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Abstract: An improved three-dimensional incompressible smooth particle hydrodynamics (ISPH) model is devel-
oped to simulate the impact of regular wave on a horizontal plate. The improvement is the employment of a correc-
tive function to enhance angular momentum conservation in a particle-based calculation. And a new estimation
method is proposed to predict the pressure on the horizontal plate. Then. the model simulates the variation charac-
teristics of impact pressures generated by regular wave slamming. The main features of velocity field and pressure
field near the plate are presented. The present numerical model can be used to study wave impact load on the hori-
zontal plate.
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1 Introduction

The coastal and offshore engineering struc-
ture security problem have recently become a re-
search hot issue, especially the wave impact prob-
lems. The extreme wave impact forces caused by
strong wave slamming may lead to tremendous
damage of the open structures. The mechanics of
wave slamming is very complicated because of its
strong nonlinearity, instantaneous effect, fluid
viscosity, turbulence and miscibility of fluid and
gas, etc. Many researchers have estimated the
wave impact load™ ™,

With the rapid development of the computer
technology and computational fluid dynamics
(CFD) methods, seeking numerical solutions to
the N-S equations that include the imcompression

and viscosity of the fluid has become a popular
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way to estimate the wave impact force on struc-
tures. Most of the existing numerical models sol-
ving the N-S equations are based on grid meth-
ods. Ren and Wang™" introduced a numerical
model for wave and two-dimensional horizontal
plate based on volume of fluid (VOF) method,
and improved the boundary treatments for both
impact and wave, which turns out a more satis-

factory result. Christakis and Kleefsman, et

Ho-1 calculated the impact load between the

al.
fluid and the structure utilizing an improved VOF
method. Hu and Kashiwagi reported some good
results for impacting force calculation using the
compact pattern of the constrained interpolation
profile-conservatives  semi-l.agrangian scheme
with third-order polynomial function (CIP-CSL3)

method. However, the above methods are all
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based on grid, which is difficult to solve large de-
formation free surface flows, such as wave break-
ing and impacting.

Smoothed particle hydrodynamics (SPH) is a
meshfree, Lagrangian, particle method, which is
particularly suited to the solution and modelling
of large scale, complex free surface fluid flows.
From compressible flows to incompressible
flows, the SPH method shows reliable perform-
ance. Monaghan, et al. " used the weakly com-
pressible SPH (WCSPH) method to simulate the
solitary wave propagating along the beach. Liu,

1. (3]

et a used it to simulate liquid sloshing. Dal-

rymple and Rogerst"

applied a large eddy simula-
tion(LES) model to wave propagation and inter-
action with coastal defence. Although WCSPH
predicted some highly transient flows quite well,
notably dam break flows, pressures were ex-
tremely noisy and the method highly dissipative.
An important development was made by Vilal™
who introduced a Riemann formulation between
interacting particles and reducing pressure noise
markedly. Gao and Ren, et al. '*! employed cor-
rected smoothed particle hydrodynamics mothed
(CSPM) and Riemann solution to investigate reg-
ular wave slamming on an 2D open-piled struc-
ture. The ISPH method with properties of noise-
free pressure field and bigger time step limits is
also preferable in free-surface flow simulations.
Shao and Gotoh™™ simulated the coupled motion
between progressive wave and floating curtain-
wall type break water with consideration of tur-
bulence effect through a LES model. Lee, et
al. ' applied a so-called truly incompressible
SPH (TISPH) method to simulate a 2D dam
break. Sun, et al. ™ improved ISPH mothod to
investigate regular wave impact on a 2D horizon-
tal plate.

Although SPH has been applied to simula-
tion of variety engineering problems, it is well-
known by the SPH developers that numerical in-
stabilities and solid boundary issue are the most

need to solove in SPHP,

In wave-structure interacting problems, the
domain of interest has, in general, solid bounda-
ries and free surfaces. The SPH formulations be-
ing valid for all interior particles are not necessa-
rily accurate for particles close to the domanin
boundary and free surface since the kernel func-
tion is truncated by the boundary. Therefore,
boundaries need to be treated properly to avoid
penetration of fluid particles into boundary walls
and to convert the shortcoming of kernel trunca-
tion at boundaries. Hence, serveral different ap-
proaches have been used for the boundary treat-
ment such as specular reflections, or bounceback
of fluid particles with the boundary walls®!,
Lennard-Jones potential (LLJP) type force as a re-
pulsive forcet'??), ghost particles™?7, and mul-
tiple boundary tangent (MBT) method™*.

A 3D numerical wave flume based on im-
proved ISPH method is described in the paper.
The improved ISPH model is applied to the simu-
lation of regular wave impacting on a three-di-
mensional horizontal plate. The numerical wave
impact force results are vertification with the ex-

perimental results. The main features of velocity

field and pressure field near the plate are presen-

ted.

2  Incompressible SPH Model

2.1 Governing equations

In the ISPH method, the Navier-Stokes
equations are solved in Lagrangian form as fol-
lows

V «U=0 (D
w_ 1
dt o

where P is the pressure, p the density, U the par-

VP+F+y VU (2

ticle velocity, v, the laminar kinematic viscosity,
and F the extra body force.

The SPH method is based on the interpola-
tion theory. In SPH, the fundamental principle is
to estimate any function A(r), and its gradient in

the form

A(r)zzm_, &W(r*r_,,h) (3
J Qi
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VAG) =D m, iv,Wu— rioh) (D)
j Qi

where W (» — r;, h) is the kernel function,

VW (r—r;,h) the gradient of the kernel with re-

spect to the position of particle i. In the paper,

we use cubic spline kernel function, it can be de-

fined as follows

%—R%%R% 0<R<1
W (R.h) =ay X %(Z—R)‘* 1<r<2 &
0 R>2

where R=r/h, for 3D problems, the normaliza-
tion factor takes the value, ay =23/2xh*, h is the

smooth length.
2.2 Solution procedure

In the solution process of pressure P, we
will divide each time-step into two implementa-
tion steps. The method is similar to the moving
particle semi-implicit method.

The first step, the intermediate velocity u”
generated by the non-pressure items is solved
using the source item at the time of t=n.

*

u P uil .
=g tuVu (6)
dr
Then, making amendments according to con-
tinuity equation and momentum equation, we can

obtain the followings

u' =u" -+ Au’ 7
Au” = fAt (8)
r'=r-+u" At 9

For the second step, assume that u"™' =u" +
Au, where Au is the change of speed generated by
the pressure item
1
o

To introduce this speed item into the conti-

Au=——VP"" At (10)

nuity equation, Poisson equation for pressure can

be derived as follows

v({%VP"“):PPLA[;L (an

where p and p* are the initial and temporal fluid
density of each partiles, respectively, calculated

as

o = ijw,j (12)
j
By using the Poisson equation for pressure,

we can obtain the speed generated by pressure

item and thus derive the speed u"™' and r"*! at the
time of t=n—+1.
I3
uu+l :un . A* vi)u+1 (13)

The improved form of the pressure gradient
item proposed by Shao is used

v . (p{ VP

- VW,
Z 772‘

To complete the time-step, a second-order

2771' 8 Pyr;
! (pi +p]) ’

; r

(14)

i

time marching scheme is used

e tw ) (15)

2
where P; = P, — P;, r; =r, —

Pl = At(

r;,r; is a small
quantity that guarantees the denominator not be-
ing zero in the middle steps of calculation, gener-
ally takes 0.1 time of the smooth length. The co-
efficient matrix of the equation is symmetric posi-
tive definite and the main diagonal is dominant.
Therefore, it is convenient to use high-efficiency
calculation method for solution. In the paper, bi-

conjugate gradient method is employed™" 27,
2.3 Corrected ISPH model

All computational models for simulating flu-
id flows are based on the fundamental principles
of physics including mass and momentum conser-
vation. Particle methods are not an exception;
however, because of particle-based discretization,
local conservation of momentum may not be guar-
anteed in a particle-based calculation. In the
ISPH method, the pressure interacting forces are
anti-symmetric in addition to being radial; thus,
both linear and angular momentum are preserved
in case of pressure interacting forces!’™. On the
other hand, the viscous interacting forces that are
obtained from a tensor-type strain-based viscosity
do not necessarily act along the position vector
r; ; therefore, conservation of angular momentum

will not be ensured in an ISPH calculation with
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tensor-type strain-based viscosity term.
Khayyer, et al.™® employed a corrective
technique to correct the gradient of kernel func-
tion in calculating viscous forces to guarantee the
conservation of angular momentum. In the pa-
per, we use a correct method the same as Khayy-
er's. The corrected gradient of kernel function
should be used to calculate the force in the equa-
tion of motion instead of the gradient of the ker-
nel VW (r —r;,h). The corrected gradient of
kernel functions are as follows
VW, =LV.W, (16)
L=V, VW, @, —r) "  AD
Therefore, the final form of Eqs. (2,14) can

be written as

_ Em ( ()TZJ) VW, +
dy,r, ¥, W,
(18)
7 (e
. 8 Pyry « VW,
2 e In Ty
(19)

2.4 Treatment of boundary conditions and free

surfaces

The treatment of boundary conditions and
free surface is similar to Shao’s. The solid bound-
aries are represented by the fixed wall particles,
which are similar to the fluid particles. The pres-
sure Poisson equation is also solved on these wall
particles, but their velocities are set to zero at end
of each time-step. Therefore, their velocities and
positions are fixed. The free surface can be easily
and accurately tracked since the calculated densi-
ties at particles on the free surface drop abruptly
due to lack of particles in the outer region of the
free surface. The following criterion is considered
for the detection of free surface particles

0=20.990 20)

In order to get exact solution to the pressure

on some points on the deck, a new estimation

method is applied. Based on the solid boundary

described above, the particles on the deck are
solved like fluid particles, but in the simulations.,
the sum over all the neighboring particles is re-
placed by the sum over the only neighboring fluid
particles, only the fluid particles are considered in
the pressure simulation. As shown in Fig. 1, the
pressure can be written as

_F
pi J

‘n

2D

sensor

where dpor = 2h * 2h F » n is the total force on

the wall, it can be written as

F,=>p;VW;m, (22)
; _—Plateparticle
oooooogooo o) o o ooooo ooo o
° o OO§ 002020%0 °°
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(b) Plane-view

Fig. 1 Sampling area

3 Numerical Simulation

3.1 Wave-making boundary

Regular waves can be generated using a wave
maker based on the linear theory. The profile of a

regular wave as a function of time ¢ is defined as

Eq. (23)

U(t):XOwCOSa)Z (23)

2
where X, and w are the amplitude and frequency
of wave maker. X, = H/W, W is the transfer

function. It can be written as Eq. (24)

_ 4sinh®kd
W_de + sinh2kd (24

where % is wave number.
If a wave with surface elevation 7 1s pro-

duced by the wave maker, the velocity of the
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wave maker should be determined as follows

_ o
U (1) ="12 (25)

In SPH method, the displacement of the
wave maker boundary particles is to be renewed
at each calculating step. Therefore, when a wave
with 7, =0. 5X H X coswt is to be generated, the
velocity and the displacement of the wave maker
boundary particles should be as the Egs. (26,
27), respectively

_ 1 wsinwt

U, (1) = 2 H W (26)
_ 1 .. coswt

Sy (1) = 5 H W @27

3.2 Numerical computational setup

The detailed setup of numerical flume is
shown in Fig. 2. The original x =0 and y =20
point is located at the still water surface on the
left side of the flume, the left hand side of the
flume is the wave generation boundary, and the
right hand side is an absorbing boundary featured
by a slope=1 : 20. All walls are no-slip bounda-
ries. The water depth is 0. 8 m, the plate model
is set 0. 3H above the still water, the distance be-
tween the leading edge of the plate and wave
maker is 3. 0 m, and the calculation length in hor-
izontal direction is 5 m. The incident wave is reg-
ular wave with a height H=0. 125 m and period
T=1.4 s. Set the initial fluid particle spacing
dxr=dy=dz=5 cm, the total number of the par-
ticles is 231 424; water density p=1 000 kg/m’;
gravitational acceleration g = 9.80 m/s’*; kine-
matic viscosity y=1. 0X 10 % m*/s. The compu-
ting time is 40 s. A typical simulation costs about
120 h on an intel 172600 3. 4 GHz CPU, 8 GB
RAM PC.

And the structures are represented by bloc-
king out appropriate mesh cells with the same size
as the experiment model with the side length B of
75 cm. There are 25 pressure sensors laid out un-
derneath the horizontal plate model, which can be
seen from Fig. 3. The distance between sensors is
set to be 15. 0 cm, and the distance between the

outer sensor and the edge of the plate is 7.5 cm.

3 Plate width B
m_ S
v v
g
N— Wave maker pad Slope 1:20
| Sm |

(a) Front-view

3m

Model —/.

| S5m |

4m

(b) Plane-view

Fig. 2 Sketch of numerical calculated domain

75 e
tlo @ @ @ @'—:-
© 0.9 0 o
d [0 @B o
® ® @
RN TR RN

Fig.3 Layout of pressure sensors underneath horizon-

tal plate

4 Numerical Results

4.1 Time series of wave impact pressure compari-
son

Improved ISPH, standard ISPH and experi-

0] are compared. The computed

mental results
(improved ISPH and standard ISPH ) and experi-
mental results of the impact pressure time series
at three transducers (1 #,9# ,13 #) on the un-
derneath of three-dimensional horizontal plate,
when the incident wave height H = 12. 5 cm,
wave period T=1. 4 s and the relative clearance
Ah/H=0. 3, is shown in Fig. 4. In order to com-
pare the calculation results for clarity, only 6 s
impact pressure time series are shown in Fig. 3.
In Fig. 4, the large peak pressure occurs at
initial contact and varies randomly from cycle to
cycle even under regular wave action. At the in-
stance of contact moment of the wave crest to the
plate, the impact force is large in magnitude and
short in duration. This is followed by a longer
duration positive force and then by a long-dura-

tion negative force.
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(a) Measured results

(b) Numerical ISPH results

(c) Numerical standard ISPH results

Fig. 4 Time series of wave impact pressure comparison

The impact pressures resulting from the im-
proved ISPH simulation agree very closely with
the experimental results. It can predict the mag-
nitude of the peak pressure. The numerical result
by standard ISPH exhibits large pressure oscilla-
tions, many unphysical less-than-zero pressure
points after the peak pressure, which are incon-
sistent with the experimental results. According-
to the comparison, the magnitude of the peak
pressure by improved ISPH has a better agree-
ment with the experiment, and the pressure time
series has fewer pressure oscillations. This en-

sures that the improved ISPH model is well sui-

0 1600 3200 4800 6400 8000

(a) =0.2T

ted for simulating the variation character of the
impact pressure of the three-dimension structure

under regular wave.
4.2 Velocity field and pressure distribution

Fig. 5 shows the distribution of pressure field
at typical time. Fig. 6 shows the instantaneous
velocity and pressure field of front view for the
case of T=1.4 s, H=0.125 m. In Figs.5—6,
the pressure field is stable and the fluid particles
display regularly and smoothly.

It can be seen from Figs. (a—c¢), at the in-

stant t=0. 2 T(Fig. 6(a)), parts of the fluid par-

0 1600 3200 4800 6400 8000

Fig. 5 Distribution of pressure field at typical time in 3D
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(a) Pressure field (=0.27)

0 1600 3200 4800 6400 8000

(c) Pressure field (+=0.57)

0 1600 3200 4800 6400 8000

(e) Pressure field (=0.87)

(b) Velocity field (+=0.27)

(d) Velocity field (+=0.57)

(f) Velocity field (=0.87)

Fig. 6 Distribution of pressure and velocity field at typical time in front view

ticles influence the undersides of the horizontal
plate and change their moving direction while the

fluid particles not reached on the plate, particles

are still moving obliquely toward the plate. At

the instant t=0. 5T (Fig. 6 (b)), most of the {lu-
id particles having reached on the undersides of
the horizontal plate are moving forward along the
underside of the plate. At the instant +=0. 8T
(Fig. 6 (¢)) shows that the fluid particles keep
moving forward along the underside of the plate
and separate from the underside of the plate grad-

ually.

4.3 Distribution of impact pressure on underside

of plate

When waves slam on the horizontal plate,
the waves have a great deformation due to the
plate influence. The pressure at different loca-
tions on the underside of the plate will move for-
ward with the wave propagation. The maximum
impact pressure and its position will change.

With the same conditions as mentioned in
section 4.1, the distribution characteristics of
wave impact pressure are presented in Fig. 7. The

ordinate represents the distance of the plate along
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T=1.4s, H=12.5 cm, Ah/H=0.3
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(a) Measured results
Fig. 7

the direction of waves propagating. The abscissa
represents the distance of the plate cross the di-
rection of wave propagating. The curve is the iso-
line of the significant peak pressures on the un-
derside of the structure. The arrow indicates the
direction of the wave propagating. In Fig. 7, the
peak impact pressure from the numerical simula-
tion is almost identical to the experimental re-
sults. The isoline of the significant peak pressure
has a symmetrical distribution to the wave ray.
The maximum pressure values underside of plate
are very similar,

Numerical and experimental results®®® of the
significant peak pressure (we choose the average
value of the largest peak pressure as the signifi-
cant peak pressure) are compared in Fig. 8. It can
be seen that the significant peak pressure of nu-
merical results are in good agreement with experi-

mental results at most measure points.

7
mm Numerical results
6L =1 Measured results
5L
o 4f
=,
R
21
0
1 5 9 13 17 21 25
n
Fig. 8 Numerical and experimental results of signifi-

cant peak pressure
5 Conclusions

An improved three-dimensional incompressi-

75 T=1.4 s, H=12.5 cm, Ah/H=0.3

451

Y/cm

30+

X/cm
(b) Numerical ISPH results

Measured value and numerical value of regular wave impact pressure on underside of plate

ble SPH numerical model is developed in the pa-
per for numerical simulation of the interaction be-
tween the regular wave and the three-dimensional
horizontal plate. The variation characteristics of
the impact compressional of the three-dimensional
structure are simulated under regular wave. It
can be concluded that computation result is in
good agreement with the experimental results.
The new method can predict the wave impact
peak pressure and the distribution of wave impact
on the underside of the plate. It is shown that the
improved 3D ISPH model can be used for the
study of wave impact on the horizontal plate

problems.
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