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Summary

Many activities present in the offshore technology are affected by sea waves and their
safety strongly depends on the sea state. The fundamental question in operation risk analysis
is the limit sea state which enables the safe operation controlled in all phases: from the sea
surface to the sea bottom. The safe limit sea state is especially important when some lifting
operation is performed in sea waves. This paper presents a dynamical model of a floating
crane in sea waves with a hanging load at a high altitude above sea level. The model is
defined as a linearized coupled double pendulum where the usual 6 DOF of the floating crane
oscillatory motions in waves are extended by additional 3 DOF of the swinging load. The
numerical model of the floating crane is calibrated and tuned according to the measured
model in a towing tank. The significant values of the crane boom top accelerations were
estimated for the given design sea state with different vertical load positions. The problem is
illustrated by the example of a floating crane consisting of a simple single pontoon with an
ordinary land crane mounted on the deck. The reliability of the proposed method is evaluated
on the basis of correlation between the calculated and measured data.

Key words: heavy lifting in sea waves, sea-keeping analysis, double pendulum,
operating limit sea state

1. Introduction

A heavy load suspended by a steel rope from a crane boom acts like a pendulum and an
oscillatory swinging motion of the load is excited by horizontal and vertical acceleration of
the crane boom top. Although the mathematical analysis of such a pendulum has been dated
from the time of Newton, it has not been still completely and clearly understood in the
offshore practice. It is complicated for several reasons:

- the boom acceleration which is due to the vessel’s oscillatory motion in waves is a
stochastic process, sometimes even non-stationary,

- the length of the pendulum (elastic steel rope) is changing due to the load vertical
oscillations,

- when the oscillating amplitudes are large, the pendulum model is nonlinear.
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In the analysis of the problem two different approaches are possible. In the first one, the
classical double pendulum theory is applied without any limitation with respect to the
maximum oscillatory displacement of the swinging mass. The resulting mathematical model
is nonlinear and some numerical procedure has to be applied in solution, which is unpractical
when many different situations of the floating crane have to be investigated, see for example
[5, 7]. On the other hand, if only small oscillatory displacements are accepted as only
allowable, the linearization of the problem is possible and the problem may be solved in the
frame of linear harmonic analysis which is common in seakeeping theory [3, 4, 6].

Fig. 1 Floating crane — pontoon type

The safety margin in the offshore lifting operation is commonly expressed by the dynamic
amplification factor DAF and acceleration level in the crane boom top point. It expresses the
gravity load increasing due to suspending point acceleration in waves [1]. This factor does not
include all aspects of the presented problem and the lifting offshore operations must be
analyzed with more details including the sea state and coupled response of the floating crane
and the lifting load. The important dynamical characteristics of such systems are the response
transfer functions and positions of their peak values with respect to the modal frequency of
the design wave spectrum. In this work a land crane type mounted on a floating pontoon for
operating in a closed sea area is analyzed. The Tabain wave spectrum for the Adriatic Sea
with limited fetch and the design sea state are the basis for evaluation of operability of the
floating crane in the given conditions. The wave spectrum is defined according to [2] as:
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The spectrum parameters are (in S/ system of units):
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The modal frequency of the spectrum is given by the following simple relation:
o =032+ 20
hg +0.60

where /s is the significant wave height (in meters).

2. Coupled oscillatory motion

The suspending (attachment) point of the lifting mass m is usually on the crane boom
top which experiences oscillatory motions g(t) as a consequence of the pontoon motion
7, (t) and 7, (¢) in sea waves. The first vector designates translational and the second one
rotational oscillatory displacements. If the position of the suspending point P(xp,yp,zp) is
given in the body coordinate system by radii vector 7,=x,i+y,j+z, k , the point
combined motion will be defined in vector form as:

Szﬁlin_‘_ﬁmt x ’_;z
i j k
e ’ 2
= GO, jHS k=i, jrnk s 7
Xp Yp Zp
where 7; =n;(t) are three translational j = 1, 2, 3 and three rotational j = 4, 5, 6 degrees of

freedom (DOF) of the vessel’s oscillatory motion in waves, see Fig 2. The same is given in
matrix notation as {5} = []{}, which in the developed form reads:

m(r)
SO 1L oo 0 zp —yp 1)
_ (1)
S5()=10 1 0 —zp 0 xp
_ 74(¢)
50) [0 01 yp —xp 0
ns(1)
776(t) (3)

The acceleration vector of the crane boom top P is derived straight forward as the
second time derivative of equation (2).

For the relatively small mass of the crane load compared with the crane vessel mass,
and for the suspending point which is not far from the system (pontoon and crane) centre of
gravity G, the dynamic analysis may be simplified and the whole problem is analyzed as
uncoupled. The motion of the suspended mass (load) may be mathematically modelled in
such case as a pendulum with an oscillating support. When the pontoon is exposed to
harmonic wave, the pendulation of the mass is considered as the forced harmonic motion and
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the suspension point P(xp,yp,zp) oscillates according to the specific function of time obtained
from the standard seakeeping analysis. This function is given by equation (2).

If the mass of the suspended load is large compared with the crane and the pontoon
mass, or even if the mass is moderate but it is hanged at a high altitude above sea level, the
problem must be considered as coupled. When the vessel oscillatory motions and pendulum
rotations @, (¢) are large, the analysis of the problem becomes complex, especially if it is
considered in stochastic sea waves. In that case the governing equations for the dynamic
response of a floating crane coupled with the pendulum motion of the load are usually derived
from Lagrange’s equations of dynamic equilibrium.

v

Fig. 2 Swinging of the suspended mass - linearized model
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3. Linearization of the model

In realistic conditions, only small oscillations are acceptable in lifting operations in waves
and it is obvious that the problem may be approximated by linear model on account of small
displacements. The linear coupled analysis is based on the simple relations between the

suspending point P oscillatory motion &(¢) and the rotation pendulum anglesé,, (¢). In that
case the displacement vector non the right side of equation (2) is extended by additional
rotational displacements of the load mass m; in longitudinal and transversal vertical planes:
1,(t)=1Isina(t)
, 4)
Us(t):lsmﬂ(t)
The displacement in vertical direction is:
()= (1= cos 0(1)) 5)
If it is assumed that displacements {5}, {77},05 , B, 0 (see Fig. 2) are the first order small

values, may be idealized by straight displacements in tangential directions and the following
simple equations are obtained:

-0, 1
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In the above equations & and &, are displacements of the point P according to equation (3), /

is the outstretched rope length and (xp,yp,zp) are the point P coordinates in the body
coordinate system, see Fig. 2. In this system gravitational and restoring forces are dominant,
much larger than inertial forces. To take their action in realistic way, the rope elastic
stretching & = 61/l and the rope effective stiffness 4F must be taken into account. Again, for
small displacements it is given as:

o ny—0o; 1

T =7(779—773 —Vp 0y +Xp 15) (8)

These relations describe linear compatibility between the vessel DOF and additional load
mass my displacements. They allow simple definition of the dynamic equilibrium by
Newton’s law in the Cartesian coordinate system. In opposite case the definition of the
equilibrium should be done by the Lagrange equations of motion in polar coordinates with
complex and nonlinear relations for inertial and damping forces [6, 7]. The linear model has
also two additional advantages:

- the problem is convenient for linear harmonic seakeeping analysis based on sea
waves spectrum,

- it allows visible parametric variation of the main parameters in operability analysis
like variation of attachment point P position, length / and wave heading angle L.

On the basis of accepted assumptions, the relation between the restoring forces and the
displacement vector is established, see Fig. 2:
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where g = gm; is the load gravity force, and /. is effective elastic rope length. The matrix
must be added to the standard matrix of hydrostatic restoring forces and mooring restoring
forces to get the vector of total restoring forces depending on the displacements of the
oscillating body and the swinging load.

In a similar way the mass matrix [mj] may be formulated for inertial forces depending on
accelerations:

[m]= (10)
r m 0 0 0 mz; —my; —m, 0 0
m 0 —mzg 0 mxg 0 -my, 0

m my, —mxg 0 0 0 -my

My  —Mys —NMye 0 mpzp —mMYp

Mss  —Mse | —MyZp 0 mpXxp

sym. Mee mpyyp —myXp 0

my 0 0

my 0

N m, )

In the matrix [mj], elements mj j,k=4,5,6 are the floating crane mass moments of the nd
order, and (xg,ygzg) are the floating crane centre of gravity coordinates in the body
coordinate system. The similar form has the added mas matrix [aj(w)] and the damping
matrix [bj(®)]. Their elements aj(®), bi(w) j.k = 1....,6 are obtained by standard methods of
calculation based on radiation theory for the vessel oscillating in harmonic wave having
frequency w. Other elements for j=7,8,9; k=1,..,9 and j =1,...,9 and k = 7,8,9 are added mass
coefficients and hydrodynamic dumping coefficients of the suspending mass m; when it is
immersed in sea. They depend on the mass amount and form.

Once, the equilibrium equations in the suspending point P are established, the regular second
order differential matrix equation describing the coupled motion may be written in ordinary
form:
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where ¢ is the wave amplitude at frequency @. For the harmonic excitation system, (11) is

a

transferred into the system of complex linear equations of harmonic response 7 ; :najei“” ,

j=1,..,6; j=7,..9:
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In the above equation the matrices [K],,[m],.[4],.[B], are restoring, mass, added mass and
hydrodynamic dumping matrix, respectively, well known in seakeeping theory. Vector {F }1

is the excitation vector due to incoming and diffracted wave component acting on the vessel’s
wetted surface and {F},is the excitation vector acting on mass mr. When the load is above

the sea free surface, all elements of coupling matrices which are due to hydrodynamic forces
are equal zero.

The final solution of the complex system of equations gives the vector of transfer
functions of the coupled vessel response in waves:

{# (i) }:ﬁ{% (@) =l (13)
and swinging mass response:
, 1
{\Hj (i) }:m{

The shape of the transfer functions depends strongly on the suspending point P
coordinates (xp,Vp, Zp) and the rope length / which defines the pendulum natural frequency
for the point mass m;:

Wy = \/% (15)

When the mass my has a large mass moment of inertia, the length / must be replaced by
Leffectives Which results with the real polar mass moment of inertia to the point P.

Jio)} =789 (14)

4. Illustrative example

Evaluation of the method was done by comparing the calculated and measured values of
the floating crane oscillatory motion in waves, without and with a swinging load. The floating
crane presented in Fig. 1 has the following main particulars:

length L=75.00m
breadth B=31.00m
depth to the deck H= 450m
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draughts, working Dy=2.46m,D,=2,66 m

displacement A1=5964 1,4, =6458 ¢

suspended mass my = 3.405 % A,

point P coordinates (xp,¥yp,zp) = (1.137 L,0.0 L,—0.759 L)
rope length /=1333 L.

A common type of movable land crane is mounted and fixed on the pontoon deck. The crane
capacity (load/height) is 48 t / 43 m to 248 t / 97.5 m. The standard radiation/diffraction
package [8] was extended by the described method to investigate the operability of the
floating crane in given sea condition. The design sea state is defined by the local sea wave
spectrum for significant wave height s = 1.3 m. The hydrodynamic model is shown in Fig.
4. The same model was scaled and investigated in waves in the towing tank, see Fig. 3.

4.1 Calibration of the numerical model

The suspending point P is very high above sea level and the rolling and pitching modes of
oscillations affect the mass swinging strongly. These DOFs are very important in coupled
analysis of the floating crane and mass m pendulation. On the other hand, the accuracy of
their calculation depends on two sensitive parameters which must be precisely defined:

- total rolling damping Ba(®) consisting of potential, viscous and eddy-making
damping,
- mass moment of inertia ma4 about body x axis.

) F‘ ? P(xp, yp, 2p)
7.

Fig. 3 - Physical model in the towing tank Fig. 4 - Numerical model (hydrodynamic
panel and mass model)

To match the numerical model to the physical one in the towing tank, these parameters were
estimated from the free rolling test of the model without suspended load. In the case when the
oscillatory motion is reduced to one DOF, i.e. the rolling only, the characteristic equation of
free damped oscillations is:

(Myq + Ayy) —QLZL — 142 Byy+Cyy =0 (16)
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where €2 is the complex natural frequency of the free damped rolling oscillations:

Q) = w4 +idy (17)
and muy, Asa, Baa, Csq are mass and added mass moments of inertia, damping and restoring
coefficients about x axis, respectively. The real part of the complex rolling natural frequency
@y was measured in free rolling decay test and from the solution of equation (16) imaginary
part and indirectly precise value of my, = 1,2, m was found.
The second sensitive parameter in the hydrodynamic model is rolling viscous and eddy-
making damping which significantly affects the transfer functions at wavelengths close to
resonance. This is especially true for the rectangular hull cross section having a large
breadth/draught ratio. The starting value was estimated according to [9] and the final total
rolling damping was concluded from comparison between the calculated and measured pick
values of the rolling transfer function in resonance, see Fig. 5.
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Fig. 5 Rolling transfer function: H,(®) mass Fig. 6 Acceleration transfer function (combined)

my in C.G.; ( D=2.46 m; p=90") apy(@)/ (@), mass my in C.G.; (D =2.46m; p=90")

The same comparison was done for the acceleration transfer function in the point P in
transversal direction — apy( @)/ Sa( ), see diagram in Fig. 6 ({u(®) - wave amplitude).
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Fig. 7-  The Tabain wave energy spectrum for the Adriatic Sea: significant wave height s =1.3 m

119



Floating Crane Response V. Cori¢, 1. Catipovi¢,
in Sea Waves V. Slapnicar

The significant amplitudes of rolling, pitching and accelerations in the point P in three
orthogonal directions were calculated on the basis of the tuned hydrodynamic model. The
comparison between the measured and calculated results is shown in Table 1. The generated
wave spectrum in the towing tank and the Tabain spectrum calculated according equation (1)
are also harmonized as it can be seen from Fig. 7.

H, UMl deg./m ayU_'J]JL m.s*/m
myin C.G. 14
0.15 12 myin C.G.
10
0.10 8
6
0.05 4 my hanged in P
my hanged in P )
0 Os’
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 25 3.0
Fig. 8 Rolling transfer function Hy(w) Fig. 9 Acceleration transfer function
(with/without mass ;) (with/without mass my)

Table 1- Significant response values - comparison (mass my is in centre of gravity - point G)

Wave heading u=0° p=45" pn=90"
measu. calc. diff. measu. calc. diff. measu. calc. diff.
Motion
Rolling — 7, deg. | 0.00 0.00 - - 1.8 1.84 -0.040

Pitching — 7. deg. [ 0.25 0.2527 | -0.0027 - - - - -

Acceleration P. ms™

x-dir. [ 0.48 0.55 -0.070 0.48 0.59 -0.110 0 0 0

y-dir. [ 0.00 0.93 0.64 0.290 3.72 | 3.61 0.110

z-dir. | 0.33 0.38 -0.050 0.31 0.44 -0.130 040 | 0.23 0.170

Table 2 Significant response values — comparison (mass m. is hanged in point P.)

Wave heading p=0" p=45 pn=90
measu. calc. diff. measu. calc. diff. measu. calc. diff.
Motion
Rolling— 7,,deg. | 0 0 0 - - - 0.88 | 0.716 | 0.164
Pitching — 5. deg. | 0.25 0.207 0.043 - - - 0 0 0

Acceleration P. ms™

x-dir. | 0.82 0.616 0.204 0.91 0.676 0.234 0 0.106 | -0.106

y - dir. 0 0 0 0.71 0.557 0.153 1.87 | 1.909 | -0.039

z-dir. | 0.36 0.461 -0.101 0.43 0.513 -0.083 0.22 | 0.264 | -0.044

Figs. 8 and 9 present the rolling and point P transversal acceleration transfer functions with
the mass my in the center of gravity C.G. and suspended in the point P. The influence of the
suspended concentrated mass hanged at different lengths /; onto the acceleration response
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transfer function apy(w)/¢ () 1s shown in Fig. 10. In the diagram it may be recognized the well
known phenomena of splitting the close natural frequencies of uncoupled 2 DOF oscillation
system — ay, @y in this case, with respect to the coupled system, see for example [11].

ay 1L ms"
14;
12}
10}

N A SN X

I /1= 0,050 0,100 0,150 0,262 0,500 0,750 1,000 1,250 1,500 2,000

Fig. 10 - Acceleration transfer function (combined apy( @)/ a( @); concentrated mass
my in point Q suspended in point P: rope length /;, j =1, ..., 10; (n = 90%)

5. Conclusion

A floating crane and a hanged mass present a multibody system which may experience a
complex dynamics when it is exposed to periodic excitation in sea waves. The shown method
of analysis is based on the assumption of small oscillatory displacements of the floating crane
and the swinging mass, which only can be accepted in real conditions. The linearized model
of coupled motion is simple extension of well-known seakeeping motion equations by
additional three degrees of freedom corresponding to the hanged mass swinging modes. The
method is suitable for harmonic analysis and spectral evaluations of statistical response values
when the floating crane is in random sea. It is very practical and reliable in discovering the
resonance area with respect to design sea spectrum or in site spectrum during operation. Thus,
it is applicable in operability analysis when it is necessary to define the limit sea state for safe
lifting operations in sea waves.

The evaluation of the method shows acceptable accuracy for practical applications. It
may be simply upgraded in any software for seakeeping analysis based on diffraction and
radiation theory [10].

This paper presents a continuation of the work on the problems of this kind and we
express our thanks to the company Viadukt Plc. which has enabled us to publish the results of
the investigations.
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