
Research on the motion characteristics of a trans-media vehicle when
entering water obliquely at low speed

Yong-li Li a,b,*, Jin-fu Feng b, Jun-hua Hu b, Jian Yang b

a Engineering University of CAPF, Xi'an, 710086, China
b Aeronautics and Astronautics Engineering College, Air Force Engineering University, Xi'an, 710038, China

Received 13 April 2016; revised 16 May 2017; accepted 23 June 2017

Available online 18 August 2017

Abstract

This paper proposes a single control strategy to solve the problem of trans-media vehicle difficult control. The proposed control strategy is
just to control the vehicle's air navigation, but not to control the underwater navigation. The hydrodynamic model of a vehicle when entering
water obliquely at low speed has been founded to analyze the motion characteristics. Two methods have been used to simulate the vehicle
entering water in the same condition: numerical simulation method and theoretical model solving method. And the results of the two methods
can validate the hydrodynamic model founded in this paper. The entering water motion in the conditions of different velocity, different angle,
and different attack angle has been simulated by this hydrodynamic model and the simulation has been analyzed. And the change rule of the
vehicle's gestures and position when entering water has been obtained by analysis. This entering water rule will guide the follow-up of a series of
research, such as the underwater navigation, the exiting water process and so on.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nearly, more and more countries start to study a kind of
vehicle which can not only flight in the air, but also navigate
underwater. For instance, the detailed design objective of
submersible aircraft is proposed in two reports (Goddard and
Eastgate, 2010; Willan, 2010). The process of the vehicle's
airewater medium alternating repeated movement will
accompany the forces and moments mutation, gaseliquid
disturbance and complicated collision phenomenon. It can
cause adverse effect on the control of vehicle, which seriously
affects vehicle's stability. At present, there is not a integration
of control strategy to apply to the vehicle's cross-medium
movement. And the control strategy which using air and

underwater subdivision control, increases the complexity and
reduces the reliability of the system. This strategy also exists
the problem of the air and the air and underwater controller
switch. So this paper proposes a single control strategy which
only controls the air navigation, and doesn't control under-
water navigation. Through the control of vehicle's posture,
speed and so on in the air, the single control strategy makes it
in the uncontrolled condition be able to complete a series of
movement including entering water, underwater navigation
and exiting water. And after it out of the water, make it can
meet the requirements of the air control take-off initial state.
This paper is aimed to study the water-entry process of trans-
media vehicle in the uncontrolled condition.

As the development of trans-media vehicle's trajectory in
air and outset underwater, the process of water-entry has the
characteristics of integrity and typicality. This subject, that
involves the problem of unsteady motion and interaction of air,
water and elastic objects, is very complex (Yan, 2002). It is a
fluid dynamics problem of free surface and special cavitation,
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which may also involves structure damage caused by high-
speed slamming and the dynamics of elastic objects. In
order to study and solve these problems, the experiment is
about to be necessary. Waugh and Stubstad, 1975 has intro-
duced the knowledge and technologies about water-entry tra-
jectory simulation systematically, also observed and recorded
many water-entry experiment methods, process and result.
May (1975) collected many valuable knowledge and experi-
ment data as well as information about water-entry, and sys-
tematically analyzed many reasons that may affect water-entry
trajectory. He et al. (2012a, 2012b, 2012c) and Ma et al.
(2014) studied the water-entry problem of sphere and cylin-
der under different conditions, and analyzed the phase of open,

development, closure and collapse of water-entry cavities. Hu
(2014), Zhang et al. (2011) and Gu et al. (2012) drew the
conclusion that head is very important to cavities and water-
entry stabilization by studying the water-entry process of ob-
jects with different head styles.

With the development of computer numerical technology,
there are more and more numerical simulation methods
(NSM) about water-entry movement of the vehicle. Chen et al.
(2011) and He et al. (2012a, 2012b, 2012c) used the volume of
fluid (VOF) method coupled with the dynamic mesh method to
simulate the movement of the vertical water-entry body. And
the validity and effectiveness was verified in the numerical
simulation. Wei et al. (2010) explored high-speed oblique
water-entry impact of an underwater vehicle. Wang and Shi
(2012) built the oblique water-entry numerical model of air-
borne missile to simulate the initial water-entry hydro-
ballistics. Park and Jung (2003) utilized numerical analysis
method to study the impact force and ricochet behavior of high
speed water-entry bodies.

Concerning the study of process of water-entry, numerical
simulation and experiment are the main approaches. More-
over, most of attention was put on the study of some fixed
work conditions and special phenomenon, lacking of
comprehensive theory research about the whole process of
water-entry and trajectory characteristics. With theoretical
analysis methods, a trans-media vehicle is taken to be the
research object. Under the circumstance of slow velocity,
omitting change of free surface, water jet, cavity and so on, the
object's force mechanism is analyzed to established water-

entry dynamics model. Finally, the object's motion rule and
trajectory of water-entry is studied.

2. Build the dynamical model

2.1. Shape model

In the paper, peaked arch shape whose vertex angle is 30�

and length is L ¼ 5.33 m is used. And the peaked arch shape is
uniform mass distribution and is designed as a Linear cutting
tail. The physics model of the vehicle is shown as the Fig. 1.
The computational formula of the radius is shown as the Eq.
(1).

In the Eq. (1), rt ¼ 0:2665
2,sin 15�,sin 15�.

2.2. Force analysis

As shown in Fig. 2, the body axes coordinate system which
is selected as reference coordinate system, is built with the
origin at the center of mass. The water-entry angle is q.
Because of less affection of air force, the vehicle is only in the
interaction among the gravity G, the buoyancy B and the fluid
force F during the water-entry process. The gravity G remains
unchanged, the buoyancy B and the fluid force F change along
with xa which is the entering water distance of the vehicle.

(1) the gravity G

RðxÞ ¼

8>>>>>>>>>>>><
>>>>>>>>>>>>:

0 x� 0; x>5:33

0:2221xþ 0:13325 0<x� 0:6

0:2665 0:6< x� 5:33� 0:2665

tan 15�

0:2665þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2t �

�
xþ 0:2665

tan 15�
� 5:33

�2
s

� rt 5:33� 0:2665

tan 15�
< x� 5:33

ð1Þ

Fig. 1. Contour of the vehicle (unit: m).
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During the whole water-entry process, the gravity G re-
mains unchanged.
8>>>><
>>>>:

G¼ mg
m¼ r,V

V ¼ p

ZL

0

R2ðxÞdx
ð2Þ

In the Eq. (2), r ¼ 1.2 � 103 kg/m3 is the density of the
vehicle and V is the volume of the vehicle.

The location of the center of mass is:

x0 ¼

Z L

0

R2ðxÞxdx
Z L

0

R2ðxÞdx
ð3Þ

(2) the buoyancy B

The magnitude and the location of the buoyancy B change
along with the entering water distance xa. Assume that the
buoyancy B is not affected by the variability of the free sur-
face. Then the buoyancy and the location can be calculated as:

B¼ pr0g

ZL�xa

0

R2ðxÞdx ð4Þ

xb0 ¼
pr0g

Z L�xa

0

R2ðxÞxdx
B

ð5Þ

In above equation, r0 ¼ 1.0 � 103 kg/m3 is the density of
water.

(3) the fluid force F

When the vehicle is in the water-entry process, the fluid
force F is difficult to analyze. In order to analyze expediently,

the fluid force F is divided into ideal fluid and viscous fluid for
calculation in the paper.

① Ideal fluid Fi

In terms of the theory of momentum and moment of mo-
mentum, vector and moment of ideal force on the vehicle can
be obtained as below:

�Fi ¼ dQf

�
dtþu�Qf ð6Þ

�Mi ¼ dKf

�
dtþu�Kf þ v�Qf ð7Þ

where Fi is ideal fluid force on the vehicle; Mi is ideal fluid
force's moment on vehicle; Qf and Kf are ideal fluid force
momentum and moment of momentum respectively on the
vehicle, which can be obtained by the added mass (Yan, 2005);
u is the rotation angular velocity; v is the velocity vector.

In the water-entry process, the wetted volume of the vehicle
and the added mass are changing along with time (Liao et al.,
2012). Therefore the variation of added mass must be fully
taken into account. In the paper, not only the influence of the
added mass's change is taken into consideration, but also the
rate of change was taken into consideration. Based on the Eqs.
(6) and (7) and the definition of added mass, the ideal fluid
force equation can be obtained below:

8>><
>>:

Fix ¼�l11 _vx � _l11vx þuz

�
l22vy þ l26uz

�
Fiy ¼�l22 _vy � _l22vy � l26 _uz � _l26wz �uzl11vx
Miz ¼�l62 _vy � _l62vy � l66 _uz � _l66wz þ vyl11vx

�vx
�
l22vy þ l26uz

�
ð8Þ

where Fix， Fiy are the ideal fluid force on the vehicle at X and Y
direction respectively; Miz is ideal fluid force moment on the
vehicle at Z direction; vx, vy is the vehicle's velocity component at
X and Y direction respectively; uz is the angular velocity of the
vehicle at Z direction; l is a term of the added mass. With the
vehicle entering into water, the diving volume and the added mass
of the vehicle is increasing, therefore profile analysis method is
adopted to calculate the added mass (Логвиноовч, 1969).
8>>>>>>>>>>>><
>>>>>>>>>>>>:

l22 ¼ pr0

Zxa

0

R2ðxÞdx

l26 ¼ l62 ¼ pr0

Zxa

0

R2ðxÞxdx

l66 ¼ pr0

Zxa

0

R2ðxÞx2dx

ð9Þ

The added mass l11 of slender body is very little (Michael
and Jerry, 1976), therefore l11 is set to be zero here. At the
same time, _l11 is also equal to zero. Differentiate on both sides
of the Eq. (9), then the change rate of added mass can be
obtained below:

Fig. 2. Force analysis of the vehicle entering water.
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8<
:

dl22 ¼ pr0R
2dxa

dl26 ¼ dl62 ¼ pr0xaR
2dxa

dl66 ¼ pr0x
2
aR

2dxa

ð10Þ

In the Eq. (10), dxa is the change rate of the vehicle's
front part entered the free surface of water, and dxa ¼ vxdt.

② Viscous fluid force Fm

Experiment and theoretical analysis have pointed out that
the motion drag coefficient of underwater vehicle is closely
related to the velocity, the Reynold number and the attack
angel (Wilson and Kelley, 1976). Because the vehicle's speed
is low as assumption and doesn't vary in a large scale, the
effect of Reynold number's variation can be ignored here. In
the paper, the method of numerical simulation by CFD is used
to calculate the drag Fmx, the lift Fmy and the moment of force
Mmz of the vehicle on different speed and different attack angle
in a homogeneous phase in three dimensions. Then the viscous
fluid dynamic coefficient Cd, Cl, Mz can be calculated by the
Eq. (11), as shown in Fig. 3.

8>>>>>>>><
>>>>>>>>:

Cd ¼ Fmx

0:5r0v
2

Cl ¼ Fmy

0:5r0v
2

mz ¼ Mmz

0:5r0v
2

ð11Þ

According to the calculation by CFD, there is a one to one
correspondence between the viscous fluid dynamic coefficient
and the changing relationship of the attack angle and speed.
Therefore three two-dimensional interpolation tables of the
viscous fluid dynamic coefficient in which is the line represent
speed and row represent attack angle could be made. Based on
the current speed and angle, the viscous fluid dynamic coef-
ficient is calculated by interpolation. Then the viscous fluid
force during water-entry process could be calculated. The
viscous fluid dynamic coefficient could be calculated by the
equation below.

8<
:

Cd ¼ f1ðv;aÞ
Cl ¼ f2ðv;aÞ
mz ¼ f3ðv;aÞ

ð12Þ

Then the viscous fluid force during water-entry process can
be obtained by:

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

Fmx ¼� 1

2S0
Cdr0v

2S

Fmy ¼ 1

2S0
Clr0v

2S

Mmz ¼ Fmy,
1

2
xa

S0 ¼ 2p

ZL

0

RðxÞdx

S¼ 2p

Zxa

0

RðxÞdx

v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x þ v2y

q

ð13Þ

In the equation, S0 is superficial area of the vehicle, and S is
the wetted area of the vehicle. After the vehicle completely
into water, pitch moment caused by viscous fluid influence is:

Mmz ¼ 1

2
mzr0v

2 ð14Þ

2.3. Dynamic model

According to the force analysis above, water-entry process
dynamic model is established below:
8<
:

Fix þFmx þ ðB�GÞsin q¼ m
�
dvx=dt� vyuz

�
Fiy þFmy þ ðB�GÞcos q¼ m

�
dvy

�
dtþ vxuz

�
Miz þMmz þBxb cos q¼ J,duz=dt

ð15Þ

In the equation, J is the moment of inertia of the vehicle
which could be figured out by the moment of inertia theorem
of the disc shape and parallel axis formula.

Fig. 3. The relationship between the dynamic coefficient and the attack angle and speed.
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J ¼ pr0

ZL

0

R2ðxÞ�1=4R2ðxÞ þ ðx� x0Þ2
	
dx ð16Þ

The differential equation set which could describe the
water-entry process of the vehicle consists of the Eq. (1) ~ the
Eq. (16). And based on the given initial value condition, the
equation set could be worked out. The initial value condition
include initial speed (vx0, vy0), initial water-entry angle q0,
initial rotational angular speed uz0 and initial distance xa0
which is between head peak of the vehicle and water surface
along axial direction.

3. Verify the model

To verify the above hydrodynamic model, the motion of
entering the water in the same initial conditions is simulated
by Fluent moving grid technology, and the results of two
methods are compared.

(1) Fluent simulation settings

Prismatic mesh, which is obtained by stretching the non-
structural plane along axial direction, is used in mesh gener-
ation. The number is 1.121.937 and the whole quality is over
0.6, which is shown in Fig. 4. A circular region with a radius
of 20 times the vehicle length is selected as the computational
domain, which is shown in Fig. 5. Air and water are selected
as gas phase and liquid phase. The mesh near the vehicle is
locally refined to reduce calculation errors and increase the
convergence speed, which is shown in Fig. 6. The time size is
Dt ¼ 5 � 10�5 s.

The boundary conditions of computational domain are
shown in Fig. 7. Choose Opening to define the boundary type,
which can not only be used as inlet, but also outlet. Use Step
function, which is illustrated as Eq. (17) to define the volume
fraction of air and water in different coordinates. Dynamic
grid technology is used to simulate the motion of the vehicle,
and the motion of free surface is tracked using VOF method.
To improve the precision, second order backward Euler
scheme is used. The hardware environment for Fluent simu-
lation is Dawning A840r-G system, totally with 4
OPTERON6176 (2.3 GHz), 12-core processors, 128 GB in-
ternal storage.

stepðxÞ ¼
8<
:

0;x<0
0:5;x¼ 0
1;x>0

ð17Þ

(2) Results comparison

The same initial simulation conditions: velocity is
v0 ¼ 20 m/s, water-entry angle is q0 ¼ 45�, rotation angular
velocity is uz0 ¼ 0, angle of attack is a0 ¼ 0, the initial dis-
tance between the head top point of the vehicle to the water
level in the axial direction is two times of the diameter of the
vehicle (Liu, 2005). The result obtained by Numerical Simu-
lation Method (NSM) is as shown in Fig. 8. The upper part is
the air and the lower part is the water in every figure. Starting
from t ¼ 0.04 s, the time interval between two adjacent figures
is 0.04 s, the end time is t ¼ 0.4 s.

The water-entry progress of the vehicle obtained according
the proposed theory model in the same initial conditions is as
shown in Fig. 9. The horizontal imaginary line is the water
level. The blue heavy line is the center of mass moving tra-
jectory obtained by theory model. The red imaginary line is
the center of mass moving trajectory obtained by NSM. The
moving trajectory with red imaginary line is moved 2 m to the
left for contrast. It can be seen that the two moving trajectories
are more or less agreeable in Figs. 8 and 9. The trajectory is
relatively straight in the initial stage of entry water. Then it
begins to curve upward along with the head of vehicle con-
tacting the surface of water. The change of the inclination
angel of entry the water is as shown in Fig. 10. The angel
remains unchanged in the initial stage, then decreases rapidly,
and keeps flat in the later stage. The results of the two methods
are agreeable. The displacement curves in the axial and radial
direction obtained according to the two methods are as shown
respectively in Figs. 11 and 12. The figures show that the re-
sults are agreeable. The displacements increase linearly in the
axial and radial direction in the initial stage, then the growth
rate slower. The numerical result is little more than the result
of theory model. The velocity of entry the water curves are as
shown in Fig. 13. There is some distance between its head and
the surface of the water when the vehicle starts move. The
velocity of entry the water increases a little, because the
vehicle is subjects to gravity only in the stage. The vehicle will
be subjects to gravity, buoyant and fluid force since its head
touches the water. So the velocity rapidly decreases. It can be

Fig. 4. Mesh quality.

Fig. 5. Computational domain.
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seen that the results are in agreement in the Fig. 13. The
rotation angular velocity curves are as shown in Fig. 14, it can
be seen that the results are in agreement also.

According to comparing these figures from Figs. 8e14, it
can been seen that the variety laws of the center of mass
moving trajectory, the inclination angel, the displacements in
the axial and radial direction, the velocity and the rotation
angular velocity are all in agreement in the same work con-
dition. These above can verify that the model constructed in
this paper is correct and it can describe exactly the trajectory
and attitude of the vehicle. At the same time, there are some
errors such as the changes of the center of mass moving tra-
jectory, the inclination angel and the displacements in the axial
and radial direction are slower comparing with the results

obtained by NSM, but the changes of the velocity and the
rotation angular velocity is faster.

There are two main reasons of the error: 1) The perturba-
tion of the water surface is neglected when the vehicle enters
the water. The viscous hydrodynamic coefficients obtained by
interpolation remain some errors. 2) The calculation errors
may be caused by these reasons such as grid division, turbu-
lent model and the parameters selection when NSM is applied.

4. Model simulation

In order to analyze the motion law of different entry speed,
angle and attack angle, the simulation and comparison of
several different conditions have been done.

Fig. 6. The mesh near the vehicle.

Fig. 7. The boundary conditions.

Fig. 8. The result of the water-entry process simulated by NSM.

Fig. 9. Comparison of the centroid trajectory.
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(1) Simulation 1, the effect of the initial water-entry velocity

Simulation initial condition: initial position xa0 ¼ �1 m;
initial water-entry angle q0 ¼ 45�; initial rotation angular
velocity uz0 ¼ 0; initial attack angle a0 ¼ 0. This paper mainly
studies the process of vehicle's water-entry at low speed con-
ditions. So the initial water-entry velocity is set gradually
increased from 10 m/s to 30 m/s by 5 m/s. Figs. 15e20 are the
simulation results.

It is shown from Figs. 15e20: under the same water-entry
angle, the higher the initial entry speed is, the bigger the
change of axial velocity is, but the changes of radial velocity
and vehicle's attitude (the inclination angel, the rotating
angular velocity and the attack angle) are smaller. In this
condition, the trajectory is more stability and not easy to bend,
the water depth and horizontal displacement are larger.

In the beginning, there is some distance between its head
and the surface of the water when the vehicle starts move. In
this stage, the vehicle is subjects to gravity only. Under the

Fig. 10. Comparison of the inclination angel.

Fig. 11. Comparison of the axial displacement.

Fig. 12. Comparison of the radial displacement.

Fig. 13. Comparison of the velocity.

Fig. 14. Comparison of the rotational angular velocity.
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Fig. 15. The change of the centroid trajectory.

Fig. 16. The change of the inclination angel.

Fig. 17. The change of the attack angle.

Fig. 18. The change of the rotational angular velocity.

Fig. 19. The change of the axial velocity.

Fig. 20. The change of the radial velocity.
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effect of gravity, axial velocity and radial velocity have
increased by a small margin. At the same time, a small for-
ward attack angle is formed. Under the same water-entry
angle, the axial distance between the vehicle head and the
surface of the water is equal. In that case, as the initial water-
entry velocity increases, the moment of head touching the
water becomes earlier, the time of gravity action at this stage is
shorter. So the growth of the axial velocity, radial velocity and
attack angle is smaller, and the trajectory, inclination angle
and rotation angular velocity remain unchanged. When the
vehicle begins to touch the surface of the water, the normal
force and the upward force moment under the surface of the
head would be formed. At this moment, the attack angle, axial
velocity and radial velocity continue to increase, rotation
angular velocity begins to increase, inclination angle begins to
decrease, trajectory starts bending upwards. The greater the
water-entry velocity is, the shorter the time of upward force
moment acting on the vehicle is. Based on the moment of
momentum theorem, the rotation angular velocity of the
vehicle obtained is smaller, the changes of the inclination
angle, attack angle, axial velocity and radial velocity are
smaller, the trajectory upward bending degree is smaller. At
the beginning of this stage, the upward force action is rela-
tively smaller. So under the action of the normal force and
gravity, the vehicle's radial acceleration suddenly reduces to
negative, which lead to the decrease of radial velocity and
attack angle. It's why there is one more hump in this stage (on
Figs. 17 and 20). Later then the action of upward force is
becoming great, and the radial velocity and attack angle begin
to keep increasing. After the vehicle head entering the water
completely, the upward force moment isn't provided. The
vehicle relying on previous rotation angular velocity continues
to roll, so the rotation angular velocity, attack angle, axial
velocity and radial velocity decrease rapidly, the inclination
angle continues to decrease. But the radius of gyration in-
creases, the trajectory tends to be straight.

(2) Simulation 2, the effect of the initial water-entry angle

Simulation initial condition: initial position xa0 ¼ �1 m;
initial water-entry velocity v0 ¼ 20 m/s; initial rotation angular
velocity uz0 ¼ 0; initial attack angle a0 ¼ 0. And the initial
water-entry angle is set gradually increased from 10� to 80� by
10�. Figs. 21e26 are the simulation results.

It has been proved by simulation that: when the entry
angle are 10� and 20�, the vehicle head is still not fully into
the water, and the tail has contact the surface of water. The
two conditions will cause the vehicle's entry process becomes
very instability. So this paper doesn't discuss the two con-
ditions. It is shown from Figs. 21e26: under the same water-
entry speed, the larger the initial water-entry angle is, the
smaller the inclination angle, the rotating angular velocity
and the attitude will change. At the same time, the corre-
sponding attack angle and radial velocity change smaller,
and the change of the axial velocity is more or less agree-
able. In this condition, the trajectory is more stability and

Fig. 21. The change of the centroid trajectory.

Fig. 22. The change of the inclination angel.

Fig. 23. The change of the attack angle.
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not easy to bend, the water depth is larger, and the horizontal
displacement is smaller.

When the vehicle starts move, there is a certain height
from the vehicle head to the water surface, and the axial
distance of different water-entry angle is equal. Under the
effect of gravity, if the water-entry angle is greater, the force
of gravity on axial force component would be greater, the
radial component force would be smaller. So the growth of
the axial velocity is bigger, the growth of the radial velocity
and attack angle are smaller. But the trajectory, inclination
angle and rotation angular velocity remain unchanged. When
the vehicle begins to touch the surface of the water, the
normal force and the upward force moment would be formed
on the lower face of vehicle's head. Under the comprehensive
effect of these factors, the attack angle and radial velocity
continue to increase, the rotation angular velocity begins to
increase, the inclination angle and axial velocity begin to
decrease, the trajectory starts bending upwards. If the water-
entry angle is greater, the time of the vehicle entering the
water completely would be shorter, it also means that the time
of upward force moment acting on the vehicle would be
shorter. Based on the moment of momentum theorem, the
rotation angular velocity of the vehicle obtained is smaller,
the changes of the inclination angle, attack angle, axial ve-
locity and radial velocity are smaller, and the trajectory is
more straightness. After the vehicle head entering the water
completely, the upward force moment would disappear. The
vehicle relying on previous rotation angular velocity con-
tinues to roll, so the rotation angular velocity, attack angle
and radial velocity decrease to zero, the axial velocity de-
creases rapidly, the inclination angle tends to a constant, and
the trajectory tends to be straight.

(3) Simulation 3, the effect of the initial attack angle

Simulation initial condition: initial position xa0 ¼ �1 m;
initial water-entry velocity v0 ¼ 20 m/s; initial water-entry
angle q0 ¼ 45�; initial rotation angular velocity uz0 ¼ 0.
This paper researches the water-entry process of vehicle
similar to the airdrop torpedo. To reduce the water-entry
impact of the internal structure, the entry attack angle is not
set too large. So the initial attack angle is set separately 0�,
±5�, ±10�. Figs. 27e32 are the simulation results.

It is shown from Figs. 27e32: when the attack angle
a0 � 0, the greater the attack angle is, the greater the forward
rotation angular velocity is, and the change of the corre-
sponding attack angle is larger. At the same time, as the attack
angle increases, the decreasing trend of the inclination angle,
axial velocity and radial velocity are supposed to be greater. In
this condition, the trajectory is easier to bend upward, the
water depth and the horizontal displacement are smaller.

When the attack angle a0 < 0, the greater the attack angle
is, the greater the negative rotation angular velocity is, and the
change of the corresponding attack angle is larger. At the same
time, as the attack angle increases, the increasing trend of
inclination angle and the decreasing trend of radial velocity
are supposed to be greater, but the change of axial velocity is

Fig. 24. The change of the rotational angular velocity.

Fig. 25. The change of the axial velocity.

Fig. 26. The change of the radial velocity.
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Fig. 27. The change of the centroid trajectory.

Fig. 28. The change of the inclination angel.

Fig. 29. The change of the attack angle.

Fig. 30. The change of the rotational angular velocity.

Fig. 31. The change of the axial velocity.

Fig. 32. The change of the radial velocity.
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similar. In this condition, the trajectory is easier to bend
downward, the water depth is larger, and the horizontal
displacement is smaller.

At the beginning of water-entry, with the same velocity, the
larger the attack angle is, the larger the axial velocity is and
the less the radial velocity is. With certain distance between
the head of vehicle and water surface, under the effect of
gravity, there is a little increment of axial velocity in the
positive direction and a little reduction of radial velocity in the
negative direction, which causes a little positive attack angle.
Thus, when a0 � 0, all of the attack angle, axial speed, radial
speed increase in some degree, and the trajectory bends up-
ward, the larger the value of attack angle is, the more intensely
the trajectory bends. When a0 < 0, axial velocity increases a
little, but both attack angle and radial velocity decrease.
Meanwhile the trajectory bends downward, the larger the
attack angle is, the more intensely the trajectory bends. At the
moment that vehicle contacts the water surface, the normal
force and the upward force moment would be formed on the
lower face of vehicle's head. When a0 � 0, due to the attack
angle is positive, one force moment going upward is formed
by water. Under the common effect of two force moments,
attack angle increases firstly and then decreases, and rotation
angular velocity starts to increase. The trajectory bends up-
ward continuously, inclination angle reduces rapidly, and both
axial velocity and radial velocity begins to decrease. When
a0 < 0, because of the negative attack angle, one force
moment going downward is created by water, under common
effect of two force moments, attack angle reduces continu-
ously, and the rotation angular velocity begins to increase in
the negative direction. Meanwhile, the trajectory keeps
bending downward, the inclination angle increases, but the
axial velocity and radial velocity decreases. The larger the
attack angle is, the larger the force moment created by water,
and the more rapidly the trajectory, inclination angle, attack
angle, rotation angular velocity, axial velocity and radial ve-
locity would change. After the head of vehicle gets wetted
entirely, it doesn't provide the upward force moment. As the
attack angle keeps decreasing, the force moment formed from
water decreases to zero. Meanwhile, the rotation angular ve-
locity begins to reduce, and the attack angle, axial velocity and
radial velocity decreases quickly. Finally, the inclination angle
tends to a constant, and the trajectory gradually becomes
horizontal and straight.

5. Conclusion

According to control difficulty of trans-medium vehicle,
one control strategy that does control in air but not under-
water has been put forward. Taking the vehicle as the
research object, its water-entry process under condition
without control is analyzed. Taking the parameters like time-
varying buoyancy, added mass into account, the dynamic
model, suitable for water-entry of aircraft at low velocity is
established. The dynamic model can simulate the motion of
aircraft in the process of water-entry, and the outcome of
simulation keeps in favorable agreement with the result of

CFD calculation. With the proposed model, investigation
on the law of water-entry of aircraft is carried out, results
shown below:

1) In the process of water-entry, the motion of aircraft is
greatly influenced by the initial state.

2) The larger the initial velocity of water-entry is, the less the
change of aircraft's attitude will be and the trajectory is
going to be more stable, the larger the vertical and hori-
zontal displacement will be.

3) The larger the initial inclination angle of water-entry is,
the more stable the trajectory of vehicle will be, harder to
bend, and the larger the vertical displacement is, the less
the horizontal displacement will be.

4) The value and direction of attack angle play a significant
role on the water-entry process of vehicle. With the
increment of attack angle, the change of the attitude of
vehicle would become bigger, and the trajectory is sup-
posed to be easier to bend.
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