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Abstract. The coupling of different simulation approaches allows the simulation of
complex systems. One interesting combination in this context is to simulate rigid bodies
moving in a fluid. In this work, the coupled simulation of a rigid pendulum in a water
tank is presented. The simulation results for different immersion depths of the pendulum
in the fluid are compared with experimental data.

When using a coupled simulation it is possible to merge several advantages of different
simulation techniques in one common simulation. This way, several effects that influence
the dynamic behavior of complex systems can be investigated. The deceleration of a solid
body while moving in a fluid and the free surface of a fluid can be analyzed in one joint
simulation. The setup used in this work allows the pendulum to plunge fully or partly
into the fluid. The pendulum in a water tank is a simple example for a complex system
for which several effects have to be taken into account in order to reproduce the dynamic
behavior of the whole system precisely.

In a first step, the mechanical model is set up and simulated and, afterwards, exper-
iments were performed. For the experiments the simulation model is transferred with a
scale 1:1. Besides the simulation and its results, the experimental setup for this pendulum
and a comparison are presented. The simulation of the pendulum in the water tank shows
nice agreement with the experimental data.

1 INTRODUCTION

Many systems in engineering applications are getting more and more complex. The mod-
eling and simulation of such complex systems can be a very challenging task. One typical
example for such a complex system is a floating wind turbine. This kind of system consists
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of several components, which require different simulation techniques when the dynamic
behavior of the entire system is investigated. A floating wind turbine is subjected to
different load types, e.g. wind and wave loads [1]. Therefore, both aerodynamic and
hydrodynamic forces have to be taken into account.

One possible approach when analyzing the structural response of complex systems
subjected to different load types are coupled simulations. In a coupled simulation, two
different simulation techniques can be combined in order to be able to simulate such
complex systems. In this work, one example of such a complex system is presented. It
consists of a pendulum with a rigid body, which immerses into a fluid. The setup allows
the pendulum to plunge fully or partly into the fluid. There are different phases during
one swing of the pendulum. In the initial phase the pendulum is totally outside of the
water. In the beginning the pendulum is moving in the air with little resistance. Then,
the impact of the pendulum into the water follows and it is decelerated by the damping
from the fluid. In this example, there are several points that have to be considered when
studying the dynamic behavior. The motion of the rigid body due to water resistance, the
description of the free surface and the fluid body interface are investigated. To handle the
challenging points when simulating the pendulum, the coupled simulation is divided into
two submodels. The Multibody System (MBS) approach is chosen for the submodel for
the rigid body pendulum, whereas the Smoothed Particle Hydrodynamics (SPH) method
is employed for the submodel of the fluid. The SPH method is a mesh-less method. Some
advantages of this method are the description of the free surface and the interface between
the two submodels. When using classical grid-based methods the computational effort
to simulate the free surface and the interface is much higher, thus, we have chosen a
mesh-less method.

The aim of this work is, on the one hand, to introduce a simulation tool for simulating
these complex systems and to show the advantages when applying the mesh-less SPH
method. On the other hand, it is to present the experimental framework for a pendulum
in a water tank. The experimental setup of the pendulum in the tank allows comparing
the performed simulations with experimental data. The work is therefore divided into
three parts. The theoretical background and simulation part, the description of the ex-
perimental setup and, finally, the comparison of the simulation with the experiment. In
the theoretical background and simulation part some theory of the applied simulation
methods is presented. Then, the coupling technique is introduced before discussing some
details of the results of the simulation. Then the description of the experimental setup and
the results of the experiments follow. In the last part the comparison of the simulation
and the experiment is made.
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2 Theoretical Background and Simulation Model
2.1 Smoothed Particle Hydrodynamics

For each submodel of the coupled simulation a different simulation method is used. In
Figure 1, a sketch of the pendulum with the water tank is shown. The SPH method is
used for the simulation of the fluid. Due to its mesh-less character, the SPH method can
handle the free surface naturally. Another advantage is that no special treatment for the
fluid solid interfaces is needed. Because of these two advantages, the dynamic behavior
of the pendulum due to water resistance can be analyzed in the simulation.

Originally, the SPH method was designed to investigate astrophysical phenomena. But
nowadays, there are other applications of the SPH method like fluid dynamics, e.g. for
free surfaces [2], [3] or fluid-structure interaction [4], [5] or multiphase flows [6], [7]. An
overview about other field of applications can be found in [8].

The SPH method has been implemented in our particle simulation software Pasimodo
9], which is designed for mesh-less particle methods. Due to its modular structure, it is
possible to couple Pasimodo with different other simulation software packages [10].

pendulum // "

SPH fluid

Figure 1: Sketch of the pendulum.

Using the SPH method, the Navier-Stokes (/N-5) equations for describing a fluid can be
discretized. For a fluid with density p, pressure p, viscosity v, and velocity v the equation
used to describe the conservation of momentum and the equation for the conservation of
mass are

p(aa‘t]+v-Vv> = —Vp+ uV?v +f and (1)
ap B
§+V~(pv)—0. (2)

In (1), f is the vector of the body forces acting on the fluid. To obtain the SPH formu-
lation of the N-S equations basically two steps are required. The first step is a kernel
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approximation and the second one is referred to as particle approximation [8]. The con-
tinuum, which is described using the N-S equations, is discretized into so called particles.
At these particles any quantity is described with the function

AE) = Y m S2W (e = xihy) ®)

Here, the subscript j refers to the particle number, m; to the mass, r to the position,
p; to the density of a particle, and W is the kernel function. In this work, the classical
Gaussian kernel is used for all simulations. For a more detailed description of the method
see [8]. The solid body of the pendulum is modeled using the MBS method which is
briefly outlined in the next section.

2.2 Multibody System Method

The MBS method can be applied for the analysis of many engineering systems which
consists of rigid bodies. It is also possible to take elastic deformations into account. To
achieve this, classical Multibody Systems are extended by elastic bodies [11], [12]. Several
rigid bodies connected with coupling elements, e.g. springs or dampers, form a classical
Multibody System. A detailed description can be found in [13]. The equation of motion
can be derived with classical principles of mechanics and yield for the complete MBS

M(q) - G + k(q,q,t) = g(q,q,t) (4)

with the mass matrix M, the vector k for the generalized gyroscopic forces, the vector g
with generalized applied forces, and the vector q of generalized coordinates.

The MBS simulation is performed with Neweul-M? [14]. For the coupling of the two
simulation software packages Pasimodo and Neweul-M?, the possibility of C-export is
used. In this way, it is possible to write the complete symbolic description of an MBS
model to a shared library. In the next section, the coupling of the MBS and the SPH
method is discussed.

2.3 Coupled Simulation

The simulation of complex systems with different dynamic behavior can be realized by
dividing the system in several subsystems. This separation into subsystems leads to
several advantages, e.g. it is possible to apply for each subsystem another integration
scheme. There are various approaches to couple these subsystems [15].

The approach which is applied in this work, is separate modeling and separate simu-
lation. The simulations of the subsystems are coupled, therefore, this is called coupled
simulation or modular simulation. The time step size of each subsystem can be different,
so, the simulation of the entire system is similar to a multi rate method [16]. In each
time step of the simulation the necessary system information, like forces and motions, is
transferred between the subsystems. The flow of information can be seen in Figure 2.
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Figure 2: Scheme of the data exchange between the two submodels.

An important point is the stability of the simulation. The information is exchanged at
discrete time steps. In [17] is shown for coupled MBS that instability of the modular sim-
ulation can occur, if a non-iterative simulator coupling is applied. Therefore, to maintain
the stability of the simulation, the exchange scheme is applied in an iterative process.

Another point is the computational effort of the simulation. For the coupling in this
work an adaptive exchange time interval is applied. The exchange time interval is then
increased or decreased depending on the interaction of the two subsystems. In each
simulation step a neighborhood search of the particle simulation is performed. During
the neighborhood search the contact detection of the fluid and the solid body takes place.
The positions and the velocities are evaluated and the exchange time interval is adapted.
The adaptive exchange time interval can be seen in Figure 3, showing also the x-position
of the pendulum. When the pendulum immerses into the fluid the exchange time interval
is decreased. During the phases when the pendulum is outside the fluid it is increased.
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Figure 3: Adaptive exchange time interval.

The calculation of the forces acting between the two subsystems is based on the repul-
sive force model from [2]. The distance and the difference in the velocities of the solid
body and the fluid are determined and the force is calculated. The solid body structure
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is represented by triangular meshes in Pasimodo. In case that an interaction between the
mesh and the particles occurs, the calculated force f. is applied to the two subsystems.
The equations of motion for the MBS (4) and the momentum equation (1) for the fluid
yield

M(q) - 4+ k(q,q,t) = g(q,q,t) + £, and (5)
ﬂ(%—:+V~Vv):—Vp+,uV2v+f+fc : (6)

For a fixed immersion depth of the pendulum the parameters are analyzed that take
the distance and the difference in velocity into account. Exemplary the x-position for
different simulations is shown in Figure 4. On the left side, the influence of the distance
parameter is shown and, on the right side, the parameter for the velocity difference. As
it can be seen the influence is not significant.
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Figure 4: Simulation results when varying the stiffness (left) and the damping (right) parameters.

In the next section, the description of the employed experimental setup as well as the
evaluation of the measurement data in order to recreate the trajectory of the pendulum is
presented. Later on, the trajectory of the experiment and the simulation are compared.

3 Experiment
3.1 Experimental setup

For the comparison of the simulation and the experiment, measurements are performed
in our laboratory. Therefore, the simulation model is transferred in scale 1:1 to the
reality. The experimental setup of this work can be seen in Figure 5. It consists of
a frame to which the pendulum is attached to using low-friction bearings. The size of
the frame is width 0.78 m x height 1.08 m x length 1.18 m. This framework allows the
pendulum to plunge fully or partly into the fluid in the tank. The dimensions of the tank
are width 0.3m x height 0.13m X length 0.4 m. The pendulum itself consists of a rigid
metal rod, and a sphere at its tip. The dimension of the rod made of Carbon steel 1.1274
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are width 50.0 mm x height 5.0 mm x length 500.0 mm. The diameter of the sphere made
of V2A steel is 30 mm. The rigid body, the sphere and the tank are exchangeable, e.g. an
elastic pendulum or a larger tank is possible.

Figure 5: Experimental setup showing a small tank on the left and a larger one on the right side.

3.2 Measurements

In the case of a rigid pendulum, the rotation angle of the pendulum can be determined
using an incremental encoder. The encoder is connected to the pendulum with a clutch
to compensate a possible shift of the axis. The trajectory can be calculated from this
angle. Another possibility for obtaining the trajectory would be to measure the velocity.
The used incremental encoder has a maximum resolution of 10000 pulses/round. The
maximum sample frequency is 750 kHz. In addition to this highspeed video recordings
are made. With these recordings it is possible to track the free surface of the water and
compare the experiment with the simulation.

Here, a monochrome camera is used for the highspeed video recordings. Up to 2000
frames per second are possible with this kind of camera, depending on the resolution
of the highspeed video recordings. For the lighting of the scene three extremely bright
metal-halide spots are used. The highspeed video recordings of the experiments are used
for the comparison of the free surface. An example of the highspeed video recording is
shown in Figure 6.

4 Results

The results of the coupled simulation of the MBS model and the SPH model are discussed
in this section. The simulation is divided into different phases. In one phase, the pendulum
is not immersed into the water and there is very little resistance to its motion. After the
impact of the pendulum into the fluid, the pendulum is decelerated by the fluid.
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Figure 6: Highspeed video made during the immersion phase.

The whole simulation model is shown for two different times in Figure 7. In Figure
8, the trajectory of three different simulations can be seen. In these simulations the
immersion depth of the pendulum is varied, from 1cm in the lowest point up to 3cm.
The surface of the simulation is shown in Figure 9.

Figure 7: Two different states of the simulation.

The shape of the free surface is varying during the phase when the pendulum is im-
mersed into the fluid. Using only the pure MBS model it is not possible to get precise
results due to the influence of the different shapes of the free surface. But, as it can be
seen in the figure, using a coupled simulation gives good results.

5 Conclusion

In this work, a simulation framework that allows the coupled simulation of solid bodies and
a fluid is presented. The fluid is modeled with the SPH method. The motion of the solid
body is modeled using the MBS method. The two subsystems are coupled to an explicit
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Figure 8: Trajectories of the simulation and the experiment of three different immersion depths.
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Figure 9: Simulation and experiment for three different immersion depths. The fluid surface is highlighted
with a black line.
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modular co-simulation. Furthermore, the simulation model was built in hardware in scale
1:1 and experiments were performed. The motion of the pendulum was recorded with a
highspeed video camera. The trajectories and the free surface of the coupled simulation
were compared with the experiment and are in good agreement. A most interesting point
in the context of the coupled simulation is the possibility to reproduce the free surface of
the fluid in a correct way. In this work a rigid body was used for the coupled simulation.
It will be a very interesting task to study the dynamic behavior when taking its elastic
deformations into account. A further issue will be the use of the so called incompressible
SPH method.
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