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In this paper, we provide a hybrid incompressible Smoothed Particle Hydrodynamics (ISPH) model for fluid-structure interactions. The
numerical algorithmsinclude the mirroring treatment of solid boundary, free surface tracking, wave damping using sponge layer and fluid-
solid coupling model. The proposed | SPH wave tank is applied to a series of wave-structure coupling problems including the sloshing in a
baffled tank, solitary wave impact on an underwater obstacle, water entry of a cylinder and balance dynamics of a floating object. The
simulation results demonstrate that the | SPH model provides an accurate simulation technique in various fluid-structure coupling studies.

KEYWORDS: ISPH, fluid-structure couplindgree surface, damping wave-solid interactions, as the computational efficiency was greatly

layer, force moment, structure rotation. improved due to the adoption of non-uniform particle configunatio
The latest fluid-structure interaction work was reported by Liu et al.
1. INTRODUCTION (2014a), in which more advanced kernel corrections and soli

boundaries were used to improve the numerical performance. In the

The fluid-structure interaction is a common issue in the coastal and incompressible SPH (e.g. Violeau and Leroy, 2015) field, Bachman
offshore hydrodynamics and according to the nature of interaction €t al. (2012) simulated a series of fluid-structure interaction prablem
between the fluid and solid structure, it can be classified into two bPY following Koshizuka et als (1998) approach, in which the solid
types, i.e. kinematic and dynamic couplings. The former assumags t object was temporarily treated as another fluid that is deformable
the solid structure is either fixed or follows a prescribed motion, while during the computation, and then a correction algorithm was used to
the latter is much more complicated as the motion of the solid also recover the deformed solid object to its original configuration. This
depends on the instantaneous response of the fluid. The Selimg practice is based on the conservation of momentum betwedhithe
techniques have demonstrated great potentials in the dynamic coupling@nd solid particles and a good point is that pressure integrations over
as there is no need to frequently generate or adjust the meésmsys the fluid-solid interface are avoided. This would be more usaful
near the interface between the fluid and solid boundaryreat the situations when the pressure fluctuation is large and accurate
information exchanges between thehys the solution algorithms can ~ Prediction of the fluid forces is difficult. However, the fluid
be simplified, which has considerable merits over many traditional incompressibility near the structure boundary cannot be strictly
Eulerian grid methods. A good understanding and efficient numerical Satisfied due to the assumption used. During the fluid-structure
simulation of the fluid-structure interactions is crucial to predict the interactions, the solid boundary treatment is an important issue and
fluid impact forces on the structure as well as the structural responsestWo kinds of boundaries have been commonly used in the SPH
to the fluid inawider engineering practice. a_lpproaches, ie. flxgd/dummy particles and mirroring particles. The

Since the pioneering work to introduce the concept of SPH to fixed or dummy particle methods were used by Monaghan (129#)
hydrodynamics (Monaghan, 1994), the method has been applied =~ Shao andLo (2003), which is computationally efficient but the
large number of fluid-structure interaction applications. Due to its Computational errors arising from the divergence of velocity on the
mesh-free feature, the SPH method is well-suited to analyze many solid boundaries could lead to large pressure oscillations. The
kinds of moving boundary and large surface deformation prable ~ Mirroring particle methods as originally proposed by Cummins and
(Lind et al., 2012; Gotoh et al., 2014). By using the standaekiye Rudman (1999) and later adopted by Yildiz et al. (2009) has imgrove
compressible WCSPH approach, quite a few works have been carriedthe boundary simulations. The latest SPH work in wave-float
out, including Vandamme et al. (2011) who simulated the wadge interactions was carried out by Ren et al. (2015) and the complicated
cylinder entries with fixed boundary particle treatment on the solid float rolling motions were quantifiedesides, more advanced MPS
surface, and Oger et al. (2006) who used a variable smoothing length Simulations involving the structure elasticity were reported by Hwang
to improve the local accuracy of the impact area for a wedge et al. (2014). In standard SPH formulations, the linear momentum is
using mirror particle boundary. A variable mass approach has also conserved well for both the pressure term and viscous term, while for

been used by Omidvar et al. (2012) for the study of more pahctic the hybrid viscosity expression the angular momentum is not
conserved exactly (Khayyer et al., 2008) and need corrections.

*Author of correspondence, emgilvelinpz@126.comn
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In this work, by using the mirror particle and free surface treatment,
and coupdd with a robust fluid-solid interaction model and wave

One key issue to treat the dynamic process during the fluid-structure
interactions is to develop an efficient fluid-solid coupling algorithm

damping layer, we present a 2D numerical ISPH wave tank to deal which takes into account the solid motion. In this work, we foliogv

with various fluid-structure interaction problems. In the following, we
will briefly summarize the model principles and apply the model to
four benchmark test cases, some of which are quite challengintpd
the involvement of more than one degree of freedom. Thement,
force and moment verifications/validations are carried out respscti

treatment procedure of Oger et al. (2006) to divide the solid laoynd
line into a series of short segmemnhe fluid pressure on one segment
is considered uniform when calculating the force. Thus the sgigme
length should be small enough to fit the pressure resolution blat cou
be larger or smaller than the initial particle distance (the segment

The paper aims to demonstrate that the ISPH model could play an length is equal to the initial particle distance in present studyjl. A

important role in the SPH application field.
2. HYBRID ISPH MODEL PRINCIPLES

The proposed hybrid ISPH model adopts the original version for
simulating free-surface flows (Shao and Lo, 2003) and treats the flow

turbulence by using an eddy viscosity based sub-particle-scale (SPS)

model developed by Gotoh et al. (2001) in a turbulent jet application
The other related algorithms are briefly summarized as follows.

2.1 Mirroring particle treatment

Based on the original work of Cummins and Rudman (1999), the
mirroring particles are not located at the fhsdlid interface but
mirror the properties of inner fluid particles across it. Most mirroring
rules follow Cummins and Rudman (1999) for both the non-slip an

then we interpolate the pressure of neighboring fluid particles onto the
centre of the segment. So the totakéoF and momentM imposed

by the fluid on the whole solid object can be computed by
summarizing all of the individual forces and momemts each
segment section (Liu et al., 2014b). Accordingly, the solid structure
motion can be obtained from the Newton’s second law as:

dat mg,q dat |
mass and|SOIid = rotational inertia of the solid

g 2
solid

Where I’nsolid =
structure, respectively; = time; andg = gravitational acceleration

Therefore, the linear velocity and angular velocityp are
determined as well as other kinematic properties such as the structure
motion.

slip boundaries, but special improvements should be made to avoid the 2.4 Wave damping zone

over-mirroring issue in the corner region, where the mirroring
particles from different inner regions can overlap with each other. In
our treatment, only the mirror particles reflected from the same
boundary line or corner are used in the over-mirroring regibis. dan
effectively solve the problem. More details are found in Liu et al.
(2014b).

2.2 Free surfacetracking

The original ISPH free surface tracking criterion by using the
particle density (Shao and Lo, 2003) provided an effective tway
identify the free surfaceto impose the correct pressure boundary
conditions. However, this criterion only reflects the effect of particle
compaction, while the particle symmetry configuration is not
addressed. In some complex fluid-structure interactions, the mirroring
particles near the solid corner can be mistakenly judged by only
applying the above density rule, thus additional symmetry rule should
also be imposed (Liu et al., 2014b).
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where X; and y, are the horizontal and vertical distances between
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the reference particle and its neighboring particleg. m = particle

mass; p = particle densityd, = initial particle spacingyv = SPH

kernel; r = spatial position of particle; anld = kernel range. The
above equation considers both the symmetry configuration and

distance weighting of neighboring particlé%?ymme"y is an indication

of the particle asymmetry, which can be assigned a threshold value
By using both the density criterion (Shao and Lo, 2003) angeabo
symmetry criterion, the misjudgment of particles near the freacurf

or solid corner can be avoided. It is worth to mention that similar
symmetry criterion has also been used by Khayyer et al. (200%) b
aslightly simpler formulation.

2.3 Fluid-solid coupling algorithm

A wave absorbing region is usually used to prevent the undesirable
wave reflections, since the reflection waves caused by the fluatl
or solid structure will adversely affect the simulation. Following Wei
and Kirby (1995), the commonly adopted absorbing coefficientheas
following form:

exp (X_XS‘J -1
A=c s X < X <X+ X, (©)
(73 eXp(l)—l t t b
where A = absorbing coefficient;x, and x_ , are the starting

position and length of the absorbing region, respectively;gnand
n, are the empirical damping coefficients to be determined via the

numerical test. Following Lin and Liu (2004), the coefficients are
taken asc, = 200 andnc =10. A has the unit of 1/s and thus can be

added into the momentum equation as (Liu et al., 2015)
aa

dt
where p = particle pressurey, = laminar kinematic viscosity; and

=—EVp+g+v0vza+iv-f—Ap (4)
P P

7 = sub-particle scale (SPS) turbulence stress.
3. MODEL COUPLING VERIFICATIONS

3.1 Movement verification - doshing in a baffled tank

Liquid sloshing sometimes can cause extremely large force loadings
on the container wall, also accompanied by violent water surface
deformation and breaking, which influence the safety operatio
shipping industry. Traditional approaches to study this phenameno
usually assume the fluid to be non-viscous and non-turbulerg, thu
leading to unrealistic predictions, for example, the potential flow
theorem to solve the Laplacian equations. Here we use the ISPH
model to reproduce a liquid sloshing process inside a baffled tank



based on the work of Belakroum et al. (2010). In this work they
applied an Arbitrary Lagrangiaiulerian (ALE) method to solve the
Navier-Stokes equations for different baffle configurations using the
FEM approach. We will use the ISPH model to simulate their vertical
baffle case: The water tank is 0.9 m wide and the water depthns 0.6
The baffled plate is fixed at the centre of the tank bottom with the
thickness 0.03 m. The initial ISPH particle spacing is 0.003 m and
totally 59400 particles are used in the simulation. The external
excitation amplitude a is 0.00198 m and the angular frequisngyt
rad/s.

A comparison with similar sloshing settings but without the inside
baffle indicated that the baffled tank could effectively reducenmdier
surface amplitude. This is due to that the existence of the baffle plate
changed the natural frequency of the tank oscillation so as rom to
much influenced by the external excitation frequency. Besides, the
ISPH simulations also disclosed the existence of strong flow
circulations and vortex evolutions inside the baffled tank, which is
shown at two different times in Fig. 1. This has greatly dissipated the
flow energy and thus reduced the water surface variations aoglyrdi
while this phenomenon is hardly described by potential flow models.

i |

sy 0 0.05 0.1 0.15 0.2 025 0.3 Veloc

i |

Velocity mis): 0 0.0 0.1 0.15 0.2 025 0.3

Fig. 1 ISPH computed flow velocity field in a baffled tank sloshing.

Time histories of the water surface variation on left side of the tank
are shown in Fig. 2, for the numerical results between ISPH and ALE
simulations of Belakroum et al. (2010). In the figugedenotes the

surface displacement from still water level. There is a good agreement

between the two, indicating the accuracy of the ISPH modeling
technique. However, it should be realized that much more corgalica
numerical algorithms have been implemented in the ALE, while ISPH
adopted a much more straightforward formulation.

: ISPH

: Belakroum's result

80 F
60 |

ooo0o0

n/a

Fig. 2 Time histories of water surface variation in a baffled tank,
between ISPH simulations (solid lines) and ALE results
(circles).

3.2 Force verification - solitary wave passing on a submerged
obstacle

The study of solitary wave propagation and passin@g coastal

structure has attained great attention in recent years and bedwhe a
topic in the coastal and offshore field. Earthquakes in the ocean often
generate Tsunami waves and these waves are often simplified by the
solitary wave models. For example, Chang et al. (2001) used a RANS
model to study detailed vortex generations and evolutions for a
solitary wave passing over a submerged rectangular obstacle. In this
section we consider the solitary wave forces when it passesaove
submerged underwater step. To verify the accuracy of ISPH model,
we will compare the simulations with numerical results from
NEWFLUME, which was developed by Lin and Xu (2006) to model
complex wave-structure interaction problems using a RANS approach.
The schematic model setup is shown in FigAB obstacle with
height B = 0.114 m and length = 0.381 m is submerged under the
initial flow depth h= 2B. A solitary wave with height e = 0.069 m
is generated from the offshore side. The ISPH used an initial particle
spacing of 0.003 m and totally 101,574 particles were used in the
computation. The ISPH computed time-dependent wave forceg acti
on the three faces (left, upper and right) of the obstacle areacethp
with the numerical results from NEWFLUME (Lin and Xu, 2006) in
Fig. 4 (a)- (c), respectivelyln the figures, solid lines represent the
ISPH results and circles represent the NEWFLUME computations. It
is shown that the numerical results between ISPH and NEWFLUME
agree quite well to prove the pressure solutions and integratiens o
the solid surface are quite accurate in the ISPH. However, weetb n
to point out that in the present case, the solid structure is stationa
the computational situations can become much more complicated if
the solid is in motion, in which the dynamic coupling is required.

Hewe =0.069M T 2
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Fig. 3 Model setupf solitary wave Fig. 4 (a) Comparison of wave
interaction with structure. forces onféefe.
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Fig. 4 (b) Comparison of wave
forces on upper face.

Fig. 4 (c) Comparisonasfen
forcesigint face.

Fig. 5 shows the vortex generations behind the structure uraler th
solitary wave passing by, and it shows that the vortex originates near
the structure wall but moves further downstream with an increasing
scale during the wave passing over.

velocity:

0 004008012016 02 (m's)

Fig. 5 Vortex generations behind the obstacle under solitary wave.



4 MODEL APPLICATIONS
4.1 Water entry of acylinder

The water entry of a cylinder is always a benchmark applicétion
test the numerical model&sually the free surface deformation and
cylinder kinematics are the main interest of investigation. In the ISPH
model setup, we need to separate the circular cylinder boundary lin
into a series of straight-line segments to enable the nboandary
treatment. The present simulation is based on the study of Coleichio
al. (2009) for the water entry process and more dstare provided
in the original paper. Their experimental studgsweonducted in a
Plexiglas (40 mm thick) tank andhet cylinder is made of stainless
steel with a diameter of 3@m. Its horizontal freedonis constrained.

We consider a light cylinder entry with the density being @ré2s of
the waterIn ISPH simulation, the particle spacing is=®.006 m and
15,000 water particles are used. Colicchio etrasted the cylinder as

a free-falling body before its impact, while in ISPH an equivalent
initial falling velocity of 2.55 m/s is given to the cylinder.

In Colicchio et al. (2009), the flow fields were measured by the
Particle Image Velocimetry (PIV) technolag8o these are used to
compare with the present ISPH computations, as shown in Fig. 6
From the figure, itcan be found that the water surface agreement is
also quite satisfactory. At the beginning of the impact, high-speed
flow region is near the impact point on the cylinder boupdahile in
the later stage of the cylinder enftymoveson to the water surface.
The difference between ISPH computation and PIV measurement is
small but increasem the later stage as shown in F&(c), which
might be due to #aPIV data noises near the surface area.

lul (')

Fig. 6 ISPH ve ocity fields near cylin e'r”sulrface (right), compa
with PIV measurements (left) by Colicchio et al. (2009)
time t: (@) 0.004 s; (b) 0.154 s; and (c) 0.304 s, resgdygtiv

The vertical movement of the cylinder is shown in Fig. 7, inclgdi
the position and velocity variations through time, and is compared
with the experimental data and numerical results from a two-phase
Navier-Stokes solver based on approximated projection method
(Colicchio et al., 2009). The figure illustrates the processylifider
impacting on the water surface and enterangd then starting to float
up with an upward velocity. It is shown that the comparisons leetwe
the ISPH and experimaitresults are quite desirable as well as with
the numerical results based on the grid method of Colicchio et al.
(2009). Moreover, an additional ISPH run is carried out witlouble
refined particle resolution ofad= 0.003 m and the results are also
presented in Fig. 7. The consistency of two numerical results has
indicated that the present coupled ISPH schemae a good
convergence property as well.
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Fig. 7 Vertical (a) position and (b) velocity of cylinder, complaréth
experimental and grid-based results of Colicchio €2@09).

4.2 Balance dynamics of a floating object

In this section we further investigate the balance dynamics of a
floating object including its rotation. The aim is to check thessmy
of the model in calculating fluid force and moment. We use the study
of Fekken (2004) for the balance of a floating object on thenstter
surface Canelas et al. (2015) also investigated this problem using the
WCSPH melhod. The schematic setup is shown in Fig. 8, in which a
rectangular object is placedtathe still water. The side length of the
object is 0.05 m and 0.1 m, respectively, and the densityeobbject
is half of the water density. The balance state under the gravitg G an
buoyancy is shown as the solid lines in Fig. 8. However, dl sma
disturbance on the object could result in a small rotation (theedash
object in the figure) since the moment on the lef} é&d right (B
sides of the rotation center is not balanced against each @thier
unbalanced state that is resulted from the net moment will increase the
rotation speed untih new balance point is reached. According to
Fekken (2004) and Canelas et al. (2015), the final balanceopostti



the solid object depends on the parameiéthe object. dashed line. It is shown that the discrepancy between the two particle
Although the final state of the floating object depends on the resolutions is tiny, demonstrating the convergence of the ISPH

balance of the moment and shape oflibdy, the dynamic process to computations. The desktop used in our study is equipped withi3ntel

reach the new balance position is quite interesting. Following the 3470 CPU and 4GB memory. In the first run with &wparticle

descriptions of Canelas et al. (2015), a numerical water tank thét is resolution, the total CPU costas 0.5 hour fora 5.0 s simulation.rl

m long and 0.1 m deep is used. The ISPH computational particle the second higdr resolution test, the 31,620 water particles used in the

spacing is 0.088 m and totally 7,965 particles are used in the simulation increased the calculation time by 20 times.

simulation. The side length of the rectangular objectds th and 0.1

m and its initial immersion depth isO& m, which is on the balance | L

position under the actions of gravity and buoyancy. The s&ddick is Velocity (m/s): 0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36 0.4 0.44 0.4

placed in the middle of the water tank and the centre of gravity is

located at the still water surfasethe beginning of the computation.

B|‘ﬂ

A

Fig. 8 Schematic setup of floating object on still water surface.

Following Fekken (2004), an initial small disturbance momerst wa :
imposed so the solid object motion was activated. As the inerti@ of th (b)t=34s
solid objectcanleadto its oscillations around the balance angle in the
water and result in the surge wave generafiwhgch will be refleced
by the solid boundaries and then disturbs the motion of thek,bdm
adequate numerical damping must be used to eliminate the surge 0=y
waves. This sponge layer is placed both sides of the flume to r v
eliminate the reflected waves. The length of the damping layer in the
present study is 0.3 m and near the two sidewalls. As shown.i® Fig
(a), after a small disturbance the block starts to roll and thexvo
generated near the solid corner can be found. At timeli0 s, a
strong surge wave is generated with intensive local wave breakings
The maximum velocity is found near the edge of the blackan the
wave front. Thee surge waves propagate to the flume end and are
effectively eliminated by the damping layers. The floating obijeéltt
roll around its balance angle during which the kinetic energy is \
gradually dissipated by the water. In Fig. 9 (b)aBt4 s, the block is I S e —
still rolling on but the amplitude becomes much serland the flow t(s)
field nearby is almost quasi-stationary. With the help of the spong
damping layer, the flume length could be very short and this saves Fig. 10 Time history of deflection angle in rotat@ardynamics.
considerable CPU expenses.

To quantitatively verify the ISPH computations, the time history of Moreover, another two cases of the floating block with density

Fig. 9 Flow field near floating structure during dynamic rolling.

ASPH  (4=0.0033m)

o o o :Fekken (2004)

deflection angle (deg)
&
——

_

o

o
T

deflection angle of the block during its rotational moti@shown in being 0.5 and 0.25 times of the water have also been studied. Th
Fig. 10, compared with the numerical results of Fekken (2004). | ISPH computed final balance angles are 45° and 63.5°, respgctive
order to adapt to the time series of the Fekken, the phases#nt which are consistent with the theoretical values of Fekken (2004).

ISPH results has been shifted. From the figure, it is seen that the Canelas et al. (2015), due to the inherent nature of 8®H scheme,
rolling of the object is strongly reduced in the first two periods and the start of the rolling process is random, while in our ISPH simulation
most of the kinetic energy is transformed to the water, which is then a small disturbance is used. This small disturbance shall not tiféect
dissipated by the wave breaking process and damping layer, byt a ve final balance of the structure, despite that the rolling directionstmigh
small oscillation can still last faxlong time. The agreement between  be changed in a different wayhe fundamental structure dynamic
the ISPH and Fekken (2004) results is quite satisfactory, except tha process should be globally more or less similar.
there is a slight phase difference in the later stage of the simulation.

Another convergence test with refined particle spacing of 6601
m has also been carried out and the results are shown in Figti® as



5. CONCLUSIONS

Hwang, SC, Khayyer, A, Gotoh, H, and Park, JC (2014).
“Development of a Fully Lagrangian MPS-based Coupled Method

This study discussed the ISPH model applications in the coastal and for Simulation of Fluidstructure Interaction Problems,” J Fluids &

offshore hydrodynamic field for the fluid-structure interactions. The

coupled model has been systematically validated by a series of Khayyer,

benchmark tests. Firstly a simple sloshing motion is computed to

demonstrate the moving boundary treatment. Secondly in the force

verification, the surface forces are integrated and compared tligh o

Strucs, 50, 497-511.

A, Gotoh, H, and Shao, SD (2008¥Corrected
Incompressible SPH Method for Accurate Water-surface Tracking
in Breaking Wave3 Coast Eng, 55(3), 236-250.

Khayyer, A, Gotoh, Hand Shao, SD (2009). “Enhanced Predictions

numerical results, which showed that the external forces have been of Wave Impact Pressure by Improved Incompressible SPH
accurately obtained on all sides of the obstacle. The model is then Methods,” Appl Ocean Res, 31, 111-131.

applied to two more complex fluid-structure coupling problems. In the
falling cylinder case, satisfactory agreeméias been found in the
cylinder motion, velocity field and free surface deformatiorwben

the ISPH simulations and PIV measurements. The model is finally
applied to the rotatiaa dynamics of a floating object. In the

simulation, the rotation freedom is released and the time history of

Koshizuka, S, Nobe, Aand Oka, Y (1998). “Numerical Analysis of
Breaking Waves Using the Moving Particle Semi-impliakthod,”
Int J Numer Meth Fluids, 26, 75169.

Lin, PZ, and Liu, PLF (2004). “Discussion of “Vertical Variation of
the Flow across the Surf Zone” [Coast Eng 45 (2002) 169-198],”
Coast Eng, 50 (3), 16164.

deflection angle is compared with the documented data. The wave Lin, PZ, and Xu, WL (2006). “NEWFLUME: A Numerical Water

damping layer is also used for the surge wave eliminations. The

Flume for Twodimensional Turbulent Free Surface Flows,” J Hydr

numerical results have showed that the proposed ISPH model is able Res,44, 79-93.

to disclose complex flow features in the spatial domain, and
demonstrated its great potentials to model various fluid-structure

interaction problems in the engineering practice. These application

cases provided a robust benchmark test for the coupled SPH models
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