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Abstract: The large eddy simulation (LES) method combined with the global dynamic grid strategy is used to

numerically study the influence of pitch angles on cavitation and ventilation phenomena in the rear of fuselage during

ditching. The volume of fluid (VOF) method is used to capture the interface. By analyzing the normal force,

moment, pressure distribution and nephograms, we find that the pitch angle has a great influence on the total load,

the cavitation occurrence time and its transition to ventilation, thus affects the longitudinal load distribution and the

controlling of aircraft dynamics.
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0 Introduction

Aircraft ditching is an emergency procedure
consisting in a controlled landing on water. Different
from impacting on the ground, a ditching event in-
volves various complex fluid-structure interaction
dynamics, leading to phenomena like cavitation and
ventilation. Cavitation is a phase change from liquid
to vapor as a result of a sharp drop of pressure in liq-
uid to or its vapor pressure. When cavitation oc-
curs, a low pressure zone forms in the rear part of
the fuselage, resulting in air sucked in cavity and the
pressure back up to atmospheric levels, causing ven-
tilation. According to the results of some model
tests, for a ditching event with forward velocity,
cavitation and ventilation may have great influence
on aircraft dynamics by strongly affecting the load
and pressure distribution'".

Theoretical analysis on water impact were first

I."*" and Wagner et al."

carried out by Karman et a
and has been supplemented and developed subse-

quently. Experimentally, due to the aircraft dimen-
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sions and high horizontal velocities, scaled model
tests are often conducted for aircraft ditching. The
UK Company Cape Engineering performed the
ditching tests on the 1: 8 scaled model of EADS-
CASA CN235-300M'. Some speculations based
on the results suggest that cavitation and ventilation
may also be significant for aircraft ditching. Howev-
er, scaled model tests on the full aircraft do not
properly reproduce cavitation and ventilation phe-
nomena that might take place at the rear, and there-
fore do not accurately reproduce the bottom fuselage
pressures and kinematics of the fuselage during the
impact phase. With the development of computer
technology and numerical simulation methods, the
tendency is to use computational tools to simulate
the hydrodynamics of ditching. Climent et al. used
the smoothed particle hydrodynamics (SPH) meth-
od to simulate the ditching of EADS-CASA
CN235-300M aircraft*’. It is pointed out that the
suction force (negative pressure) at the rear fuse-
lage is important during ditching. Zhang et al. used

general coupling method to calculate the attitude
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and pressure of large civil aircraft ditching with tak-
ing suction force into account'”. It is concluded that
the suction force greatly affects the attitude of plane
ditching and that the air model is indispensable for
suction force generation. There are also other simi-
lar simulations on fluid-structure interaction in the

7] However, due to

rear fuselage during ditching
the highly nonlinear fluid-structure interaction dy-
namics during ditching, numerical models available
at this time can hardly take all complex effects into
account, thus causing errors, low capture accuracy
of flow phenomena and high demand of computa-
tional resources.

In order to investigate the cavitation and venti-
lation modalities during ditching and overcome the
limits imposed by scaling effects as well as provid-
ing valid experimental data for numerical simula-
tions, tests on a double curvature specimen are con-
ducted by Iafrati et al. by using high speed ditching
facility (HSDF) at the Institute of Marine Engineer-
ing of the Consiglio Nazionale delle Ricerche (CNR-
INM)'.

The large eddy simulation (LES) method
coupled with global dynamic mesh strategy as well
as the volume of fluid (VOF) method is applied
to simulate the cavitation and ventilation phenome-
na during the double curvature shaped body ditch-
ing. By analyzing loading and pressure distribution
as well as nephograms, the influence of pitch an-
gles on cavitation and ventilation phenomena, and
further on aircraft dynamics during ditching is pre-

sented.

1 Rear Fuselage Model and Test

Condition

Numerical simulation is carried out based on
the tests on a double curvature specimen impacting
on water conducted by Iafrati et al.""’. The double
curvature specimen is a rear portion of a fuselage
shape described by analytical functions™®’', which
has a circular-elliptical cross section shown in Fig.1
(a) that is typical of cargo aircrafts. The longitudi-
nal section of the specimen is shown in Fig. 1(b).

The fuselage portion used in the tests is that with
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Fig.1 Schematic plot of specimen sections

| y|<<330 mm and 6 710 mm <+ < 7 950 mm.

The specimen is equipped with a total of 30
pressure probes, as shown in Fig.2. In addition to
pressures, the total forces in the longitudinal and
normal directions are measured as well. The normal
component is measured at the rear and at the front

to estimate the center of loads.
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Fig.2 Position of pressure probes

The vertical to horizontal velocity ratio V/U
can be achieved in the range of 0.03—0.05. The
pitch angle @ of the specimen can be varied from 4°
to 10° while the maximum horizontal velocity is
47 m/s. The velocity of the specimen is seen as con-
stant during ditching.

More details about the fuselage shapes and the
high-speed ditching facility are provided in Ref.[ 1].
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2 Numerical Model and Computa-
tional Methods

2.1 Numerical model

The governing equations are established based
on the continuity and momentum equations for the
three-dimensional homogeneous unsteady multi-
phase incompressible Navier-Stokes system. The fi-
nite volume method (FVM) is used to discretize the
governing equations. The second-order implicit tem-
poral discretization is chosen and the convection
term is discretized with bounded central difference
scheme.

The LES approach with WALE (Wall-adapt-
ing local eddy-viscosity) subgrid-scale (SGS) mod-
el is adopted in the simulation. The mass transfer
cavitation model used in this paper was developed
by Schnerr et al."”. The model is based on a re-
duced Rayleigh-Plesset equation''’’ and neglects the
influence of bubble growth acceleration, viscous ef-
fects and surface tension effects.

The VOF method is used to capture the inter-
face and the global dynamic mesh strategy is used to

simulate the rear portion of the fuselage ditching.
2.2 Mesh generation strategy

Structured hexahedral meshes are used to simu-
late the flow field. As shown in Fig.3, refined
boundary layer meshes are generated near the wall
of the rear fuselage to accurately capture the flow in-
formation of the boundary layer, ensuringy =

u*y/v% 1, where y is the thickness of the first cell

from the rear fuselage surface, u.the wall frictional
velocity and v the kinematic viscosity of the fluid.
Local mesh refinement is performed near the rear fu-
selage and near the water surface in order to capture
the multiphase flow phenomena accurately. The
adaptive mesh refinement model is adopted as well.
The dimensions of the computational domain
are 5.8 mX4.0 mX 2.0 m. The total number of cells
is more than 16 760 000. The time step is set to 2 X

107*s and adaptive time step model is used with the

Fig.3 Structural meshes

minimum time step is 5 X 1077 s.
2.3 Boundary conditions

The boundary conditions are shown in Fig.4. A
no-slip boundary condition is imposed on the rear fu-
selage surface, velocity inlet boundary conditions
are imposed on the front and bottom boundaries of
the domain and pressure outlet boundary conditions

are set at the rest of the boundaries.

Pressure outlet

. Wall
Vql(;city ®? ilet Pressure
inlef ressure outle outlet
Velocity inlet 2 '

Fig.4 Boundary conditions

3 Numerical Results and Analysis

The LES method coupled with global dynamic
mesh strategy as well as the VOF method 1s applied
to simulate the cavitation and ventilation phenomena
during the double curvature shaped body ditching.
The simulations are performed at V/U ratio of
0.037 5, horizontal velocity of 45.2 m/s and pitch
angles of 4°, 6° and 8. In the simulation conditions,
the condition that @ = 6"is chosen to be compared
with the experimental results and then the role
played by pitch angles on cavitation and ventilation
phenomena is studied. The moment when the speci-
men first touches the water surface is considered as
t=0 while the time when the spray root reaches the
leading edge is seen as the end of the impact phase.

The solid black vertical lines and red lines in
Fig.5(a,b,c) indicate the end of the impact phase in
the simulation and in the test, respectively. The
dashed vertical black lines and red lines denote the

middle of the impact phase in the simulation and in
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Fig.5 Time histories of measured parameters and schematic plot of phase distribution when a = 6°

the test, respectively. The edges of the rear fuse-
lage model are marked by the red dashed lines in
Fig.5(d,e).

The comparison of the total force exerted by
the fluid normal to the specimen between test and
simulation at @« = 6° is shown in Fig.5(a). The nor-
mal force generally shows an increasing trend and
the maximum value of the normal force in the simu-
lation is in good agreement with that in the test
while it appears earlier in the simulation than in the
test. This is related to velocity reduction in the test
and as a result, it costs more time for the spray root
to get to the leading edge. The force moment about
the midpoint of the midline on the upper surface of
the specimen is measured as well in the simulation.
As is shown in Fig.5(b) , the specimen is generally
subjected to a nose-up pitching moment, which ex-
hibits an overall rising trend but drops a little at
about 7=0.032 5 s when the cavitation ends and ven-
tilation begins, indicating a backward movement of
the center of loads while the overall trend is for-
ward. Similarly, a sudden increase in the force at

the rear is observed in the test when ventilation en-

ters into play, leading to a sharp rise of the total
force'" , which is also observed in the simulation at
t=0.032 5 s. Overall, the numerical simulation re-
sults agree well with the test results.

The time histories of the pressure measured at
the positions where the pressure probes P4, P9,
P13 and P17 are located are shown in Fig.5(c). At
the first contact with the water surface, pressure at
the positions where probes P17, P13 and P9 are lo-
cated rises up sharply and the peak value at P17 is
the largest, which is consistent with the test results.
Subsequently, a pressure reduction shows at all
probe locations, with P17 first dropping to the satu-
rated vapor pressure, then P13, P9, and finally P4.
The delay of the pressure drops at different probe lo-
cations indicates that the cavitation bubble needs
some time to get to different probe locations.

With cavitation ends and ventilation begins,
pressure values at all probe locations rise up to the
ambient pressure, which corresponds to the time
histories of the normal force and the force moment.

Different from the time history of the pressure mea-
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sured at different probes in the test, a new cavita-
tion bubble is developed in the simulation, which is
probably due to the velocity reduction in the test.
The phase and pressure nephograms at the bot-
tom of the double curvature shaped rear fuselage at
when a=6"is shown in Fig.6. The curves corre-
spond to the time histories of the pressure and the to-

tal loading.
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Fig.6 Phase and pressure distribution at bottom of rear fu-

selage when a = 6°

The time histories of the total force exerted by
the fluid normal to the rear fuselage at different pitch
angles is shown in Fig.7. A sudden rise of the nor-
mal force when cavitation ends and ventilation be-
gins is also observed in the cases of
a=4"and 8°. The normal force reaches its peak
first at @ = 4" as the vertical distance from the lead-

ing edge of the specimen to the water surface is the
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Fig.7 Time histories of total force exerted normal to rear

fuselage at different pitch angles

shortest in this case and as a result the least time 1s
needed for the spray root to reach the leading edge,
reducing the time duration of the impact phase. The
peak value of the normal force increases with in-
creasing the pitch angle. The time histories of the
force moment about the midpoint of the midline on
the upper surface of the specimen for the cases at dif-
ferent pitch angles are shown in Fig.8. The trend of
the time histories of the force moment at @ = 4° and
8”is similar to that at @ = 6°. The peak value of the
force moment increases with the increase of the
pitch angle and the peak comes earlier at smaller

pitch angles.
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Fig.8 Time histories of force moment about midpoint of
midline on upper surface of rear fuselage at different

pitch angles

The time histories of the pressures for the cas-
es at pitch angles of 4” and 8 are shown in Fig.9. By
comparing the time histories of the pressures for the
different cases, it is seen that the cavitation occurs
earlier and the time duration of the cavitating phase

shrinks with reducing the pitch angle. As a result,
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Fig.9 Time histories of relative pressure at positions where

probes P4, P9, P13, and P17 are located

the occurrence of ventilation is also earlier in the im-
pact phase at small pitch angles. Also, the pressure
values at the same pressure probe location are big-
ger at larger pitch angles. The corresponding phase
nephograms of the cases at @ = 4" and 8" in the mid-
dle and at the end of the impact phase are shown in
Fig.10.
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Fig.10 Phase distribution on bottom surface of rear fuselage

and water surface deformation

4 Conclusions

The cavitation and ventilation phenomena tak-
ing place in the rear part of the fuselage during ditch-
ing have been numerically investigated and a good
agreement is achieved between numerical and exper-
imental results. The influence of pitch angles on cav-
itation and ventilation phenomena, and further on
aircraft dynamics during ditching is studied as well
by analyzing loading and pressure distribution as
well as nephograms. The main conclusions are:

(1) When cavitation occurs, pressure will drop
to the vapor pressure and there is a delay of pressure
reduction at different pressure probe locations as the
cavitation bubble needs some time to propagate.
Then ventilation starts and the pressure rises to the
ambient level.

(2) Cavitation and ventilation affect the total
force exerted normal to the rear fuselage and its dis-
tribution. When cavitation ends and ventilation en-
ters into play, there is a sharp rise of the total force
and a sudden drop of the nose-up pitching moment,
indicating a backward movement of the center of
loads. The transition from cavitation to ventilation
affects the longitudinal distribution of loading that

governs the aircraft dynamics.
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(3) The pitch angle has influence on the total
force exerted normal to the rear fuselage and the
force moment. The normal force reaches its peak
earlier at smaller pitch angles due to shorter distance
from the leading edge to the water surface and the
peak value increases with the increase of the pitch
angle. The trend of the force moment is similar to
that of the normal force.

(4) The pitch angle affects the occurrence time
of cavitation and the time duration of the cavitating
phase. To be specific, cavitation occurs earlier and
its duration is shorter at smaller pitch angles, caus-
ing the transition from cavitation to ventilation earli-

er in the impact phase.
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