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ABSTRACT: In this study, the fluid-structure interaction (FSI) analyses utilizing the Incompressible Compu-
tational Fluid Dynamics (ICFD) solver implemented in LS-DYNA are performed. In addition, the accuracy
verification not only of the fluid force calculation by water surface drop analyses using several wedge-shaped
structures but also of the FSI analysis by a box-shaped structure is carried out. Assuming the bow flare slam-
ming (BFS) behavior, the FSI analyses by the ICFD method of LS-DYNA on bow-shaped structures are also
conducted. The differences of numerical results between the Arbitrary Lagrangian-Eulerian (ALE) method
and the ICFD solver are investigated. The results show that the ICFD analysis gives the relatively reasonable
values for time histories of fluid forces as well as pressure responses regardless of two-dimensional and three-
dimensional structures. Through the comparison with theoretical values and empirical formulas, moreover, the

discussions on the ICFD results are presented in detail.

1 INTRODUCTION

In recent years, ships are becoming larger to opti-
mize operating costs, and the bow flare angle of ship
hulls; especially container ships, tends to increase.
As a result, large impact loads are applied to the bow
structural members, and the bow flare slamming
(BFS) is one of the concerns. In the phenomena of
structural response under such impact loads, there is
the interinfluence between fluid and structure, such
as changes in impact pressure due to the structural
deformation, and the fluid-structure interaction (FSI)
analysis is necessary for the highly accurate strength
investigation.

Regarding the BFS phenomena, the problem of
water surface impact of elastic wedges has been
studied for some time (ex.: Faltinsen, O.M. 2002,
Luo, H. et al. 2010). Recently the three-dimensional
studies with considering the hydro-elastic phenome-
na have been carried out as the computational tech-
nology progress (ex.: Truong, D.D. et al. 2019, 2021,
2022, Wang, S. & Soares, C.G. 2016, Yamada, Y. et
al. 2017, 2018, 2019a, 2019b, 2020). Shan (Shan,
W. & Soares, C.G. 2017) presented a comprehensive
and detailed review of state of the art of knowledge
on hull slamming.

Our research group has been used the Arbitrary
Lagrangian-Eulerian (ALE) method in LS-DYNA,; a
commercial structural analysis software, to perform
two-dimensional FSI analyses assuming the BFS be-
havior, and proposed an FSI analysis method using

the ALE method through the evaluation procedure of
the structural response by applying the obtained time
histories of pressure response to a three-dimensional
structure (Furuno, K. et al. 2014, 2015, Nakashima,
M. et al. 2011, Yoshikawa, T. et al. 2013, 2017). In
addition, the Incompressible Computational Fluid
Dynamics (ICFD) solver (LSTC. 2014) has been im-
plemented into LS-DYNA from 2012-2014, and the
authors conducted a fundamental study using the
ICFD method (Nagayama, K. et al. 2019).

As mentioned above, since the situation is being
prepared for the FSI analysis to be performed more
easily, in this study, the FSI analyses using the ICFD
solver of LS-DYNA are performed. Also, the accu-
racy verification not only of the fluid force calcula-
tion by water surface drop analyses with some
wedge-shaped structures (tow-dimensional analysis);
see Section 3, but also of the FSI analysis by a water
surface drop analysis with a box-shaped structure
(three-dimensional analysis); see Section 4, is car-
ried out. Assuming the BFS behavior, furthermore,
the FSI analyses by the ICFD solver of LS-DYNA
on bow-shaped structures (three-dimensional analy-
sis); see Section 5, are conducted. Through these re-
sults by numerical simulations using the ICFD
method in LS-DYNA and the comparison with the
ALE results presented in the previous researches
and/or theoretical and empirical values, the validity
of analysis results by the ICFD method is discussed.



Table 1. Features of fluid analysis methods in LS-DYNA.

Solver ALE

SPH DEM ICFD

Implementation year 1993-1994

Mass conservation law
Momentum conservation law
Energy conservation law

Compressible

/ Incompressible

Finite volume method
Explicit method

Governing equation

Fluid characteristic

Computational technique
Time evolution method

Mass conservation law
Momentum conservation law
Energy conservation law

2001-2002 2008-2011

2012-2014
Mass conservation law
Momentum conservation law ~ Momentum conservation law

Compressible Incompressible Incompressible

Finite element method
Implicit method

Particle method
Explicit method

Particle method
Explicit method

Space discretization procedure Eulerian and Lagrangian Meshfree method Lagrangian Eulerian and Lagrangian
Recommended element type Hexa Particle Particle Tetra

. . Penalty method Penalty method (Automatic cou-
Coupling method with structure Penalty method Constraint method Constraint method pling)
Coupling Weak Weak Weak Strong / Weak
Turbulence model — — — k-, LES

Analysis method of free-surface flow ~ ALE (VOF) method
Multiphase flow Possible
Two-dimensional analysis Possible

Level set method
Possible (2D)
Possible

Particle method
Possible
Impossible

Particle method
Possible
Possible

2 FSI METHODOLOGIES IN LS-DYNA

LS-DYNA is a multi-physics solver, and various
analysis methods other than the FEM (Finite Ele-
ment Method), the ALE method, and the ICFD
method are implemented. Among many analysis
solvers in LS-DYNA, the features of four methods,
i.e., ALE, SPH (Smoothed Particle Hydrodynamics),
DEM (Discrete Element Method), and ICFD, that
are often used for the fluid analysis, are summarized
in Table 1. As can be seen from Table 1, the ALE
method has been implemented in LS-DYNA from
the very beginning, and there are many researches
applying its solver function to the BFS problem. On
the other hand, as the ICFD method has been newly
implemented to LS-DYNA, studies using its solver
function to the BFS problem are relatively limited.
The ICFD method has an advantage over other
methods in terms of the computational time, because
it is the only analysis solver that adopts the implicit
method as the time evolution method. The ICFD
method solves the incompressible Navier-Stokes
equations, and can be applied when the target fluid is
regarded as an incompressible fluid. A fluid can be
generally considered incompressible when the Mach
number is lower than 0.3, and the phenomena such
as slamming or sloshing are in this range. By intro-
ducing the incompressibility hypothesis, the equation
of state (EOS) is not needed to define, as the incom-
pressible fluid has a constant density. The ICFD
method, which is based on the FEM as shown in Ta-
ble 1, is suitable for the phenomena with relatively
small deformation on the structural members, and
the coupling between fluid and structure is automati-
cally performed. In addition, the remeshing of fluid
part is automatically performed too when a fluid el-
ement is greatly deformed. The ICFD solver uses a
level set method, which is based on a fast and relia-
ble technique, as the analysis method of free-surface
flow so as to track and correctly represent moving

interfaces, and considers the interplay such as sur-
face-tension effects.

In this study, based on the above points of view,
the ICFD method is adopted to simulate the water
impact behavior with considering the FSI effects. By
the current ICFD solver of LS-DYNA, since it is dif-
ficult to stably perform the multiphase flow analysis
with a large density difference such as water and air;
particularly in three-dimensional analyses, the air
part is treated as the void in this paper.

3 COMPARISON BETWEEN THEORETICAL /
EMPIRICAL VALUES AND ALE / ICFD
RESULTS REGARDING WEDGE-SHAPED
(TWO-DIMENSIONAL) STRUCTURE

In this section, a series of drop analyses by the ICFD
method is conducted using two-dimensional wedge-
shaped structures, and the verification of the ICFD
analysis is discussed through the comparison with a
theoretical solution, an empirical formula, and simu-
lation results by the ALE method.

3.1 Theoretical solution

Many methods have been proposed to calculate the
slamming pressure on rigid bodies that penetrate the
water surface with a certain velocity. As the earliest
methods, Karman (von Karman, T. 1929) and Wag-
ner (Wagner, H. 1932) are well known. Regarding
the impact load when the seaplane lands on the wa-
ter, Karman focused on the change in momentum
due to the change in the added mass when the two-
dimensional wedge plunged into the water surface,
and calculated the impact load. Based on Karman’s
theory, on the other hand, Wagner introduced the
calculation method of impact water pressure taking
into account the piling up water when a two-
dimensional wedge collides with the water surface.
Comparing Wagner’s theory with Karman’s one,
whether there is the piling water surface is signifi-



cant, and the impact load according to Wagner’s
theory is approximately larger 2.5 times, i.e., (z/ 2)
squared, than that of Karman’s one. In this paper,
Wagner’s theory, which is closer to the actual phe-
nomena of the BFS behavior, is considered as the
theoretical solution.
Wagner’s theory does not consider the effect of
air, and is based on the following assumptions:
» The fluid is non-viscous and incompressible.
» The gravity can be neglected because the ac-
celeration of fluid is much greater than that
of gravity.
» The draft of wedge is much smaller than the
wetted width.
» The impact velocity is constant.
The pressure coefficient, Cp, based on Wagner’s
theory is given by Equation 1:
2
T
Cp=1+ oy 1)

where £ is the deadrise angle, i.e., the wedge tip an-
gle to the water surface.

3.2 Empirical formula

Chuang (Chuang, S.L. 1966, 1970) carried out a
large number of impact experiments using rigid and
elastic bodies, and proposed an empirical formula
through these experimental results (Stavovy, A.B. &
Chuang, S.L. 1976).

The pressure coefficient, Cp, based on Stavovy &
Chuang is given by Equation 2:

288k

C,= 2
0=ty @

where k is a coefficient that varies with the deadrise
angle, f, as follows:

:0.3725+0.5 (0deg. < g <2.2deg.)

=2.1820894-0.94518154+0.203754 42 —0.0233896 5°
1+0.00135784%-0.00003132,8° (2.2 deg. < 8 < 11 deg.)
—4.748742-1.3450284 4+0.1576516 42~0.0092976 5° (3)
+0.00027358% -0.000003198645° (11 deg. < 4 < 20 deg.)

_0.76856471( 1L2.4674
288 k tan? B

(20 deg. < p3)

3.3 Numerical simulation by ALE

Authors’ research group has used the ALE method in
LS-DYNA to perform two-dimensional FSI analyses
assuming the BFS phenomena.

Yoshikawa et al. (Furuno, K. et al. 2014, 2015,
Nakashima, M. et al. 2011, Yoshikawa, T. et al.
2013, 2017); former colleagues of authors, per-
formed the FSI analyses under the BFS load to cal-

culate the impact pressure and the structural re-
sponse accurately. In these studies, the ALE method
in LS-DYNA, which can simulate the fluid-structure
coupling behavior, was applied for the impact prob-
lem of elastic wedges varying their deadrise angle. In
these ALE analyses, two types of modeling for the
air part were considered. One was modeling the air
part with the fluid assuming air, and the other was
modeling that with the void.

As for the detailed information about these FSI
analyses utilizing the ALE method in LS-DYNA,
e.g., the calculation model and its mesh size for
FEM, the calculation conditions, the material and
physical properties of structure and fluid, and so on,
please see the references (Furuno, K. et al. 2014,
2015, Nakashima, M. 2011, Yoshikawa, T. et al.
2013, 2017).

3.4 Numerical simulation by ICFD

In order to investigate the simulation accuracy of the
ICFD method in LS-DYNA, the drop analyses on the
water surface using two-dimensional wedge-shaped
structures varying their deadrise angle are conducted.

The model for the ICFD analysis is shown in Fig-
ure 1. Each mesh size of fluid and structural parts is
determined based on the results of convergence cal-
culations as well as previous studies with the ALE
analysis, and that of fluid around structure is approx-
imately 1 mm. Although the wedge-shaped struc-
tures are modeled by an elastic body assuming a ma-
terial of steel, they can be almost regarded as a rigid
body because two-dimensional solid elements are
utilized in this simulation. As shown in Figure 1, the
fluid part is only water, and the air part is treated as
the void due to keeping the analysis stability. Table 2
shows the material and physical properties of struc-
ture (elastic body) and fluid (water) in this ICFD
analysis. As the boundary conditions, the left, right,
top, and bottom edges of the analysis model are free-
slip boundaries, and the boundary between fluid and
structure is a non-slip boundary. The drop analyses
varying the deadrise angles, g, as 1, 2, 3, 5, 10, 15,
and 30 degrees are performed under the initial veloc-
ity of 6.15 m/s, and the gravitational effects are not
considered this time not only for comparison with
Wagner’s theory but also for simplicity.

An example of the slamming behavior to the wa-
ter surface simulated by the ICFD analysis is shown
in Figure 2. From Figure 2, it is found that the FSI
analysis with the water splash can be performed.

As shown in Equation 4, the dimensionless value
of the maximum impact pressure, Pmax, Which is ob-
tained by the ICDF analysis, is considered as the
pressure coefficient, Cp.

Pmax
c PT 1 2 (4)
EPfV



where o and v are the density of fluid (water) and
the velocity, respectively. As the velocity, v, the ini-
tial velocity, i.e., 6.15 m/s, is adopted instead of the
relative impact velocity between fluid and structure.

Figure 3 shows the comparison between the pres-
sure coefficients, Cp, given by Equations 1-2 and 4.
Based on the results obtained by the ALE analyses
performed in the previous researches (Furuno, K. et
al. 2014, 2015, Yoshikawa, T. et al. 2017), the pres-
sure coefficients, Cp, are calculated in the same way
as Equation 4, and these results are also plotted in
Figure 3. In Figure 3, solid and open square marks of
the ALE results represent whether or not the air is
considered.

As can be seen from Figure 3, the ALE results
without considering the air; that is, the air part is
considered as the void, almost agree with Wagner’s
theory. In contrast, the ALE results with considering
the air effect almost agree with the empirical formu-
la by Stavovy & Chuang. It can be also seen that the
ICFD results and the empirical formula by Stavovy
& Chuang are in good agreement except for the
small range of the deadrise angle, g.

When the deadrise angle, f, is 2 degrees or less,
the value of pressure coefficient, Cp, decreases due
to occurring the air entrainment in the empirical
formula by Stavovy & Chuang. This phenomenon
caused by the air cushion effects can be simulated by
the ALE analysis with considering the air, but not by
the ICFD analysis, because the air part in the ICFD
analysis should be modeled by not air but void to
proceed with the stable calculations in the current
LS-DYNA.

When the deadrise angle, g, is very small, the dif-
ference of the pressure values obtained with and
without air is relatively large, so it is necessary to
consider the air cushion effects so as to calculate the
accurate impact pressure. Whereas, when the
deadrise angle, g, is 2 degrees or more, the differ-
ence due to the air cushion effects is hardly observed
between the ICFD results and the ALE results with
considering the air in Figure 3, and the ICFD results
show almost the same values as the experimental
value by Stavovy & Chuang.

4000mm

void

1000mm

500mm

2000mm

Figure 1. Model for ICFD analysis of wedge-shaped structure.

Table 2. Material and physical properties.
(a) Structure (elastic body)

Item Symbol Value Unit
Young’s modulus E 206000 MPa
Poisson’s ratio v 0.3 —
Density s 7.85 x 10°° ton/mm?®
(b) Fluid (water)

Item Symbol Value Unit
Viscosity coef. n 1.5674 x 10° MPa- s
Density o 1.00 x 10° ton/mm?®

Figure 2. Example of slamming behavior obtained by ICFD
analysis at deadrise angle of 30 degrees.
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- B : ALE w/ air (Yoshikawa et al. 2017)
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Figure 3. Relationships between pressure coefficient, Cp,, and
deadrise angle, S.

From these results, except for the range where the
deadrise angle, g, is very small, it can be confirmed
that the ICFD analysis gives the relatively reasonable
value about the fluid force of the two-dimensional
structure.

4 ICFD ANALYSIS FOR BOX-SHAPED
(THREE-DIMENSIONAL) STRUCTURE

Truong (Truong, D.D. et al. 2019) used the ALE
method of LS-DYNA to analyze the drop experi-
ment of a box-shaped structure conducted by Mori
(Mori, K. 1977). In this section, therefore, the simi-
lar analysis is carried out using the ICFD method,
and the simulation accuracy of the three-dimensional
analysis and the validity of the FSI analysis are in-
vestigated by comparing the ICDF results with not
only the ALE results by Truong et al. but also the
experimental results by Mori.



4.1 Analysis model and conditions

Figure 4 shows the model for the ICFD analysis cre-
ated with reference to the analysis model utilizing
Truong et al. based on Mori’s experimental works.
The FE model including the internal members, such
as longitudinal stiffeners, of the box-shaped struc-
ture is indicated in Figure 5, in which the upper plate
is hidden so that the internal members can be con-
firmed. This box-shaped structure has two tee-bar
stiffeners, and their dimensions are 94 x 6 + 56 x 6
mm. The structure is modeled by the elastic body,
and its mesh size is about 10 mm x 10 mm. Table 3
shows the material and physical properties of struc-
ture (elastic body) and fluid (water) in this ICFD
analysis.

The boundary conditions are free-slip boundaries
around the fluid part and a non-slip boundary be-
tween fluid and structure. Analysis model and condi-
tions other than the above are almost same as those
described in Section 3.4. The structural responses are
obtained from the ICFD analysis when the box-
shaped structure freely falls from a height of 300
mm above the water surface.

10000mm > 6000mm
‘_—/M\\
N— void \

' (Unit: mm)
Figure 5. FE model of box-shaped structure.
Table 3. Material and physical properties.
(a) Structure (elastic body)
Item Symbol Value Unit
Young’s modulus E 68700 MPa
Poisson’s ratio v 0.3 —
Density D5 2.7 x10° ton/mm?®
(b) Fluid (water)
Item Symbol Value Unit
Viscosity coef. n 1.5674 x 107 MPa:- s
Density P 1.00 x 10°° ton/mm?®

4.2 Analysis results and discussion

The comparisons of impact pressure causing at two
evaluation points, i.e., P1 and P2 shown in the right
figure of Figure 5, between the experiment by Mori,
the ALE results presented by Truong et al., and the
ICFD results are indicated in Figure 6. It should be
noted that the effect of air is considered in the ALE
analysis by Truong et al. shown in Figure 6.

In Figure 6, the ICFD results are larger than the
ALE and the experimental results at both evaluation
points. In this ICFD analysis, the air is not consid-
ered, while in the ALE analysis by Truong et al., the
air was properly modeled, and the air cushion effects
also existed in the experimental results by Mori. By
contrast to the ALE and the experimental results,
consequently, the phenomenon of pressure reduction
due to the entrainment of air does not occur in the
ICFD analysis, so it is considered that the ICFD re-
sults show the relatively larger pressure values.
Here, this analysis corresponds to the case where the
deadrise angle, f, is zero. As can be seen from the
results in Section 3, therefore, this is the most re-
markable case where the ICFD method indicates the
larger pressure values. However, in all ICFD, ALE,
and experimental results, an almost similar tendency
can be observed that the pressure fluctuation gradu-
ally decreases with the oscillation after reaching the
peak pressure.

Truong et al. also performed the ALE analysis
without considering the air; namely with the air part
as the void. Figure 7 shows the comparison of the
impact pressure at P2 obtained by the ALE and the
ICFD simulations, which do not consider the air ef-
fect. From Figure 7, when the air is not taken into
account in the ALE analysis, as the maximum pres-
sure value of the ICFD and the ALE results are al-
most the same, the analytical accuracy of the ICFD
method may be the same level as the ALE method.

From the above, it can be confirmed that the time
histories of impact pressure by the ICFD method
show the same trend as the ALE and the experi-
mental results. In other words, although it is neces-
sary to pay attention to the fact that the ICFD analy-
sis gives higher pressure values in the range where
the deadrise angle, g, is very small, the ICFD analy-
sis gives the relatively reasonable results even under
the three-dimensional and the FSI influences.

5 ICFD ANALYSIS FOR BOW-SHAPED
(THREE-DIMENSIONAL) STRUCTURE

Through the several investigations in the previous
sections, it can be confirmed that the ICFD analysis
enables the relatively valid FSI analyses about both
two-dimensional and three-dimensional structures.
In this section, thus, a series of drop analyses by the
ICFD method is carried out using three-dimensional
bow-shaped structures of an actual ship.
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Figure 7. Comparison of pressure-time histories at evaluation
point P2 between ALE w/o air (void) by Truong and ICFD.

5.1 Analysis model and conditions

Figure 8 shows the model for the ICFD analysis of
the bow-shaped structure. The FE model including
the internal members, such as transverse frames and
longitudinal stiffeners, of the bow-shaped structure
is indicated in Figure 9, in which the front plate is
hidden so that the internal members can be con-
firmed. As for the modeling of the bow-shaped
structure, since it is difficult to model and analyze a
wide or whole area of an actual bow part, the ICFD
analyses are performed for simplicity using bow-
shaped structures whose shapes do not change in the
longitudinal direction this time. The yellow area sur-
rounded by white dotted lines shown in right figure
of Figure 9 is the region for evaluating structural re-
sponse, and the modeling range in the longitudinal
direction is five times longer than this evaluating re-
gion. The bow shape of the FE model and its dimen-
sions are determined based on an actual 14000 TEU
container ship. The hull plates and other large plate
members or the longitudinal stiffeners are modeled

by shell or beam elements, respectively. The struc-
ture is modeled by the elastic body, and its mesh di-
vision around the region for evaluating structural re-
sponse is five between each longitudinal stiffener
space. Three FE models with flare angles of 25, 30,
and 37 degrees are used for this ICFD simulation.
The flare width of 11.2 m is constant, so the height
of bow-shaped structure, which is about 30 m,
slightly changes when the flare angle changes. Table
4 shows the material and physical properties of
structure (elastic body) and fluid (water) in this
ICFD analysis.

The boundary conditions or analysis model and
conditions other than the above are completely or
almost the same as those described in Section 4.1 or
Section 3.4, respectively. Using the FE models with
different flare angles, a series of drop analyses is
performed varying the forced velocities of 5, 7.5, 10,
and 15 m/s.

5.2 Analysis results and discussion

Using the maximum value of the impact pressure in
the evaluating region of flare plate seen in Figure 9,
the pressure coefficients, Cp, obtained by the ICFD
analyses are calculated from Equation 4. As the ve-
locity, v, each forced velocity is adopted instead of
the relative impact velocity between fluid and struc-
ture. The comparisons between these pressure coef-
ficients, Cp, based on the ICFD results, Wagner’s
theoretical solution, and Stavovy & Chuang’s empir-
ical formula are shown in Figure 10.

As can be seen from Figure 10, the pressure coef-
ficients, Cp, by the ICFD method are slightly smaller
than the empirical formula by Stavovy & Chuang as
the flare angle increases. The empirical formula tar-
gets two-dimensional wedge-shaped structures,
whereas this ICFD analysis targets three-dimensional
structures. In the ICFD analysis, hence, the impact
pressure decreases due to the escape of fluid in the
longitudinal direction. Although there are slight dif-
ferences in the pressure coefficients, Cp,, the ICFD
results generally agree with Wagner’s theoretical so-
lution and Stavovy & Chuang’s empirical formula,
so it is considered that the ICFD analysis provides
the relatively appropriate pressure values.

The theoretical value of the bending stress caus-
ing in an element, which is here expressed by ‘Elm-
A’, located in the center of the evaluating region is
obtained by the following procedure:

() Find the time when von Mises stress in EIm-A
reaches the maximum value.

(2) At the time of (1), obtain the total pressure
value causing in the panel, which includes EIm-A,
surrounded by both longitudinal and transverse
structural members from the ICFD results.

(3) For a rectangular panel with fixing its four
sides under the uniformly distributed pressure, which
is given as the average value of the total pressure ac-



quired in (2), derive the maximum bending stress in
the X- and Y-directions.

The X- and Y-directions use the element coordi-
nate system, and correspond to the ship length and
depth directions, respectively. The bending stresses
calculated by each stress in the X- and Y-directions
on upper and lower surfaces of EIm-A are also ob-
tained from the ICFD results. Table 5 shows the
comparisons between the theoretical values accord-
ing to the above procedure and the ICFD results at
the forced velocity of 15 m/s.

It can be confirmed that the errors of the ICFD re-
sults with respect to the theoretical values are almost
less than 10% in Table 5, so the bending stress ob-
tained from the ICFD analysis can be seen a reason-
able value. From these results, if the impact pressure
acting on the hull plate of flare part in the BFS be-
havior can be accurately estimated, it is possible to
estimate the stress based on the deformation theory
of the plate with fixing its circumference.

100000mm

void

36000mm

34000mm

60000mm

Figure 8. Model for ICFD analysis of bow-shaped structure.
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Figure 9. FE model of bow-shaped structure.
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Table 5. Comparisons of bending stresses between theoretical
value and ICFD result at forced velocity of 15 m/s.
(a) X-direction

Flare angle  Theoretical ICFD Error

Table 4. Material and physical properties. [deg.] [MPa] [MPa] [%]
(a) Structure (elastic body) 25 152.1 164.0 +7.8
Item Symbol Value Unit 30 101.5 112.2 +10.5
Young’s modulus E 206000 MPa 37 62.1 704 +6.7

Poisson’s ratio v 0.3 — (b) Y-direction

Density 05 9.116 x 10° ton/mm? Flare angle  Theoretical ICFD Error
(b) Fluid (water) [deg.] [MPa] [MPa] [%]

Item Symbol Value Unit 25 506.9 488.3 -3.7
Viscosity coef. n 1.5674 x 10° MPa- s 30 338.3 351.9 +4.0
Density o 1.00 x 10° ton/mm® 37 207.1 221.0 +6.7




6 CONCLUSIONS

In the present paper, using the ICFD solver in LS-
DYNA, the fluid analyses as well as the FSI analyses
with wedge-, box-, and bow-shaped structures were
performed. In this study, the following findings can
be drawn:

® Comparing the results by the drop analyses of

wedge-shaped structures with the theoretical
solution and the empirical formula, the fluid
force calculation by the ICFD analysis has
the enough accuracy.

® Comparing the results by the drop analysis of

a box-shaped structure with the ALE results,
the ICFD analysis gives relatively reasonable
results even under the three-dimensional and
the FSI effects.

® Comparing the impact pressure and the bend-

ing stress obtained from the drop analyses of
bow-shaped structures with the theoretical
and the empirical values, the ICFD analysis
provides relatively appropriate structural re-
sponses.

Based on the above results, the feasibility of the
stress estimation in the BFS behavior by the ICFD
analysis was demonstrated, but present findings are
applied to specific conditions examined this time. It
is pointed out that further studies are necessary to
obtain more general conclusions. As future works, it
IS necessary to perform the ICFD analysis consider-
ing more realistic situations as follows:

B Actual wave shape

B Shape change of bow part in longitudinal di-

rection

B Elasto-plastic structure

In the future, it is desirable to develop the stress
evaluation method in the BFS behavior that does not
require the numerical simulations such as the ALE
or the ICDF analysis.
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