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Dynamics Analysis of Water Ditching of Deformable Helicopter
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Abstract: To understand the effect of attitude angle on helicopter water ditching, a finite element model (FEM) of
helicopter water ditching was established via the nonlinear finite element method. Based on the LS-DYNA soft-
ware, the finite element model of the helicopter was established. Different attitude of helicopter water ditching was
simulated and analysed. Three pressure measuring points were arranged in the aircraft belly area. The pressure
curves were provided seperately. Finally, the effects of attitude on helicopter water ditching was discussed, partic-
ularly the stability and the overload of helicopter. Through the contours of stress, it can be figured out that the
maximum pressure locates at the position of aircraft belly where stiffness is larger. Then simulation and experi-

mental results were compared. The difference of peak acceleration along the Z direction was small. Therefore, this

method is feasible and helpful for the design of helicopter water ditching.
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0 Introduction

Helicopter water ditching is different from
fixed-wing aircraft. The fixed-wing aircraft has a
large cargo compartment in the bottom, which
can absorb impact energy. The wing can also pro-
vide floating volume for low-wing plane. Mean-
while, the center of gravity is in the lower part of
fuselage, which is conducive to the stability of
aircralt on the water. However, the center of
gravity of helicopter is generally higher. Ditching
may cause the helicopter rollover, leading to acci-
dents. Because of limited volume under floor, the
ability of helicopter to absorb impact energy is
poor.

The landing gear of the helicopter can absorb
energy in ground crash, but in water ditching,
the landing gear is useless.

When ditching, the load distribution on the

helicopter structure is completely different from
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that on ground crash, as shown in Fig. 1.
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Fig. 1 Load distribution on structure of crash and ditching

In the case of ground crash, the helicopter’s
beam and frame structure of belly can absorb a
large number of impact energy. While ditching on
water, the main load is equipped on the belly
skin, which is easy to fracture because of such
large impact energy.

Traditional research method for helicopter
water ditching is experiment, which can verify
whether or not the requirements are met. For ex-

ample, the full scale WG30 water ditching experi-
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ment™! was carried out. The experiment was de-
signed by WESTLAND Corporation. The heli-
copter is 14. 23 m long, 3. 04 m wide and 3.1 m
high. The materials are mainly aluminum alloy
and titanium alloy. WG30 contains 10 passenger
seats, a pilot seat, a rotor rotating system, and
two engines. The mass of structure is 3 000 kg.
There are 21 acceleration sensors and 12 pressure
sensors placed on the helicopter.

With the development of computer technolo-
gy, CAE technology has become more mature. A
large number of simulations have been carried out
abroad for various scientific issues. Since 1990s,
an important development of water ditching simu-
lation is the application of finite element technolo-
gy. The maturity of the finite element technique
makes it possible to analyze the structure and flu-
id coupling. The complex 3D geometry, the non-
linear free surface, the compressibility of water
and the deformation of the structure can be con-
sidered at the same time. Using the software L.S-
DYNA, Brooks and Anderson'” simulated the
water ditching of Apollo re-entry module. Streck-
walll*! studied the free surface and the free move-
ment of water when aircraft is ditching using the
smoothed particle hydrodynamics (SPH) meth-
od. In 2009, Nathalie™! also applied this method
to the ditching of helicopter. Results showed that
it was feasible. Paul™ used the PAM-CRASH to
establish water wave.

In recent years, domestic researchers have
looked into the research of fluid-solid coupling
with SPH method and any Lagrange-euler (ALE)
method. Guo'® focused on the mechanical per-
formance of the hybrid wing-body configuration
aircraflt SAX-40. They concluded that the aircraft
had unstable trend of jumping off water. Using
ALE method, Fang'”! simulated water ditching of
fixed-wing aircraft, and got some overload
curves. Based on SPH method, Yan"! simulated
water ditching of fixed-wing aircraft and got the
results that 12 degrees of pitch angle and landing
gear raised was the best state of ditching. Based

on ALE method, Zhu'" obtained the maximum

stress anddamage area of fuselage. Shen™® de-

signed airbag buffer system of lunar probe then
simulated the buffer process, which could reduce
the overload of the lunar probe effectively. Using
LS-DYNA, based on ALE method, Li*'" simula-
ted water ditching of helicopter, resulting in some

2] established a certain

useful conclusions. Sun
type of aircraft rigid body and elastic body, using
SPH method to show the water splashing.

Based on LS-DYNA, the finite element mod-
el of the helicopter was established in this paper.
Different attitude of helicopter water ditching was
simulated. Three pressure measuring points were

arranged on the aircraft belly. The effects of atti-

tude on helicopter water ditching was analyzed.

1 Theory of SPH

1.1 Explicit solution

Since water ditching includes geometric non-

linearity, material nonlinearity and contact-
boundary nonlinearity, simulation can only use a
very small time step. A simulation algorithm is
required to convert the nonlinear stiffness matrix
when using implicit solution, which causes it dif-
ficult to guarantee the convergence of large non-
linear problem. However, explicit simulation al-
gorithm can directly solve the problem by non-
coupled equations. It does not require the trans-
formation of stiffness matrix, which is more suit-
able for ditching problem. Therefore, the central
difference method™™ is used.

The step is divided by n and time step At" in
the time domain. d" =d" (¢*) is the node displace-

ment. Time increment is defined as follows

A[”Jﬁ% :l”7] . [n ’Ln+% — % ([n*l + [n)
A =T — T @b
Velocity difference formula is defined as
follows
wtl _ gm
VN‘F% :d,1+1 d” — 1 - (dn+1 _dn) (2)
t — Atn-7
Integral form is defined as follows
dn+l :du + Atnv% ,Uqu% (3)
Acceleration is defined as follows
N L S 7 N S S 1T
oA dl) At zl(d d )(4)
AT ALALTT
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The time integration equations of the impact
motion can be expressed as
Ma" = f* = fd".t") — f (d".t")  (5)
where M is the mass, f the external node force,
f™ the internal node force. Boundary condition is
expressed as
gi(d")=0 (6)
VT =T AIM <)
Under the boundary conditions, the displace-
ment of node d" is known. The nodal force f" is
determined by the constitutive equation and the
nodal force equation. Therefore, the node dis-
placement can be determined by the formula.
Thus, the displacement, strain and stress can be
solved.
But it should be noted that the explicit cen-
tral difference method is conditionally stable algo-
rithm. Every time step should not exceed the

critical time step size.
1.2 SPH method

SPH method"" is a mesh free method. The
idea of this method is to describe the continuous
fluid with the particle group. Each point contains
a variety of physical quantities, including mass,
speed, etc. The mechanical behavior of the whole
system is obtained by solving the dynamic equa-
tion of the particle group. The mechanical
process can be accurately described as long as the
number of particles is enough. There is no grid
relationship between particles, so it can avoid the
distortion of the mesh with large deformation.

The domain is represented by a series of ran-
dom particles. The initial particles are evenly ar-
ranged usually. The field function is approxima-
ted by the integral representation method, which
is called kernel approximation in the SPH meth-
od.

The integral expression of the neighboring
particles in the support domain is used to calcu-
late the expression of the field function, so the
SPH method is adaptive.

The particle approximation is applied to the
field function of all partial differential equations.

Then discretize the differential equation of parti-

cles. It is a pure Lagrange method. Finally, the
variation values of the field variables of all parti-
cles are obtained by using the explicit integration
method.

The SPH method is based on kernel estima-

tion, which is based on function
A(r)szu’) 5Cr— ' dr )
The integral approximate expression is
(AP =J AG) wlr— o dd (9)

where W is the kernel function, which is used to
generate an estimate to filter the local fluctua-

tions. Kernel W should satisfy function as fol-

lows
1 2
w(r,h) =(——)e ;2 (10)
hm
Jw(r*r/,h)dr/ZI 1D
D

Since the SPH method is not restricted by
grid continuity, it is possible to simulate splash

accurately than the ALE method.

2 Mesh Refinement

A hemisphere drop vertical onto cylindrical
shape of water, which use penalty function meth-

[15]

od as contact algorithm The simulation and

1157 are compared. Then the sen-

experimental data
sitivity of grid was studied. Simulation is carried

out using international closed unit.
2.1 Parameters of model

The parameters of hemisphere and the water
region are shown in Table 1. The grid size of the
hemisphere is 0. 005 m. The number of nodes is

4 602, and the number of cells is 4 618.

Table 1 Parameters of hemisphere and water

Parameter Value
Diameter of water/m 0.660 4
Depth of water/m 0. 381
Diameter of hemispheric/m 0.203 2
Mass of hemispheric/kg 29
Vertical velocity/(m « s ') 7.62
Time/s 0.03

The different particle size was studied in or-

der to identify the influence of the particle size,
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which are shown in Table 2 and Fig. 2.

Table 2 Particle size and element number

Diameter of particle/m Element number

0.015 38 200
0.010 130 568
0. 005 1 040 592

(a) 0.015 m mesh
spacing

(b) 0.01 m mesh
spacing

(¢) 0.005 m mesh
spacing

Fig. 2 Different particle size

2.2 Results

The experimental result in the literature,
and the simulation results of 0. 015 m, 0. 01 m,
0. 005 m particle are shown in Fig. 3. The particle
grid of 0. 005 m is in good agreement with the ex-
perimental data.

It can be concluded that the simulation re-
sults can be trusted when the water particle grid

size is almost the same to the object.

Test data
0.015 m mesh

Acceleration Z/
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(a) 0.015 m particle
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Fig.3 Vertical acceleration of different particle size

It can figure out that the simulation software

and method for helicopter water ditching are fea-

sible.

3 Water Ditching of Helicopter

3.1 Element type and failure criterion

The structure of helicopter can be seen as a
thin-wall. There are 4-node quadrilateral and 3-
node triangular element types. Because of its high
calculation accuracy, Hughes-Liu shell element is
applied to deformable structure, which satisfies
Kirchhof assumption. Along thickness direction,
it is assumed to be uncompressible. The normal
of middle surface is still a straight line when de-
formation.

The beam element involves two basic algo-
rithms: Hughes-Liu and Belytschko-Schwer.
Hughes-Liu beam element is a traditional integral
element. A set of integral points are adopted to
simulate the rectangular or circular cross section.
Belytschko-Schwer beam element is an explicit al-
gorithm. It is important that the mesh should be
refined in dynamic problem, because the mass
distribution is very important in this algorithm.

The deformation of helicopter is mainly the
plastic deformation of metal and the failure of
composite. The elastic deformation can be consid-
ered if the yield limit of the material is not
reached. The failure criterion of composite mate-

rials is Hashin.
3.2 Parameters and cases of model

The model is simulated by shell and beam el-

ement. Specify the mass for concentrated mass
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points, then associate them with the structure
surrounding. It is shown in Figs. 4,5. Coordinate
system is shown in Fig. 6. The plane of X=0 is
6.49 mm before the rotor center. The plane of
Y=0 is symmetry plane of helicopter. The plane
of Z=0 is the floor of cabin. There are three
pressure measuring points arranged in the aircraft
belly area, which is shown in Fig. 7.

The materials of helicopter are aluminum al-

loy, titanium alloy, honeycomb sandwich and

Fig. 4 Shell element with concentrated mass points

Fig. 5 Beam element with concentrated mass points

Fig. 6 Coordinate system of helicopter

Fig. 7 Location of pressure measuring points

carbon fiber composite. Their properties are
shown in Tables 3—5. Parameters of Water are
shown in Table 6. There are seven cases, inclu-

ding the variety of attitude angle, initial speed,

etc.
Table 3 Properties of alloy
E,/ !7/,/ O'()AZ/ Z‘/y/
Parameter . 7
GPa MPa MPa MPa
2A12/L.Y12 68 390 270 214 0.3
LLD10 71 420 270 214 0.3
7075 71 430 390 258 0.3
TA2 102 490
0Cr18Ni9 199 569 206
30CrMnSiA 196 1 080 930 648 0.3
1Cr17Ni2 193 1 080
Table 4 Properties of carbon fiber composite
Parameter Value Parameter Value
8 /mm 0. 285 Y, /MPa 700
E, /GPa 56 Y¢ /MPa 830
E,, /GPa 56 S, /MPa 390
sz 0.094 S,; /MPa 350
X+ /MPa 700 Si; /MPa 350
X /MPa 830
Table 5 Properties of honeycomb sandwich
Parameter Value
G,; /MPa 47
Gy; /MPa 36
E,, /MPa 484
Table 6 Properties of water
Parameter Value
Geometry/(m X mXm) 64X12.8X8
Density/(kg « m™*) 1 000
Dynamic viscosity/(Pa + s) 0.001 01
Speed of sound in water/(m * s ') 1 484

Table 7 Case of helicopter

Angle  Angle of Angle of

Case Vel l ve/ ] of pilgch/ rfll / ij/
(mes Dlmes ') ) ) )
1 15.3 3.9 6 0 0
2 15.3 3.5 8 0 0
3 15.3 3.9 10 0 0
4 15.3 3.9 6 —5 0
) 15.3 3.9 8 —5 0
6 15.3 3.9 10 -5 0
7 15.3 3.5 6 0 15
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4 Results and Analysis

The acceleration curves, the attitude angle
curves and the pressure distribution are achieved
of the deformable helicopter. All the curves are
filtered using CFC SAE 1807,

4.1 Casel

The helicopter touches water at the moment
of 0. 12 s. The stress at the moment is mainly
distributed at the bottom of short wing and the
rear of belly. Then, due to nose-down moment,
the location of maximum stress moves forward.
It moves to the bottom of cockpit at the moment
of 0.45 s. The peak overload in the vertical direc-
tion is 24, 8 m/s*, which appears at the moment
of 0. 25 s. The yaw angle changes little. The
maximum von-mises effective stress is 218 MPa,
so there is no plastic deformation and failure. The
maximum pressure distributes in the belly where
the stiffness is higher. Three pressure measuring
points are arranged in the belly. The pressure
curves of P,,P,,P, are achieved. The peak pres-
sure is 452 376 Pa(Fig. 8).

Fig. 8 Attitude of the helicopter and the splash of water at

the moment of 0. 15, 0.3, 0.45, 0.6 s

4.2 Case 2

The helicopter touches water at the moment
of 0. 11 s. The stress at the moment is mainly
distributed at the bottom of short wing and the
rear of belly. Then, due to nose-down moment,
the location of maximum stress moves forward.
It moves to the bottom of cockpit at the moment
of 0.43 s. The peak overload in the vertical direc-

tion is 21. 7 m/s*, which appears at the moment

of 0. 24 s.
the belly where the stiffness is higher. Three

The maximum pressure distributes in

pressure measuring points are arranged in the bel-
ly. The peak pressure is 618 992 Pa Figs. 9—16.

Fig.9 Contours of stress at the moment of 0. 15, 0. 3,

0.45, 0.6 s

Fig. 10 Contour of peak pressure
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Fig. 11 Curves of pressure at P, . P,, P,
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Fig. 12 Curves of acceleration in X,Y.Z direction

4.3 Case3

The helicopter touches on water at the mo-
ment of 0.1 s. The stress at the moment is main-

ly distributed at the bottom of short wing and the
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Fig. 13 Curves of attitude angle in X,Y,Z direction

Fig. 14 Attitude of the helicopter and the splash of water
at the moment of 0. 15, 0.3, 0.45, 0.6 s

Fig. 15

Contours of stress at the moment of 0. 15, 0. 3,

0.45, 0.6 s

Fig. 16 Contour of peak pressure

rear of belly. Then, due to nose-down moment,
the location of maximum stress moves forward.
It moves to the bottom of cockpit at the moment
of 0.4 s. The peak overload in the vertical direc-
tion is 17. 2 m/s*, which appears at the moment
of 0.23 s. The peak pressure is 687 746 Pa(Figs.
17—19).
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Fig. 19 Curves of attitude angle in X,Y,Z direction

4.4 Case 4

The helicopter touches water at the moment
of 0. 08 s.
distributed at the bottom of left short wing.

The stress at the moment is mainly

Then, due to nose-down moment and rolling mo-
ment, the location of maximum stress moves for-
ward and right. The peak overload in the vertical
direction is 13. 2 m/s*, which appears at the mo-
ment of 0.2 s. The yaw angle changes larger. It
becomes unstable. The peak pressure is 442 478

Pa(Figs. 20—26).
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Fig. 20 Attitude of the helicopter and the splash of water

at the moment of 0. 15, 0.3, 0.45, 0.6 s

Fig. 21

Contours of stress at the moment of 0. 15, 0. 3,

0.45, 0.6 s

Fig. 22 Contour of peak pressure

Pressure/10° Pa

Fig. 23 Curves of Pressure at P;, P,, P

4.5 Case7

The helicopter touches water at the moment
of 0. 12 s. The stress at the moment is mainly
distributed at the bottom of left short wing and
the rear of belly. Then, due to nose-down mo-

ment and yawing moment, the location of maxi-
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Attitude angle/(°)

3
00 02 04 06 08 1.0 12 14 1.6

Fig. 25 Curves of attitude angle in X,Y,Z direction

Fig. 26  Attitude of the helicopter and the splash of water

at the moment of 0. 15, 0.3, 0.45, 0. 6s

mum stress moves forward. The peak overload in
the vertical direction is 15. 1 m/s”, which appears
at the moment of 0. 25 s. The yaw angle and roll
angle changes larger. It becomes very unstable.
The peak pressure is 432 323 Pa(Figs. 27—29).

4.6 Different pitch angle

The curves of vertical acceleration of helicop-
ter with pitch angles of 6°, 8°, and 10° are shown
in Fig. 38.

It can figure out that vertical peak accelera-
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Fig. 31 Curves of attitude angle in X,Y,Z direction

Fig. 32 Attitude of the helicopter and the splash of water

Fig. 28 Contour of peak pressure

at the moment of 0. 15, 0.3, 0.45, 0.6 s

Fig. 33 Contours of stress at the moment of 0. 15, 0. 3,

0.45, 0.6 s

Pressure/10° Pa

1
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Fig. 29 Curves of Pressure at Py, P, P;

tion is decreased with the increase of the pitch an-

gle. Therefore, increase the pitch angle appropri-

ately can reduce the peak overload of helicopter
(Figs. 30—38).
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Fig. 34 Contour of peak pressure

4.7 Different roll angle
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The curves of vertical acceleration of helicop-
ter with roll angles of 0° and 5° are shown in

10 s ~ . . . B
00 02 04 06 08 10 1 Fig. 39. Curves of attitude angle in X,Y,Z direc

tion with roll angles 0° and 5° are shown in

Fig. 30 Curves of acceleration in X.Y,Z direction Fig. 40.
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+ Acceleration_ X
Acceleration_Y

N Acceleration_Z 1121
) 10
£ 9
g 8
% 7
5 ~ 6
o
< <5‘ 3
[
1
-10 0
00 02 04 06 08 1.0 12 :21 3
. Y I
00 02 04 06 08 1.0 12 14 16 1.8 2.0
Time/s
(a) Roll
12
11
10
® 9
E ~ 8
g L 7
2 £ S
B 4
3
2
1
0
00 02 04 06 08 10 12 14 1. . .0 0.0 02 04 06 08 10 12 14 16 18 20
ime/s Time/s
(b) Pitch
2.0
1.5¢ <5
~ 1.0} R
g N, 0} e
\ ; -] .
£ i .
8 ! " “ 0.0 g
© .
= ; ! : ; il ‘ ! | _\’_’——N—\\
2 ; y NI ‘ | 05l
3 g il ﬁwﬂ AT T 0.5
< | | "R ‘ r Y v
[ ol e
{ i 00 02 04 06 08 10 12 14 16 18 20
00 02 04 06 08 1.0 12 14 16 18 2. Time/s
/s (c) Yaw
Fig. 38  Curves of vertical acceleration of helicopter with Fig. 40 Curves of attitude angle in X,Y,Z direction with

pitch angle 6°, 8°, and 10° roll angle 0° and 5°



730 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 34

It can figure out that vertical peak accelera-
tion is decreased with the roll angle, because the
area of helicopter contact with water decreaseds at
the beginning. But ditching becomes unstable for

the yaw angle increases a lot.
4.8 Different yaw angles

The curves of vertical acceleration of helicop-
ter with yaw angles of 0° and 15° are shown in
Fig. 41. Curves of attitude angle in X,Y,Z direc-
tion with yaw angles 0° and 15° are shown in
Fig. 42.
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Fig. 41 Curves of vertical acceleration of helicopter with
yaw angle 0° 15°
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Fig. 42 Curves of attitude angle in X,Y,Z direction with

yaw angle 0° and 15°

It can figure out that vertical peak accelera-
tion is decreased with the yaw angle. But the
ditching becomes very unstable for the yaw angle

and roll angle increases a lot.

5 Comparative Analysis of Simula-
tion and Experimental Results
The experiment of helicopter water ditching

is carried out by a Russian institution. It returns

the data of Cases 1—7. The peak vertical acceler-

ation is compared, which is shown in Table 8.

Table 8 Comparison of simulation and experimental data

Peak acceleration Peak acceleration

Difference/

Case of simulation/ of experiment/
., ., %
(m=+s ) (m=+s %)
1 24.8 28.7 —13.59
2 21.7 24.4 —11.07
3 17.2 18.6 —7.53
4 13.2 15.2 —13.16
5 11.2 12.1 —7.44
6 9.3 10.2 —8.82
7 15.1 13.9 8.63

The trend of simulation and experimental re-
sults is similar, which proves that the simulation

results are credible.

6 Conclusions

(1) The validity of water ditching method for
kinds of this problem is verified. The rationality
and correctness of this method is proved.

(2) Different attitude of helicopter water ditc-

hing are simulated. The curves of acceleration and
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curves of attitude angles in X,Y, Z direction are a-
chieved. Three pressure measuring points are ar-
ranged in the aircraft belly area. The effects of atti-
tude on helicopter water ditching are discussed, par-
ticularly the stability and overload of helicopter.
Through the contours of stress, the maximum pres-
sure distributes at the position of aircraft belly where
stiffness is larger. Roll angle and yaw angle have dis-
advantage on water ditching.

(3) Simulation and experimental results are
compared. The difference of the peak load is
small, which proves that the simulation method

is feasible.
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