
Citation: Liu, X.; Tan, L.; Zhang, X.; Li,

L. Research of Slamming Load

Characteristics during Trans-Media

Aircraft Entry into Water. Drones 2024,

8, 89. https://doi.org/10.3390/

drones8030089

Academic Editor: Sanjay Sharma

Received: 16 February 2024

Revised: 1 March 2024

Accepted: 4 March 2024

Published: 6 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

drones

Article

Research of Slamming Load Characteristics during Trans-Media
Aircraft Entry into Water
Xinyu Liu 1, Liguo Tan 2,3, Xinbin Zhang 3 and Liang Li 1,4,*

1 Key Lab of Smart Prevention and Mitigation of Civil Engineering Disasters, Ministry of Industry and
Information Technology, Harbin Institute of Technology, Harbin 150090, China; 22s033027@stu.hit.edu.cn

2 Laboratory for Space Environment and Physical Sciences, Harbin Institute of Technology, Harbin 150001,
China; tanliguo@hit.edu.cn

3 Frontiers Science Center for Matter Behave in Space Environment, Harbin Institute of Technology,
Harbin 150001, China; xinbinzhang@hit.edu.cn

4 Key Lab of Structures Dynamic Behavior and Control of the Ministry of Education, Harbin Institute of
Technology, Harbin 150090, China

* Correspondence: liangli@hit.edu.cn; Tel.: +86-451-86282075

Abstract: The trans-media aircraft water entry process generates strong slamming loads that will
seriously affect the stability and safety of the aircraft. To address this problem, we design a fixed-wing
aircraft configuration and employ numerical simulations with the volume of fluid (VOF) multiphase
flow model, standard k-epsilon turbulence model, and dynamic mesh technique. We explore the
characteristics of aircraft subjected to bang loads under different conditions. The results show the
following: the pressure load on the aircraft surface increases with higher water entry velocity; larger
entry angles lead to more drastic changes in the aircraft’s drag coefficient, demonstrating strong
nonlinear characteristics; the greater the angle of attack into the water, the greater the pressure load on
the root underneath the wing, with little effect on the pressure load on the head; and the water entry
drag coefficient and average pressure load follow an increasing order of conical head, hemispherical
head, and flat head. These findings provide theoretical references for studying the load characteristics
during trans-media water entry of various flying bodies and optimizing fuselage structural strength.

Keywords: trans-media aircraft; multiphase flow; water entry; slamming load; numerical simulation

1. Introduction

The object-in-water problem has a background of wide ranging engineering applica-
tions and significance to important scientific research, such as for unmanned underwater
vehicles (UUV) launching into the water, underwater reconnaissance vehicles, bionic vehi-
cle water landing, airdrop of objects at sea, etc. The impact velocity of trans-media aircraft
into water is large [1], accompanied by complex turbulence and phase change, which
instantly generates strong slamming loads. Problems such as vehicle structural damage,
connection failure, and motion instability may occur. Therefore, it is of great significance
to investigate the characteristics of the slamming load suffered by the aircraft during the
trans-media water entry process to improve the structural safety and stability of the aircraft
and ensure the safe entry of the aircraft into the water. Depending on the means of study,
studies are categorized as experimental, theoretical, and numerical simulation studies. The
experimental models have evolved from spheres, vertebrae, wedge-shaped blocks, etc. to
vehicles and navigational bodies. Gilbarg et al. [2] carried out the ball drop test to investi-
gate the effect of atmospheric pressure on the sphere entry phenomenon. Wang et al. [3]
used four high-speed cameras to test the free-fall of a sphere and observed the phenomena
of entry splash, bubble closure, etc. Shams et al. [4] used wedges to conduct a drop test
to investigate the effect of asymmetric wedge impacts on the process of fluid–structure
interaction. Liu et al. [5] used a high-speed camera to capture the development pattern of
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vacuoles during the high-speed water entry of a vehicle model, and obtained the loading
characteristics of the vehicle surface through an acceleration sensor. Crandell et al. [6]
used a plastic kingfisher model to simulate the process of kingfisher swooping dive, and
investigated the effect of the beak’s morphology on the dive performance by combining this
with a computational fluid dynamics (CFD) simulation. Qi et al. [7] carried out a launching
entry test of an autonomous underwater vehicle (AUV) under different conditions and
compared it with the CFD. The numerical simulation results were compared with the CFD
simulation results, and the change rule of impact load and the test phenomena such as vac-
uoles and overturning were obtained. Chen et al. [8,9] conducted a test of the navigator’s
tilted entry into the water and explored the development rule of the vacuole morphology
as well as the relationship between the resistance and the shape of the navigator’s head.
In their theoretical research, Korobkin [10] improved the Logvinovich method, obtained
the modified Logvinovich model (MLM) method, and carried out theoretical research on
the water entry of a wedge with a larger angle of inclination. Shiffman [11] assumed that
the water is an incompressible fluid, and the impact force of a vertebral body vertically
entering into the water surface was given a theoretical value through iterative calculation.
Truscott et al. [12,13] combined the aforementioned theories and experiments to carry out a
study of the water entry current field problem and illustrated the effect of the water entry
angle on the ballistic stability through a series of high-speed water entry tests. In recent
years, with the development of computers, numerical simulation has become an efficient
and convenient means of research. G. Oger et al. [14] carried out a numerical simulation of
two-dimensional wedge block water entry using the smoothed particle hydrodynamics
(SPH) method. Wang et al. [15] carried out a three-dimensional wedge vertical water entry
simulation and obtained the results of the change in load and the phenomenon of the
development of the vacuole. Hou et al. [16] used a six-degree-of-freedom cylinder model to
carry out a three-dimensional numerical simulation and investigated the mechanism of the
evolution of vacuole. Shi et al. [17,18] used the arbitrary Lagrange–Euler (ALE) numerical
method to simulate the water entry process of an AUV and analyzed the characteristics of
the vacuole and the impact load law under different conditions. Wang et al. [19] used the
VOF method and overset mesh to carry out a numerical simulation of the water entry of
an AUV under different conditions, and explored the change rule of the trajectory of the
AUV. Wang et al. [20] improved the SPH model and simulated the elastic cylinder water
entry process, verified the validity of the improved SPH model, and analyzed the dynamic
response characteristics such as deformation and impact force when the elastic structure
enters water. In summary, scholars in the past have carried out a lot of research on the
problem of water entry of objects through experiments, theoretical analysis, and numerical
simulation. Most of this research is centered on the morphology of super vacuoles during
high-speed water entry, the characteristics of water entry impact loads, the stability of
water entry ballistic paths, etc., and good results and conclusions have been obtained.
Research on the aircraft water entry motion attitude and head shape on the water entry
drag and bang load characteristics is still insufficient. In this paper, the VOF multiphase
flow model and standard k-epsilon turbulence model in Fluent, combined with dynamic
mesh technology [21], are used to carry out the three-dimensional numerical simulation
of the unmanned aerial vehicle (UAV) trans-media water ingress and analyze the effects
of velocity, angle, angle of attack, and head shape on the slamming load on the fuselage
in the process of the vehicle’s water ingress to provide references for UAVs and other
aerial vehicles to enter water trans-media and the optimization of their fuselage structural
strength design.

2. Materials and Methods

This paper is based on Fluent for numerical computation; the unmanned aerial vehicle
is defined as a rigid body, involving solid, liquid, and gas phases; the VOF multiphase
flow model and standard k-epsilon turbulence model are used, which are combined with
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dynamic mesh technology; and the motion of the vehicle is defined through the user-
defined function.

2.1. Control Equations

Since the UAV enters the water at a low velocity, it can be assumed that the water is an
incompressible fluid and the heat energy generated during the movement is negligible [22];
the basic equations required for the calculation are as follows:

The continuity equation:

∂ρm

∂t
+∇ · (ρmU) = 0 (1)

Momentum equation:

∂

∂t
(ρmU) +∇ · (ρmUU) = −∇p +∇ · τij + S (2)

Viscous shear stress:

τij = µm[(
∂ui
∂xj

+
∂uj

∂xi
)− 2

3
δij

∂uk
∂xk

] (3)

The density of the mixture:

ρm =
n

∑
k=1

αkρk (4)

U =

n
∑

k=1
αkρkUk

ρm
(5)

n

∑
k=1

αk = 1 (6)

µm =
n

∑
k=1

αkµk (7)

where U denotes the mass-averaged velocity vector of the mixture; αk denotes the volume
fraction of the k-th phase; µm denotes the kinetic viscosity of the mixture; S denotes the
original term generated by volumetric forces or customized by the user; Uk denotes the
velocity vector of the kth phase; ρk denotes the density of the kth phase; µk denotes the kth
phase’s kinetic viscosity; m denotes the mixing phase; l denotes the water phase; g denotes
the air phase; and v denotes the water vapor phase.

2.2. Multiphase Flow Modeling

The VOF multiphase flow model is used to simulate the motion of gas–liquid two-
phase flow. The model is a numerical method for solving incompressible, viscous, transient,
and free surface flows. The basic idea is to track the fluid flow in each cell grid by construct-
ing a function and determining the shape of the free surface according to the function value
and derivative value of this function. The model takes velocity and pressure as the basic
variables and solves the Navier–Stokes equations directly and differentially under the fixed
grid of Euler to deal with the complex free-surface changes as well as wave breaking [23].
The following equation is satisfied:

∂C
∂t

+∇ · (UC) = 0 (8)
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where, when C = 1, it means that the cell is all first-phase fluid, i.e., a fluid grid; when
C = 0, it means that there is no first-phase fluid in the cell, i.e., an empty grid; and when
0 < C < 1, it means that the cell is the air–water interface cell, i.e., an interface.

2.3. Turbulence Modeling

The standard k-epsilon turbulence model is used to deal with turbulent phenomena.
The model can better predict flows such as buoyancy-free planar jets, flat-walled boundary
layers, pipe flows, no or weak spins, etc., can be applied to a wide range of applications,
and is easy to converge [24].

The turbulent kinetic energy k transport equation is given by the following:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + SK (9)

The turbulent dissipation rate ε transport equation is given by the following:

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ρ

ε2

k
+ Sε (10)

where Gk denotes turbulent kinetic energy from the mean velocity gradient; Gb denotes
turbulent kinetic energy from buoyancy; Sk and Sε denote user-defined source terms; and
C1ε, C2ε, and C3ε are constants.

2.4. Geometric Modeling of the Aircraft

Trans-media vehicles, a kind of special vehicle with the capability of both sea and air
amphibious operation, absorbs the performance advantages of underwater vehicles and
air vehicles and improves the stability and efficiency of trans-ocean and air operation, and
its unique ability to cross multiple media brings new challenges and opportunities to the
field of science and technology. However, the prerequisites of this multi-media flight make
the design of its airframe structure face complex and unavoidable contradictions. In this
paper, by using a streamlined cylinder as the basis for the shape of the aircraft, we aim to
reduce the drag force when moving in water. In order to adapt to the demand of low-speed
flight in the air, it is combined with the design of a flat wing to ensure stable flight in the
air. The overall fuselage has a length of 0.7 m and a height of 0.3 m. Considering that the
shape has a great influence on the drag coefficient when moving in the water, which in turn
affects the stability of the aircraft [25], the wing is specially designed with a length of 0.9 m,
a width of 0.2 m, and an aspect ratio of 4.5. This design helps to reduce the contact area of
the vehicle when it enters into the water to ensure the stability of the aircraft in the air and,
at the same time, maximizes the reduction in the water aircraft’s drag. The model is shown
in Figure 1. We define the aircraft shape as a rigid body with a density of 2000 kg/m3 and a
weight of 32 kg.
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2.5. Numerical Modeling of UAV Water Entry

A rectangular body was chosen as the computational domain with dimensions of
2.7 m in length, 1.4 m in width, 2 m in height, and a water depth of 1.1 m. The upper
boundary was defined as a pressure outlet, while the rest of the boundaries were walls, as
shown in Figure 2. The pressure at the upper boundary was set to 101,325 Pa, and both
water and air were stationary in the initial conditions of the simulation. This means that at
the initial moment of the simulation, the vehicle is located above the water surface and is
stationary. The control variable method is used to investigate the effect of a single variable
on the slamming loads applied to the aircraft by varying the entry angle α, the entry angle
of attack β, the velocity V, and the head shape, which helps to systematically analyze the
effect of each variable on the aircraft subjected to the slamming load.
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2.6. Grid Division

The aircraft moving from the air into the water involves dynamic mesh and fluid–
structure coupling; the calculation process is easy to disperse, so there are high requirements
for the accuracy of the calculation, and the complexity of the model and the speed of the
calculation are taken into account, so with the use of Workbench Meshing tetrahedral
non-structural mesh division, mesh encryption around the vehicle, and adding five layers
of the boundary layer mesh, the computation process to turn on the mesh is adaptive [26].
The skewness of the initial mesh is less than 0.65, as shown in Figure 3.
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2.7. Grid-Independent Verification

In numerical simulation, the number and quality of grids (e.g., orthogonality, skewness,
etc.) will affect the calculation accuracy, and the number of grids being too small may
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make the calculation results deviate seriously from the actual situation, while the number
of grids being too large will lead to slow progress of the calculation, being extremely
demanding on the performance of the computer. Therefore, the mesh division should be
the appropriate number of meshes under the premise of ensuring the quality of the mesh
so that the calculation results can be faster while still meeting the accuracy requirements.
In this paper, three different numbers of grids are divided—1.2 million, 2.5 million, and
3.8 million, respectively—with the rest of the conditions remaining the same to calculate
the pressure on the nose part of the aircraft in the process of entering the water, and the
resulting data are compared, as shown in Figure 4.
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It can be seen that, for the three different cases, the maximum pressure changes on the
nose part of the aircraft during water entry are the same, and the numerical differences are
not significant, so it can be assumed that the influence of the number of grids on the results
can be neglected in this numerical simulation. Therefore, to improve the computational
efficiency, 1.2 million grids are used in this paper for subsequent numerical simulations
under different conditions.

2.8. Validation of the Validity of Numerical Simulations

To verify the effectiveness of the numerical simulation method in this paper, the
modeling method was used to numerically simulate a ball falling into water [27] as in
the literature, and compared with the experimental results and simulation results of a
ball falling into water from a height of 0.5 m in the literature; the constructed model is
shown in Figure 5, the comparison with the qualitative analysis of the position of the ball
in the experimental process is shown in Figure 6, and the comparison with the quantitative
analysis of the simulation results is shown in Figure 7.

Figure 6a,b shows the experimental results from the previous work when the ball just
touches the water surface and when it is completely submerged in the water, with a time
interval of 0.131 s. Figure 6c,d shows the numerical simulation results when the ball just
touches the water surface and when it is completely submerged in the water, with a time
interval of 0.134 s. The error is 2.29%, which shows that the numerical simulation results
are very close to the experimental results from the previous work.

As can be seen in Figure 7, the two curves are in good agreement, the overall trend
is consistent, and the values are very close. The maximum pressure peak value obtained
by the numerical simulation method in this paper occurs at t = 0.0219 s, with a value of
17.054 kPa, and the maximum pressure peak value in the literature occurs at t = 0.0212 s,
with a value of 16.603 kPa. The time error is 3.3%, and the pressure value error is 2.71%. The
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errors are within the acceptable range; therefore, based on the above comparison results,
it can be concluded that the numerical simulation method used in this paper is accurate
and reliable.
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3. Results
3.1. Pressure Characteristics

Figure 8 shows the pressure clouds on the surface of the aircraft at different moments
(V = 45 m/s, α = 30◦, β = 0◦). It can be seen that in the process of the vehicle entering the
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water, the pressure peak occurs in the nose area first, then in the leading edge of the wing,
and finally in the leading edge of the horizontal tail. With the increase in water entry depth,
the pressure on the fuselage of the aircraft increases gradually, but it is always smaller than
the pressure on the nose, wings, and tail, and the overall pressure distribution is symmetric
about the aircraft axis [28].
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Three relatively high-pressure zones appeared on the surface of the aircraft during 
the water entry process, which were the nose part, the leading edge of the wing, and the 
leading edge of the horizontal tail. Considering that the aircraft water entry is a speed-
decreasing process, the tail part is the last point of contact with the water and the area is 
small, so the tail part cannot be considered; according to the symmetry of the pressure 
distribution, four monitoring points are taken on the surface of the nose part, and two 
monitoring points are taken on the surface of the leading edge of the wing, as shown in 
Figure 9, to further study the characteristics of the aircraft subject to the slamming loads. 

Figure 8. Vehicle surface pressure cloud at different moments (V = 45 m/s, α = 30◦, β = 0◦):
(a) T = 0.011 s; (b) T = 0.019 s; (c) T = 0.037 s.

Three relatively high-pressure zones appeared on the surface of the aircraft during the
water entry process, which were the nose part, the leading edge of the wing, and the leading
edge of the horizontal tail. Considering that the aircraft water entry is a speed-decreasing
process, the tail part is the last point of contact with the water and the area is small, so the
tail part cannot be considered; according to the symmetry of the pressure distribution, four
monitoring points are taken on the surface of the nose part, and two monitoring points are
taken on the surface of the leading edge of the wing, as shown in Figure 9, to further study
the characteristics of the aircraft subject to the slamming loads.
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Figure 9. Map of monitoring sites.

Figure 10 shows the time-dependent pressure change images of each monitoring point
of the aircraft. It can be observed that monitoring points 1, 2, 3, and 4 in the nose area first
show peak values during the aircraft’s entry into the water, and monitoring points 5 and 6
at the leading edge of the wing then show peak values. The pressure peak of monitoring
point 1 in the center of the nose is much larger than the other monitoring points, and the
pressure peak of monitoring point 3 at the right end of the nose area is the smallest. The
pressure peaks at monitoring points 5 and 6 on the leading edge of the wing are relatively
close to each other. As the depth of water entry increases, the pressure at monitoring point 2
tends toward 0. The reason is that the surface of the aircraft at monitoring point 2 gradually
tends to be parallel to the water surface. During the whole process of water entry, the
peak pressure at monitoring point 1 in the nose part of the aircraft lasts the longest and
the pressure is the largest, and the pressure gradually decreases in all directions. On the
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leading edge of the wing, the peak pressure at monitoring point 5 appears first, followed
by the peak pressure at monitoring point 6, and the value is slightly larger, the reason being
that monitoring point 5 at the root of the leading edge of the wing touches the water surface
earlier than monitoring point 6 at the end, and the speed continues to decay. Based on the
above results, monitoring point 1 with the highest pressure can be taken for further study.
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Figure 10. Pressure time curve at each monitoring point (V = 45 m/s, α = 30◦, β = 0◦).

3.2. Effect of Water Entry Velocity on the Aircraft Subjected to Slamming Loads

The water entry velocity has a crucial effect on the slamming load suffered by the
aircraft; to further investigate the effect of water entry velocity on the slamming loads
suffered by the vehicle during the water entry process [29,30], the control variable method
is adopted, the water entry angle is set to 30◦, the water entry angle of attack is set to
0◦, and the water entry velocities are set to 15 m/s, 30 m/s, and 45 m/s to compute the
pressure–time curve of monitoring point 1 on the nose part of the aircraft (which has been
tuned to the same starting point at the moment of the water entry), as well as the velocity
change curves, which are shown in Figures 11 and 12, respectively.
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Figure 12. Aircraft velocity change curve (α = 30◦, β = 0◦).

According to Figure 11, it can be seen that after the aircraft impacted the free liquid
surface at low speed, the pressure peak appeared on the surface of the aircraft in a very
short time, which could be several times to dozens of times the atmospheric pressure. The
pressure peak at monitoring point 1 appeared first under the speed of 45 m/s, followed by
the pressure peak under the speed of 30 m/s, and the last pressure peak appeared under
the case of 15 m/s. The larger the water entry velocity, the larger the peak pressure, and
the shorter the duration of the peak pressure. With the increase in water entry depth, the
pressure values of the three curves are reduced to several times atmospheric pressure, and
the difference between the three gradually decreases. It can be seen that in the early stage
of the aircraft descending into the water, its surface is subjected to a strong impact load, so
it is critical to optimize the design of the structure of the aircraft into the water.

According to Figure 12, it can be seen that the larger the velocity, the shorter the
interval of time from contacting the water surface to complete submergence of the aircraft,
and the more the velocity decays, the more the kinetic energy decays, which is due to
the increase in the kinetic energy transferred to the water by the aircraft. The slope of
the velocity curve is the acceleration; comparing the slopes of the three curves, it can be
observed that the greater the entry velocity into the water, the greater the absolute value of
the acceleration of the aircraft into the water and the greater the impact load. The slopes of
the three curves gradually decrease with time and tend to stabilize; the reason is that the
speed of the aircraft gradually decreases, and the drag also decreases and tends to stabilize.

3.3. Influence of the Angle of Water Entry on the Aircraft Subjected to Slamming Loads

In general, the trans-media vehicle water entry process occurs at a certain tilt angle,
and the water entry angle may cause a certain degree of impact on the aircraft water entry
process such as in the force situation [31,32], so the water entry angle is a non-negligible
impact factor in the process of the aircraft water entry. In this paper, the angle between the
longitudinal axis of the aircraft and the horizontal direction is defined as the water entry
angle. Setting the water entry speed at 45 m/s, and keeping the water entry angle of attack
unchanged at 0◦, the pressure–time curve on the surface of monitoring point 1 is calculated
by setting the water entry angle as 30◦, 40◦, 50◦, and 60◦ (to facilitate the comparison, the
moment of water entry has been adjusted to the same starting point), as is the curve of the
velocity change, as shown in Figures 13 and 14, respectively.
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Figure 14. Velocity change curves at different entry angles (V = 45 m/s, β = 0◦).

According to Figure 13, it can be seen that at the same moment of water entry, the
pressure peak occurs firstly in the case of 60◦, and then according to the angle of water
entry in descending order; the larger the angle of water entry, the larger the pressure peak
is. The difference between the four curves is not big, so it can be seen that the change in
the water entry angle does not have a serious effect on the surface of the aircraft by the
slamming load.

According to Figure 14, it can be seen that the slopes of the four curves increase with
the increase in the water entry angle, i.e., the absolute value of the deceleration motion
is larger, which can correspond to the larger drag force on the surface of the aircraft in
Figure 13. Considering the reason to be that the larger the angle of water entry, the larger
the collision area between the nose and the water at the moment of water entry, it leads to a
larger resistance, so the design of structural strength should focus on the consideration of
the case of a large angle of water entry.
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The formula for calculating the drag of an aircraft traveling in a fluid is as follows:

F =
1
2

CdρV2S (11)

where F is the drag force on the aircraft in the water; Cd is the monitored drag coefficient; ρ
is the density of the water; V is the velocity of the aircraft relative to the water; and S is
the area of the wing. According to Figure 14, it can be seen that the velocity of the aircraft
changes smoothly in the process of entering the water, while the drag coefficient change
curve in Figure 15 is more violent, and the larger the angle of entering the water, the more
violent the change in the drag coefficient. Therefore, the angle of water entry has a serious
impact on the drag effect on the aircraft, which in turn affects the stability of the aircraft.
Therefore, the situation where the aircraft enters the water at a large angle should be given
special attention.
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3.4. Effect of Angle of Attack into Water on the Aircraft Subjected to Slamming Loads

The velocity of the aircraft is set at 45 m/s, the angle of water entry is set at 60◦, the
angles of attack are set at 0◦ and 45◦, and the attitude diagrams of the aircraft in the process
of transmedia are intercepted. Starting from contacting the water surface, the intercepts
were taken every 0.005 s to compare and study the differences in the motion of the aircraft
under different angles of attack [33,34], as shown in Figure 16.

According to Figure 16, it can be seen that when the angle of attack is 0◦, the first part
of the nose of the aircraft touches the water surface in the process of entering the water,
and the fuselage has a small tendency to press down on the water surface. When the angle
of attack is 45◦, the aircraft has an obvious tendency to press down on the water surface,
and the water splash is bigger, so the root of the wing of the aircraft generates a strong
slamming load. The head of the aircraft and the root of the wing, respectively, contact the
water surface at the moment of the pressure cloud, as shown in Figure 17. It can be seen that
the head of the aircraft and the root under the wing are the two most concentrated parts of
the load. Therefore, monitoring point 7 is taken as the head of the aircraft (when the angle
of attack is changed, monitoring point 7 changes with the part touching the water, so it is
not labeled), and monitoring point 8 is the root under the wing of the vehicle (as shown in
Figure 16b). Under the condition of setting the inlet velocity to 45 m/s and the inlet angle
to 60◦, the pressure–time curves at monitoring points 7 and 8 were calculated by setting
the inlet angle of attack to 0◦, 15◦, 30◦, and 45◦ (the inlet moments were adjusted to the
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same starting point for the sake of easy comparison), which are shown in Figures 18 and 19,
respectively.
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According to Figure 18, it can be seen that the change in the angle of attack into the
water has little effect on the peak pressure at the location where the head of the aircraft
touches the water. According to Figure 19, it can be seen that the larger the angle of attack
into the water, the larger the peak pressure suffered by monitoring point 8 (the root under
the wing of the vehicle). When the angle of attack is small, the value of monitoring point 8
will be increased in the late stage of the aircraft water entry, but the value is still small, so
when the angle of attack for water entry is large, the structural strength of the root part of
the wing of the aircraft should be emphasized.

3.5. Effect of Head Shape on the Aircraft Subjected to Slamming Loads

Considering that the head shape of the aircraft has a crucial influence on the aircraft
water entry process [35], this paper studies three different head shapes based on the
designed aircraft, as shown in Figure 20, and sets the initial velocity of the water entry
as 45 m/s, the water entry angle to 60◦, and the angle of attack to 0◦ to investigate the
influence of the head shape on the aircraft subjected to the slamming loads.
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Figure 21 shows the pressure clouds obtained from the three types of aircraft heads
entering the water at the three special moments of when the head just touches the water, the
leading edge of the wing touches the water, and the fuselage enters the water completely.
It can be seen that the maximum slamming loads at the moment of the aircraft entering the
water appear in the head, the leading edge of the wing, and the leading edge of the tail.
Taking the head of the aircraft as the monitoring point, the pressure curve and the drag
coefficient curve are obtained, which are shown in Figures 22 and 23, respectively.
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Based on Figures 22 and 23, it can be seen that the flat head model has the largest drag
coefficient, the conical has the smallest drag coefficient, and the hemispherical has a drag
coefficient that is in the middle of those two. The slamming load suffered by the head of the
conical head model is smaller than the other two head models; the reason for this is that the
angle of direct impact between the conical head and the water surface is the smallest, which
can drain the water well to the surface of the aircraft without obvious load concentration
phenomena. The peak load of the hemispherical model is slightly larger than that of the
flat head model, but the average pressure load suffered by the flat head model is larger
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than that of the other head types, which is considered to be because the angle between the
flat head model and the surface of the water is the largest in terms of direct impact.
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4. Discussion

In this paper, Fluent is used to carry out the numerical simulation of the aircraft water
entry process, for the mesh division and the design of the scheme will have a certain impact
on the slamming load suffered by the aircraft water entry process.

In terms of meshing, an unstructured tetrahedral mesh is used, which has no regular
topology and no layer concept, and the distribution of the mesh nodes is arbitrary, which is
more flexible compared to the structured mesh, and can better deal with the fluid–structure
coupling as well as the dynamic mesh problem. However, the unstructured mesh requires
higher mesh quality, so the mesh reconstruction may produce a low-quality mesh, which in
turn affects the accuracy of the results.

When adjusting the vehicle water entry attitude, the water entry angle in the Y-Z plane
as well as the angle of attack are considered, but there are uncertainties in the X direction,
which may lead to the deviation of the simulation results from the actual situation. In
addition, the model may have some limitations in dealing with aircraft water entry under
extreme conditions, such as large air turbulence and strong fluctuations in the water surface.

Four parameters are considered, namely, water entry velocity, water entry angle, water
entry angle of attack, and head shape, among which the change in water entry velocity
has the most obvious effect on the slamming load on the fuselage as a whole; the change
in water entry angle and water entry angle of attack had little effect on the maximum
slamming load on the fuselage, but will have an effect on the load distribution; and the
head shape only has an obvious effect on the load on the head of the vehicle, but has little
effect on the load distribution on the fuselage.

To more fully investigate the complex process of aircraft transmedia water entry,
future research could focus on improving the accuracy and applicability of the model
under extreme conditions, as well as its general applicability to fixed-wing aircraft with
varying aspect ratios and a variety of bionic vehicles, and will require field tests of low-
speed water entry of the aircraft under different parameters to validate its performance in
real-world scenarios.

5. Conclusions

In this paper, a fixed-wing aircraft shape is designed and, using the VOF multiphase
flow model and standard k − ε turbulence model, combined with six DOF dynamic mesh
technology, numerical simulation of the process of the aircraft entering the water is per-
formed and the validity of the simulation experimentally verified by changing the entry
speed, entry angle, angle of attack, and the head shape to obtain the characteristics of the



Drones 2024, 8, 89 18 of 19

aircraft’s pressure distribution and the change rule of the slamming load. The results show
the following:

1. At the beginning of water entry, the aircraft is momentarily subjected to a large
slamming load, followed by a gradual decrease in the load. The maximum pressure
load occurs at the head of the aircraft. The next largest load occurs at the root of the
leading edge of the wing.

2. Velocity change has a great effect on the aircraft subjected to the slamming load at the
moment of water entry; the greater the velocity, the greater the pressure load on the
aircraft at the moment of water entry, the greater the absolute value of acceleration of
the decelerating motion, and the more the velocity decays.

3. When the aircraft enters the water at different angles, the larger the angle is, the earlier
the pressure peak appears at the moment of entering the water, and the value is larger,
but there is little difference in the effect on the velocity decay. The drag coefficient
changes drastically when entering the water at a large angle, which will affect the
stability of the aircraft operation.

4. As the angle of attack of the vehicle increases, the magnitude of the pressure load
suffered by the root under the wing increases significantly, and the pressure load at
the position of the head touching the water does not change much.

5. The drag coefficient of the aircraft in the process of entering the water shows a general
trend of increasing, with multiple extreme values and strong nonlinearity. The drag
coefficient of the flat-head model is the largest, that of the conical is the smallest,
and that of the hemispherical is in the middle of those two. The conical head model
suffered the smallest pressure load, the flat head model suffered the largest average
pressure load, and the hemispherical model was in the middle of those two.
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