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I. INTRODUCTION

As one of the most popular meshless CFD methods, SPH
has received much attention in coastal and ocean engineering
community due to its capability of handling violent free-surface
flows involving breaking and splashing. Nevertheless, in most
SPH literature, a wave field has been generated usually by
employing a movable wave paddle with a prescribed motion
signal. Despite the fact that such a strategy is easy-to-implement
in coding and matches perfectly the Lagrangian nature of SPH,
it is hard to produce current-alone or wave-current coupling
fields that are also quite important in marine hydrodynamics
simulations. One may found that this issue has received rather
limited attention from the SPH community in the past [1]. There
were some research works attempting to generate a current-alone
field by different strategies (e.g. [2]]), while generating a wave-
current coupling field has been still a challenging task.

In this paper, a generalized boundary condition is presented
to generate wave-alone, current-alone, and wave—current cou-
pling fields. The main characteristics of the present boundary
condition can be attributed to two points. First of all, it exploit
the technique called Lagrangian particle injector that generates
and removes a fluid particle based on the principle of mass
flux conservation, by converting Eulerian flow information into
Lagrangian ones on a specific plane. Secondly, it is able to
generate a desired ocean field not only by imposing a Dirichlet
source boundary but also by coupling with an external CFD
solver; the latter means that by enforcing the present bound-
ary condition, one can leverage the respective advantages of
different CFD methods to perform a marine hydrodynamics
simulation involving wave or current generation.

II. NUMERICAL SCHEME

The overall configuration of the present numerical tank in 3D
and 2D views are illustrated in Figures [I(a)| and [I(b)} respec-
tively. As one can see, the present numerical tank is divided into
three regions, i.e. upstream, midstream, and downstream regions.
A series of particles with a rectangular and single-layer layout
is distributed at the source boundary of the numerical tank;
hereinafter, these particles are referred to as injector particles.
The particle size Ar of an injector particle is adopted as the
reference size of the simulation. More importantly, an exclusive

Upstream
region

tham

region

-

~ Downstream
Injector region

particle

LR S T T (_// N
4 %,
Ar| NN R
Ar

(a) 3D view with the principle of Lagrangian particle injector

Buffer layer Common SPH computation Sponge layer Outflow

layer

Lagrangian particle injector

Upstream region Midstream region Downstream region

® Buffer particle ® Damping particle ® Outflow particle

(b) 2D view with the decomposition of the computational region

Fig. 1. Overall configuration of the present numerical tank
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Fig. 2. Five possible phases of a fluid bucket during a simulation

fluid bucket is assigned to each injector particle, and both of
them link to each other. Each fluid bucket is initialized to null
at the beginning (see also panel (a) of Figure [2) and can be
filled with a certain amount of fluid according to the local mass
flux across the injector boundary. Note that the maximum filling
mass of a fluid bucket is defined as M4, = (Ar)d where d
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refers to the dimension of the simulation.

Once the spatiotemporal flow information on the injector
boundary is known (this can be obtained by either enforcing
Dirichlet source condition [J3] or extrapolating from an external
CFD solver [4] ), the detailed procedure to generate a desired
ocean field can be executed successively as follows:

® Step 1: Calculating the filling mass of each fluid bucket via
the local net mass transfer across the injector boundary

At every time step, the local net mass transfer across the
injector boundary at the location of the jth injector particle is
computed. The net mass computed is then added to the fluid
bucket associated with the jth injector particle, and the real-
time filling mass of the jth fluid bucket at the kth time step,
M™®, is evaluated by

M](k) = M](k_l) + Lo (A'I’)dil |:V§-k) . n] At(k), (1)

where (-)" and (-)" ! refer to a quantity at the kth and (k—1)th
time step, respectively. pg refers to the reference density of the
fluid. Ar denotes to the reference particle size. At represents the
size of time step. n refers to the normal of the injector boundary
(pointing positively to the inner of the numerical tank). v; stands
for the velocity at the location of the jth injector particle.

® Step 2: Generating or deleting a fluid particle according to
the filling mass of each fluid bucket

After successfully executing the first step, there are four
possible phases in a fluid bucket as shown in panels (b) - (e) of
Figure [2] When the filling mass of the jth fluid bucket reaches
+ M4z, a fluid particle will be generated in front of the normal
direction of the injector boundary with a perpendicular distance
of 0.5Ar. Meanwhile, the value of M,,,, is subtracted from
the jth fluid bucket to maintain the local mass conservation (see
Figure 3(a)). On the contrary, when the filling mass of the jth
fluid bucket reaches — M, .., the fluid particle closest to the jth
injector particle is deleted with its mass being added to the jth
fluid bucket (see Figure 3(b)).

® Step 3: Imposing analytically a velocity to each buffer
particle and then updating their positions.
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Processing principles when dealing with particle generating, deleting and leaving.

As one can see in Figure a buffer layer (hereinafter de-
noted by B) is implemented in the upstream region to guarantee
a smooth transition from the injector boundary (theoretical or ex-
trapolated solutions) to the midstream region (SPH simulations).
When the second step is executed successfully, the buffer layer,
B, is identified according to the following criteria:

IL]| < ovAr, i € B,
L]l > ovAr, i ¢ B,

(I‘i —I'p) n

with
[

L= )
where [; represents the perpendicular distance between the ith
candidate particle and the injector boundary. r,, refers to a point
distributed arbitrarily in the injector boundary. o, denotes a
width coefficient of the buffer layer and is adopted as 10 in
the present study.

Subsequently, the fluid velocity of each buffer particle is
imposed directly from the ocean field of interest. After which,
the position of each buffer particle is updated by the forward
Euler’s method.

® Step 4: Removing each buffer particle that is about to leave
the injector boundary and then updating again the filling
mass of the fluid bucket nearest the removed buffer particle.

It should be underlined that, for many common gravity waves
in coastal and ocean engineering, the orbit of a fluid element
could behave as a periodical oscillation around its balanced
position, which means that a buffer particle is possible to cross
the injector boundary during a simulation (i.e. leaving from the
buffer layer to outside). When this occurs, special treatments are
needed to maintain the flow consistency during the simulation.
As illustrated in Figure when the perpendicular distance
between a buffer particle and the injector boundary is less than
0.5Ar and the fluid velocity of the buffer particle is opposite
to the normal of the injector boundary, the buffer particle is
regarded as the one that is about to cross the injector boundary.
In this regime, the buffer particle is deleted directly and its mass
is added to the fluid bucket nearest the buffer particle deleted.
As a consequence, the exact filling mass of the jth fluid bucket
is written as

M® =M~ Muaoljes; + Y Muaoljes,, (3
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where Sy refers to the set of those fluid buckets that have
generated particles in the second step, while S, denotes the set of
those fluid buckets that have received mass in either the second
or fourth steps. 1;¢(.) is an indicator function defined as

1, je ()7

licy= 4
O \o, jg (). @
Although the above procedure is introduced in a 3D scenario,
it can be transformed into a 2D scenario without any difficulties.
In that case, the injector boundary reduces from a 2D plane to a
1D line. Finally, we underlined again that the above procedure
is not only suitable for wave-making and current-making but
also for generating a wave-current coupling field as long as the

flow information of the desired field is already known.

III. BENCHMARKS

Tow benchmarks are provided in this section. The first bench-
mark is to simulate a current interacting with a cylinder, in
which the desired field is generated directly by a given current
profile at the source boundary. As shown in Figure [4] the free-
surface shape simulated by the present SPH-based numerical
tank is in good agreement with the experimental snapshot. It is
clear that the present numerical tank is capable of generating a
desired current field by directly imposing an analytical boundary
condition.

The second benchmark is to simulate a wave interacting with
a vessel and the targeted field is produced by coupling with an
external CFD solver named HOS-NWT, an open-source High
Order Spectra (HOS) solver developed by LHEEA Laboratory
in Centrale Nantes. The final numerical results are shown in
Figure [5] The top panel shows the snapshot of the wave field
when the crest passing through the vessel and the bottom panel
displays the comparison of the pitching motion between SPH-
HOS and ANSYS AQWA. As one can see, the present numerical
tank is able to generate a desired wave field by coupling with
an external CFD solver and satisfactory numerical results are
obtained. From these two benchmarks, it is demonstrated that
the present numerical tank possesses sufficient accuracy and
stability in solving marine hydrodynamics problems.

IV. CONCLUSION

In this paper, a generalized boundary condition is presented for
generating wave-alone, current-alone, and wave—current fields in
a 3D numerical tank. The feasibility and reliability of the present
numerical tank are demonstrated by two fully 3D benchmarks. It
is shown that the present boundary condition is able to produce
a desired ocean field in a simple manner by either imposing
a Dirichlet source boundary or coupling with an external CFD
solver, showing great potential to be applied in solving fully
3D coastal and ocean engineering problems involving wave or
current generation.
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(b) Comparion of the pitching motion between SPH-HOS and ANSYS AQWA

Fig. 5. Benchmark #2: Wave interacting with a vessel
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