Nonlinear Dynamics in Crane Ship Motion

Katrin Ellermann, Edwin Kreuzer

Abstract The dynamics of crane vessels are influenced by nonlinearities in the kinematic coupling between the hull and the load, the fluid – structure interaction and the mooring forces. When excited by harmonic waves the resulting motion can exhibit various kinds of nonlinear phenomena from periodic response to chaotic behavior. Qualitative changes in the system’s dynamics arise as parameters are varied. Some of these changes can be considered as critical with respect to the vessel’s safety and its operating limits.

A multi degree of freedom mathematical model including nonlinear restoring forces is used to perform numerical simulations of a crane vessel’s motion. The hull and the load are represented by rigid bodies. Hydrodynamic fluid loading on the hull is described by a linearized diffraction / radiation model. Qualitative changes in the motion of the crane vessel are determined by means of local bifurcation analysis. An experimental setup is used for verification. It consists of a model of a moored crane barge excited by regular waves in a wave tank. Several sensors allow for the determination of the position and orientation of the vessel, the motion of the swinging load relative to the hull and the height of the waves. The influence of different parameters is studied with respect to the crane vessel’s dynamics.

The results of the investigations will be used for evaluating crane operations and for the development of passive and active damping devices of load swing.

1 Introduction

Floating cranes are applied for a variety of tasks in marine technology. Practical problems arise during crane ship operations due to difficulties in positioning the objects being handled accurately, which could result in collisions. Weather sensitivity of the vessel’s motion causes high amplitude motion of the crane and the load, that has to be avoided since the allowable range of acceleration of the crane tip is limited.

Because of the importance of crane ship operations – especially during the assembly of costly structures such as drilling platforms – it is necessary to determine critical ranges of operating conditions.

In coastal regions crane barges are common for lift operations; in offshore engineering, the larger crane ships or semisubmersibles can be found. All are used for transportation, the construction of large offshore structures and for salvage operations.

The aim of a cooperative research project is to get a mathematical description for crane ship operations which enables predictions about the dynamical behavior of the complete system. Then the results of the analysis can be used for safety considerations and to enlargen the operating range of crane ships by means of active damping devices.

In this paper we will investigate the dynamics of a crane vessel periodically excited by regular waves. We start with a description of the experimental and numerical techniques used to determine multiple attractors and to create bifurcation diagrams. Then we will present a comparison between the results and give an overview about different passive and active damping devices which are being investigated.

Different approaches for investigating the dynamics of crane vessels were used in recent years: Rieckert [11] applied a linearized mathematical model with eight degrees of freedom to obtain transfer functions which were then compared to experimental results. The influence of nonlinearities arising from the mooring system and viscosity effects of the fluid are included in a model developed by Jiang and Schellin [6]. The same model was used in a similar study by Kral et al. [7]. They also showed that different phenomena, from period doubling to chaos, can be found in the dynamics of a crane vessel.

2 Experiments

The experiments considered here were made with models of different crane vessels. At the Technical University Hamburg-Harburg a crane barge scaled 1:100 was investigated, at the Berlin University of Technology a crane barge scaled 1:25, a crane ship and a semi-submersible both scaled 1:75 were used for the experiments.

2.1 Experimental setup

The experimental setup consists of a moored crane vessel which is excited by sinusoidal waves in a wave tank.

The model crane vessel consists of two main components which can be considered as rigid bodies: The hull of the vessel with the crane attached and the load. The load is represented by a pendulum which is pivoted at the crane tip. Different sensors allow for a determination of the position of the hull, its orientation and the angle of the pendulum relative to the crane.

In different numerical calculations cartenary mooring systems have revealed a highly nonlinear relation between the displacement of the moored vessel and the restoring force. It was found that it is difficult to obtain similar characteristics experimentally. Therefore, a spring mechanism was developed to correctly simulate mooring line forces as described by the mathematical model (see also Ellermann [3]). This mechanism consists of a spring and a combination of a cam and a roll yielding a non-uniform ratio between the surge motion of the vessel and the strain of the spring.

2.2 Nonlinear phenomena in experimental results

During the experiments the moored crane vessel was excited by regular waves. It was shown, that nonlinear phenomena – such as period doubling and multiple attractors – existed within the operating range of the vessel. For the small scale model (1:100) the transient behavior after disturbances in the state of the system was not a major concern, since they decayed rapidly – usually in less than a minute, for larger models this time was considerably longer. Measurements were taken after the steady state has been reached.

The motion which was found experimentally can be classified as periodone (P-1), period-two (P-2) or period-three (P-3). In some cases coexisting attractors were found by disturbing the system. This was usually done by prescribing high initial strain forces in the mooring system, i.e. by setting the initial position x_o 6= 0.

By varying one of the system’s parameters – in this case the length of the hoisting rope – bifurcation diagrams were obtained experimentally.

3 Numerical investigation

The numerical investigations were done in parallel to the experiments. The mathematical model used for the calculations is based on the work of Jiang [5] and is described by Ellermann and Kreuzer [4]: The equations of the system can be written as

M(y)ÿ + k(y, ẏ) = q(y, ẏ) (1)

with the inertia matrix M, the generalized applied gyroscopic forces k, the generalized forces q and the vector of generalized coordinates y = (x, θ, z, α)^T describing the surge-, pitch- and heave-motion of the hull and the angle between the crane boom and the load. The vector q includes

ffl hydrostatic forces, ffl mooring-line forces, ffl viscous drag, ffl exciting wave forces, and ffl the linear hydrodynamic response forces.

The hydrodynamic response forces are calculated from a finite state space model: This model, which is described in detail by Jiang [5], is based on the assumption that the amplitudes of the waves and the rigid body motion are small so that superposition can be applied. The frequency dependent terms of added mass and added damping, calculated from potential theory, were transformed into time domain.

These considerations lead to a set of twenty differential equations for planar motion of the vessel, including the rigid body motion given in (1) and the state space model.

3.1 Simulation

The use of the mathematical model for numerical simulation is straight forward: Results are easily obtained by the integration of the equations of motion. Here the simulations are mainly used to eludicate the type of motion.

3.2 Bifurcation analysis

Since numerical simulation is time consuming and the results only characterize the motion for specific positions in state space, bifurcation analysis was used to analyze the system. The analysis focuses on periodic solutions characterized by an algebraic equation of the form

G(x) = P^l(x) � x = 0 (2)

where P means the Poincaré-map of x, l is the periodicity of the motion.

In order to obtain a bifurcation diagram one of the system’s parameters is varied quasi-statically whereas the other parameters are kept constant. The software which was used for the bifurcation analysis applies path following algorithms to trace stable or unstable periodic motions, see Baumgarten [1]. Different solutions are approximated by a set of points, showing the evolution of the solution as the parameter changes.

A change of stability between two consecutive points indicates a bifurcation. For the analysis of the crane vessel this could mean that a new branch with a different periodic behavior is emerging between those two points, but it could also result in chaotic motion. To find different solutions near bifurcation points, the state of the system was disturbed so that the initial state was in the bassin of attraction of a different attractor. Shooting methods were then applied to find a new starting point for the path following algorithm on the bifurcating branch.

The current implementation of the mathematical model allows for bifurcation analysis with different parameters: Earlier investigations mainly used the length of the hoisting rope as parameter (see Ellermann and Kreuzer [4]). Here also parameters describing the mooring system (c_1 and c_3) and the amplitude of the exciting wave were used as varying parameters.

4 Comparison of numerical and experimental results

One aim of this paper is to describe a mathematical model for a crane barge which allows for predictions of the motion and a determination of insecure operating regions. The numerical results for the mathematical model of the crane barge of the Berlin University of Technology are shown in Figures 1 to 3. The figures present the bifurcation diagrams for the surge motion of the barge; the Poincaré-map was determined for the phase angle zero, hence, at t = 0 within the period of forcing.

PSfrag replacements

Figure 1: Numerical bifurcation diagram

PSfrag replacements

Figure 2: Numerical bifurcation diagram

The graphs were obtained with the same forcing frequency. They show a period-one motion which is stable for a wide range of parameters. Different solutions are coexisting: In Figure 1 it can be seen that a variation in the length l of the hoisting rope can lead to a sequence of period-doubling bifurcations. In addition to the P-1 and P-3 motion which are stable for

PSfrag replacements

Figure 3: Numerical bifurcation diagram

small values of l, periodic motions with the period two, four, six or eight were found for larger values of l.

When considering the parameters c_1 and c_3 of the mooring system, P-2 and P-3 motion are found for soft mooring systems: For the parameters used in Figure 2, a stable motion with period three exists up to a critical value of c_1 = 80kN/m, while the P-2 motion remains up to c_1 = 195kN/m.

This is in good accordance with experimental results: Clauss and Vannahme [2] experimentally determined P-3 motion with soft mooring mechanisms and P-2 motion for a setup with a stiff mooring line force.

Figure 3 shows that for the mathematical model P-3 motion was found even for small values of the coefficient c_3, but it has to be noted that the amplitude of the motion is very high and would reach the limits of the physical model. This could result in a failure of the mooring system.

In Figure 4 the motion of the vessel is shown by the means of phase diagrams with Poincaré-points marking the state of the system with respect to the period of the forcing wave. It has to be noted that the changes which occur at a period-doubling (e.g. from period two to four) bifurcation are comparatively small: They can easily be seen from simulations but experimental data always includes a certain amount of noise and disturbances which make it difficult to detect these differences.

It has to be noted that experiments in which different paths of a bifurcation diagram are to be determined with only small steps between the discrete points, are very time consuming. Therefore, the comparison between the nu-

PSfrag replacements PSfrag replacements PSfrag replacements

PSfrag replacements PSfrag replacements PSfrag replacements

Figure 4: Phase diagrams for periodic surge motion

merical and the experimental results include some discrete points rather than entire paths.

The results for different frequencies with P2- and P3-motion are shown in Figures 5 and 6: For all the frequencies given in these examples stable attractors with the corresponding types of motion exist in the numerical as well as the experimental model. Even though the resemblance for the P2- motion is not as good as for the P3-motion, the values for the displacements calculated in the simulation are resonably close to the experimental results. f = 0.064Hz

PSfrag replacements

f = 0.072Hz

PSfrag replacements

f = 0.094Hz

PSfrag replacements

—– experimental results —– numerical results

Figure 5: Comparison of results — P2 – solutions f = 0.064Hz

PSfrag replacements

f = 0.072Hz

PSfrag replacements

f = 0.094Hz

PSfrag replacements

—– experimental results —– numerical results Figure 6: Comparison of results — P3 – solutions

5 Damping devices and active elements

Apart from classifying the type of motion of the vessel one aim in this project is to develop design criteria or mechanisms, including passive and active damping devices, in order to enlargen the operating limits.

In literature different means of active control of the dynamics can be found:

The McDermott Derrick Barge (DB) 50 uses open bottom tanks. These tanks can be pressurized in order to control the waterlevel in the tanks and thus to counteract the motion of the vessel, see Figure 7.

PSfrag replacements PSfrag replacements

Figure 7: Motion suppression system (DB 50)

A detailed description of this motion suppression system can be found in

The Motorship [14] or Patel et al. [10].

Yuan et al. [13] consider pulley-brake mechanism with an adjustable friction force. They showed that this device can cause a significant reduction of the load pendulation by changing the system’s eigenfrequency.

The approach to be investigated here uses the so-called tugger lines: These ropes connect the load to the hull, which leads to a modified multibody system: The force in the tugger lines can then be used as control parameter, see Figure 8.

PSfrag replacements PSfrag replacements

Figure 8: Tugger lines

The force in the ropes can either be considered as damping force or it can be modelled by active elements. Depending on the mechanism which causes the tension of the rope, the corresponding equations are included in the system’s equations.

In first tests, different passive and active mechanisms gave promising results for floating cranes with a small ratio between the mass of the payload and the mass of the vessel. Devices based on dry friction or the application of actuators can significantly reduce the motion of the load. The problems that arise with tugger lines are the forces needed to influence the motion of large payloads: In this case the technical realization of any tugger line mechanism would be difficult.

6 Conclusions

It was found in the experiments as well as in the numerical investigation that nonlinearities have a significant influence on the dynamics of the crane vessel. Especially the mooring system is critical with respect to the motion of the ship. Due to different nonlinearities the system exhibits phenomena which cannot be described by purely linear models.

As a result of the sensitive dependence on parameters as well as initial conditions, predictions of the system’s motion remain difficult, particularly in the vicinity of bifurcation points the numerical results can differ from experimental data. But apart from these regions, numerical data is in good agreement with the experiments.

Acknowledgements: This research is funded by the German Ministry of Education, Science, Research, and Technology. Furthermore, we would like to thank our partners in this research project Prof. G. Clauss and his research group at the Berlin University of Technology, and T.E. Schellin Ph. D., German Lloyds, for their assistance.

References

[1] Baumgarten, R.: Dynamisches Nachbeulverhalten parametrisch erregter, dünnwandiger Schalenfelder. Fortschritt-Berichte VDI, Reihe 1, Nr. 314. Duesseldorf: VDI Verlag, 1999.

[2] Clauss, G.F. and Vannahme, M.: An Experimental Study of the Nonlinear Dynamics of Floating Cranes. ISOPE-99 Brest, France, May 30 - June 4, 1999.

[3] Ellermann, K.: Experimentelle Verzweigungsanalyse der Dynamik eines Schwimmkranmodells. Diplomarbeit, Technische Universität Hamburg – Harburg, Arbeitsbereich Meerestechnik II – Mechanik, 1998.

[4] Ellermann, K.; Kreuzer, E.: Moored Crane Vessels in Regular Waves.

Erscheint demnächst.

[5] Jiang T.: Untersuchung nichtlinearer Schiffsdynamik mit Auftreten von Instabilität und Chaos an Beispielen aus der Offshoretechnik. Institut für Schiffbau der Universität Hamburg, Bericht Nr. 512, 1991.

[6] Jiang T., Schellin, T. E.: Analyse und Bewertung der Arbeitsbedingungen von schwimmenden Offshore – Kranen im Seegang. Jahrbuch der Schiffbautechnischen Gesellschaft, Band 84, pp. 441-459, Springer-Verlag, Berlin, 1990.

[7] Kral, R., Kreuzer, E. and Wilmers C.: Nonlinear oscillations of a crane ship. In: In: Proc. ICIAM/GAMM 95, Z. angew. Math. Mech. 76, (1996), Suppl. 4, S. 5 – 8.

[8] Kral, R. and Kreuzer, E.: Dynamics of Crane Ships. In: Proceedings of the International Conference on Applied Dynamics, Science and Technics Publishing House, 1995.

[9] Kral, R. and Kreuzer, E.: Multibody Systems and Fluid-Structure Interactions with Application to Floating Structures. In: Multibody System Dynamics, pp.1-19, 1999.

[10] Patel, Minoo H. and Witz, Joel A.: Compliant Offshore Structures.

Butterworth-Heinemann, Oxford, 1991.

[11] Rieckert, T.: Die Dynamik von Schwimmkranen mit hängender Last.

PhD thesis, Technische Universität Berlin (D83), Verlag René F. Wilfer, Spardorf, 1992.

[12] Schellin, T. E., Mohr, A.: Rückstellkraftcharakteristik verankerter Schwimmkrane. Technical Report FG 98.069, Germanischer Lloyd, 1998.

[13] Yuan, G., Hunt, B. Grebogi, C., Ott, E., Yorke, J., and Kosterlich, E.:

Design and Control of Shipboard Cranes. Proc. ASME Design Engineering Technical Conferences, 1997.

[14] The Motorship: McDermott Crane Barge No 50. pp. 23-31, 1988.

Authors

Ellermann, Katrin Kreuzer, Edwin Meerestechnik II – Mechanik Meerestechnik II – Mechanik TU Hamburg-Harburg TU Hamburg-Harburg 21071 Hamburg 21071 Hamburg Germany Germany ellermann@tu-harburg.de kreuzer@tu-harburg.de http://www.mt2.tu-harburg.de http://www.mt2.tu-harburg.de