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ARTICLE INFO ABSTRACT
Keywords: This study employs a one-way coupling method based on CFD and FEA to evaluate
Planing hull and compare the structural strength of a planing hull under calm water and wave

navigation conditions. A high-speed planing hull is selected as the research object. The

Computational fluid dynamics wave loads under different navigation states are computed using the CFD method, and

Finite-element analysis the pressure distribution on the hull bottom is mapped to a finite element model for
Wave load structural strength analysis. The study investigates the variations in hull bottom
Structural strength pressure and structural stress under three navigation states: displacement, semi-

planing, and planing. Additionally, the stress characteristics under wave conditions,
including hogging and sagging states, are simulated and evaluated. By comparing the
results with those obtained from the conventional empirical formula method, the
accuracy and advantages of CFD in wave load calculations are validated, and the
localized stress concentration areas under calm planing conditions are identified. The
results demonstrate that this method not only enhances the precision of wave load
calculations but also provides an effective approach for structural strength evaluation
in planing hull design, thereby improving the technical and economic performance of
planing hulls.

1. Introduction

Researching hull strength and conducting reasonable structural design are critical to ensuring the safety
of hull structures. Accurately determining the design value of wave loads is key to evaluating the rationality
and safety of structural designs [1, 2]. For standard hull types, classification societies have derived empirical
formulas to predict wave loads based on extensive model and full-scale ship tests [3]. However, for non-
standard hull types, wave load design values are typically obtained through model tests or hydrodynamic
software-based direct calculations [4].

Before 1955, wave load calculations mainly relied on Timoshenko wave theory for strength evaluation
[5]. With the advent of ship strip theory and advancements in hydrodynamic software, the accuracy of wave
load calculations has significantly improved [6]. Compared to empirical formulas, hydrodynamic software
can more accurately account for hull geometry and sailing posture, making it suitable for wave load
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calculations across various ship types. In contrast to model tests, hydrodynamic software avoids scale effects,
reduces time and cost, and can simulate more complex operating conditions [7, 8], particularly excelling in
modeling nonlinear phenomena such as wave breaking and impact [9].

The navigation state of a planing hull varies with speed, and the volumetric Froude number is commonly
used to characterize its state [10]. Unlike conventional ships, the flotation attitude and wave impact load
distribution on the bottom of a planing hull change with speed, making the pressure distribution on the hull
bottom critical for strength evaluation. Several studies have investigated the wave impact problem of planing
hulls [11-14]. In the preliminary design stage of planing hulls, accurately calculating wave loads and
evaluating structural strength are essential for optimizing design and improving operational efficiency.

Depending on computational demands and fidelity requirements, researchers have developed both one-
way and two-way coupled FSI (Fluid-Structure Interaction) strategies. One-way coupling, which transfers
pressure data from CFD solvers to structural models without feedback, offers an efficient approach for initial
assessments and has been used effectively in studies such as those by Takami et al. [15-17] to predict global
and local hydroelastic responses of ships in waves. In contrast, two-way coupling methods, such as those
proposed by Xiao et al. [18] and Lu et al. [19], enable dynamic interaction between fluid and structural solvers,
leading to more accurate predictions of slamming loads and transient stress concentrations. In the context of
planing hulls and ship-like wedge sections, numerous experimental and numerical efforts have been carried
out. For instance, Alexandru et al. [20] provided benchmark data on slamming loads for ship-like sections,
while Paik et al. [21] and Maki et al. [22] applied strongly coupled FSI methods to analyze structural loads on
surface ships and stern structures under impact events. These works highlight the nonlinear nature of wave
impact and the importance of including hydroelastic effects in stress evaluations. Further, Jiao et al. [23, 24]
and Chen et al. [25] explored springing and whipping responses of flexible hulls using partitioned CFD-FEM
methods, demonstrating the capability of such approaches in capturing complex fluid dynamics, including
wave breaking, air entrapment, and localized pressure peaks. Liang et al. [26] extended this work to marine
propellers, emphasizing the broad applicability of fluid-structure coupling in maritime design optimization. In
terms of structural failure prediction, recent advancements by Liu et al. [27] proposed numerical simulations
for collapse behavior of large container and bulk carriers under extreme wave conditions, integrating nonlinear
FEA with real-time wave loads derived from CFD simulations. While the computational cost of two-way
coupling remains a concern, researchers such as Rainald et al. [28] and Takami et al. have also worked to
extend the practical range of one-way coupling, showing its reliability when properly validated. Furthermore,
review studies such as Li et al. [29] have provided comprehensive evaluations of CFD-FEM strategies,
suggesting that hybrid approaches can balance computational cost and accuracy.

Based on this background, the present study adopts a one-way coupled CFD-FEA method to investigate
the structural behavior of a high-speed planing hull under calm water and wave conditions. Critically, CFD-
calculated dynamic pressures (rather than empirical estimates) directly drive the structural analysis to ensure
physics-based accuracy. By focusing on displacement, semi-planing, and planing navigation states, and
simulating both hogging and sagging stress profiles, the method seeks to provide a more precise and localized
assessment of hull bottom pressures. Comparison with empirical design methods further reveals the strengths
of the CFD-based approach in capturing real-world stress distributions, particularly nonlinear slamming
effects unique to planing hulls. Ultimately offering a reliable framework for structural strength evaluation and
optimization in planing hull design.

2. Numerical method

2.1 Fluid flow governing equations

The flow of fluids must adhere to the fundamental laws of conservation, which are categorized into three
types: conservation of mass, momentum, and energy. For a general compressible Newtonian fluid, these
conservation laws can be expressed using the following control equations:
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- Conservation of Mass:

0p;
LV (pr)=0 @

- Conservation of Momentum:

op,v
ot

+V-(,0fvv-2'f)=ff (2)

where 1 is the time, f; is the body force vector, p; is the fluid density, v is the fluid velocity vector, 7; is
the shear stress tensor, expressed as:

Tf:(-p-i-,uV-v)I+2,ue 3)

where p is the fluid pressure, x is the dynamic viscosity, | is the identity tensor, e is the velocity gradient
tensor, defined as:

e=%(Vv+VVT) )

2.2 Structural governing equations

According to Newton's second law, the momentum conservation equation for the solid domain can be
expressed as:

p.ds=V.o +1, (5)

where p, is the solid density, o, is the Cauchy stress tensor, f, is the body force vector, d.s is the
acceleration vector within the solid domain.

2.3 One-way coupled method

After completing the CFD calculation, the pressure load can be transferred from the CFD fluid flow
module (Fluent) to the static structural module for FEM analysis. CFD was performed in ANSY'S Fluent 2023
R1, and the pressure fields were transferred to the Static Structural module in ANSYS Workbench 2023 R1
for FEA. This implements a one-way coupled approach wherein CFD-derived pressures unidirectionally drive
FEA, without structural deformation feedback to the fluid domain. The analysis workflow for one-way fluid-
structure coupling is shown in Figure 1.
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Before start of analvsis make sure that
co-ordinate system of FEA and CFD are
matching

!

| CFD volume extraction |
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| Create volume meshing |
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| Set model (Eulenian VOF multiphase) |

1

| Create solution history |

| Run the model for required time peniod |

l

Extract and export total pressure data on
hull surface at critical time period

| Map CFD output data on structural mesh |

| Make FEM preparation |

1

| Run the analysis |

Fig. 1 One-way fluid-structure coupling analysis workflow

3. Numerical model

3.1 Subject ship
Full-scale CFD/FEA models were employed to avoid scaling uncertainties in fluid impact and structural
responses. The main parameters of the planing hull analyzed in this study are summarized in Table 1.
Table 1 Principal particulars of the subject ship
Main Feature | Value
Length overall {12.50 m
Beam overall |3.30m
Depth 1.60m
Draft 0.70 m
Length waterline {11.50 m
Displacement | 17.00t

27m 48m 20m . 20m

| 12m

18m

(a) Length and height of the computational domain  (b) Width of the computational domain

Fig. 2 Basic dimensions of the computational domain

3.2 CFD model

The computational domain with appropriate dimensions was defined according to the length of the hull,
as shown in Figure 2. The front extends 14.5 m forward from the bow, the rear extends 48 m aft from the
stern, the upper boundary extends 12 m above the baseline, the lower boundary extends 18 m below the
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baseline, and the sides extend 20 m from the centerline in both directions. To ensure the complete transmission
of the hull bottom load during the finite element calculation, a full-ship model was used for the numerical
simulation.

Due to the rapid transition of the hull bottom surface, a hybrid grid method was used for mesh
generation. The hull model is enclosed by a cube in the central region, Figure 3. This region was meshed with
an unstructured grid to ensure good surface fitting, while the external region used structured grids.
Additionally, the mesh around the hull and the waterline region was refined to enhance the capture of wave-
making effects. A boundary layer was set to achieve a y* value of approximately 10 on the hull surface. The
total number of volume cells in the computational domain was approximately 3 million.

Fig. 3 Hull mesh distribution

The boundary conditions for the computational domain are shown in Figure 4. The front boundary is a
velocity inlet, the rear is a pressure outlet, the sides are symmetric boundaries, and the top and bottom, as well
as the hull surface, are treated as wall boundaries. The volume of fluid (VOF) model based on geometric
reconstruction technology was used to capture the water-air interface, and the k-@ SST turbulence model
was applied.

Wall Symmeltry

s Velocity-inlet
Pressure-outlet i |

Symmetry Wall

Fig. 4 Boundary conditions of the computational domain

3.3 FE model

A Cartesian coordinate system was used for modeling, with the origin located at the intersection of the
stern plate and the baseline of the hull. The X-axis points from the stern to the bow along the length of the
ship, the hull bottom plate lies in the XY plane, and the Z-axis is along the ship's height. For the structural
analysis, a full-ship model was used, which includes all the hull outer plates, decks, bulkheads, main support
components, and superstructure. Within ANSYS Workbench, shell elements (employing the default
SHELL181 formulation) modeled plates and stiffener webs, while beam elements (BEAM188 formulation)
modeled stiffener flanges and longitudinal/transverse members, Figure 5. Stress singularities at corners were
mitigated by mesh refinement and averaging nodal stresses over adjacent elements. The complete model
comprised 77,949 elements with 76,854 nodes.
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Fig. 5 Finite element model

The materials used for the planing hull structure are all aluminum alloys, with the main hull outer plates
made of 5059 aluminum alloy, the remaining plates made of 5083 aluminum alloy, and the structural members
made of 6082 aluminum alloy. The material properties are shown in Table 2.

Table 2 Hull material properties

Model Young's Modulus (E) | Poisson’s Ratio () | Density (p)
5083 Aluminum Alloy 7.1x10*MPa 0.33 2.67x10%kg/m?3
5059 Aluminum Alloy 7.1x10*MPa 0.33 2.75x10%kg/m?®
6082 Aluminum Alloy 7.03x10*MPa 0.35 2.70x10%kg/m?3

In the finite element strength evaluation, Inertia Relief boundary conditions were applied, with six
degrees of freedom constrained at a node near the neutral axis of the hull.

4. Numerical setup

4.1 Grid independence analysis

Before analyzing the structural strength of the planing hull, a grid independence study was conducted
based on the pressure distribution along the hull bottom. The calm semi-planing condition was selected as the
test case, and calculations were performed using coarse (1.5 million cells), medium (3 million cells), and fine
(6 million cells) mesh densities. Figure 6 illustrates the pressure distribution curves along the mid-longitudinal
section of the hull bottom.

From the results, it was found that when the grid density was 1.5 million, the pressure coefficient curve
deviated significantly from the curves of the higher-density grids, especially in the negative pressure region
at the stern and the water impact region at the bow. When the number of grid elements exceeded 3 million,
the pressure distribution showed little change with further increases in grid density, indicating that refining
the mesh did not significantly improve the accuracy of the results. Considering both the computational
accuracy and resource cost, the medium grid was chosen as the optimal grid for structural strength evaluation
of the planing hull based on the hydrodynamic method.

14

10 | P
= / \\i
© - 1
a 6 / i
3 |
5 2 ‘
2 L L L . '\
(&)
& _zﬂg 2 4 6 8 10 1p
' = = = = coarse mesh
6n medium mesh
fine mesh
-10
Xim

Fig. 6 Pressure distribution along the mid-longitudinal section of the hull bottom for different mesh densities
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4.2 Model testing verification

The scale ratio of this boat model is 1:4. The resistance and flotation characteristics at different speeds
were obtained through experiments. This section analyzes the resistance and wave-making characteristics of

the planing hull at Fr, ranging from 1.03 to 3.10 using numerical simulations, comparing them with the model

test results to verify the accuracy of the flow field simulation. The test navigation posture at corresponding
speeds was used as the boundary condition for the numerical simulations.

As shown in Figure 7, the trend of the drag-lift ratio obtained from the numerical simulation closely
matches that from the model tests. As the speed increases, the hull resistance first increases and then decreases.
At low speeds, the error between the two is small, about 8.95 %, but once the hull enters the semi-planing
state, the numerical resistance is higher, with an error of 16.15 %. However, at higher speeds, the error
decreases to 10.53 %, and the trend of the drag-lift ratio in the numerical simulation aligns well with the test
results.

025 T T T T T

| |—=—CFD
—4— Experiment
0.20 E
F ._\_
- R
/ T
= 015t / - .
N / |
0.05 L L L
1 2 3

Fig. 7 Drag-lift ratio curve

At Fr, =3.10, after entering the planing state, the longitudinal tilt angle decreases relative to the semi-

planing state, and the hull experiences significant lift. The wave-making splash point on both sides of the bow
moves from the bow to the midship, while the wetted area at the stern decreases due to the hull lift. From the
model tests, it can be seen that the splash on both sides has transitioned from a water film to a jet-like spray,
and the stern vortex is longer and deeper.

Z-Coordinate (mixture) [m]
-01 01 02 04 06 08 09 11 13 14 16

(a) Simulated fore wave (b) Simulated stern wave
P 1% ¥ F .

(c) Experimental fore wave (d) Experimental stern wave

Fig. 8 Comparison of simulated and experimental wave-making (calm water, Fr, =3.10)
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Comparing the wave-making results (Figure 8) from the tests and the numerical simulation, it can be
observed that the CFD method provides a good simulation of the main spray, but the simulation of the water
mist after the spray dispersion is less accurate. This is mainly due to the limitations of grid scale and the VOF
method. While the CFD results show less fine spray compared to the experiment, the primary impact
features, jet formation, pressure footprint, and flow angle are in good agreement. The discrepancy arises from
unresolved sub-grid secondary droplet breakup. However, the wave-making on both sides of the hull and the
stern vortex were captured well. Overall, the CFD numerical method was able to accurately simulate the wave-
making characteristics of this planing hull.

5. Calculation and loading of the empirical load

5.1 Total strength calculation load

According to the relevant requirements in the standard [30], the overall load for the total strength
calculation is composed of static loads and wave loads. The static loads include the gravity and hydrostatic
uplift in the fully loaded departure state, which can be directly determined using the empirical calculation
method. The wave load for high-speed hulls is typically determined by ship model testing. In the absence of
model test data, the wave load can be determined using the following formula. Here, it is assumed that the
total longitudinal bending moment of the hull is distributed along the length of the ship according to a cosine

curve:
M (x):%(cos(%hj-lj (6)

where X is the longitudinal coordinate of the cross-section starting from the origin, My, is the total

longitudinal bending moment at the hull's transverse cross-section. The calculation of Mg, should be carried
out under two distinct conditions, as described below.

5.2 Total longitudinal bending moment in displacement state

When a high-speed hull is in the displacement state, its total longitudinal bending moment can be
determined by adding the still water bending moment and the wave-induced bending moment to calculate the
hogging and sagging moments:

MBY:MC+MW (7)

where M. is the bending moment when the ship is at rest in calm water, M,, is the wave-induced bending
moment when the ship is exposed to waves.

The wave-induced bending moment is determined based on the maximum significant wave height in the
operational region, with the assumption that the wavelength equals the ship's length. The wave parameters
include wave shape, wavelength, and wave height. The most commonly used theory is the Timoshenko wave
theory, where the profile of the two-dimensional wave is a Timoshenko curve, characterized by steep crests,
flat troughs, and unequal areas above and below the wave axis, hence the name "Timoshenko wave.” The
wave surface equation for Timoshenko waves is:

x:i¢9+rsin0
27 8)
y =-rcosé

where X is the vertical coordinate from the wave axis, y is the horizontal coordinate along the wave axis, 4 is
the wavelength, r is the half-wave height.
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Based on the operational limitations, the maximum significant wave height H,,... thata ship operating

in sheltered areas may encounter should not exceed 2.0m. Therefore, we take r=1.0 m, and 1=11.5 m, to obtain
the wave height curve as shown in Figure 9.
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Fig. 9 Wave height curve

5.3 Total longitudinal bending moment induced by wave impact

For all types of high-speed vessels, except for the full-cushion air-cushion vessels, the total longitudinal
bending moment M, induced by wave impact can be calculated using the following formula:

Mg =C,C,C, (1+ n)(lx -0.175%(“ 0.2n)jAg 9)
where C, is the coefficient for hogging, with C, =1.0, and for sagging, C, =-1.0. C, is the coefficient, set at
C,=0.5, and C,; is the ship-type coefficient, with C, =1.00. n is the overload coefficient, is defined as
n=a,/g, where a, is the vertical acceleration at the center of gravity. |, is the longitudinal distance
between the forward and aft centers of gravity , with an approximate value of |, =0.25L . B; is the width of

the impact area on the hull bottom when the wave crest impacts the midship bottom area. For sharp bow ships,
B, can be taken as the horizontal distance from the chine to the centerline of the hull.

For this hull, considering personnel comfort as a working ship, a, is taken as 1.3g. The total
longitudinal bending moment induced by wave impact can be equivalently loaded by applying a vertical force

q(x) distributed along the length of the ship. q(x) can be calculated using the following formula:
X
q(x)= Acos(t Zﬂj (10)

2
where A is defined as %

By changing the direction of the vertical force, equivalent uniformly distributed loads for both hogging
and sagging conditions can be calculated, as shown in Figure 10. On the structural model, a vertical

force q(x) is distributed along the length of the ship, or an equivalent concentrated force, can be applied to
achieve the equivalent loading of the total longitudinal bending moment.
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Fig. 10 Equivalent uniformly distributed load

5.4 Standard Formula Total Strength Check Results

Under displacement navigation conditions, the additional wave bending moment is equivalently applied
through variable-height hydrostatic pressure. In the sagging condition, the bow and stern experience
significant pressure, resulting in notable deformation at the bow keel and the bilge near the pump
compartment. The maximum von-Mises stress (Figure 11) in the plate elements is observed at the keel in the
bow compartment, with a value of 26.162 MPa. In contrast, under hogging conditions, the planing hull
undergoes hogging deformation due to bilge water pressure, with the maximum stress of 24.387 MPa
concentrated in the midship bottom panel. Additionally, significant stress is observed along the deck edge of
the bilge due to hull bending.

2162 Max
22255 X
2030
17.492
14535
11628
87208 8129

ss139 54193
2508 27007
o Min 9 Min

24.387 Max
21677
18963
16258
13548
10839

(a) Sagging (b) Hogging
Fig. 11 Plate von-Mises stress for the planing hull in displacement navigation state

In the high-speed navigation state, due to the fact that the hull bottom structure is larger than the deck
structure and the neutral axis is closer to the hull bottom, the planing hull undergoes a sagging deformation
under the action of the total longitudinal bending moment in the sagging condition. The top of the hull side
deck is compressed, and the maximum von-Mises stress is 33.36 MPa, as shown in Figure 12(a). In the
hogging condition, the maximum stress similarly occurs at the top of the hull side deck, but this time the stress
is tensile. The maximum von-Mises stress is 32.324 MPa.

2019/11/29 0:15 2019/11/29 018

33.359 Max
29,652
25946
22239
18533
14826
1112 10.775
74131 71832
37065 35916
0 Min 0 Min

32324 Max
28733
25141

2155

17958
14368

(a) Sagging (b) Hogging
Fig. 12 Plate von-Mises Stress for the planing hull in high-speed navigation state

According to the relevant requirements in the rules [30] for directly calculating the structural strength
of aluminum alloy high-speed hulls, the stresses in each component during the total strength calculation should
not exceed the allowable stresses listed in Table 3.

10
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Table 3 Allowable stress for total strength

Aluminum alloy structure
Allowable equivalent stress for plate elements (MPa) 0.750,,=0.75x125= 93.75Mpa
Allowable shear stress for plate elements (MPa) 0.41c, =0.41x125=51.25Mpa
Allowable normal stress for beam and rod elements (MPa) | 0.73cy, =0.73x115=83.95Mpa

The o, of aluminum alloys before and after welding varies. The yield strengths of 5059 and 5083
plates before and after welding are 215/125 MPa, and the yield strengths of 6082 materials are 240/115 MPa.

The maximum stresses for the plate and beam elements in each condition are shown in Table 4. It can
be seen that the maximum plate stress, shear force, and beam stress of the planing hull all meet the
requirements of the rules.

In the displacement navigation condition, the maximum stress in the plate elements occurs at the
pressure peak of the wave-induced bending moment. In the hogging condition, the maximum stress is
concentrated in the midship, while in the sagging condition, the stress is distributed across the bow and stern.
In contrast, in the high-speed navigation condition, the hull's maximum stress is higher. The peak stress in the
plate elements mainly occurs at the top of the hull side deck. Since this position is close to the main deck and
far from the neutral axis, the impact of the hogging and sagging conditions on the hull is more significant
when the load is evenly distributed.

Table 4 Structural stress calculation results

. Maximum Maximum plate Maximum Verification
Condition
plate stress shear stress beam stress result
Displacement Sagging 26.162 MPa 12.446 MPa 14.949 MPa Satisfy
navigation Hogging | 24.387 MPa 7.759 MPa 5.095 MPa Satisfy
High-speed Sagging 33.359 MPa 10.061 MPa 8.035 MPa Satisfy
navigation Hogging | 32.324 MPa 8.722 MPa 7.458 MPa Satisfy

6. Hydrodynamic-based total strength evaluation of the planing hull

6.1 Calm water navigation strength evaluation results

Deck and superstructure stresses remain below bottom plate maxima due to the absence of direct
hydrodynamic loading. Therefore, bottom and side stress distributions are prioritized for visualization.
When Fr, =1.03, the planing hull operates in a displacement mode. As observed in Figure 13(a), the
maximum von Mises stress of the plate elements (8.92 MPa) occurs along the chine at the bow, where the
flow pushes the water to form waves, resulting in significant dynamic pressure. In the semi-planing mode
at Fr, =2.06, the pitch angle of the craft increases, causing the wave impact point at the bow to shift

backward. Consequently, the maximum von Mises stress of the plate elements (15.379 MPa) occurs at the
bottom of the cabin. At Fr, =310, during planing, the hull lifts and partially departs from the water, leading

to a significant reduction in draft at the stern legs. Stress concentrations on both sides of the pump chamber
disappear, and the high-stress region of the hull shifts from the entire bottom area to the “V”-shaped forward-
flow region in the middle of the bottom. The maximum von Mises stress of the plate elements (31.42 MPa) is
found in this region. Additionally, stress concentration zones (approximately 10 MPa) emerge on both sides
of the bow deck, indicating that the structural integrity demands of the hull are higher during planing
conditions. Under planing conditions ( Fr, =310), the pressure distribution exhibits strong nonlinearity due

to air entrapment and water separation. As depicted in Figure 13(f), the localized high-pressure zone at the
midship “V”-shaped region correlates with stress concentration (31.42 MPa), demonstrating CFD’s capability
to resolve critical dynamic loads.

11
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B: 10kn-flat
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Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa
Time: 1

8.9278 Max
79358
69438
59513
49599
39679
29759
19839
099197
T Min

(b) Fr, =1.03
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Fig. 13 Hull bottom pressure distribution and plate von-Mises stress (calm water)

Under calm water conditions, the maximum structural stresses for the three speeds, are shown in
Table 5. The maximum stress approximately doubles under the three speeds. Consequently, the hull's
structural strength fully meets the requirements for calm water navigation.

Table 5 Structural stress calculation results

- Maximum plate | Maximum plate shear | Maximum beam Verification
Condition
stress stress stress result
D'Sp;fgt‘zme”t 8.928 MPa 3.948 MPa 2.850 MPa Satisfy
Sem's'tgizn'”g 15.379 MPa 5.466 MPa 4.010 MPa Satisfy
Planing state 31.416 MPa 10.130 MPa 5.430 MPa Satisfy

6.2 Planing hull wave navigation strength evaluation results

Numerical waves are generated using Fluent's Open Channel Flow, and transient calculations are
employed to simulate the planing hull's navigation state under hogging and sagging conditions. The
hydrodynamic characteristics of the craft in waves were analyzed. When the planing hull navigates in waves,
the wave impact generally limits its maximum speed in specific sea conditions. This not only considers
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personnel comfort but, more importantly, ensures structural safety. According to the rules, the relationship
between the significant wave height H,, and navigation speed V,, is given by the following equation:

1 (Vq - Hys N BLE

wl wi

where g is the gravitational acceleration, a , is the vertical acceleration at the center of gravity, V,, is the
ship's speed when the wave height is H,,;, H,, is the significant wave height, L is the ship's length, B, is
the waterline breadth, g is the hull's bottom slant angle at the transverse cross-section corresponding to the
center of gravity, A is the full-load displacement.

For this hull, the vertical acceleration a, is taken as 1.3g. Correspondingly, the significant wave height
H,,; for the planing hull at different speeds V,, can be calculated. Additionally, based on the operational
restriction levels, the maximum significant wave height H,,, .. that a ship operating in sheltered areas may
encounter should not exceed 2.0m. The following navigation conditions, which are based on these criteria, are
summarized in Table 6.

Table 6 Wave navigation conditions

Condition Fr, | Speed | Wavelength | Wave height
Displacement state | 1.03 | 10 kn 115m 2.00 m
Semi-planing state | 2.06 | 20 kn 115m 1.15m

Planing state 3.10 | 30 kn 115m 0.55m

For wave conditions, pressure fields at hogging/sagging instants (corresponding to wave crest/trough
amidships) were extracted to match empirical load cases defined in Section 5. Under three navigation states,
the loading characteristics of the planing hull exhibit significant differences between hogging and sagging
conditions. As shown in Figures 14(a) and (b), during displacement mode, sagging conditions cause water to
accumulate at the stern, resulting in maximum pressure concentration along both sides of the bilge pump
chamber. The maximum von-Mises stress in the plate elements reaches 13.846 MPa. In contrast, under
hogging conditions, the wave crest is compressed by the hull bottom, leading to a more uniform pressure
distribution, with the maximum von-Mises stress reduced to 10.12 MPa at the engine room bottom.

In the semi-planing state, as depicted in Figures 14(e) and (f), sagging conditions lead to localized
pressure concentration at the bow where it interacts with the wave crest, generating a maximum von-Mises
stress of 19.83 MPa. Conversely, under hogging conditions, the bow rises, shifting the impact zone aft to the
rear hull bottom. The affected area increases, the stress decreases, with the maximum von-Mises stress
dropping to 8.59 MPa, also located at the engine room bottom.

In the planing state shown in Figure 14(i), under sagging conditions, the maximum pressure point on
the hull bottom shifts slightly aft compared to still-water conditions, with a reduction in wetted area. The peak
von-Mises stress in the plate elements reaches 17.47 MPa, concentrated at the engine room bottom. Under
hogging conditions, the wetted area increases, and the impact zone shifts forward to the bilge chine area. The
maximum von-Mises stress is 14.78 MPa, distributed along the bilge chine.
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6.3 Analysis of curve stress results

To analyze the longitudinal distribution of von-Mises stress on the hull bottom, three target lines were
selected across the bottom region, as shown in Figure 15. Corresponding bottom plate pressure distributions
are provided in Figure 14. These include the intersection of the keel and the bottom plate along the centerline
(A-A curve) and the intersections of the side keels with the bottom plate (B-B and C-C curves). Due to the
symmetric stress distribution along the Y-axis in both hogging and sagging conditions, only the stress curves
on one side were analyzed.

Fig. 15 Schematic of curve stress extraction

Figure 16 illustrates the stress distribution along the ship's longitudinal direction under sagging
conditions. In the displacement state, the stress along the girder bottoms is relatively uniform, with higher
stress observed at the stern due to concentrated hydrostatic pressure from deep immersion (Figure 14(a)).
Additionally, the stress exhibits periodic variations along the ship length, attributed to the structural support
of the internal frames, with higher stress occurring between frames. In the semi-planing state, as shown in
Figure 16(a), the A-A curve shows stress peaks near the bow, this results from bow-flare slamming: water
impact generates localized pressure spikes (Figure 14(e)). In the planing state, as depicted in Figures 16(b)
and (c), the maximum stress is located approximately 5 meters aft of the transom. This correlates with the V-
bottom spray root impact zone" (Figure 14(j)), where dynamic pressures due to fluid stagnation. The
corresponding bottom plate pressure distribution is comprehensively visualized in Figure 14, revealing direct
causality between local pressure peaks and structural stress concentrations.

In hogging conditions, the keel-bottom stress distribution is relatively uniform in both displacement and
semi-planing states, showing periodic variations corresponding to frame spacing, particularly pronounced in
the aft hull where reduced frame density increases unsupported spans (Figure 17). Unlike sagging, where
water flow induces localized stress concentrations, high-stress regions in hogging appear only in the planing
state, primarily at midship near the sides due to chine-spray root impacts generating concentrated pressures
(Figure 14(l)). Overall, stress levels under hogging remain lower than those in sagging as hull bottom
disengagement reduces hydrodynamic loading. As indicated by the A-A and B-B curves, the bow bottom is
largely unaffected by water impact in hogging with the bow aerated and clear of water, with minor stress
increases along the C-C curve only in the planing state, attributable to spray jet side-loading (Figure 14(k)).

The results in Table 7 indicate that the maximum von-Mises stress, shear stress of the plate elements,
and the maximum stress of the beam elements under hogging and sagging conditions across three navigation
states all meet the requirements of the rules. The numerical simulation not only provides a direct verification
of the global strength of the planing hull but also delivers precise analyses of local high-stress regions, such
as the hull bottom and side plating, offering critical insights for design optimization.
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Table 7 Structural stress calculation results

Brodogradnja Volume 76 Number 4 (2025) 76407

Condition Maximum Maximum Plate Maximum Verification
Plate Stress Shear Stress Beam Stress Result
Displacement | Sagging 13.846 MPa 5.486 MPa 7.511 MPa Satisfy
state Hogging | 10.122 MPa 3.061 MPa 2.640 MPa Satisfy
Semi-planing | Sagging | 19.832 MPa 9.126 MPa 6.958 MPa Satisfy
state Hogging | 8.592 MPa 2.892 MPa 1.812 MPa Satisfy
Planing Sagging | 17.470 MPa 5.605 MPa 2.674 MPa Satisfy
state Hogging | 14.782 MPa 4578 MPa 3.094 MPa Satisfy

7. Comparative analysis of total strength check results

Empirical wave loads serve solely as a regulated baseline to validate CFD’s superiority in capturing
localized effects. This section compares the total strength check results from the standard formula method
(Table 8) and the hydrodynamic method (Table 9), focusing on the maximum stress in the plate elements. The
hydrodynamic method yields a maximum plate stress of 31.416 MPa in calm water conditions, which is
only 5.82 % lower than the 33.359 MPa obtained from the standard formula method. In the wave conditions,
however, the maximum stress calculated using the hydrodynamic method is significantly lower. The
maximum stress, which occurs in the semi-planing condition under sagging waves, is 19.832 MPa, which
is 36.87 % lower than the value in calm water conditions. This indicates that the hogging and sagging wave
conditions are not the most critical conditions for the planing hull’s strength during wave navigation, as their
effects on the hull's total strength are much smaller than those on displacement hulls. The standard formula
method calculates higher stresses, mainly because it includes the consideration of wave impact forces, thus
providing a higher safety margin.

Table 8 Standard formula method check results

Condition Maximum plate stress
. . Sagging 26.162 MPa
Displacement navigation :
Hogging 24.387 MPa
Saggin 33.359 MPa
High-Speed navigation gg. s
Hogging 32.324 MPa
Table 9 Hydrodynamic method check results
Condition Maximum plate stress
Displacement state 8.928 MPa
Calm water Semi-Planing state 15.379 MPa
Planing state 31.416 MPa
. Sagging 13.846 MPa
Displacement state -
Hogging 10.122 MPa
. . Sagging 19.832 MPa
Wave water | Semi-planing state :
Hogging 8.592 MPa
Saggin 17.470 MPa
Planing state gg. J
Hogging 14.782 MPa

From a comparison of the maximum stress positions, the standard formula method calculates the
maximum stress at the midship side plates using equivalent bending moments. However, in reality, the planing
hull does not experience such large total longitudinal bending moments during wave navigation due to its
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different navigation state from a displacement hull. The maximum stress calculated by the hydrodynamic
method occurs at the midship hull bottom, where the hull is continuously impacted by water flow, and this
area should be given more attention in structural strength considerations.

8. Conclusions

This study focuses on a 12-meter high-speed planing hull using a single-phase fluid-structure coupling
method based on CFD and FEA to evaluate the structural strength of the planing hull under different
navigation states and wave conditions. The methodology demonstrates potential advantages over conventional
empirical methods through high-fidelity resolution of localized phenomena. Comparative analysis with
standard formula-based results yields the following observations:

(1) The standard formula method, while indicating that the planing hull's total longitudinal strength
meets the requirements, fails to accurately reflect the distribution of local loads at the hull bottom under wave
impact. For instance, the maximum stress was calculated to occur at the midship side plates, which does not
align with the actual high-stress areas, suggesting limited applicability for non-standard hull forms.

(2) The CFD-based wave load calculation method effectively captures complex nonlinear phenomena,
such as free surface breaking and splashing. This method provides a more accurate hull bottom pressure
distribution, particularly in the planing state, with the maximum stress occurring at the midship hull bottom,
which is consistent with the actual stress characteristics of the planing hull.

(3) The calm water planing state presents the most critical condition for the planing hull, with the
maximum stress being only 5.82% less than that obtained using the standard formula method. Numerical
simulations reveal a more precise local stress distribution at the hull bottom, which is crucial for structural
design.

(4) The combined CFD and FEA approach not only accurately determines the total longitudinal strength
of the planing hull but also offers a detailed analysis of localized strength, enhancing its engineering reference
value. This approach can potentially reduce hull weight while ensuring strength requirements and improving
navigation performance and economic efficiency.

Future research should focus on leveraging hydrodynamic methods for full-period transient wave
condition analysis to precisely identify the maximum stress and corresponding operational scenarios. This
approach has the potential to refine planing hull structural designs, enhance the safety and efficiency of high-
speed vessels, and contribute to advancements in marine engineering.
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