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Abstract: Waves have an important influence on the motion performances of offshore crane vessels.
The floating crane vessel in waves gives rise to the motion of the lifted object which is connected to
the hoisting wire. Based on the geometric parameters of a revolving offshore crane vessel, combined
with the specific process of the floating crane vessel at work, a model of the offshore crane vessel
under full-circle swing hoisting has been established by OrcaFlex. With the change in wave direction,
the dynamic response of the system is made and the impact force between the support vessel and the
hanging object and the tension of the crane wire under different wave directions is obtained. At the
same time, the minimum impact forces between the support vessel and the hanging object and the
tension of the crane wire and their wave directions are obtained. According to the calculated result,
the optimal design of the full-circle swing hoisting operation of large revolving offshore crane vessel
has been determined.

Keywords: revolving floating crane vessel; OrcaFlex; dynamic response; impact force; tension of the

crane wire

1. Introduction

Along with social progress and the wide range of human activities, production ca-
pacity is growing, and a consequent problem is the consumption of a large number of
resources [1]. It has been difficult for land-based resources and space to meet the needs of
social development and countries around the world have increasingly been paying greater
attention to the exploitation of offshore resources [2]. The demand for offshore facilities,
such as underwater transportation systems for oil and gas fields or wind parks, is increasing.
Offshore oil and gas fields will be developed to a large extent, and all processing equipment
will be on the seabed. Therefore, the operability of underwater construction is urgently
needed. Offshore crane vessels are employed for a variety of tasks in offshore areas, such
as transportation, assembling of costly structures, and salvage operations. Offshore cranes
are also widely used to transfer cargo from one vessel to another, or from one vessel to the
land. Efficient and safe operations of offshore crane vessels at offshore locations are thus
becoming increasingly important due to the increase in offshore activities, particularly in
deep water regions, and with a demand for higher lift capacity [3-5].

There exists a considerable amount of literature devoted to the analysis and control
of the offshore crane operations [6—11]. For example, Spathopoulos and Fragopoulos [12]
studied the modelling of a crane for offshore lifting operations and proposed an anti-
pendulation arm. The crane vessel is always a rigid—flexible coupling multibody system,
which can affect the accuracy of dynamic analysis. He et al. [13] proposed a dynamics
analysis model of an offshore crane vessel based on rigid—flexible coupling virtual proto-
typing. Fang et al. [14] proposed a dynamics analysis model of an offshore crane vessel
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consisting of the boom and a payload by employing the Lagrange method, with specific
emphasis on the effect of the vessel’s motion on the payload swing. Offshore crane vessels
are greatly impacted by the marine environment. Chu et al. [15] introduced a modelling
approach for offshore crane operations based on the bond graph method to tackle the
problems of sea load challenges. Previous studies have provided strong references for the
further dynamic behavior exploration of the offshore crane vessels under various working
conditions [16-18].

Offshore crane vessels are permanently faced with fluctuations and external loads
caused by the ship’s own motion, waves, and wind [19]. These affect their normal work.
Many studies have been carried out on the dynamic analysis of offshore crane vessels under
complex environmental loads. The wave-induced motion of the large floating crane vessel
coupled with the motion of the hanging object will generate complex nonlinear motion of
the multi-body system [20-24]. Than et al. [25] simulated the dynamic behavior of a real
crane in the marine environment using a general non-linear dynamic analysis program for
flexible multibody systems. The numerical simulation of offshore cranes performing sealift
operations was carried out. Hannan and Bai [26] numerically investigated the nonlinear
dynamic responses of a fully submerged payload hanging from a fixed crane vessel. They
considered the different orientations of the crane vessel and submerged payload and
revealed the dynamic behavior of the submerged payload of an offshore crane vessel during
operations. The results showed that the change in wave motion frequency significantly
changed the motion behavior of the load and produced various nonlinear phenomena. Ye
et al. [27] studied the estimation of low-frequency crane force in the horizontal direction
during the loading and unloading phase of offshore crane vessel operation under various
environmental conditions. They introduced a new time-varying mooring stiffness term into
the nonlinear passive observer of the offshore crane vessel and used it in the joint parameter
state estimator to estimate the force of the horizontal crane and the state of the offshore
crane vessel. In waves, the offshore crane vessel gives rise to the motion of the lifted object
that is connected to the hoisting cable. In return, the dynamic tension induced by the
lifted object also affects the motion responses of the offshore crane vessel. Zhao et al. [28]
studied the dynamic responses of three offshore crane vessels through fully coupled time
domain simulations. The motions of the vessel, the crane tip, the installed blade and the
blade root, and tension in tugger lines were investigated. The results showed that offshore
sites with short wave conditions had higher feasibility in floating vessel installation than
at sites with long wave conditions. Farhan et al. [29] carried out an experimental study
and numerical analysis of crane operability on a catamaran-hulled crane vessel. It was
found that the response spectra of the results of numerical analysis and experimentation
had various differences depending on the observed mode of motion. Landsverk et al. [30]
investigated the coupled dynamics between a multipurpose crane with payload, and an
offshore carrying vessel.

As can be seen from a brief review of the most advanced research, the current research
mainly focuses on the modeling and analysis of the couped dynamic responses between
the crane and vessel under complex environmental conditions, during which the vessel
only carries out several simple operations, such as lifting and lowering. There are few
studies on the dynamic analysis of a full-circle swinging hoisting operation of offshore crane
vessel under complex environmental conditions. Therefore, it is necessary to study the
hydrodynamic response of this complex operation. In this paper, the lumped mass method
and the time-domain coupled dynamic analysis method are used to simulate the full-circle
swinging hoisting operation of a large revolving floating crane vessel. The dynamic model
is established, and the hydrodynamic response under different wave directions is studied
using OrcaFlex. In order to ensure maximum simulation authenticity, the cycle simulation
time step must be shorter than the shortest natural nodal period and should not exceed the
model of the shortest natural cycle period 1/10. Based on the hydrodynamic performance
calculation results of the system, some guidance advice has been given. The remainder of
this paper is organized as follows. Section 2 introduces the lumped mass method and the
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dynamic theory of the swinging hoisting operation of an offshore crane vessel. Section 3
introduces the numerical model. Section 4 presents the results and discussion. Finally, the
conclusions drawn from this paper are presented in Section 5.

2. Methodology
2.1. The lumped Mass Method

The crane wire model was considered as a slender, flexible cylindrical cable. The
discrete lumped mass model was used to solve the nonlinear boundary value problem.
The basic idea of this model is to divide the towed cable into N segments, and the mass of
each element is concentrated on one node, so that there are N+1 nodes. The tension T and
shear V acting at the ends of each segment can be concentrated on a node, and any external
hydrodynamic load is concentrated on the node. The equation of motion of the i-th node
(i=0,1... N)is:

MaR; =T, — T, | +Fa, + Vi — Vi1 + w;As; 1)

Among them, R represents the node position of the cable.

My; = Asi(m;+ FD;?(Can — 1))I — As; ZD;*(Can — 1)(7; ® Ti_1) is the mass matrix
of anode, I is the 3 x 3 identity matrix, T,; = EAg; = EA% represents effective tension
at a certain node, Asy; = ﬁ represents the original length of each segment, As,; =

|Ri11 — R;i| represents the stretched length of each segment, EA represents the axial stiffness
of the wire.

F;y, represents the external hydrodynamics of each node, which is calculated according
to the Morison equation:

1 — 7T —
Far, = 5pDiv/ 1+ eiAsi(Caniloni[vni + 7Carilvsilvsi) + ZDizpcaniAsi(“wi — (awiTi))Ti 2

where p is the density of sea water, D; is the diameter of each cable, Cj,; is the normal
drag coefficient, Cy; is the tangential drag coefficient, C,,; is the inertia coefficient. Figure 1
depicts the lumped mass model.

element 2

Ap——-

Dy d
_/ \/ cement 2\ / Crane wire

lelement

node 1

element 3

Discrete model

Figure 1. The lumped mass model.

2.2. Dynamic Theory of Swinging Hoisting Operation
2.2.1. Coordinate System

The coordinate systems of the full-circle swinging hoisting operation of a large revolv-
ing offshore crane vessel are shown in Figure 2. There are two coordinate systems, the fixed
coordinate system Ogxglpzo and the vessel coordinate system Oxyz. In Figure 2, point A is
the endpoint of the boom, point P is the simplified particle of the hoisted object, « and
represent the out-of-plane swing angle and in-plane swing angle, respectively.
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Figure 2. The coordinate systems.

2.2.2. Motion Equation of the Suspension Crane Wire

Since the elongation and bending torsional stiffness of the crane wire of the swinging
hoisting system are very small, this paper will not consider them, temporarily. When the
suspension crane wire is under tension, it can be approximately regarded as an elastic rod,
so the suspension crane wire is discretized into a mass spring model, and its tension is
obtained based on the lumped mass method:

F=Y'""E Aj-e(i=123-) 3)

where F is the tension of the crane wire, kN; E; is the elastic modulus of a selected section
of suspension crane wire, N/ m?; Ai is the cross-sectional area of a selected section of
suspension crane wire, m?; ¢; is the dimensionless longitudinal strain.

The effective tension of the suspension crane wire is as follows:

F=F+F, (4)

where F is the effective tension of the suspension crane wire under the consideration of
hydrodynamic force, kN; F; is the tension of the crane wire, kN; F, is the hydrostatic
pressure acting on the crane wire in a stepped manner, kN. The hydrodynamic force can be
calculated by the Morison equation, as shown in Equation (2).

The motion equation of the suspension crane wire is as follows:

pF 4+ Capot” + (EIr )" — (Ar') = w + F, (5)

A =F+F,— EIK (6)

where p is the density of suspension crane wire, kg/m; p, is seawater density, kg/m?>; EI
stands for bending stiffness, kN-mZ; # is the acceleration of the crane wire, m/s?; r is the
displacement of the crane wire, m; w is the effective mass, kg; k is the curvature, rad/m.
The apostrophe of the superscript indicates derivation.

X (z, t) represents the vertical displacement of the crane wire (measurement unit: m),
where t represents time (measurement unit: s), and z represents the vertical position of
one end of the crane wire connecting the hoisted object (measurement unit: m). For the
convenience of expression, the tangential drag force of the crane wire is not considered,
temporarily, so the vertical motion equation when the crane wire is tensioned is:

%X (z,t 92X (z, ¢
EAi% +8(p —pw)Ai = m% ()

where E is the elastic modulus, kN/m?; g is the acceleration of gravity, m/s?, taken as 9.8;
m is the mass per unit length, kg/m.

v*> = EA;/m (8)
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K=g(p—pw)Ai/m )
Equation (9) can be obtained by substituting Equations (8) and (9) into (7).

9°X(z,t) 0°X(z,t)
2 4 ’
T K= 10
T T or? (10
The motion equation of the vessel is as follows:

x = Racos(wt — ¢) (11)

where, v represents the speed of sound propagation in the crane wire, m/s; X represents
the displacement of the vessel (including 6 degrees of freedom). The unit of measurement
for translation is m, and the unit of measurement for rotation is rad. R is the amplitude
operator response of the vessel. The unit of measurement is m for translation and rad for
rotation. a is the amplitude of wave, m; w represents the circular frequency of the wave,
Hz. ¢ is the initial phase angle of the vessel, rad.

The initial value of point A in the hull coordinate system is (x., y¢, zc). The motion
equation of point A is as follows.

X A0 1 00 0 ZA —YA
yaop =10 1 0 —z4 0 x4 |{x} (12)
ZA0 0 0 1 va —XA 0

The acceleration equation of point A is as follows.

j&AO 1 00 0 ZA —YA
yAO =10 1 0 —ZA 0 XA {x} (13)
iAO 0 0 1 YA —XA 0

The coordinates of point A in the fixed coordinate system Ogxgypzo can be derived
from the position relationship between coordinate axes, as shown below.

X4 X0 x' X0 X0
Yap=|vo|+ |Vs| = |vo| +T|vo (14)
ZA 20 ZfA Z( 20

where, x40, Y40, za0 are the initial coordinates of point A, m. x4, y4, z4 are the coordinates of
point A moving with the vessel in the vessel coordinate system, m. X 49, ¥ 49, Z40 Tepresent
the accelerations of point A in three directions in the fixed coordinate system, respectively,
m/s?. x and X represent the displacement and acceleration of the vessel, respectively. When
the displacement of the vessel is translational, the measurement unit of its displacement
is m, and the measurement unit of its acceleration is m/s2. When the displacement of the
vessel is rotational, the measurement unit of its displacement is rad, and the measurement
unit of its angular acceleration is rad/s. X4, Y4, and Z4 are the coordinates of point A
in the fixed coordinate system, m; x, 1o, and zg are the initial coordinates of the hull, m.
x4, ¥4, and 2/, are the velocities of point A in the vessel coordinate system with the ship
motion, respectively, m/s; T is the transformation matrix between two coordinate systems.
The coordinates of the hoisted object P are as follows.

Xp Xa I cos Bsina
Yp| = [Ya| + —Isina (15)
Zp Za —lcos Bcosa

where, Xp, Yp, and Zp represent the three spatial coordinate values of the hoisted object, m.
« and p represent the out-of-plane swing angle and in-plane swing angle, respectively, rad.
I represents the total length of the crane wire.
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Ty cos Bsina + Axxp + CyxAx (Xp - ﬂx> + %aeCdXAX (VX - Xp)
— Ty sin B + AyXy + CoyAy (Yp — lly) + %%CdyAy (Vy — Yp)

—Ty, cos Bcosa — mpg + Azzp + CuzAz (Zp — az) + %aeCdZAZ (VZ — Zp)

When the hoisted object is lowered, it can be known from Newton’s second law that:
F+Gp+F; =mpa (16)

where, Gp represents the gravity of the hoisted object, kN. mp is the mass of the hoisted
object. a is the acceleration of the hoisted object, m/ s2.

The force of the hoisted object is projected to the x, y, and z axes in all directions, and
A is the blocked area of the hoisted object, so Equation (15) can be written as:

Vx — Xp

mPXp
= mpr (17)
mpr

Vy — Yp

VZ*ZP

where T}, is the tension at one end of the crane wire connecting with the hoisted object, kN.
Ax, Ay, and Az are the added mass of attached water in X, Y, and Z directions, kg. X P,
Y p and Z p are the velocities of the hoisted object in X, Y, and Z directions, respectively,
m/s. Xp, Yp and Zp are the accelerations of the hoisted object in X, Y, and Z directions,
respectively, m/ s2. C,x, Cay, and C,7 are the added mass coefficients of suspension crane
wire in X, Y, and Z directions, dimensionless. Cyx, C;y, and C;z are the added drag force
coefficients of the suspension crane wire in X, Y, and Z directions, dimensionless. ax, ay, az
are the accelerations of the hoisted object in X, Y, and Z directions, m/ s2. Ax, Ay, and Ay
are the normal area of the hoisted object perpendicular to the X, Y, and Z coordinate axes,
m?. Vx, Vy,and V, represent the speed of the vessel along X, Y, and Z directions, m/s.

The swing angle of the hoisted object and the effective tension of the crane wire can be
obtained by simultaneous Equations (3)—(17).

3. Numerical Model Set-Up
3.1. Basic Parameters of the Vessel and Wave Direction

Each vessel in the model must specify its own RAO in OrcaFlex. The vessel data, dis-
placement RAOs, wave load RAOs, wave drift QTFs, stiffness, added mass, and damping
data all came from an NMIWave diffraction analysis of an overall 103-m-long tanker in 400
m of water depth. For the wave drift QTFs, the direct integration and the full QTF matrix
were used. The vessel used in this paper had the following properties: beam B = 15.95 m,
draft T = 6.66 m, transverse GM = 1.84 m, longitudinal GM = 114 m, block coefficient C; =
0.804. The diffraction analysis used 8% extra damping in roll about CG [31].

The Airy wave theory was selected. The depth of the water was 100 m. The wave
height was fixed at 2.5 m, and the wave period was fixed at 8 s. The definition of the wave
directions is shown in Figure 3.

90°
0°

150° 12 60" 30°
DN e
(ﬂ ;
180° KU
e

210°

0°

30°
240°

\ | 3
270° 300

Directions relative to axes

Figure 3. The wave directions.
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3.2. Numerical Model in OrcaFlex

The crane pivot was established by the composition of the winch element and the 6D
buoy, the crane arm was built by the 6D buoy, which was regarded as a rigid body. The
function of the winch is to make the crane pivot rotate. The length of the crane boom is 90
m, and the mass was 30 t. In order to make the crane boom rotate with the crane pivot at the
same time, 4 lines with infinite axial stiffness, bending stiffness, and torsional stiffness were
used to fix them together. The vertical decentralization of the hoisted object was realized by
adding a winch at the end of the crane wire. Winches provide a way of modelling constant
tension or constant speed. They connect two (or more) points in the model by a winch wire,
which is fed by the inertia of the winch (usually representing the winch drum) and then
driven by the winch drive unit (usually representing the winch hydraulic unit driving the
drum). In addition to connecting its two ends, the winch wire can optionally pass through
the middle point, in which case it is similar to passing through a small frictionless pulley.
The wire tension on either side of the intermediate point is then applied to that point. If the
point is offset on the object involved, this will also give rise to an applied moment, just as
shown in Figure 4. In order to ensure maximum simulation authenticity, 4 link elements
were used to connect the shackle, which was simulated by a 3D buoy. The link element
is equivalent to a spring damper, which can take both compression and tension and can
have either a linear or a piecewise-linear length—force relationship, as shown in Figure 5.
The link element can buffer the impact of the hoisted object during the simulation and
ensure the motion performance of the whole system. Then, through the shackle, the link is
connected to the winch at the end of the crane wire. The inner diameter of the crane wire
was 0 m, the outer diameter was 0.5 m, the bending stiffness EI was 0, the axial stiffness EA
was 101,000 KN, the line density was 7.85 t/ mS, the Poisson’s ratio v was 0.293, the length
was 57.5 m. Completed in OrcaFlex, the model of the system is shown in Figure 6 [32].

Winch may pull via
intermediate objects

Crive
Force _
f E % Wire
Winch Drive < Winch Inertia > = (_‘Tt Tension
\/ t
Winch wire
Figure 4. The function of the winch.
Spring-Damper «———— —

Figure 5. The function of the link.
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Figure 6. The schematic model of full-circle swing hoisting operation.

3.3. Validation

Two cases were studied to validate the correctness of OrcaFlex. The first case is the
comparison with the finite element software Flexcom [33]. Flexcom and OrcaFlex were used
to establish the analysis model for a 12-inch diameter steel catenary riser (SCR) connected
to a semi-submersible platform under a water depth of 1800 m. This typical rigid catenary
design is used in Gulf of Mexico or West African conditions. The typical limit- and wave-
induced fatigue analysis of the model under regular and irregular sea conditions was
carried out.

The selected sea state is representative of typical deep-water Gulf of Mexico sea
conditions [33]. Therefore, the riser wall was relatively thick. In order to ensure the
authenticity of the simulation and ensure the induced flutter of the riser and the seabed
instability during the model in-place operation, a large normal seabed stiffness was adopted.
The length of the SCR was 2765 m, the diameter of the SCR was 0.308 m, the wall thickness
of the SCR was 0.027 m. The riser density was 7.85 t/m3. The fluid density in the riser was
0.8 t/m3. The normal drag coefficient was 0.3. The force coefficient was 1.2. The normal
additional mass coefficient was 1. With the exception that the length of the unit section
approximately 300 m from the touchdown end was 1 m, the lengths of other unit sections
were set as 5 m. Figure 7 shows the comparison results of bending moment and the time
history of the effective tension between Flexcom and OrcaFlex. Figure 8 shows the bending
moment distribution of different segment lengths along the length direction.
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Figure 7. The bending moment and the time history of the effective tension.
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The second case was a calculation of the static rigid catenary depicted in Figure 9. The
calculation results were compared with the theoretical results of a classical catenary [34].
The specific calculation parameters were as follows: the catenary length was 120 m, the
linear density was 0.02 t/m, the axial stiffness EA was 500 KN, the horizontal distance
between A and B was 55 m, and the vertical distance between the two points was 0. On
a horizontal line, the segment distance between each two adjacent nodes was taken as 10
m. The comparison of tension of the point A between calculation results and theoretical
results is shown in Table 1.

z

Figure 9. The catenary shape.

Table 1. The comparison between calculation results and theoretical results.

Segmented Node Calculation Results (KN) Difference (%)
10 19.91354 0.2100
20 19.86744 0.0220
30 19.86977 0.0103
40 19.87066 0.0058
60 19.87130 0.0026
120 19.87168 0.0006

Through calculation and comparison, it was found that there was little difference
between the Flexcom results and OrcaFlex results, which indicates that the accuracy and
reliability of OrcaFlex and the current popular pipeline calculation software are similar.
Compared with the classical catenary theory, the calculation results are also very close,
which shows that the results calculated by OrcaFlex are also scientific and reliable. OrcaFlex
is a good professional software program for dynamic analysis of offshore risers; therefore,
it is scientifically sound and reasonable to use OrcaFlex for modeling and calculation in
this paper.

4. Results and Discussion
4.1. The Supporting Force of the Offloading Vessel under Different Wave Directions

As shown in Figure 10, the supporting force of the offloading vessel suddenly increases
to a maximum value of mutation because of the instantaneous impact load at the moment
of the hanging object being hoisted, under most wave directions. With time, the supporting
force of the offloading vessel gradually decreases until the hanging object is placed on the
support vessel (except for 45°, 60°, 120°, and 135°) and the supporting force of the deck
of the offloading vessel stabilizes at 124.92 KN, which is roughly equal to the total gravity
of the crane pivot and the crane arm. The maximum of the supporting force occurs under
the wave direction of 90°, with the largest supporting force being 1200 KN. Under the
wave directions of 45°, 60°, 120°, and 135°, respectively, it could be found that the hanging
object could not be placed on the support vessel or it was simply suspended again by the
offloading vessel, as the contact time is very short. Additionally, the hanging object would
rotate around the top end of the crane wire and oscillate irregularly, with the impact load
again occurring at a certain moment. Furthermore, the impact load again increases to a
maximum value but it is much smaller than that when the hanging object is simply being
hoisted, and the largest supporting force occurs under a wave direction of 90°. The reason
for this phenomenon is that a wave direction of 90° makes the amplitude of roll and heave
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greater than that under the other wave directions; as the crane pivot is fixed with the deck
of the vessel, to limit the motion of the crane pivot, the supporting force must increase at
the same time.

4.2. The Impact Force of the Offshore Crane Vessel under Different Wave Directions

As shown in Figure 11, there is no impact force between the support vessel and the
hanging object during the beginning 37 s and no contact between the support vessel and the
hanging object. Additionally, we have found that the collision between the support vessel
and the hanging object happens at different times under different wave directions. However,
the difference is not significant; the collision has basically happened in approximately 50 s.
Because of the impact load at the moment the collision occurs, the impact force increases
instantaneously, and then decreases. With time, the impact force increases and decreases
irregularly and changes in a cyclical way. Under wave directions of 45°, 60°,120°, and 135°,
respectively, by simulation, we have found that the hanging object could not be placed
on the support vessel or it is simply suspended again by the offloading vessel, as the
contact time is very short and as a result, the impact force finally decreases to 0 KN. The
largest impact force occurs under a wave direction of 90°; the maximum force is 1600 KN.
The reason for this phenomenon is that the wave direction of 90°makes the amplitude of
roll and heave greater than under the other wave directions and then makes the collision
between the support vessel and the hanging object occur frequently and violently, which
makes the impact force greatly increased.

1200 T T T
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[0}
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[
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§=!
5
& 300 F s
=
12}
0k 4
-100 0 100 200 300
Time/s
1200 T T T
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.8
5
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12}
0k 4
1 1 1
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4.3. The Dynamic Response of the Crane Wire under Different Wave Directions

Figures 12-16 show the dynamic response of the crane wire. As shown in Figure 12,
before the hanging object is placed on the support vessel, because of the impact load at the
moment of the collision occurring, the tension of the crane wire increases to a maximum
value instantaneously (the value is different under different wave directions). Then it
increases and decreases irregularly and changes in a cyclical way. At the time of the
hanging object being placed on the deck of the support vessel, the tension of the crane
wire will decrease sharply, but it still increases and decreases irregularly and changes in
a cyclical way with a small amplitude along with the drift phenomenon of the support
vessel. The maximum bending does not always occur at the same position under different
wave directions. However, all maximum bending occurs along the length of the top end of
the crane wire, from 50-55 m. Additionally, no matter the wave direction, the curvature
is 0 at the top end and the bottom end of the crane wire. This means that any position of
the crane wire must be straightened along the length direction at a certain time. Figure 15
shows that along the length direction, the maximum tension occurs at the top end of the
crane wire. The minimum tension occurs at the bottom end of the crane wire, and the
tension decreases linearly along the length direction, but the amplitude of the reduction
is not severe, and the minimum tension at the top end does not occur under the wave
direction of 0°; it is under the wave direction of 15° that the minimum tension occurs.
Additionally, the maximum tension at the top end occurs under the wave direction of 90°.
The reason for this phenomenon is that the wave direction of 90° makes the amplitude of
roll and heave greater than under the other wave directions and then makes the crane arm
undergo the same motion; as a result, that makes the dynamic response more frequent and
violent than for the other wave directions. However, under the wave direction of 15°, in
the coupling interaction, the dynamic response of the system caused by the direction plays
a role in heave compensation; thus, the tension of the crane wire decreases to the minimum.
Figure 16 illustrates that the parts of circulation that reciprocatively contract along the crane
wire length mainly occur at the top position from 0-5 m and the end from 50-57 m, as the
minimum tension of these parts has negative values, and it is in these positions where the
contraction along the length direction occurs, but the other parts of the crane wire are in a
state of being stretched along the length direction.
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5. Conclusions

In this paper, the hydrodynamic characteristics of the full-circle swinging hoisting
operation of a large revolving offshore crane vessel under different wave directions were
studied. This study demonstrated the following:

(1) The supporting force of the deck of the offloading vessel suddenly increased to a
maximum value of mutation because of the instantaneous impact load at the moment of
the hanging object being hoisted under most wave directions. With time, the supporting
force of the offloading vessel decreased gradually, until the hanging object was placed on
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the support vessel (except for 45°, 60°,120°, and 135°) and the supporting force of the deck
of the offloading vessel stabilized at the total gravity of the crane pivot and the crane arm.

(2) Under wave directions of 45°, 60°, 120°, and 135°, it was found that the hanging
object could not be placed on the support vessel or it was simply suspended again by the
offloading vessel, as the contact time was very short. Therefore, it would be best to avoid
working under those four wave directions or change the relative directions between the
vessel and waves to ensure safety during operation.

(3) Both the largest supporting force of the offloading vessel and the largest impact
force between the hanging object and the support vessel occurred under a wave direction of
90°. The minimum tension of the crane wire did not occur under a condition of no waves,
but occurred under a wave direction of 15°. Therefore, it is better to work under a 15° wave
direction to ensure safety during operation.

(4) The parts of circulation that reciprocatively contracted along the crane wire length
mainly occurred at the top position from 0-5 m and the end from 50-57 m, which were
prone to stress concentration and fatigue failure. This is a problem that should be paid
attention to in the actual design process.
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