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Abstract

The working environment and working objectives of seaplanes are relatively special, and they need to complete
the water takeoff and landing process at a high frequency. Seaplanes often come into contact with waves during
the taxiing stage, and the attitude angle and heave state of the seaplane oscillate violently. The larger aspect
ratio of large seaplanes improves the lift-to-drag ratio while also reducing the overall stiffness of the wing. When
the fuselage is subjected to a large vertical overload, the high-frequency vibration of the wing structure poses
a hidden danger to the safety of the seaplane. Therefore, this paper uses numerical simulation methods to
study and analyze the motion response and wing structure response characteristics of large seaplanes during
planing.
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1. Introduction

As a special surface transportation tool, surface aircraft has many advantages over conventional
aircraft and offshore mobile platforms due to its unique structural characteristics and flight mode: it
can take off and land on the sea, has high flight speed, good safety, good economy, and strong multi-
purpose capabilities. It can be widely used in landing operations, personnel and cargo transportation
on islands and reefs and offshore oil and gas platforms, search and rescue, emergency medical care
and many other fields.

The take-off/landing conditions of surface aircraft are complex. They not only need to complete take-
off/landing on land, but also need to complete related take-off/landing tasks on the water surface.
Therefore, it is necessary to study the hydroplaning characteristics of aircraft under complex sea
conditions and at different flight speeds. However, these water loads often have strong nonlinear
characteristics and are difficult to estimate through engineering. At present, they are often measured
through pool tests, which requires a lot of manpower and financial resources. However, most of the
test simulations are hydroplaning on calm water surfaces and hydroplaning with small regular waves,
while the real sea surface environment is high sea conditions and irregular waves. |t is difficult to
simulate the test and has limitations. Through numerical simulation, the overall hydroplaning perfor-
mance of the aircraft, as well as the overload and bottom pressure of the aircraft during hydroplaning
can be studied. The flight safety of surface aircraft under complex sea conditions can be evaluated,
the safety and reliability of the aircraft during hydroplaning can be ensured, and the design cost and
design cycle can be reduced. It has important guiding significance and practical value for the design
of surface aircraft.

The hydroplaning characteristics of seaplanes directly affect their ability to take off and land on the
water. In order to ensure safety during take-off and landing, seaplanes need to have good stability
during the gliding process. Since seaplanes are subject to the combined effects of aerodynamics
and hydrodynamics when gliding on the water, and the movement involves technical issues such as
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multiphase flow, the six-degree-of-freedom motion of the entire aircraft, and the capture of the water-
air interface, the hydroplaning problem of seaplanes has been widely studied in three dimensions:
theory, experiment, and numerical calculation.

The results of seaplane towing tests are highly reliable, but the test cycle is long, the cost is high, and
usually only a scaled model can be used for testing. This series of shortcomings, coupled with the
improvement of computer computing level and the development and improvement of computational
fluid dynamics theory in recent years, numerical simulation has gradually become the mainstream
method for solving the problems of seaplane take-off, landing and planing on the water surface. In
2019, Shao [1] conducted a computational study on the resistance of a planing boat based on the
commercial software STAR-CCM+, focusing on the influence of the time step and the processing of
near-wall grids on the calculation accuracy of the planing boat resistance, and proposed a method
to improve the accuracy of CFD solutions for such problems. In 2018, Cai [2] of the Special Flight
Institute studied the gliding process of a tandem-wing amphibious aircraft on a static water surface by
numerical simulation. The volume fraction method (VOF) and the overlapping grid method were used
to effectively capture the large-scale motion flow field of a tandem-wing amphibious aircraft during
planing. In 2019, Duan [3] used the blade-disk method to simulate propeller slipstream based on the
OpenFOAM platform, and conducted a numerical analysis of the dolphin motion of a seaplane when
gliding on the water surface at high speed.

They also proposed a stable boundary for the aircraft during gliding and a rudder deflection scheme
to improve the gliding posture motion. In 2020, Zhao [4] conducted a numerical simulation of the six-
degree-of-freedom motion state of a seaplane during landing and gliding based on the commercial
software Fluent, verifying the good adaptability of the overall dynamic mesh during the landing and
gliding of the seaplane on the water surface. Agostino De Marco [5] used the large eddy simulation
(LES) method to analyze and compare the advantages and disadvantages of overlapping meshes
and deformed meshes when calculating the gliding of a gliding body with a step, and conducted a
numerical analysis of the air splashes on both sides of the step and the complex three-dimensional
vortex behind the step. The numerical simulation results obtained are in good agreement with the
experimental data, and the vortex system obtained is similar to the manifold observed in the drag
experiment, which fully proves that CFD technology has high accuracy in solving high-speed water
surface gliding problems. Garland and Maki [6] studied the lift-to-drag ratio of a two-dimensional
planing surface using a numerical method. The results showed that the position of the steps on the
planing surface significantly affected the lift-to-drag ratio of the planing body during gliding. Matveev
[7] studied a two-dimensional planing surface with steps using the hydrodynamic discrete source
method and numerically calculated the water surface changes during gliding, the wetted area of the
bottom of the ship the pressure coefficient and the Froude number at a specific location.In another
study by Matveeyv, the linearized potential flow theory was used to numerically analyze the steady
half-molded hull and the pressure distribution in the selected area and the cavity calculation results
were given [8]. Lotfi [9] used ANSYS-CFX to analyze the motion characteristics of the planing body
by solving the unsteady Reynolds-averaged Navier-Stokes equations and combining the fluid volume
fraction method. Stern [10] used a similar method to numerically calculate and analyze the drag
reduction effect of the air cushion during gliding, and numerically calculated and evaluated the free
surface capture, turbulence model construction, six-degree-of-freedom motion prediction, dynamic
overlapping grids, and local grid adaptive refinement.

2. Numerical Solution Methods

This study analyzes the wing structural response during seaplane planing. The physical process is
very complex, and theoretical analysis obviously cannot solve this problem. The towing test of the
scaled model physical pool is difficult to simultaneously meet the similarity of the planing Froude
number (Fr) and the Reynolds number (Re), and it is also difficult to ensure that the wing structural
characteristics are still of reference value after scaling. Therefore, numerical methods based on
computational fluid dynamics and computational solid mechanics have become the most effective
means to solve such problems.
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2.1 Computational fluid dynamics governing equations

The movement of fluids needs to follow three conservation laws, namely the law of conservation of
mass, the law of conservation of momentum, and the law of conservation of energy. Considering
that the Mach number of the object of this study is small, there is no need to consider the solution
of the energy equation in the numerical calculation. The law of conservation of mass is reflected in
the control equation, which is the continuity equation. Its essence is that the change in mass in the
control body per unit time is equal to the mass flow rate in and out of the control body surface. The
integral form of the continuity equation is:

i///pdmr#p?-d?:o (1)

According to the divergence theorem, the integral form of the continuity equation can be transformed
into differential form: 3

P v (p7) =

5tV (pv) —0 2)
Wherein p represents the fluid density, V represents the fluid velocity vector, Q is the control volume,
S and is the surface of the control volume.

2.2 Structural response equations

This paper studies the situation when a seaplane is gliding, and the wing position undergoes struc-
tural deformation, while the rest of the parts maintain rigid motion. When all degrees of freedom of
motion are released, the rigid body motion is controlled by two sets of motion equations, namely the
translational momentum equations and the angular momentum equations. Their vector form is as
follows: Translational momentum equations:

dt

(3)
The angular momentum equations are:

d(Icwp) _ i
dt

(4)

Where mp is the mass of the structure, vc is the velocity at the ceﬂt}er of mass of the object, I¢is the
moment of inertia tensor of the object, wj is the angular velocity, M¢- and FB is the force and moment
acting on the structure. The force acting on the rigid body consists of two parts, one is the shear
stress and pressure of the fluid load acting on the surface, and the other is the body force acting on
the rigid body by gravity. Therefore, the load acting on the rigid body can be obtained by appropriate
integration:

Fr— / (T —p7)dS+mp @ (5)

S

M= [(7 =)= (T -pi) (6)
S

Among them, ¢ is the gravitational acceleration vector, and 7 represents the relative position vector
relative to the fixed reference frame.

3. Numerical Methods and Examples

3.1 Numerical wave generation verification

The waves involved in this article are all fifth-order Stokes waves. In fluid mechanics, Stokes waves
are nonlinear, periodic, inviscid surface waves with a constant average depth. In the study adopts the
velocity inlet wave generation method. Based on the above wave theory, the fifth-order Stokes wave
is simulated in STAR CCM+ software, and the turbulence model is the k-w SST model. The wave
parameters are wavelength L=6m, wave height H=0.2m, and water depth 1m.

3
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The computational domain length of the numerical pool is five times the wavelength, a total of 30m;
the area 1L away from the pressure outlet is set as the wave-breaking zone. The computational
domain size and boundary condition settings are shown in Figure [1] In order to ensure accurate
capture of waves, the wave position grid is adaptively encrypted, and the encryption level is 1, so that
the encrypted grid size is L/140 in the wavelength direction and H/30 in the wave height direction.
The adaptively encrypted grid is shown in Figure [T} and the overall grid volume is about 68,000. The
boundary conditions and initial phases are shown in Figure [2] An entrance position P1 is set in the
calculation domain, and four points P2, twice the wavelength, P3, and three times the wavelength
away from the entrance position are used to monitor the wave morphology.

4L L

Figure 1 — Computational domain size and mesh division
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velocity pressure
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Figure 2 — Boundary conditions and initial phase

The calculated waveform is compared with the theoretical waveform. Figure [3}{| shows the waveform
comparison of four station positions. The results show that the waveform obtained by adaptive grid
encryption technology can match the theoretical waveform well. Whether it is the motion period or
the motion amplitude, the numerical simulation results can capture it well.
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Figure 3 — P1 waveform time history curve

3.2 Verification of the standard model of vortex excitation of elastic plate

In order to verify the reliability of the implicit bidirectional fluid-structure coupling algorithm adopted
in this paper, this chapter selects the standard example of vortex-induced fluid-structure coupling of
a square head elastic plate [11][12] for verification. The calculation model is shown in Figure 3.3. An
elastic cantilever plate is fixed on a cube block with a side length of 1 cm. The boundary conditions
are shown in the figure. The left side and the upper and lower boundaries are velocity inlets, and
the incoming flow velocity is 0.513 m/s along the x direction; the right side is a zero pressure outlet;
the front and rear surfaces are symmetry planes, and only one layer of grid is generated along the y
direction to ensure the quasi-two-dimensional characteristics of the flow.
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Figure 4 — P2 waveform time history curve
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Figure 6 — P4 waveform time history curve
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Figure 7 — Computational model of vortex excitation of elastic plate

Figure 8| is a vortex cloud diagram of the flow field during the vortex-induced vibration of the elastic
plate. It can be seen that the vibration of the elastic plate is closely coupled with the vortex in the flow
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field. Figure [9 shows the comparison between the numerical calculation results based on the above
two grid strategies and the results of Liu Y [13].
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Figure 8 — Vorticity cloud diagram of vortex-induced vibration of elastic plate

Divide the area

®  Reference results

Tip Position(cm)

Time(s)

Figure 9 — Comparison of calculation results between the region partition method and the overlay
grid method

Compare to the comparison results, whether the regional division method or the overlapping grid
method is used, the numerical calculation results of this paper are similar to the research results of
other scholars, proving that the implicit bidirectional fluid-solid coupling algorithm used in this paper
has good reliability.

4. Study on the Structural Response of Seaplane Wing during planing

4.1 Simulation Model

The body and computational domain grids are shown in Figure Due to the symmetry of the flow
field, the computational model in this paper uniformly adopts half-model calculation. The peripheral
flow field adopts Cartesian grid.The vibration of the aircraft wing will cause the mesh to deform in
the form of stretching or compression. The deformation and reconstruction of the mesh needs to be
calculated at each time step, and the flow field flux needs to be processed according to the changes
in the mesh. Therefore, if the global mesh is set to be deformable, it will cause a waste of computing
resources. In order to reduce the amount of calculation for mesh reconstruction caused by wing
deformation, a flow field domain is separately divided in the flow field around the wing, as shown in
the red area in Figure The mesh deformation and reconstruction is only performed in a small
area, and the mesh of the peripheral flow field maintains rigid motion.The boundary condition setting
is shown in Figure which consists of four velocity inlets, one pressure outlet, and one symmetry
surface.

The structural response of the wing is solved based on Simcenter STAR-CCM+ finite element solid
stress module. Since only hexahedral meshes and tetrahedral meshes are supported, considering
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Figure 10 — Comparison of calculation results between the region partition method and the overlay
grid method

the relatively complex structure of the wing, this paper uses tetrahedral meshes to discretize the wing.
In the Figure[T1]mesh size is about 0.01m.

Figure 11 — Wing solid domain mesh

4.2 Effects of different planing speeds on aircraft motion and wing structural response

This study analyzes the effects of different gliding speeds on the overall gliding motion state of the
aircraft and the wing structure response when the seaplane glides on the high sea wave surface.
The wave elements are: fifth-order Stokes wave, wave height 2 meters, wavelength 100 meters. The
gliding speeds of the aircraft are 12.64m/s, 18.97m/s, 25.3m/s, and 31.6m/s respectively. The initial
position of the aircraft is at the wave down wave position.

Figure [12) and [T3shows the heave displacement time history curve of the aircraft center of gravity at
different speeds, as well as the lowest point, highest point and heave motion amplitude of the aircraft
center of gravity at each speed. As the planing speed increases, the frequency of encountering waves
increases, and the vertical motion response frequency of the aircraft also increases. The increase
in the aircraft planing speed causes the hydrodynamic lift and aerodynamic lift on the aircraft to
increase, causing the lowest and highest points of the aircraft’s heave displacement to move upward
during the planing process. However, when the aircraft planing speed reaches 25.3m/s, the highest
point of the aircraft’s heave displacement decreases with the speed increase, and the lowest point
increases with the speed increase, which eventually leads to a gradual decrease in the amplitude of
the aircraft’s heave motion. It can be seen that during the aircraft’s planing on the water surface in
high sea conditions, the heave displacement amplitude will reach a peak at 25.3m/s, and then the
aircraft’'s heave motion will tend to be flat until the aircraft takes off.

Figure[{4]and[15]shows the time history curve of the aircraft’s longitudinal tilt angle change at different
planing speeds, as well as the range and amplitude of the aircraft’s pitch angle change. Compared
with the heave displacement, the change of the aircraft’s longitudinal tilt angle under the influence of
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Figure 12 — Z Translation time history curves of aircraft at different speeds
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Figure 13 — Range and amplitude of Z Translation of aircraft at different speeds

speed shows a very similar law to the heave displacement. This law is jointly determined by water
and aerodynamic forces, as well as the relative position of the aircraft’'s motion trajectory and the
wave surface.

The vertical overload time history curve and range of the aircraft during planing are shown in Figure
As can be seen from the figure, the overload of the aircraft during planing roughly presents
three different forms. When the speed is low, the aircraft always maintains stable planing on the water
surface, and the vertical overload of the aircraft is very gentle at this time; when the speed increases
to 18.97m/s, the vertical overload of the aircraft will have two peaks of similar size. This is because
the front part of the aircraft will leave the water after passing the wave crest, and then as the center
of gravity of the aircraft decreases and the head moves down, the front part of the aircraft will hit
the downward position of the wave, which leads to the first peak on the overload curve. Then the
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Figure 14 — Attitude Angle time history curves of aircraft at different speeds
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Figure 15 — Range and amplitude of Attitude Angle of aircraft at different speeds

aircraft slides to the trough and encounters the upward position of the next wave, thus generating the
second peak; as the planing speed of the aircraft continues to increase, the overload of the aircraft
will form a third form, that is, a very large peak appears on the curve. As can be seen from Figure
the minimum overload value of the aircraft during planing first decreases slightly with the speed,
and increases after reaching 25.3m/s. The main reason for this phenomenon is that the increase in
aircraft speed leads to a decrease in the hydrodynamic force after passing the wave crest, while the
aerodynamic force as compensation is limited, which leads to a continuous decrease in the minimum
overload. When the speed exceeds 25.3m/s, the aircraft will completely leave the water after passing
the wave crest. At this time, the vertical overload of the aircraft will be completely determined by the
aerodynamic load on the aircraft.
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Figure 16 — Vertical overload time history curves at different speeds
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Figure 17 — Vertical overload range and amplitude at different speeds

Figure [18| shows the range of the bending moment at the wing root at different planing speeds, and
Figure [T9 shows the range of the wing tip vibration at different planing speeds. Comparing the two, it
can be seen that they show a very obvious correlation, and the swing range of the wing tip is positively
correlated with the wing root bending moment. This is in line with common sense. In addition, with
the increase of speed, the wing root bending moment and the wing vibration range experience three
stages: gentle growth-rapid growth-slow growth. The occurrence of this phenomenon is closely
related to the vertical overload of the aircraft. As mentioned above, at different planing speeds, the
vertical load of the aircraft has three different forms, namely, small-amplitude stable changes, small-
amplitude double peaks, and large overload peak loads. The first two load forms correspond to
the first stage of stable growth of the bending moment and wing tip vibration; the second load form
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changes to the third load form, causing the rapid growth of the wing root bending moment and wing
tip vibration; then, the load form remains unchanged, but the peak value increases, corresponding to
the second stage of slow growth of the bending moment and wing tip vibration.
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Figure 18 — Variation range of wing root bending moment at different speeds
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Figure 19 — Wing tip vibration range at different speeds

5. Conclusion

The working conditions of different planing speeds were calculated and analyzed. It was found that
as the planing speed increases, the frequency of wave encounter increases, and the response fre-
quency of aircraft movement also increases accordingly. The heave displacement and pitch angle
amplitude of the aircraft first increase and then decrease with the planing speed; the vertical over-
load time history curve shows three different forms as the speed increases; the aircraft wing structure
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response, including the vibration of the wing tip and the bending moment of the wing root, has a sig-
nificant correlation with the overload of the aircraft during planing. When the planing speed is low,
the overload is small, and it changes smoothly like a simple harmonic curve. The wing tip vibration
and wing root bending moment time history curves also roughly show the characteristics of a sim-
ple harmonic curve. When the planing speed is high, a large slamming overload will occur at this
time, and the wing tip vibration and wing root bending moment time history curves will show a violent
oscillation-gradually attenuated response form.
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