-
cies of the horizontal motions of moored vessels. Combined with
the fact that the damping of low frequency horizontal motions of
moored structures is generally very low, this leads to large

amplitude resonant behaviour of the motions. See Figure I-1.

RECORD OF AN IRREGULAR SEA
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Fig. I-1 Low frequency surge motions of a moored LNG carrier in

irregular head seas.

Remery and Hermans [I-3] established that the low frequency com-
ponents in the drift forces are associated with the frequencies
of groups of waves present in an irregular wave train. See Fig-

ure I-2.
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Fig. I-2 Surge motions of a moored barge in regular head wave

groups. Ref. [I-3].

Dynamically positioned vessels such as drill ships which
remain in a prescribed position in the horizontal plane through
the controlled use of thrust generated by propulsion units are
also influenced by mean and low frequency wave drift forces. The
power to be installed in these vessels is dependent on the magni-
tude of these forces. The frequency response characteristics of
the control systems must be chosen so that little or no power is
expended to compensate the large oscillatory motions with wave
frequencies, while the mean and low frequency horizontal motions
caused by the mean and low frequency drift forces should be re-
duced to values commensurate with the task of the vessel. This
has led to the development of sophisticated control systems.

See Figure I-3.
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Fig. I-3 Block diagram for typical dynamic positioning system.

The vertical components of the second order forces are
sometimes known as suction forces. This term is generally applied
in connection with the mean wave induced vertical force and
pitching moment acting on submarine vehicles when hovering or
travelling near the free surface. It is shown by Bhattacharyya
[I-4] that in extreme cases the upward acting suction force due
to waves can cause a submarine vehicle to rise and broach the
surface, thus posing a problem concerning the control of the ve-
hicle in the vertical plane. See Figure I-4.

The vertical components of the second order wave forces
have also been connected with the phenomena of the steady tilt of
semi-submersibles with low initial static stability as indicated
by Kuo et al [I-5]. Depending on the frequency of the waves it
has been found that the difference in the suction forces on the

floaters of a semi-submersible can result in a tilting moment,
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which can cause the platform to tilt towards or away from the
oncoming waves. Such effects are of importance in judging the
minimum static stability requirements for such platforms. From
observations in reality and from the results of model tests it
has been found that large, deep floating storage vessels can
carry out low frequency heave motions in irregular waves which

are of the same magnitude as the heave motions with wave frequen-

cies.
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Fig. I-4 Depth record showing effect of suction force on sub-
marine under waves. Quartering sea, wave height =
18 ft., vessel speed = 0 knot. Ref. [I-4].

From the foregoing it can be seen that, depending on the
kind of structure or vessel considered, one or more of the six
components of the mean and low frequency second order wave forces
in irregular waves can be of importance. In order to be able to
evaluate the influence of such forces on the performance or be-
haviour of a structure the most reliable method available, which
can take into account in a relatively straightforward way those

factors which are deemed of importance for the behaviour of a



system, is by means of model tests. In many practical cases suf-
ficient insight in the complex behaviour of, for instance, a

large tanker moored to a single point mooring system is still
lacking for reliable prediction of the motion behaviour and forces

in the mooring system to be made by means other than physical

model testing.

Simulation techniques based on numerical computations are
becoming of increasing importance in the design phase of many
floating structures however. For instance, in order to evaluate
the effectiveness of control systems for dynamically positioned
vessels, time domain simulations, which take into account the
equations of motion of the vessel and the behaviour of external
loads such as the mean and low frequency wave drift forces, are
carried out. In such cases, due to the complexity of the control
system and the objectives of the study, it is more practical to
make use of simplified equations describing the environmental
forces and the reaction of the structure or vessel to external
forces than to simulate the characteristics of the control sys-
tems during a model test. See for instance Sjouke and Lagers
[I-6], Sugiura et al [I-7] and Tamehiro et al [I-8]. For such
simulation studies accurate numerical data on the behaviour of
the mean and low frequency wave forces are desirable, so that
meaningful results can be given regarding the systems under inves-
tigation. See for instance Van Oortmerssen [I-9] and Arai et al
[I-10]. In order to produce numerical results, however, a theory
must be available on which calculations can be based. In this
study such a theory is developed based on potential theory. The
final expressions are valid for all six degrees of freedom and
are obtained through direct integration of the fluid pressures
acting on the instantaneous wetted surface of the body. The final
expressions are evaluated using an existing computer program based
on three-dimensional linear potential theory. Numerical results
are compared with analytical results obtained for a simple shaped
body using a different theory. Experimental results for different,
more practical shapes of vessels and structures are compared with
results of computations. It is shown\that the expressions obtained
for the mean and low frequency second order wave forces can be

used to gain more insight in the mechanism by which waves and



structure interact to produce the forces. It is also shown that
the insight gained using the method of direct integration can be
used to enhance the positioning accuracy of dynamically positioned
vessels in irregular waves. This is effected through the use of

a wave-feed-forward control signal based on the instantaneous re-

lative wave height measured around the vessel.



II. PAST DEVELOPMENTS CONCERNING THE COMPUTATION OF MEAN AND LOW
FREQUENCY WAVE FORCES

In this section, in which a review is given of developments
in the past concerning theories which may be used to predict the
second order wave forces, theories concerning the prediction of
the added resistance of ships travelling in waves will also be
taken into account, since the physical aspects are the same in
both cases. In fact the added resistance is simply the longitudi-
nal component of the mean second order wave forces for the case
of non-zero forward speed. Indeed, initially emphasis was placed
on obtaining good estimates of the added resistance in waves of
vessels with forward speed. Only in recent years, due to the enor-
mous increase in the number of vessels being moored at sea, have
theories been developed which did not have to take into account
the effect of forward speed which is of great importance for the
added resistance. Most of the work carried out in the past has
been concerned solely with the mean second order wave forces on a

vessel or structure travelling or stationary in regular waves.

Maruo [II-1] and Gerritsma [II-2] show that on basis of
this information the mean component of the second order wave force
can be determined in irregular waves. As shown by Dalzell [II-3]
the low frequency component of the second order wave forces on
bodies in irregular waves can, strictly, only be determined from
knowledge of the low frequency excitation in regular wave groups
consisting of combinations of two regular waves with different
frequencies. The low frequency wave force will then have the fre-
quency corresponding to the difference frequency of the component
regular waves. As will be seen in this section only in recent
times have attempts been made to determine these components of

the second order forces.

The existence of non-zero mean components in the total wave

force acting on a floating vessel was first noted by Suyehiro
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[II-4] who, from experiments, found that a vessel rolling in reg-
ular beam waves was subjected to a mean sway force. Suyehiro
contributed this force to the capability of the vessel to reflect

part of the incoming wave.

Watanabe [II-5] gave an expression for the mean sway force
in regular waves based on the product of the first order roll mo-
tion and the Froude-Kryloff component of the roll moment, which
indicated that the phenomenon involved was of second order. Re-
sults of Watanabe's calculations accounted for about half of the

mean forces measured by Suyehiro.

Havelock [II-6] gave a similar second order expression for
the mean longitudinal component of the second order wave force or
added resistance on vessels in head seas involving the Froude-
Kryloff parts of the heave force and pitching moment and the heave
and pitch motions. This expression was used to estimate the in-
crease in resistance experienced by a vessel travelling into head
waves. The results obtained using Havelock's expression generally
overestimate the added resistance at pitch resonance and under-
estimate the added resistance in the range of short wave lengths,
where diffraction effects become more important. Watanabe's and
Havelock's expressions for the mean second order wave forces in

regular waves neglected diffraction effects.

Maruo [II-7] presented expressions for the longitudinal
and transverse components of the mean horizontal second order wave
force on stationary vessels in regular waves. The theory is valid
for two and three-dimensions and is exact to second order within
potential theory. It is based on the application of the laws of
conservation of momentum and energy to the body of fluid surround-
ing the vessel. The final expressions derived are evaluated based
on knowledge of the behaviour of the potential describing the
fluid motions at great distance from the body. Numerical results
given by Maruo are, however, limited and do not give satisfactory
verification of the applicability of the theory since no correla-

tion is given with experimental results.



Kudou [II-8] has given analytical results on the mean hor-
izontal wave force on a floating sphere in regular waves using
Maruo's [II-7] theory and shows reasonable correlation between

computed and measured data.

Newman [II-9] rederived Maruo's three-dimensional expres-
sions for the horizontal force components and extended the theory
by including an expression for the mean yaw moment. The expres-
sions were evaluated using slender body assumptions and results
of computations compared with experimental results given by Spens
and Lalangas [II-10]. Through lack of sufficient experimental data
no final conclusions could be drawn regarding the validity of the

theory.

Faltinsen and Michelsen [II-11] modified Newman's expres-
sion and evaluated their result by using a computer program based
on three-dimensional potential theory using a distribution of
singularities over the surface of the body. Results of computa-
tions compared with experimental results of the mean horizontal
force on a box shaped barge in regular waves showed good agree-

ment.

Recently Molin [II-12] modified Maruo's expression for the
horizontal force and evaluated it using a numerical fluid finite
elements method of computing the potential describing the fluid
motion. The modification to the original formulation lies in the
change of the surface of integration. Molin used the mean surface
of the vessel while Maruo applied asymptotic expansions valid at
great distance from the vessel. Molin's results compare well with
experimental results on the mean longitudinal and transverse force
and yawing moment on a stationary tanker in head, beam and bow

quartering regular waves.

Kim and Chou [II-13] have made use of Maruo's [II-7] ex-
pression for the two-dimensional case of a vessel in beam seas to
derive the mean sway force on stationary vessels in oblique waves.
Comparisons made by Faltinsen and Lgken [II-14] with results ob-
tained by other methods and from experimental results with the

method of Kim and Chou indicate that the method can show large

10



deviations.

Joosen [II-15] has determined, by application of slender
body theory, the added resistance of ships using Maruo's [II-7]
expression. The final result is similar to that found by Havelock

[II-6]. In Joosen's case the added resistance is independent of

speed.

Lee and Newman [II-16] have given expressions to determine
the mean vertical force and pitching moment acting on deeply sub-
merged slender cylinders. The method is based on momentum consid-

erations. No computed results are given.

Karppinen [II-17] has developed a method to determine the
mean second order wave force and moment on semi-submersible struc-
tures based on three-dimensional potential theory. Karppinen as-
sumes that the structure may be subdivided into slender elements
which do not interact. The total mean forces and moments are found
by summation of the contributions of the elements. The mean force
on each element is determined from momentum considerations in a
manner similar to that given by Lee and Newman [II-16]. Karppinen
gives computed results for a semi-submersible. No comparisons are
made with experimental results. Mean forces on simple elements

are compared with results obtained by others.

Lin and Reed [II-18] have presented a method, based on mo-
mentum consideration and through the use of an asymptotic form of
the Green's function valid at a large distance, for the mean hor-
izontal second order force and yaw moment on ships travelling at
a constant speed in oblique regular waves. No results of computa-

tions are given.

An approximative theory for the added resistance in regular
waves is given by Gerritsma and Beukelman [II-19]. In this method
the mean force is derived by equating the energy radiated by the
oscillating vessel to work done by the incoming waves. The expres-
sion obtained has been applied to the case of ships travelling in
head seas and the correlation between the computed and measured

added resistance is good. Strip theory methods are used to evalu-
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