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In recent years, forest fires and maritime accidents have occurred frequently, which have had a bad impact on
human production and life. Thus, the development of seaplanes is an increasingly urgent demand. It is important
to study the taxiing process of seaplanes for the development of seaplanes, which is a strong nonlinear fluid-
structure interaction problem. In this paper, the smoothed particle hydrodynamics (SPH) method based on the

Lagrangian framework is utilized to simulate the taxiing process of seaplanes, and the SPH results are compared
with those of the finite volume method (FVM) based on the Eulerian method. The results show that the SPH
method can not only give the same accuracy as the FVM but also have a strong ability to capture the splashing
waves in the taxiing process, which is quite meaningful for the subsequent study of the effect of a splash on other

parts of the seaplane.

1. Introduction

Seaplanes have shown great application potential in forest fire fight-
ing and maritime rescue. The ability to take off and land on the water
surface is the most typical feature of a seaplane, which is different from
a roadbed aircraft. Taking off and landing on the water are accompa-
nied by taxiing motion on the water [1]. The water surface environment
is different from the land runway. Many factors will affect the perfor-
mance of the seaplane, which may cause the seaplane to be buried or
move like a dolphin. It is very important to study the hydrodynamic
performance of the seaplane during the taxiing process for the whole
design, and it is also of great significance to the subsequent design of
large firefighting/water rescue seaplanes.

At present, the research on the hydrodynamic force of the seaplane
during taking-off and landing is mainly divided into model experiments
and empirical formulas [2,3]. With the help of some high-precision ex-
perimental equipment, physical experiments can capture the splash gen-
erated during the taxiing of seaplanes and provide a more practical as-
sessment. However, the scale effect of the model experimental tank and
the high experimental cost are unavoidable topics. Recently, due to a
huge increase in computing power, a variety of numerical methods have
been proposed and applied to the study of the hydrodynamics of water
entries [4-7] and taxiing process of seaplanes [8-13]. Among them, the
representative one is the Finite Volume Method (FVM). Based on the
commercial software FLUENT, Zhao et al. [14] simulated the entire pro-
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cess of seaplane landing on the water surface and captured the change
of free surface. In [10], the numerical simulations of the taxiing process
of seaplanes at different speeds were carried out based on STAR-CCM +,
with overset mesh technology and VOF method, which was consistent
with the experimental results.

There are complex fluid movements such as free surface splashing,
overturning, and crushing during the taxiing process of seaplanes. The
violent splash of the free surface will have a certain impact on the belly
and wings of seaplanes, which may cause certain harm to the safety
performance of seaplanes. As a class of mesh-free methods based on
the Lagrangian view, Smoothed Particle Hydrodynamics (SPH) is very
suitable for dealing with free liquid surface tracking [11,15-17], water-
gas interface [18], and fluid-structure interface [19-21]. Cheng et al.
[16] adopted the SPH model to tackle the ditching problems of a ground-
effect wing ship, and some useful conclusions were drawn. Xiao et al.
[11] predicted the hydrodynamic behavior of ditching events in terms
of hydrodynamic forces, pressure loads, and splashing jet topology by
means of an SPH model and analyzed the impact of different initial
ditching angles.

As mentioned before, the splashing phenomenon during high-speed
taxiing of seaplanes is a fluid-structure interaction problem involving
solid-liquid-gas, in which gas also occupies a certain influence. Many
scholars have studied the behavior of gas, especially the bubble in the
fluid [22]. Zhang and Ni [23] accurately simulated the behaviors of the
entrained bubble in complex flows and discovered the influence mech-
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anism of fluid properties on the bubble dynamics, which provided good
guidance for the research of complex water-gas multiphase flows. At
present, the research focus of this paper is on seaplanes and water, and
the influence of air will be considered in subsequent research.

In this work, based on the SPH method and the FVM method, the pro-
cess of seaplane taxiing on the still water surface is simulated. The feasi-
bility of the SPH method to simulate the taxiing process of the seaplane
is analyzed and its ability to capture free surface splash is emphasized.

2. Numerical methods
2.1. Governing equation

The solution to fluid dynamics problems is mainly based on a system
of partial differential equations for the fields of variables such as density,
velocity, and energy. In this paper, the system of SPH theory under the
weakly compressible assumption will be described in terms of the basic
governing equations. The governing equations [24] for a positive pres-
sure fluid based on the weakly compressible assumption are as follows
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where % is the material derivative concerning time or the Lagrangian
derivative. p, u, r denote the density, velocity, and position vector of the
fluid, respectively. g is the acceleration of gravity. T is the stress tensor
of a Newtonian fluid. To solve the above governing equations in the SPH
framework, these equations need to be discretized by particles.

2.2. SPH discretization of governing equations

In the SPH framework, the computational domain is discretized into
particles carrying physical properties such as density, pressure, veloc-
ity, etc. [25]. The SPH equation is constructed in two steps, the first
being the continuous integral representation, also known as the kernel
approximation. The continues integral representation of a field function
f(r) [24] is

TR fO) = o f(F)W (r=r' h)dr', ®
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where W is the kernel function. Since the Wendland C2 kernel function
has many excellent features, it is selected as the kernel function here. V,
represents the gradient of relative position r, and 4 denotes the smooth-
ing length. The next thing to do is particle approximation [24], turning
the continuity integral into a discrete sum of particles as follows

f(r) =Z; f(r))W (ri=rp b))V,
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In the above equation, the subscripts i, j are the particle numbers; j rep-
resents any other particle number in the tightly-branched domain of the
particle i. V; represents the volume of the particle j and can be obtained

from its mass and density. The Eq. (3) shows the particle approximation
of the function and its gradient and divergence.

2.3. 5-SPH model

In this study, the 5-SPH model [26,27] is adopted, which is used
widely in the SPH community. Its accuracy and robustness in simulat-
ing fluid-solid interaction problems, especially when it involves large
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deformation of the water surface, meet the calculation requirements.
The governing equations [28] are derived as follows
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where p is the pressure. The density diffusive term, introduced in the
continuity equation, as the most critical superiority of the 5-SPH model,
can remove the pressure noise efficiently, which is written as T[(D ) in

Eq. (4. Ti(D) is given in detail as
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where the coefficient 6 is usually adopted as 0.1 and (Vp)’ represents
the renormalized density gradient [29]. Moreover, an artificial viscos-
ity term Ti(V) [28] is taken into the momentum equation to guarantee
numerical stability, which is given as
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where « is set to 0.02. In order to solve the above governing equation,
it is also necessary to decouple density p and pressure p, which is imple-
mented here using the linearized Tait Equation of State (EoS). It means
the pressure directly depends on the reference density seeing the last
line in Eq. (4), where ¢, represents the initial artificial speed of sound
and p, represents the initial fluid density. In the WCSPH framework, the
value of ¢, according to the limitation of Mach number [30], should
guarantee that

P

o = 10max <Umax, —;mx ), @)
0

where U, and P,,, stand for the maximum anticipated fluid velocity

and pressure during the SPH simulation, respectively.

2.4. Multi-resolution technology

In order to improve the computational accuracy and reduce the total
computational cost, the technique of adaptive particle refinement (here-
after shortened to APR) [31-33] is imposed in this paper. This technique
is inspired by the adaptive mesh refinement (AMR) developed in mesh-
based models. Particles of different resolutions are defined as different
sets of particles, denoted by /evel(k) where k represents the level of par-
ticle resolution. For example, the particles of the initial layer belong
to level(0). The particle splitting occurs when the particles enter the
refinement region. In the three-dimensional problem, a parent particle
(level(k)) splits into eight sub-particles (the splitting process is shown in
Fig. 2). During the splitting process, the initial particles are still retained,
and a new set of particles is generated as level(k + 1). The particles of
the layer level(k) are called parent particles, while the particles of the
layer level(k + 1) are child particles (shown in Fig. 2). Importantly, dur-
ing the SPH simulation, the parent particles are turned off as inactive,
i.e., they no longer participate in the SPH simulation but still update par-
ticle information and follow the flow field motion by interpolating the
data from the daughter particles within the support domain. The daugh-
ter particle formed by the splitting is active and begins to participate
in the flow field calculation. Arbitrary physical represents ¢ (e.g., pres-
sure, velocity and density) for inactive particles can be interpolated from
the surrounding SPH particles using the Shepard interpolation method
[34] with the following equation

b= ) oWl D Wy ®)

JESPH JESPH
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Fig. 1. The seaphane of “AG600”. Photo from AVIC GA Huanan Aircraft Industry Co., Ltd .

& mother particle, level(k)

@ daughter particle, level(k+1)
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Fig. 2. Schematic diagram of adaptive particle refinement.

0.94m

Fig. 3. The initial state of the seaplane (with a 5-degree angle to the water surface).

It is also specified that particles in every layer only interact with
particles in the same layer, which means that at the edge of level(k + 1),
a transition region needs to be extended (as shown in Fig. 2) with a width
greater than the radius of the kernel function in layer level(k + 1), for the
sake of preventing errors due to truncation of the kernel function. In the
transition region, the active and inactive characteristics of the particles
are completely opposite to the refinement region In particular, when
the inactive parent particles are out of the particle refinement region,
they are reactivated and become SPH particles and then participate in
the SPH calculation normally, while the refined daughter particles flow
out of the refinement region and its transition region. The principle and
implementation of multi-level resolution are introduced in detail above,
through which the multi-level resolution model can be implemented in
the SPH model to improve the local calculation accuracy.

3. Numerical simulation and comparative analysis
3.1. Model parameters

In order to reduce computing resources, parts of the seaplane in con-
tact with water are taken into consideration, and other accessories, such
as wings, are not considered. The model is shown in Fig. 3. The origin of

the coordinate is located at the intersection of the longitudinal section of
the seaplane and the still water surface. The x-axis direction points to
the tail of the seaplane, and the z-axis direction is vertically upward. In
the numerical simulation, the seaplane is fixed, and the taxiing process
is realized by employing uniform incoming flow.

As the world’s largest seaplane in development, AG600 (shown in
Fig. 1) has a length of 36.9 m and a height of 12.1 m. Its external size
is comparable to that of the Boeing 737. The maximum load capacity
reaches 12 tons, and the taking-off speed reaches 300 km/h, which is
higher than any other high-speed ship in the world.

In this paper, an in-house SPH program and commercial software
STAR-CCM + based on FVM are used to simulate different working con-
ditions, respectively, and the results of the two are compared. To com-
pare the results more credible, two different speeds are set up, 30 m/s
and 80 m/s.

The APR is utilized to improve accuracy and reduce the total calcu-
lation time and cost. A smaller particle spacing is set near the seaplane
to capture the change of the free surface. A larger particle spacing is
set in the part away from the seaplane to reduce the number of parti-
cles in the computational domain and improve computational efficiency.
Figure 4 shows the initial state of SPH simulation. Correspondingly, the
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Fig. 4. Configuration of seaplane taxiing with high speed simulated with SPH methods combined with APR.

view are given, respectively, and the right is a full view of the simulation tank.
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Fig. 5. Configuration of seaplane taxiing with high speed simulated with FVM methods with refined mesh. On the left, from top to bottom, the top view and side
view are given, respectively, while the right is a full view and front view of the simulation tank.
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Fig. 6. The SPH results of drag and lift force validated with FVM results with a speed of 30 m/s.

numerical tank is established, and the numerical simulation of the taxi-
ing process of the seaplane at different speeds is carried out, combined
with VOF, to capture the free surface. The calculation domain length and
grid settings in STAR-CCM + are shown in Fig. 5 below. The boundary
layer setting has a great impact on fluid simulation, and for large-scale
high-speed taxiing, the Y+ setting of less than 100 can meet the re-
quirements of free surface simulation. Similar to the operation in SPH
simulation, the computational domain is divided into different regions,
and the mesh size of the region where the free surface changes greatly
are refined.

Convergence analysis is necessary before a numerical study. In the
SPH and FVM simulations, since multi-resolution techniques (APR for
SPH and AMR for FVM) can be applied, the flow details can be well re-
solved close to the structure. After a convergence analysis, we adopted
the particle/mesh refinement strategy as follows. Two refinement oper-
ations are performed in the SPH simulation. The initial particle spacing
is 0.2 m, and in the area near the seaplane, the particle spacing is re-
fined to 0.05 m. In the FVM simulation, considering the free surface,
the mesh sizes of x, y, and z along the three directions of the coordinate
axis are set to 0.0625 m, 0.0625 m, and 0.0625 m, respectively. The
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Fig. 7. The SPH results of drag and lift force validated with FVM results with a speed of 80 m/s.
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Fig. 8. The comparison of the splashing of free-surface between (top) FVM and (bottom) SPH results.

total number of particles required for the numerical simulation of the
SPH method is around 6.85 million, and the number of grids for FVM is
about 7.42 million.

3.2. Comparative analysis of drag and lift

Figures 6 and 7 show the lift and drag results obtained by the SPH
method and FVM at two different speeds. From a macroscopic point
of view, the results of the two are very close, and the results of the
SPH method reach an accuracy comparable to the commercial software.
This shows that the SPH method used in this paper can be applied to

calculate the lift and drag of the seaplane during the taxiing process,
and the results are reliable.

In this paper, the taxiing speed of two seaplanes is numerically sim-
ulated, and the calculation results of lift and drag at different speeds are
compared and analyzed. Thanks to the special structure design of the
water part of the seaplane, the lift force is greater than the drag force
at high speed, whether 30 m/s or 80 m/s, which is very beneficial to
the subsequent taking-off process of the seaplane. As the taxiing speed
increases, the lift and drag of the seaplane increase.

Analyzing the result in more detail, the resistance obtained by the
SPH method will be slightly greater than the results of FVM. One possi-
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Fig. 9. Splashing of the flow field at different time instants.

ble reason is that the surrounding fluid splashes during high-speed taxi-
ing, and the splashing fluid slams the seaplane. The SPH method has
a strong ability to capture these splashes, and the slamming pressure
generated by the splash increases the resistance of the seaplane, which
is also consistent with the results of the model test [10]. The splashing
phenomenon in the taxiing process is discussed in more detail in the
next section.

3.3. Splash characteristics of flow field

In the process of high-speed taxiing of seaplane, the splash of the
free surface is inevitable. Figure 8 shows the simulation results of FVM
when the seaplane taxis at a high speed of 80 m/s. The separation of the
fluid and the seaplane surface and the splash phenomenon can be found
in the first part of the seaplane. The splash continues to develop to the
tail of the aircraft, and finally, the seaplane forms a stable Kelvin wave
on the water’s surface.

Figure 8 shows the splash results of three different perspectives of
the seaplane at a speed of 80 m/s calculated by the in-house SPH pro-
gram. To clearly show the splash effect, the speed is processed, the
parameter VelxMax is set, and the calculation method is VelxMag =
£/ (@, — 80)% + ui + u2). Comparing the position of the splash, it can be
found that the results of SPH and FVM are consistent, both of which are
generated at the head and develop to the tail. However, there are certain
differences in the wave surface and tail waveforms around the seaplane
model at different speeds. For example, at high speeds (80 m/s), the
width of the tail Kelvin wave is small.

The difference is that the SPH method captures more obvious free
surface splashes and flips, the width of the Kelvin wave of SPH is big-
ger, and the height of the splash calculated by the SPH method is signif-
icantly higher than the result of FVM. The splash state of the seaplane
during high-speed taxiing calculated by the SPH method is shown in
Fig. 9.

Limited by the grid, it is difficult for FVM to simulate the real form
of a splash when the seaplane is taxiing at high speed. As a meshless
method of the pure Lagrangian framework, the SPH method has a nat-
ural advantage in describing violent fluid deformations. In addition,
thanks to the omission of the convection term in the control equation,
numerical diffusion is prevented at the interfaces when simulating high-
speed flows. For the splash phenomenon of seaplane taxiing studied in
this paper, the SPH method can not only reach the same calculation
accuracy comparable to the commercial software but also capture the
splash phenomenon well, which is of great significance for the next step
to study the influence of splash on other components of the seaplane.

4. Conclusions

In this paper, the splash problem caused by high-speed taxiing of sea-
planes is studied. SPH (particle-based method) and FVM (mesh-based
method) are utilized to simulate it, respectively. A numerical tank is es-
tablished in FVM, and the VOF method is used to capture the change of
the free surface so as to realize the numerical simulation of the splash
problem. The free surface condition of the SPH method is automatically
satisfied at the free surface, and no special treatment is needed. In order
to improve the accuracy and reduce the total calculation time, Adap-
tive Particle Refinement is utilized. The drag force, lift force, and splash
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characteristics of a seaplane taxiing at two speeds are numerically stud-
ied. At a larger taxiing speed, a larger splash of the free surface occurs
around the seaplane. Compared with the FVM calculation results, the lift
and drag results of SPH calculation have a small deviation within the al-
lowable error range, which indicates that the load prediction by the SPH
method for the seaplane taxiing process is reliable. Compared with the
free surface splash calculated by FVM, it is shown that the SPH method
can better capture the splash phenomenon during the high-speed taxiing
of the seaplane, which is of great significance for the next study of the
impact of a splash on other components of the seaplane. In summary, the
SPH method can obtain similar accuracy with respect to FVM in terms of
the overall hydrodynamic force calculation, but the height of the splash-
ing wave obtained by SPH is higher than that of FVM, which is closer
to real physical phenomena. Compared to FVM, the computational ef-
ficiency of SPH should be further improved. In future studies, the SPH
simulation can be accelerated with GPU (graphics processing unit) par-
allel computing. On the other hand, a coupling technique between SPH
and FVM can be developed. The research conclusions of this paper can
provide a reference and basis for the anti-spatter design of seaplanes. To
a certain extent, it is expected to greatly shorten the development cycle
of seaplanes and improve water taxiing performance.
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