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Abstract

As the raising demand of energy nowdays, offshore transportation and installation using
heave lift vessel (HLV) becomes more common in offshore industry. This thesis pays attention
to the hydrodynamic performance of a given heave lift vessel under selected working
conditions covering from seakeeping analysis to zero speed operations cases.

After an introduction about hydrodynamic problems under potential flow theory which is the
basis for all the following analysis, we start to investigate the transportation cases, and the
seakeeping simulation are perform with GL-Rankine, a 3-D diffraction/radiation programme
from DNV-GL. Both Rankine source method and zero-speed green function method are used
in simulations considering different forward speeds as well as wave heading angles. The
results from GL-Rankine are compared with the existing numerical database for this type of
vessel. A small discussion for the difference between Rankine source method and 2-D strip

method is also conducted.

Then, the following studies investigate the multi-body interaction cases. The frequent usage
of two closely positioned vessels during offshore operations makes this an important topic.
Again, GL-Rankine software is used as the solving tool here. After a verification study for a
simple multi-body system in limited water depth, the research focus on the hydrodynamic
performance of the HLV/ barge system in frequency domain. Some typical results i.e. RAOs
and mean drift forces from multi-body interaction simulations are stated by comparing with
the single body data under same environmental conditions. Besides of this, the influences
from special factors, i.e. limited water depth, asymmetric geometry and resonance trapped

waves, are also discussed in this chapter.

The last part of this thesis focuses on the time-domain analysis during the first two phases of
offshore installation: Lifting-off and lowering through splash zone. Due to time issues, only
several selected cases are studied, with some simplifications to be assumed for modelling with
Orcaflex software. In addition, the methodology and the theory background is also included.
For lifting-off process, the study is concentrated on the influence of lifting speed during cargo
transfer process and coupling between the two ships is introduced through a spring
connection to restrain the horizontal movements. For the lowering operation, attentions are
paid to the hydrodynamic loads on lifted object. The dynamic forces in slings and crane wire

during both cargo transferring and the lowering operation are obtained for selected cases.

Based on this study, a more understanding of the dynamic performance of the offshore
operation is obtained, therefore it will help to estimate the possible response under given

wave conditions, select safer operation window as well as avoid the potential risk.

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



Bin Wang

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 5

Declaration of Authorship

| declare that this thesis and the work presented in it are my own and has been generated by
me as the result of my own original research.

Where | have consulted the published work of others, this is always clearly attributed.

Where | have quoted from the work of others, the source is always given. With the exception of
such quotations, this thesis is entirely my own work.

I have acknowledged all main sources of help.

Where the thesis is based on work done by myself jointly with others, | have made clear exactly
what was done by others and what | have contributed myself.

This thesis contains no material that has been submitted previously, in whole or in part, for the
award of any other academic degree or diploma.

| cede copyright of the thesis in favour of the University of .....

Date: Signature

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



Bin Wang

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 7

Contents

N 4111 - 1ot OO PR UPPPRRPPPPPRN 3
GO NS e 7
T 0} B T U =T R OSPPPP 9
[T 0} B = o] =P PPRR T 11
R [ (oo 11 o1 o] o PRSP PP T PPPRR 13
1.1 General INTOrMALION .....ocviiiieiiiee e bbb 13
1.2 Literature review for multi-body hydrodynamic problems............ccccooevviiiiicieenee, 14
1.3 Literature review for offshore crane lifting/lowering operations ............ccccccevevvevvenenne. 16
2. Hydrodynamic Problems under Potential Flow Theory .........ccccceeiieiiiiiiiiieee 18
2.1 Potential FIOW TREOIY ....cuiiie ettt 18
2.1.1 General equations in fluid domain ............ccceoveiiiieie e 18
2.1.2 Laplace @QUALION. .....c.ooieieiieciee e 19
2.1.3 Solving the Laplace equation using singularity distributions ......................... 20
2.2 General Principle of the Panel Method............ccccooiviiiiiciecc e 21
2.2.1 DIffraCtion TREOIY......cciiiiieieie e 22
2.2.2 Solving Potentials (Green’s Function Method)..........ccccoeviiiiiiiiiiiciienee 24
2.3 Method of Singularities of Rankine for Seakeeping Problem..............cccooeiiiiiien 26
2.4 Frank’s Method of Pulsating Sources: a 2-D Strip Theory ........ccccvvveiiienienininiennn, 28
2.4.1 Basic concept Of Strip thEOIY ......cccoiiiiiiicee e 28
2.4.2 Frank’s Method of Pulsating SOUICES .........ccccveieiiiiiierie e 28
3. Comparative Study on Seakeeping COUES .........c.uviviiiiiiiieiiiiiie e 31
200 A 111 oo [ Tod o] o OSSR PR 31
3.2 SCOPE OF WOTK ...t bbbt 31
3.3 General Information of ComparisSon MOdEIS...........ccooeririiiiiiiie e, 32
3.3.1 CoOrdiNate SYSIEIM ......c.oeiiieiicee ettt be e e nre s 32
3.3.2 Description of hull form DISCretization ...........c.ccocveieiereneiene e, 32
3.4 Zero-Speed Cases: Hydrodynamic Analysis using Green FUNCtion ............c.cceceevenee. 33
3.5 Nonlinear Steady Simulation: seakeeping using Ranking SOUICeS.............ccocvvvreeeennen. 36
3.5.1 Free Surface generation ...........ccooueeerierienesienie st 37
3.5.2 Nonlinear steady solution for a selected HLV: Forward Speed Uo=10.98 Knots
.................................................................................................................................. 38
3.6 Seakeeping: 3-D Rankine sources V.S Frank’s 2-D strip pulsating sources.................. 41
3.6.1 Test model for numerical COMPAriSON.........ccoveiiiiieieeie e 41

3.6.2 Seakeeping using Frank’s method of pulsating source: Forward speed Ug=8.5
0] £ PR PRSSPSR 42
4. Cases Study in Frequency Domain: Hydrodynamic Interactions between Two Ships. 46
4.1 Mathematic Solution for Two-body Hydrodynamic Problem..............ccccocoviiiinennnn. 46
4.2 Verification Case: Two Freely Floating Cylinders in Finite Water Depth..................... 49
4.3 The Sase to Study: hydrodynamic interaction in side-by-side operation....................... 51
i 0 Y (oo (=] N I | - USRI OPR RS 51
4.3.2 Multi-body analysis in regular waves in finite water depth............cccccoeevenen. 54
4.4 SOME NOLES & DISCUSSIONS. ....cvveiiiiieiteeieeiesieesieeeesteesteaseesseeseesseesseesseaseesseesseeneesseessenns 58
4.4.1 Additional roll damping ratio..........cccccvevieiiieiiiiie e 58
4.4.2 ASYMMELIIC STFUCTUIES ..ottt 58
4.4.3 Irregular FIEQUENCIES. .......cuiiiieiie ettt na e 59

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



8 Bin Wang

4.4.4 Resonance Trapped WAVES .........ccveveieerieeieiiesie e seesieseesiee e see e saeaneesneas 59

4.4.5 Limited Water DePtN.......ccoi i 61

5. Cases Study in Time Domain: Offshore Lifting .........ccccoiiiiiiiiiiiii e 65
5.1 Theory Basis based on DNV-GL Regulations ...........cccccoeiieviiieiieie e 65
5.1.1Phase |: LITt-Off ..o 65

5.1.2 Phase II: Through splash ZoNne ..o 67

5.2 LIft-0ff SIMUIBLIONS ....c.veeeece e 71
5.2.1 SOftware: OrcafleXx .......ccooveiiiiiiie s 71

IV 1Y, (o To (=] o - L - USROS 72

5.2.3 ASSUMPLIONS aNd SETHINGS ...c.voveiiiiiiiiiiieee e 73

5.2.4 Simulation Targets and RESUILS..........ccceeviiieiieiicie e 74

5.3 Lowering Through the Splash ZONE ............cccveiiiieii i 77
5.3.1 The simplification of lifted ODJEC...........coeiiiiiiiii e, 77

5.3.2 Method States and Environmental Conditions...........cccccovevivevieiieiecnesieennn 79

5.3.3 Results from SEIECLEA CASES ........ecvevieiiiie et 79

5.2 DISCUSSION.......tveteestestiesteeieeteesteeteaseeste e teeseesbeestesseesbeesbeeseesbeenbeaseesbeeneeaseeabeenbesneenreeneenres 83

G T O] o] [T ] Lo U PSPUPPPRSRP 85
8.1 SUMIMAIIES .....vveiveeee ettt et et e e e s e st e et e e se e e teesbeeseesbeesseeneesteenbesneesreennennes 85
6.2 Recommendations for further Work.............cooov oo 86
ACKNOWLEDGEMENTS ...ttt e et a e e e s 89
REFERENGCES. ..ottt et e et e e e et e e e e e e e e nees 90

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 9

List of Figures
Figure 1- 1 Lifting suction anchor off transportation barge deck ..., 13
Figure 2- 1 Force of pressure and gravity on fluid in region Q bounded by surface S. .......... 18
Figure 2- 2 Streamlines of the flow generated by a line SOUICe..........ccooveviiieiinic i 20
Figure 2- 3 Streamlines of the flow generated by a doublet line source aligned along the x-

BXES 1ttt E b £ R R Rt b h R bR e R Rt Rt et e bbb e b b et R e ne et neas 21
Figure 2- 4 Typical Discretized Panel Elements Using Rankine Source Method .................. 27
Figure 2-5 A picked slice Within Strip theOIY........ccceiveiiiie e 28
Figure 3- 1 Ship motion with 6 degrees of freedom ..........cocevieiiiiii i 32
Figure 3- 2 Surface discretization of a ship hull in GL-Rankine ............cccccoveviviveieivennee, 33
Figure 3- 3 Wave heading SELING .......coiieriiie et 33
Figure 3- 4 Force/moment transfer functions for “Type I Vessel” in regular waves at zero-

] =TT OSSOSO P PSPPSRSO 36
Figure 3- 5 Wave Pattern using Rankine sources vs RANSE-based method ........................ 37
Figure 3- 6 Surface discretization of free surface and selected ship hull in GL-Rankine....... 37
Figure 3- 7 Force/Moment transfer functions for “Type I Vessel” in regular waves at 10.98

([0 T TP PP PPPRPP 40
Figure 3- 8 Discrited hull models: 2-D strips V.S 3-D panels.......cccoeeiieniiinninieciens 42
Figure 3- 9 Force/Moment transfer functions for “Type II Vessel” in regular waves at 8.5

[0 ] £ O PP PPOPR 44
Figure 4- 1 Definition of Co-0rdinate SYSeM ..........cccevviiiiiiieese e 46
Figure 4- 2 Mesh arrangements of the wetted surfaces of two floating vertical cylinders. .... 50
Figure 4- 3 Surge motions of two vertical floating cylinders ...........ccccoveveiiieie e, 50
Figure 4- 4 Heave motions of two vertical floating cylinders...........cccccooveveiiecieeve e 50
Figure 4- 5 A heavy lift vessel and a transport barge during cargo transfer operation............ 51
Figure 4- 6 Whole panel model of HLV: Main Hull + Pontoon............cccccceevvevecve e, 52
Figure 4- 7 The panel models of transport barge ..........ccccceeveveeieiic s 53
Figure 4- 8 Multi-body models (blue: HLV; green: Transport Barge) in GL-Rankine.......... 54
Figure 4- 9 Wave heading angle SEttiNg.........cccovveii e i 54
Figure 4- 10 Wave surface contours for a multi-body interaction case ............cccccceevvevvvenenne. 55
Figure 4- 11 Transfer Functions of exciting forces & moments for single and multi-body

cases in lmited Water AePLN .......cvovie e 56
Figure 4- 12 HLV Mean Drift Forces in 315 degree inCOMING WaVES. ...........coovrveeereerennnns 57
Figure 4- 13 Function Jn versus nmr for piston mode (n=1, solid line) and lowest sloshing

MOode (N=2, dOEEA 1INE) ....cueeieiiie e 60
Figure 4- 14 Comparison of wave length and phase velocity under dispersion relation ........ 61
Figure 4- 15 Wave Pressure Distribution along position Z= 0~20 m under different water

BN, bbbt ae et b e nre s 62
Figure 4- 16 Ship motions under different water depths, Incoming wave angle=0 degree ..... 63
Figure 5- 1 Probability of barge hitting lifted 0bJect ...........ccoooviiiiii 67
Figure 5- 2 Mass force on the ODJECT.........cov i s 69
Figure 5- 3 Models in OrcafleXx. ........oooviiiiiii e 72

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



10 Bin Wang

Figure 5- 4 Time history of Cargo’s velocity in vertical direCtion. .........cccceevvereererienreernennn 74
Figure 5- 5 Time history of lift wire tension in vertical direction...........c.ccccoeeeveveiceerivernene, 75
Figure 5- 6 Time history of nominal contact force during lifting process..........cccccceevevvenenne. 75
Figure 5- 7 Time history of x-angle velocity of HLV during lifting process for selected case
.......................................................................................................................................... 76
Figure 5- 8 Time history of vertical velocity of selected structures during lifting process .... 77
Figure 5- 9 Slam buoy distributions on the object in Orcaflex ..........ccoovvvviiiininiiiinieee 78
Figure 5- 10 Selected case: Object in splash zone, fully submerged ...........cccocvvniiniiiiieinene, 80
Figure 5- 11 Wave train under JONSWAP WaVe tYPe.......ccouviiereiieiieriieie e 80
Figure 5- 12 Time history results for selected wave condition .............cccceveneiinieiinicicienn, 81
Figure 5- 13 Horizontal travel path of lifted object, for selected wave condition .................. 82
Figure 5- 14 Summary of serve roll aCCelerations ............ccocvvveererieiiieniee e 82
Figure 5- 15 Rigging peak tensions - wave dir. 165°.............cccoeeevireeecceeeeececee s 83

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations

List of Tables

Table 3- 1 “Type I’ vesSel PAramELerS ........ccueiveruiriiiiirieieitesie ettt
Table 3- 2 “Type II” VeSSel PAramEters......c.ccveiueiieiiereeieseeseseeseesteeeesee e seessaesreesesraesseans

Table 4- 1 Principal dimensions of “Type I’ HLV .....ccccciiiiiiiiiiiiiccceee e
Table 4- 2 Principal dimensions of tranSport Darge ...........ccocveiieninie e

Table 5- 1 Hydrodynamic data of lifted ODJECtS........cccveiiiiiiiice e,
Table 5- 2 EnVIironmental CONITIONS ........oeeeee et e e e e e e e

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



12

Bin Wang

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 13

1. Introduction

1.1 General Information

As we already knew, shipping is one of the lowest cost transportation ways, which covers most
of logistics among the five continents. Beside of this, as the rising energy demands all over the
world, lots of attentions are being attracted to the blue water. How to understand and predict
the response of floating structures on the sea is always one of the key tasks for us engineers,

and also key parameters to implement our ambition of marine exploration.

Typically the vessel will go through a lot of load cases during the transportation and offshore
operations, i.e. sailing in fetch zone at certain speed or offshore crane lifting (as shown in
Figure 1- 1). Under such conditions, the client concerns more about the acceleration/ hydro-
response of the vessel, to make sure their cargo on board or sea-fastening systems can
undertake the loads.

Figure 1- 1 Lifting suction anchor off transportation barge deckl!!
With hypothesises to simplify the problems, several computing theories were raised to predict
this situation in past decades. Moreover, with the wide usage of CAE & CAD technology, lots
of engineering software is popularized in ship industry, which covers from basic design, detail
design to production design. Combining with experimental data, the numerical simulations

can provide us reliable simulation results, which are well approved in many projects.

This thesis will pay attentions to the hydrodynamic performance of floating structures on the
sea, and during variable offshore operations. Several commercial software is used based on

popular computation theories among industry.
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1.2 Literature review for multi-body hydrodynamic problems

In many offshore operations, two or more closely positioned structures are used, with or
without connections between them. Over the years, multi-body hydrodynamic problems,
particularly two-body systems, have been investigated by researchers. Linear potential theory
has been widely used for this purpose and this requires that the following conditions are
satisfied: the fluid is incompressible, in-viscid, irrotational, and the motion of the structures
are small compared to their size. Three main numerical simulation methods based on the
linear potential theory have been developed for this use. These include the strip theory

method, the boundary integral method, and the finite element method!?3!,

A. Strip theory method

Strip theory was developed for slender bodies which have one length-dimension substantially
greater than the others. In this case, it is assumed that the local force at one section of the
body is not affected by the shape of the other parts of the body. In a two body system, this
means that there is interaction only between the corresponding sections of the two structures.

After the strip theory was raised in 50’s, it was used on multi-body systems appeared about
one decade later. Kim™! (1972) used the strip theory method to evaluate the hydrodynamic
forces and moments as well as the response motions of a twin-hull ocean platform in beam
seas. Ohkusul®! (1969) calculated the hydrodynamic forces acting on two circular cylinders
connected with each other using the series expansion method and only heaving motion was
considered. In another of his paperl® in 1974, the motions of a ship in the neighborhood of a
large moored two-dimensional floating structure was analyzed by strip theory. Based on his
results, we find that he clearly illustrated the effects of the position of a smaller body on the
weather and lee side against a large body. Kodan[”! (1984) extended Ohkusu’s method to
investigate the effects of hydrodynamic interaction between two parallel slender structures
in oblique waves and compared with the results from model experiments to support the

validity of the strip method, but the speed effect was not included.

B. Boundary integral method

Compared with the 2D-strip theory approach, the boundary integral method, which is also
known as panel method, can be used for ship hulls and ocean structures that have more
arbitrary geometries. Its formulation uses the Green’s theorem to express the velocity
potential in term of the surface distribution of singularities over the boundary surfaces which
are discretized into small panels. The wave exciting forces, the added mass and the damping

coefficients can be thus found, as well as the equations of motion.

Van Oortemerssen® (1979) was the first to apply the three dimensional source distribution
method, a common form of the Boundary Integral Method (BIM), for motion analysis of two

floating bodies with more arbitrary geometries. The numerical results showed good
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agreement with experimental data. However, he did not apply his method to ship

configurations and did not consider the speed effect either.

Loken! (1981) analyzed the wave-induced motions and wave-drifting forces and moments on
several close vessels in waves by a three-dimensional sink-source method, the results were
very satisfactory except for the resonance region. Duncan!®l et al. (1983) extended van
Oortmerssen’s technique to compute the coupled response of two ships, and the effects of
mooring lines and the cylindrical fenders were included. In his study, it was limited to the

conditions for two closely spaced ships with zero speed infinite depth water.

Inoue et al. [*1] (1996) developed a general method for evaluating dynamic responses of
multiple-body systems having arbitrary connections. Linear stiffness matrices are introduced
into the equation of motions to represent the effect of the mooring lines and the connections.
These matrices are determined by the locations of the attachment points and the constant
stiffness of the connection. The case of a parallely connected FPSO unit and LNG carrier is
studied. The general analysis of the system only requires the frequency domain simulation.
But for detail analysis such as design of the connection, a time domain analysis should be

considered in order to take account of the nonlinear effects.

Fang and Chen(2001)1*2l used three-dimensional source distribution method to predict the
relative motion and wave elevation between two bodies in waves. The corresponding Green
functions and their derivatives are solved by using the series expansions of Telste and
Noblesse’s algorithm for the Cauchy principal value integral of unsteady flow. The numerical
solution was compared with experimental data and strip theory, the results show that the
hydrodynamic interactions are generally important. In the resonance region, the

hydrodynamic interaction calculated by the 3D method is more reasonable.

J. N. Newman ‘s paper!33! reviews the extensive analytical and numerical accomplishments
when the number of bodies is very large, where asymptotic approximations are required. .
New computations are included to illustrate first-and second-order interaction effects. Special
consideration is given to configurations where the interactions are singular at certain

frequencies.

Hong and Kim et al.(2005)!**] used a higher-order boundary element method (HOBEM)
combined with generalized mode approach to analysis of motion and drift force of side-by-
side moored multiple vessels (LNG FPSO, LNGC and shuttle tankers). Model tests of global and

local motion responses and drift forces of three vessels are compared with numerical solutions.

C. Finite Element Method

Comparing with panel method, the advantage of the finite element method (FEM) is that it
can solve the problem that the solution of the surface integral equation is not unique at

irregular frequencies, which causes poor numerical conditioning.
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Taylor et al ™! used a combined method to analyze multi-component systems: FEM for fluid
region near the body and BIM for the far field region. It is an economical numerical technique
providing an accurate prediction of the hydrodynamic interaction between structures. The
formulation of the method was reviewed including the choice of element mesh, symmetry,
and equation solution. This method was applied to different multi-body configurations
including two horizontal cylinders, floating box & cylinder, and semi-submersible catamaran.
The comparison between the results obtained by the present method and those obtained by

using other methods gives a good agreement.

Min-Chih Huang et al. (1985)[%! developed a numerical procedure for predicting wave
diffraction, wave radiation, and body responses of multiple 3-D bodies of arbitrary shape was
described. Within the limits of linear wave theory, the boundary value problems are solved
numerically by the finite element method (FEM) using a radiation boundary damper approach.
Both permeable boundary dampers and a fictitious bottom boundary element are included in
the finite element algorithm in order to treat both permeable boundary problems and deep
water wave problems. Numerical results were presented for a variety of structures to illustrate
the following features: fictitious bottom boundary, multiple-structure wave interference, and

permeable boundary.

S.A. Sannasiraj et al. (2001)*7! used a two-dimensional numerical model to evaluate hydro-
dynamic coefficients and forces in an oblique wave field. It was found that the two-
dimensional model is applicable to investigate the wave-structure interaction problems of the

type herein considered.

Parallel to these numerical simulation methods, studies based on experimental results from
model tests present another view of the study of the two or multi-body system hydrodynamics,
especially for real industrial projects. For instance, the LNG FPSO/shuttle tanker system has

been widely investigated!*8l 19,
1.3 Literature review for offshore crane lifting/lowering operations

Wagner (1932) first evaluated impact hydrodynamic loads on a body entering calm water,
which was applied to the problem of wave impact onto a vertical wall. The expression
provided good results for small dead rise angels!??l. This method was used by O. Faltinsen(?!]
to develop a generalized Wagner’s based method (WBM) for solving the impact process of a
wave that reaches the deck at the front end of a platform and propagates downstream along
the length of the deck. Kaplan?? (1993) raised method combining the momentum- and
drag- force analysis give a good prediction of the initial stages of the impact. am used
to determine the wave-induced loads acting on a ship in a seaway, including the effects on

hull girder loads due to slamming.

Rene Wouts’s article!?3/(1992) illustrated the significance of lift dynamic aspects observed

during two major offshore heavy lift operations performed in 1991. The contribution of lift
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dynamics to the overall response in the medium frequency range was found to be of similar
magnitude as the response in the wave frequency range. Initial correlation studies with

computer models show that this aspect was underestimated by the analyses.

Tim Bunnik?4125(2004) presented improved Volume Of Fluid (iVOF) method based on the
Navier-Stokes equations, was used to predict the behavior of a subsea structure in the splash
zone in ISOPE Conferences. Good initial comparison with model test shows the potential of
the iVOF method for the simulation of the behavior of subsea structures in the splash zone.
However, significant further development is needed before long simulations in irregular waves
can be carried out. Xiaozhou Hu (2014)28! discretized the RANS equations by the finite volume
(FV) approach to track the complicated free surface, then numerical investigation of wave

slamming of flat bottom body during water entry process was done.

S.A. Reinholdtsen’s paper(?’! (2003) presented some useful numerical force models for
simulation of multi-body offshore marine operations. The models cover pairs of docking
funnels and docking posts, bumper elements and fenders. A method for including n offshore
deck-mating operation/ time-varying mass was also covered. T.Jacobsen’s paper!?8! outlined
the two methods for template installation, and states typical installation criteria based on
model tests and empirical data from full scale-measurements. Based on model tests, a
numerical hydrodynamic model was made of both methods and the typical design criteria

prior to the offshore operation were established, with the software SIMO.

J.L. Cozijn’s paper!?®1 (2008) described the analysis performed for the installation of two
topside modules by dynamically positioned S7000 crane vessel. The complete analysis
consisted of hydrodynamic scale model tests, time-domain simulations and observations
made during the actual installation offshore and the purpose of the analysis was to determine
the operational limits of the offshore installation. The computer simulations were carried out

using the multi-body time-domain simulation tool LIFSIM.

In K.P. Parkpaper’s paper(3°! (2011), the dynamic factor was analyzed based on dynamic
simulations of a floating crane and a cargo, considering an elastic boom. Six-degree-of-
freedom motions were considered for the floating crane and for the cargo, and 3-dimensional
deformations for the elastic boom. The effects of the elastic boom on heavy cargo lifting were
discussed by comparing the simulation results of an elastic boom and a rigid boom. S.I.
SagatunBl suggested a new strategy for active control in heavy-lift offshore crane operations,
by introducing a new concept of wave synchronization in his article. Wave synchronization
reduces the hydrodynamic forces by minimization of variations in the relative vertical velocity
between payload and water using a wave amplitude measurement. Experimental results also

show that wave synchronization leads to significant improvements in performance.
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2. Hydrodynamic Problems under Potential Flow Theory

The domain of marine hydrodynamics includes applications of fluid mechanics which are
pertinent to ships, offshore platforms and other vessels. A variety of hydrodynamics problems
can be addressed within the context of potential flows, neglecting viscous effects. These
include the wave resistance of ships, motion of zero-speed ships and platform in waves, and
also the interactions between adjacent ships manoeuvring in close proximity. In these cases,
separation is avoid either because the geometry is streamlined, or because the Keulegan-
Carpenter (KC) number is small. Boundary-layer corrections can be applied when it is

appropriate to do so32l.

2.1 Potential flow theory
Equations of the potential flow problem to be stated here.

2.1.1 General equations in fluid domain

The governing equations in fluid mechanics, or wave mechanics are obtained using principles

and laws of classical physics, such as

- Conservation of mass which states that mass is neither created nor destroyed:

Equation of continuity:

d
5P (pu)
For an incompressible-fluid flow, the equation of continuity reduces to:

V-u =0 (2-2)

- Balance of momentum which is the same as the Newtons Il Law which states that the rate
of change of linear momentum of a body is equal to the sum of the external forces acting

on the body:
P
n
{/
i
|
g
y
x S

Figure 2- 1 Force of pressure and gravity on fluid in region Q bounded by surface SE31.

The rate of change of linear momentum of a system is equal to the sum of the external

forces acting on the system, we have:

-

9 R
f ﬁdﬂ+f (pﬁ)a-ﬁdsz—kf pgdﬂ—f pf dS (2-3)
o Ot S Q S
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Using Gauss integral identities and assuming that the flow variables are continuous, we

can simply equate the integrals:

0 ad ~
u [a—‘z +V- (pﬁ)] +p 6_11 + (u- V)ﬁ’l = —pgk — Vp (2-4)

By conservation of mass, above equation becomes:

aﬁ bl bl
p IE + (u- V)ul =—V(p + pgz) (2-5)
Equation (2-6) is well known as the Euler’s equations

- Balance of Linear Momentum in Viscous Fluid: The Incompressible Navier-Stokes Equation

Taking Euler’s equation as basis, we simply consider only the term that needs to be
modified to model effect of viscosity. Viscosity contributes to both normal and tangential

components of surface force. We define stress vector T = 6 - fi. One can show that
dive = —Vp + uV?i (2-7)

2 - - nates 2o L4 By 0
V“ represents the Laplacian operator (eg., in Oxyz coordinates V<= e + oz | o2

The equation of motion for the incompressible linear-viscous fluid flow, referred to as the

incompressible Navier-Stokes equations, are thus
I:aﬁ — — T 2=
p|5 + G- V)u] = —pgk — Vp+ uv?i (2-8)
The above equation is for the unknowns of U and pressure p.
2.1.2 Laplace equation.

A flow that is irrotational, inviscid and incompressible is called potential flow. In potential
flows the components of the velocity vector are no longer independent from each other. They
are coupled by the potential @. The derivative of the potential in arbitrary direction gives the

velocity component in this direction:

u
U= {V} =VQ (2-9)

w
Three unknowns (the velocity components) in above equation are thus reduced to one

unknown (the potential). This leads to a considerable simplification of the computation.

The continuity equation simplifies to Laplace’s equation for potential flow:
A@ = @xx + @yy + ¢ZZ = 0 (2‘10)

If the volumetric forces are limited to gravity forces, the Euler equations can be written as:

1 " 1
Y [@t + E(VQ) —-gz+ ;p] =0 (2-11)
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Integration gives Bernoulli’s equation:
1 1
0, + > (VD)2 — gz + ;p = const. (2-12)

The Laplace equation is sufficient to solve for the unknown velocities. From it, one can attempt
to solve for @, using given boundary conditions. Once @ is known, the pressure p in the flow

can also be found.

2.1.3 Solving the Laplace equation using singularity distributions

Sometimes it is very hard to solve the Laplace equation for given boundary conditions. Luckily
the Laplace equation is a linear differential equation. This offers the big advantage of
combining elementary solutions (so-called sources, sinks, dipoles, vortices) to arbitrarily
complex solutions. So let’s suppose that we have some solutions of the Laplace equation. Any

linear combination of these solutions will then also be a solution.

So the first thing we need to do is find some elementary solutions for the Laplace equation.

Examples of such solutions are sources, sinks, dipoles, vortices and such.

a. Sources and sinks

Now it is time to examine some elementary solutions. One such solution is the so-called source.
Let’s suppose we have a source with strength o(Q), positioned at some point Q. The potential
@ caused by this source at some point P then is
a(Q)
21

By the way, if the source strength o is negative, the source is often called a sink.

B(P) = —In(r(P, Q) (2-13)

Potential ¢

Figure 2- 2 Streamlines of the flow generated by a line source

We can put a lot of sources on a curve S. Then we get a source distribution. To find the velocity
potential at points P, caused by this distribution, we use an integral. This velocity potential

thus will be:
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o(P) = f 7@\ (P, 0))ds (2-14)

s 2m

A problem might occur if the point P lies on the source distribution itself. Such a situation

should always be considered separately.

b. Doublets (Dipole)

Another elementary solution is the doublet. The potential at some point P, caused by a
doublet at Q, is given by

Jd 1
?(P) = u(Q) oy (ﬁln(r(P, Q) (2-15)

Here u(Q) is the strength of the doublet and n,, is the direction of the doublet.

1 . ) T
0.8 |
06
04F
02F

Y 0

—-02 ¢
—04r
—06 -

—08

—1 —0.5 0 0.5 1

I
Figure 2- 3 Streamlines of the flow generated by a doublet line source aligned along the x-axist*!
Once more, we can put a lot of doublets in a row. We then get a doublet distribution. To find
the velocity potential at P, we now have to use

Jd 1
0P) = | (@) 5 G In(r (P, )i

Once more, the case Q € S should be considered separately.

2.2 General principle of the panel method

CFD comprises methods that solve the basic field equations subject to boundary conditions by
approaches involving a large number of (mathematically simple) elements. Here boundary

element methods (BEM) are used for potential flows.

For potential flows, the integrals over the whole fluid domain can be transformed to integrals
over the boundaries of the fluid domain. Therefore practical applications for potential flows
about ships (e.g. wave resistance problems) use exclusively BEM which are called panel
methods. Panel methods divide the surface of a ship (and often part of the surrounding water

surface) into discrete elements (panels). Each of these elements automatically fulfils the

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



22 Bin Wang

Laplace equation. Indirect methods determine the element strengths so that at the collocation
points (usually centres of the panels) a linear boundary condition (e.g. zero normal velocity) is
fulfilled. This involves the solution of a full system of linear equations with the source

strengths as unknowns.

The required velocities are computed in a second step, hence ‘indirect’ method. Bernoulli’s
equation yields then the pressure field. Direct methods determine the potential directly. They
are less suited for boundary conditions involving higher derivatives of the potential, but yield
higher accuracy for lifting flows. Most commercially used codes for ship flows are based on
indirect methods. BEM cannot be used to solve RANSE. Fundamentals of BEM can be found
in, e.g., Hess (1990)331,

2.2.1 Diffraction Theory

According to linear potential theory, the potential of a floating body is a superposition of the
potentials due to the undisturbed incoming wave @,, the potential due to the diffraction of
the undisturbed incoming wave on the fixed body @, and the radiation potentials due to the

six body motions @;:

O=35_,0;, +0,+ 0, (2-16)
Again, the fluid is assumed to be incompressible, inviscid and irrotational, without any effects
of surface tension. The motion amplitudes and velocities are small enough. The potentials
have to satisfy following boundary conditions:

* 1. Laplace equation
The continuity condition or Laplace equation holds in the fluid domain:

0% 09* 0>
= 2-17
0x? + dy? + 0z2 0 ( )
* 2. Sea bed boundary condition
At the sea bed:
0}
— = 0withz = —hy (2-18)

0z
In which hy is the distance from the origin of the earth-bound coordinate system O(x; y;
z), to the sea bed. Note that, in contrast to the earlier theory, this treatment is for water
with a finite depth.

e 3. Free surface boundary condition
At the mean free surface:

0 00>
ga—f+%=0 (2-19)

e 4. Kinematic boundary condition on the oscillating body surface
On the wetted part of the oscillating hull of the structure (in its mean position):
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Q.
on
In which 7 is the velocity of a point on the hull of the body and 7 is the normal vector of

the hull, positive into the fluid.

* 5. Radiation condition
The body motion and diffraction potentials have to satisfy a radiation condition that at

great distance from the body these potentials disappear. This condition imposes a
uniqueness that would not otherwise be presented; such discussions are found in
(Oortmerssen, 1976)!361,

The free-surface condition follows from the assumptions that the pressure at the surface is
constant and that water particles do not pass through the free surface. The condition on the
wetted surface of the body assures the no-leak condition of the (oscillating) hull. The condition

at the sea bed is also a no-leak condition.

The boundary conditions are generated and apply to all possible realizations of wave
conditions. Here the theory is developed for a unidirectional regular wave. Superposition can

be used to study all sorts of irregular wave conditions - even those with directional spreading.

In regular waves a linear potential ®, which is a function of the earth-fixed coordinates and of
time t, can be written as a product of a space-dependent term and a harmonic time-

dependent term as follows
d(xy,zt) = B(xy,2) - e”'* (2-21)

The boundary conditions for the potential, @, result in similar conditions for the space

dependent term, @.

In the case of long crested, harmonic progressive waves the incident potential (space-

dependent part of the velocity potential) for finite depth (h), is defined as:

0, = —ig§o cosh[k(z + h)] pik(xcosy+ysiny) (2-22)
) cosh kh
in which :
&o = amplitude of undisturbed wave
k=2m/A =wave number
A = wave length
h = water depth
g = acceleration of gravity
X = angle between incident waves and X axis

The individual potentials should satisfy the Laplace equation in the fluid domain. There are

different solutions for above Laplace equation and the boundary conditions of the problem
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specify the suitable solution for each problem. The fluid pressure follows from Bernoulli

equation:

a0 —i
p(x,y,2,2) = —p7; = pw?{ (B, + D)o + Xj-18;¢;} - e (2-23)
However, there is no analytical solution for diffraction potential @; and radiation potentials

@}, so the problem should be solved numerically.

2.2.2 Solving Potentials (Green’s Function Method)

According to the 3-D source method, the potentials @; and @; can be expressed in terms of

well-known Green functions.

The Green’s functions G with its first and second derivatives are continuous everywhere
except at the point q(&, 9, 2). It can be interpreted as the response of a system at a field point
p(x, y, z) due to a delta function input at the source point q(X, ¥, Z). This can be applied with
the Green’s second theorem to derive the integral equation for the velocity potentials on the
surface of the body:

o [0 s, [ B, o

Alternately, the more compact integral equation may be used to obtain @, on the surface of
the body:

G(p,q)
on(q)

As a result, boundary conditions are reduced only to wetted surfaces of the body!3’1.The

40, (p) + ] 0 () 20D 45— 4m, () (2-25)

integral equation is solved numerically by a panel method in which the body surface is
approximated by an ensemble of flat quadrilateral panels and the value of the potential is
assumed to be constant over each panel. Utilizing a collocation method in which the integral
equation is satisfied at one point for each panel, the problem is reduced to solving a linear

system for the values of the velocity potential strengths on each panel.

According to [Lamb, 1932]38], the potential @; at a point (x, y, z) on the mean wetted body
surface S, due to a motion in the mode j (j = 1 to 6) and the diffraction potential @, can be

represented by a continuous distribution of single sources on the body surface:

1
¢j(x;y;z) == Eff O-j(x,y,Z) " G (x,y,Z,x,y,Z) * dSO (2_26)
S

forj=1,..7
in which:
e 0 (x,y, z) is the potential function in a point (x, y, z) on the mean wetted body surface,

So - The cases with j =1, ..6 correspond to the potentials due to a motion of the body
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in the j*® mode, while @, (or ®,) is the potential of the diffracted waves. The
individual potentials satisfy all boundary conditions.

* 0j(%,9,2) is the complex source strength in a point (%, §, 2) on the mean wetted body
surface S, due to a motion of the body in the j -mode.

* G(x,¥,2X%,9,2) is the Green’s function of the pulsating source g;(X, 9,2) in a point
located at (X, 9, Z) on the potential @;(x, y, z) in a point located at (x, y, z), singular for

(%,9,2) = (%, 2).

This Green’s function satisfies the Laplace equation, the linearized boundary conditions on
the seabed and on the free surface and the radiation condition at infinity.

According to [Wehausen and Laitone, 1960]3°:

6oy, 2290 = 1+
x;)I;Z;x;y,Z - r T'l

‘ 2(k + v)e™* - coshk(hy + 2) - cosh k(hy + 2)
+P Vf kesinh (ki) — veosh(kh) Jo(kR) - dk
0
2n(k? —v?) - hk(hy+ 2) - hk(hy+ 2
i 7 ( v?) - cosh k(hy + 2) - cosh k(hy + 2) Jo(kR) (2-27)

(k2 —vH)h—-v
This free-surface Green’s function satisfies all boundary conditions except the body
surface boundary condition[47,

Furthermore, according to [John, 1949]“1I:

G(x,y,2,X,79,2)

172 _ kZ . .
=27 K2 —oDh+ v -cosh k(hy + 2) - coshk(hy + z) - {Yy(kr) — iJ,(kR)}
4y LD ch ki (hg + 2) - cosh ky(hy + 2) - Ko (kR) (2-28)
i=1 (ki2+v2)h—v l 0 2 0 0 l

In which

r=yx -2+ G -9+ (-2

ry = (x—2)2+ @y — )2+ (z+ 2hy + 2)% (= mirrored)
R=J(x -+ -9’

Jo, Ko and Y, = Bessel functions

v=w?/g

k; = positive solutions of tanh(k;h) + v =0
These two representations are equivalent. In general, equation (2-27) is the most convenient
representation for calculations, but when R = 0 the value of K, becomes infinite, so that

equation (2-28) must be used when R is small or zero. Meanwhile computation involving both

formulations can be speeded up through the use of polynomial expressions, see Newman(*2],
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As mentioned before, the unknown source strengths aj(a?, y,2) are determined based on the

normal velocity boundary condition on the body:

9; _ (2-29)
an —Tl] i
1 1 o 06(x,y,2,%,9,2) .
=—§aj(x,y,z)+Eﬂ-aj x,9,2)- I -dS, forj=1,..6
So

. o . .. o o
In the above equations, the operator P signifies the gradient in the direction of the normal

to the surface of the body.

Finally, the motions {; are determined from the solution of the following coupled equations

of motion for six degrees of freedom:

6
{—(A)Z(mkj + akj) - l(l)bk] + ij} ' Z] = Xk fOT' k= 1,..6 (2-30)

j=1

With:

my; = inertia matrix of the body for inertia coupling in the k-mode for acceleration in the
j-mode.

aij =inertia matrix of the body for inertia coupling in the k-mode for acceleration in the
j-mode.

by; =damping matrix for the force on the body in the k-mode due to velocity of the body
in the j-mode.

Ckj =spring matrix for the force on the body in the k-mode due to motion of the body in
the j-mode.

Xx = wave force on the body in the k-mode.
2.3 Method of Singularities of Rankine for Seakeeping Problem

The choice of the most appropriate Green’s function is particular to each boundary problem3],
In the context of seakeeping problems there are some famous ones, such as the transient

Green function, Kelvin sources and Rankine sources, this last one being discussed here.

The Rankine panel method distributes sources on the free surface as on the body surface. The
Green function method only distributes source on the body surface, because the Green

function automatically satisfies the linearized free-surface condition.

Two problems have long impeded the application of Rankine source methods to free-surface

flows[441:

- The radiation condition: In the steady wave problem, wave will propagate only

downstream; i.e. far ahead of the ship no waves may appear.
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Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations

The open-boundary condition: only a limited area of the free surface can be discretized.

Waves must pass through the outer boundary of this area without significant reflection.

Both conditions must be fulfilled numerically. Here the computation in frequency domain to

be discussed.

A Cartesian coordinate system O-xyz is employed to compute the wave interaction with a

floating body at forward speed, U. The oxy plane is on the plane with z

the undisturbed water surface. The z-axis is the positive upward. Incident waves propagate at

an angle B relative to the x-axis.

PANEL DISCRETIZATION

Free Surface

Figure 2- 4 Typical Discretized Panel Elements Using Rankine Source Method. (Source: Muniyandy

Elangovan, Indian Register of Shipping, India)

A ship with smooth surface moves with uniform speed U in a homogeneous

and inviscous fluid, which is only bounded by the ship’s hull and the free surface. The set of

equations defining the problem of singularities of Rankine is the following:
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In which, E is linearized free surface boundary operator (see Neuman-Kelvin or Dawson

theory)3!, By applying the free surface operator E to the 3rd Green’s fuction, we can verify

the condition of symmetry on SL .

)

The total velocity potential at field point p(x, y, z) is assumed to be time harmonic:
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7
D(p) = —Ux + UB + Re[z {,0e-t] (2-32)
j=0
@ is the steady potential due to unit forward speed; @, is the incident wave potential (equal
to @; we used before ) while @, is the diffracted wave potential (or @, we used before ).
@; for j=1,..6 are the radiation potentials with respect to motions in six degrees of
freedom; {; for j = 1, ...6 are the motion amplitudes; {, = {5 is the incident amplitude; and

w is the frequency of encounter.

The radiation and the diffraction potentials for a body with forward speed are computed from
de-singularized integrals in terms of source strength by using the forward-speed Green

function in the frequency domain. For detail, see [Volker Bertram, 1990] or [Qiu, 2007]“6147],

2.4 Frank’s Method of Pulsating Sources: a 2-D Strip Theory

Strip theory is valid for long and slender bodies only. In spite of this restriction, experiments
have shown that strip theory can be applied successfully for floating bodies with a length to

breadth ratio L/B = 3, , at least from a practical point of view!*8],

2.4.1 Basic concept of strip theory

Strip theory considers a ship to be made up of a finite number of transverse two-dimensional
slices, which are rigidly connected to each other. Each slice is treated hydrodynamically as if
it is a segment of an infinitely long floating cylinder.

Figure 2- 5 A picked slice within strip theory®’

All waves which are produced by the oscillating ship (hydro-mechanic loads) and the diffracted
waves (wave loads) are assumed to travel parallel to the (y, z)-plane of the ship. The fore and
aft side of the body (such as a pontoon) does not produce waves in the x -direction. For zero

forward speed case, interactions between the cross sections are ignored.

2.4.2 Frank’s Method of Pulsating Sources

The two-dimensional nature of the strip problem implies three degrees of freedom of motion:
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e Vertical or heave,
e Horizontal or sway and

e Rotational about a horizontal axis or roll.

Within boundary value problem of potential theory, the cylinder is forced into harmonic
motion A(m)-cos(w-t) with a prescribed radian frequency of oscillation w, where the
superscript m may take on the values 2, 3 and 4, denoting swaying, heaving and rolling

motions, respectively.

According to Green’s function (see Equ.2-27), the real point-source potential can be written
[49].
as®l:

H(x,y; %,9;t) = Re{G(z,{,1)} (2-33)
Where

G(p,q,t) is the Green’s function of the pulsating source g;(%, 9, t) in a point located
at {(X,9) on the potential @;(x, y, t) in a point located at z(x, y), singular for {(%, ) =
z(x, y).

Letting:

v—k
—i- Re{e—i-v-(z—Z)} (2-34)

1 B w o=ik(2-0)
G(z,{)zE-Re{ln(z—Z)—ln(z—Z)+2-PVf —dk}
0

where
z=x+iy, (=X%+i"9;, (=2—i9;, v=w?/g

Then we have:
H(x,y; %, 9;t) = Re{G(z,{,t) - et} (2-35)

This equation satisfies Laplace equation, the boundary conditions and alsothe radiation

condition,

O™ (x,y,t) = Re{| Q(s)G(z,Q et ds}, (2-36)
Co

Where

Cy is the submerged contour of the cylindrical cross section at its mean (rest) position
and Q(s) represents the complex source density as a function of the position along Cj, .

Application of the kinematic boundary condition on the oscillating cylinder at z(x,y) yields:

Re{(@-V)- | 0(s) G(z)-ds}=0 (2-37)

Co

Im{#@-V)- | Q(s) G(z 0 -ds} =AM . u-nM™ (2-38)
Co
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Where:

A™ denotes the amplitude of oscillation and n™ the direction cosine of the normal
velocity at z(x,y) on the cylinder. Both A™and n(™ depend on the mode of motion
of the cylinder.

Above equations are applied at the midpoints of each of the N segments and it is assumed
that over an individual segment the complex source strength Q(s) remains constant, although
it varies from segment to segment. With these stipulations, this set of coupled integral

equations (2-37) & (2-38) becomes a set of 2*N linear algebraic equations in the unknowns:

Re{Q™(s))} = @i and Im{Q™(s;)} = Qv3) (2-39)
Thus, fori=1,2,...,N:
N N
> fam + 150+ > ol + 15} = 0 (2-40)
j=1 j=1
Z{Q(m)+1(m)}+Z{QfJﬂ 177} = w- A ™ (2-41)

Where the superscript m denotes the mode of motion.

The hydrodynamic pressure at (x;,y;) along the cylinder is obtained from the velocity

potential by means of the linearized Bernoulli equation:

dim
p(m) (Xi; yi: w, t) = _,0 (Xi' yi; w, t) (2_42)
And:
M (x,, v, w,t
p ()l Yoo, t) . (2-43)
= p{™ (%, ¥i, @) - cos(w - £) + pI™ (%3, v, ) - sin(w - £)
where p( ) and p( ) are the hydrodynamic pressure in-phase with the displacement and in-

phase with the velocity, respectively.
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3. Comparative Study on Seakeeping Codes

3.1 Introduction

The prediction of ship motions, resistance, and dynamic effects like deck wetness and
slamming in a realistic seaway is very important during each shipping, heavy-lift transportation

and offshore operations. This makes seakeeping very essential.

The direct and practical way to obtain the seakeeping result is to run model test. The results
gained are very accurate, but the process is costly and time-consuming and seakeeping tank
test is not affordable in most of realistic projects. An alternative and popular way nowadays,
is to adopt computer codes to do the seakeeping prediction work. However, different
software may provide different results under same environmental condition. Here introduce

several software that will be involved in following comparisons.

GL-Rankine is a sea-keeping program that is developed by DNV-GL. The code calculates the 6-
DOF motions of the ship (surge, sway, heave, roll, pitch and yaw), the motions and
accelerations of specified points located on the hull, as well as the wave induced loads (forces
and moments) at specified ship sections. In addition, the code delivers the hydrodynamic
pressures along the wetted surface of the freely moving body hull, in response to a regular
incident wave train. The program GL-Rankine can be used for the following computations®%:

® Resistance in calm water, taking into account shallow water and channel walls

e Dynamic squat in calm water, taking into account shallow water and channel walls

e Linear transfer functions of ship motions in regular waves

¢ Sectional loads, relative motions and accelerations in waves

* Mapping of pressure distributions onto nodes of a finite-element mesh

* Hydrodynamic interaction of ships with the same forward speed and course
WASIM is a hydrodynamic program for computing global responses and local loading on
vessels moving at any forward speed. The simulations are carried out in the time domain, but

results are also transformed to the frequency domain using Fourier transformations. WASIM

solves the fully 3-dimensional radiation/diffraction problem by a Rankine panel method®!,

OCTOPUS is a hydrodynamic analysis program for the calculation of seakeeping characteristics
of ships and other floating structures, with or without forward speed. Using the linear 2D strip
method, OCTOPUS can calculate site or voyage dependent response statistics and create 2D

hydrodynamic databases2.

3.2 Scope of Work

The comparisons are selected such that they covered a range of different methods:

» Non-Linear Steady Cases: Linear potential methods linearizing around the non-linear

steady wave field.
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» Approximate Forward Speed Cases: Linear potential method linearizing around the

undisturbed flow, applying zero-speed Green Functions.

» 2-D Strip Method Cases: Linear potential method linearizing around transverse two

dimensional slices, then 3-DOF results are extended to global responses.

In this chapter, typical heavy lift vessel (HLV) hulls are used in the comparative study. In
general, the main works including:

a. Use GL-Rankine to calculate the hydrodynamic response for both zero speed case

and certain forward speed cases, applying with different theories.

b. Compare those results with hydrodynamic database from the other software
(analyzed with WASIM, or OCTPUS). The comparisons are conducted for a wide range

of wave periods and wave heading angles.
Airy wave theory is used for all load cases.

No viscous damping was considered into all analyzed conditions, which means only potential
damping to be conducted. As you can image, no wind or current is considered in analysis, in

order to exclude the possible deviation from this.

3.3 General Information of Comparison Models

3.3.1 Coordinate system

An orthogonal, right-handed coordinate system (x-axis forward, z-axis upward) is used, as
shown in Figure 3- 1. The z=0 plane is placed on undisturbed water plane.

C
z ﬂhmvc

¢ J

<l y

yaw T 1
/:y

trim
pitch

surge 2

C

Figure 3- 1 Ship motion with 6 degrees of freedom (Source : Internet)

3.3.2 Description of hull form Discretization

For the numerical validation, the wetted surface of vessel hull is discretized (see Figure 3- 2)
with affordable mesh size. The total number of panel elements on body surface is around

2000~4000, depending on variable cases.
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Figure 3- 2 Surface discretization of a ship hull in GL-Rankine
In each case, the ship is considered to encounter a regular wave, defined by its parameters:
e wave length A or period T
e heading angle a (counterclockwise angle with x-axis. see Figure 3- 3)
e wave height (double amplitude)
e wave phase (see following Figure 3- 3).

. Wave propagation
=90 T direction

Fhase angle (degrees) = Sc . 360

e

F: center of rotation

Figure 3- 3 Wave heading setting
The wave length A and wave period T are linked by the following relation: A = g T2 /2w,

which means infinite water depth condition is assumed during the seakeeping simulations.

3.4 Zero-Speed Cases: Hydrodynamic Analysis using Green Function

The following table shows the basic dimensions and characteristics of the selected ‘Type I
vessel shown in Figure 3- 2, which will be used in following numerical simulations. No trim or

heel angle is assumed under hydrostatic status.

Table 3- 1 “Type I’ Vessel Parameters

Lop Beam | Depth | Draft | Displacement/ | GMt Number of Total
TYPE
/m /m /m /m Mt /m Panels
Hull 2700-4
Wl 1494 | 275 | 138 | 82 20770 476 | 27004000, depends
Type | on cases
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For zero speed cases, computations are done firstly in the frequency domain by GL-Rankine,
using the linear Neumann-Kelvin approach in which the body boundary condition is applied
on the mean position of the exact body surface and linearized free surface boundary
conditions are fulfilled. These assumptions allow solutions to take Green Function technique
to solve 3-D radiation potential problems. An internal boundary inside the body may be

needed to eliminate irregular frequencies in some cases.

Three different wave-heading angles (a=0°, 60°, and 90° ) are considered here. Those results
obtained from GL-Rankine are compared with the well-approved database from a third party,
which was obtained with DNV/WASIM software and are already well-approved in finished

projects. Here some typical comparative results are given:

Transfer Function-Surge Force, Zero Speed

—— Green's Function Method in GL-Rankine,

Wave Angle=0
Database from WASIM,Wave Angle=0

] 'J'!"!",\

‘ 3 a Green's Function Method in GL-Rankine,
5 ( Wave Angle=60

—@— Database from WASIM, Wave Angle=60

° Non—dlmensgnal Froce |,
[¥a]

5

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Wave Frequency, rad/s
(a)
Transfer Function-Sway Force, Zero Speed
2
——Green's Function Method in GL-Rankine, Wave Angle=60
175 —i— Database from WASIM, Wave Angle=60
—=—@Green's Function Method in GL-Rankine, Wave Angle=90
o 15 —@— Database from WASIM, Wave Angle=90
b
2125
E
o 1
‘in
=
9]
£0.75
._5
=
o 05
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Transfer Function-Heave Force, Zero Speed
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Transfer Function-Yaw Moment, Zero Speed

—— Green's Function Method in GL-Rankine,

Wave Angle=60
—&— Database from WASIM, Wave Angle=60

35

Green's Function Method in GL-Rankine,

Wave Angle=90
k—.— Database from WASIM, Wave Angle=90

25

Non-dimensional Moment

0.2 0.4 0.6 0.8 1 12 1.4 16
Wave Frequency,

()

Figure 3- 4 Force/moment transfer functions for “Type | Vessel” in regular waves at zero-speed.

From above comparisons we can see that:

- General speaking, the results from the two different software show high-level coincidence
in the RAOs.

- It also reveals that some small deviations appear at certain wave frequencies and wave
directions. Beside of the possible modeling differentiation, the deviations may due to the
different computation methods:

a. The solution method in WASIM is a Rankine Panel method, while a Green’s

function method is used in GL-Rankine for zero-speed cases.

The elementary solution in the Rankine method does not satisfy the free surface
boundary condition. As a consequence, the integral equation to be solved will
have unknowns on both the hull and on the free surface. This makes the equation
system to be solved larger. Since the free surface condition is not automatically
satisfied, different free surface conditions can be handled with the Rankine panel
method.

b. The simulations in WASIM are carried out in time domain, but results are also
transformed to frequency domain by using Fourier transform[>3l. GL-Rankine runs

simulations directly in frequency domain.

3.5 Nonlinear Steady Simulation: seakeeping using Rankine sources

The total potential computed for seakeeping analysis is superimposed by a stationary
potential (nonlinear steady simulation) and a periodical potential (linear). The nonlinear part
predicts the steady flow around a ship using nonlinear free surface condition. As the fluid is
assumed to beinviscid, incompressible and irrotational, therefore a velocity potential exists,

which has to fulfill the Laplace equation (conservation of mass) as well as kinematic and a
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dynamic boundary conditions on the free surface. Because the free surface boundary
condition is non-linear an iterative solution is required. An under relaxed Newton-like iteration

for the residuum is used.

Comparing with more-time consuming CFD simulations with RANSE method, the Rankine
source method can provide a high-level seakeeping prediction within shorter time, as shown
in Figure 3- 5.

GLRankine

Figure 3- 5 Wave Pattern using Rankine sources (upper half) vs RANSE-based method (bottom).
(Source of photo: Dipl.-Ing. Alexander von Graefe)

3.5.1 Free surface generation

To fulfill the linear free surface condition, GL-Rankine needs panels on the free surface. The
grid consists of an inner free surface grid with the same structure as the grid for nonlinear
steady computation, and an outer free surface grid. The outer grid is coarser than the inner
grid as shown in Figure 3- 6; a different boundary condition is fulfilled on the outer grid to
prevent reflection from the artificial free surface grid boundary.

Figure 3- 6 Surface discretization of free surface and selected ship hull in GL-Rankine (half)
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After determining the potential, the forces and moments acting on the ship are computed by
integration and used to determine the dynamic trim and sinkage. A small update of the ship
attitude is calculated at every Newton iteration step.

3.5.2 Nonlinear steady solution for a selected HLV: Forward Speed Uo=10.98 Knots

With forward speed U,=10.98 knots (5.65 m/s), we can compute the Froude number:

Fn = U,/,/gL=0.148.

Rankine source method is implemented for the nonlinear steady simulation. Additionally, the
approximate forward speed method (short for ‘AFS’ or Green’s Function Method in the
following comparison) is also conducted into our seakeeping analysis, where potential
solution is superimposed by zero-speed Green’s function + speed correction. The free surface
boundary conditions are fulfilled automatically, and hence, the free surface is not covered by
panels during seakeeping analysis. No steady base solution is needed using AFS method, which
means easier to get the approximate results without time-consuming analysis and too many

convergence problems.

The simulations are performed by GL-Rankine programme. The results based on those two
methods are used to be compared with the well-approved database from DNV/WASIM

software. The comparisons under different wave direction is given in Figure 3- 7:

Fn=0.148; Wave Direction=0° (Follow wave)

3.0 -
Transfer Function of Surge Force

—— Green's Function Method, Angle=0
—&— Rankine Source Method, Angle=0

WASIM Software, Angle=0

No-dimensional Force

0.0 O g TN M

0.75 1
Wave Frequency, rad/s

(a)
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Figure 3- 7 Force/Moment transfer functions for “Type | Vessel” in regular waves at 10.98 Knots.

From above comparisons, we can see that:

» The results based on AFS method (zero-speed Green’s function + forward speed
correction) agree well with Rankine source method under most of conditions, which
approves that AFS method can be used as reference before more time-consuming

analysis to be performed.

It also reveals that some large deviations appear at certain wave frequencies and wave
directions. It is easy to understand that since the steady inflow is approximated as
parallel inflow in Green’s function method, which works well with a small forward
speed. Within high forward speed, the zero-speed Green function method delivers

low reliable results.
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» Generally, the seakeeping analysis results from GL-Rankine show high-level

coincidence to WASIM'’s, that both are based on Rankine source assumptions.

Beside of the possible modeling deviation, some existing small differences between
the two results may due to the different ways to obtain motions response. We already
know that in WASIM, the simulations are carried out in the time domain and then use
Fourier transformations to transfer the results if achievements are needed in
frequency domain, so during the process it can integrate time-dependent variables.

GL-Rankine only runs seakeeping analysis in frequency domain.

3.6 Seakeeping: 3-D Rankine sources V.S Frank’s 2-D strip pulsating
sources

Over the past years, several comparisons of strip theory predictions have been made with
model experimental data for head seas. Murdey!®* demonstrated the accuracy of predictions
through comparison with data from tests with the NRC hull form series for fast surface ships.
It concluded that, for Froude numbers below 0.5, early versions of strip theory models
predicted heave and pitch motions in regular waves to within 20% of the maximum measured
response. Karppinen!®! presented comparisons of strip theory predictions with model test
data for a wide-beam fishing vessel. Heave RAQ's for both head and beam seas were predicted
to within 15% even at the relatively high Froude number of 0.8, with a lesser degree of

correlation for pitch RAQO's.

In this section, we will compare the simulation results, one based on 3-D Rankine Source

method in GL-Rankine, another based on Frank’s 2-D strip method in Octopus.

3.6.1 Test model for numerical comparison

In Octopus, the following assumptions are introduced due to usage of the strip theory

approach:

- The pitch and yaw coefficients follow from the previous heave and sway coefficients
and the arm (i.e., the distance of the cross section to the center of gravity G).
- For each frequency, the two-dimensional potential hydrodynamic sway coefficient of

related equivalent longitudinal cross section is translated to two-dimensional potential

hydrodynamic surge coefficients by an empiric method.
- The 3-D coefficients follow from an integration of these 2-D coefficients over the ship’s

length®®l,

The following table provides basic dimensions and characteristics of the selected ‘Type Il
vessel, which to be used in following numerical simulations. Again no trim or heel angle is set

at hydrostatic status and infinite water depth to be assumed.
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Table 3-2 ‘Type I’ Vessel Parameters

Beam | Depth | Draft | Displacement/ | GMt
TYPE | Lyp/m P >
/m /m /m Mt /m
Hull
123.9 23.0 11.4 7.8 16877 2.68
Type Il

Accordingly, the two dimensional strip model as well as discretized 3-D panel model for vessel
hull are given in Figure 3- 8:

(b)
Figure 3- 8 Discrited hull models: 2-D strips (upper) V.S 3-D panels (lower)

3.6.2 Seakeeping using Frank’s method of pulsating source: Forward speed Uo=8.5

knots

In 2-D strip seakeeping analysis, the pulsating source method of Frank is used. The theoretical

basis was already given, see sub-chapter 2.4.

With forward speed U,=8.5 knots (4.37 m/s), we can compute the Froude number:

Fn = U,y/,/gL=0.125.

One representative wave directions (a=40°) condition is picked out and the corresponding

comparative results are given in six-degree of freedom, see following Figure 3- 9.
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Figure 3- 9 Force/Moment transfer functions for “Type Il Vessel” in regular waves at 8.5 Knots.
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From above comparisons, we can see that:

» The results based on Frank’s method of pulsating source agree well with Rankine
source method under most of conditions, which corroborates that 2-D strip method
can be used to conduct a meaningful result before more time-consuming 3-D source
simulation to be performed.

> Italso reveals that some large deviations appear at certain wave frequencies and wave
directions. In general, the hydrodynamic forces from Octopus seem more
conservative.
The possible reason is that 2-D strips integration method cannot catch too much
geometry changes along each axis direction, since uniform shape along each strip to

be assumed and only 3 degree of freedom to be considered at beginning.
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4. Cases Study in Frequency Domain: Hydrodynamic Interactions
between Two Ships

The frequent use of two or more closely positioned vessels during offshore operations makes
the study of multi-body systems an important topic. An important aspect of the thesis work is

to study hydrodynamic performance under such operation conditions.

This chapter focuses on multi-body analysis in regular waves in frequency domain. The purpose of
those investigations is to determine the hydrodynamic coefficients and exciting forces of the floating
body models that are close enough, i.e. heavy lift vessel (HLV) and transport barge during the cargo

transfer process.

Here we first introduce the theoretical basis of multi-body interaction in wave field. Then
these methods will be implemented in the following case studies to illustrate certain features
of the physical behavior.

4.1 Mathematic Solution for Two-body Hydrodynamic Problem

For the multiple body system, the number of the degrees of freedom of the mass matrix and
the body motion vector, is changed to 6Nx6N, where N is the number of bodies. Here consider
two-body interaction case. Three sets of right-handed orthogonal coordinate systems are

used to describe the motions responses, as shown in Figure 4- 1.

O-XYZ is the space fixed coordinate system, Oa-XaYaZa and Os-XgYsZs are the oscillatory
coordinate systems fixed with respect to ship A and B respectively. The O-XY plane coincides
with the undisturbed free surface. Oscillatory coordinate systems Oa-XaYaZa and Og-XgYsZs will
be used to describe the body motion in six degrees of freedom with complex amplitudes (;
(i=1,2,...,, 12), where i=1,2,3,4,5,6 represents surge, sway, heave, roll, pitch and yaw motions

for ship A, and i=7,8,9,10,11,12 represent motions for ship B, respectively.

Figure 4- 1 Definition of Co-ordinate system[®’]
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The hydrodynamic coefficients are solved in the following sequencel®8!:

1. The radiation/diffraction problem for each body in isolation
2. The interaction problem resulting from radiation/scatter from body A in the presence
of body B, and radiation/scatter from body B in the presence of body A.

Where body A and B represent a pair of bodies which interact hydrodynamically. If there are
several bodies, the two-body problem should be addressed for each unique pair of bodies.

4.1.1 Theoretical Formulation

The total unsteady potential for a sinusoidal wave excitation with encounter frequency we,

can be expressed as:
12 )
¢ x, v,z t) = {qﬁ] 7, 2) + ¢, (x, 5, 2) + D &9, }e“”f‘t (4-1)
=1

Where @ (x,y,z) is the incident wave potential representing the incident waves; ®p (x,y,z) is
the diffraction potential representing the disturbance of the incident waves diffracted from
the body; @;(i=1,2,---,12) are the radiation potentials due to oscillations of the two bodies in
calm water with unit amplitude. The incident wave potential was given as follow
4 = 96, ak gilkxcosplysin) it (4-2)
2
Where w is the wave frequency, ¢, is the wave amplitude, k is the incident wave number

and k=wo?/g, B is an arbitrary heading angles (180° for head sea).

The individual potentials have to satisfy in the fluid domain, on the free surface, the sea bed,

the submerged body surface and a suitable far-field radiation condition at infinity.

Laplace equation: V2¢ =0 in the fluid domain (4-3)

Linear free surface condition: —-alp+9 aﬁ¢ =0 onz=0 (4-4)
z

Body boundary condition for diffraction potentials:

§(¢| +¢p)=0 onship Aand ship B (4-5)
n
Body boundary condition for radiation potentials:
9 4 ——iwn,  (i=1,2,...6) on ship A (4-6)
on
0 ) .
—¢ =0 (i=7, 8, ...12) on ship B (4-7)
on
0 . .
—¢ =0 (i=1, 2, ...6) on ship A (4-8)
on
0 . ) .
%qﬁi =—la,n, (i=7, 8, ...12) on ship B (4-9)

Where,
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(n,n,,n;)=0  onshipA; (n,,n,n)=FxA  on shipA.
(n,,ng,ng)=n  onshipB; (N, N, N,)=FxA onshipB.
Here fi is the outward unit normal vector on ship A and ship B and T is the position

vector with respect to the origin of the reference frame on ship A and ship B.

0
Sea bed condition: %gﬁ =0 forz »>_w (4-10)
Radiation condition at infinity :
lim \/ﬁ(?—ikgﬁ) _0 atkr > (4-11)
r—o0 n

The wave exciting force F; can be divided into the incident wave part,Fi’, and the diffraction
part, FP.

F = FiI + FiD =—ipa)e.US s (¢, +dp)nids (4-12)
The motion induced forces is
12 12
E = —ipa)ej]'s s Z§j¢jnids = ZTijégj (4-13)
ATTB o1 j=1
Where,
T; :a)ezpﬁj _ia)eBij (4-14)
The terms A;; and B;; are added mass and damping coefficients, respectively.
_P ,
A= o ImHSA+SB $;n,ds (4-15)
B, =—p ReﬂsA+sB ¢.nids (4-16)

Under the assumption that the responses are linear and harmonic, the twelve linear coupled

differential equations of motion for two floating bodies can be written in the following form
12
Y [0l (M +A)—iw,B;+C,1é =F  fori=1,2..12 (4-17)
j=1

where, M;; is the generalized mass matrix for the ship A and ship B, Cj;is the restoring force
matrix for ship A and ship B, respectively. jis the complex amplitude of the response motion
in each of the six degree of freedom for each body, and F; is the complex amplitude of the

wave exciting force for ship A and ship B.

4.1.2 Numerical Procedure

The diffraction potential and radiation potentials can be expressed in terms of well-known

Green functions, where by the distribution with the density on the surface Sa and Ss:
_US ... 0(Q)G(P,Q)ds(Q) = 474(p) for P inside fluid (4-18)

The unknown source density can be found by imposing the body boundary conditions and it

gives:
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1 1 G(P,
EO‘(P) + E-”S/ﬁss o(Q) % ds(Q) =V, forPon body surface (4-19)
where, Vyis the normal component of the velocity on the body surface.

For more detail about such procedure, see previous sub-chapter 2.2 or Telste and Noblesse’s
paper (1986).

4.1.3 Relative motion between two floating bodies

Finally, the longitudinal, horizontal and vertical relative motion between ship A and ship B at

any position can be expressed as three components,

L 1

_R:g_[(§1+ZA§5 _yA§6)_(§7 +ZB§11_yB§12)] (4-20)
H, 1
g_:g_[(éz +XA§6 _ZA§4)_(‘§8 +XB§12_ZB§10)] (4-21)
Ve 1
- = g_[(é:s + XAé:S - yA§4) - (é:g + XB§11 - yB§10)] (4'22)

where, (X4, Ya,2Z4) and (Xg, ¥, Zg) are the coordinates of the position with respect to each

body frame system; see Figure 4- 1.

4.2 Verification Case: Two Freely Floating Cylinders in Finite Water
Depth

Based on above procedure, a numerical simulation consisting of two freely floating vertical
cylinders is performed in regular waves, under the purpose to study the interaction effects
and to justify the validity of the computer code. Again, the computing program GL-Rankine is

used to analyze this simple multi-body interaction problem.

The diameter and draft of each cylinder is 40.0 m and 10.0 m respectively. The separation
distance or, gap between them is 20.0 m. The water depth is considered as 200.0 m. The
wetted surface of each cylinder was divided into 1368 panels, as shown in Figure 4- 2. For 0°
wave-heading angle, body | and body Il represent the lee side and weather side cylinder

respectively.

Body I y Body II
JUNA AN
Wave Heading .+ S AN
0° G EaN PN N NN NN NS
\ 5 \i{,_, - SRR
R v N e e A S
o 5=20m S p=dom
(@)
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Body I X Bodyll
0
10m
! 40 m 7 20m 4 40 m ’
(b)

Figure 4- 2 Mesh arrangements of the wetted surfaces of two floating vertical cylinders.
(a) Top view, (b) Side view
The numerical simulation results are plotted against ka, where k and a denote the wave
number and radius of each cylinder respectively. The non-dimensional surge wave motions on
body | and body Il are shown in Figure 4- 3, and Figure 4- 4 presents the heave motion
response of body | and body Il
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Figure 4- 3 Surge motions of two vertical floating cylinders

(Water depth=200 m, Wave heading=00 and gap=20.0 m)

25
:Body | (Present Results)
2 —=— : Body Il (Present Results)
:Body | (Matsui et al. 1981)
15 + :Body Il (Matsui et al. 1981)
L
s
=
=
X 1
0.5
0
0 0.5 1 15 2 25 3 35

ka

Figure 4- 4 Heave motions of two vertical floating cylinders
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Figure 4- 3 and Figure 4- 4 also depict comparisons between the present simulation and
Matsui’s results [Matsui et al, 1981]° [Mir T. A. and Yoshiyuki I. 2005] %, We can see the
high-level coincidence between both of them, which also approve that GL-Rankine software

to be capable for this case.

4.3 The Case to Study: hydrodynamic interaction in side-by-side
operation

According to the accommodation in marine operation guideline DNV-RP-C205[%Y and DNV-RP-
H103[%2, hydrodynamic interactions between multiple floaters in close proximity, or between
a floater and a large fixed structure in the vicinity of this floater, should be considered when

solving radiation/diffraction problems.

So an case of a two-body system consisting of a heavy lift vessel and a side-by-side positioned
transport barge during lifting operations (shown as Figure 4- 5) , will be studied here.

Figure 4- 5 A heavy lift vessel and a transport barge during cargo transfer operation : Topview (left)
& The gap (right). (Source of photoes: SAL Heavy Lift)

This is a typical situation happening during offshore engineering , where there may be strong
hydrodynamic interaction effects between the two floater. And the frequency- domain
analysis is performed with GL-Rankine software in freely floating condition, no motion

constraint between HLV and transport barge is considered.

4.3.1 Model Data

a. Vessel Model

Here ‘Type I’ heave lift vessel (HLV) is used again, but with one additional pontoon at starboard
side. The pontoon is connected with main hull via a relatively rigid steel frame. This box-
shaped pontoon can provide additional buoyance to improve the stability during the lifting

operations.

The principal dimensions of this ‘new’ HLV are listed in Table 4- 1.
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Table 4- 1 Principal dimensions of ‘Type I’ HLV

Description Detail Unit Value
Diameter of Main Hull Lpp m 149.4
Beam m 27.5
Draft m 8.60
Radius of gyration in roll m 8.88
Radius of gyration in pitch m 37.5
Radius of gyration in yaw m 39.0
Diameter of Pontoon Length m 12.3
Width m 11.7
Draft m 2.60
Radius of gyration in roll m 3.46
Radius of gyration in pitch m 3.63
Radius of gyration in yaw m 4.90
Displacement Hull + Pontoon Mt 21478
GMt Transverse metacentric height m 2.47
Damping Ratio Additional roll damping ratio % 3.7

The damping ratio in above table donates additional roll damping ratio in percent of the

critical damping. The detail will be discussed later.

The discretized panel model is shown in following:

Figure 4- 6 Whole panel model of HLV: Main Hull(right part)+ Pontoon (left part)

b. Transport Barge

A typical transport barge with high block coefficient is used in our study cases. The principal

dimension of transport barge used in following analysis is listed in Table 4- 2 below.
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Table 4- 2 Principal dimensions of transport barge

Description Detail Unit Value

Diameter of Barge Lpp m 86.1
Beam m 27.5
Draft m 3.0
Radius of gyration in roll m 11.0
Radius of gyration in pitch m 24.1
Radius of gyration in yaw m 24.1
Displacement Mt 7204

GMt Transverse metacentric height m 19.23

Damping Ratio Additional roll damping ratio % 2.0

Accordingly, the discretized panel model of transport barge is shown as following:

Figure 4- 7 The panel models of transport barge

¢. Coupled models and the gap

53

Though the transport barge to be positioned by tensioned winches and rubber fenders placed

between the gap during the cargo transfer process (as shown in Figure 4- 5), the motion

constraint or connecting stiffness’ are not considered here in frequency domain analysis, but

in time domain analysis in next chapter. Now is the free-free interaction case.

The gap (horizontal distance) between heave lift vessel and transport barge is set to be only
1.25 m, which may result strong resonance waves. This will be discussed later sub-chapter.

Finally, the panel models of two-body system consisting of a heavy lift vessel and a side-by-

side positioned transport barge, are shown as following:
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Figure 4- 8 Multi-body models (blue: HLV; green: Transport Barge) in GL-Rankine

d. Environmental Conditions

Similar as previous cases, wave heading is accounted anti-clockwise by the angle between x-

axis and wave propagation direction, see Figure 4- 9.

. Wawve propagaticn
D"Q:IT diraction

Figure 4- 9 Wave heading angle setting

Several typical wave directions (including 0°, 45°, 90°, 315°) are conducted in analysis. Current

and wind is not considered in this study.

The water depth is set to be 20 meters only, which normally means the shallow water
conditions. Furthermore, the cargo transfer operation happened in open sea area, which

means no harbor or wall-shielding conditions were assumed here.

4.3.2 Multi-body analysis in regular waves in finite water depth

The added mass, added damping, exciting forces and moments are obtained in this frequency
domain analysis using GL-Rankine (short for ‘Rankine’ in the following). Main emphasis is put
on the hydrodynamic performance of the two vessels: how much their behavior changes from

the single body case to multi-body case.

Thus, there are two main steps to achieve that goal. First, single body analysis is performed in
order to obtain the response of HLV alone as well as of transport barge. Then, multi-body

analysis is carried out by placing HLV and the barge side-by-side, with 1.25 m horizontal
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distance. Based on the result from those two steps, the interaction effect can be observed, if

same environmental conditions to be used.

Figure 4- 10 Wave surface contours for a multi-body interaction case

a. Exciting Forces and Moments

It is convenient to show all the results here since a considerable amount of data and plots had

been generated during the case studies. Here gives the comparison of transfer function of

exciting forces for single-body and multi-body cases, under a representative wave direction.
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Figure 4- 11 Transfer Functions of exciting forces & moments for single and multi-body cases in
limited water depth. (Left: Heave Lift Vessel; Right: Transport Barge)
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For this wave heading case, the results show that the existing of HLV on the weather side
provided an apparent “sheltering effect” which leads to smaller motions on the leeside
transport barge, as well as reducing forces in all six-degree of transport barge in relatively long

waves.

There are also some peak values appearing in high wave frequency zone during the multi-body
interaction analysis, especially for HLV, which looks unreasonable. This phenomena may due
to the trapped waves existing in the gap between structures and will be discussed later.

b. RAO of Average Drift Forces and Drift Moments

Beside of the wave frequency force, here is also interested to study the interaction influences
on mean drift forces, which is very important to dynamic positioning (DP) systems design or

mooring design during the offshore operations.

Based on the potentials, which were solved by zero-speed Green function method, the first-
order pressure is computed, and then quadratic transfer functions (i.e., forces and moments

proportional to wave amplitude squared) are computed to obtain side drift forces in waves.

As we can image, when calculating individual drift forces on multiple floaters, direct pressure
integration of second order fluid pressure on each body to be conducted, which is well known
as “Near-field Method”. Wave heading= 315 degree case is picked for instance and here lists

three components in one set of six-degree mean drift forces/moments.
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Figure 4- 12 HLV Mean Drift Forces in 315° incoming waves. Selected: (a) Sway; (b) Heave; (c)
Yaw
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Figure 4- 12 shows that the interaction effect may produce both positive and negative mean
drift forces. The negative mean drift force may be produced from the reflection wave due to
the presence of Transport Barge.

Further, in the radiation problem, the presence of the hydrodynamic interaction between HLV
and Barge can be revealed from the added mass and potential damping coefficients. Both
added mass and potential damping are frequency dependent. Due to space limits, those
results will not be listed here.

4.4 Some Notes & Discussions

4.4.1 Additional roll damping ratio

As mentioned in model data (see Table 4- 1 and Table 4- 2), Blume’s method [®3! is used to
characterize roll damping in the program. The method defines effective linear viscous
damping term B,,, based on the application of a time-harmonic exciting roll moment M of
known frequency and amplitude, to account for the strong non-linearity of the damping force,
especially in the roll motion.

The coefficient of the equivalent linear roll damping can be obtained from:

Mo
byr = °/ (4-23)
eff (preS C(p

where

M is the static moment

1, is the moment of inertia with respect to the roll axis (including added moment of inertia).
@res i the corresponding resonance roll amplitude at the resonance frequency w,,

Wy =./Cy/l, , Where c, =mgGM, is the stiffness coefficient and m is the mass

displacement.
For more detail, please see [Ould el M.and Vladimir S. et.]®4

4.4.2 Asymmetric Structures

As stated in sub-chapter 4.3.1, the HLV is comprised by main hull and additional pontoon,

which means an asymmetric structures.

Beside of adjusted metacentric height and shifted CoG, the combining of inertia moments
results in six new products: Iy, = 1,4, I, =1, and I, =1,,, called products of inertia,
which normally be zero for symmetric vessels. Then those products listed in mass/inertia
matrix M are involved in solving of the hydro-mechanical problem MX' = » ﬁext, and finally

resulted significant influence on the ship motions.
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4.4.3 Irregular Frequencies.

Beside of resonant response with damped natural frequencies of structures, irregular

frequencies may occur in a narrow bandwidth always causing unwanted numerical problems.

As stated before, if the Green theorem is applied, the velocity potential turns out to be a

solution of the Fredholm integral equation of second kind[®>:

a@(x)+f O¢)—— (x E) —f %E?G( ;€)dS (4-24)
s

where n is the unit normal vector on the body surface pointing toward fluid, a is the solid
angle, and S is the boundary surface. G(x; &) is the wave Green function according to
[Wehausen and Laitone, 1960], see sub-chapter 2.2.2.

The above integral equation may not have a unique solution at specific frequencies, which are
called irregular frequencies. This is related with an internal resonance. Irregular frequencies
may occur at high encounter frequencies. A typical indication for an irregular frequency is a

large condition number of the equation system or very ‘noisy’ transfer functions.

Irregular frequencies correspond to standing waves inside the body. To eliminate irregular
frequencies, an internal boundary inside the body was generated (source distribution) in GL-

Rankine during simulations.

4.4.4 Resonance Trapped Waves

If we look carefully at the transfer functions results (see Figure 4- 11) from multi-body analysis,
some peak values seem far beyond the data from single body analysis. This important
interaction effect may due to a near resonance trapped wave between the floaters which can
excite sway and roll motions. This trapped wave is undamped within potential theory.

Additional resonance peaks also appear in coupled heave, pitch and roll motions.

According to DNV guidelines, hydrodynamic resonance may occur in the gap between the two
vessels that are situated closely side-by-side. There are three types of resonant motions to be

considered:

- Piston mode motion, where the volume of water between the vessels heaves up and
down more or less like a rigid body. This mode of motion is also called the pumping or
Helmholtz mode.

- Longitudinal sloshing mode, where the water between the vessels moves back and forth
in the longitudinal direction.

- Transverse sloshing mode, where the water motion between the vessels is a standing
wave between the vessels with a wavelength on the order of the gap width.

The eigenfrequencies w,, corresponding to the hydrodynamic resonances in the gap can be

conducted from![©8!:
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1+ J,otanhA,d
w2 = 4-25
n = g/ Jno + tanh A,.d ( )

where

2 1 r?
Jno(r) = — {j; NN [1 + 2u + (u — 1) cos(nmu)

(4-26)
3 1+ cosf,
- —sm(mtu)] du — — +142rin———
nm sinf, 1 — cos6,
r = b/l
b = widthof the gap between vessels [m]
l length of the gap (approximated by length of shortest vessel) [m]
d = draftof vessels (assumed to have similar draft) [m]
g = acceleration of gravity [m/s?]

Ay = nm/l[m™1]

0, = tan1(1/r)[rad]
The function J,, versus nmr is shown in Figure 4- 13. The eigenfrequency of the piston mode
is obtained by setting n = 1 while The eigenfrequencies of sloshing modes are obtained by
setting n = 2,3,4.... in above general expression.
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Figure 4- 13 Function ], versus nmr for piston mode (n=1, solid line) and lowest sloshing mode
(n=2, dotted line) (Source :DNV-GL)

A simplified expression for the eigenfrequency of the piston mode is also given by(®7!:

2 g
“1=" B
d +E(15 + ln%)

(4-27)

where B is the total beam of the two vessels including the gap between the vessels.

For our studied case, where vessels are located in close proximity with a narrow gap, the
eigenfrequencies of transverse sloshing are high and may be neglected. Only piston mode and

longitudinal sloshing mode are valuable to us.

Here the resonant piston mode in the narrow gap between main hull of HLV and the transport
barge is picked out for consideration, which may be the cardinal situation in our studied case.

Based on above equations, we can conduct the eigenfrequency w,; =1.46rad /s or
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tobe 1.42 rad /s (simplified method) for the piston mode, which agrees well with some

numerical solutions stated before.

Besides, when calculating drift force in vicinity of the frequencies of the trapped modes,
undamped free surface motion may lead to erroneous drift force predictions, which were

already revealed in the mean drift force plots, see Figure 4- 12 in sub-Chapter 4.3.2.

4.4.5 Limited Water Depth

As mentioned in model data, water depth h=20 meters was set in numerical simulation. Here

first we try to discuss how the water depth influences the velocity potentials.

Under airy wave assumptions, the dispersion relation is satisfied:
w? = gk tank(kh) (4-28)

Which reveals that angular frequency w and wavenumber k (or equivalently period T and
wavelength A), cannot be chosen independently, but are related. Figure 4- 14 shows relevant
wave lengths as well as phase velocities, in case of water depth h=20 meters (present case)

and h=200 meters (for comparison).
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Figure 4- 14 Comparison of wave length and phase velocity under dispersion relation

(a) wave length; (b) phase velocity

“EMSHIP” Erasmus Mundus Master Course, period of study September 2013 — February 2015



62 Bin Wang

From above comparison, we can clearly see that for wave frequency less than 1.0 rad/s,
current water depth (h=20 m) has significantly changed wave length and phase velocity, which
means ‘shallow water’ situation.

Further, the water pressure distribution under ‘shallow water’ and deeper water is also quite
different. For comparison purpose, wave frequency w=0.5 rad/s is selected within different

water depth and the dynamic wave pressure fields are computed accordingly, using airy wave
theory, see Figure 4- 15.
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Figure 4- 15 Wave Pressure Distribution along position Z= 0~20 m under different water depths.
(a) Water Depth h=20 m (present case); (b) Water Depth h=200 m

The influence from water depth will be reflected to the diffraction/radiation potential solution

and finally to the ship motions. The following Figure 4- 16 gives the comparison of motion
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RAOs under two different water depth: hgpq0w = 20 m (present case) and : hpgep =

1000 m (for comparison).
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Figure 4- 16 Ship motions under different water depths, Incoming wave angle=0 degree

(a) Surge motion; (b) Heave motion; (c) Roll motion
From above comparisons, we can see the motion characteristics show large deviations, after
reducing the water depth. The horizontal shifting increased while the vertical motion

decreasing.

Generally, those differences become significant only in low wave frequency zone, where

presents the trend that dispersion parameter u = (wave number * water depth) « 0(1),

wave amplitude

and non-linear parameter € = > 0(0). Under shallow water scale conditions,

water depth
whether the dispersion relation (which was the basis of the wave model used in above analysis)
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works well or not become an issue, but this topic is not in this paper’s discussion range. For

details, please read relevant hydrodynamic books.
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5. Cases Study in Time Domain: Offshore Lifting

Usually, offshore crane lifting operations are divided into two categories3*:

- Light lifts where the lifted object is very small compared to the crane vessel. The
weight of the lifted object is less than 1-2% of the displacement of the crane vessel,
typically less than a few hundred tons. In this case the motion characteristics of the
vessel (at the crane tip) is not affected by the lifted object!®®l,

- Heavy lifts where the weight of the lifted object is more than1-2% of the vessel
displacement and typically more than 1000 tons. For such lifts the coupled

dynamics of the vessel and the lifted object must be considered.

During the lifting phase the object is going through a set of different phases between lift off

and touchdown®1621 A typical subsea lift consists of the following main phases:

- Phase I: lift off from deck and manoeuvring object clear of transportation vessel.
- Phase Il: lowering through the wave zone.
- Phase llI: further lowering down to sea bed.

- Phase IV: positioning and landing.

There are many aspects to consider during the offshore lifting and lowering operations. For
the time being, this paper will put the focus on the crane wire tension during the first two

phases, that lift-off from barge and lowering the cargo through the splash zone.

5.1 Theory Basis based on DNV-GL Regulations

The list below gives the most relevant rules and regulations for marine lifting/installation by

vessel crane, from DNV-GL:

- DNV-RP-H103 Modelling and Analysis of Marine Operations.

DNV-RP-C205 Environmental Conditions and Environmental Loads.

- DNV-0S-H204 Offshore Installation Operations.

- DNV-0S-H101 Marine Operations, General.

- DNV-RP-H101 Risk Management in Marine and Subsea Operations.

- DNV-0S-H205 Lifting Operations.

- GL Noble-Denton -0027 Guidelines for Marine Lifting & Lowering Operations.
- DNV Standard for Certification No.2.22 Lifting Appliances.

5.1.1 Phase I: Lift-Off

A. General

There may be some analysis needed to determine the minimum crane lifting speed required
to avoid re-contact of the offshore structure with the barge deck while lifting. The pendulum
motion of a structure due to crane tip movement is one of the limiting criterial7®1.The

parameters determining if the lift-off operation is feasible are the following:
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- The hoisting speed of the crane (depends on the weight of the object to be lifted).
- The combined motion characteristics of the barge and the crane vessel.

- The weather condition, combined with the orientation of the two vessels.

When lifting an object from the barge by means of a crane on board a crane vessel positioned
side by side with the barge, a critical parameter is the relative motion between the crane hook
and the barge at the position of the lifted object. The statistics of the relative motion
determines the probability that the barge will hit the lifted object after lift-off.

Once the object is lifted free of the transport barge, the object will be hanging from the crane,
and is being subject to the motion of the crane top. Since the length of the wire is short in this
case, the dynamic response of the object/wire system will be marginal, and the force in the

wire can be estimated from the vertical acceleration of the crane top alone.

For operations involving multiple cranes the maximum out of plumb of hoist lines should be

defined/calculated and considered in the calculations!Y.

B. Probability of barge hitting lifted object!®?

A criterion for characterization of the safety of the lifting operation is that the object is not re-
hit by the barge after having been lifted off. The safety of the operation can be assessed by
estimating the probability that the lifted object will be hit by the barge and ensuring that the
probability is less than a certain prescribed value.

The following simplifying assumptions are made for the statistical analysis:

- The motion responses of the two vessels are assumed to be narrow banded.

- The hoisting speed U is constant during lifting.

- The lifted object is leaving the barge as the relative vertical motion a between the
barge and the crane hook has a maximum.

- The probability that the lifted object will be hit by the barge more than once

is practically zero. Consequently only the first possible hit is considered.

The probability P that the lifted object will be hit by the barge at the next maximum value of

the relative motion can be approximated by:

i

1 r? T T T
P(r) = Eem(_?)(l_TEXp(Z)erfc(E)) (5-1)
Where:
T= %, erfc(x) = \/%fxooe‘tz dt (5-2)

U = hoisting speed [m/s]
T, = zero up-crossing period for relative motion [s]

o = standard deviation of relative motion [m]

The probability P is plotted in Figure 5- 1.
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Figure 5- 1 Probability of barge hitting lifted object. (Source : DNV-RP-H103)

Requiring the probability to be less than a given number ¢, gives implicitly a value for the
maximum standard deviation ¢ of the relative motion which is proportional to the significant
wave height H,.

5.1.2 Phase II: Through splash zone

A. General

The “through the splash zone” phase starts when the cargo is lowered down and the bottom
end of the cargo begins submerging into the water. An object lowered into or lifted out of
water will be exposed to a number of different forces acting on the cargo. In general the

following forces should be taken into account when assessing the response of the object;

*  Fjine = force in hoisting line/cable
* W, =weightof object (in air)

* Fg =buoyancy force

* F, =steady force due to current
* F, =inertiaforce

* F,qs =wave damping force

* F; =dragforce

* FE, =wave excitation force
 F, =slamming force

* FE, =water exit force

The motions of the installation vessel combined with the motion of surface waves will create
a significant load on the object when it is lowered through the splash zone. It is important to
determine the wave loads during the passage through the splash zone and the added mass
and damping when the object is submerged to the seabed. However, the added mass and drag
coefficients are immersion dependent. The installed structure should be exposed to extreme
direct wave loading in the analysis. The added mass associated with the installed structure at

different submerged volumes may be estimated using the radiation/diffraction software.
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B. Hydrodynamic Forces on The Object: Simplified Method in DNV Rules

The Simplified Method supersedes the recommendations for determination of
environmental load effects given in DNV Rules for Marine Operations. The Simplified Method

is based upon the following main assumptions72):

- The horizontal extent of the lifted object (in the wave propagation direction) is
relatively small compared to the wave length.

- The vertical motion of the object follows the crane tip motion.

- The load case is dominated by the vertical relative motion between object and water,

which means other modes of motions can be disregarded.

Heave, pitch and roll RAOs for the vessel should be combined with crane tip position to find

the vertical motion of the crane tip.

An object lowered into or lifted out of water will be exposed to a number of different forces
acting on the structure. Beside of static weight of the submerged object, the following
hydrodynamic forces or parameters should be taken into account when assessing the
response of the object in general case:

). Slamming impact force

Slamming forces are short-term impulse forces that acts when the structure hits the water

surface:
F,.,=05p C.AV (5-3)
Ay is the relevant slamming area on the exposed structure part. C; is slamming coefficient.

The slamming velocity v, is :

V, =V, +4/V, 0 +V,° (5-4)

Where,

v, =lowering speed
V¢ = vertical crane tip velocity

v, = vertical water particle velocity at water surface

I1). Varying buoyancy force

Varying buoyancy F,, is the change in buoyancy due to the water surface elevation.
F =p - -8V-

0V is the change in volume of displaced water from still water surface to wave crest or

~ 2
V=4, ¢ +n% (5-6)

wave trough.

Where:
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€ , = Wave amplitude

Nce= Crane tip motion amplitude

A,,= mean water line area in the wave surface zone

[11). Drag force

Drag forces are flow resistance on submerged part of the structure. The drag forces are

related to relative velocity between object and water particles. There are two sources:

a. Friction force: Due to viscosity of the water and roughness of the objects surface a
velocity dependent friction force is generated. The friction force will always work in
opposite direction of the movement.

b. Wake: The water flow creates wakes around corners, the wakes creates an area with
lower pressure. This creates a force opposite of the direction of the movement

The drag coefficient, Cp, in oscillatory flow for complex subsea structures may typically be
Cp=2.5.
Fo =0.5p CDAPVr2 (5-7)

Relative velocity, v,., is found by:

V, =V, +4V, +V,° (5-8)
Where,
v. =lowering/hoisting speed.
v = vertical crane tip velocity.
v, = vertical water particle velocity at water depth, d.

A, = horizontal projected area.

V). Mass force

“Mass force” is here a combination of inertia force, Froude-K force and diffraction force.
The overview of mass forces is as Figure 5- 2. All of this mass must be accelerated when

the crane tip acceleration is transferred to the load.

Heave motion
Mass of on crane tip

the object

Added mass

Roll maotion
on vessel

N

Mass of Object Heave motion from
entrapped water

crane tip is transferred
to load

Figure 5- 2 Mass force on the object. (Source: Arnstein Hosaas, Subsea 7)
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Crane tip acceleration and water particle acceleration are assumed statistically

independent, then mass force Fy;:

Fu =VIM +Ag)-a, T +[(oV + Ag)-a,1 (5-9)
Where,
M = mass of object in air

As3 = heave added mass of object

a.t = vertical crane tip acceleration
V' =volume of displaced water relative to the still water level

vertical water particle acceleration at water depth, d.

a’W
About added mass Az;:

- Hydrodynamic added mass for flat plates: depends on body shape.

- Added mass increase due to body height.

- Avolume of water partly enclosed within large plated surfaces will also contribute to
the added mass.

- No reduction applied in added mass when perforation is small.

V). Total Hydrodynamic Forces:

During lowering through the water surface, the structure may have both fully submerged
parts and items in the splash zone. The slamming force acting on the surface crossing item
is then in phase with the drag force acting on the fully submerged part. Likewise, the mass

and varying buoyancy forces are 180° out of phase.

The characteristic hydrodynamic force is a time dependent function of slamming impact
force, varying buoyancy, hydrodynamic mass forces and drag forces. In the Simplified

Method the forces may be combined as follows:

Foye = \/(FD +Fyam) + (Fy — Fp)z (5-10)

where
Fp  =characteristic hydrodynamic drag force.
Fg1am = characteristic slamming impact force.
Fy; = characteristic hydrodynamic mass force.

E

» = characteristic varying buoyancy force.

Water particle velocity and acceleration are related to the vertical center of gravity for

each main item. Mass and drag forces contributions are then summarized:

FM:ZFMi and FD:Z:FDi [N] (5-11)

Fy; and Fp; are the individual force contributions from each main item.
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The static and hydrodynamic force should be calculated for different stages. The structure

may be divided into main items and surfaces contributing to the hydrodynamic force.

VI). Summary of simplified method.

The intention of the Simplified Method is to give simple conservative estimates of the
forces acting on the object. Pay attention that the Simplified Method is not applicable if
the crane tip oscillation period or the wave period is close to the resonance period T,, , of
the hoisting system.

Also pay attention to the assumption that the horizontal extent of lifted object is relatively
small compared to the wave length, and if D > 0.51 (where D is the horizontal dimension,
A is the wave length), this simplified method will not applicable anymore.

The Simplified Method provides an excellent and efficient basis for lifting analysis, based
on the feedback from projects (K. Aarset 2011) [73],

5.2 Lift-off Simulations

During the lifting operation the lifted structure will be affected by the irregular motion of the
waves and the vertical motion of the crane tip as a result of the vessel motion. It is a quite
complex & time dependent system, even after the reduction in degrees of freedom, this is a
highly complex system and should hence be analyzed by a numerical computer program if
more accurate solution needed, such as Orcaflex software from Orcina.

5.2.1 Software: Orcaflex

Orcaflex is a non-linear time domain finite element program which is frequently used within
the offshore industry due to its graphical and easy-to-use interface. OrcaFlex has a very wide
range of applications in marine engineering and offshore renewable energy industry. Within
the domain of installation analysis, the program has the capabilities to analyze a number of

marine operations such as!74:

* Pipelay analysis

* Anchor and mooring deployment

* Riser installation

* Cable lay dynamics

* Through-splash zone deployment

* Deep water installation of subsea hardware
* Seabed plough deployment and operation
* Offshore lift dynamics

* Deflect-to-connect and cross-seabed pull-in

* Stab and Hinge simulation

The vessel model can be endowed with correct hydrodynamic characteristic by importing

response data from diffraction/radiation programs. The hydrodynamic forces on line elements
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are calculated based on an extended version of the Morison equation and cross flow
assumptions. Orcaflex also uses “lumped mass” elements and “6D-bouys”, to simulate
structural elements such as beams, pipes and plates. The elements will simplify the

mathematical formulation and reduce the overall computational time.

5.2.2 Model data

a. Ship models and lifting object

Again, the ‘type I’ heave lift vessel as well as transport barge are introduced during the cargo
transfer (lift-off) operation, see Figure 5- 3(a)&(b). Their principal dimensions can be found
in previous chapter. Multi-body hydrodynamic analysis results in frequency domain are
imported, so that time-domain simulations for lift-off operations can be performed including

the interaction effects.

Additionally, bi-linear springs acting in surge and sway movement are modelled to work as
motion constraint in horizontal direction, to simulate the fenders and winch connection

between HLV and transport barge in the real world.

(b)

(©

Figure 5- 3 Models in Orcaflex. (Upper: the whole model in simulation; Bottom: lifted object)

The object to lift is a simplified box-shaped manifold, which is placed on the centre of barge
deck in initial condition. The weight of this manifold is 220 MT in air, with a main dimension
of LX B X H =6.70x5.50%3.72 meter. Four slings are used during the lifting simulation,
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connecting with winch wire and lifting points on each corner of the manifold. Also two tugger
lines are introduced to simulate the tension force on the manifold, to avoid motion of

pendulum during the lift-off process, see above Figure 5- 3(c).

b. Environment and initial conditons

The airy wave is used in the Orcaflex calculations. To cover points above the mean water level,

Orcaflex allows for artificial stretching of the wave kinematics.

According to regulations, vessel response for wave directions in +15° off the applied vessel
heading are considered. No wind or current to be introduced into lift-off simulations. The

environment data is summarized in the table below.

Table 5-1 Environmental conditions

Item unit Value

Water depth m 20

Wave height m 0.5,0.75,1.0, 1.25
Wave period S 45,5.25,6.25,7.5,9.0
Wave direction degree 165, 180, 195

Initial conditions for ships: the draft of HLV dy 1y 1nitiar = 8.60 m, the draft of transport barge

dparge mitiar = 3-0 m, and the gap between two ships to be 1.25 m.
5.2.3 Assumptions and Settings

It is not easy to simulate a dynamic lifting operation of comprehensive framework structures

and some simplifications were assumed before obtaining the results:

- The motion of the crane tip (the top of the crane wire) is assumed fixed relative to the
vessel motion. This means that the stiffness and active heave compensating effects in the
crane is neglected, resulting in increased vertical motion and dynamic forces on the lifted
object. Any pendulum motion that the lifted object might have before or during first

impact with the oscillating sea is not considered in this thesis.

- The interpolation for RAOs and hydrostatic stiffness is used in this time-domain coupled

analysis, if ship’s draft or inclining angle vary from a time-step to another time-step.

- An implicit integration method to be selected, based on a generalized a integration
described by (Hulbert, 1993) [7>l. This method solves the system equation at the end of

each time series. Additional information is given in the Orcaflex manual.
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5.2.4 Simulation Targets and Results

As stated before, the feasibility of lift-off operations are determined by lots of parameters, i.e.
the minimum hoisting speed of crane, crane capacity, rigging capacity etc. The simulation here

is concentrated on the investigation of lifting speeds, under certain wave cases.

Here one typical regular wave condition is conducted for following studies: wave height H =
0.75 m, Zero crossing period T, = 5.25s. Wave direction = 195 degree. Two different
lifting speed: U; = 0.02m/s ,and U, = 0.04 m/s to be used in analysis to conduct the

discussion.

a. Cases: U, = 0.02m/s versus U, = 0.04 m/s

First, let us see how is the cargo vertical motions under different lifting-up speed, in the

selected wave.
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Figure 5- 4 Time history of Cargo’s velocity in vertical direction.
(@.U; =0.02m/s (b). U, =0.04m/s

From Figure 5- 4, we can see the object follows with barge’s harmonic motion at the first
phase, since linear wave model is assumed. Lifting-off is finished in short time and the transfer

process under U; = 0.02 m/s is no as smooth as U, condition.

After being lifted freely from the barge deck and hung in air, environmental forces on the ship
initiates motions in the crane tip which are further transferred as dynamic loads in the crane

slings and into cargo, thus complex motion occurs on lifted object.

The tension plot on lifting wire, as well as the nominal contact force between lifted cargo and
transport barge during the lifting are given in Figure 5- 5and Figure 5- 6:
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From above comparison we can conduct that the object is re-hit by the barge after being lifted
off in Case |, where lifting speed U; = 0.02 m/s. That is dangerous situation to both lifted
structure and the operation’s safety, which we should try to avoid. After increasing lifting

speed to U, = 0.04 m/s, the risk of re-contact is dismissed for this wave case.

b. Lifting speed estimation

As we can see, the faster the lifting off operation happens, the lower risk of re-hitting there
will be under certain conditions. But there are lots of limitations existing in real world, such as
the capacity of cranes, the stability limitation, and structural strength. The following gives the
time history of the angle-velocity for x-axis (which means roll angle velocity) during the lifting
operations. From this sample comparison, we can image that for higher lifting speed, higher

roll moment stiffness or more powerful ballast capacity to be needed for heavy lift vessel.
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As stated in regulations, the minimum crane lifting speed could be obtained by using the

criteria that the crane lifting velocity should be greater than the relative vertical velocity

between the structure base and the barge to avoid re-contact. As we can image, for a certain

case (certain wave direction as well as wave height and wave period), this relative vertical

velocity is a stochastic value related to the wave phase/wave field at each location while

lifting-off happens.

Based on the assumptions and analysis results, here a simplified way is conducted to estimate

a safe lifting speed. For the selected case, the motion of crane tip and transport barge during

the whole lifting simulations are given in following:
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Figure 5- 8 Time history of vertical velocity of selected structures during lifting process
(a). Crane Tip of HLV (b). Transport Barge
From Figure 5- 8, we can see that the maximum negative speed in Z-direction of the crane tip
was -0.034m/s after all the cargo weight to be transferred to HLV, meanwhile the maximum
possible positive speed of transport barge in Z-direction was 0.043 m/s, after the object being
lifted freely. Normally those two speeds will not occur at the same time. So if lifting speed
U = 0.043 + 0.034 = 0.077 m/s, it can cover all the possible cases under the selected wave
case. This is a fast estimation under lots of assumptions which including that the motion of

the crane tip is fixed relatively to the vessel motion.

5.3 Lowering Through the Splash Zone

After the lifting-off operation, the transport barge will leave the site and only HLV is left. There
the vessel will lift the object with its own crane and lower it through the splash zone to a pre-
defined depth.

Assume that the surface piercings duo to lowered object will not affect existing wave field,
which has been calculated by boundary element method. Similar as before, HLV’s 1%t order
RAO forces data, hydrostatic stiffness and added mass/damping matrix are imported and to

be used in following time-domain coupled simulations.

The goal of following coupled analysis is to see how is the response of HLV and lifted object
during the lowering operations. The results are stated by the max tension in the rigging, as
well as the risk of clashing.

5.3.1 The simplification of lifted object

For hydrodynamic calculations, it is not easy to do the numerical discretization for a real
subsea structure which may consists of hundreds of pipes and plates with different normal
direction. Normally, 6-D buoy and line elements in Orcaflex can be used to simulate the
hydrodynamic and structural properties for the lowering structures. Excel can be used to get
the global added mass coefficient, global drag coefficient etc., gathered from different

components!7®l,

Due to time issue, this thesis will escape this part and some simplifications are assumed here.
The object was to be modelled by 6-D buoy which will be treated as a body with the ability to
move in 6 degrees of freedom. And the following static and hydrodynamic loads during

lowering simulation are considerred:

*Weight and inertial loads.
eBuoyancy, added mass, damping and drag. For a surface-piercing condition, the
hydrodynamic forces and hydrostatic pressure take account of the proportion of the buoy

that is below the water surface.
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eSlam forces as the buoy passes through the sea surface. The 6D-buoys calculates forces
for both water entry and water exit. The slam force in Orcaflex is applied normal to the
water surface by using the unit normal vector, allowing for a horizontal slamming

component (in DNV-RP-H103 the forces only acts in the vertical direction).

Additionally, the slam force and the water exit force are accounted by using 24 discretized 6D-
buoys in two layers, as shown in Figure 5- 9. Each buoy is assigned with a slamming coefficient
and a projected area, in order to calculate the slamming forces acting at each vertical level of

panels.

Figure 5- 9 Slam buoy distributions on the object in Orcaflex

The total force on the object is a sum of all contributions. The following table gives the pre-

setting parameters in lowering analysis:

Table 5- 1 Hydrodynamic data of lifted objects

Item Value
Weight inair  (t) 220
Volume displaced (m®) 51.65
Global projected area | x-direction 21.4
(m?) y-direction 26.7
z-direction 52.5
Global added mass x-direction 0.92
coeffient y-direction 1.04
z-direction 1.29
Global drag coeffient | x-direction 2.95
y-direction 2.55
z-direction 3.16
Slamming coefficient 6.28
Slamming area (m?) 3.3x12

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 79

5.3.2 Method States and Environmental Conditions

Generally, there are two popular numerical methods for the lowering simulations in splash
zone: one method is related to statistical analysis, by repeating lowering in irregular waves
(different wave realizations) and then conduct the extreme values!”’]; the other way is stated
here:

* Step |: To determine the most severe positions of the lowered object relative to the
water surface.

Normally 1~2 typical regular waves are selected, and then slowly lowering the object
through regular waves by time domain analysis (normally over 1000 sec. duration).

* Step ll: Stationary analysis in most onerous position, in irregular waves.

Those time-domain analysis are performed in the time-domain with application of
various waves with different wave height and period, also with the object lifted by
winch line without payout (which means not lowering). The duration of each
analysis depends on individual cases and in sensitivity analyses a number of shorter
simulations may be performed. (DNV-RP-H103 recommends that the lifted object
should be fixed in selected positions in simulations of minimum 30 minutes).

* Step lll: Evaluate the results.

Such as to study time series, to find peak values or estimate extreme forces.

The environmental conditions used in lowering analysis are reported in following table:

Table 5- 2 Environmental Conditions

Item unit Value

Wave Spectrum - Jonswap
Peak-Enhancement Factor, y - 1.0

Significant wave height m 0.75,1.0,1.25,1.5

Peak period S 6.5, 7.5, 9.0, 10.5, 13.0

Wave direction degree 1659, 1807, 195° (bow sea +/- 15°)
Water depth m 20

5.3.3 Results from selected cases

In order to cover most of possible situations during the lowering through splash zone
operations, plenty of cases are needed to run at each of picked severe positions. For time
issues, we will not analyzed the whole procedures using the methods stated before. Several
time-domain analysis using irregular wave trains at one selected position to be performed

here, with the purpose to simplify the following comparison.
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Figure 5- 10 shows the overview of the exampled case: Object in splash zone, fully submerged
(top plates on the mean water level in equilibrium position). The tension in the rigging/lifting-
winch is reduced due to buoyancy force. But normally this position is the severe case to find

slack wire/snap forces.

Figure 5- 10 Selected case: Object in splash zone, fully submerged

Since this is a research purpose discussion, so here time domain analyses are carried out only
600 s for each environmental condition to obtain the peak responses. Based on these results,

further the maximum hydrodynamic response can estimated.

a. Wave trains based on giving the energy spectrum

In order to obtain a stationary ergodic wave train for given energy spectrum, a Fast Fourier
Transform (FFT) is used in Orcaflex to transform the data into a number of frequency
components. Each component is then used to define a single Airy wave and these Airy waves
are then combined to give the wave elevation and kinematics at all points. The following gives

one exampled wave condition.

1.2

23.75m

0.5 e [ I HH

5, Y

o
=5
!

=67.0
(=]
——
=
—
—
i
=
—
—
—
e ——

Spreading function
»

&
.
L

05§ .

Sea Elevation (m) at X

: — s — e : -1 ; :
0
100 150 200 260 300 400 500 600
Direction (deg) Time (s)

Figure 5- 11 Wave train under JONSWAP wave type: H; = 1.0 m; T, = 7.5 s; Heading = 165°

(Left: Directional spreading spectrum; Right: Part of wave train)

Master Thesis developed at University of Rostock, Germany



Hydrodynamic Analysis of a Heavy Lift Vessel during Offshore Installation Operations 81

b. Time history of wave impact loads and HLV motions for selected wave case

The following results are taken from the wave condition that H; = 1.0 m; T, = 7.5 s; and

wave heading= 165°.

Figure 5- 12 gives the time history of rigging loads, where the horizontal black line represents
static weight of lifted object. Comparing with wave elevation history (see Figure 5- 11_b) at
the point of HLV’s CoG, we can see that the peak hydrodynamic loads on lifted object do not
always occur at the second of peak amplitude waves.
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Figure 5- 12 Time history results for selected wave condition
(a) Rigging loads; (b) x-axis angle (roll motion) velocity of HLV

As shown before, the tugger lines connected with lifted object were used to control swinging
of the objects with horizontal tensions during the lowering operations. The following Figure
5- 13 presents the horizontal travel path of lifted object, and the two black crossing lines
present the values in hydrostatic case. Those data can be used to conduct the clearance in

Orcaflex, which is meaningful for operation safety.
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Figure 5- 13 Horizontal travel path of lifted object, for selected wave condition

¢. Summary of splash zone dynamics

The results shown in Figure 5- 14 represent the maximum roll acceleration of HLV under
different wave conditions. Those values of x-angle acceleration reflect the most serve rolling

moment changes due to incoming wave loads plus the moment from rigging wire at that time.
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Figure 5- 14 Summary of serve roll accelerations
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For hydrodynamic loads on lifted object in splash zone analysis, the effects are stated in Figure
5- 15 by rigging tension (static tension + hydrodynamic forces) and the static tension in calm
water is also marked on the figure with black line. The highest load occurring in the rigging is
1887 kN (see Figure 5- 15-a), which occurs at T, = 6.5 s.
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Figure 5- 15 Rigging peak tensions - wave dir. 165°

The slack line criterion describes a check, whether the dynamic load falls below 10 % of the
corresponding static load. It is frequently used in snap forces elevations during lowering
operation. For our studied cases, the lowest loads in slings 1573 kN (see Figure 5- 15-b),
correlates to 71.5 % of the static load in air. So the risk of snap forces in slings or hoist line is
eliminated based on this design criteria.

5.4 Discussion

Main focus of those analysis is on hydrodynamic lifting forces, and evaluation of tip motions

related to HLV during marine operations. Several simplifications were assumed before
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coupled time-domain analysis. As we can image, the more detailed the model, the more

nominal the results will be.

In the real world, the lifting operation is carried out under natural wave conditions, which
means a stochastic process each time. Since lifting operations takes place in relatively calm
weather, the motions of the crane vessel can be computed from linear wave theory, and the
motions can be assumed to follow a distribution forms, such as Gaussian distributed, as stated
in DNV-RP-H103. Each of the time-domain analysis’ contributes a reference, which may be

used in further statistical analysis to estimate extreme force at a certain confidence level.
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6. Conclusion

6.1 Summaries

The purpose of this thesis is to study the dynamic response of selected templates during the
offshore operation. Three main objectives are set: First, to study the seakeeping performance
of selected HLV; Then the second part focuses on the multi-body hydrodynamic analysis in
frequency domain, which is the common case during offshore operation; And based on
previous study, the last parts is transferred to the time-domain response study of simplified
systems during offshore lifting.

1. The seakeeping analysis and relevant comparison studies cover a range of different

methods, under a wide range of wave periods and wave heading angles for selected HLVs:

- Non-Linear Steady Cases: Linear potential methods linearizing around the non-linear
steady wave field. The results from GL-Rankine show high-level coincidence to WASIM'’s,

as both of them use Rankine source method.

- Approximate Forward Speed Cases: Linear potential method linearizing around the
undisturbed flow, applying Green Functions. The comparison with Rankine source
method reveals that AFS method (zero-speed Green’s function + forward speed
correction) can be used as reference before more time-consuming analysis to be

performed.

- 2-D Strip Method Cases: Linear potential method linearizing around transverse two
dimensional slices, the global response of HLV are extended from 3-DOF of motions of
each slices. The results based on Frank’s method of pulsating source agree well with
Rankine source method under most of conditions, but some evident difference are also

shown due to the limitation of 2-D strip assumptions.

2. Hydrodynamic interaction effects between multiple surface piercing structures is included
since the excitation loads on each structure is considerable influenced by the presence of the
other structures. Using GL-Rankine, the case study of multi-body interaction is carried out in

regular waves in frequency domain:

- First, with the verification purpose, a simple multi-body case is analyzed, where two freely
floating vertical cylinders in regular waves in finite water depth are used to study the
interaction effects. For selected 0° wave-heading angle, this response of this two-body

system agree well with results in [Matsui et al, 1981].

- Then a heave lift vessel and a transport barge are modelled in finite water depth, to study
the influence of hydrodynamic interaction during cargo transfer process. The comparison
between the single body and multi-body cases is given to assess the effect of additional
radiation & diffraction potentials, as well as the changes of mean drift forces due to such

close operations. Beside of the influence of additional hydrostatic inertia products due to
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asymmetric geometry, irregular frequency due to “standing waves” inside the body, the
influence from limited water depth to hydrodynamic response is conducted too. An
important interaction effect: near resonance trapped wave between the floaters which

may excite sway and roll motions, is also discussed in this chapter.

3. With the achievement from earlier discussions, the lifting operation is simulated, for several
simplified cases within time-domain. The motion of the crane tip (the top of the crane wire) is
assumed fixed relative to the vessel motion, which may result in increased vertical motion and
dynamic forces on the lifted object. With the fact that he wave impact on is in reality a very
complicated process, only several interested cases are picked out for analysis in this thesis.
Orcaflex software has been used to give an estimation of forces involved in the wave impact

process on coupled complex system.

- For the phase of lifting-off from transport barge, the coupled analysis is performed under
regular wave conditions. Multi-body interaction RAOs are imported and horizontal
motion constraint to be added to simulate the connecting/fender system. Beside of
tension forces in rigging wire under a certain wave condition, the elevating of lifted object
to re-hit the barge under different lifting speed are stated. A conservative estimation of
min. lifting speed is given for the selected regular wave case.

- In order to carry out the dynamic analysis of the lifting system through the splash-zone,
the basic theories involved in the lifting operation and guidelines according to DNV-GL are
introduced first. The lifted object is simplified and modelled with 6-D buoy element with
given hydrodynamic data such as projected area, drag and added mass coefficient etc.
The slamming effect is simulated by using lumped buoy in two layers, with slamming area
and coefficient setting. The investigation is made under the selected location that the
structure is suspended just below the mean sea level, using an irregular wave sea-state
with angle spreading. Accordingly, the largest roll accelerations of HLV and prediction
forces on lifted object is stated. Additionally, the risk of compression in the lifting wires

can be eliminated using slack line criteria for the selected case.

6.2 Recommendations for further work

This thesis has done a comprehensive analysis on the dynamic performance of the template
during transportations and typical offshore operations. However, due to some objective
reasons, there are still a lot of problems and tasks remain unsolved. Therefore, there are still

different kinds of work and new tasks can be added into this topic.

From the seakeeping analysis part, GL-Rankine is approved to be a powerful program on
hydrodynamic analysis, for both Rankine source method and green function method. In order
to better understanding the hydro-mechanic performance of marine transport vessels, more

detail works need to be done.
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For instance that with high Froude number, the linearization of the flow (potential flow
theory) may become not so creditable, since nonlinear effects such as non-steady
turbulent flow / wave breaking to be more significant. This can be checked with towing

test in basin or using detail CFD simulation method.

Should investigate the pressure distribution on each panel elements, which is important

for load mapping to further structural safety analysis.

Seakeeping analysis are carried out in deep water in this thesis. Limited water depth

condition may be considered and studied in further works.

For the multi-body interaction case study, some interesting results are shown to present how

those additional diffraction/radiation potentials can change the hydrodynamic response of

concerned vessel. Furthermore, in order to obtain more reliable results:

Should investigate the wave model theory under given limited shallow water.

Second order wave forces: to investigate the sum-frequency and difference-frequency

wave loads on the body in irregular waves with higher order wave assumption.

Care should be taken to distinguish between the eigenfrequencies of near resonant
trapped modes and possible irregular frequencies inherent in the numerical analysis.
More detail need to be explored while resonance trapped wave appearing.

For the lifting operation, there are many simplified and idealized assumptions during the

modeling in this thesis, as well as more case studies are needed to get a better overviewing.

Therefore, there still a lot of works in the future research:

Normally this lifted object consists mainly of pipes and beams, which should be discretized
one by one, if they undertake variable hydrodynamic forces during lower through

operations. This will make the analysis more creditable.

Due to the lack of time and space, the analysis is only performed with simple models. And
more simulations are needed to cover the most possible serve cases during lifting-off and

lowering operations, with different layout speed under more sea-states.

The wave drift force is not discussed during the lifting simulations. Thus, in further work

the wave drift force especially the second-order forces on the template can be introduced.

Heave compensation is frequently used during light lifts. The stiffness and active heave
compensating effects in the crane should be considered in further works, Any pendulum
motion that the lifted object might have before first impact with the oscillating sea is not

considered in this thesis.

Finally and most importantly, since all above simulations were performed in-house by

computing codes, there may be some ideal assumptions or simplifications that could lead to
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significant simulating deviation from the reality. Experimental data gathered from towering

tank or wave basins is essential before we classify the numerical simulation to be reliable.
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