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Abstract: The cabin structure of amphibious aircraft needs to withstand the impact force in the process of water-entry,
which will affect the performance of amphibious aircraft significantly. A baseline cabin structure for an amphibious
aircraft is established. According to the cabin geometry, the pressure distribution on the cabin during the water-entry
process is obtained by numerical simulation. A finite element model of the cabin structure is established and the
parametric study is carried out to obtain the effects of different design parameters on the cabin structure. Then, a
framework is built to optimize the cabin structure, with the structural deformation and stress distribution during the
water-entry process taken into account. In the optimization, the strain and stress are regarded as the constraints and
the structure mass is the objective. After the optimization, the optimized design is further verified using the one-way
coupling analysis method. The results show that the distribution of internal stringers and the thickness of the bottom
skin have a significant influence on the maximum von Mises stress. By optimizing the design parameters of the cabin
structure, the structure mass can be significantly reduced while the structural strength and stiffness can satisfy the
constraints simultaneously.
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0 Introduction

Amphibious aircraft, which can take off and
land on both water and land, play a key role in a va-
riety of missions, such as emergency response and
rescue. A complex fluid-structure interaction phe-
nomenon will occur when the amphibious aircraft
takes off or lands on the water. Different from con-
ventional aircraft, the amphibious aircraft needs to
withstand the short-term but strong hydrodynamic
load, which becomes one of the primary loads in the
structural design of amphibious aircraft'’’. The cabin
structure is an essential part of the amphibious air-
craft, which needs to carry the weight of the on-
board equipment and resist the impact force while

landing on the water. To ensure the safety, the cab-
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in structure weight could account for a high fraction
of the overall structure weight. Thus, how to design
a lightweight cabin while meeting its load-carrying
requirements has become a significant problem in
the development of amphibious aircraft.

The cabin structure of amphibious aircraft
needs to consider the hydrodynamic load during
landing. This process can be simplified as a water-
entry problem, and numerous studies have been per-
formed in this field. Dated back to 1920s, Von Kar-
man'? has carried out study on the water-entry im-
pact of structures by using the additional mass algo-
rithm method. The floating raft structure of an am-
phibious aircraft was simplified as a two-dimension-
al wedge, and the pressure load formula of the colli-

sion between an amphibious aircraft and the water
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surface was deduced according to the law of conser-
vation of momentum. Wagner” proposed the ap-
proximate blunt flat plate theory with a small inclina-
tion model to solve the overall force on the structure
during its entry into the water. Also, considering
the liquid surface has a bulging phenomenon, the
lifting of the liquid surface during impact was regard-
ed as the liquid’s around-flow motion on the flat
plate. Vitaly et al."*’ found that amphibious aircraft
had a reduced flight performance compared with
land-based aircraft of the same size due to the pres-
ence of bottom hulls or pontoon structures. Bahulek-
ar” studied splash bars on the bottom of a ship, and
the results showed that they could effectively im-
prove the take-off and landing performance of the
hull, and help to reduce the splash.

Experimental study was also performed in this
field. In 1940s, the National Advisory Committee
for Aeronautics (NACA) firstly conducted experi-
mental research on the water landing performance of
%) established the dynamic models of
B-26, B-25, B-17F, B-24 and A-20A, and carried

out the water landing experiment of the aircraft,

aircraft. Steiner

which provided a reference for the rescue work of

1. conduct-

aircraft landing on water. Tveitnes et a
ed water entry tests on wedge to investigate the ef-
fects of mass, angle, and velocity on the surface
pressure of the structures. Panciroli et al."*"" studied
the water-entry process of the wedge-shaped struc-
ture, and analyzed the fluid-structure coupling phe-
nomenon of elastic structures during the water-entry
process. The dynamic response of the structures
was examined and it was found that the larger struc-
tural deformation has an important effect on the flow
of fluids. Sun et al.""” investigated the relationship
between acceleration and strain during the water-en-
try process and the structural response law of wedg-
es in the water entry process by changing the condi-
tions of wedges with different oblique inclination an-
gles, velocity, thickness and other parameters.

Canamar' "

carried out an experimental study on the
take-off characteristics of different bottom shapes
under different sea conditions, which provided a cer-
tain basis for the design of amphibious aircraft’s cab-

in. Wang et al.""” took experimental and numerical

simulation methods to study the pressure on the bot-
tom and top of the wedge during free-falling drop-
ping into the water.

Considering the experimental cost, numerical
study has become more and more important. In the
1990s, Ghaffari'™® used boundary element and panel
methods to simulate the air and water bypassing
flow in the vicinity of the aircraft profile and ana-
lyzed the aerodynamic and hydrodynamic loads of
the forced landing of the space shuttle at an attitude
angle of 12° on water based on the linear potential
wave theory. Hu et al.'*' established a finite ele-
ment model for a certain type of airplane and predict-
ed the pressure distribution of the fuselage by carry-
ing out the water landing tests. Based on Froude’s
similarity criterion, the pressure distribution was ap-
plied to the finite element model to verify the water
landing performance of the fuselage. Liu et al.'"”
used the commercial software to conduct simulation
analysis and structural optimization of the landing
performance of an amphibious aircraft, as well as
transient analysis of the structure based on the opti-
mization results, which provided an engineering refer-
ence for the design of amphibious aircraft. Lii et al."”
used a numerical simulation method to analyze the
mechanical response of an amphibious aircraft dur-
ing takeoff, landing, and encountering sudden
winds, and the structural strength of the local area
of the fuselage was redesigned and checked. Sun et
al."'" analyzed the structural response and load char-
acteristics of a cylinder entering the water at high
speed by using the fluid-structure interaction, and
the results showed that considering the fluid-struc-
ture interaction effect, structural deformation would
occur when the cylinder entered the water at high
speed, and at the same time, the impact pressure
appeared obvious fluctuation characteristics on the

surface. Li et al."*¥

solved the non-constant Reyn-
olds-averaged Navier-Stokes (RANS) equation and
k= turbulence model based on the finite volume
method in an absolute coordinate system to simulate
the aerodynamic characteristics of a large amphibi-
ous aircraft flying in the wave-surface ground effect
region. Yan et al.""’’ proposed a fluid-structure inter-

action modeling method that could be used to pre-
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dict the inlet thumps of a flat plate and a wedge, and
respectively compared them with the experimental
results. Li et al.”” studied the effect of the fluid-
structure coupling on the impact load, the results
showed that the greater the velocity of water entry,
the greater the effect of liquid compressibility on the
impact load of water entry, and at the same time,
considering the compressibility, the evolution of the
field of the water entry changed. Li et al."”" studied
the waterborne forced landing performance of civil
aircraft under wave conditions and conducted a nu-
merical simulation of civil aircraft waterborne forced
landing to compare the process of aircraft water-
borne forced landing under static water and wave
water.

It can be seen quite a few studies have been per-
formed to investigate the water-entry problem theo-
retically, numerically and experimentally. Howev-
er, most of the previous studies focus on load char-
acteristics and structural response analysis in the pro-
cess of water entry and few optimizations of the cab-
in structural design have been performed. The ef-
fects of different design parameters of the cabin
structure have not been fully investigated and the
contributions of different cabin structural compo-
nents during the water-entry process have not been
fully understood.

This paper will firstly propose a typical cabin
structure of the amphibious aircraft as a baseline de-
sign. And the landing process of the amphibious air-
craft cabin is modeled as a hydrodynamic impact
problem. The volume of fluid wave is adopted to-

gether with the Euler multiphase flow model to nu-

merically simulate the hydrodynamic characteristics
of the water-entry problem. Additionally, in the cur-
rent study, the comparison of the one-way and two-
way coupling scheme is also conducted to ensure
that the selected numerical method is proper. Then,
finite element models are established for parametric
study and the effects of different design parameters
on the cabin structure are investigated. Finally, ge-
netic algorithm is used to optimize the cabin struc-
ture with the von Mises stress and strain in the cabin

structure taken as constraints.

1 Model Definition and Numerical
Methods

1.1 Model definition

The geometry of the cabin structure of a typical
amphibious aircraft is illustrated in Fig.1, in which
the main parameters are shown in Table 1. The
main structures of the cabin include the skin, the
bulkhead, the tip bearing structure, and the bottom

stringers.

Bulkhead

) Tip bearing structure
Stringer
Fig.1 Cabin model

Table 1 Design parameters of the cabin structure

Parameter Baseline value Parameter Baseline value
Length/m 3.25 Top skin thickness/mm 6
Height/m 1.988 Left and right side skin thicknesses/mm 1.6
Width/m 1.5 Front and rear side skin thicknesses/mm 1.6
Number of the stringer 12 Bottom skin thickness/mm 1.27
Volume/m’ 0.090 4 Thickness of bulkhead /mm 4
Bottom thickness of tip bearing structure/mm 3.5 Vertical thickness of tip bearing structure/mm 3.5
Mass/kg 709.6 Material Steel

1.2 Numerical modeling of the water-entry

process

With the geometry defined in the above sec-

tion, the impact force on the cabin structure can be
obtained by solving the water-entry process of the

cabin model. In this paper, the commercial software
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STAR-CCM+ ® (17.02.007) '#! is used to estab-
lish the water-entry model to get the hydrodynamic
load. As shown in Fig.2, the computational domain
is selected as a rectangular domain, and the back-
ground domain is set to be 15 m long, 5 m wide and
12 m high. The overset grid method is used to simu-
late the water-entry process. To obtain the changes
in the gas-liquid interface and the pressure distribu-
tion during the water-entry process accurately,
mesh refinement is performed on the gas-liquid inter-
face. The total number of mesh is 2 733 120 and the
mesh type is trimmed mesh. The VOF (Volume of
fluid) wave is adopted to simulate the static water
surface and Eulerian multiphase flow is selected, in
which water is the main phase and the air is the sec-
ondary phase. As for the time model, an implicit un-
steady state with constant time step is selected.
RANS equations are used, and the turbulence mod-
el is selected as ke turbulence™. The background
domain is fixed and the cabin structure motion is
specified as translation. To avoid the reflection of
shock waves, which might cause the coupling be-
tween the reflected waves and the cabin, symmetric
boundary conditions are adopted around the back-

ground domain.

Overset grid

'~><\> .
Cabin
Water region/

— Backgrourbldbmesh

Air region—_

Free surface

Fig.2 Computational domain schematic diagram and mesh

refinement

1.3 Validation of the numerical method

The modeling method is firstly validated before
further analysis is performed.

Using the same modeling method, the water-
entry problem of a wedge-shaped model is creat
ed and compared with the results from the Refs.
[24-25]. The height and width of the computational
domain are 2 000 and 2 500 mm, respectively,
heights of the air region and water region are 700
and 1 300 mm, respectively, and the total number
of mesh 1s 449 786.

The shape of the wedge is an equilateral trian-
gle, the top edge length of the wedge is 500 mm,
the angle of inclined rise is 30", the mass is set to
241 kg, and the velocity of water entry is 6.15 m/s.
The velocity change is calculated and compared
with the results from the Refs.[24-25] as shown in
Fig.3.

Freez.
~ 6.0r S3As.
‘v RN : "
. ~
g i
=~ 55f N
E S
2 e Vw
7‘3 5.0 TS Vs -
.- . . . N ™ = -
£ - - = Numerical simulation™ ~_ ~~_
> - - - Experiment™ Ssol
4.5}~ - = Numerical simulation in this paper
0.000 0.005 0.010 0.015 0.020 0.025
t/s

Fig.3 Comparison of velocity changes

The results from references and the proposed
method have similar trends. In the early stage of the
water entry, the numerical simulation and experi-
mental results have a high degree of coincidence.
With the increase of the water-entry depth, the ve-
locity obtained by the numerical simulation method
decays faster compared with the experimental re-
sults. Compared with the experimental results, the
maximum error of the numerical simulation used in
this paper is less than 5% , which indicates the feasi-
bility of the proposed method.

The deformation of the multiphase flow inter-
face and the morphology change of the jet during the
water-entry process are also investigated. The ob-
tained phase diagrams are compared with the experi-
mental results to verify the simulation modeling
method*. At the initial moment, the water surface
is in contact with the tip split of the wedge, and the
water entry velocity of the wedge is set to be 1 m/s.

Two different moments of the diagrams are
shown in Fig.4, where the left side is the experi-
mental results and the right side is the calculation re-
sults of the simulation analysis'®’. At 0.05 s, the
free liquid surface is deformed to both sides due to
the interaction with the wedge, and a high-velocity

jet 1s generated. At 0.136 s, the free surface defor-
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‘Volume fraction of water
.0 0.5 1.0

(a) 0.05 s

Volume fraction of water
.0 0.5 1.0

(b) 0.136 s

Fig.4 Comparison of the phase diagrams between experi-
(25)

ment (Left) and simulation (Right) at different time

mation increases and the high-speed jet is more obvi-
ous. With the increase of the water-entry depth, the
free liquid surface above begins to converge to the
center, which is close to the vertical direction at this
time.

To quantitatively analyze the accuracy of the
numerical simulation method used, the dimension-
less parameters a and £ are defined as follows

a=c,/c
B=ho/h

where ¢, is the distance between the highest point of

(1)

the free liquid surface and the central axis of the
wedge model in the horizontal direction, ¢ half the
length from the upper surface to the wedge, A, the
distance between the highest point of the free liquid
level and the upper surface of the wedge model in
the vertical direction, and A4 the distance from the
upper surface of the wedge to the bottom tip split; ¢
and & are the fixed values. Fig.5 shows the details of

¢y and A, in the above expression. Table 2 shows the

The highest point of liquid level

Fig.5 Details of ¢, and A,

Table2 Comparisonsimulation analysis and experimental

results
Time/ — & - s
Simula- Refer- Error/ Simula- Refer- Error/
tion ence % tion ence %

0.05 1.846 1.692 9.11 1.94 2.12 8.49
0.136  2.889 2.556 13.02  4.95 5.23 5.35

error between the numerical simulation and the ex-
perimental results in comparison with parameters @
and £.

Compared with the diagrams and the dimen-
sionless parameters, the jet profile from the numeri-
cal simulation can match the shape of the experimen-
tal results. The error can be the boundary condition.
The pool used in the experiment is not infinite and
there may be a wall reflection effect, while the CFD
method uses the boundary condition of the symmet-
ric plane to simulate the infinite water.

According to the results of the velocity change
and the phase diagram, it can be concluded that the
proposed numerical method can be used to simulate
the water-entry process of the wedge-like model,

such as the cabin model defined in the current study.

2 Parametric Modeling and Analy-

sis of Cabin

2.1 Structural modeling

Considering the subsequent parameter analysis
and structural optimization of the cabin structure,
parametric model of the cabin structure is required.
In this paper, a parametric finite element model of
the cabin is established by commercial software
Abaqus® and Python language, and the parameter-
ization of the cabin structure can be used to quickly
modify the parameters of the cabin structure to ob-
tain different structural layouts. The cabin structure
enters the water at a constant speed of 5 m/s. The
hydrodynamic loads during the water-entry process
are calculated by STAR-CCM—+ , which is used to
parametric modeling and parametric analysis and op-
timization. For the cabin structure, the bottom skin
is mainly subjected to in-plane load, and the stringer
is mainly subjected to bending loads in the strength-

ening direction. The partition frame is mainly used
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to maintain the cross-section shape and bear the lo-
cal load of the skin in the cabin structure. The tip
bearing structure is the first part to be subjected to
hydrodynamic loads during the water-entry process,
which is the main load-bearing component. There-
fore, the number of bottom stringers N, the thick-
ness of bulkhead T, the thickness of bottom skin
T,, the bottom thickness of tip bearing structure Tj,
and the vertical thickness of tip bearing structure T,
are selected as the optimization parameters, which
are shown in Fig.6. For the above structure, the
size of the thickness direction is much smaller than
those of the remaining two directions. To simplify
the calculation, reduce the time, and better reflect
the actual structure’s stress characteristics, the
“beam-shell” unit is used to simplify the cabin struc-
ture under the premise of guaranteeing the accuracy
of the calculation. In terms of element type, the
beam element is selected as B31, and the shell ele-
ments are selected as S4R and S3. The mesh size
is 30 mm, and the total number of mesh is 37 286.
The cabin structure is made of high-strength low-al-
loy (HSLA) steel. HSLLA steel is an alloy steel that
has better mechanical properties or greater corrosion
resistance than carbon steel. The parameters of high-
strength low-alloy steel are set in the material li-

brary, as shown in Table 3.

T,

N,

Fig.6 Schematic diagram of optimized parameters

Table3 Property parameters of high-strength low-alloy

steel
Modu- Poisson’s  Tensile Yield Density/
lus/MPa  ratio  strength/MPa strength/MPa (tsmm °)
210 000 0.3 470—630 355 7.85e—9

For the selection of the simulation time step,

to ensure the accuracy of the calculation and save
the computational resources, the time step is set to
be 0.005 s, and the comparison effect of the maxi-
mum von Mises stress at different moments is
shown in Fig.7. From the simulation results, it can
be seen that compared with the minimum time step
of 0.000 5 s, increasing the time step has a lower
impact on the calculation results, and the error of
the maximum von Mises stress in the moments
shown in the figure is less than 5%. Considering
that a safety factor will be assigned to ensure the sta-
bility of the cabin structure in the subsequent optimi-
zation process, the maximum von Mises stress error

caused by the reduced time step is negligible.

160
sop o~ R .
140t N
130t N

120}
110}
100}
90t
8ot

Maximum von Mises stress / MPa

70 1 ' ! 1 i 1 1
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
t/s

Fig.7 Stress comparison of different time steps

2.2 Selection of the coupling approach

With the numerical modeling method selected,
the next water-entry of the cabin structure is a fluid-
structure interaction process, during which the inter-
action between the cabin model and the fluid occurs.
In this process, the cabin structure will be deformed
due to the hydrodynamic load, and the deformation
will affect the flow field, which changes the distribu-
tion of the hydrodynamic load in turn.

With the continuous development of computa-
tional mechanics and computer hardware capabili-
ties, numerical simulation method has become an in-
dispensable means in the study of fluid-structure in-
teraction. There are basically two coupling ap-
proaches for the fluid-structure interaction analysis:
One-way coupling and two-way coupling according
to the way of data transmission. The one-way cou-
pling is usually adopted when the structure deforma-

tion is not large and the corresponding change of the
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fluid domain is small, which will almost not affect
the distribution of the fluid loads.

In the one-way coupling approach, the fluid
loads will be calculated first based on the initial ge-
ometry of the structure, after which fluid loads will
be transferred onto the structure. The structure de-
formation will be checked to determine whether the
change of the fluid domain is small enough for the
one-way coupling. The advantage of the one-way
coupling is that it is convenient for numerical simula-
tion and requires low computational resources, but
it cannot not fully capture the interaction between
the fluid and structure. When the deformation of the
structure is relatively large, a significant change will
occur in the distribution of the fluid loads, which

means the effect of the structure deformation is not

One-way coupling

’ Prepare FEA model and CFD model

!

‘ Import FEA data into STAR-CCM+

!

| Run STAR-CCM+ simulation

negligible, and the two-way coupling is required in
solving the problem.

In the two-way coupling approach, after the ini-
tial calculation, the geometry of the CFD model
will be updated based on the structural deformation
since the deformation of the structure is large
enough. The updated CFD model will then be used
to calculate the fluid loads, which will be trans-
ferred onto the structure model again. The subse-
quent calculation will follow the order until the struc-
ture deformation is small enough.

The basic steps of one-way coupling and two-
way coupling are shown in Fig.8"*". In this paper,
the computational fluid dynamic software STAR-
CCM+@® and finite element software Abaqus® are

used as the fluid and structure solver, respectively.

Additional steps for two-way coupling

‘ Export fluid loads to external files

!

’ Transfer fluid loads onto FEA model

!

L

‘ Run Abaqus simulation

|

I Update geometry of the CFD model |

‘ Import solution data into CFD model |

—r—

Fig.8 Flow chart of one-way and two-way coupling simulations of STAR-CCM+ and Abaqus™”

To select a proper coupling approach, both the
one-way and two-way coupling approaches are car-
ried out and compared for the water-entry process of
the cabin structure.

In the case study, the initial velocity of the cab-
in structure is 5 m/s, and 40 pressure monitoring
points are set on the side of the cabin structure enter-
ing the water surface, as shown in Fig.9. In the one-
way coupling approach, the entire water entry pro-
cess (0.2s) is divided into 40 stages, with each
stage step running 0.005 s. The pressure distribu-
tion at 40 monitoring points is output as the load ap-
plied onto the structural model, which is analyzed in
Abaqus. The loads and boundary conditions of the

cabin structure are shown in Fig.9. In the two-way

Encastre

Pressure monitor point Fluid load

Fig.9 Pressure monitoring points and boundary condition of

the cabin

coupling, the finite element model is firstly estab-
lished in Abaqus to export “.inp” file and the co-sim-
ulation command is added to it. It is necessary to set
the path of the “.inp” file in the internal link of the
STAR-CCM+ to achieve the data transmission.
Due to the two-way coupling, the time step in the
FEA model and CFD model should be consistent
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which 1s set as 0.005 s, so as to ensure the real-time
transmission of the data. For the mesh size, in order
to ensure the accuracy of the data transmission, the
mesh size of both should be as consistent as possi-
ble, which is set as 30 mm.

The structural behavior of the cabin is analyzed
in Abaqus. The maximum von Mises stress for one-
way coupling and two-way coupling are plotted us-
ing the Abaqus post—processing function, as shown
in Figs.10 and 11.

From the results, it can be seen that the maxi-
mum von Mises stress of one-way coupling and two-
way coupling structures are 114.6 MPa and 122.4
MPa, respectively, with an error of 6.3%. Fig.10
shows the maximum logarthmic strain of two-way
coupling is 7.525¢ . For the cabin structure, since
the material used is steel, and the water entry veloc-

ity is small. The deformation produced in the pro-

LE: Max. In-plane principal
Multiple section points
(Avg: 75%)

+5.908e-05

-1.025¢-05

~7.959¢-05
Max: +7.525¢-04
Elem: CANGDUAN-1.108 0
Node: 4 942

Fig.10 Strain cloud diagram of two-way coupling

Mises S/ Pa

Multiple section points

(Avg: 75%)
+1.146e+08
+1.051e+08

Elem: CANGDUAN-1.101 3

Max: +1.146e+08
Node: 529 W'

a) One-way couplin;
Mises S/ Pa ( ) ¥ puns
Multiple section points
(Avg: 75%)
+1.224e+08
+1.122e+08

Elem: CANGDUAN-1.102 9
Node: 4911

(b) Two-way coupling

Fig.11 Stress cloud diagram of one-way and two-way

couplings

cess of the impact of the cabin into the water is
small as well, which does not have much influence
on the change of the fluid domain, and the maxi-
mum von Mises stress produced by the one-way
coupling and two-way coupling structures is not
much different. For the calculation case, the two-
way coupling takes about 10 h, while the one-way
coupling takes only 5 min when using the same
computing resources. Therefore, without loss of the
calculation accuracy and considering the time cost re-
quired for the subsequent parameter analysis and
structural optimization, the one-way coupling is cho-

sen for the subsequent calculation and analysis.
2.3 Parametric study

To further investigate the relationship between
the maximum stress, strain and the optimized pa-
rameters for the water-entry process of different lay-
outs, parametric analysis is performed, and the re-

sults are shown in Figs.12—14.
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Fig.12 Influence of the number of the stringer on the maxi-

mum von Mises stress and mass of the structure
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Fig.14 Influence of bulkhead on the maximum von Mises

stress and mass of the structure

It can be seen that increasing the number of
the stringer and the thickness of the bottom skin can
significantly reduce the von Mises stress, but the in-
crease in the number of the stringer and the thick-
ness of the bottom skin will lead to an increase in
the mass of the structure. For the number of the
stringer, as shown in Fig.12, when the number of
the stringer is less than 10, the maximum von Mis-
es stress of the structure will exceed the allowable
stress of the material and lead to the destruction of
the structure, and with increasing the number of the
stringer, the effect of reinforcement is not obvious
when the number of the stringer is more than 15.

In terms of the thickness of the bottom skin, as
shown in Fig.13, the reinforcing effect is similar to
that of the stringer. In the case of the lower thick-
ness of the structure, the strengthening effect is sig-
nificant, but it gradually slows down with the in-
crease in thickness.

The thickness of the bulkhead on the structural
strengthening effect is shown in Fig.14. When the
thickness is less than 1 mm, the bulkhead enhance-
ment effect 1s more obvious; when the thickness is
greater than 1 mm, the strengthening effect of thick-
ness on the structure is limited, but the influence on
the structure of the overall quality is very great.

It can be seen that the number of the stringer,
the thickness of the bottom skin, and the thickness
of the bulkhead are of great significance to the
strength design of the cabin structure and the im-
provement of the structural economy based on the

results of the above parameter analysis. For the tip

bearing structure, the hydrodynamic load is borne
by this part due to the first contact with the water
surface during the water-entry process. It has a sig-
nificant influence on the stability of the whole cabin
structure, so it 1s necessary to optimize tip bearing
structure and above structures to ensure the strength

of the cabin structure.

3 Cabin Structure Optimization and

Analysis

3.1 Establishment of optimization problem

According to the parametric study, the mass
and the structural performance of the cabin structure
can be further improved by tuning the parameters.
To improve the flight performance of the amphibi-
ous aircraft, the cabin structure mass is taken as

G (x )= minMass (2)

For the water-entry process, the distribution of
the bottom stringer, the thickness of the bottom
skin, the thickness of the bulkhead, the bottom
thickness of tip bearing structure, and the vertical
thickness of tip bearing structure are selected as opti-
mization parameters. In addition, the optimization
of the cabin needs to consider the maximum von
Mises stress and strain in the process of water en-
try, which is specifically expressed as the tensile
and compressive stress generated cannot exceed the
allowable stress of the material, and the strain can-
not exceed the allowable strain value. The cabin
structure of amphibious aircraft is the main bearing
part of the whole aircraft landing, so for the structur-
al optimization, the safety factor is selected to be
1.5, that is, the maximum von Mises stress gen-
erated in the process of water entry is less than
237 MPa. Based on the above parameter analysis re-
sults, the upper and lower limits of each parameter
for subsequent optimization are determined as
shown in Table 4.

From the above three elements of optimiza-
tion, an optimized mathematical model of the cabin

structure as shown in the following equation is estab-
lished.
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Table 4 Initial value and upper and lower limits of design parameters
Parameter Initial value Lower value Upper value
Number of the stringer N, 12 9 18
Thickness of partition frame T,/mm 4 0.2 5
Thickness of bottom skin T,/mm 1.27 0.6 2
Bottom thickness of tip bearing structure T;/mm 3.5 1 5
Vertical thickness of tip bearing structure T,/mm 3.5 1 5

G (x )= minMass
. S << S all max<<S,..
U E,,<E all max<E,,,

x:[leTlvTZvT31T4:|T

wn
—~
w
N

where G (x) is the minimum structural mass of the
cabin structure, and N,, Ty, T, T5, and T, are the
five independent parameters for the optimization of
the cabin structure, which represent the number of
bottom stringer, thickness of the partition frame,
thickness of the bottom skin, bottom and vertical
thicknesses of the tip bearing structure, respective-
ly. S is the von Mises stress in the dynamic analy-
sis, S _all max is the maximum von Mises stress,
Swin and S, are the upper limit and lower limit of
the von Mises stress; E 1s the structural strain in the

dynamic analysis, E_all_max is the maximum struc-

‘ Set optimization parameter values |

tural strain, E,, and E,, are the upper limit and
lower limit of the structural strain.

In this paper, Abaqus® software"””" and MAT -
LAB® genetic algorithm (GA) " are used to opti-
mize the cabin structure. The specific optimization
process is shown in Fig.15. Python scripts are used
to modify the finite element model and read the fi-
nite element analysis results, and the data flow is
controlled through MATLAB for the optimization.
The maximum optimization generations are 50,
which is a stopping criterion for the optimization pro-
cess. Gene crossover probability is set as 0.8, which
determines the proportion of individuals in the genet-
ic algorithm that undergo gene crossover in each
generation. The population size is 50, and the func-
tion convergence percentage is 0.01% in the optimi-

zation.

‘ Set GA parameter |

‘ Update parameter values |

:

‘ Update the cabin structure

¢

Fig.15

3.2 Optimization process and result analysis

After the optimization iteration calculation, the

I

Get updated parameter values |

!

Change the parameter values of “.py” ﬁ1e|

!

Establish the FEA model |

!

The script extracts the maximum
stress and strain

‘Whether meet
constraints

Get the individual out
of the population

Optimization flow chart

optimization process of the cabin structure mass is

obtained as shown in Fig.16, which shows a contin-
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Fig.16 Diagram of cabin structure mass optimization process

uous decrease of the structure mass during the opti-
mization process. From the figure, it can be seen
that the cabin mass varies greatly in the initial itera-
tion of the optimization process, and with continu-
ous optimization, the curve gradually tends to be
stable. In the 29th optimization iteration, since the
percentage change of the cabin structural mass is
smaller than the initial optimization setting, the opti-
mization process is converged, the optimization is
automatically terminated and the optimal value of
the cabin mass of 518.9 kg is obtained, which is a
26.8% reduction in the structural mass of the cabin
structure compared with the initial design (initial
cabin mass is 709.6 kg).

The specific results of the design parameters
obtained are shown in Table 5.

For the optimized layout of the cabin, the dy-
namic analysis of the cabin is carried out by using
the same modeling approach, and the maximum
von Mises stress and strain cloud diagrams of the op-
timized cabin are obtained as shown in Figs.17
and 18.

According to the dynamic analysis results of
the optimized cabin layout, the maximum von Mis-
es stress of the cabin structure is 234.1 MPa, and

*, which meets the re-

the maximum strain is 6.778e"
quirements of the cabin design. The overall cabin
structure mass decreases by 26.8% , which shows
taking the strength and stiffness of the cabin struc-
ture as the constraints, it has a great potential of
mass reduction of the cabin structure by changing
the number of the stringer, the thicknesses of the

bulkhead, tip bearing structure and bottom skin.

Table 5 Optimization results of design parameters

Optimal
Parameter
value
Number of the stringers N, 17
Thickness of partition frame T,/mm 0.55
Thickness of bottom skin T,/mm 0.92

Bottom thickness of tip bearing structure T5/mm 1.94
Vertical thickness of tip bearing structure T,/mm  2.97

Mises S/ Pa
Multiple section points
(Avg: 75%)
+2.341e+08
+2.14¢

+1.170e+08 {

Max: +2.341e+08

Max: +2.341¢+08 |
Elem: CANGDUAN-1.343 2
Node: 6 645

E: Max. In-plane principal
Multiple section points
(Avg: 75%)

Max: +6.778e-04
-8.449¢-05 H
-2369¢-04
Max: 6.778¢-04

.
Elem: CANGDUAN-1.137 89 ’
Node: 3 619

+2.966e-04 i l

Fig.18 Strain cloud diagram of the optimized cabin structure

4 Conclusions

The numerical model of the cabin structure is
established to investigate its structural performance
during the water-entry process. The following con-
clusions can be summarized as:

(1) The one-way coupling approach is selected
as the structural deformation is not high, which
helps to perform the parametric study of the cabin
structure. The parametric study shows the design
variables of the cabin structure can be tuned to fur-
ther reduce the structure mass while the structure
constraints can be satisfied.

(2) A framework is created to optimize the cab-
in structure using generic algorithm. The optimiza-
tion results show the structure mass can be reduced
significantly while the maximum von Mises stress
and strain can satisfy the constraints.

In the current study, the water-entry velocity is
fixed since the focus is to perform the structural anal-

ysis and optimization. In the future study, the ef-
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fects of the water-entry velocity on the structural de-
formation and the strength checking will be investi-
gated using a two-way coupling approach to better

represent the physics of the water-entry problem.
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